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Gymnosperms on the EDGE
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. Driven by limited resources and a sense of urgency, the prioritization of species for conservation has

Received: 12 May 2017 . been a persistent concern in conservation science. Gymnosperms (comprising ginkgo, conifers, cycads,
Accepted: 28 March 2018 and.gnet.ophytes). areone of the m.ost threatened groups of living organisms, with 40% of.the species

. . . at high risk of extinction, about twice as many as the most recent estimates for all plants (i.e. 21.4%).
Published online: 16 April 2018 This high proportion of species facing extinction highlights the urgent action required to secure their
future through an objective prioritization approach. The Evolutionary Distinct and Globally Endangered
(EDGE) method rapidly ranks species based on their evolutionary distinctiveness and the extinction risks
they face. EDGE is applied to gymnosperms using a phylogenetic tree comprising DNA sequence data
for 85% of gymnosperm species (923 out of 1090 species), to which the 167 missing species were added,
and IUCN Red List assessments available for 92% of species. The effect of different extinction probability
transformations and the handling of IUCN data deficient species on the resulting rankings is investigated.
Although top entries in our ranking comprise species that were expected to score well (e.g. Wollemia
nobilis, Ginkgo biloba), many were unexpected (e.g. Araucaria araucana). These results highlight the
necessity of using approaches that integrate evolutionary information in conservation science.

About one in five plants are estimated to be at risk of extinction with a large proportion of these found in tropical
rainforests; the main threats are linked to human activities, in particular habitat transformation and harvesting"?2.
Gymnosperms are among the most threatened living organisms on the planet, with 40% of their species at high
risk of extinction, which is about twice as many as the most recent estimates for all plants (i.e. 21.4%)'. Which
species (and areas) should be prioritised in conservation programmes is a recurrent question, but even more so in
groups with such high number of threatened species such as gygmnosperms. Phylogenetic diversity (PD)*, a met-
ric based on evolutionary history, has been proposed as an approach of choice to establish and implement this pri-
oritization process in conservation. The PD of a group of taxa is equivalent to the sum of all the branches linking
the members of this group in a phylogenetic tree, from the root to the tips’. Its potential suitability as a represent-
ative of feature diversity is one of the most critical characteristics of PD and many have argued that maintaining
PD would retain not only the evolutionary potential of species but also the unanticipated benefits for human soci-
ety (e.g. biodiversity option value®=®, but see’), One of the various methods emerging from the PD concept that
have been proposed to address the prioritization issue in conservation is the Evolutionary Distinct and Globally
Endangered (EDGE) approach'. It ranks species according to their evolutionary distinctiveness and the level of
extinction risk they face. The evolutionary distinctiveness (ED) scores partition the total PD among the species,
giving descendent species shared responsibility for internal branches; the total of all ED scores equals the total PD
of a tree. It is applied here to gymnosperms after similar lists were generated for mammals'®!!, birds'?, corals'?,
amphibians'?, and sharks and relatives'. The only other group of plants for which this approach has been used are
cycads'®. We re-evaluated cycads in the present study in the context of all gymnosperms, augmenting the genetic
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coverage from 58% to 80% of species. The wealth of genetic data available for gymnosperms, their relatively
well-known taxonomy and geographical distributions, and the fact that most species have been evaluated using
the IUCN Red List criteria, make this group an ideal candidate for the application of the EDGE method.

Living gymnosperms comprise four distinct lineages, Ginkgo (1 spp.), gnetophytes (112 spp.), cycads (339
spp.), and conifers (638 spp.)"”. The relationships among these groups, as well as their relationships to flowering
plants (angiosperms), have been the subject of debates for decades and several, often quite different, hypothe-
ses have been suggested's. The existence of numerous lineages known only from the fossil record has contrib-
uted to difficulties in deciphering the early evolutionary history of seed plants and different molecular data sets
supported incompatible phylogenetic hypotheses's. Conifers were furthermore shown to be paraphyletic, with
gnetophytes as sister to Pinaceae or to cupressophytes (the non-Pinaceae families Araucariaceae, Cupressaceae,
Podocarpaceae, Sciadopityaceae, and Taxaceae)'®-2. The emergence of molecular tools in phylogenetics failed
to bring this debate to a close'®. Although these uncertainties about the relationships among gymnosperm
lineages remain, most recent molecular trees place all living gymnosperms in a monophyletic group sister to
angiosperms®-22,

