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A B S T R A C T

The reintroduction of plant species is a technique increasingly used to restore extirpated populations. Although
most often used to improve the conservation status of endangered species, it can also be considered for species
extinct in the wild. The process of resurrecting extinct plant species is however still in its infancy, and it entails
additional challenges compared to the reintroduction of locally extinct populations. This study proposes a fra-
mework to analyse constraints to post-extinction recovery based on the case of Bromus bromoideus, a species
endemic to southern Belgium and northern France, extinct in the wild since 1935. The plant still exists in ex situ
collections, and seeds stored for decades at 5% moisture content and -20 °C have shown a good viability. We
initiated a feasibility study to assess the risks associated to a programme aiming at reviving this long-extinct
species. Several constraints were identified. Biological constraints are related to the fuzzy taxonomy of the
species, the unknown origin of the seeds and undocumented ex situ cultivation, and the likely low genetic
diversity of the material available for reintroduction. Ecological constraints are linked to the habitat of the
species. B. bromoideus has no known natural habitat and is only found in cultivated fields, which are by definition
highly anthropized unprotected areas. This study shows the importance of undertaking a preliminary study that
addresses all aspects of technical feasibility, scientific justification, biological and societal risks. Based on this
exercise and inspired by international standards, we developed a decision tool to assist conservationists to
resurrect a plant species in the best possible way.

1. Introduction

The reintroduction of plant species into the wild is a technique in-
creasingly used today to restore populations of the most endangered
species (e.g. Maschinski & Haskins, 2012). This approach is particularly
appropriate for species that do not have the ability to recover passively
after restoration of their habitat, i.e. those with short-range dispersal
capacity and transient seed bank in the soil. This includes a large
number of plant species since only a very small proportion of them are
able to disperse at more than a few tens of meters (Thomson, Moles,
Auld, & Kingsford, 2011). Also, for the European flora it turns out that
only 17 % of the 2,534 species analysed have a seed bank that persists
for more than 5 years in the soil (Thompson, Bakker, & Bekker, 1997.

The list of European threatened plants includes 1,917 taxa 15 % of the
European flora), 90 % of which are single country endemics (Sharrock
& Jones, 2009). Potential candidates for reintroductions are therefore
numerous, and nowadays the number of plant taxa involved in this type
of program globally exceeds one thousand (e.g. Commander et al.,
2018; Godefroid & Vanderborght, 2011; Liu et al., 2015).

Although most often used to improve the conservation status of
endangered species, reintroduction can also be considered for species
extinct in the wild. The process of reintroducing extinct plant species is
however still in its infancy, and it entails additional risks compared to
the reintroduction of locally extinct populations (Abeli et al., 2020).
Most significant risks include the loss or substantial change in the
species’ habitat, the low quality of ex situ material, or lack of knowledge
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relative to the ecological requirements of the target species. These risks
are likely to increase as the time elapsed since the extinction of a spe-
cies is high.

We here use the case of Bromus bromoideus, extinct in the wild since
1935, to propose a framework for a risk analysis to post-extinction re-
covery. The present paper discusses its potential reintroduction by ad-
dressing the following questions: (1) is its reintroduction technically
possible? and (2) is it a reasonable and legitimate conservation objec-
tive? After having outlined the decline of B. bromoideus until its ex-
tinction and its conservation in ex situ collections, we review options for
its reintroduction by analysing the existing constraints and challenges
(fuzzy taxonomy, questionable quality of ex situ material, likely low
genetic diversity, no known natural habitat and possible mismatch
between historical and current habitat). Based on that, we developed a
nine-step decision tool in order to help conservationists make the most
appropriate choices for reintroducing extinct species into the wild.

