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Abstract Herbarium collections constitute permanent and often well-documented records of the distribution of taxa
through space and time. Since their creation, their uses have dramatically expanded and with many new uses being
proposed, including some for which herbaria were not initially intended for. In this paper we assess the potential of these
collections on conservation biology, by providing exemplary studies that use herbarium specimens, grouped into four
categories: (1) based on occurrence data, such as studies about plant extinction or introduction, or those focused on
modelling their ecological niche; (2) based on the specimens themselves, such as morphological or phenological studies
to evaluate the impact of climate change; (3) based in genetic data, such as phylogeographic or taxonomical studies; and
(4), other applied studies.

Resumen Las colecciones de herbario constituyen un registro permanente y a menudo bien documentado de la
distribucion de los taxones a lo largo del espacio y el tiempo. Desde su creacién, sus aplicaciones se han diversificado de
forma considerable, y recientemente han emergido nuevos usos, algunos no contemplados originalmente. En este trabajo
evaluamos el potencial de estas colecciones para la biologia de la conservacion, a partir de algunos ejemplos de estudios
que usan especimenes de herbario, agrupados en cuatro categorias: (1) basados en datos de presencia, como por ejemplo
estudios sobre extinciones o introducciones de plantas, 0 modelizaciones del nicho ecol6gico; (2) basados en los propios
especimenes, tales como estudios morfoldgicos o fenoldgicos para evaluar el impacto del cambio climatico; (3) basados
en datos genéticos, como por ejemplo estudios filogeograficos o taxonémicos y (4) otros estudios aplicados.
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Introduction

Botanical collections originated in Europe (particularly in the 15th and 16th centuries) as a consequence of the great
expeditions carried out during the Renaissance, period in which plant collection was a rising fad in the continent
(Meredith, 1996). Being a product of the profuse geographical discoveries of the time, from the 18th century onwards
these botanical collections evolved into the ones we know today when Linnaeus decided to unbind the herbarium’s
volumes of his time in order to manage specimens as unique files and thus, catalogue biodiversity (Heywood, 1983).
Currently, the 3000 existing herbaria worldwide preserve almost 350 million specimens (Thiers, 2016) that constitute a
permanent and well documented record of plant distribution over time and space.

Although the basic methodology of collecting, pressing and handling herbarium sheets has not changed
substantially over time, their use has markedly evolved. The information provided by labels, as well as the observation,
measurement and sampling of specimens themselves, can be susceptible to new scientific research (Nesbitt, 2014).
Consequently, botanical collections that were traditionally used as mere libraries for taxonomic and floristic purposes,
presently have a much wide-ranging potential (Greve et al., 2016), including novel purposes originally not intended for
(Pyke & Ehrlich, 2010). Funk (2004) lists a total of 72 possible uses of herbarium collections, including basic research in
taxonomy and systematics, but also research in ecology, history, medicine and many other biological disciplines, and
even educational and informative uses. According to Lavoie (2013), the use of herbarium specimens in scientific
publications has clearly increased since the first work on phytopathology in 1933. Until February 2012, this author
compiled a total of 382 peer-reviewed publications with original data derived from herbaria.

Such increase in the use of herbarium materials with scientific purposes has been somewhat favoured by
digitalization (Smith & Blagoderov, 2012), especially with processes like mass digitalization, which facilitate access to
partial or even full collections just a click away (for instance the Paris and Leiden herbaria; Wen et al., 2015; Seregin,
2016). Such ease in accessibility has raised questions on the utility of traditional specimens (Flannery, 2012) and even
suggestions to destroy them once they have been digitalized (Clifford et al., 1990). Nonetheless, specimens continue to
be indispensable as, amongst other reasons, certain morphological characters can often be hidden, be too small or even
invisible in two-dimensional images (Culley, 2013). The physical elimination of herbaria would imply, on another hand,
the impossibility to provide plant tissues that can be of great relevance for research, either basic or applied.

Numerous articles value the importance of herbaria in research, both dealing with the use of specimens already
preserved in collections as well as stressing the need to include new field collections that can help to clarify the results of
scientific studies. According to Funk et al. (2005), specimens are the base for reproducibility, an essential part of the
scientific method that makes possible to repeat an experiment or confirm previous works. Furthermore, Guerin (2013)
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emphasized the low cost of such use in front of the high costs of carrying out new collections along with the value of
specimens that cannot be replicated, such as those from extinct or remote populations. The need to publish articles and
editorials to emphasize the value of herbaria is partly due to budget and personnel reductions that, in certain occasions,
have resulted in the closing of particular collections (Dalton, 2003; Gropp, 2003) as well as the suspension of collections’
research programs (Funk, 2014). Based on these developments, Funk et al. (2005) and Culley (2013) highlighted the
need to cite voucher specimens in scientific articles whenever possible, bestowing the practical value given by source
collections. Holland (2014) went even further, proposing that the researchers themselves give active support to herbaria,
either by consultations during the preparation of research projects, contributing with costs of recollection and
conservation, as well as recognizing any service provided by herbaria.

One of the most relevant yet relatively unknown herbarium applications in botanical research is in conservation
biology studies (e.g., Greve et al., 2016). During recent years, various works have been done using primary data included
in herbarium specimens, to acquire a better knowledge on threatened species as well as contributing on their management
and recovery. The present article aims to assess the potential of these collections in different aspects of conservation
biology. It is not our intention to provide an exhaustive bibliographic review but to offer examples on studies using
herbarium specimens, illustrating such research with herbarium sheets considered of interest by the authors of this paper.
These specimens often come from the BC herbarium (Botanical Institute of Barcelona) and the BCN herbarium
(University of Barcelona). For practical reasons, examples on possible research applied to conservation using herbarium
materials have been grouped into four main categories: (1) those based on occurrence data, including plant extinction and
species’ introduction studies, changes in latitudinal and altitudinal distribution, findings of new localities, modelling
ecological niches, compilation of red lists and identification of priority conservation areas (IPAs); (2) those based on
specimens’ anatomical and/or life cycle traits such as morphological or phenological studies that evaluate the impact of
climate change, or classical taxonomic studies; (3) those based in genetic data obtained from sampling herbarium
specimens, such as studies on phylogeography, genetic diversity, and phylogeny or systematics, that further contribute to
our knowledge of plants, and (4) others, including those based on the direct use of specimens (such as viability studies of
seeds contained in specimens for ex situ and in situ conservation), or studies based in ethnobotanical information
contained in labels.

