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Summary
New Phytologist (2021) 230: 433-450 Although often not collected specifically for the purposes of conservation, herbarium specimens
doi: 10.1111/nph.17133 offer sufficient information to reconstruct parameters that are needed to designate a species as

‘at-risk’ of extinction. While such designations should prompt quick and efficient legal action

Key words: anthropogenic threats, ex situ towards species recovery, such action often lags far behind and is mired in bureaucratic

conservation, in situ conservation, machine procedure. The increase in online digitization of natural history collections has now led to a surge
learning, range size, species at risk, species in the number new studies on the uses of machine learning. These repositories of species
recovery. occurrences are now equipped with advances that allow for the identification of rare species. The

increase in attention devoted to estimating the scope and severity of the threats that lead to the
decline of such species will increase our ability to mitigate these threats and reverse the declines,
overcoming a current barrier to the recovery of many threatened plant species. Thus far,
collected specimens have been used to fill gaps in systematics, range extent, and past genetic
diversity. We find that they also offer material with which it is possible to foster species recovery,
ecosystem restoration, and de-extinction, and these elements should be used in conjunction with
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machine learning and citizen science initiatives to mobilize as large a force as possible to counter

current extinction trends.

‘.. leaves laid up in a book of several plants. kept dry, which preserve

colour however, and look very finely, better than any Herball.”

(Samuel Pepys’ Diary, 5 November 1665)

I. Introduction

Current estimates that 39% of plant species are at risk of extinction
(Antonelli ez al., 2020) require rapid responses to reverse these
trends and optimize efforts towards species recovery. This estimate
stems from the International Union for Conservation of Nature
(IUCN), which provides what is widely recognized as the most
comprehensive listing of species at risk of global extinction in its
TUCN Red List of Threatened Species IUCN, 2017). The process
of correctly assessing a taxon’s extinction risk requires data on range
extent, population size, and population trends over time (IUCN,
2019) and plant natural history collections (NHCs) can be very
useful sources of such information (Carrington ez al., 2017; Nic
Lughadha ez al.,, 2018). Plant NHCs can include vascular plants
and cryptogams (i.e. mosses, liverworts and hornworts) in herbaria
and associated collections (fruits, seeds, wood, silica gel dried and
frozen leaves, etc.). Recent articles have detailed the many uses of
herbaria (Besnard ez al., 2018; Meineke ez al., 2018; Lang et al.,
2019) and how they are especially important for clarifying plant
taxonomy and documenting changes in the range extent of rare or
important species and their ecosystems through time (Graham
et al., 2004; Lavoie et al.,, 2016; Nualart ez 2/, 2017). For instance,
pairing the spatial and temporal features of data from herbaria with
remote sensing imagery has greatly accelerated our ability to inform
current and future conservation initiatives and identify putatively
endangered plant species (Nic Lughadha ez 4/, 2018). While these
studies have been extremely valuable for accelerating the rate at
which we progress with Red Listing species, more work remains to
be done. In order to reverse the alarming statistics on extinction, the
academicand conservation communities will need to work together
to bring about species recovery action. Much of the work of
implementing legal protection for a species to reverse declines
occurs within jurisdictions (e.g. nations, provinces, states, etc.) that
operate within their respective communities. It is this important
step, which requires the estimation of the magnitude of imminent
and continuing threats acting upon a species (McCune et a/., 2013;
Orsenigo et al., 2018; Le Breton er al, 2019), that is often
incomplete and hinders species recovery (Akcakaya ez al., 2018).
Although much of what follows could be applied to NHCs in
general, we focus here on herbaria.

In order to reverse recently documented patterns of extinc-
tion, it has been argued that increased conservation action will
be required to remove the threats to at-risk species (Williams
et al., 2020), and thus we devote this review to a discussion of
how herbarium specimens are beginning to be used (and can be
used further) for the specific purpose of contributing to
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conservation action for plant species at a jurisdictional level (i.e.
the governing body that would legislate and manage species
protection). Conservation practitioners require isolation of the
specific problems in need of solutions (e.g. the identification of
conservation units) as well as transparent communication of the
information that has led to decisions about which species are at
risk of extinction (i.e. risk assessment or Red Listing (Roberts &
Mclnerny, 2003; Loiselle er al, 2008; Nic Lughadha er al,
2018)), and we provide a general overview of how herbaria and
advances in machine learning will accelerate these steps. We then
further concentrate the review specifically on how herbarium
specimens are currently being used to better understand the
source and severity of human-influenced threats.

While we fully acknowledge that some of these questions can be
addressed by combining geographical tools with occurrence data
(e.g. species distribution modelling (SDM) approaches), some of
the value of the herbarium is inherent to the physical specimens
themselves. For example, chemical information linked to speci-
mens sheds light on past and present threats, such as the
accumulation of soil/water pollutants (Rodriguez Martin et al.,
2015; Rudin ez al., 2017a). A physical specimen is unique in that it
holds morphological, anatomical, genetic and chemical features
that are tied to spatial and temporal information recorded on the
label (Meineke et /., 2019; Bakker ez al., 2020) — and sometimes
viable propagules (i.e. seeds and spores; Molnar ez al., 2015). We
therefore explore the possibilities related to the use of herbaria as a
source of genetic material for driving practical in situ and ex situ
conservation actions (e.g. population genetics-driven seed banking
(Nakahama ez al., 2015)), as a source of propagules for effective
recovery of genetic variation lost from the wild (Godefroid ez al.,
2011), and emerging fields of research dealing with de-extinction of
extinct species from propagules contained in herbarium specimens
(Abeli ez al., 2020). An exciting avenue of research that is emerging
now is the use of machine learning to develop a number of facets of
ecological research, and we examine its relevance to conservation
and species recovery. Recent estimates indicate that there are > 390
million specimens in ¢ 3100 herbaria (Thiers, 2020). Coupled
with technological resources such as spatial modeling, artificial
intelligence (AI) and big data analysis, which maximize the
information that can be gathered from such specimens, we have an
enormous (unexpressed) potential for herbaria to contribute to
plant conservation biology. This extent to which this potential can
be exploited has increased further thanks to advances in digitization
quality, even with only 21% of the world’s specimens (representing
38% and 26% of vascular plant and fungi biodiversity, respectively)
being available in a digital form through large repositories such as
the Global Biodiversity Information Facility (GBIF; Paton et al.,
2020).

Categorizing a species as at risk of extinction does not have to
be a death sentence for that species, yet the steps to recover a
species that is in decline lag far behind the listing process in
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many jurisdictions. If we take action, we can maintain that
species within its respective ecosystem, and the probability of
this process occurring will be greatly increased by engaging the
interest of the public regarding at-risk species in their area.
Digitization efforts are critical for species recovery in this sense,
especially for providing the often forgotten historical context of
which species previously comprised the surrounding ecosystems
(Delisle ez al, 2003). Raising awareness of the loss of plant
biodiversity among the general public through engagement and
involvement has been aided by the advent of new user-friendly
interfaces. Inevitably, documenting species on the brink of
extinction will only get us so far. To improve conditions for
future generations, we need to chart a path for the reversal of
declines when they are observed, and we will need increased
participation in order to achieve this goal. Here, we review
recent, rapid advances in the use of information embedded in
herbarium specimens and their relevance to the process of
listing plant species at risk of extinction and identifying the
reasons behind their endangerment. We further make the
argument that the same exciting tools used for these purposes
can also be directed towards planning and executing species
recovery.

