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Ecological research produces a tremendous amount of data, but the diversity in scales and topics covered and the ways in which studies are carried out result in large numbers of small, idiosyncratic data sets using heterogeneous terminologies. Such heterogeneity can be attributed, in part, to a lack of standards for acquiring, organizing and describing data. Here, we propose a terminological resource, a Thesaurus Of Plant characteristics (TOP), whose aim is to harmonize and formalize concepts for plant characteristics widely used in ecology. 2. TOP concentrates on two types of plant characteristics: traits and environmental associations. It builds on previous initiatives for several aspects: (i) characteristics are designed following the entityquality (EQ) model (a characteristic is modelled as the 'Quality' <Q> of an 'Entity' <E>) used in

Introduction

Among the impediments that currently slow the progress of ecology towards a 'data-intensive*' or 'big data' science [START_REF] Kelling | Data-intensive science: a new paradigm for biodiversity studies[END_REF][START_REF] Michener | Ecoinformatics: supporting ecology as a data-intensive science[END_REF][START_REF] Hampton | Big data and the future of ecology[END_REF]; terms in italics followed by* are defined in Table 1), two appear especially salient. The first one pertains to the integrative nature of ecology, which requires combining information from multiple spatial and temporal scales, levels of organization and disciplines. The second impediment relates to the practice of ecology: while some coordinated studies carried out at large scales exist, the vast majority of ecological data are collected by researchers working independently and with little coordination among them. Together, these limitations result in the generation of numerous small data sets whose forms, contents and semantics can be highly specific to a particular research question or even researcher [START_REF] Heidorn | Shedding light on the dark data in the long tail of science[END_REF][START_REF] Michener | Ecoinformatics: supporting ecology as a data-intensive science[END_REF][START_REF] Hampton | Big data and the future of ecology[END_REF].

Semantic heterogeneity is often overlooked but is a potential source of high confusion. Different data sets often have variables and concepts* that have different meanings across disciplines, scales, levels of organization or even worse, among researchers of the same field. Also, a lack of either coordination and/or recognized terminological or ontological* standards within ecology can limit our ability to integrate and compare data across studies. This issue stems from a failure to describe and define concepts, and results in various forms of terminological uncertainty (Herrando-P erez, Brook & Bradshaw 2014 and references therein). Overall, semantic heterogeneity seriously impedes data integration, sharing and reuse (Kattge et al. 2011b;[START_REF] Reichman | Challenges and opportunities of open data in ecology[END_REF][START_REF] Parr | TraitBank: practical semantics for organism attribute data[END_REF], and ultimately, impedes discovery and advancement of knowledge towards a unified foundation for ecological science (Madin et al. 2008 and references therein). The harmonization of definitions and concepts is a fundamental contribution to the emerging discipline of ecoinformatics [START_REF] Jones | The new bioinformatics: integrating ecological data from the gene to the biosphere[END_REF][START_REF] Michener | Ecoinformatics: supporting ecology as a data-intensive science[END_REF], whose long-term objective is to allow both scientists and computers to communicate more effectively with one another [START_REF] Michener | Ecological Data -Design, Management and Processing[END_REF][START_REF] Walls | Ontologies as integrative tools for plant science[END_REF][START_REF] Walls | Semantics in support of biodiversity knowledge discovery: an introduction to the biological collections ontology and related ontologies[END_REF][START_REF] Parr | TraitBank: practical semantics for organism attribute data[END_REF]. The work presented here provides a common semantic resource to better integrate plant characteristics for ecology.

There is now a growing consensus that a functional approach to biodiversity has a strong potential to address many pending questions in ecology and evolution [START_REF] Mcgill | Rebuilding community ecology from functional traits[END_REF][START_REF] Lavorel | Plant functional types: are we getting any closer to the Holy Grail? Terrestrial Ecosystems in a Changing World[END_REF][START_REF] Garnier | A trait-based approach to comparative functional plant ecology: concepts, methods and applications for agroecology. A review[END_REF][START_REF] Enquist | Scaling from traits to ecosystems: developing a general Trait Driver Theory via integrating trait-based and metabolic scaling theories[END_REF][START_REF] Garnier | Plant Functional Diversity -Organism Traits, Community Structure, and Ecosystem Properties[END_REF] for detailed reviews). As in other fields of ecology, however, primary data are mostly collected by research groups working independently, while at the same time many concepts remain poorly, inconsistently, or only implicitly defined. Examples of semantic confusion in the field of functional ecology and how these can induce misunderstanding and/or mistakes are given in the next section, which demonstrate that although vocabularies and standards for particular aspects of biodiversity data do exist, these actually lack many of the necessary terms to describe the different dimensions of biodiversity, including its functional facet (see e.g. [START_REF] Walls | Semantics in support of biodiversity knowledge discovery: an introduction to the biological collections ontology and related ontologies[END_REF] for a synthesis).

