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Despite the importance of plants for humans and the threats to their future, plant
conservation receives far less support compared with vertebrate conservation.
Plants are much cheaper and easier to conserve than are animals, but, although
there are no technical reasons why any plant species should become extinct, in-
adequate funding and the shortage of skilled people has created barriers to their
conservation. These barriers include the incomplete inventory, the low propor-
tion of species with conservation status assessments, partial online data acces-
sibility, varied data quality, and insufficient investment in both in and ex situ
conservation. Machine learning, citizen science (CS), and new technologies
could mitigate these problems, but we need to set national and global targets
of zero plant extinction to attract greater support.

The need for plant conservation

The critical importance of terrestrial plant diversity for human well-being is undisputed. Numerous
species are utilized for food, medicine, timber, fiber, and fuel, and many of these uses are species
specific [1-3]. Plants also dominate the provision of essential ecosystem services, including car-
bon fixation, clean water, and erosion control, contribute to the spiritual, cultural, and emotional
values of nature, and provide food and shelter to most terrestrial animals. Recent estimates of
the proportion of vascular plant species threatened with extinction range from 21% to 44% [4].
The major documented threats are from land-use change and unsustainable harvesting [5], but
invasive pests and diseases [6] are a growing problem, and modelling suggests a potentially
large additional threat from anthropogenic climate change [7]. Known plant extinctions are so
far much fewer than for well-studied animal groups (571 species of seed plants globally over
the past 250 years [8]), but this is undoubtedly an underestimate. Much of the planet was trans-
formed before botanical exploration started; thus, there are likely to have been many ‘dark extinc-
tions’ of species before they were described [9]. The major concern is that the gap between
predicted and observed extinctions represents an extinction debt (see Glossary) that will be
paid over the coming decades and centuries [4].

Actions to reduce threats to natural ecosystems are urgently needed, along with large-scale eco-
logical restoration in areas where these ecosystems have been destroyed or badly degraded.
These actions would benefit many threatened plant species [5], but are not the focus of this re-
view. Here, | focus on the species level and the specific actions needed to prevent the predicted
extinctions. The target is zero extinction, rather than reduced extinction or some non-zero per-
centage, for several reasons. First, ‘human-induced extinction of known threatened species is
halted’ is part of Goal A for 2050 in the recently agreed Kunming—Montreal Global Biodiversity
Framework'. Second, plant conservation is generally much cheaper on a per-species basis com-
pared with the conservation of vertebrates [10]; thus, a greatly increased effort for plants would
not add much to current conservation budgets. Moreover, the marginal costs of adding additional
species to existing conservation plans are relatively low, particularly for rare species with few pop-
ulations to protect, since they can often make use of existing protected area systems, ex situ fa-
cilities and protocols, and expertise. Third, there is evidence that rare species with rare traits may
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make important contributions to ecosystem functions and increase the resilience of plant com-
munities to future environmental change [11]. Fourth, a simple, ambitious target is needed to at-
tract support for plant conservation. Finally, if zero extinction is potentially achievable for plants, a
less ambitious target would be inexcusable.

Therefore, | review recent developments relevant to plant conservation and attempt to answer
three general questions: what are the current barriers to successful plant conservation? Is zero
extinction of plant species possible? If so, how do we get there?

Barriers to plant conservation

Lack of support

Neither the importance of plant diversity nor the growing threats to its future have translated into a
level of funding and other support equivalent to that given to the conservation of vertebrates
[10,12]. This massive disparity in support is often attributed to inherent plant blindness, but
this has been reinforced in recent decades by the erosion of botanical content in education
[13]. More effective botanical education and outreach might challenge zoocentrism in conserva-
tion [10,12,13].