From tissues/seeds:
« Verify ID
* DNA extraction

@ What to protect? >

« Species characteristics

@ What to protect against?>
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Il. Conservation action — recognizing what to protect

The recovery of declining species requires active management,
which in turn requires the provision of methods of recognizing
species, delineating areas for protection, and parsing out the factors
that contribute to the decline in a given unit of biodiversity. It is
worth stating at the outset that effective conservation action can
only be achieved when wildlife managers and other actors can focus
efforts on a well-defined unit for conservation. These are variably
referred to as a Conservation Unit (CU), an Evolutionary
Significant Unit (ESU), or a Designatable Unit or DU (de
Magalhaes ez al., 2017). A DU (or a CU or an ESU) is often a
species, but it can be a subspecies or variety (Fraser & Bernatchez,
2001; Mee et al., 2015). These units are often identified and
delimited by the examination of the material housed in herbaria
(Shepherd ez al, 2015). In some jurisdictions (for example in
Canada), DU can also designate populations that have a clear
genetic distinctiveness, something herbaria can contribute to
defining. Accurate species or DU delimitation, especially the
examination of voucher specimens that allow for verification of
species records, is critical for conservation planning and decision-

making (Rojas, 1992; Agapow ez al., 2004) (Fig. 1).

Label information:
* Declines in range

* Location of extirpated
subpopulation

Voucher specimen

Criteria
A B D
Thresholds Decline over three Small range and decline Very small or
based on generations in remaining fragments restricted population
* Vulnerable o " .
« Endangered BE(E sl .Quantltatlve i Threats to remaining Assgssmg
e estimates of decline locations sampling effort
« Critically endangered
Knowledge gaps Historical abundance, Pollinator decline, climate Correcting for
for AI/ML advances habitat quality change, invasive species sampling bias

Fig. 1 Herbarium specimen components and their uses. Herbarium specimens historically provided information from the physical material of the plantitself. (1)
The voucher specimen provides a verifiable report of a taxon's presence and is frequently reexamined to confirm the accuracy of a species, as well as to gather
further information regarding the characteristics of the species and/or habitat (e.g. evidence of herbivory). Once there is convincing evidence of what the
conservation community should aim to protect, there is further information that can be gleaned from the specimen regarding threats (2). For example, a variety
of aspects of the health of the specimen can be traced back to its geographical coordinates on the label (see Table 1), which provide evidence of which locations
have experienced declines or extirpations that pertain to whether the species meets IUCN criteria (3). Here, we have provided the IUCN criteria in a very
simplified format to indicate the common avenues by which a plant species meets the criteria for designations of Critically Endangered, Endangered or
Vulnerable (see Box 1 for Glossary), as well as how Al and machine learning (ML) advances might fill current knowledge gaps and increase the relevance of
herbaria in future. Note that Criterion C is removed because it deals with the number of mature individuals, which can rarely be estimated with herbarium
specimens. Further, vegetative tissue and seeds (often placed in an envelope) of a specimen can provide DNA which can be used to examine and potentially
mitigate genetic diversity declines.

© 2020 The Authors
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Clearly, the lumping or splitting of taxa can greatly affect the
interpretation of species ranges and the number of individuals
within taxa, which can have important and direct implications on
the conservation status of taxa (Frankham ez 4/, 2012). As such,
herbarium specimens continue to be used for the purpose of
achieving our best hypothesis of the most appropriate unit for
conservation. The study of the morphology of herbarium speci-
mens to delimit species or subspecies has been ongoing for
hundreds of years (Funk, 2018) and is set for a resurgence with
machine learning (see Section VIII, below). The increase in the ease
with which sequences from multiple independently evolving
genetic markers can be obtained and the recent application of
population genetic methods for understanding gene flow demon-
strate some new avenues for the use of genetic data obtained from
herbarium specimens of rare species (see Section V, below). The
genetic data can be used alone or in combination with morphology,
or complemented with material collected from the field (e.g.
Bruneau ez al., 2011; Reeves & Richards, 2011; Lambert ez al,
2017; Bieker & Martin, 2018).

lll. Herbaria and Red Listing

Further characterizing the DUs in need of protection (in terms of
biology, habitat requirements, range size, and threats) is the next
step in the conservation process and has become known as ‘Red
Listing’. To be categorized as ‘at risk’ (Vulnerable, Endangered or
Critically Endangered, Fig. 1, Box 1), requires evidence to be
gathered on where a species meets or exceeds a series of criteria. The
details of the five criteria are well described in the TUCN procedures
(TUCN, 2019), but, in brief, Criterion A focuses on evidence
regarding rates of decline (which can be measured through
abundance metrics or range contractions); Criterion B focuses on
evidence regarding small range size, in addition to evidence of
fragmentation, population fluctuations, rare and patchy distribu-
tion, and/or continuing decline; Criterion C draws on evidence of
decline in the number of mature individuals; Criterion D relies on
evidence that the species is susceptible to loss after stochastic events
due to extremely low abundance or distribution (Rivers ez al.,
2011); and Criterion E relies on quantitative modelling projections
that the probability of extinction is above a certain threshold.
Criteria C and E rely on population monitoring data that is often
insufficiently documented in herbarium specimens (but see
Case er al., 2007; Kricsfalusy & Trevisan, 2014), and so we
concentrate our attention on the potential for herbaria to
contribute to Red Listing through gaining evidence for Criteria
A, B and/or D (Fig. 1).

Many life-history characteristics have been shown to predict
extinction risk through their roles in influencing susceptibility to
anthropogenic threats, such as growth rates, phenology, habitat
specialization and mating system (Fréville ez al., 2007). Red-listing
procedures require that declines are adjusted such that they are
estimated over a temporal window thatis 10 yr or three generations,
whichever is longer (up to a maximum of 100 yr; IUCN, 2019) and
itis worth noting that for many Red-Listed plant species we have no
estimate of the generation length (see Box 1). The default procedure
is to then measure declines over 10 yr, which has been seen to
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Box 1 Summary of key terms related to IUCN.

Conservation translocation: The intentional movement and release
of a living organism where the primary objective is a conservation
benefit (IUCN, 2013).

Critically endangered: A taxon considered to be facing an extremely
high risk of extinction in the wild.

De-extinction: According to IUCN (2016), the creation of some
proxy of an extinct species or subspecies. Here, the termis used in a
more general sense, that is, to resurrect an extinct species.
Endangered: A taxon considered to be facing a very high risk of
extinction in the wild.

Generation length: Commonly estimated as the average age of
parents of the current cohort.