The aim of this work is to report on the development of a terminological resource for major plant characteristics used in functional ecology, entitled TOP: a Thesaurus* Of Plant characteristics*. TOP is Web-accessible, and built according to the SKOS* data model, a recommendation of the World Wide Web Consortium (http://www.w3.org/TR/skos-refer ence/). In TOP, a plant characteristic is defined as 'a feature of an individual plant, plant population or plant species, describing either a plant trait or an environmental association' (Fig. 1). A plant trait* is defined as 'any morphological, anatomical, biochemical, physiological or phenological heritable feature measurable at the individual level, from the cell to the whole-organism level' [START_REF] Violle | Let the concept of trait be functional![END_REF] as modified by [START_REF] Garnier | Plant Functional Diversity -Organism Traits, Community Structure, and Ecosystem Properties[END_REF]; an environmental association* is defined as 'a non-random association of individual plants, plant populations or plant species with particular characteristics of the environment' (based on [START_REF] Underwood | Identifying and understanding ecological preferences for habitat or prey[END_REF]. We present a first version of the thesaurus covering about 850 plant characteristics building, whenever possible, on existing standards* defined in the context of terminological [e.g. Plant Ontology (PO): Cooper After giving some examples of sematic confusion in the field of functional ecology, we present the general principles applied to design TOP, the type of information provided for each concept, and the web based tool with which TOP can be browsed and annotated. Finally an overview of the current TOP content and perspectives for its curation and further enrichment are presented.

The semantic bazaar in functional ecology: some examples

Table 2 illustrates the semantic confusion induced by the lack of precise terminology for selected characteristics widely used in functional ecology. We discuss below issues related to plant height, leaf size and related leaf traits, and seed size.

P L A N T H E I G H T

In a widely used handbook of methods to measure plant traits [START_REF] Cornelissen | A handbook of protocols for standardised and easy measurement of plant functional traits worldwide[END_REF][START_REF] Erez-Harguindeguy | New handbook for standardised measurement of plant functional traits worldwide[END_REF], plant height is defined as: 'the shortest distance between the upper boundary of the main photosynthetic tissue on a plant and the ground level'. However, the expression 'plant height' actually applies to a number of related terms such as 'vegetative plant height', 'generative plant height', 'reproductive plant height', 'releasing height', 'canopy height', 'plant height at maturity' or 'maximum plant height' (Table 2). Moreover, plant height can be easily confused with the total length of the stem regardless of whether the plant has a prostrate, ascending, erect or liana-like growth form. In the absence of clear definitions, it is not possible to know whether these different expressions are synonymous or whether they cover different, albeit related meanings. And yet, the ecological significance may at times be quite different if by 'plant height', one is referring to the vegetative or generative height for a given species, to the length of the stem regardless whether the plant is prostrate, or to the height of an individual plant, or to the height of vegetation canopy in which the respective plant has been observed.

L E A F S I Z E A N D R E L A T E D L E A F T R A I T S
In the case of physical objects such as leaves, the term 'size' actually relates to any of its dimensions. Interestingly, the first classification of leaf size that was devised was based on leaf area [START_REF] Raunkiaer | The Life Forms of Plants and Statistical Plant Geography (English edn)[END_REF]) but subsequently, 'leaf size' has been variously used to mean e.g. 'leaf area', 'leaf mass', 'leaf length' or 'leaf width' (Table 2). These different dimensions actually play very different roles in leaf function: light interception directly relates to leaf area; energy exchange between the leaf and the atmosphere is most strongly determined by leaf width (which, for a given wind speed, strongly influences the thickness of the boundary layer); and the mechanical support of leaves is more related to leaf length and mass than area. Hence, using a more precise term than 'leaf size' clarifies the issues at stake straight away. Another important issue when dealing with leaf traits relates to the specific portion of the leaf that is actually under consideration: is it the whole leaf, including the petiole, and rachis in compound leaves? Or is it only the leaf blade and leaflets? Since the petiole and rachis can make up a substantial part of total leaf mass, especially in compound leaves, including or excluding one or the other may lead to important differences in e.g. Specific leaf area (SLA) values (the ratio of leaf area to leaf mass). Considering the whole leaf or only the leaf blade and/or leaflets may also have important implications for a number of other traits, including photosynthetic rate and chemical composition (Table 2), the nutrient concentrations and physiological activities of petiole/rachis material being generally lower than those of the leaf lamina.

S E E D S I Z E

As for leaves, the relevant 'seed size' characteristics will depend on the function of interest: reproduction, dispersion and colonization of new areas, persistence during periods of unfavourable conditions, or overall cost to the parent plant. A first issue concerns the morphological confusion between dispersule (or propagule = the unit of seed, fruit or spore as it is dispersed: P erez-Harguindeguy et al. 2013), and the seed. The dispersule may correspond with the seed. However, in many species, it is composed of the seed plus surrounding structures, i.e. various appendages such as wings or pappi. The size (and shape) of these appendages should obviously be taken into account if the focus is on dispersal. And, if cost to parent plant is under consideration, then the constructions costs of these appendages are also relevant. By contrast, it is the volume rather than the mass of the entire reproductive dispersule which will determine whether it can penetrate the litter layer or will remain on the surface. However, if the focus is on seedling establishment and survival, the amount of reserves stored in the seed will be of prime importance, and the mass of the 'true seed' (i.e. the embryo, endosperm and testa) will be a more relevant trait to assess.