2. A species soon extinct after its discovery

B. bromoideus (Poaceae) is a 0.5−1 m high annual autogamous
wind-pollinated species. It was discovered for the first time in 1821 in a
spelt field in the eastern part of Belgium (Tournay, 1968). During the
decades following its discovery, the species has been recorded in 49
locations in south east Belgium and one in the north of France, espe-
cially on poor dry calcareous soils. However, it has always had a re-
stricted natural range, corresponding to the Meuse district, where it
preferred clay-limestone or clay-schistose soils on hills and the top of
these (Maréchal, 1937). Its extent of occurrence was 90 km in length
and 10–15 km in width. B. bromoideus thrived in spelt fields until 1882
before starting to regress, even if, according to historical data, it was
very common (Maréchal, 1937). It was observed in the wild for the last
time in 1935 (de Cugnac, 1954). The gradual regression of the species
can be explained by the reduction of spelt crops being progressively
replaced by wheat. In addition, increasing livestock farming and dairy
industry has led to the transformation of cultivated fields into grass-
lands (Maréchal, 1937). Use of commercial seeds and improved seed
cleaning processes on the farm may also have contributed to the ex-
tinction of the species (Maréchal, 1937; Piqueray, Gilliaux, Gaillard,
Mahy, & Delescaille, 2018).

3. Ex situ conservation

Soon after its discovery, B. bromoideus generated a lot of enthusiasm
among botanists, with the result that several botanical gardens wanted
to have it in their collections. In the 19th century, the species was grown
in and distributed by 35 botanical gardens scattered all over Europe (de
Cugnac, 1936). Over the years, due to a gradual decrease in interest in
the plant, the number of institutions cultivating this species dropped to
5 in 1936. In addition to Copenhagen, Lund, Bucharest and Leningrad,
the Botanical Garden (BG) of the University of Liège was the only
Belgian ex situ infrastructure conserving the species after 1824. In the
1970s, a large part of the faculties moved to another site, and the
university donated its cultivated plants to other botanical gardens.
Many of these also closed and their collections were lost. However, in
1983 Meise BG received seeds from Liège BG. The history of this ac-
cession is not known, but it has presumably been repeatedly re-
generated from wild seed collected several decades earlier. The acces-
sion donated by Liège BG was then cultivated between 1985 and 1990
and again between 2006 and 2012 at Meise BG. At present, the species
is conserved in several ex situ infrastructures worldwide (Table 1).
Genetic material is therefore safeguarded from total loss to science and
society.

4. Constraints to its reintroduction

The species is strictly protected under Appendix 1 of the Convention

on the Conservation of European Wildlife and Natural Habitats (Bern
Convention). Seed availability led us to question its possible re-
introduction into the wild. Through a risk and feasibility assessment,
we identified following constraints to the recovery of this taxon.

4.1. Fuzzy taxonomy

Research conducted in the 20th century indicated undeniable ge-
netic affinities between B. bromoideus, B. grossus and B. secalinus.
According to Tournay (1968), B. bromoideus should be considered as a
subspecies of B. grossus. Scholz (1970) considered B. bromoideus as a
mutant of B. grossus. According to Smith (1973), however, B. bromoi-
deus is so easily identified by its unique marginal lemma tooth that it
must be clearly distinguished from the other species in the group.
Ainouche and Bayer (1997) have undertaken a genetic study to unravel
the relationships among closely related species of Bromus. Their study
showed that the three species (B. bromoideus, B. grossus and B. secalinus)
have the same ITS sequence, and these results are in line with Jauzein
(1995) who considers B. bromoideus as a variant of B. grossus resulting
from an accidental mutation. A more recent study using AFLP markers
confirmed that B. bromoideus has evolved from within the B. grossus
gene pool (Koch, Meyer, Engelhardt, & Thiv, 2016).

Serious concerns regarding the taxonomic status and possible hy-
bridization of some ex situ collections intended for reintroduction have
already been raised previously with the extinct species Sophora toromiro
that was endemic to Easter Island (Püschel, Espejo, Sanzana, & Benítez,
2014). In the case of B. bromoideus, the ambiguity regarding its taxo-
nomic status can however be somewhat alleviated by de Cugnac's work
showing that experimental hybridization of B. bromoideus and B. grossus
produces B. bromoideus var. villosa (with pubescent spikelets) but that
the species remains very stable: its typical morphological characteristics
as described by the first observers have been maintained for 130 years
of uninterrupted cultivation at Liège BG.