The incomplete inventory

The current global checklist of vascular plants has ~382 000 accepted species (World Flora
Online) but an estimated 10-25% more are still undescribed [14]. Undescribed species are invis-
ible to science and conservation planning, and spatial variation in completeness of the inventory
may result in underestimates of regional diversity and incorrect conservation priorities. Checklists
of species at particular sites underpin conservation planning and action. Approximately 2000 ad-
ditional species are described each year, with the main bottleneck being a shortage of taxono-
mists, particularly in the tropics, where most undescribed species are expected [14,15]. There
are also thousands of species that have been collected and stored in herbaria but not yet identi-
fied [16].

Falling sequencing costs facilitate the recognition of new species in the laboratory, from herbarium
specimens [17], and, potentially, in the field [18], but the production of a description that is
both useful to others and meets the requirements of the International Code of Nomenclature
[19] for valid publication is still a time-consuming and highly skilled task. It can also be a thankless
task, since users of new plant descriptions either cite no source or cite a data aggregator;
thus, no credit accrues to the taxonomist and their institution through citations [20]. More-
over, even when the global checklist is complete, it will be of little use if only taxonomists
can identify plants. Another under-rewarded role of taxonomists is enabling the other people
involved in plant conservation to accurately identify plants [5], by providing identification
services, running training courses and CS activities, and producing Floras, keys, and online
guides.

Slow progress in conservation assessment

With 382 000 described plant species, we need a prioritization system to ensure that conserva-
tion effort is focused on species under threat. The IUCN Red List of Threatened Species', based
on a standard set of criteria, is the gold standard for conservation assessment, but only 15% of
plants have been assessed so far at the global level (vs. aimost 100% of vertebrates). National
and regional assessments cover many additional species, but this coverage is also incomplete,
particularly in the tropics [21]. Formal Red List assessment is slow because of the strict data re-
quirements and a shortage of trained assessors, but triage using open-source data and machine
learning can focus attention on species needing urgent study (Box 1). Both expert and automated
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Glossary

Assisted gene flow: movement of
better-adapted genotypes within the
native range of a species to assist
adaptation in a wild population. The
better-adapted genotypes may come
from other wild populations or ex situ
collections.

Citizen scientists: volunteers
participating in scientific research (as
opposed to professional scientists); also
called community scientists to avoid the
appearance of assuming citizenship.
Conservation translocations: general
term for the movement and release of
organisms for conservation reasons,
including reintroduction and
reinforcement, where organisms are
released within their native range, as well
as conservation introductions outside this
range to avoid extinction or to restore
ecological function. The organisms
moved may come from ex situ collections
or wild populations.

Exceptional plants: species that
cannot be preserved long-term in
conventional seed banks because their
seeds are desiccation sensitive, or short-
lived under standard seed bank
conditions, or hard to collect or
germinate.

Extinction debt: expected future
extinctions because of events in the past.
For example, if habitat fragmentation

or degradation leads to failure of
regeneration, adult plants may persist for
decades or centuries before the species
becomes extinct.

Gene drives: genetic mechanisms
whereby a particular heritable element
biases inheritance in its own favor,
resulting in the gene rapidly spreading
through the population over successive
generations. Gene drives occur naturally,
and synthetic gene drives could be
used to introduce a desired genetic
modification to wild populations.
Georeferencing: process of assigning
geographical coordinates to herbarium
specimens using information from
specimen labels and other sources.
Living collections: collections of
growing cultivated plants in botanical
gardens or similar institutions. Their main
functions are research, display, education,
and conservation.

Plant blindness: tendency to ignore
plants.