A number of less detailed examples are given for other concepts in Table 2. Beyond the fact that improving semantics will help make sure that we are indeed speaking a common language, it can also encourage creativity by identifying interesting or important new or largely overlooked characteristics. For example the ratio of reproductive to vegetative height (sometimes called 'relative prominence of inflorescence') is thought to confer ability to escape domestic herbivores in grasses [START_REF] Mcintyre | Disturbance response in vegetationtowards a global perspective on functional traits[END_REF]. Similarly, the ratio of whole leaf SLA to blade/leaflet SLA might be useful to assess differentiation of functions in leaves, e.g. transport vs. carbon uptake. By pointing out the variety of ways seemingly singular characteristics have been defined, we can then also promote innovation by thinking more about how to make good use of the variety of concepts which have been loosely defined so far.

Whatever the case, this section demonstrates that improving the semantics of concepts pertaining to the functional facet of biodiversity can only be beneficial to the field.

General principles of terminology development

TOP is designed to serve as a terminological resource for the characterization of concepts pertaining to the two types of plant characteristics introduced above: plant traits and environmental associations, and provides simple semantic relationships among these concepts. As the first aim of TOP is to reduce semantic heterogeneity for plant characteristics, it does not address methodological issues: TOP defines what a plant characteristic is, but not how this characteristic can be measured. Information on measurement protocols are clearly needed to interpret data (cf. Discussion section and Fig. 5), but the development of methods is a different issue that has been addressed separately by the community (see e.g. [START_REF] Hendry | Methods in Comparative Plant Ecology[END_REF][START_REF] Knevel | The LEDA Traitbase. Collecting and Measuring Standards of Life-History Traits of the Northern European Flora[END_REF][START_REF] Sack | A unique web resource for physiology, ecology and the environmental sciences: PrometheusWiki[END_REF][START_REF] Erez-Harguindeguy | New handbook for standardised measurement of plant functional traits worldwide[END_REF]. The next paragraphs describe the major features of the methodology followed up for the development of TOP.

A COLLECTIVE INITIATIVE

The TOP initiative developed from early efforts to define methodological standards for the measurement of 28 plant traits [START_REF] Cornelissen | A handbook of protocols for standardised and easy measurement of plant functional traits worldwide[END_REF], which came with a series of accurate definitions of terms. The TRY initiative, set up in 2007, made it obvious that these initial efforts had to be expanded to a much wider array of terms and expressions (see above). This led to a series of workshops between 2009 and 2015, involving experts in the fields of plant functional ecology and informatics. During the first phase of this work (2009)(2010)(2011), 15 experts from the community working with plant functional traits world-wide contributed to the construction of a preliminary version of TOP, in close interaction with experts in Web semantics. Based on the broad overview of traits compiled in the TRY data base and their original names (Kattge et al. 2011b), concepts and associated definitions were taken from reference publications in the field [START_REF] Hendry | Methods in Comparative Plant Ecology[END_REF][START_REF] Cornelissen | A handbook of protocols for standardised and easy measurement of plant functional traits worldwide[END_REF][START_REF] Knevel | The LEDA Traitbase. Collecting and Measuring Standards of Life-History Traits of the Northern European Flora[END_REF] for a set of approximately 130 traits.

This initial list of concepts, associated definitions and a first hierarchy among traits were made available to the experts via a web-based interface, ThesauForm [START_REF] Laporte | ThesauForm -Traits: a web based collaborative tool to develop a thesaurus for plant functional diversity research[END_REF]. ThesauForm, which is based on SKOS Semantic Web standards* (Miles & Bechhofer 2009: http://www. w3.org/TR/skos-reference), facilitated an efficient involvement of the scientific community during the definition of individual concepts, and promoted consensus building that will help ensure community acceptance of the thesaurus. The preliminary version that resulted from this work was used during the second phase (2012)(2013)(2014)(2015) for the further development of TOP and the definitions of rules for constructing new terms.

B U I L D I N G O N E X I S T I N G M O D E L S A N D V O C A B U L A R I E S

To be consistent with both previous and ongoing developments of standards in related fields, TOP buildswhenever possibleon existing principles and vocabularies. Most relevant in this context are: (i) the EQ formalism to model plant characteristics and (ii) definitions for entities and qualities provided by external sources and the reuse of concepts.

The entity-quality model Plant characteristics are modelled on the basis of the EQ model, which is also used for the description of phenotypes in the field of genetics (see e.g. [START_REF] Mungall | Integrating phenotype ontologies across multiple species[END_REF]. These descriptions consist of the entity* that is observed (for example: a leaf, a set of intraspecific populations or a species), and the specific quality* of that entity (for example: area, mass, colour, geographic distribution). A characteristic is therefore composed of a combination of at least one entity (noted <E> hereafter) and one quality (noted <Q> hereafter), and is defined as 'an entity having a quality' (for instance 'leaf area' (leaf [<E>] area [<Q>]), see Table 3). In the case of plant traits, the entity refers to the individual plant or parts thereof. The case is less straightforward for environmental associations, which can be defined for plant individualsfrom the level of cells to the whole organism -, populations, a set of populations or a species. For example, frost tolerance can be assessed in many different ways, either e.g. from laboratory experiments conducted at the level of organs or whole individuals, or derived from population or species distribution ranges (see Table 2 and e.g. Bannister 2007 for a review). When the entity is not precisely known for a particular environmental association, we therefore use the term 'plant' as a generic entity in the formal name, but the entity or entities that can potentially be associated with the quality are specified in the definition.