4.2. Questionable quality of ex situ material

B. bromoideus is present in several ex situ collections around the
world (Table 1). It turns out, however, that all available seeds were
garden-collected from plants whose cultivation conditions have been
poorly documented. Essential information is missing, e.g. the size of the
ex situ population, the number of generations in cultivation, the
proximity with closely related taxa. This situation can be delicate in the
context of a possible reintroduction into the wild because it is well
known that ex situ cultivated plants tend to adapt to the garden en-
vironment, for example by decreasing their stress tolerance or by losing
seed dormancy (Ensslin, Sandner, & Matthies, 2011; Ensslin, Tschöpe,
Burkart, & Joshi, 2015; Ensslin, Van de Vyver, Vanderborght, &
Godefroid, 2018). Fitness decline, trait changes and loss of advanta-
geous stress responses could be maladaptive in the wild and they
question the suitability of these garden populations as a source for re-
introduction. This garden-raised material could also have been hy-
bridized with closely related species, a possibility that was reported to
us by some donor institutions.

Germination tests were carried out on several of these garden-grown
accessions. Depending on the accession, we observed on average 72 %
germination (range: 6–100 %) (Table 2). Knowing that the seeds can be
conserved for several years without losing their viability (de Cugnac,
1954), we then examined the material available in herbarium vouchers.
By focusing on the institution closest to the natural range of the species,
we found 125 vouchers of B. bromoideus stored in the herbarium of
Meise BG. Fifty seven percent of them are of known wild origin. Con-
sequently, our only link with wild-collected material now lies in her-
barium specimens. A limited number of seeds were carefully collected
from a few herbarium specimens sampled between 1861 and 1879, and
their viability was tested under the same conditions as for the seeds
stored in the seed bank. None of these herbarium seeds germinated.
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Although it has been shown previously that seeds of some species
conserved in old herbarium vouchers can be able to germinate
(Godefroid, Van de Vyver, Stoffelen, Robbrecht, & Vanderborght,
2011), it must be recognized that this is a very rare exception because
of the non-optimal conditions for preserving seeds in a herbarium.

To summarize the situation, seeds stored in ex situ collections can be
divided into the following four categories in ascending order of con-
servation priority: (1) seeds from garden-cultivated plants; (2) loose
seeds between the herbarium sheets not pertaining to a particular
voucher; (3) seeds placed in envelopes attached to voucher specimens;
and (4) seeds taken directly from voucher specimens. Seeds in category
1 have the least conservation value since they originate from seeds
cultivated for at least 50 years. Categories 2 and 3 contain chance of
human error. Seeds from category 4 originate from wild material ver-
ified by a taxonomist. Unfortunately, only category 1 seeds are able to
germinate and therefore represent the only possible source of material
for eventual recovery.

4.3. Unknown (but likely low) genetic diversity

The only viable material available has been grown in gardens for
many years. We do not know the number of regeneration cycles, but it
is supposed to be very high. According to de Cugnac (1936), no less
than 35 botanical gardens throughout Europe cultivated and distributed
B. bromoideus at some point during the 19th and 20th centuries. Of
these, about ten have distributed the species without significant inter-
ruption for at least 20 years. Several of the accessions currently stored
in different seed banks originate from the de Cugnac collection
(Table 1), and we know that he has maintained the species in cultiva-
tion for crossing experiments with closely related species (Tournay,
1968). In addition, the species has been cultivated at the Liège BG for
130 years (de Cugnac, 1954) and this is where many samples dis-
tributed around the world come from (Maréchal, 1937). Most re-
generation procedures are very inefficient (Lawrence, 2002) and pre-
vious studies have shown that much genetic variation is lost in ex situ
collections compared to their wild source populations (Lauterbach,
Burkart, & Gemeinholzer, 2012; Rucińska & Puchalski, 2011). Espe-
cially in annual arable plants, there is evidence that, in addition to their
low levels of genetic diversity, ex situ populations also exhibit in-
complete representation of alleles found in the wild (Brütting, Hensen,
& Wesche, 2013). This phenomenon can be attributed to genetic drift,
inbreeding depression and mutation accumulation (Havens, Guerrant,
Maunder, & Vitt, 2004), although it should be kept in mind that in-
breeding depression is typically lower in annuals than in perennials
(Husband & Schemske, 1996; Morgan, 2001).