Haplotype: A group of alleles in an organism that are inherited
together from a single parent; allows for inference of gene flow
between separated sites

Vulnerable: Ataxon considered to be facing a high risk of extinctionin
the wild.

underestimate the level of risk in long-lived species (Bird ezal., 2020
in press). Herbaria may be useful in this respect because specimens
can provide an improved estimate of generation length before
disturbance, without further disturbing the few remaining indi-
viduals of at-risk species, which can be accomplished, for example,
by counting annual rhizome scars on specimens (McGraw, 2001)
or by extracting information on tree height from the label (Greve
eral.,2016). As machine learning applications increase, these initial
(and often sparse) estimates could be used to train machine learning
models to develop more sophisticated estimates of age (and other
life-history traits that influence extinction risk) that would allow for
reconstruction of the trait before anthropogenetic disturbance (see
Section VIII, below).

The historical perspective that herbaria can provide is essential
for distinguishing between naturally rare species and species thatare
experiencing declines due to human activity, a step thatis critical for
placing a taxon on the IUCN Red List. As stated above, the process
of correctly assigning risk to a taxon requires data on range extent,
population size, and population trends over time (IUCN, 2019)
(Fig. 1) and herbaria are common sources of such information
(Willis er al., 2003; Lister, 2011; Carrington et al., 2017; Nic
Lughadha ez al,, 2018). The application of full IUCN criteria to all
plant species represents an enormous task, and the majority of plant
species have not been assessed (Bachman ez /., 2018). The current
number of species that have been assessed using the IUCN Red List
Guidelines represents ¢. 10% of the estimated 380 000 plant species
(Nic Lughadha ez al., 2020). Efforts to automate the analysis of the
large number of digitized records now available on the Global
Biodiversity Information Facility (GBIF) website (hteps://www.gb
if.org/), and thus accelerate the Red Listing of species, have been
treated in other reviews (Nic Lughadha ez /., 2018).

Generally, these automated procedures are valuable for address-
ing range extent and can thus identify species that meet the criteria
that rely heavily on occurrence data (i.e. Criterion B; Fig. 1).
Occurrence data reported for herbarium specimens can be used to

© 2020 The Authors
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Herbaria specimens

Species distribution models

I

 Accurate species occurrence
data from reputable sources

* Predictor variables that directly
influence species distributions

» Consider broad range of future
climate change scenarios

.\

Fig. 2 Herbarium specimens through time in
conservation assessment. In aggregating
specimens from a number of herbaria over
time, information can be obtained on past and

@ Current distribution
@ Historical distribution

» Use appropriate metrics of
species range

. Projected future distribution

projected species declines of a given species.
After comparison of each specimen allows for
properly vouchered species identification,

specimens can be divided into those coming
from extant subpopulations (representing (1)
the current distribution (in blue)) or extinct
subpopulations according to the label
information on the specimens, allowing for
reconstruction of areas in the (2) historical
distribution that have been lost (in gold, see
Tables 1, 2). Examining what has occurred at
the sites of extinct subpopulations can provide
information on the scope and severity of
anthropogenic threats. Species distribution
modelling (SDM) can also use the present-day
occurrences to identify areas of suitable
habitat (in terms of predictor variables such as
temperature and precipitation) as well as
project the subset of extant sites (if any) that
will remain or become suitable for a given
taxon in the future ((3) projected future
distribution, in red). This latter procedure can
estimate the scope of threat of climate change

within three generations.

define a species range and assess past changes in range extent
(Criterion A; Figs 1 and 2). However, this exercise is not exempt
from biases (Tingley & Beissinger, 2009) because pseudo-absences
(lack of observations that are inferred to be true absences) can
exaggerate range contractions. More sophisticated algorithms
based on the time since last collection have also been developed
(Ungricht ez al., 2005; Farnsworth & Ogurcak, 2006; Colla ez 4/,
2012) and appear to show promise. In addition, occurrence records
can be validated and additional data can be obtained from species
checklists or targeted field surveys (Wolf ez al., 2016; Lewthwaite
etal.,2018). Analyses of past declines in range size using herbarium
specimen data have been rare, with a few studies that have adopted
this approach in the Lesser Antilles (Carrington ez al., 2017) and
Hawaii (Krupnick ez al., 2009). Considering that the biodiversity
research community has been working to digitize the vast stores of
specimens (> 1 billion in the USA alone) by 2020 (Ellwood ez 4/,

© 2020 The Authors
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2015), the lack of incorporation of Criterion A may be surprising.
However, the procedure requires the collection of data from a
comprehensive number of herbaria within the jurisdiction, which
may still be prohibitive for larger countries or regions. Additionally,
such analyses are subject to criticism that geographical and
temporal biases exist in these datasets (Prather ez al., 2004; Daru
etal., 2018; James et al., 2018) — most importantly that collections
are concentrated near roads and the herbaria housing the specimens
(Daru ez al., 2018), and that collecting may have declined recently
in some regions and increased in others (Goodwin ez af., 2015).
While there have been some useful advances in tackling these
sampling biases by using range extent changes relative to associated
species (e.g. Delisle ez al, 2003), these biases may hinder the
confidence that jurisdictions have in applying Criterion A. For
these reasons, herbaria may be more useful when examining the
evidence that anthropogenic activities impact a species in a more

New Phytologist (2021) 230: 433-450
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Table 1 Studies using herbarium-derived data contribute to the estimation of the threats responsible for the continuing decline of at-risk species. Threats are

defined according to the IUCN Threats Classification Scheme (v.3.2).

Demonstration of proof-of-concept for using herbarium specimens in

Specimen data
used for threat

Threat threat assessment Reference(s) assessment

(1) Residential & Assigned scope and severity of threat level based on historical proximity ~Rebelo et al. (2011); Le Breton ~ Occurrence
commercial of ecosystem types to developed urban areas to assist with planning of et al. (2019)
development protected areas.

Found species near Red List thresholds due to past development but with
inadequate data on continuing decline to highlight species needing
further research.

(2) Agriculture & Estimated the scope of eutrophication by examining diatom assemblages van Dam & Mertens (1993) Occurrence,
aquaculture found on herbarium specimens. assemblage of

associated
species.

(3) Energy production &  Estimated scope of the effects of heavy metals. Reeves & Brooks (1983); Rudin  Heavy metal
mining etal. (2017b) content.

(4) Transport & service Estimated extent to which transport corridors facilitate the spread of Lavoie & Delisle (2005) Occurrence
corridors invasive plants by examining the rate of spread as a function of distance

from corridors.