Definitions from external sources and reuse of concepts

Whenever possible, the definition of the entity is based on the PO (http://www.plantontology.org/: [START_REF] Jaiswal | Gramene: development and integration of trait and gene ontologies for rice[END_REF][START_REF] Cooper | The plant ontology as a tool for comparative plant anatomy and genomic analyses[END_REF], while the qualities are based on definitions in the PATO (http://www.obofoundry.org/ontology/ pato.html: [START_REF] Mungall | Integrating phenotype ontologies across multiple species[END_REF].

Whenever a characteristic in TOP had already been defined in the context of a well-established vocabulary, e.g. the TO (http://www.ontobee.org/ontology/TO) or the Flora Phenotype Ontology (http://bioportal.bioontology.org/ontologies/FLOPO), the handbook for trait measurements (P erez-Harguindeguy et al. 2013 and its on-line updatable version www.nucleodi versus.org/index.php?mod=page&id=79), the PrometheusWiki [START_REF] Sack | A unique web resource for physiology, ecology and the environmental sciences: PrometheusWiki[END_REF]: http://prometheuswiki.publish.csiro.au/ tiki-custom_home.php), or a well curated data base, e.g. Biol-Flor [START_REF] Klotz | BIOLFLOR -Eine Datenbank zu biologisch-€ okologischen Merkmalen zur Flora von Deutschland[END_REF] or LEDA [START_REF] Kleyer | The LEDA Traitbase: a database of life-history traits of the Northwest European flora[END_REF], the definition is considered and, if appropriate, re-used and referenced. If a concept exists but is not considered appropriate (e.g. it is used with different meanings, like 'canopy height', which may refer to the vegetative height of an individual plant or to the height of a vegetation canopy), it is mentioned in TOP as a related term to guarantee consistency with existing vocabularies and legacy data, from which this term originates.

Concepts of characteristics are reused within TOP whenever exactly the same definitions apply; for instance, the concepts 'leaf area' and 'leaf dry mass' are reused in the concept 'leaf area per leaf dry mass'. Consistent reuse of concepts allows for cross-referencing and for the modelling of complex characteristics (e.g. ratios) based on simple structured concepts.

P E R S I S T E N C E A N D C U R A T I O N

Once a concept has been approved, it will be persistent: the concept and its Uniform Resource Identifier* (URI, a unique and persistent identifier in the World Wide Web) will continue to be available and its change history will be tracked (http:// www.w3.org/Consortium/Persistence.html). Finally, regular updates of TOP are planned, based on community feedback and involvement.

Conceptsthe core units of the thesaurus

The core units of TOP are the conceptualizations of plant characteristics and categories thereof (see Appendix S1 for details, Supporting Information). Each concept is characterized by a number of components, which are displayed on its individual page (Fig. 2) of the TOP web site (www.topthesaurus.org). These are: (i) a common and a formal name; (ii) a definition with an associated reference acknowledging the source of this definition and (iii) a URI. Additional information like synonyms, abbreviations, related terms, formal measurement unit, comments and semantic relations are also given, so as to help users finding and understanding the concepts. If available, the concept-page provides links to external sources of measurement protocols and measured data.

C O M M O N A N D F O R M A L N A M E S
For each concept, both a common name and a formal name are provided. The common name* is a preferred term typically used and well-known in the scientific domain for describing that concept (e.g. leaf area, specific leaf area, or frost tolerance). The formal name* is a unique name that is A thesaurus of plant characteristics 7 still understandable to people and which reflects the EQ model. For example, in the case of the common name 'leaf area', the formal name is the same (leaf [<E>] area [<Q>]), but in the case of the common name 'Ellenberg nutrient value' the formal name would be 'plant population (<E>) nutrient indicator value according to Ellenberg (<Q>)'. When a characteristic is complex (e.g. a ratio, flux, rate, etc.) it may consist of a combination of several entities and qualities, which translates into the corresponding combination of several EQ associations, e.g. the trait 'leaf area ratio', which has the formal name 'whole-plant leaf area per whole-plant dry mass'. 'Whole-plant leaf area' is defined in TOP as: the sum of the area (PATO:area) of all leaves (PO: leaf, TOP:leaf area) on the shoot (PO:shoot system).

'Whole-plant dry mass' is defined in TOP as: the mass (PATO:mass) of a whole plant (PO:whole plant) assessed after drying.

D E F I N I T I O N

The definition of a characteristic follows the formal name providing the entities, qualities and their relationships. As previously indicated, the definitions are based whenever possible on concepts of entities and qualities from existing vocabularies or concepts defined within TOP. The definition given for a concept is free of any information pertaining to measurement protocol or methodological information. For example, the trait 'seed dry mass' consists of the entity 'seed' and the quality 'dry mass', and the definition for this characteristic is: 'the mass of a seed being dried', and not 'the mass of a seed being dried at 95 °C for 1 h in the oven', which would then include measurement standards and protocol information.