These genetic hazards are in fact the same as in small populations in
the wild. In the case of B. bromoideus, ex situ populations have existed at
low sizes for many generations. For annual species, conservationists
advocate not to exceed 5–6 regeneration cycles in ex situ collections
(Prasse, Kunzmann, & Schröder, 2010; Schoen & Brown, 2001; Walker,
Hodder, Bullock, & Pywell, 2004). It is therefore very likely that B.
bromoideus seeds have a reduced genetic diversity, being repeatedly

regenerated from wild seed collected over 85 years ago. Rare alleles are
also most probably missing from the seed samples. In order to overcome
the problem of a small founding population, multiple seed sources can
be necessary to guarantee sufficient genetic diversity for a founding
population (Vergeer, van den Berg, Roelofs, & Ouborg, 2005). We have
identified several accessions stored ex situ, but they may represent very
few seed provenances since most accessions result from exchange be-
tween institutions. This material duplication only heightens the doubt
about the genetic diversity represented in these seed lots.

In practice there is little information available on whether most
existing ex situ collections are genetically representative or not (GPPC,
2008). In the present case too, no molecular analysis has been done on
the Bromus seeds. Even if self-pollinating species can efficiently purge
strongly deleterious mutations causing inbreeding depression (e.g.
Glémin, 2007), several publications have highlighted some deleterious
effects of small populations (e.g. Barrett & Kohn, 1991; Leimu,
Mutikainen, Koricheva, & Fischer, 2006; Reed, 2005). Combined with
the growing number of empirical studies comparing the conservation
value of ex situ populations with their wild source populations, all this
information calls for caution with regard to the use of these seeds.
Previously, there has already been another case where the reintroduc-
tion of an extinct plant species (Sophora toromiro) has been hindered
because of uncertainties regarding the identity of some ex situ acces-
sions and low levels of genetic diversity in the other remaining col-
lections (Maunder, Culham, Bordeu, Allainguillaume, & Wilkinson,
1999; Püschel et al., 2014).

4.4. No known natural habitat

Arable plants are an integral part of the history of agriculture in
Europe. Some of them, like Bromus species of the grossus-secalinus-bro-
moideus complex, have been unintentionally selected because of their
mimicry with cereals and have no natural habitat outside of crops (e.g.
Koch et al., 2016). The most likely wild relatives are B. commutatus
and/or B. racemosus, which occur in less artificial habitats such as
fallow land for the former and wet meadows for the latter (Koch et al.,
2016). B. bromoideus has however always been observed in spelt fields
(Triticum spelta) on stony and calcareous soils (Lambinon & Verloove,
2012; Tournay, 1968). This association is favored by a certain con-
cordance between the vegetative requirements of B. bromoideus and the
conditions offered by the cultivation of spelt (de Cugnac, 1954). B.
bromoideus can be easily cultivated alone, as is done in botanic gardens,
provided that it is itself treated as an over-wintering winter cereal,
which also corresponds to the life cycle of spelt. In spelt crops, it was
most often found in the seed line, suggesting that it was sown with spelt
at the same time (Delescaille, Piqueray, & Godefroid, 2011). Except for
one case, B. bromoideus has never been observed in wheat or rye fields
(Maréchal, 1937). These have naked grains, i.e. which are easily se-
parated from the bales by threshing, while spelt has hulled grains,
whose ears disarticulate by threshing, the grains remaining in the thick
balls. As a result, spelt diaspores are much larger than those of wheat or
rye. Sorting operations easily remove large seeds of B. bromoideus from

Table 2
Germination capacity of 7 accessions of Bromus bromoideus stored at Meise BG (5% moisture content and -20 °C). The tests were conducted in May 2014 in controlled
conditions at 20 °C and 8 h light/16 h darkness. Covering structure was removed before placing the seeds under germination conditions. MTG = Mean Time to
Germination (days).