(5) Biological resource use  Estimated the severity of decline in size of ginseng from preferential McGraw (2001); Case et al. Plant traits;
(gathering terrestrial harvesting of larger plants as well as severity of declines in abundance.  (2007) occurrence.
plants)

(6) Human intrusions & Estimated severity (via C-values) of impact on species of urbanization Dolan et al. (2011) Occurrence
disturbance (recreational  activities such as gardening, landscaping.
activities)

(7) Natural system Provide estimate of scope of historical impact of threat of water Abeli et al. (2012); Hutchings Occurrence;
modifications (dams & management.’ etal. (2018) phenological
watermanagement/use; traits.
other ecosystem
modifications)

(8) Invasive & other Predictions of changes to scope of (1) overlap with invasive species; and  Saltonstall (2002); Antonovics ~ Occurrence;

problematic species &
genes

(2) introgression with other species; observations of severity of
overabundance of native species/diseases.

et al. (2003); Crawford &
Hoagland (2009); Beauvais
etal. (2017); Spriggs et al.

disease presence;
collection date;
plant traits; DNA

(2019) sequences
(9) Pollution (agricultural ~ Scope of nitrogen pollution at endangered species sites; severity of air ~ Hallingback (1992); Abelietal. Occurrence
& forestry effluents; pollution estimated through declines/extirpations observed in several (2014)
airborne pollutants) moss species.
(10) Geological events None found.
(e.g. landslides)
(11) Climate change & Scope of unsuitable sites forecasted due to habitat shifting, temperature  Feeley (2012); Nualart et al. Occurrence

severe weather

extremes and drought using (1) SDM approaches for numerous rare
and endangered plant species or (2) severity forecasted by assuming a
direct relationship between survival and suitability scores from SDM.2

(2017); Tang et al. (2017);

Kosanic et al. (2018); Yan &

Tang (2019)

When the target is conservation action and informing jurisdictions of threats to an endangered species, past threats are considered of lessimportance compared
to currentor projected threats (if they happened in the past, there islittle action that can be taken). Threats are scored as important (and the status of the species
is more likely to be categorized as threatened or endangered) if they have high scope (what proportion of the current distribution is affected) and/or severity (the
likelihood of loss of individuals within the affected scope). The information needed from herbarium specimens comes from the labels (i.e. occurrence data) and is
also derived from the plant material itself (described in the rightmost column).

"Estimates of the scope and severity of the effect of loss of pollinators would be considered in this category and appear to be possible (Johnson et al., 2019).
However, to our knowledge, there are very few examples where these methods have been applied to at-risk species (with the exception of Hutchings et al.,
2018). Declines in reproduction are often noted in threat assessments but are not considered in depth due to their focus on the survivorship of mature
individuals, representing a gap in current threat assessments.

2Many studies on common species have used this approach, but we have only summarized those few studies applying these methods to at-risk species.

direct fashion and when continuing declines are addressed, as is The advances made in the use of Al and machine learning

most commonly the case when assessing the applicability of  technologies to accelerate Red Listing cannot be overstated (see
Section VIII and Table 3, below). Proper identification and

enumeration of the elements that are at risk of extinction is a

Criterion B (Table 1). We note, however, that when species
distribution modelling is used to predict declines in terms of
critical first step in conservation. The next steps involve discovery of
the threats that are causing these species (or DUs) to be threatened

Criterion B, these predictions may also be subject to biases (see
Fig. 2).

© 2020 The Authors
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Table 2 Use of herbaria to assess the extent and provenance of genetic
diversity declines.

Genetic diversity parameter

Species Scope estimated Citation
Ulmus rubra USA Estimate of past genetic Brunet
bottlenecks etal.
(2016)
Anacamptis Italy Distribution of haplotypes Cozzolino
palustris etal.
(2007)
Eligmocarpus ~ Madagascar Distribution of haplotypes Devey
cupuron etal.
(2013)
Dimorphandra  Brazil Fragmentation; declines due  Muniz
exaltata to climate change etal.
(2019)
Vincetoxicum  Japan Allelic richness; found Nakahama
pycnostelma unique alleles in seedlings etal.
grown from historical (2015)

herbarium specimens

and then to mitigate those threats and devise strategies for recovery
of the species to a stable state. Herbaria, and to some extent the same
machine learning technologies, have been employed for these
subsequent steps, but to a lesser degree (Table 1).

IV. Historical baselines provided by herbaria and their
use in threat assessment

With the frequent need for practitioners to analyze declines over the
past century or longer, the relatively long history of herbaria is
considered fortunate and is often the only window we have for the

Tansley review Review 439

formulation of a historical baseline from which we can examine which
species have been disappearing over time (Lang et 4/, 2019). Early
herbaria concentrating on the flora of natural environments are
thought to have first been developed in the 1600s, but their primary
function was knowledge and education rather than conservation
(Soltis, 2017). The disappearance of certain plant species can be used
to gather estimates of extinction rates in the recent past, and this can
represent an important step for effective conservation if the
calculation of a ‘threat index” is used to determine the level of threat
to extant rare species in the area (e.g. the Random Forest technique (a
machine learning approach) in Nic Lughadha ez 4/, 2018).

Occurrence data can also be used to determine the environmental
tolerances of a plant species (i.e. SDM or environmental niche
modelling), which is of central importance for understanding the
impact of climate change and land use change (see Solts, 2017;
Attorre et al., 2018; Meineke et al., 2018). Previous reviews have
emphasized how temporal data are used to assess how climate change
can cause range and/or phenological shifts (reviewed by Lavoie, 20135
Willis ez al., 2017a; Meineke ez al., 2018; Lang et al, 2019) and
possibly lead to mismatches in coevolved pollinators or mate
limitation (Kharouba & Vellend, 2015; Bontrager & Angert, 2016;
Hutchings er al,, 2018; Johnson ez al, 2019). While many studies
have focused on phenology changes (Pearson et al., 2020) and range
shifts (Tingley & Beissinger, 2009), we know surprisingly little about
whether these changes manifest as declines in survivorship and/or
recruitment within the locations occupied by threatened plant species
(Castro ez al., 2015). The tools to determine this are now available, yet
the academic community has often shied away from translating their
results into a form that conservation practitioners can use to protect
and recover species. We argue that the time is right for better
integration (see Table 2).

Table 3 References resulting from the literature search on big data and machine learning applied to herbaria, divided by main topics.

Topics

References

(1) Databases, data aggregators, and data management
protocols

(2) Evaluating plant extinction risks/conservation status

(3) Gaps and biases in herbarium records and databases
(4) Herbarium metadata extraction

(5) Overviews of big data and machine learning in plant

science
(6) Phenological features analyses

(7) Species distribution analysis, modelling, protocols,
and regional biodiversity prediction

(8) Species identification and classification

(9) New technologies applied to herbarium analysis and
management

Wang et al. (2009); Matsunaga et al. (2013); Dugenie et al. (2017); Yagui et al. (2017); Dormontt
et al. (2018); Heberling & Isaac (2018); Henning et al. (2018); Yost et al. (2018); Powell et al.
(2019); Theeten et al. (2019)

Tressou & Haevermans (2018); Nic Lughadhaetal. (2018,2019); Bachman et al. (2020); Hochkirch
et al. (2020); Zizka et al. (2020)

Daru et al. (2018); Cornwell et al. (2019)

Heidorn & Wei (2008); Steinke (2012); Silva (2016); Dagtekin et al. (2018); Kirchhoff et al. (2018);
Meineke et al. (2020a); Triki et al. (2020); Walton et al. (2020)

Franklin et al. (2017); James et al. (2018); Soltis et al. (2018, 2020); Rensted et al. (2020)

Corney etal. (2012); Henries & Tashakkori (2012); Vaclavik etal. (2017); Willis et al. (2017a); Reeb
et al. (2018); Schneider et al. (2018a); Lorieul et al. (2019); McAllister et al. (2019); Borges et al.
(2020); Davis et al. (2020b); Goéau et al. (2020); Kommineni et al. (2020); Ott et al. (2020);
Pearson et al. (2020); Weaver et al. (2020); Yost et al. (2020); Younis et al. (2020)