U N I F O R M R E S O U R C E I D E N T I F I E R A N D A U T H O R S H I P
Each concept is assigned a local identifier* (e.g. 'TOP 25' for leaf area), which is unique within TOP. In combination with the URL of the TOP Web site, the local identifier provides a URI for each concept (e.g. www.top-thesaurus.org/ trait/TOP25 for leaf area). Authorship identifies 'who' has given the formal definition for a concept retained in TOP, and will employ ORCID identifiers (http://orcid.org/) to unambiguously refer to the person contributing the concept definition.

A D D I T I O N A L I N F O R M A T I O N P R O V I D E D O N T H E C O N C E P T W E B P A G E S
Synonyms, related terms and abbreviations (Fig. 2) are essential to enable the concept to be found under different names, which may have the same or slightly different meanings. Semantic relations (i.e. relations between concepts), which can be hierarchical or associative, provide information about the general and specific context of the concept: (i) a fragment of the hierarchical tree which organizes the TOP concepts is shown, with more general and more specific concepts surrounding the concept defined; (ii) a comment field provides relevant details and links to related concepts* defined elsewhere (e.g. in other controlled vocabularies or ontologies, such as PO, PATO, TO or within TOP). These comments offer the opportunity to provide additional information related to the concept in an unstructured format. As additional information to users, and when available, the concept page provides links to websites with relevant method descriptions for the characteristic or/and to data bases with measurement records.

Current content, visualization and curation of TOP

The current version of TOP provides concepts for 858 plant characteristics and their categories (Fig. 3). The publication of this initial list of concepts allows for additional feedback from the community as to accuracy and completeness. A revised version of TOP is expected about 1 year after publication of the current version of the thesaurus. Any deprecated concepts will be either mapped to more accurate concepts, or otherwise re-directed to the closest similar term, with a clear annotation as to their current and former status.

TOP is freely available on the web under the URL http:// www.top-thesaurus.org. To assist users in their search for pertinent information within TOP, the TOP website is organized in three tabs, with each tab offering users a different search option (Fig. 4): (i) an 'Index Search', available through the Index tab; (ii) a 'Hierarchy Search', which allows for browsing the thesaurus through a hierarchical tree; a free text search is also available on this tab; (iii) a 'Faceted Search*' (cf. [START_REF] Laporte | A semantic web faceted search system for facilitating building of biodiversity and ecosystems services. Data Integration in the Life Sciences[END_REF]. Additionally, an Application Programming Interface* (API) is implemented. As all search modes are concept-based, synonyms, abbreviations and related terms can also be used to retrieve information. Further details on how to search TOP are given in Appendix S2.

Similar to other terminological (e.g. PO: [START_REF] Cooper | The plant ontology as a tool for comparative plant anatomy and genomic analyses[END_REF] or methodological initiatives (e.g. PrometheusWiki: [START_REF] Sack | A unique web resource for physiology, ecology and the environmental sciences: PrometheusWiki[END_REF]Plant Traits Handbook: P erez-Harguindeguy et al. 2013), TOP is designed for growth and continued updating. We thus expect people with interests in any aspect of plant structure and functioning within and beyond the field of ecology to actively contribute to the development of TOP. The procedure to be implemented in this context involves the five steps described in Appendix S3.

We expect to deliver new releases of TOP at least once a year, or more frequently if many additions or changes are suggested over a short period of time. Support for multilingual versions of TOP is planned for the future.

Discussion

The thesaurus presented here provides recommendations pertaining to the characterization of concepts widely used in plant functional ecology. It aims at reducing the ambiguity of terms used to describe plant characteristicstraits and environmental associationsby formalizing the construction of the terms themselves, their definitions and how terms are inter-related. Besides its role as a terminological resource, TOP may contribute to resource discovery and interpretation in the context of data publication, sharing and access. By clarifying the semantic content of concepts, it can also encourage creativity by identifying interesting characteristics which have been overlooked so far.