Accession ID Tested seeds Germinated seeds Empty seeds Mouldy seeds Fresh seeds Infested seeds Abnormal seeds MTG Germination %

19832066 15 15 0 0 0 0 0 3 100
1996121772 16 1 0 15 0 0 0 9 6
1996121873 17 12 0 5 0 0 0 7 71
2009151195 6 6 0 0 0 0 0 7 100
2010102203 15 13 0 2 0 0 0 3 87
2010102304 12 8 0 4 0 0 0 4 67
2010102405 18 18 0 0 0 0 0 3 100
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wheat, while similarity in size will allow it to remain among spelt (de
Cugnac, 1954). B. bromoideus seeds remain attached to the panicle at
harvest time (late July/early August), so the spikelets are harvested
with spelt.

Since reduced cultivation of certain traditional crops is one of the
reasons why arable plants have decreased, we examined the current
availability of the habitat required by B. bromoideus. In the 19th century,
spelt was a widely cultivated cereal, with 50,399 ha in Belgium in 1870
(Maréchal, 1937). Thereafter, the area planted with spelt declined
significantly. It turns out, however, that this cereal is now experiencing
a significant revival of interest with 13,176 ha in the southern half of
Belgium (SPW, 2019), which includes the historical range of B. bro-
moideus.

4.5. Possible mismatch between historical and current habitat

A necessary requirement for a successful reintroduction is the suit-
ability of the available habitat (Lawrence & Kaye, 2011). Before any
reintroduction, we must ensure that the targeted species and habitat
match in ecological terms. Increased variability, in temperature or
precipitation may make reestablishment of a historical system chal-
lenging (Falk & Millar, 2016). Drought events were less common in the
20th century compared to now. B. bromoideus plants that will be de-
rived from the propagation of ex situ stored material might therefore be
less resistant to the effects of recurrent droughts that are currently
observed (Grime et al., 2000).

Germination tests carried out on B. bromoideus seeds taken from
plants repeatedly propagated in botanical gardens revealed the very
rapid emergence of seedlings (between 3 and 9 days, Table 2). This is
particularly fast, knowing that a closely-related species, B. secalinus,
normally takes 14–35 days to germinate (Royal Botanic Gardens Kew,
2019). Such rapid germination could have been induced by an un-
conscious selection by gardeners for fast-germinating seeds, so that over
decades they gradually lose their dormancy (Ensslin et al., 2018). Be-
fore the massive use of herbicides, early germination at low tempera-
tures could have provided a developmental benefit for winter-annual
species, as competition for light and nutrients is low at this early stage.
However, with modern agricultural techniques, early germination of
arable species becomes a disadvantage, because they are now particu-
larly exposed to herbicide application and mechanical weeding
(Albrecht, Cambecèdes, Lang, & Wagner, 2016). This raises some con-
cerns about the suitability of the present-day environment considering
the very likely evolution of the species' traits after several decades of ex
situ cultivation.

Agricultural intensification also induced a higher competition from
the cereal towards the arable flora, owing to (1) increased use of fer-
tilizers, (2) development of more competitive crop varieties, e.g. spelt
yield has increased by 9% in the target area (SPW, 2009), and (3) a
trend towards sowing crops more densely (Albrecht et al., 2016). We
therefore wanted to examine whether spelt density could have an in-
fluence on the vegetative development of B. bromoideus. Greenhouse
trials on two different types of substrates have shown that the degree of
competition with spelt does not significantly influence the time re-
quired for germination, the number of leaves or shoot height (Fig. 1).
This experiment has emphasized that the plant shows a good fitness in
different soil conditions and levels of competition with the cereal. It
means that, even if it is genetically depleted, material from ex situ
collections produced plants with some adaptive capacity. Accordingly,
restored populations of B. bromoideus might have a reduced risk of
extinction in the face of future environmental changes.