Seed bank: place where seeds are
stored long-term under standard
conditions (typically at —18°C) after
drying.
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Box 1. Machine learning in plant discovery, description, and conservation

Machine-learning algorithms build a statistical model based on training data to make predictions about novel data without
being explicitly programmed to do so, emulating human expertise for a specific task. Training requires human experts,
but the trained model can then repeat the task quickly and tirelessly. Most recent applications of machine learning have
been proof-of-concept studies, requiring both botanical and machine-learning expertise; thus, they have not yet made
a significant contribution to filling the skills gap, but progress is rapid [25,67]. Automated identification of plant species
in the wild is now available on CS platforms, such as iNaturalist*" and Pl@ntNet*" [68], but only for species with many pho-
tographs available online. Even in the relatively well-botanized Americas, 40% of vascular plant species have no accessible
photographs online [69]. Human experts can use herbarium specimens to help them identify living plants, but transferring
learning from flattened, brown specimens to field photographs has not been successful with machine learning so far
[16,68]. However, automatic identification of herbarium specimens with models trained on similar specimens has proved
to be an easier task, even though these models have not yet used the additional meta-data (date, location, tentative 1D,
etc.) that are usually available to human experts [16]. Automatic identification could be used to flag potentially mislabeled
species in online aggregations of digitized specimens [16]. Also very promising is the use of machine learning in rapid Red
List assessments, using either a criteria-based approach based on occurrences, habitat requirements, and remotely
sensed data on habitat availability, or a prediction-based approach using existing Red List assessments to train models
to predict status from range size, traits, and other species-level information [70-72]. Automation is likely to be most useful
for predicting Least Concern status, an estimated 60% of all species, since the requirements for listing are straightforward,
mostly available online, and an app is available [62]. Machine learning can also be used directly in the creation of species
distribution models (SDMs) using available occurrence records, remote sensing, and other data sources [73].

assessments are limited by the need for an accurate description of the spatial and ecological dis-
tribution of each species (i.e., where it occurs and in what habitats). More than one-third of known
plant species have five or fewer recorded locations [7]. Modelling can predict additional locations
(Box 1), but the bottleneck is still boots on the ground [22]. At least some of these boots can be on
the feet of citizen scientists (Box 2).

Access to data

The most reliable location records come from herbarium specimens, since their identities can be
checked. However, the nearly 400 million herbarium specimens are held in >3500 herbariain 183
countries [23]; thus, data access is a major bottleneck for conservation assessments. The
increasing availability of scanned images and transcribed label data through global [Global
Biodiversity Information Facility (GBIF)", Botanical Information and Ecology Network (BIEN)"]

Box 2. CS in plant conservation

CS is the participation of volunteers in scientific research. It can extend the reach of professional scientists in space and
time cheaply, while building long-term support for plant conservation. However, it is also an additional call on the time of
the limited pool of experts, and data quality is often a concern [74]. The use of CS data in published plant science is rare
compared with birds, mammals, and the more charismatic invertebrate groups [74-76], but there are enough successful
examples [76,77] to show that it is possible, at least with attractive plants that are easily observed from the ground. Such
plants are more easily photographed compared with most animals and many accessible plant records come from plat-
forms, such as iNaturalist*', where observers post unstructured, opportunistic observations, including a photograph,
date, and coordinates. In December 2022, iNaturalist had >50 million such observations of 140 988 species of plants,
of which >29 million records of 114 703 species were ‘research grade’, meaning the identification was agreed by more
than two-thirds of the identifiers™". Such sites can provide very large numbers of presence records, but lack of information
on sampling effort and likely systematic biases in what is recorded [78], limit how these data can be used. Adding structure
to data collection and upload can reduce these limitations but raises the entry barrier for participants and reduces their
number [78]. Participants in eBird™", the most successful global CS scheme, upload complete bird checklists with species
abundances and search effort, while butterfly monitoring schemes use fixed transects [79]. Neither approach appears to
have been used with plants, but a successful ‘Adopt a Plant” CS monitoring scheme in northeast Spain, coordinated by
scientists, collects long-term abundance data on local populations of plant species of concern with rigorous, species-spe-
cific, sampling protocols [76]. These data can feed directly into conservation planning and management. Local CS mon-
itoring schemes can use expert verification to ensure data quality [77], but large-scale platforms usually use community
consensus (crowdsourcing) and/or machine learning (Box 1) for initial identification, with expert verification used only for
records that are flagged as needing review [74]. Volunteers can also be of great value during the digitization of historical
plant collections, including label transcription, georeferencing, and checking specimen identifications [80].
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and regional (e.g., Atlas of Living Australia”, Chinese Virtual Herbarium"', and Brazil’s Reflora
program‘") data aggregators is transforming access, but there is still a huge backlog of inacces-
sible specimens. Moreover, not all specimens provide useable data, since older specimens often
lack accurate location information and georeferencing from handwritten labels in multiple, idio-
syncratic styles is skilled and labor-intensive [24].