Elith et al. (2006); Lorena et al. (2011); Biganzoli et al. (2013); Amici et al. (2014); Meyer et al.
(2016); Glon et al. (2017); Huettmann & Ickert-Bond (2018); Park et al. (2020); Watkins et al.
(2020); Zurell et al. (2020)

Nordinetal.(2011); Clarketal. (2012); Wijesingha & Marikar (2012); Popescu etal. (2015); Grimm
etal. (2016); Mata-Montero & Carranza-Rojas (2016); Unger et al. (2016); Carranza-Rojas et al.
(2017,2018); Khoetal.(2017); Schuettpelzetal. (2017); Waldchen & Mader (2018); Younisetal.
(2018); Kamilov et al. (2019); Hussein et al. (2020); Joly et al. (2020); Little et al. (2020); Pryer
etal. (2020)

Wu & Dietterich (2004); Delgado et al. (2005); Fan et al. (2012); Bhamra et al. (2014); Dillen et al.
(2019); Villacis-Llobet et al. (2019); Davis et al. (2020a); Ledesma et al. (2020); White et al. (2020)
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Information recorded in herbaria that is inherently linked to past
occurrence sites of species has been used for identifying threats that
have brought a species to extinction, local extirpation or endan-
germent in a number of different ways (Table 1). For instance,
ecological conditions at current sites of occurrence for a given
species may be compared to ecological conditions of sites at which
the species was present in the past (from herbarium records) and
from which it is now extirpated (current/historical growing site
comparison approach (Lienert ez al, 2002; Abeli et al., 2014)).
Some of the ways in which researchers have used herbarium
specimens to assess threats have been indirect but very clever — Van
Dam & Mertens (1993) investigated changes in water character-
istics in the Netherlands by examining the assemblages of diatoms
attached to old and recent herbarium sheets of aquatic plants. These
approaches have important implications for the current conserva-
tion management of species (e.g. threat identification, removal and
mitigation, selection of suitable sites for reintroduction, habitat
changes) and are not limited to examination of threats to plant
species (e.g. one study on historical macroalgae collections was able
to infer the effects of upwelling on sardines (Miller ez 2/, 2020)). In
addition, increased herbivory and the presence of invasive pest
species can be detected by looking at leaf damage on specimens
(Fig. 1). Despite the tendency of botanists to collect attractive
specimens (and those potentially free of pests; Kozlov ez al., 2020),
recent evidence indicates that these collecting biases are not strong
enough to offset the generation of meaningful conclusions
(Meineke ez al., 2020b).

We summarize the various ways in which conservation biologists
have generated estimates regarding the causes of population
declines (known as a threat assessment) in Table 1. This threat
assessment exercise is commonly conducted through the evaluation
of 11 threats, according to the IUCN Threats Classification
Scheme (v.3.2; see Table 1). When the objective is conservation
action and informing jurisdictions of threats to an endangered
species, past threats are considered less important than current or
projected threats, yet herbarium specimens still provide critical
baseline information for the quantification of ongoing threats. The
impact of each threat depends on the scope (what proportion of the
current distribution is affected) and severity (the likelihood of loss
of individuals within the affected scope) of continuing threats. We
find that herbaria have been employed in varied ways to assess the
scope and severity of most of the measured threats, with their use in
determining the threat from invasive species and climate change
being the most common (see Table 1). Herbarium specimens are
more often used to gain insight into the geographical scope of a
threat, rather than its severity, as it appears that gaining an
understanding of the severity of a threat may more often require
examination of living individuals (but see Johnson ez al., 2019).

In estimating the scope of the threat of climate change (and to a
lesser extent invasive species) species distribution modelling
(SDM) approaches are often used to project the extent of the
threat into the future and thus gain an estimate of the scope of an
endangered species predicted to be subject to inhospitable
conditions. Briefly, some SDM approaches (such as MAXENT)
represent a type of machine learning (see Section VIII, below),
where an algorithm is used to determine the influence of
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environmental variables (e.g. temperature, precipitation, soil types,
etc.) on the presence of a species and then overlay these models with
projections of climate change to detect where the species will find
suitable conditions in the future. Modelling future responses to
climate change requires baseline data of a species’ occurrences
(Table 1), and these data often can be obtained from herbaria (e.g.
reviewed by Pyke & Ehrlich, 2010; Johnson et 4/, 2011; Amici
etal.,2014; Nualart ezal., 2017; James ez al., 2018) (Fig. 2). Species
distribution modelling has now reached a level of maturity such
that IUCN guidelines instruct on their use (IUCN, 2019), and
some regions now have estimates of the proportion of endemic
plantspecies that will experience range declines with climate change
projections (Loarie ez al., 2008; Yan & Tang, 2019). However,
estimates in many tropical regions will still require more effort
(Feeley & Silman, 2011; Feeley, 2012). The challenge of estimating
the threat of climate change to endangered species in a way that can
stimulate conservation action has long stymied conservation
assessment efforts, leaving it as a threat that is acknowledged in a
vague sense but not quantified, or even left as unknown (McCune
et al., 2013; Orsenigo ez al., 2018). The way in which plant species
and communities have changed with temperature changes has
begun to be studied in recent decades (i.e. over the past 40 years;
Feeley ez al., 2020). This information can greatly strengthen the
conclusions from projecting ongoing climate change threats and
will hopefully lead to a much-needed acceleration of SDM for

threatened plant species threat assessments.

V. Herbarium specimens as a source of conservation
genetic data

Genetic data is not often incorporated into species assessments
unless it provides evidence of fragmentation (See Table 2; Muniz
et al., 2019). In animal species, it has been estimated with NHCs
that, on average, we have lost ¢. 6% of genetic diversity since the
Industrial Revolution (Leigh ez al., 2019). It is therefore reasonable
to think that declines in range and abundance are causing the
genetic erosion of at least some endangered species. Knowledge of
the level of inbreeding and historical loss of haplotypes can be very
important for effective species recovery. Herbarium specimens are
beginning to be used as the source of DNA to generate this
information for plants.

The DNA extracted from herbarium specimens, while often
degraded (Hart ez a/., 2016), has been used successfully to shed light
on the phylogenetics (Silva ez al, 2017), population genetics
(Konrade et al, 2019), biogeography (Zedane ez al, 2016),
ethnopharmacology (Stepp & Thomas, 2005), and physiology
(Besnard ez al., 2014) of various plant species. Genetic material
from herbarium specimens can also be used for informing
conservation practices, such as legal protection (e.g. newly defined
species) and reintroduction (Sears, 2011; Muniz ez 4/, 2019). In
particular, herbaria may have sufficient sampling over time to
detect changes in genetic structure (Table 2), which allows for an
understanding of how fragmentation increases due to declines in
the number of subpopulations (Bieker & Martin, 2018). For
instance, Cozzolino et al., (2007) documented changes in genetic
variation in the marsh orchid Anacamptis palustris (Jacq.)
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R.M.Bateman, Pridgeon & M.W.Chase caused by human induced
habitat changes. The analysis of historical herbarium specimens
detected the extinction of private haplotypes and alleles, as well as a
significant reduction in genetic diversity and an increase in the
importance of random genetic drift in this species.