Re-establishing suitable conditions at the field level, for example
through organic farming or agri-environment measures, may not be
sufficient to recover populations of many arable species (Lang, Prestele,
Fischer, Kollmann, & Albrecht, 2016; Lemoine, Sérusiaux, Mahy, &
Piqueray, 2018). We do not know the persistence time in the soil for B.
bromoideus seeds, but the closely related species B. secalinus has a

transient seed bank (Thompson et al., 1997). The reintroduction of
these arable species is therefore doomed to failure at the field level due
to crop rotation and needs to be considered at a multiple field level
(Piqueray et al., 2018).

Another aspect that needs to be taken into account is that the cur-
rent process of cleaning crop seeds is nothing like what existed a cen-
tury ago. For the related species B. grossus, which behaves similarly to
B. bromoideus, a 4yr-monitoring of 8 experimental plots revealed that
sowing uncleaned crop seed is an essential measure for the conservation
of the arable flora, as populations of B. grossus were observed only after
fields were seeded with uncleaned spelt (Piqueray et al., 2018).

5. The importance of a feasibility and risk analysis

At the European scale, as much as 582 arable species are listed as
rare or threatened (Storkey, Meyer, Still, & Leuschner, 2012). The re-
introduction of rare arable plant species within agro-ecosystems by seed
transfer has been proposed to improve their conservation status (Lang
et al., 2016). Plant reintroductions can however be expensive, labour-
intensive, time-consuming, and they are far from guaranteeing success
(Dalrymple, Banks, Stewart, & Pullin, 2012; Godefroid et al., 2011;
Gorbunov, Dzybov, Kuzmin, & Smirnov, 2008). By conducting a feasi-
bility assessment of the reintroduction of B. bromoideus, we have been
able to identify several obstacles and risks to the recovery of this species
in agro-ecosystems. Inspired by guiding principles recommended in
international textbooks (Akeroyd & Wyse Jackson, 1995; Commander
et al., 2018; Falk, Constance, Millar, & Olwell, 1996; IUCN/SSC, 2013,
2016; Maschinski & Haskins, 2012; Maschinski & Albrecht, 2017;
Maslovat, 2009), this exercise helped develop a decision tool based on 9

Fig. 1. Effect of soil type and competition with spelt (treatment) on two growth
factors of B. bromoideus (A: seedling emergence; B: main axis size at 3-leaf
stage) as analysed in a greenhouse experiment (average, max, min). Cl: clay-
loam soil; Sa: sandy soil; C0: no competition (no spelt); C1: intermediate
competition (160 spelt seeds/m²); C2: high competition (325 spelt seeds/m²).
No significant effect could be ascribed to either soil type or intensity of com-
petition (two-way ANOVA’s).
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steps that are meant to assist conservationists to resurrect a plant spe-
cies in the best possible way (Table 3). With this decision tree, we
wanted to bring attention to steps required to help conservationists
make informed decisions when planning the reintroduction of species
extinct in the wild. In the case of B. bromoideus, although its taxonomic
status is confused, hybridization experiments conducted over several
decades with B. grossus have shown that B. bromoideus is a very stable
species. In addition, both species have co-existed on the field for many
decades while maintaining their typical morphological characteristics.
Harming existing populations of B. grossus through gene flow can
therefore be ruled out (step 1 of the decision tool; Table 3). Since no
genetic study could be done on accessions stored in ex situ collections,
we have no idea about the quality of this material. Despite this sub-
optimal situation, we believe that in this case it should not be a hin-
drance to an attempt to reintroduce the species. Indeed, B. bromoideus
needs human intervention to persist since it is related to spelt crops
where it must be sown every year or else it disappears. In the event that
reintroduction would cause unforeseen side effects, nothing prevents us
to stop sowing it and it will disappear again from the agricultural
landscape. In addition, the recent experience gathered with B. grossus
has shown that the costs associated with its reintroduction would be
low thanks to the collaboration of a few farmers who are willing to
adapt their farming practices (step 2). The main adaptation consists in
keeping an uncleaned spelt seed stock that contains Bromus seeds. This
is used to re-sow spelt fields year after year following the crop rotation.
Sowing own seeds is still a widespread practice in mixed crop-livestock
farms in southern Belgium. Also, the use of herbicides is prohibited in
Bromus conservation fields. This is likely to induce yield decrease but
may be compensated by an agro-environmental payment for the con-
servation of threatened arable plants (see Lemoine et al., 2018 for more
details). For the most related species (B. grossus), an experiment laun-
ched recently revealed an average of 82 panicles of Bromus/m² in spelt
fields (Piqueray et al., 2018). Financial compensation to support
farmers in this project included only the field margin (12 m wide) and
consisted of 1,250 EUR/ha of margin. In practice, however, most
farmers sowed their entire fields with contaminated spelt (Piqueray
et al., 2018).