Studies on Occurrence Data

The specimens’ occurrence data is the basic information on the geographical and temporal location of a plant, i.e., the
exact locality and date that it was collected. Recent specimens tend to have very precise data which allow to establish
with great precision the presence of a plant in a specific place and moment, a key information for distribution maps and
modelling (Merow et al., 2016). In addition, historical herbarium data, even if imprecise, are necessary to demonstrate
species’ extinctions, regressions or introductions, acting as testimonies of changes occurred throughout time in the flora
of a given region (Ibafez, 2006).

Plant Extinctions and their Causes

The analysis of herbarium data can provide very valuable information on extinction processes of a given species, both in
relation to when and how extinction occurred (Schaffer et al., 1998). Given that many extinctions of plants are linked to
the loss of natural habitats (RBG Kew, 2016), herbarium studies permit to expand our knowledge of historical changes in
land use and within a diversity of habitats. Such data can be completed with the analysis of historical maps (Geri et al.,
2016), information from botanical expeditions in the territory and aerial photographs (Grass et al., 2014; Baena et al.,
2016).

A work on local extinctions due to changes in land use is Lienert et al. (2002), which studies the presence of
Swertia perennis L. in Switzerland using herbarium sheets up to 127 years old, from 63 locations where the species has
been cited. Analyses show that in 15 localities, the species can be considered extinct, and that extinctions have been more
frequent at low altitudes, peripheral localities, small fens, and in fens with intensive use. According to the authors,
intensification of agricultural practices and habitat fragmentation would have contributed to the local extinction of the
species. Another example is the work by Aedo et al. (2015), which updates the catalogue of extinct species in Spain,
analyzing from bibliographical data and herbarium materials their likely underlying causes. Anew, for 27 species
catalogued, habitat loss was the main cause for extinction, although the displacement by an invasive species in one case,
and overgrazing in two others, were also mentioned.

Other articles study the complete flora of an area to value the risk of species extinction. For example, Stehlik et
al. (2007) evaluate local extinctions in a peri-urban region of Switzerland, on the basis of herbarium materials. Authors
compare a list of 2000 specimens of 454 plants collected between 1839 and 1915 with another list of field observations
from 2003 to calculate the extinction rate in relation to several variables. Results indicate that 17 % to 28 % of plants
seem to have become extinct; such extinction rate is higher in species of wet environments, aquatic plants and annuals,
those adapted to nutrient poor soils and rare species. Furthermore, as many species present in 2003 are found to have a
high extinction risk, they conclude that a substantial part of the flora in the territory could disappear in the near future.
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In parallel, historical collections allow to document how the distribution of a plant has diminished over time and,
at the same time, demonstrating its previous existence in places where it is currently lacking. A notable case is Stachys
maritima Gouan, currently extant in only four localities of Catalonia (Iberian Peninsula), while at the beginning of the
20th century it was a relatively common species (Barriocanal & Blanché, 2002). To illustrate this, the specimen BC-Salv-
903 (Portal del Mar, Barcelona, 18th century, Fig. 1) gives testimony of its presence in Barcelona’s littoral, where it has
disappeared completely. Since last century, this plant is in strong regression due to the transformation and destruction of
beaches and coastal dunes associated with urban pressure and tourism (LApez-Pujol et al., 2003; Saez et al., 2010).
Another similar case is Achillea maritima (L.) Ehrend. & Y. P. Guo, a species highly valued by herbalists, who have
triggered its disappearance from many localities of the Iberian Mediterranean shoreline (Bolds & Vigo, 1995: 801), even
though the loss of its natural habitat and of coastal dunes has also had a relevant role (Saez et al., 2010). In the past, it
was recorded in several localities from the coast of northern Catalonia as demonstrated by the sheet BC-Salv-2712 from
the town of Blanes, where it is not presently found.

Introduction of Alien Plants

To obtain information in space and time on invasion patterns by non-native species, various articles have analyzed
collections of alien plants from all over the world (Delisle et al., 2003; Chauvel et al., 2006; Crawford & Hoagland,
2009). As it is well known, invasions constitute a great threat for native floras and the functioning of ecosystems (Vila &
Ibafiez, 2011; Bellard et al., 2016); thus, their prevention and management have become crucial for natural ecosystem’s
conservation (Gonzalez-Moreno et al., 2014).

Herbarium data can enable the identification of invasion periods by alien species in a given territory and the
reconstruction of their expansion both in space and time. For instance, the study by Fuentes et al. (2008) evaluates
periods of plant invasions in Chile using the data from 71,764 specimens from the CONC herbarium. According to the
authors, increments in the proportion of records of alien vs. native species can be linked to the expansion in area of non-
native species in the country. Proportion curves show two significant increments, the first coinciding with the agricultural
intensification in the country (1910-1940) and the second with the mechanization of wheat fields and the subsequent
production increase (1980-2000).