Gymnosperms have an extensive fossil record, with relatively well-conserved morphological features exempli-
fied by the numerous species considered living fossils (e.g. Ginkgo, Wollemia, Welwitschia), but species diversity of
living gymnosperms is low, with just over 1,000 species compared to the 369,000 found in angiosperms?. Families
of living conifers and cycads are also younger than the angiosperm crown group® and both the fossil record and
molecular phylogenies indicate greater extinction rates in gymnosperms in the Cenozoic?***. Competition with
angiosperms may have been a factor®>-?%, but this alone cannot explain the global distribution of gymnosperms?.
The effective inclusion of the complex evolutionary history of gymnosperms in their conservation planning will
be fundamental to the survival of these highly threatened lineages, comprising many peculiar and iconic species
of great ecological and economic importance.

Results and Discussion

We produced a conservation priority list for gymnosperms that accounts for their evolutionary history and
extinction risks by using the EDGE scoring approach!’. A dated phylogenetic tree comprising 923 species (84.7%
of species diversity with at least one representative of each family and genus; Supplementary Table S1) was
inferred from publicly available and newly-generated plastid and nuclear DNA sequences. The phylogenetic tree
was calibrated using a set of fossils and molecular estimates (Supplementary Table S2) and missing species were
randomly added to their corresponding genus to obtain a species-level tree of gymnosperms (see Materials and
methods section). The majority of species (92.1%; 1,004 of the 1,090 species) have IUCN Red List assessments
(version 2015.4; accessed 29 April 2016) and our sampling covers 89.3% (897 species) of the species currently
evaluated. Of the 1004 assessed species, 401 (39.9%) are threatened (Vulnerable, VU, 156; Endangered, EN, 161;
Critically Endangered, CR, 80; Extinct in the Wild, EW, 4), and 583 are non-threatened (Near Threatened, NT,
167; Least Concern, LC, 416), while 20 are currently listed as Data Deficient (DD). Eighty-six species have not
yet been evaluated (NE). Risk of extinction was taken into account by converting [IUCN Red List categories
into probabilities of extinction using the original logarithmic transformation of Isaac and colleagues (hereafter
“ISAAC”)!? and the IUCN50 transformation (hereafter “lUCN50”) suggested by Mooers and colleagues™.

The top 100 EDGE scores obtained for gymnosperms (Supplementary Table S3) were compared to those
published for mammals'®!!, birds'?, and amphibians'* (EDGE scores not available for sharks and relatives'® at
the time). Although the ED scores of the top 100 EDGE gymnosperms are overall lower than those observed for
the three animal groups, the number and distribution of outlier ED scores exceed those obtained for the animal
groups (Fig. 1). These outlier species should be considered priority species for conservation. On the other hand,
the EDGE values of the top 100 gymnosperms are more comparable to those recovered for the three animal
groups, with medians hovering around the same value, except maybe for amphibians (Fig. 1). This indicates that
the stability of species rankings obtained using the original EDGE approach!® remains to be evaluated and com-
pared to rankings achieved under other extinction probability transformations of the IUCN Red List categories.
It is possible that different transformations would better reflect the threats that species face and provide a ranking
sufficiently stable to allow the prioritization of species for long-term conservation programs®.

The IUCN50 transformation®® attribute a lower extinction risk to non-threatened species and a higher
extinction risk to threatened species compared to the ISAAC transformation'. Here, [UCN50 was favoured
for gymnosperms because it better reflects the high level of threats faced by this group (ca. 40% of species
are threatened based on the IUCN Red List) and, consequently, their need for urgent conservation actions.
The larger difference between probabilities of extinctions of non-threatened (LC = 0.00005, NT = 0.004)
and threatened (VU =0.05, EN =0.42, CR=0.97) species under IUCN50 could diminish the contribu-
tion of ED values to the overall EDGE ranking. On the other hand, the ISAAC transformation is less sensi-
tive to this issue (LC=10.025, NT =0.05; VU =0.1, EN=0.2, CR=0.4) and might therefore favour species
with high ED values compared to IUCN50, irrespective of the threat they face. Nevertheless, the top nine
EDGE species are the same under both transformation scenarios, which underlines the uniqueness of these
species and their conservation value (Table 1). The only difference within the top nine species is the posi-
tion of the monotypic genera Wollemia (W. nobilis) and Ginkgo (G. biloba), with G. biloba found in first
position under the ISAAC transformation, while W. nobilis occupies the first rank when the [IUCN50 trans-
formation is used (Table S3). Three of the top 20 EDGE species under ISAAC are not found among the top
20 species under IUCNS50: Sciadopitys verticillata (NT; ISAAC, 10t%; TUCNS50, 385'™), Parasitaxus ustus
(VU; ISAAC, 12 TUCNS50, 139%), and Taiwania cryptomerioides (VU; ISAAC, 20t TUCN50, 212t%).
These greatly fluctuating rankings demonstrate how ISAAC favours ED compare to IUCN50, which is particu-
larly salient in the case of S. verticillata (see Supplementary Table S3). Among the top 100 EDGE species (under
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Figure 1. Comparative boxplots of EDGE scores (A) and ED values (B) for the top 100 EDGE-ranked species
of (from left to right) gymnosperms, amphibians, birds, and mammals. EDGE scores for gymnosperms are