For those ecological data that are not available for B. bromoideus,
inferences can be made from B. grossus that is closely related and eco-
logically similar (Piqueray et al., 2018). We have also seen that ex-
periments carried out in the laboratory and in the field have allowed us

to refine our knowledge of the germination and growth requirements of
B. bromoideus, making it possible to approach step 3 of the decision tree
in a confident way. The only known habitat of B. bromoideus (although
of anthropic origin, i.e. spelt fields) still exists today (step 4) and is even
the subject of renewed interest from farmers (SPW, 2019), which at the
same time significantly reduces the main cause of the species dis-
appearance (step 5).

The behaviour of B. bromoideus on different soil types and degrees of
competition with the cereal has been tested, thus validating the ability
of the species to withstand the current habitat conditions (step 6).
Within the geographical range of B. bromoideus, regional authorities
designated the first nature reserve whose main objective is the re-
storation of extensive agricultural environments. This includes 5 ha
arable field (3 more hectares will be available from 2020) dedicated to
arable plant conservation, including Bromus conservation prescriptions.
Since 2012, 15 farmers applied for the B. grossus conservation program
and none of them has yet given up. This kind of initiative allows to
develop durable actions to restore the arable flora, by ensuring long-
term control of land use in legally-protected areas and avoiding being
strongly dependent on the agricultural policy and on individual deci-
sions which may change rapidly (step 7). In the absence of legal pro-
tection (nature reserve), reintroduction sites may however be main-
tained in the medium term through official agreements with farmers as
part of agro-environment measures, which at the same time will also
secure an adequate management of the target sites (step 8). As for B.
grossus, the specifications of the agro-environment measures can be
adapted to the objective (e.g. no fertilizer, no herbicides). In this re-
spect, the European Common Agricultural Policy and the European
Agricultural Fund for Rural Development have also a role to play.

The scientific evaluation of agri-environment measures used for B.
grossus has shown that the agricultural practices necessary for its re-
introduction have doubled the specific richness of the targeted fields
(Piqueray et al., 2018). This significant increase in associated biodi-
versity shows that there was a real benefit beyond the species level, and
there is every reason to believe that this will also be the case with B.
bromoideus (step 9).

6. Conclusions

So far, only a very limited number of attempts to start a re-
introduction program of extinct plant species have been made, and

Table 3
Nine-step decision tree for considering the reintroduction of a plant species extinct in the wild.