Ideally, data from herbarium specimens will be linked in a ‘global metaherbarium’ [25] to other
relevant digital resources, including other physical preparations, molecular sequences, maps,
status assessments, photographs (including photomicrographs of key characters), trait data,
habitats, and uses [25,26]. Moreover, much of the value of plants to humans depends on
species-specific information contained in indigenous and local knowledge, some held in threat-
ened languages [27]. Recording this and linking it to scientific databases should be a priority,
despite the additional challenges of dealing with different knowledge systems. In addition, while
retroactive digitization and networking of existing herbarium collections are crucial, we need to
rethink the process of plant collection and preservation so that new collections are part of
‘extended specimen networks’ from the beginning [25,26].

Data quality

Online accessibility of high data volumes to nonexperts through data aggregators puts a premium
on data quality since most users cannot check this themselves. Incorrect data can lead to wrong
conservation actions. Specimens are often wrongly identified, particularly in tropical herbaria rarely
visited by experts [28], and location data may be incorrect or wrongly transcribed [24,29]. Taxo-
nomic changes mean the same taxon may appear under multiple names, or multiple taxa appear
under the same name, although, fortunately, disagreements on the delineation of plant species are
rare [30]. Initial checking of online images can be automated using machine learning to flag potential
problems (Box 1), but the final check needs a human expert on that particular group [29]. Combin-
ing automated identification of photographs (much easier for living plants than for flat, brown, her-
barium specimens) with expert checking can make it possible to use CS location data in
conservation assessments (Box 2). Even when all the data used are error free, spatial variation in
the extent of data completeness can result in errors in the identification of diversity hotspots [31].

Conservation in practice

Conservation of what?

Most data are available at the species level, but the species recognized by taxonomists are often
not the most appropriate level for the conservation of plants. The increasing availability of genomic
information has shown that plant species are often not the discrete entities recognized in classical
taxonomy, with both significant gene flow between related species and significant barriers within
species common. Local adaptation of plant populations to climate, soil, and other factors is also
common [32]; thus, multiple separate populations will often need to be protected to conserve the
full potential of the species [33]. This is standard practice with crop and forestry species, and their
wild relatives, but less common with other wild species [34]. Even species rated as Least
Concern, because they are at no risk of extinction, may be losing genetic diversity [33]. The robust
detection of local adaptation requires reciprocal common garden trials and/or intensive genomic
studies; thus, in practice, conservation efforts should target populations from across the full mor-
phological, geographical, and ecological range of the species [35,36]. Alternatively, if genetic data
are available, conservation may aim to maximize the overall genetic diversity and representative-
ness of collections to maximize the adaptive potential in the face of global change [33]. However,
spatial genetic structure detected with neutral markers does not necessarily represent local ad-
aptation, and targets based on the percentage of in situ alleles conserved (e.g., 95% [37]) do
not distinguish between adaptive, neutral, and deleterious variation, although a ‘save as much
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as possible’ strategy may be the best we can do at present. When there are fuzzy species bound-
aries, there is a risk that both the taxonomy and, as a consequence, conservation strategies empha-
size clear-cut differences and neglect phenotypic intermediates and outliers [36]. We may also need
to consider epigenetic variation in some circumstances [38], but this remains an open question.