From a conservation point of view, dating with exactitude when a species has been introduced in a country is
important to monitor, in case it becomes invasive. In the study by Ibéfiez et al. (2004), which uses historical sheets from
the Salvador collection (BC), the introduction of new species is evaluated. For example, the first evidence in Spain for
the cultivation of Pelargonium peltatum (L.) L’Hér. (BC-Salv-1489) is dated around 1705, from seeds coming from the
Botanical Garden of Paris. This species is now a relatively common garden escape in the Iberian Peninsula, and even it
has become naturalized in some neighbouring areas, such as the Canary Islands (Sanz et al., 2004).

Therefore, regarding currently introduced alien species, it is important to keep always voucher specimens for
future studies. An example is the finding of Agave difformis A. Berger in Catalonia (Iberian Peninsula), corresponding to
the first citation of the species outside its native area of Mexico (Lépez-Pujol et al., 2016a). A specimen is preserved at
the BC herbarium (BC-937141).

Novelties and Altitudinal and Latitudinal Changes

In floristic studies, the distribution area of a species is typically based on herbarium data (Applequist et al., 2007). Often,
such data are also used to plan fieldtrips to revisit the localities where it has been cited (Funk, 2004) or to carry out new
prospections. Occasionally, herbaria even include specimens from non-documented localities that can bring new data to
improve our knowledge of plants; often, the involved specimens are still not available for the scientific community. In
the article by Nualart et al. (2012) about threatened species in Catalonia (Iberian Peninsula), new altitudinal, chorological
and chronological data are provided from information contained in the specimen’s labels from the BC herbarium. An
example is the BC-Hieraciotheca-919950 sheet of Hieracium gouanii Arv.-Touv., collected at 450 m, an altitude
considerably lower than that reported in the literature (900-1725 m).

In addition, and thanks to the data on spatial and temporal distribution of specimens, changes in the range of a
given species can be evaluated, which can have, at times, important ecological and conservation implications (Feeley,
2012). Amongst other factors, such changes can respond to climate change and habitat destruction (Bergamini et al.,
2009). This enables the generation of distribution maps from ancient specimens, which can be compared with those
based on modern specimens (Lister & CCRG, 2011). For instance, Wolf et al. (2016) examine changes in the distribution
of species through time in different altitudinal gradients of California. As altitudinal information is sometimes missing
from labels, this study uses a digital elevation model for the study area to infer such information. The authors use about
700,000 specimens belonging to more than 4000 taxa to compare mean altitudes during two periods (1895-1970 vs.
1971-2009). Results indicate that there is a significant altitudinal increase in 15 % of species and, in addition, when
overlapping the distribution of taxa with climatic maps, 17.9 % of taxa show an increase in mean annual temperature
across their niche, and 18.5 % of taxa experience a similar increase in precipitation. Following such results, authors
conclude that the observed altitudinal changes are mainly due to climate change.

Ecological Niche Modelling
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Aiming to predict the probability of species’ occurrence and habitat suitability, distribution models associate
georeferenced observations of plants with multiple environmental variables (Franklin, 2013). Thanks to the ease in
accessibility of herbarium records through web portals such as GBIF (Global Biodiversity Information Facility,
http://www.gbif.org), these are increasingly used as inputs in distribution models (Graham et al., 2004; Enquist et al.,
2009). Currently, about a milliard articles on modelling are published yearly, which means a sharp rise if compared to the
dozen published yearly in the 1980s (Peterson & Soberdn, 2012). In most cases, the response of plants to climate change
is evaluated by comparing the projected modelling in the current climatic scenario with those projected in future climatic
scenarios that incorporate the estimated putative changes. More recently, modelling has also been applied as a
complementary tool in phylogeographic studies, as making projections at the Last Glacial Maximum (LGM) represents
an independent method to genetic approaches for the inference of glacial refugia and paleodistribution of plant species
(e.g., Huang & Schaal, 2012; Gavin et al., 2014). For example, Lopez-Pujol et al. (2016b) use occurrence data for species
of Centaurea subsect. Phalolepis—based mostly on specimens from the BC herbarium—to reconstruct their distribution
during the LGM in Anatolia. According to the authors, modelling data supports the scenario drawn by genetic data, i.e.,
that the studied species would have experienced genetic exchanges thanks to the expansion of their distribution areas.

Even if the main objective of modelling studies may not be conservation per se, their results can be highly
informative for decision taking, especially on issues of land management (Guisan et al., 2013). In this sense, studies on
invasive plants (e.g., Giljohann et al., 2011; Tererai & Wood, 2014; Fernandez & Hamilton, 2015; Wang et al., 2016a)
allow to identify their potential areas of occupation and therefore focus on their control. On another hand, studies on rare
plants (e.g., Williams et al., 2009; Marcer et al., 2013; McCune, 2016; Vroh et al., 2016; Tang et al., 2017) or threatened
plants (e.g., Adhikari et al., 2012; Aguirre-Gutiérrez et al., 2015; Hassemer et al., 2016; Santiz et al., 2016) facilitate to
identify and predict the most suitable habitats for these species, determine their degree of protection linked to protected
areas networks, and even to design possible reintroductions. Finally, habitat studies (e.g., Feeley, 2012; Amici et al.,
2014) allow to evaluate potential distribution changes of species and to devote efforts in their mitigation.

A modelling study proposing conservation strategies in Colombian dry forests is presented by Reina-Rodriguez
et al. (2016), by studying epiphytic orchids—plants highly sensible to climate change due to their dependence on rain and
water vapour to survive. Using the maximum entropy algorithm (MaxEnt) for seven species whose occurrences were
obtained from herbarium materials, field observations and bibliography, their distribution was modelled in a current
scenario of climate change contrasted with a future one. Results show an increase in altitude in the future scenario of
climate change and thus, authors propose the establishment of altitudinal migratory corridors. Regarding distribution, the
algorithm allows to identify areas of probable occurrence of species that according to authors could constitute “thermal
refugia”.