1. Is the taxonomic status of the species clearly established? Yes – > go to 2
Rationale: it must be ensured that the reintroduced taxon is a true species that is not likely to hybridize with other

existing taxa
No – > consider an extensive taxonomic study, if necessary
using molecular tools

2. Is the material kept in ex situ collections of sufficient quality to be used as a seed source for reintroduction? Yes – > go to 3
Rationale: any reintroduction project requires detailed information about sources of propagated plant material No – > reject reintroduction unless risks and costs can be

minimized
3. Are the biotic and abiotic needs of the species well known? Yes – > go to 4
Rationale: a thorough knowledge of the requirements of the species is essential for successful reintroduction No – > conduct biological and ecological study
4. Does the habitat of the species still exist today? Yes – > go to 5
Rationale: optimal conservation of a species cannot be considered outside its original habitat No – > reject reintroduction or try to restore the habitat
5. Has the cause of the extinction of the target species been removed? Yes – > go to 6
Rationale: the primary threats that led to extinction must be absent or well-regulated No – > first eliminate the origin of the problem
6. If the habitat has been modified, are there good prospects for restoration? Yes – > go to 7
Rationale: the longer the time elapsed since the extinction of a species, the higher the probability that its habitat has

been modified, requiring therefore some restoration in order to match the ecological requirements of the
species

No – > reject reintroduction

7. Do the sites targeted by the reintroduction benefit from a legal protection status ensuring their conservation in
the long term?

Yes – > go to 8

Rationale: a secure long-term protection of the habitat is one of the prerequisites required for any reintroduction No – > take steps to ensure this necessary protection
8. Can adequate management aiming at the sustainability of reintroduced populations be guaranteed? Yes – > go to 9
Rationale: long-term habitat management is most often required (unless reintroduction is located in a climax forest

habitat) and should be secured
No – > reject reintroduction or conclude agreements with
reliable managers

9. Does the reintroduction have a positive conservation benefit beyond the species level? Yes – > proceed with the reintroduction
Rationale: to be scientifically, economically and socially tenable, any reintroduction attempt should have positive

effects on the habitat considered, e.g. increasing ecosystem services, and/or reducing losses in other species
No – > reduce the priority of reintroduction
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many of them have failed (Abeli et al., 2020). Yet, botanical gardens
around the world offer considerable potential in this area, with more
than 80,000 species cultivated, among which 15,000 are threatened
with extinction (Hurka, Neuffer, & Friesen, 2004). Further information
is however clearly needed on the conservation value of these plant
collections in botanic gardens (Sharrock & Jones, 2009), and the case
presented in this paper is a representative example. In view of the
problems of plant adaptation to garden conditions, hybridization risk
and loss of genetic diversity during each regeneration cycle, seed sto-
rage is the preferred method because it avoids these issues that can have
critical consequences for the reintroduction of plants into the wild.
However, seed banking freezes the evolutionary development of a
species, which decreases its chances of adapting to environmental
change (Kennedy, 2004), especially when the time elapsed between
extinction and reintroduction is long. All these situations that can lead
to poor suitability of the ex situ material probably explain why so little
reintroductions of extinct plant species have been attempted and suc-
cessful.

On the other hand, as problems arising from ex situ cultivation are
likely to get worse over time, assessing the risks and opportunities of
reintroduction programs should ideally be considered - and the pro-
gram started where appropriate - as soon as possible, otherwise the
relevance of continued cultivation might be questioned. In the parti-
cular case of B. bromoideus, the expression “better late than never”
might typically apply.

While many plant species extinct in the wild could potentially be
resurrected thanks to ex situ-stored material, the present contribution
shows the importance of undertaking a preliminary study that ad-
dresses all aspects of technical feasibility, scientific justification, bio-
logical and societal risks and potential benefits for the ecosystem con-
cerned. It is only in this way that conservationists will be able to make
sound decisions, to the advantage of the ecosystems concerned and in
accordance with international guidelines. In the present study, the level
of risk could be balanced against the expected benefits. This exercise
was facilitated by using a decision tree such as the one we proposed. In
the case of B. bromoideus, despite the obstacles identified, we can
conclude that the reintroduction of this species may be considered low
risk in terms of the cost of failure or the probability of adverse ecolo-
gical impacts. We also recommend experimental reintroduction trials.
With thorough documentation and ongoing monitoring, it is an ideal
precautionary approach to minimize risks.
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