Conservation in situ

Conservation of self-sustaining wild populations in protected areas (in situ) is the ideal, since it al-
lows continued evolution in response to ongoing environmental change (such as climate change,
and new pests and diseases) and the continued support of mutualists, herbivores, and patho-
gens, some of which may face extinction without their only plant hosts. However, most existing
protected areas were established to protect charismatic landscapes or vertebrates [39]; thus,
they often provide inadequate coverage of threatened plant taxa. The Important Plant Areas
(IPA) program™, which identifies areas with threatened plant species or vegetation types, and/
or exceptional plant richness, aims to counteract this bias, but so far only covers a minority of
countries [5]. The establishment of new protected areas has costs, including foregone alternative
land uses, which are borne disproportionately by poorer communities and nations [40], but
‘microreserves’ (<50 ha) can be effective for narrow endemics and isolated populations while
minimizing these costs [41].

It is important to recognize that the recorded presence of a plant species within a protected area
is not evidence for effective conservation of that species [42,43]. Conservation requires that a vi-
able population persists over time or that a previously nonviable population recovers. At mini-
mum, this will require long-term monitoring and, in many cases, it will also need in situ
management interventions (Box 3).

Conservation ex situ

Ex situ conservation is needed as back-up for wild populations under continued threat, and to pro-
vide material for research, public education, and recovery activities [44]. Aimost one-third of plant
species are growing in botanical gardens, mostly in the temperate zone, but most of these are rep-
resented by only a few individuals. Coordination between gardens permits larger, more

Box 3. Species recovery plans

A threatened species in IUCN terminology is one that is ‘considered to be facing a high risk of extinction in the wild"'; thus,
all plant species assessed as threatened require conservation action for long-term survival. A species recovery plan (and
various similar names) describes the status, threats, and conservation actions required for the recovery of a threatened
species to a state where it can maintain itself [42]. In some cases, groups of co-occurring species face similar threats
and require similar actions, but initial status assessments and subsequent long-term monitoring need to be done at the
individual species level. Recovery plans may also be needed for threatened populations of nonthreatened species if these
are genetically distinct [81] or of national concern [21]. Plans for individual populations and species then need to be inte-
grated with area-based conservation actions [42]. Clearly, however, it is impossible to produce recovery plans for the many
undescribed species and it is difficult for species without a conservation status assessment [43].

Species recovery plans should be based on a detailed threat analysis and understanding of the biology of the species
[42,81]. The aim is to identify the ecological factors limiting persistence and recovery of the population. This may require
additional, targeted research on species ecology and genetics [81]. Conservation actions to mitigate the identified threats
may then include both local interventions and broader threat mitigation on a landscape or regional scale. In situ interven-
tions may include, as appropriate, habitat protection, enhancement, and restoration, fire management, herbivore manage-
ment, and weed, pest, and disease control [81]. Translocation has been widely used to mitigate development threats, but
these actions are poorly documented and few result in self-sustaining new populations [82]. Appropriate ex situ back-up is
part of most plans, and reintroduction or reinforcement may also be included. Actions need to be coordinated across rel-
evant institutions, but with a single lead institution accountable for the results [42]. Monitoring is essential throughout the
recovery process and should include population sizes and trends to anticipate extinction risk [76]. The IUCN recently
launched a new tool (IUCN Green Status of Species assessments) for measuring species recovery and assessing the im-
pacts of conservation actions [83].
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representative living collections, although management costs and space requirements limit how
many species can be covered. Few living collections are genetically representative of the wild pop-
ulations and almost all have a ‘genetic conservation gap’ between the amount of genetic diversity
that could have been captured, if the individuals had been selected with an ideal sampling design,
and the amount actually captured [37]. A variety of public and private green spaces could provide a
lot of additional space for living collections, but such ‘urban conservation gardening’ would be a
significant additional management challenge [45]. Another problem with living collections is that
growing plants may also be subject to unintentional selection for survival in cultivation, inbreeding,
and genetic drift as a result of small population sizes, and hybridization and introgression if grown
with related taxa, especially when cultivated for multiple generations [46].