Red Lists and Priority Areas

Natural history collections have also been identified as very valuable sources of information to define conservation
priorities, improve decisions taken on rare and/or threatened species and apply conservation efforts with as much
efficiency as possible (Krupnick et al., 2009; Kricsfalusy & Trevisan, 2014). Even the IUCN Committee indicates their
importance as a crucial step for the elaboration of red lists (IUCN, 2016). To calculate the extent of occurrence (EOQO)
and the area of occupation (AOO) of a given taxon, necessary to define its degree of threat, various articles point to the
importance of using herbarium materials (e.g., Hernandez & Navarro, 2007; Rivers et al., 2010, 2011; Miller et al., 2012,
2013; Roberts et al., 2016). For instance, and coming back to the example of Achillea maritima, the numerous sheets
deposited both in BC and BCN herbaria give testimony of its presence in several areas of the Catalan littoral until
relatively recently, while it is currently absent (e.g., in the beaches around Tarragona). The existence of these specimens
partly justified the compliance with the Alac criterion of IUCN (2001) to classify this species as “endangered” (EN) in
the Catalan Red Book (Séez et al., 2010).

Some authors have even created, on the basis of herbarium materials, new methods to determine the degree of
threat of species that are different to those used by ITUCN (2010). For instance, Kricsfalusy & Trevisan (2014) evaluate
the information from the virtual herbarium of threatened plants in Saskatchewan, Canada combined with a list of rare
plants (415 species). Collected data include conservation status, distribution, habitat type, population characteristics and
potential threats from the herbarium sheets of the analyzed species. These data are quantified to develop priority ratings
using three criteria: rare species outside the study area, species with local rarity and species with human menaces. The
use of such hierarchy, which grants greater weight to the first criterion, has resulted in a list of rare species at the
provincial level that can be used as a starting point for identifying possible research needs for the conservation of the
regional flora.

On the other hand, herbarium specimens can facilitate the identification of hotspots, ecoregions and centres of
biodiversity, as well as the establishment of priority areas (Davy, 2005). To cite an example, Zhang et al. (2015) generate
distribution maps of threatened plants in China from geographical information derived from herbarium specimens
(included in the Chinese Virtual Herbarium, an online tool granting access to label data, but also to most of the scanned
sheets; http://www.cvh.ac.cn/) in addition to bibliographic sources. Their objective is to explore their richness patterns
and to evaluate their conservation status by overlapping species distributions with the map of provincial and national
natural reserves. As an average, reserves cover only 27.5 % of the areas rich in threatened species; and 12 % of the
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species do not have their distribution areas protected. Thus, authors propose to designate new protected spaces in areas
with high species richness (hotspots). Even, other studies evaluate priority areas with ecological niche modelling to see if
these can shift in future scenarios of climate change (Wang et al., 2016b; Zhang et al., 2016).

Studies with Specimens

Herbarium materials, in addition to offer occurrence data derived from labels, allow us to observe and measure different
characters of specimens collected in a given locality and date. On one side, these samples are essential in taxonomy, as
morphology is the basis for the description and classification of taxa (Davis & Heywood, 1963; Cronquist, 1978;
McDade, 1995). On the other, they facilitate the evolutionary study of a plant, along with tracing changes in phenology
and species morphology linked to climate change (Suarez & Tsutsui, 2004).

Classical Taxonomy

To carry out adequate conservation programs it is necessary to know first the plants needing most protection. Even with
the great current floristic knowledge, new taxa continue to be described nowadays; for instance, between 1995 and 2010,
687 new taxa were proposed for the Ibero-Macaronesian flora (Benito, 2013), whereas for the case of China at least 2000
species await discovery (Raven, 2011). Many times, novelties are not based upon new collections; according to Bebber et
al. (2010), 84 % of newly published species between 1970 and 2010 in the Kew Bulletin had already been previously
collected, demonstrating how herbarium specimens are a major primary source for the description of new taxa.

Amongst the many cases published over the last years, we can cite the description of Centaurea tripontina
Lopez-Alvarado, L. Séez, Filigh., Guardiola & Susanna (LOpez-Alvarado et al., 2012), discovered while reviewing
materials of C. emigrantis Bubani for the Catalan Red Book (Séaez et al., 2010). The study of one sheet (BC-145156),
attributed to C. emigrantis, yet coming from a remote Pyrenean locality, led to the description of the new species.
Another example is Erysimum polatschekii Moazzeni et al. (2016) from herbarium material in the context of a review on
this genus for the Flora of Iran.

Furthermore, the distribution area of plants is a necessary information to evaluate their threat status, hence the
importance of being confident on the correct identification of the specimens used to define such area. Schatz (2002)
carried out a study in Madagascar to test if endemic families in the island were sufficiently known from a taxonomic
point of view, as a first step to determine the threat category of the taxa contained in them. As the only available
taxonomic work dated from 1963, authors reviewed primary sources of information, that is to say, herbaria. Such review
brought forth the elaboration of new taxonomic keys, updating synonymy and the description of new species. The new
taxonomic framework for the four families of endemic plants included 31 new species, a non-negligible 34 % of the total
within these families.

Morphological Studies

Changes in environmental parameters and resource availability can affect plants’ growth and morphology, changes that
can be evaluated thanks to specimens conserved in herbaria during centuries. According to Leger (2013) studying such
changes in the size of plants can provide information to identify priorities for conservation and the most suitable
candidates for conservation.