Herbarium specimens can allow for a more rapid investigation of
population structure and fragmentation (and their causes) by using,
for instance, landscape genetic approaches (Manel & Holderegger,
2013) that are particularly well suited to investigating conservation
problems (Keller er 4/, 2015). In contrast to population genetics,
which focuses on well-delimited populations, landscape genetics
benefits from samples collected across landscapes and time to
identify points of rupture in gene flow. Because the use of
herbarium specimens can reduce the need for expensive field trips
to gather the necessary material, such strategies could be particu-
larly useful for remote areas. Further, if high levels of gene flow
appear to be maintained despite a distribution that indicates
fragmentation, this result could indicate that further searching of
suitable habitat (e.g. as indicated by SDM (McCune, 2016)) may
reveal more occurrences of the species (Fig. 2).

Application of these techniques has previously been hindered
because the DNA of aged herbarium specimens usually comes in
small fragment sizes and holds various modifications, partially
caused by spontaneous mutations (e.g. from depurination and
hydrolysis of the DNA backbone (Weif§ et al., 2016)). DNA
isolation and gene amplification of herbarium specimen materials
can therefore be a challenge and can require the modification of
frequently used protocols (Riahi ez 4/, 2010). DNA preservation is
strongly affected by storage techniques; alcohol-dried specimens
have more fragmented DNA sequences than air-dried specimens
(Sarkinen et al., 2012), and these alterations also affect downstream
applications (e.g. Brewer er al, 2019; Forrest er al.,, 2019). In
addition, insects and other pests were historically killed using
chemical treatments, which cause further DNA damage (e.g. DNA
fragmentation in herbarium specimens treated with mercuric
chloride (Lister ¢ al, 2008)), and fungi frequently present in
NHCs could be a source of contamination (Bieker ez 2/, 2020).
Nevertheless, next-generation sequencing methods are opening up
new opportunities. The sequencing of traditional markers (plastid,
nuclear ribosomal regions (ITS)) generally do not yield sufficient
variation from independent loci to be optimal for conservation
studies, but new developments that apply reduced-representation
sequencing (Jordon-Thaden ez al, 2020), hybridization capture
(Brewer ez al., 2019; Forrest er al., 2019), shotgun sequencing
(Staats et al., 2013), or similar approaches (e.g. Lang ez al., 2020)
can be used to obtain information from older herbarium
specimens. Because many recent high-throughput sequencing
approaches are designed to sequence small fragments of DNA
(Lang ez al., 2020), which is a common characteristic of the usually
degraded DNA that can be extracted from herbarium specimens
(Neubig ez al., 2014), they have overcome many of the pitfalls of
using fragmented archival DNA (Wandeler ¢z al, 2007) in
numerous genera (Jordon-Thaden ez a/., 2020). As an example, the
complete nuclear genome of a 43-yr-old Arabidopsis thaliana (L.)
Heynh. specimen has been recovered (Staats ez al, 2013),
illustrating the potential of these techniques. Conservation
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biologists can thus employ these approaches and expand on the
initial studies exploring where in a species’ range we have lost
genetic diversity (Table 2).

VI. Herbarium specimens as a source of diaspores and
their implication for plant translocation and de-
extinction

Although not always ideal, it has been proposed that herbarium
specimens are valuable sources of viable diaspores (spores and
seeds), which can provide propagules useful for recovering lost
genetic variation, including species lost from the wild (e.g. for
restoration of self-incompatible species or dioecious species, or for
increasing genetic variation in inbred populations (Bowles ez al,
1993; Magrini e¢ al., 2010)). Diaspores may remain viable for
centuries in herbarium specimens or similar collections (Telewski
& Zeevaart, 2002; Molnar ez al., 2015) and may have the potential
for recovering extinct species (de-extinction (Abeli ez al, 2020);
Fig. 1). Although there are no documented examples of plant de-
extinction using herbarium material, germination of very old seeds
collected from herbaria demonstrate the potential feasibility of such
actions (see Molndr ez a/., 2015 and references therein). At present,
the only reintroduction of a locally extirpated species using
herbarium diaspores is reported by Sears (2011) — the locally
extirpated stinking hawk’s-beard ( Crepis foetida L.) was successfully
reintroduced in south-east England, UK.

De-extinction can also include approaches where ‘extinct’ genes
are resurrected by genetic engineering, such as by cloning genes of
organisms from extirpated sites (Table 2) or extinct species into
present day species (Shapiro, 2017). As such, genetic information
obtained from herbaria (see Section V, above) can provide the raw
material for such projects. Seeds obtained from herbarium
specimens could be used for recovering genetic material, even if
this can sometimes be problematic because of the scarcity of
material (seeds are not always collected), age of the specimens,
preservation conditions, seed secondary-dormancy state, low
germination rate, diaspore viability, and degraded DNA (see Abeli
et al., 2020 for a review of these issues). In this context, storage
conditions of herbarium specimens are crucial to maintaining
viable propagules, and in reducing DNA degradation (Godefroid
et al., 2011; Porteous et al., 2019).

While herbaria may provide a source of seeds for species that we
have failed to bank, future efforts should focus on storing seeds in
seed banks designed for the task. Facilities such as the Millennium
Seed Bank can clearly overcome some of the issues discussed here,
but the diversity found in seed banks, while excellent, does not
currently encompass a high proportion of rare and threatened
species (Paton er al., 2020) and in this regard still needs to be
complemented with what is available in herbaria.

VII. Importance of herbaria in raising awareness and
gaining momentum for conservation action

In some jurisdictions, the funding allocated to the conservation of
animals outweighs that allocated to plants by an order of
magnitude, in part due to people’s tendency to gravitate toward
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animal species and to experience what has been dubbed ‘plant
blindness’ (Balding & Williams, 2016; Jose et al., 2019) or ‘plant
awareness disparity’ (Parsley, 2020). Herbaria can help mitigate
some of the neglect for plant conservation, and they are increasingly
used for teaching and educational activities in disciplines such as
archaeology, paleobotany, ethnobotany and economic botany, as
well as in history, art and literature (Heberling ez 2/, 2019), where
the common goals center on dissemination and popularization
through involvement (Willis ez al, 2017b; Park et al, 2019).
Species recovery can be greatly accelerated by including an engaged
global community of participants, but many questions remain on
how best to capture their interest and direct their actions where it is
most impactful (Canteiro ez 4/, 2019). Here, we explore ways in
which herbaria can best inform nonscientists on how plant diversity
has been changed by human activity.

In the context of dissemination of knowledge regarding the
current biodiversity crisis, herbaria and a number of different
sources of historical records (e.g. ethnographic and ethnohistorical
research, land use documents) can be used to infer environmental
changes (Bonebrake ez al., 2010; Vellend ez al., 2013; Armstrong
etal.,2017) and show losses in biodiversity when they are integral to
a museum’s selection of exhibitions. Surprisingly, the cultural and/
or biological importance of a species is rarely extended towards
conservation prioritization exercises (Dhar ez al., 2000), yet this can
be what best captures the public’s interest. Herbaria could be
integrated into permanent or temporary exhibitions through glass
walls as in other labs (typically fossil preparation labs), especially if
they feature threatened species that are culturally important. In
various prioritization exercises, a heightened risk of extinction is
forefront in the discussion of high-priority species, yet the
resolution of conflicts over which species are deemed ‘more
important’ than others remains a challenge (Raymond ez /., 2018).
Prioritization of conservation that includes the societal or cultural
valuation of a species has been increasingly explored (Stepp &
Thomas, 2005; Pfeiffer & Voeks, 2008; Martin et /., 2010) and
could engage a wider audience (Crisci ¢t a/., 2020).