Previous terminologies in the field of plant functional ecology were developed as a side activity to the design of methodological standards [START_REF] Cornelissen | A handbook of protocols for standardised and easy measurement of plant functional traits worldwide[END_REF][START_REF] Erez-Harguindeguy | New handbook for standardised measurement of plant functional traits worldwide[END_REF]) and data bases [START_REF] Klotz | BIOLFLOR -Eine Datenbank zu biologisch-€ okologischen Merkmalen zur Flora von Deutschland[END_REF][START_REF] Knevel | The LEDA Traitbase. Collecting and Measuring Standards of Life-History Traits of the Northern European Flora[END_REF]. To our knowledge, the TOP initiative is the first coordinated action to provide a comprehensive thesaurus of concepts frequently used in this field. Building on advances from related disciplines such as plant anatomy and morphology (e.g. [START_REF] Cooper | The plant ontology as a tool for comparative plant anatomy and genomic analyses[END_REF], it fills a gap by allowing accurate descriptions of key aspects of plant functional diversity, which are currently poorly described in existing terminological standards (Walls et As such, TOP will be made visible and available on relevant terminological portals and registries of ontologies (e.g. BioPortal: www.bioportal.bioontology.org; ontobee: http:// www.ontobee.org/; GFBio: http://www.gfbio.org). TOP developers will also engage in closer collaborations with scientists from aligned fields in biology and the environmental sciences, to improve the harmonization of terminological standards across disciplines. TOP is deliberately focused on the semantic aspects of plant characteristics only. In particular, care was taken not to embed any 'hidden' method in the definitions of characteristics. In order to improve the quality and interoperability of data, the terminological resource proposed here has to be complemented by, and preferably referenced to, at least, methodological standards (e.g. [START_REF] Sack | A unique web resource for physiology, ecology and the environmental sciences: PrometheusWiki[END_REF][START_REF] Erez-Harguindeguy | New handbook for standardised measurement of plant functional traits worldwide[END_REF] and units of expression (Fig. 5), which all constitute metadata* information, describing the 'who, what, when, where, and how' about every aspect of the data [START_REF] Michener | Meta-information concepts for ecological data management[END_REF]). The TOP concepts can actually be considered as metadata descriptors specified in the Ecological Metadata Language Scientists/curators will increasingly associate particular measurements with specific, well-defined concepts. For example, with respect to the 'seed dry mass' mentioned above, details about the 'dry' in 'dry mass' may have to be defined in the metadata. In addition, for selecting and analysing the data, scientists might need to know 'how dry' a dry mass is. They may decide to exclude data (e.g. sun-dried seeds) based on this information, or to use the actual oven temperature as a covariate. In summary, a substantial part of the scientific workflow dealing with details of the plant growth history or measurement methodologies, might only be documented in the metadata (cf. Fig. 5). This means that the concepts defined in TOP gain further clarification when linked to additional meta-information in data bases. This bidirectional relationship between a concept and its application to specific measurement instances also provides opportunities for semantic sharpening and concept evolution: if a linkage (or 'semantic annotation*', as it is also called) exists between a concept and some methodological details, a curator or scientist can later explore the realized methodological variations of the concept, and empirically derive limits as to what practitioners label as 'dry mass' (e.g. based on a histogram of drying temperatures).

TOP is expressed as a SKOS language (Miles & Bechhofer 2009: http://www.w3.org/TR/skos-reference), and complies with Semantic Web standards, providing a standard set of structures that will enable computers to operate in ways that more precisely assist data users in locating (data discovery) and processing the data of interest. Additional benefits of TOP's adhering to Web standards is enhanced interoperability and effectiveness of automated data exchange among different sources. Simultaneous queries on different data bases will thus become possible when different data bases use TOP concepts for the semantic annotation of their data. The added value coming from curated and annotated data will thus be to ensure the quality of the datae.g. unambiguous names and The EQ model as applied here to plant characteristics forms the basis of several ontologies used to describe phenotypes in e.g. genomics and biomedical fields [START_REF] Mungall | Integrating phenotype ontologies across multiple species[END_REF]. TOP, which is designed as a thesaurus focused on the definitions of concepts, cannot be considered as an ontology per se, because so far it only provides suggestions for very simple relationships between the concepts (synonyms, broader, narrower and related terms). However, TOP is intended to serve as the basis to develop a domain ontology for plant ecology (a prototype, PLATON -PLAnT characteristics ONtology for ecologyis under development using the W3C's OWL format: Laporte 2011). To do so, and in agreement with approaches promoting the use of existing ontologies [START_REF] Pinto | Ontologies: how can they be built?[END_REF]; and see recommendations of the Planteome project: www.planteome.org), TOP (i) reuses concepts from existing ontologies whenever this is possible and (ii) will be mapped to the higher level ontology OBOE ('Extensible Observation Ontology': [START_REF] Madin | An ontology for describing and synthesizing ecological observation data[END_REF], which has been designed to capture the semantics of generic ecological observations and measurements. This will require adapting the simple EQ model used here to the OBOE framework, in which observations and measurements are the central concepts linking an entity to a quality (see Kattge et al. 2011b for an application of this framework in the context of the TRY data base). This development of TOP towards a more expressive domain ontology, will provide functional ecologists with a semantic framework enabling scientists to produce new knowledge sets from large information systems [START_REF] Laporte | ThesauForm -Traits: a web based collaborative tool to develop a thesaurus for plant functional diversity research[END_REF].

TOP constitutes a step toward solving the problem of data heterogeneity across thematic, organizational, spatial and temporal scales inherent to biodiversity and ecological data. As a first proof of concept, it is already in use in the context of the TRY data base of plant traits (cf. https:// www.try-db.org). By providing well-defined and harmonized concepts, it has also the potential to improve communication and data interoperability beyond academic science, with domains including citizen science, teaching activities, as well as environmental management (cf. Herrando-P erez, Brook & Bradshaw 2014). 