Different works study the morphological response of plants to climate change. Pefiuelas & Matamala (1990)
compare, amongst other variables, stomatal density of several species collected in similar habitats but in different epochs
(between 1750s and 1980s), coming from the BC and BCN herbaria. Results show a decrease in stomatal density that,
according to the authors, can be attributed to the increase of CO, in the atmosphere. In addition, Guerin et al. (2012)
analyze changes in leaf morphology of Dodonaea viscosa (L.) Jacq. subsp. angustissima (DC.) J. G. West in Australia at
different latitudinal gradients (linked to maximum regional temperature), using 255 herbarium sheets of up to 120 years
of antiquity. Analyses on these specimens demonstrate a reduction of 2 mm in leaf width throughout time, equivalent to 3
degrees of latitudinal variation. They conclude that such results are consistent with morphological responses to current
climate change.

Aside from climate change, variations in plant size can be attributed to other anthropogenic activities such as
over-collection (Law & Salick, 2005). For example, McGraw (2001) studied how over-collection affects Panax
quinquefolius L. (the American ginseng) on the basis of 915 herbarium specimens collected throughout 186 years. A
decrease was found in nine of 11 variables measured, such as root length and leaf width, confirming a general decline in
plant size.

Phenological Studies

Knowing the influence of climate change in plant phenology is important to identify the most susceptible species to the
temperature increase, and to adapt conservation programs accordingly to prevent its effects (Calinger et al., 2013).
Changes in phenology are precisely amongst those most evident as biological responses to climate change (Parmesan &
Yohe, 2003). Consequently, the number of publications on this matter has increased exponentially since the first study by
Primack et al. (2004) intended to reconstruct phenological changes through time using herbarium specimens (Lavoie,

5


http://www.ipni.org/ipni/idAuthorSearch.do;jsessionid=AC1D6A3D50E9E881A61EB1114331ADB2?id=20020153-1&back_page=%2Fipni%2FeditAdvPlantNameSearch.do%3Bjsessionid%3DAC1D6A3D50E9E881A61EB1114331ADB2%3Ffind_infragenus%3D%26find_isAPNIRecord%3Dtrue%26find_geoUnit%3D%26find_includePublicationAuthors%3Dtrue%26find_addedSince%3D%26find_family%3D%26find_genus%3Dcentaurea%26find_sortByFamily%3Dtrue%26find_isGCIRecord%3Dtrue%26find_infrafamily%3D%26find_rankToReturn%3Dall%26find_publicationTitle%3D%26find_authorAbbrev%3D%26find_infraspecies%3D%26find_includeBasionymAuthors%3Dtrue%26find_modifiedSince%3D%26find_isIKRecord%3Dtrue%26find_species%3Dtripontina%26output_format%3Dnormal
http://www.ipni.org/ipni/idAuthorSearch.do;jsessionid=AC1D6A3D50E9E881A61EB1114331ADB2?id=37367-1&back_page=%2Fipni%2FeditAdvPlantNameSearch.do%3Bjsessionid%3DAC1D6A3D50E9E881A61EB1114331ADB2%3Ffind_infragenus%3D%26find_isAPNIRecord%3Dtrue%26find_geoUnit%3D%26find_includePublicationAuthors%3Dtrue%26find_addedSince%3D%26find_family%3D%26find_genus%3Dcentaurea%26find_sortByFamily%3Dtrue%26find_isGCIRecord%3Dtrue%26find_infrafamily%3D%26find_rankToReturn%3Dall%26find_publicationTitle%3D%26find_authorAbbrev%3D%26find_infraspecies%3D%26find_includeBasionymAuthors%3Dtrue%26find_modifiedSince%3D%26find_isIKRecord%3Dtrue%26find_species%3Dtripontina%26output_format%3Dnormal
http://www.ipni.org/ipni/idAuthorSearch.do;jsessionid=AC1D6A3D50E9E881A61EB1114331ADB2?id=14379-1&back_page=%2Fipni%2FeditAdvPlantNameSearch.do%3Bjsessionid%3DAC1D6A3D50E9E881A61EB1114331ADB2%3Ffind_infragenus%3D%26find_isAPNIRecord%3Dtrue%26find_geoUnit%3D%26find_includePublicationAuthors%3Dtrue%26find_addedSince%3D%26find_family%3D%26find_genus%3Dcentaurea%26find_sortByFamily%3Dtrue%26find_isGCIRecord%3Dtrue%26find_infrafamily%3D%26find_rankToReturn%3Dall%26find_publicationTitle%3D%26find_authorAbbrev%3D%26find_infraspecies%3D%26find_includeBasionymAuthors%3Dtrue%26find_modifiedSince%3D%26find_isIKRecord%3Dtrue%26find_species%3Dtripontina%26output_format%3Dnormal
http://www.ipni.org/ipni/idAuthorSearch.do;jsessionid=AC1D6A3D50E9E881A61EB1114331ADB2?id=20021429-1&back_page=%2Fipni%2FeditAdvPlantNameSearch.do%3Bjsessionid%3DAC1D6A3D50E9E881A61EB1114331ADB2%3Ffind_infragenus%3D%26find_isAPNIRecord%3Dtrue%26find_geoUnit%3D%26find_includePublicationAuthors%3Dtrue%26find_addedSince%3D%26find_family%3D%26find_genus%3Dcentaurea%26find_sortByFamily%3Dtrue%26find_isGCIRecord%3Dtrue%26find_infrafamily%3D%26find_rankToReturn%3Dall%26find_publicationTitle%3D%26find_authorAbbrev%3D%26find_infraspecies%3D%26find_includeBasionymAuthors%3Dtrue%26find_modifiedSince%3D%26find_isIKRecord%3Dtrue%26find_species%3Dtripontina%26output_format%3Dnormal
http://www.ipni.org/ipni/idAuthorSearch.do;jsessionid=AC1D6A3D50E9E881A61EB1114331ADB2?id=27375-1&back_page=%2Fipni%2FeditAdvPlantNameSearch.do%3Bjsessionid%3DAC1D6A3D50E9E881A61EB1114331ADB2%3Ffind_infragenus%3D%26find_isAPNIRecord%3Dtrue%26find_geoUnit%3D%26find_includePublicationAuthors%3Dtrue%26find_addedSince%3D%26find_family%3D%26find_genus%3Dcentaurea%26find_sortByFamily%3Dtrue%26find_isGCIRecord%3Dtrue%26find_infrafamily%3D%26find_rankToReturn%3Dall%26find_publicationTitle%3D%26find_authorAbbrev%3D%26find_infraspecies%3D%26find_includeBasionymAuthors%3Dtrue%26find_modifiedSince%3D%26find_isIKRecord%3Dtrue%26find_species%3Dtripontina%26output_format%3Dnormal