The seeds of most plant species can be stored for many years under standard conditions (drying to
15% relative humidity at 15°C and freezing at —18°C) in seed banks, allowing numerous genetic
individuals to be conserved cheaply in a small space. More than 17% of seed plant species are rep-
resented in seed banks [47], but there is wide variation in seed longevity under these conditions,
with some species considered ‘orthodox’, because they can be successfully dried and frozen, sur-
viving only a few years [48]. This is expected to be a particular problem for tropical taxa. In addition,
around 10% of species have ‘recalcitrant’, desiccation-sensitive seeds that cannot be dried and
frozen. This includes many trees from humid tropical forests. Plant species with seeds that are
short-lived in conventional seed banks (half-life <20 years), desiccation sensitive, unavailable, or
just exceptionally difficult to germinate (around 20% of all plants) have recently been branded as
exceptional plants [49] to make them more visible to researchers, managers, and funders.

Cryogenic storage techniques for various tissues, usually in or over liquid nitrogen, but potentially
in ultra-low temperature refrigerators, have been developed for many of these species and ap-
pear to be technically possible for all, but no single method works for every species tested
[49,50]. Short-lived orthodox seeds can often be frozen directly, and cryopreservation of zygotic
embryos or embryonic axes is possible for some desiccation-sensitive species. Shoot tips are the
most widely used somatic tissues, but are less easy to regenerate to growing plants. Most
existing cryobanks focus on economic species [44], but a new Exceptional Plant Conservation
Network™ aims to share knowledge and experience, and encourage a more systematic approach
to protecting all endangered exceptional species [49]. Most of the cost is associated with devel-
oping protocols for each species, while maintenance costs for cryopreserved material are low
[50]. At present, however, large-scale cryobanking in the tropics, where it is most needed [51],
is likely to be limited both by the cost and the technology.

The difficulties of dealing with wild species ex situ raise an obvious question: why not just save
genomic sequence data [44]? A single, high-quality, plant genome sequence conserves much
of the information in a growing plant. A pan-genome, representing the entire set of genes within
a species, would be even better. We cannot currently regenerate genomes into individual plants,
but using sequence data from an extinct species to edit the genome of an extant relative may
eventually be feasible [52]. This would be a last resort, since the de-extinct species would have
lost all genetic diversity and any specialist associates (Box 4), but it suggests that highly endan-
gered species should have priority in global plans for sequencing all plant genomes.

A major justification for ex situ collections is that they allow a species to be used in conservation
activities. Where sufficient propagules are available, threatened plant species can be included in
habitat restoration projects. These projects can contribute to biotic homogenization by favoring
species that are cheap and easy to propagate, but can also, with care, make a large contribution
to rare plant conservation [53]. Conservation translocations of single species are also
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Box 4. The problem of associated species

Wild plants are members of networks linking numerous species of plants, animals, and microbes, including competitors,
pathogens, herbivores, and mutualists, with relationships ranging from generalist to specialist. These relationships are a
major reason for favoring conservation in situ, and the continued presence of mutualists may be necessary for the long-
term persistence of wild plant populations [84,85]. Plants ex situ are stripped of most associated species, although living
collections within the native range attract a subset. Indeed, any living plant material may carry associated fungi, bacteria, or
viruses [44]. These may be beneficial, neutral, or harmful, and the risk of moving pathogens internationally complicates
management of ex situ collections.

The need to conserve beneficial microbial associates so that plants from ex situ collections can be re-introduced to areas
from which they have been lost, or introduced to areas where they never occurred, has received less attention, except for
orchids. Orchid seeds lack endosperm and depend on fungi for germination and establishment, and sometimes in mature
plants [84]. In some, this is a specialized relationship and establishment in the wild may be difficult or impossible without the
correct fungus. Mycorrhizal fungi can be kept ex situ as growing cultures or in cryostorage [86]. Inoculation with specific
strains of rhizobial bacteria is common in agriculture, but it is not clear whether this will be necessary for re-establishing wild
legumes [87]. Orchids and legumes are the second and third largest plant families, respectively, and reliance on microbial
symbionts is known in several others. Moreover, there is evidence that elements of the local microbiome can improve
growth in other plants [88].