those obtained using the ISAAC transformation and those for the three vertebrate groups were obtained from
http://www.edgeofexistence.org/.

IUCN50), 84 (28 CR, 33 EN, 7 DD, 16 NE) overlap between the two approaches, which indicates some validity in
the results obtained from the EDGE method (Supplementary Fig. S1; Supplementary Table S3).

Eighteen of the top 20 EDGE species belong to the conifer families Araucariaceae (monkey puzzles),
Cupressaceae (cypresses, redwoods), Podocarpaceae (yellowwoods), and Taxaceae (yews). The gymnosperm
with the highest ED value score is G. biloba with 315.0, while the second, the Australian endemic W. nobilis, has
a score of 139.59 (about 2.25 times smaller; Table 1). Their EDGE scores on the other hand are more similar, with
W. nobilis just slightly higher (4.89 for G. biloba vs 4.91 for W. nobilis). Wollemia nobilis, the Wollemi pine, was
discovered in the Blue Mountains of Australia in 1994, in narrow sandstone ravines where a warm temperate
rainforest climate prevails. It has been labelled as a living fossil by some because its pollen is almost identical to
the extinct Turonian genus Dilwynites®"*2. The second rank obtained for Ginkgo biloba is largely due to its isolated
position as the only member of the order Ginkgoales and as sister to the remainder of gymnosperms in our analy-
sis (Fig. 2). Although widely cultivated, only a few Chinese natural populations of this tree remain*. Even without
considering its extinction risk, the unique evolutionary history of Ginkgo, and the fact that it is the sole living
representative of a once highly diverse group of species®, make its conservation a top priority. Third is Araucaria
angustifolia, another member of Araucariaceae, found in Brazil and Argentina where its range has decreased by
97% in the last century, granting it the Critically Endangered status. A third member of Araucariaceae on the
EDGE list is found in fourth position, the kauri tree, Agathis australis from northern New Zealand; the conser-
vation status of this species has not been formally assessed. Fifth is Acmopyle sahniana, one of two species in the
genus, with fewer than 200 mature individuals remaining on the islands of Fiji*. The first member of gnetophytes
on the list is the tropical Indonesian/Malaysian Gnetum ridleyi (27'), listed as data deficient due to the sparse
information available for this species. The highest placed cycad on the list is Microcycas calocoma (8'), the sole
species of this genus endemic to Cuba.

The EDGE ranks for cycads produced by another study'® were compared to those obtained here (Table S6).
Except for a few outliers, the EDGE ranks obtained for each species by the two studies are generally equivalent
(Fig. S3A) and the difference between the two rankings for most species falls within a relatively narrow distri-
butional range (75% of species have a ranking difference of 50 or less; Fig. S3B). Many of the larger differences
encountered between the two EDGE rankings are likely due to the different phylogenetic placement of certain
species and the broader phylogenetic framework applied in our study (i.e. EDGE values for cycads calculated
in the context of all gymnosperms and with 80% of the species represented by DNA sequence data, instead of
separately and with 58% of species with DNA sequence data as in previous study'®). Most notable perhaps is that
among the 16 species for which the ranking diverged the most between the two studies (i.e. more than 150 rank
difference; see highlighted species in Table S6 and Fig. S3A), 13 are not represented by sequence data, i.e. they
have been added subsequently to the phylogenetic trees in both studies. These large differences in ranking could
be explained by the element of randomness involved in the addition of missing species. The higher the number of
species without genetic data that require to be incorporated following the tree inference step, the less reliable will
be the overall ED/EDGE ranking for this particular group.