Measurement Protocol

  et al. 2013; Phenotypic Quality Ontology (PATO): Mungall et al. 2010; Plant Trait Ontology (TO): Jaiswal et al. 2002] and methodological (Knevel et al. 2005; P erez-Harguindeguy et al. 2013) initiatives (see the 'General principles' section below). Each characteristic is considered as a concept for which TOP provides at least a name, definition, reference and a unique identifier on the web. Three overarching principles have guided the development of TOP. First, TOP results from a collective effort of about 20

  experts in the field of plant functional diversity, ensuring a consensus basis for its semantic content (discussed in e.g.[START_REF] Deans | Finding our way through phenotypes[END_REF][START_REF] Parr | TraitBank: practical semantics for organism attribute data[END_REF]. Second, computer scientists were involved at all stages of the process, so as to guarantee the use of relevant and up to date standards proposed in the context of the Semantic Web* (see[START_REF] Laporte | ThesauForm -Traits: a web based collaborative tool to develop a thesaurus for plant functional diversity research[END_REF]. And third, the concepts in TOP were selected on the basis of data availability in major ecological data bases such as the Ecological Flora of the British Isles[START_REF] Fitter | The ecological flora database[END_REF]: http:// www.ecoflora.co.uk), BiolFlor[START_REF] Klotz | BIOLFLOR -Eine Datenbank zu biologisch-€ okologischen Merkmalen zur Flora von Deutschland[END_REF] http://www.biolflor.de) and TRY(Kattge et al. 2011a: https:// www.try-db.org), assumed to give a proper reflexion of concepts widely used in the scientific field concerned.

Fig. 1 .

 1 Fig. 1. Screenshot of the 'Hierarchy Search' page of the TOP web site showing the upper levels of the hierarchy used to organize the plant characteristics. [Colour figure can be viewed at wileyonlinelibrary.com]

Fig. 2 .

 2 Fig. 2. Screenshot of the page from the TOP-Thesaurus web site showing the information given for plant characteristics, using the example of leaf area. [Colour figure can be viewed at wileyonlinelibrary.com]

Fig. 3 .

 3 Fig. 3. Summary of TOP content as of October 2016. For qualities, only a selected number of examples are shown. See Appendix S1 for the distinction between numerical and categorical characteristics and the main text for further details. © 2016 The Authors. Journal of Ecology © 2016 British Ecological Society, Journal of Ecology

  (EML: Michener et al. 1997): concept names can be mapped to 'Variable identity' (Class IV.B.1. of EML), concept definition to 'Variable definition' (Class IV.B.2.) and formal unit to 'Units of measurement' (Class IV.B.3.) (cf. Fig. 5).

Fig. 4 .

 4 Fig. 4. A combination of screenshots illustrating the different modes that can be used to search TOP. [Colour figure can be viewed at wileyonlinelibrary.com]

Table 1 .

 1 Glossary of selected terms and expressions used in this article

	Term	Definition

http://www.w3.org/TR/rdf11concepts/#section-IRIs Metadata Data documentation representing the higher level information or instructions that describe the content, context, quality, structure, provenance and accessibility of a data object Michener et al. (1997) Ontology An explicit specification of a conceptualization. Formal model of a domain of interest, i.e. of its objects and their relationships Gruber (1995) Plant characteristic A feature of an individual plant, plant population or plant species, describing either a plant trait or an environmental association This paper Plant trait Any morphological, anatomical, biochemical, physiological or phenological heritable feature measurable on an individual plant © 2016 The Authors. Journal of Ecology © 2016 British Ecological Society, Journal of Ecology

Table 2 .

 2 Examples of sources of semantic confusion encountered in the literature for selected plant characteristics. Issues concerning the first three characteristics are discussed in more details in the text. For the other ones, two short examples of major issues are commented upon