This is an Accepted Manuscript of an article published in Botanical Review on 9 May 2017,
available online: http://doi.org/10.1007/s12229-017-9188-z

2013). These studies have focused on common phenological events easy to measure and with a regular observational
history such as flowering, fruiting and leafing (Davis et al., 2015), mainly in relation to their onset rather than their
duration, which seems to be independent of temperature (Primark et al., 2004). As comparative studies on phenologic
changes using herbarium specimens and field observations indicate similar results (Robbirt et al., 2011), herbarium
specimens represent a good alternative to direct data collection within natural populations, which is not always possible
and has a higher cost.

Li et al. (2013) study the magnitude and tendency of the effects of climate change in flowering, examining
herbarium specimens of 40 Tibetan species collected during four decades (1960-2000), with data available from the
Chinese Virtual Herbarium online platform. Results show a significantly earlier flowering in time (0.5 days per year),
equivalent to an advancement of 20 days during the four decades studied. Authors positively value the use of herbarium
data as a significant source to analyze climate change, especially in regions where monitoring systems would be more
difficult to establish. Another advantage of using herbarium specimens is that older data can be studied. For instance,
Everill et al. (2014) study the leaf-out times from different deciduous trees during 174 years (1834—-2008) observing an
advancement in leafing of 2.06 days per 1 degree increase in local temperature. The average response for all species in all
localities is an advancement of 0.4 days per decade, results that coincide with those observed with remote sensing
techniques.

Also recently, a study on flowering patterns of Globularia alypum L. has been carried out in the western
Mediterranean region using specimens from the BC, BCN, VAL and MPU herbaria (Clavaguera, 2012). This study has
allowed to detect two phenotypes, one with late summer-autumn blossoming and the other with winter blossoming,
linked to maritime and continental areas respectively. Flowering seems to be regulated in the first case by rainfall and in
the second one by temperature. Variations in these parameters by the effects of climate change, thus, could imply
modifications in flowering patterns of G. alypum, and the subsequent changes in ecosystem dynamics.

Genetic Studies

The possibility to extract DNA from herbarium specimens for genetic studies is known, and practiced, since the 1990s
(Taylor & Swann, 1994). Despite the degradation suffered by DNA in herbarium samples, either by the slowness in the
desiccation of the specimen, the chemical products used for their conservation (Drabkova, 2014), or by other reasons
(e.g., nucleotide post-mortem changes; Nachman, 2013), different studies have demonstrated the success of extractions
from material of different antiquity (De Castro & Menale, 2004; Cota-Sanchez et al., 2006; Andreasen et al., 2009). This
genetic information allows to carry out phylogenetic and systematic studies, as well as research on phylogeography and
genetic diversity.

Phylogenetic and Systematic Studies

Phylogeny enables the study of evolutionary processes in organisms. Together with systematics, these disciplines allow
for the adequate definition of taxa, augmenting thus our knowledge on them and constituting a prerequisite for the
initiation of conservation and/or restoration plans. For instance, Montes-Moreno et al. (2013) analyze the taxonomic
delimitation of the genus Aliella, endemic to Morocco, by means of a phylogenetic and morphological study from field
and herbarium materials (with a significant part of specimens coming from the BC and BCN herbaria). Phylogenetic and
morphological analyses equally indicate the convenience to include the Aliella species within the genus Phagnalon,
recognizing five taxonomic entities: two as species and three as subspecies.

Such studies, however, do not only allow to delimit taxa more appropriately. Winter et al. (2013) point out that
the phylogenetic diversity of a group (calculated from evolutionary relationships within phylogenetic trees) and the
phylogenetic distinctiveness of a species (calculated from its relationship with other species in such trees) can be relevant
for decision taking by conservationists. Phylogenetic analyses, especially if datable, give information about the age of a
certain lineage and its degree of isolation, information that is very useful to establish conservation priorities. The
extinction of relict, highly isolated lineages (e.g., Gingko biloba L.) could be qualified as very serious, because unique,
irreplaceable evolutionary history would be lost (Mace et al., 2003; L6pez-Pujol et al., 2011).

At present, phylogenetic studies are undergoing a revolution thanks to the methods of Next-Generation
Sequencing (NGS) that allow to generate a great quantity of sequences of different genes from an organism (Harrison &
Kidner, 2011), and thus can be applied to DNA of bad quality (Bi et al., 2013). For example, Zedane et al. (2016) studied
the Hesperelaea lineage, a monospecific endemic genus of the island of Guadalupe (Mexico) collected only in 1875 and
considered now extinct. From DNA extraction and NGS techniques, different phylogenetic trees were obtained
confirming its taxonomic position as a monospecific genus and suggesting its divergence at the beginning of the
Miocene. In this study, researchers demonstrate the efficacy of the NGS technique to evaluate the taxonomic status of a
lineage, which could result in the acceleration of new species’ discovery from samples preserved in herbaria. Buerki &
Baker (2016) go even further, proposing to progressively include in the future the massive sampling of collections as part
of the high-throughput workflow associated to the current digitalization processes, taking into consideration at the same
time the preservation of specimens’ integrity. According to these authors, including NGS techniques in the daily
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operation of collections would allow to obtain DNA on a large scale to develop taxonomic barcodes and potentiate, in
such a way, research in the Tree of Life, information that could help in conservation policies.