In terms of taxonomic coverage, ISAAC selected 16 species, including 11 species from 10 genera, not repre-
sented in the top 100 species obtained with IUCN50 (Supplementary Table S4). Although we favour IUCN50,
ISAAC does identify species currently considered as VU or NT, which exhibit unique evolutionary distinctive-
ness. Five of the species on this list are ranked in the top 10 in terms of ED value, and all of them are in the top
100 ED values. The uniqueness of these species highlights the potential evolutionary loss involved if they become
extinct and the important effect a change in their conservation status would have on the EDGE ranking. Included
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1 Wollernia nobilis CR | Australia 139.59 3 491
(Araucariaceae)

2 Ginkgo biloba EN China 315.00 1 4.89
(Ginkgoaceae)
Araucaria angustifolia . .

3 - CR Brazil to Argentina 67.71 16 4.18
(Araucariaceae)

4 Agathis australis NA | New Zealand 64.76 18 414
(Araucariaceae)

5 Acmopyle sahniana CR Fiji 57.56 26 402
(Podocarpaceae)

6 Pherosphacra fitzgeraldii CR Australia 51.44 35 3.91
(Podocarpaceae)

7 Glyptostrobus pensilis CR China to Laos 35.17 53 3.53
(Cupressaceae)

8 Microcycas calocoma CR Cuba 30.82 66 3.40
(Zamiaceae)

9 Araucaria araucana EN Chile to Argentina 67.71 17 335
(Araucariaceae)

10 Cephalotaxus alpina NA China 26.95 80 3.26
(Taxaceae)
Cunninghamia konishii . . .

11 EN Indo-China, China, Taiwan 52.12 32 3.09
(Cupressaceae)

1 Metasequoia glyptostroboides EN China 51.26 37 3.07
(Cupressaceae)

13 Torreya taxifolia CR Georgia to Florida 21.63 126 3.04
(Taxaceae)

14 Agathis montana CR New Caledonia 21.09 131 3.02
(Araucariaceae)

15 Sequoia sempervirens EN Oregon to California 47.81 42 3.00
(Cupressaceae)

15 Sequoiadendron giganteun EN California 47.81 42 3.00
(Cupressaceae)

17 Taxus floridana CR Florida, Mexico 20.20 143 2.97
(Taxaceae)

18 Prumnopitys standleyi EN | CostaRica 1623 45 2.97
(Podocarpaceae)

19 Araucaria nemorosa CR New Caledonia 18.29 159 2.88
(Araucariaceae)
Taxus florinii .

20 NA China 18.15 161 2.87
(Taxaceae)

Table 1. List of the top 20 EDGE species of Gymnosperms, with distribution, [UCN Red List assessments,
evolutionary distinctiveness (ED) values (and associated rank), and evolutionary distinctive and global
endangered (EDGE) scores (using IUCN50 transformation). Note that Sequoia and Sequoiadendron both
occupy the 15" rank as they are sister taxa and both EN, thus they have the same ED and EDGE scores.

among them is the Japanese endemic Sciadopitys verticillata, the only extant representative of Sciadopityaceae,
which exhibits the second highest ED value after G. biloba. Another notable species on this list is the only parasitic
species of gymnosperm, Parasitaxus ustus (Podocarpaceae), which has the 6 highest ED value and ranked 12
based on the ISAAC transformation. This shrub is restricted to the island of New Caledonia, where it seems to
have only one host, Falcatifolium taxoides®® (ranked 711" in our EDGE list), another member of Podocarpaceae
endemic to New Caledonia.

Given that EDGE scores are sensitive to the probability of extinction attributed to each IUCN category (see
above), we also examined the ED ranking of threatened species, i.e. species that have been assigned the IUCN cat-
egories CR, EN, or VU (we also include in this list the species that are either NE and DD, as we considered them
as CR for our analyses). Only 10 of the top 20 EDGE species are also found in the top 20 ED threatened species.
The other 10 species found in the top 20 ED threatened species list have all been assessed as VU (Table 2); these
species are ranked between the 139" and 301* positions in the EDGE list. This further demonstrates the sensibil-
ity of EDGE scores to the probability of extinction that is assigned to IUCN categories. Wollemia nobilis, Ginkgo
biloba and Parasitaxus ustus (respectively 1%, 2" and 139" on the EDGE list) occupy the first three positions on
the top 20 ED list of threatened species (Table 2). They are followed by two species that are found much further
down the EDGE list, Taiwania cryptomerioides (Cupressaceae) and Cathaya argyrophylla (Pinaceae), respectively
212" and 239" on the EDGE list (Table 2). Both are species belonging to monotypic genera found in South East
Asia. The first one, T. cryptomerioides, is one of the largest tree species in Asia, which was heavily exploited in the
past leading to an estimated reduction of more than half of its original distribution range. The second, C. argy-
rophylla, is endemic to China and had once a much wider distribution, according to fossil records, but its natural
populations are now reduced to a total of less than a thousand mature individuals.
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Figure 2. Gymnosperm dated tree (angiosperms, ferns, and fern allies have been pruned) inferred from plastid
and nuclear DNA regions and comprising 923 species (ca. 85% of the group’s total species diversity) to which
the 167 missing species were added randomly within their respective genera (see text for details). Orders and
families are indicated. IUCN Red List assessments are colour-marked on the right of the tree (purple, Extinct