Specialized pollination is also common in orchids [84] and some other families. Obligatory relationships, where plant and
pollinator are wholly dependent on each other, are known in many figs (Ficus, Moraceae) and a few other genera [39]. In
these cases, conservation in or ex situ (but within range) of enough growing plants to maintain a population of pollinators is
the only option. Seed dispersal is less specialized, but Pleistocene megafaunal extinctions and recent defaunation of trop-
ical forests have greatly reduced dispersal of large fruits and seeds [85], with potential long-term implications for conser-
vation. Co-extinctions following the loss of wild populations of plant species are most likely in herbivores and pathogens,
since plant defenses select for specialization [90], but this has received little attention, despite the potential for hundreds of
thousands of additional extinctions [91].

increasing (Box 3). However, reintroductions of plants from ex situ collections to parts of their na-
tive range from which they have been eliminated are still fairly rare, and their long-term success
cannot yet be evaluated [54]. The use of ex situ collections to reinforce declining wild populations
is even less common, although preventing extinction in the wild is always preferable to reversing
it, since it preserves interactions lost in captivity (Box 4). Release of better-adapted ex situ geno-
types within the native range to assist adaptation in a wild population (assisted gene flow) is an-
other option [55]. In the face of intractable threats, such as new diseases or novel climates,
hybridization with better-adapted relatives or targeted genetic intervention to promote traits
that aid survival might be justified as an alternative to extinction in the wild [56,57], although the
potential use of gene drives to push genetic modifications through extant wild populations is
controversial [58].

Integrated conservation

Unless a species has multiple secure populations in the wild, an integrated conservation program
involving both in and ex situ approaches will be necessary, based on an individual species recovery
plan (Box 3). In situ conservation is always preferred where possible, but ex situ back-up is needed
for all species or significant populations that are threatened in the wild. Space-limited living collec-
tions will usually need to be supplemented by more genetically representative collections in seed
banks or cryobanks [51,59]. However, for species with seeds that cannot be stored in conventional
seed banks, and for which cryobanking is currently unavailable, these living collections and the hor-
ticultural skills available in botanical gardens are still the ultimate back-up [44].

Concluding remarks

This review supports previous statements that there is no technical reason why any known plant
species should go extinct [49-51,60,61]. There are many problems, but also potential solutions
for most of them (Table 1, Key table). Future extinctions of known species will most likely reflect
the shortage of skilled people, a consequence in turn of the inadequate long-term funding and
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Outstanding questions

How great a threat is anthropogenic
climate change to global plant diversity?
Are the predictions from current
modelling approaches accurate?

When will | be able to identify any plant
anywhere with a handheld device and
how will it be done?

Can cryogenic storage of plant tissues
be made as quick and easy as
conventional seed banking? This
would require one or a few standard
protocols that can be applied to the
majority of species. Is this possible?

How can current ambitious plans for
habitat restoration worldwide contribute
to the conservation of threatened plant
species?

How can we make plant discovery and
description an attractive career option
for young people?

What proportion of threatened plant
species requires specific microbes,
pollinators, seed dispersal agents, and/
or other associates to successfully
establish new populations in the wild?
Can we maintain these associates ex
situ? Conversely, how many specialist
pests and pathogens are at risk from
extinctions of their plant hosts in the
wild and can we maintain them ex situ?
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Key table

Table 1. Key problems and potential solutions for plant conservation
Problem Potential solutions Refs
Incomplete inventory Train more taxonomists; incentivize plant discovery and [18,20,63]