Digitization of herbaria is a further tool to make herbaria
available to a broad audience and stimulate involvement of children
and adults in citizen science projects (Hedrick ez a/., 2020) such as
the one offered by inaturalist.org (Barkworth & Murrell, 2012;
Heberling & Isaac, 2018). These citizen science initiatives are a very
rich and accessible way for nonscientists to learn more about extant
biodiversity in their areas but can fail to depict biodiversity change
without the baseline information provided by historical sources.
Permanent, temporary or hi-tech thematic exhibitions of herbar-
ium specimens can be effective in directing attention towards
extinction (Heberling ez al., 2019) of, for example, flagship species,
or extirpated taxa. Because many of these approaches link to online
citizen science platforms that incorporate images taken with a
smartphone, they have the added benefit of providing enriched
information about the plant as it appeared before collection (e.g.
with associated species, general habitat and population density
features, and with unfaded colour).

An overview of the use of herbarium specimens throughout the
ages to highlight the presence of important species in the
surrounding habitat reveals a checkered history. On the one hand,
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many collections are rooted in colonial history; on the other hand,
they reveal the diversity of people that have used and contributed to
herbaria. For example, Victorian-age botany was one of the few
scientific areas accessible to women (Shteir, 1997; Shteir &
Cayouette, 2019) that was associated with the opportunity to
explore different countries and continents, describing, paintingand
collecting plant specimens (e.g. Marianne North). The hope is that
a close look at historical collections can allow for a stark
examination of colonialism, while providing a way forward with
an atmosphere of increased inclusivity for conservation action. For
example, it is estimated that at least 28.1% of the world’s land
surface is owned or managed by Indigenous peoples, including
some of the world’s most ecologically intact landscapes (Garnett
etal., 2018). As such, ethnobotanical collections, in which cultural
and ethnoecological knowledge of plant species (their uses as food
and medicine, harvesting habitats, and phenological properties) are
stored with vouchers, can be critical for verifying and co-managing
important plant populations, as well as for identifying Cultural
Keystone Species (CKS) (Przelomska ez al., 2020). For subsistence-
based peoples especially, CKS play fundamental roles in diet,
economy, and medicine, and feature prominently in language,
education, governance, and ceremony (Garibaldi & Turner, 2004).
Such multi-use and important species, if lost, could be fundamen-
tally damaging to entire communities. Unfortunately, many CKS
tend to be susceptible to biopiracy (Hamilton, 2004) (for example,
Nestlé’s attempt to copyright and genetically funnel the Rooibos
plant (Golan ez al., 2019)), potentially putting them at greater risk
(Robinson, 2010). Herbarium specimens and their attendant
biocultural knowledge can be beneficial for Indigenous commu-
nities dealing with affronts to their intellectual property rights
(Posey & Duthield, 1996; Maffi & Woodley, 2012). Such
information furthers conservation initiatives where Indigenous
peoples continue to manage and govern ecologically important and
diverse ecosystems (Stepp, 2002; Carlson & Mafh, 2004;
Armstrong et al., 2017).

VIIl. The emerging role of machine learning in
extracting information from herbaria

Increased participation in all of the above facets of conservation
biology will become possible as herbarium specimens are rapidly
digitized, mobilized, and easily accessible and searchable online
(Hedrick et al., 2020). With the additional increase in the use of
machine learning tools (a type of Al), the herbaria of tomorrow are
positioned to become more broadly relevant than they were in the
past. Machine learning algorithms allow computers (machines) to
learn patterns in a given dataset to make predictions, and they have
played a part in some of the advancements reviewed in the sections
above. In fact, the combination of machine learning (e.g. artificial
neural networks, deep learning, optical character recognition; see
Box 2 for terminology) and herbarium records is facilitating an
assortment of noteworthy advances in the extraction of information
from herbaria, and we review them here to highlight their breadth
and utility. Using the queries ‘herbaria + artificial intelligence’,
‘herbaria + big data’, and ‘herbaria + machine learning’ we found
85 relevant papers, listed in Table 3. The results of the literature
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Box2 Summary of key terms related to artificial intelligence and big
data.

Agent technology: A methodology for the realization of an
autonomous decentralized system with cooperative interactions
among agents that model each element of the system.

Artificial neural network: A type of machine learning algorithm
whose computational model is (loosely) similar to biological neural
networks.

Computer vision: An interdisciplinary scientific field that deals with
how computers can gain high-level understanding from digital
images or videos.

Deep learning: A type of machine learning concerned with artificial
neural networks, allowing advanced pattern recognition.

Machine learning: A branch of artificial intelligence in which a
computer generates rules underlying or based on raw data that has
been fed into it.

review show that digitized specimen data are finding rapidly
increasing applications in many fields pertinent to stemming the
loss of species through extinction, for example, genomics, conser-
vation assessment, ecology, phenology, and taxonomic revisions
(Franklin et al., 2017; Soltis et al., 2018, 2020).

Thanks to online data aggregators such as GBIF, iDigBio
(Integrated Digitized Biocollections; https://www.idigbio.org/),
GPI (Global Plant Initiatives; http://gpi.myspecies.info/), and
JACQ (https://www.jacq.org/), which allow for access to millions
of digitized specimens together with a significant amount of
metadata (annotations, label content, GPS coordinates etc.),
herbaria have stepped into the field of big data, paving the way
for innovative applications such as artificial intelligence and its
branches (Delgado ez al., 2005) , agent technology (Bhamra ez al.,
2014) and machine learning. Use of these aggregators is also often
the first step in SDM analyses to estimate the threat of climate
change (see Table 1, Fig. 2).