in the Wild; red, Critically endangered; orange, Endangered; yellow, Vulnerable; light green, Near Threatened;
dark green, Least Concern; grey, Data Deficient and Not Evaluated). EDGE scores are indicated. A selection of
gymnosperms species, with their EDGE rank and threatened species ED rank (if applicable): (A) Ginkgo biloba,
(Ginkgoaceae; EDGE 2™, ED 1%); (B) Encephalartos altensteinii (Zamiaceae; EDGE 404", ED 128™); (C) Larix
decidua (Pinaceae; EDGE 745%; ED n/a); (D) Sciadopitys verticillata (Sciadopityaceae; EDGE 385%™, ED n/a); (E)
Welwitschia mirabilis (Welwitschiaceae; EDGE 675™; ED n/a); (F) Wollemia nobilis (Araucariaceae; EDGE 1%,
ED 2); (G) Araucaria araucana (Araucariaceae; EDGE 9, ED 9th).

The species that are either Data Deficient (DD) or that have not been evaluated (NE) were included in our
principal EDGE analysis by assigning them a preliminary Critically Endangered (CR) status. Studies have shown
that the majority of mammals considered as DD are more likely to be threatened than the species that have been
already assessed®”*. In order to avoid the possibility of overlooking priority species, we explored how EDGE
rankings would be impacted by assigning DD/NE species with the highest threat category CR, the worst-case
scenario. Three of these species occur in the top 20 EDGE species, if their status is confirmed as CR (Table 1). This
result clearly highlights the urgency of evaluating extinction risk for species that have not yet been assessed to
ensure that conservation resources are adequately allocated. Likewise, it showcases the potential of phylogenetic
data to identify species with unique evolutionary histories, but with little or no information regarding the threats
they face, especially in the case of large groups of organisms such as angiosperms, fungi and insects, for which
conservation assessments remain relatively scarce.

The inclusion of spatial information in our analyses highlighted three regions with a high number (>10%) of
top 100 EDGE species: South-Central China (17 spp.), Southeast China (11 spp.) and New Caledonia (11 spp.;
Fig. 3A). Only New Caledonia has a high number of species with significantly more species in the top 100 EDGE
species than expected by chance (Exact Binomial Test; Fig. 3A). This may be explained by the accumulation on
this archipelago of species of Podocarpaceae and Araucariaceae, which are older lineages than those found in
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Ginkgo biloba

(Ginkgoaceae) EN China 315.00 1 4.89 2

Wollemia nobilis CR

. Australia 139.59 3 491 1
(Araucariaceae)

3 Parasitaxus ustus VU New Caledonia 109.34 6 1.70 139
(Podocarpaceae)

Taiwania
4 cryptomerioides VU China, Eastern Asia, Indo-China | 87.20 9 1.47 212
(Cupressaceae)

Cathaya argyrophylla

. VU China 72.43 12 1.29 239
(Pinaceae)

Pseudolarix amabilis

X VU China 68.65 13 1.23 249
(Pinaceae)

Pseudotaxus chienii

VU China 68.23 15 1.23 250
(Taxaceae)

Araucaria
8 angustifolia CR Brazil to Argentina 67.71 16 4.18 3
(Araucariaceae)

Araucaria araucana

- EN Chile to Argentina 67.71 17 3.35 9
(Araucariaceae)

Agathis australis

. NE New Zealand 64.76 18 4.14 4
(Araucariaceae)

10

Prumnopitys ladei VU Australia 58.72 23 1.08 273

1 (Podocarpaceae)

Acmopyle sahniana

12 (Podocarpaceae)