Slow progress in global
conservation status assessment

description; use rapid sequencing in field

Train more assessors; use national-level assessments of
endemics; automate rapid assessments with machine
learning; use CS to increase location records (Box 2)

[21,62,70-72,74]

Access to data Digitize all herbarium specimens; create an online global [25,26,80]
meta-herbarium and extended specimen network

Data quality Support taxonomists in biodiversity hotspots; use machine  [16,63]
learning to check identifications (Box 1)

Conservation below species level  Conserve populations across full geographical and [33-37]
ecological range of species; use genetic and genomic
data if available

Inadequate coverage of Identify and protect Important Plant Areas™; establish [5,41]

threatened plants in protected plant microreserves

areas

Low size, genetic diversity, and Coordinate botanical gardens; plant in public green [385-37,45-47]

representativeness of living spaces; make additional collections from the wild;

collections supplement with seed banks and cryobanks

Limitations of seed banking Develop cryopreservation protocols; network to share [49-51]
experience and fill gaps in coverage; back up with living
collections

Effective integration of Prepare individual species recovery plans (Box 3) [42,43,59,81]

conservation actions

Conservation of associated Do more research (Box 4); cryopreserve important [84,86,87]

species microbial associates; manage living collections to
preserve specialist associates

Lack of support Set zero plant extinction targets at local, national, and [13,61,66]

global levels; improve public and formal education;
prioritize national endemics

other support for plant conservation. This has resulted in a patchy and ad hoc implementation of
conservation actions that leaves most threatened species unmonitored and unprotected. There are
some major areas that need more research, including practical cryobanking [44,51] and the wider
use of threatened species in ecological restoration [53], but most of what is needed is not novelty
but a lot more of the same: more people, more space, more funding, more monitoring, and more
of the local interventions that work (Box 3). The low proportion of plant species formally assessed
for conservation status in the IUCN Red List" currently constrains all conservation planning and action
[5], but accepting national-level assessments of single-country endemics as global assessments [21]
and accepting automatic assessments (Box 1) for Least Concern status [62] will help alleviate this.

The incomplete inventory and the fate of the unknown species that have not yet been described is
a separate problem, although the same institutions and people are involved. The colonial legacies
that have separated the major collections from the plant-rich regions that supplied them need to
be acknowledged and mitigated [25]. Targeted collections in areas where more species are
expected are a priority, as is the training of more taxonomists from these countries [63]. Plant
collectors and taxonomists in undercollected regions are botanical heroes and deserve to be
treated as such. There must be incentives that encourage people to put their time and effort
into plant discovery and description, rather than career-advancing alternative activities, and
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consistent long-term funding so that more young people are encouraged to take up this critical
task as a career. Few people in recent decades have become professors by describing new
species.

Major successes in plant conservation over the past decade have come from a combination of
global consortia, taking an inclusive, top-down approach, and species-level action by conserva-
tionists on the ground. Botanic Gardens Conservation International (BGCI)'s Global Conservation
Consortia* aim to coordinate conservation action for particular plant groups, including, so far,
Acer, cycads, dipterocarps, Erica, Magnolia, Nothofagus, Quercus, and Rhododendron, in
which multiple botanical gardens have an interest [64], while the Global Tree Assessment aims
to complete conservation assessments of all the world’s ~60 000 tree species™'. The global
checklist produced by the World Flora Online consortium [65]", linked with the other digital re-
sources in the extended specimen network [25,26], could provide the basis for extending this ap-
proach to the entire global vascular plant flora. However, to attract the funding and other support
that such an ambitious project requires, we need a clear target. A global target of zero plant ex-
tinction may seem like a remote aspiration, but local, regional, and some national zero extinction
targets are potentially achievable now and would provide the incentives needed to fill gaps in our
current knowledge and capabilities (see Outstanding questions). National targets make particular
sense, because a large majority of endangered species are national endemics and prioritizing the
conservation of species that are each country’s sole responsibility is more likely to attract public
and political support compared with seemingly remote global targets [66].
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