We are witnessing a new era of rapid development and
improvement of methods and technologies for herbarium data
gathering and management, and we now encourage the academic
community to facilitate the conception of ways for the conservation
community to learn about and utilize these advancements.
Ongoing digitization, online publishing of specimens, collabora-
tive networks for data management and cross-validation, and
dataset building are the initial steps (Wang ez a/., 2009; Matsunaga
et al., 2013; Dugenie ez al., 2017; Yagui et al., 2017; Dormontt
et al., 2018; Theeten ez al., 2019), and these are followed by the
development of scoring and data-sharing protocols (Yost ez al.,
2018), the addition of non-traditional digitized data fields, user
annotation capabilities, and born-digital field data collection,
including citizen-science applications (Heberling & Isaac, 2018;
James et al., 2018; Powell et al., 2019). These advancements will
make machine learning increasingly user-friendly (e.g. see lobe.ai)
and make herbaria accessible to a wider audience, thus allowing for
the development of lesson plans on how to fill important
knowledge gaps regarding at-risk species while still appealing to a
generation raised on social media and simple graphics.
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The accelerated development of big data management and
machine learning techniques also expands their application to a
wider spectrum of plant research fields (Soltis ez al, 2020).
Machine learning in particular is an extremely useful tool that finds
applications in a significant variety of naturalist fields (see Table 3).
It is especially useful for analysis of phenological features, as it is
possible to automatically identify and extract plant characteristics
from digitized specimens (e.g. Corney ez al., 2012; Ott et al., 2020;
Weaver et al., 2020), describe and annotate them (Reeb ez /., 2018;
McAllister et al., 2019; Younis ez al., 2020), count plants’ elements
(e.g. the number of flowers per inflorescence) (Davis ez a/., 2020b),
and evaluate intraspecific trait variability (Kommineni ez a/., 2020),
as well as to relate plant traits to environmental factors to analyze
complex relationships and trends (Viclavik ez al., 2017; Schneider
et al., 2018a; Park ez al, 2020; Yost et al, 2020). Moreover,
machine learning is used for species identification and classifica-
tion, because of its contribution to the automatic collection of
morphological characteristics and plant recognition at different
taxonomic levels (e.g. Clark ez al, 2012; Carranza-Rojas ¢t al.,
2018; Younis et al., 2018). This will lead not only to improved
species classification (Hussein ez al., 2020; Pryer ez al., 2020), but
will also accelerate species discovery (Little ez 4/, 2020).

Furthermore, machine learning technologies (e.g. OCR, optical
character recognition) can be applied to the extraction of metadata
from herbarium specimens, for example, collectors names (Silva,
2016), plant traits from textual descriptions (Dagtekin ezal., 2018),
and label content (Heidorn & Wei, 2008; Kirchhoff ez 2/, 2018;
Walton er al, 2020), enhancing integrative and cross-linked
research on complex phenomena. Tiered data gathering and
analysis from — to date — unconnected data expand the information
that herbarium collections can provide (Soltis er al, 2018;
Lendemer er al, 2019; Theeten et al, 2019). Plant species
distribution modelling of, for example, forest (Lorena ez /., 2011)
and invasive species (Biganzoli ez al., 2013), ecological and climatic
niche modelling (Amici ez al., 2014; Watkins et a/., 2020) and
regional biodiversity pattern prediction (Park ez /., 2020) are some
of the many ecological aspects for which the contribution of big
dataand the application of data mining techniques can be used with
herbarium data and metadata is increasingly useful and promising
(Huettmann & Ickert-Bond, 2018; Zurell ez al, 2020) (see
Tables 1, 3).

In addition, the use of recent artificial intelligence technologies
for evaluating and predicting plant conservation status is partic-
ularly relevant and represents a key application in conservation
policy and biodiversity strategy (Hochkirch ez al., 2020). Tressou
& Haevermans (2018) developed a method for plant species threat
prediction (see Section IV, above) and Zizka ez al. (2020) used deep
learning for automated conservation assessment of at-risk families
(see Section III, above). These innovative, automatically generated
assessments show promising results for facilitating and speeding up
Red List assessments (Bachman ez al., 2020) and species recovery,
provided the scientific community accepts that the results are
robust. The applications of artificial intelligence for herbarium
collections analysis mentioned here are not free of bias or
limitations. Herbarium collections have gaps and biases involving
limited specimen availability, in both spatial and temporal terms,
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and functional trait, phylogenetic, and collector characteristics that
must be taken into account when using specimen data and datasets
(Meyer et al., 2016; Daru et al., 2018; Cornwell ez al., 2019; Nic
Lughadha et al., 2019). Moreover, the accuracy of a herbarium’s
automated image analysis decreases as traits diminish in size, at
lower resolution, and if organs overlap (Borges et al, 2020).
Phenological determination using machine learning is limited by
factors such as damage obscuring certain traits, material being
stored in opaque packets and the morphological characteristics of
some species (e.g. seeds housed in fruits and indistinguishable male/
female organs (Pearson ez /., 2020)). Finally, the application and
development of novel methods for data extraction, management
and analysis depends on the digitization of the collections, and
although this is increasingly performed in many of the world’s
herbaria, it is still subject to funding and human effort limitations
(James et al., 2018). Nevertheless, these new data collection and
management techniques suggest promising and more convenient
solutions to the current limitations (see Fig. 1). The tools are
available to determine which species are at risk with exceptional
precision and accuracy. What remains to be developed is a way to
mobilize and resource the coordinated community of people
necessary to bring these species back from the brink.

IX. Conclusions and future perspectives

Conservation biology is a discipline that bridges science with policy
to provide convincing arguments that the combination of features
of isolation, migration, demography and human-induced distur-
bance are placing species at risk of extinction. Here we have
specifically reviewed how information housed in herbaria provide
information necessary for implementing conservation actions for
plants. The vast quantity of digitized herbarium specimens has
contributed to the successful acceleration of the designation of
conservation units, conservation status assessments, and threat
assessments. The long history of specimen collecting in a
standardized way provides insight into biological, ecological,
demographic, and cultural features of species that can have
important impacts for their conservation. In addition to emerging
as a tool for examining genetic diversity loss, the use of herbarium
specimens can directly provide genetic material for translocation,
including de-extinction. Finally, the increased accessibility of
machine learning citizen science platforms can broaden the
audience involved in conservation efforts and accelerate the
understanding of the effects of global change among the general
public.

We are left with an important question: how do we imagine
herbaria in the next century? Despite the new uses of herbaria
highlighted here and in other reviews, the word ‘herbarium’ often
harkens images of dusty rooms with thousands of specimens
stacked according to an obsolete taxonomic order. This 19
century vision is likely to change in the near future, and even more
by the end of this and the next century. While in the past we could
get information only from looking at the physical specimens, our
technical and technological ability to extract data from the
specimens (e.g. from images (Borges et al, 2020)) makes this
virtual information increasingly important. In other words, virtual
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data will enrich (rather than replace) the information provided by
the physical objects themselves, with collections providing the
essential first step to a new way of understanding plant diversity,
ecology and physiology.

3-D laser scanning (Schneider er «l, 2018b), multispectral
imaging (Schneider et al, 2018b) (e.g. UV, infrared, X-ray;
Durgante ez al., 2013; Schneider ez al., 2018b; Do ez al., 2020),
multiscale imaging (e.g. scanning electron microscopy (SEM) and
tomography; Vega er al., 2019), fine-scale genetic analysis (Daru
et al., 2019), and environmental DNA (Lang ez 4/., 2019) coupled
with Al and big data analysis will allow us to obtain an
unprecedented amount of data from old and newly collected
specimens. With the increasing resolution of cameras, herbaria may
in some cases become detached from the physical specimens and
may be associated with high-resolution images taken in the field.
Future herbaria should therefore be regarded as ‘extended speci-
mens’ (Lendemer et al, 2019), available for different fields of
research, and to a much broader type of end user (including
citizens) in addition to botanists and conservationists. If we wish to
stem the tide of plant extinction for future generations, we will need
as large a crowd as we can gather to apply the tools developed in
other disciplines to uncover the historical information herbaria
provide.
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