CR Fiji 57.56 26 4.02 5

Cunninghamia
13 konishii EN Indo-China, China, Taiwan 52.12 32 3.09 11
(Cupressaceae)

Stangeria eriopus

X VU South Africa 52.06 34 0.96 292
(Zamiaceae)

14

Pherosphaera
15 fitzgeraldii CR Australia 51.44 35 391 6
(Podocarpaceae)

Metasequoia
16 glyptostroboides EN China 51.26 37 3.07 12
(Cupressaceae)

Araucaria
17 heterophylla vu Norfolk Islands 49.50 40 0.91 298
(Araucariaceae)

Prumnopitys andina

18 (Podocarpaceae)

A48 Chile to Argentina 49.02 41 0.90 301

Sequoia sempervirens

19 (Cupressaceae)

EN Oregon to California 47.81 42 3.00 15

Sequoiadendron
19 giganteum EN California 47.81 43 3.00 16
(Cupressaceae)

Table 2. List of the top 20 ED threatened species of Gymnosperms, with distribution, IUCN Red List
assessments, evolutionary distinctiveness (Median ED) values and associated overall rank, and evolutionary
distinctive and global endangered (EDGE) scores (using IUCNS50 transformation) and associated rank. Note
that Araucaria angustifolia and A. araucana both occupy the 8" rank and Sequoia and Sequoiadendron the 19
rank, as these taxon pairs are sister taxa and thus have the same ED.

other regions with similar species numbers (Figs 2 and 3). A similar analysis performed on the 100-threatened
species with the highest ED values showed that the same three regions (South-Central China, 25 spp.; Southeast
China, 15 spp.; New Caledonia; 16 spp.), joined by a fourth region, Vietnam (14 spp.), have each more than 10%
of the top ED threatened species (Fig. 3B). South-Central China, Southeast China, New Caledonia and Vietnam
have high species numbers and significantly more species in the top 100 ED threatened species than expected by
chance (Exact Binomial Test; Fig. 3B). Their identification by both metrics (EDGE and ED of threatened species)
highlights the importance of these regions for the global conservation of gymnosperms. These areas have suf-
fered high rates of deforestation and since gymnosperms are generally important components of the ecosystem,
conserving species with high EDGE scores and/or threatened species with high ED values would also contribute
to the survival of other species and maintain the functioning of ecosystems (e.g. 70% of threatened Chinese ver-
tebrates are affected by habitat destruction®). Notably, two of the five bird species with top EDGE scores'?, the
owlet-nightjar and the kagu, are endemic to New Caledonia, further emphasizing the importance of this hotspot
for conservation. The distribution of the top 100 EDGE species contrasts with those of total and threatened spe-
cies richness, with regions such as Mexico (Northeast and Northwest) and Queensland (Australia) having a high
number of species, but with few of these among the top 100 EDGE species (Fig. 3A). Likewise, three regions with
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Figure 3. Distribution of (A) the top 100 EDGE species (based on the IUCN50 transformation; see text)

and (B) top 100 ED threatened species, matched to the Taxonomic Databases Working Group (TDWG)
geographical scheme level 3 geography®. Red circles identify areas with fewer EDGE/ED species and blue
circles identify areas with more EDGE/ED species than expected; species distribution data were obtained from
the World Checklist of Selected Plant Families. Data was displayed and processed in ArcGIS 10.1%, using the
Winkel I projection orientated around the date line (180 degrees).

relatively large numbers of species (New Guinea, Northwest Mexico, Queensland), have no or only few of the top
100 ED threatened species (Fig. 3B). This can be explained by a large proportion of the species diversity in such
regions resulting from the accumulation of recent lineages that contribute less to evolutionary distinctiveness.
One other region has a low number of species in the top 100 EDGE species, but nevertheless have significantly
more species than expected by chance, Philippines. The same situation is also observed for four regions with low
number of species that have significantly more species in the top 100 ED threatened species than expected by
chance (South Chile, Central Chile, Laos, Taiwan).