Phylogeographic and Genetic Diversity Studies

Studies on phylogeography and genetic diversity use molecular markers (both nuclear and cytoplasmic) to reveal levels
of diversity and genetic structure in plant populations. Based on criteria to maximize genetic diversity and/or the
presence of exclusive alleles (Falk & Holsinger, 1991; Frankham, 2010; Namoff et al., 2010), these studies are very
useful in species conservation, as they allow to prioritize certain populations and protect them in situ and ex situ (either
by seed or tissue conservation in germplasm banks, or by cultivation in botanical gardens). As some techniques (such as
AFLP) require DNA of good quality (Devey et al., 2013) most of these studies are carried out with desiccated material
directly collected in the field. Even so, there are numerous articles based on herbarium materials that undertake
molecular analyses.

To illustrate this, Devey et al. (2013) study the decrease in Eligmocarpus populations—an endemic and
threatened monotypic genus of Madagascar—analyzing ITS regions in herbarium materials (both from extinct and recent
localities) and applying AFLP techniques to field materials. Although specimens’ DNA was highly degraded, it was
sequenced in some cases. The results on extinct populations show the existence of genetic connectivity between
populations in the past. In addition, the current population shows a high genetic variability despite the low number of
remaining individuals that, according to authors, could help in restoration programs for the species.

Moreover, genetic studies (especially phylogeographic ones) have demonstrated their value in the reconstruction
of post-glacial migration routes and, at the same time, identify putative glacial refugia (Comes & Kadereit, 1998; Hu et
al., 2009). Inferring the locations of glacial refugia could be a key for the preservation of plant species; areas that acted as
refugia in the past will probably act as refugia in the future (Bhagwat & Willis, 2008; Médail & Diadema, 2009). Beatty
& Provan (2014) investigate how plants with a disjunct distribution have persisted in two separated areas, and if these
regions have acted as glacial refugia. In the case of Pinguicula grandiflora Lam., distributed in the Pyrenees and
Cantabrian Mountains (Iberian Peninsula), in the Alps and in SW Ireland, these authors used some specimens from the
BC herbarium. Phylogeographic analyses indicate that Irish populations have lesser genetic diversity than Iberian ones.
Based on these results, it is concluded that the species persisted during the LGM in a southern refugium and that
migration to the north was not achieved until the retreat of ice sheets.

Additional Applications

Adding to distributional, morphological, phenological and genetic data, herbarium materials can also be useful to carry
out more applied studies, e.g.: (1) on over-collection of certain species, by using the additional information included in
labels (e.g., ethnobotanical data); and (2) on ex situ/in situ conservation, thanks to seeds/propagules contained within
specimens that can be used in germination experiments or even in recovery programs for threatened species.

Studies on Species Over-Collection Linked to their Usage

Excessive gathering of certain species, and consequently, their decline, can be evaluated from distinct specimens’
attributes, such as the number of collected sheets of a species throughout time, or from the ethnobotanical information
data that are sometimes recorded in the labels. Currently, one of the major challenges for ethnobotany is, thus, to detect
and quantify overexploitation of natural resources to improve their conservation (Nesbitt, 2014).

An example of such studies is the work by Case et al. (2007) on over-collection of the American ginseng, Panax
quinguefolius (see also Morphological Studies section), in the USA since the beginning of its commercialization at early
18th century. In this study, authors compare the number of specimens collected during 150 years with the number of
specimens of four related species that are not commercialized, reporting that there has been a significant reduction in the
proportion of collected specimens of P. quinquefolius in most of the regions analyzed. The authors conclude that this is
due to a decline in the abundance of American ginseng that has lowered the chance of collecting it in the wild. On the
other hand, Lulekal et al. (2012) study whether the knowledge of ethnobotanical uses of plants allows to evaluate their
possible over-collection and to plan their future conservation. In this work, labels of 4717 herbarium specimens were
reviewed of four plant families in Ethiopia, of which only 5.4 % had documented ethnobotanical uses, representing 34.5
% of the total number of species. As the percentage of specimens with ethnobotanical information was so low, authors
concluded that to know the human influence on these plants, further efforts would be needed in order to record
ethnobotanical information and establish adequate conservation strategies.

Along with ethnobotanical information, specimens’ labels can provide detailed indications allowing to infer how
the process of overexploitation has occurred. For instance, the Achillea maritima BC-261386 specimen (Fig. 2) contains
a large annotation where the collector explains that, although the species was abundant in maritime terrains in the
Balearic Islands, it has been driven to quasi-extinction due to its reputation as a medicinal plant. This sheet has been
included in different works dealing with the conservation of the species such as Gonzalez et al. (2006) and Séez et al.
(2010).
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Viability of Seeds/Propagules

Herbaria are a highly valuable resource for seeds and propagules, which can be used for the conservation and recovery of
rare or even extinct species (Bowles et al., 1993). For example, Godefroid et al. (2011) explore the possible
“resurrection” [reintroduction] of 26 species extinct in Belgium, from 84 herbarium sheets between 23 and 158 years old.
Results showed that only eight seeds of three specimens germinated, but surprisingly amongst the oldest ones (101-144
years). The low viability of the studied seeds is explained by their immaturity—as specimens tend to be collected in
flower and not in fruit—and by the storage conditions, inadequate for seeds. On the other hand, Magrini (2011) evaluate
the viability of spores of a Mediterranean threatened species (Dryopteris tyrrhena Fraser-Jenk. & Reichst.) extracted
from 10 specimens, six of which presented a successful germination. Despite the difficulties due to the small amount of
spores present in specimens and their possible chemical treatment, results show the effectiveness of the method and its
possible use in in situ conservation.