		Related concepts		
		used with same or	Example of unit	
	Characteristics	unclarified meaning	frequently used	Examples of issues
	Plant height	Vegetative plant height	m	1. Canopy height might refer to the height
		Generative plant height	m	of an individual plant or to the vegetation
		Reproductive plant height	m	canopy in which the individual plant is
		Releasing height	m	observed
		Canopy height	m	2. Dispersal distance relates to reproductive
		Plant height at maturity	m	plant height, which might be substantially
		Maximum plant height	m	different from vegetative plant height
	Leaf size	Leaf area	cm 2	1. Light interception, mechanical support
		Leaf mass	mg	and resistance of the boundary layer depend
		Leaf length	cm	on different dimensions of the leaf
		Leaf width	cm	2. Inclusion of petiole and rachis in
				compound leaves (see text for further details)
	Seed size	Seed volume	cm 3	
		Seed mass (dry or fresh)	mg	
		Largest seed dimension	cm	
		Mass of 'true seed' or dispersule	mg	
	Specific leaf	SLA of individual leaves or of	m 2 kg À1	1. If assessed on whole shoots, integrates
	area (SLA)	all leaves on the shoot	m 2 kg À1	effects of shading within the canopy
		SLA for one or two sides of the leaf	m 2 kg À1	and of leaf ageing
		SLA with or without petiole	m 2 kg À1	2. Same as 2. under 'leaf size'
		SLA of leaf or leaflet	m 2 kg À1	
		(for compound leaves)		
	Leaf nitrogen	Leaf nitrogen content	mg	1. Content scales with e.g. leaf mass, while
	concentration (LNC)	LNC expressed on a mass	mg g À1 or g m À2	concentration scales with activities per
		(dry or fresh) or area basis		e.g. unit mass
				2. Same as 2. under 'leaf size'
	Photosynthetic	PS of whole shoot or individual leaves lmol m 2 s À1	1. Same as 1. under 'SLA'
	rate (PS)	PS expressed on an area	lmol m 2 s À1 or nmol g À1 s À1	2. Expression of trade-offs among leaf
		or a mass basis		traits (e.g. the 'leaf economics spectrum')
				much stronger when PS is expressed on a
				mass than on an area basis
	Relative growth	RGR expressed on a mass	g g À1 day À1 or cm 2	1. RGR models are well-developed for
	rate (RGR)	(fresh or dry), area or	cm À2 day À1 or cm	RGR on mass basis but not for RGR on
		(e.g. height) length basis	cm À1 day À1	an area basis. Transfer of theoretical
		RGR of whole plant or	g g À1 day À1	concepts might lead to wrong conclusions
		plant parts (e.g. leaf, root)		2. Organs do not necessarily grow at the
				same rate, which e.g. induces shifts in
				biomass allocation among organs during
				growth
	Specific root	SRL of the whole root system	m g À1	1. Root traits, including SRL, vary
	length (SRL)	SRL of fine roots	m g À1	tremendously with root order and root
		SRL of roots of a specific order	m g À1	diameter at given order
		SRL of roots or rhizomes	m g À1	2. Often, roots and rhizomes are lumped,
				although both organs are functionally different
	Flowering time	Onset of flowering	Julian day	1. Onset of flowering might occur
		Time of peak flowering	Julian day	substantially earlier than peak of flowering
		Flowering duration	Number of days	2. Some annual species flower several
		Flowering frequency	Number per year	times per year (e.g. Poa annua)
	Frost tolerance	Frost hardiness	Dependent on how	1. Resistance reduces frost damage while
		Frost resistance	it is assessed	tolerance reduces the negative fitness
				impacts of damage
				2. Can be defined in terms of mortality
				or in terms of loss of mass/reduced
				growth/damage

1. Seeds are often confounded with 'dispersules' (i.e. the seed plus various appendages such as wings or pappus), the relevant unit for dispersal 2. Seedling establishment and survival depends on the mass of the 'true seed' (i.e. embryo, endosperm and testa) © 2016 The Authors. Journal of Ecology © 2016 British Ecological Society, Journal of Ecology

Table 3 .

 3 Modelling plant characteristics using the entity-quality model ('EQ' model). Examples are for the two types of plant characteristics covered by TOP

		Preferred		
	Characteristics	name	Entity (<E>)	Quality (<Q>)
	Plant trait	Leaf area	Leaf	Area
	Environmental	Ellenberg	Plant	Temperature
	association	temperature	population*	indicator
		value		value according
				to Ellenberg

*Although the entity for Ellenberg indicator values might be thought to be 'species', these values have actually been defined for populations of species within Central Europe

[START_REF] Ellenberg | Zeigerwerte von Pflanzen in Mitteleuropa[END_REF]

.

© 2016 The Authors. Journal of Ecology © 2016 British Ecological Society, Journal of Ecology

  al. 2014; but see Pey et al. 2014 for a comparable initiative as applied to soil invertebrates). TOP should be considered as a contribution by ecology towards the realization of 'computable phenotypes', identified as a major required

		Leaf: 164
		Flower and dispersule: 112
		Root: 114
	Number of traits by entity	Shoot: 60
		Stem and branch: 116
	Plant traits: 796	Whole plant: 136
		Litter and coarse woody debris: 94
	Numerical: 597	
	Exemples of qualities	Rates and life spans: 18 Chemical contents of plant parts: 448
	Total number of plant characteristics	
	in TOP as of October 2016: 858	
	Categorical: 36	
	Categories: 225	
	Environmental associations: 62	

  Fig.5. sKey standards necessary to disambiguate the values assigned to a trait include adequate descriptions of (1) what is measured: these are the semantic aspects developed in this paper (the Quality of an Entity), (2) how it is measured: this corresponds to the use of standardized protocols when available, or the accurate report of the methods followed, and (3) how it is expressed: this corresponds to the units used when coding the trait value. Examples of references for each of these three standards are given between parentheses. These standards correspond to four classes of descriptors used in EML (Ecological Metadata Language:[START_REF] Michener | Nongeospatial metadata for the ecological sciences[END_REF], given between brackets: class IV.B. refers to 'Data structural descriptors -Variable information', with subclasses 1, 2 and 3 corresponding to 'Variable identity', 'Variable definition' and 'Units of measurement', respectively; class II.B.3. refers to 'Research origin descriptors -Specific subproject description -Research methods'. See text for further details.

	of the	
	uses	uses
		Standard units
	[EML Class II.B.3.]	[EML Class IV.B.3.]
	(e.g. Pérez-Harguindeguy	(e.g.Rijgersberg, van
	et al. 2013)	Assem & Top 2013)

© 2016 The Authors. Journal of Ecology © 2016 British Ecological Society, Journal of Ecology
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