We opted here for the original EDGE approach to facilitate the comparison with other groups. The EDGE
approach has been criticized because it considers each species independently and thus ignores the actual risk of
extinction associated with internal branches. The internal branches are assigned a risk of extinction dependent
of the taxon assessed only, irrespective of the threats potentially faced by the other taxa subtended by this inter-
nal branch. In other words, the shared responsibility for the survival of a given internal branch is not accounted
for under the original EDGE method*’. Nonetheless, under simple evolutionary models and random extinction
across phylogenetic trees, recent simulations have shown that the loss of ED is correlated to the loss of PD*:42,
Other approaches using the concept of “expected PD”***-%> and building on EDGE have been developed that
consider the risk of extinctions faced by closely-related taxa, although in some cases their effects are not revealed
in the top species of a given list (e.g.*>~*%). It is also important to note that even though EDGE and threatened ED
have a large overlap in the regions they highlight as important for gymnosperms (see above; Fig. 3), the number of
EDGE species found in a given area does not necessarily relate to the amount of threatened PD nor the expected
PD gained if these species were to be secured®.

The protection of species with the highest EDGE scores would ensure the preservation of key lineages repre-
senting unique evolutionary features within gymnosperms. The list provided here is dynamic. The availability of
new DNA sequence data, new or revised assessments and, eventually, the more general implementation of meth-
ods based on expected PD, is likely to identify additional priorities for conservation. Importantly, this method
provides a valuable baseline against which to measure the impact of conservation programs on gymnosperms.
Urgent actions are paramount in the face of increasing anthropogenic pressures on both species and ecosystems.
The integration of evolutionary history in biodiversity science is thus more vital than ever to achieve effective
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conservation®*-** and approaches such as EDGE provide a mean to prioritise, accelerate and optimise conserva-

tion actions by accounting for the overall evolution of a species and the threats it faces.

Materials and Methods

A list of all gymnosperm species was obtained from the Royal Botanic Gardens, Kew online resource “World
Checklist of Selected Plant Families””. Available DNA sequence data for gygmnosperms for the plastid regions
rbcL, matK, rpoC, rps4, and trnL, as well as the nuclear marker PHYP, were obtained from GenBank and down-
loaded using the data-mining tool SUMAC® (data accessed on 3 March 2016). Forty-one taxa of angiosperms
and fifteen ferns and their allies were also included in our analyses as outgroup taxa. Regions were selected
based on the level of coverage they achieved either across gymnosperms as a whole or with a focus on particu-
lar lineages. Details of species sampled for each region (including GenBank accession numbers) are listed in
Supplementary Table S1.

To increase taxonomic coverage, we obtained sequence data for the plastid rbcL exon
(ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit) for 129 species, of which 35 were for species
otherwise not represented in the data set. DNA was isolated using a modified version of the 2x CTAB method>
and subsequently purified on a caesium chloride/ethidium bromide gradient (1.55 g/ml density) to yield mate-
rial suitable for long-term storage in the DNA & Tissue Collections at the Royal Botanic Gardens, Kew (http://
apps.kew.org/dnabank/homepage.html). PCR amplifications were performed using primer combinations from
Olmstead and colleagues®. PCR reactions were made with the ReddyMix PCR Master Mix from ABgene (2.5mM
MgClI2; Epsom, Surrey, UK) with the addition of 1 ul of bovine serum albumin 0.4% and 50 ng of each primer, in a
final volume of 25 ul. The amplification cycle started with 2 min initial denaturation at 94 °C, followed by 32 cycles
of 1 min denaturation at 94 °C, 1 min annealing at 48 °C, 1.5 min extension at 72 °C, and a final extension of 3 min
at 72°C. After purification with the Nucleospin Extract IT kit (Machery-Nagel, Duren, Germany), cycle sequenc-
ing reactions were performed in 10 ul reactions using 1l of BigDye® Terminator cycle sequencing chemistry
(v3.1; ABL; Warrington, Cheshire, UK) and run on ABI 3730 automated sequencer. Geneious™ (version 7.1.2) was
used to assemble complementary strands and verify base-calling.

Sequences of each region were compiled in Geneious® (version 7.1.2) and aligned using the MUSCLE®® algo-
rithm. All partitions were concatenated using an R script (S. Buerki, pers. comm.) and all subsequent analyses
were performed on the resulting supermatrix. A phylogenetic tree was reconstructed using the maximum likeli-
hood (ML) criterion as implemented in the software RAXML (v. 8.2.8%?) on the CIPRES portal (www.phylo.org)
with 1,000 rapid bootstrap replicates followed by the search of the best ML tree. The GTRCAT model was used
and all the other parameters were set as default settings. All fifteen ferns and allies were designated as outgroup
taxa (e.g.2"??).