Conversely, it is worth mentioning that, even if seeds collected in the field are kept in germplasm banks for their
optimal ex situ conservation, it is important to preserve a testimony herbarium sheet in order to facilitate the correct
identification of the taxon. Both in the BC and BCN herbaria, different testimony specimens are preserved from samples
of the Botanical Garden of Barcelona germplasm bank, which can also contain seeds susceptible of germinating.

Discussion

In the previous sections we have presented a selection of scientific disciplines that, while not having as a main objective
the conservation and sustainable use of biodiversity, they contribute to the improvement of its knowledge and, indirectly,
to an increase of the effectiveness of conservation strategies and policies. Nowadays, the continued rise in human
population (from the current 7.5 billion to the projected more than 11 billion by 2100; DESA, 2015) and of
anthropogenic impacts on the environment (i.e., more resource demand, climate change, etc.) largely condition the
conservation and sustainable use of biodiversity. It is indispensable, thus, the application of effective measures of
conservation (Rands et al., 2010), which are much more effective when a sufficient base of knowledge is available.
Without doubt, basic research in taxonomy, distribution, ecology and genetics of plant species pertain to such bodies of
knowledge that need to be enhanced, as stipulated in objective 19 of the 2011-2020 Strategy for the application of the
Convention on Biological Diversity (CBD, 2010).

In addition, this work has intended to describe the great potential that natural history collections can have in
research applied to conservation at a global scale. The cited studies herein would not have been possible without the
formation and conservation during centuries of these collections (herbaria, in our case), that allow us to document the
distribution and evolution of biodiversity in space and time. Collections, therefore, are not static museum pieces, but are
destined to play a key role in the botany of the 21st century (Wen et al., 2015), chiefly thanks to improved accessibility
of specimens via biodiversity portals and online herbaria. Besides, during recent decades there has been an advancement
of a myriad of studies that can be carried out with collection’s specimens, in particular genetic research. However, many
of these studies require the extraction of portions or parts of specimens, which implies finding a delicate equilibrium
between the destructive extraction of samples and the preservation of collections.

Not surprisingly, research based on collections is on the rise, mainly in the use of data at large scale, such as the
recent studies with about 700,000 specimens by Wolf et al. (2016) of the Californian flora, the about 900,000 specimens
analyzed by Zhang et al. (2015) from the threatened flora of China and the nearly one million specimens studied by
Stropp et al. (2016) from the African flora. Small scale studies should not be omitted either, as they are equally necessary
for a better understanding of species, and in which specimens are the primary source of data.

Nevertheless, it must also be taken into consideration that herbarium data cannot be used indiscriminately as
they can include errors, imprecisions and biases that can create false patterns and confound users (Feeley, 2012). Such
problems can be grouped into: (1) errors in the identification of samples (Schatz, 2002); (2) mismatches in the
distribution caused by biased effort of collectors, either by collecting in places with easy access—the “road-map
effect”—, in areas close to the researchers’ place of residence or work—the “botanist effect”— and in protected areas or
biodiversity hotspots (Moerman & Estabrook, 2006; Yang et al., 2013, 2014; Engemann et al., 2015); (3) gaps in spatial
and temporal information (Ponder et al., 2001; Kiiper et al., 2006; Stropp et al., 2016); (4) imprecisions in specimens’
georeferencing (Landrum & Lafferty, 2015); and (5) overrepresentation of certain species either due to selective
collection by specialists of their “target taxa” (Haripersaud, 2009) or to the predilection of collectors for the rarest and/or
more attractive plants (Grass et al., 2014; Kricsfalusy & Trevisan, 2014; Stropp et al., 2016)—and, conversely,
underrepresentation of the species more difficult to collect, such as prickly plants and those a priori less interesting, e.g.,
alien species (Schmidt-Lebuhn et al., 2013). Bias problems, however, can be largely solved by using statistical formulas
that mitigate their effect such as those proposed by Droissart et al. (2012), Feeley (2012), Grass et al. (2014) or
Engemann et al. (2015). Errors and imprecisions in data can also be diminished thanks to the expertise of scientists and
technicians in their processing. Sometimes, it is better not to include dubious data that could deviate the results.
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Finally, and focusing on the most common area of expertise by the authors of this paper—i.e., north-eastern
Iberian Peninsula—it should be emphasized that we have been able to reference studies based on specimens from the two
largest Catalan collections (mainly BC, but also BCN) for almost all disciplines included in the current compilation. This
suggests that these large collections include materials diverse and extensive enough, to be used in studies of different
kinds. In particular the BC herbarium, with environs 800,000 specimens, includes one of the oldest collections in the
Iberian Peninsula, the Salvador collection from the 17th and 18th centuries, used in different scientific studies that have
allowed us to learn more about the plants and their distribution in the past.

Concluding Remarks

In this paper, we have intended to show the potential of herbarium collections—emphasizing on herbaria of Barcelona—
in the improvement of biodiversity knowledge and their use in research applied to conservation. Availability of
herbarium sheets and the data included in them is of great utility for biodiversity management; this is why museums and
natural history centres are called to safeguard and to place value on these collections. Likewise, it would be desirable that
researchers encourage investigation on these collections as they include primary data, at times unpublished and
susceptible to give remarkable results in research of different types.
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Fig. 1 Specimen of Stachys maritima Gouan from Portal del Mar, Barcelona, 18th century (BC-Salv-903), testimony of
its presence in Barcelona’s littoral, where it has disappeared
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Fig. 2 Specimen of Achillea maritima from Badia d’Alctidia, Mallorca, Balearic Islands, 22 June 1952 (BC-261386) with
an annotation of its over-collection due its use as a medicinal plant
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