Several attempts to obtain an ultrametric tree using the Bayesian approach implemented in the package
BEAST® were unsuccessful. Constraining the topology to the ML tree obtained from the software RAXML, thus
allowing only the optimisation of branch lengths alone, was also unsatisfactory. In all cases, the analyses failed to
converge on a single solution and the majority of effective sample size values were consistently below the thresh-
old of 200. We thus opted to transform the ML phylogenetic tree of gymnosperms into an ultrametric tree using
the programme freePL%!, which implements the penalized likelihood method®?. The default cross validation pro-
cedure was performed and identified 0.1 as the most appropriate smoothing value. A set of 15 calibration points
based on fossils used by previous studies and molecular estimates from a recent study of cycads were applied (see
Supplementary Table S2). Outgroup taxa were pruned from the tree prior to the calculation of ED scores.

Despite having a reasonably good species coverage in our phylogenetic analysis (i.e. ca 85%), incomplete sam-
pling could potentially biased EDGE rankings, thus we used the following approach to add to our ultrametric tree
the 167 species for which no suitable sequence data was available for the markers used here. We used the function
add.species.to.genus from the R® package phytools®* and the option “random”, which add randomly the missing
species to their respective genera, while retaining the ultrametricity of the tree. We performed this step 100 times
to assess how the random position assigned to each species within its genus affects the ED and EDGE values, and
the resulting EDGE ranks.

ED scores for all species of gymnosperms were obtained using the 100 ultrametric trees and were inferred
using the function evol.distinct from the R®® package picante®®. The median value of all 100 resulting ED val-
ues for each species was compiled and used to produce the EDGE scores. Probability of extinction assessments
were obtained from the IUCN Red List (www.iucnredlist.org, version 2015.4; accessed on 29th April 2016). These
assessments were converted into probabilities of species extinction using two probability of extinction transfor-
mations, the original logarithmic transformation of Isaac and colleagues'’, and the ITUCNS50 probability trans-
formation proposed by Mooers and colleagues®. EDGE scores were subsequently calculated using the median
ED value by implementing the EDGE equations in an R® script. Species that were Data Deficient (DD) or Not
Evaluated (NE) were scored as Critically Endangered. Threatened species (i.e. those assigned CR, EN, VU, as well
as DD and NE) were ranked by decreasing ED scores to provide a classification conservation priority species less
dependent on the transformation of probability of extinction.

The gymnosperm species with the top 100 EDGE values obtained with the ISAAC transformation together
with their ED scores were compared to those of amphibians, mammals and bird (obtained from www.edgeofex-
istence.org) using boxplots produced in R%. We compared the effect of probability of extinction transformations
(TUCNS50 vs. ISAAC) on the overall EDGE species ranking by plotting the difference in species rankings using the
TUCN50 transformation as reference; negative values indicate that the IUCN50 transformation prioritize a given
species over the ISAAC transformation, whereas positive values denote the opposite. Differences in EDGE species
rankings were plotted using R®* and each species was coloured according to its IUCN Red List category. To assess
the effect of ED on EDGE species ranking, boxplots of ED values for the species prioritized by each transforma-
tion were also produced in R%. A difference of ranking between plus or minus 10 was considered equivalent for
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the boxplot (following®). A figure displaying the gymnosperm dated tree together with EDGE values (inferred
using the TUCN50 transformation) and IUCN Red List assessments was produced in R®*%%. The GSA geological
time scale was used to set boundaries between geological periods®®®’.

To map gymnosperm diversity, data from the World Checklist of Selected Plant families!” (accessed 30 August
2016) were matched to the Taxonomic Databases Working Group (TDWG) geographical scheme level 3 geog-
raphy®. Data was displayed and processed in ArcGIS 10.1%, using the Winkel I projection orientated around
the date line (180 degrees) and to give an interpretable and reproducible map, colours were derived from Color
Brewer”’. To evaluate if the mapped ranking follows what is expected by chance, we used Exact Binomial Test
performed in R% against the top 100 EDGE species using the IUCN50 transformation, assuming that the num-
ber of top 100 species in each TDWG level 3 region is expected to be proportional to the observed total number
(species richness). We repeated the same analysis with the top 100 ED threatened species. The overall result (all
TDWG regions) was not significant, but was highly significant for some of the individual TDWG regions, with
either more or fewer species than expected by chance (see Fig. 3A).

Data availability. All newly-produced DNA sequences were deposited in GenBank (accession numbers
MHO069511-MH069638). The combined matrix and phylogenetic trees are available at https://treebase.org/
treebase-web/home.html (Submission 21792).
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