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Gymnosperms on the EDGE
Félix Forest1, Justin Moat  1,2, Elisabeth Baloch1, Neil A. Brummitt3, Steve P. Bachman  1,2,  
Steffi Ickert-Bond  4, Peter M. Hollingsworth5, Aaron Liston6, Damon P. Little7, Sarah Mathews8,9, 
Hardeep Rai10, Catarina Rydin11, Dennis W. Stevenson7, Philip Thomas5 & Sven Buerki3,12

Driven by limited resources and a sense of urgency, the prioritization of species for conservation has 
been a persistent concern in conservation science. Gymnosperms (comprising ginkgo, conifers, cycads, 
and gnetophytes) are one of the most 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%). 
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 harvesting1,2. 
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%)1. 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 gymnosperms. Phylogenetic diversity (PD)3, 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 tips3. 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 value3–8, but see9), 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) approach10. 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 mammals10,11, birds12, corals13, 
amphibians14, and sharks and relatives15. The only other group of plants for which this approach has been used are 
cycads16. 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.)17. 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 suggested18. 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 hypotheses18. 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)18–20. The emergence of molecular tools in phylogenetics failed 
to bring this debate to a close18. Although these uncertainties about the relationships among gymnosperm 
lineages remain, most recent molecular trees place all living gymnosperms in a monophyletic group sister to 
angiosperms20–22.

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 angiosperms2. Families 
of living conifers and cycads are also younger than the angiosperm crown group23 and both the fossil record and 
molecular phylogenies indicate greater extinction rates in gymnosperms in the Cenozoic23,24. Competition with 
angiosperms may have been a factor25–28, but this alone cannot explain the global distribution of gymnosperms29. 
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 approach10. 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”)10 and the IUCN50 transformation (hereafter “IUCN50”) suggested by Mooers and colleagues30.

The top 100 EDGE scores obtained for gymnosperms (Supplementary Table S3) were compared to those 
published for mammals10,11, birds12, and amphibians14 (EDGE scores not available for sharks and relatives15 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 approach10 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 programs30.

The IUCN50 transformation30 attribute a lower extinction risk to non-threatened species and a higher 
extinction risk to threatened species compared to the ISAAC transformation10. Here, IUCN50 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 = 0.025, 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 IUCN50: Sciadopitys verticillata (NT; ISAAC, 10th; IUCN50, 385th), Parasitaxus ustus 
(VU; ISAAC, 12th; IUCN50, 139th), and Taiwania cryptomerioides (VU; ISAAC, 20th; IUCN50, 212th).  
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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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 Dilwynites31,32. 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 remain33. 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 species34, 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 Fiji35. The first member of gnetophytes 
on the list is the tropical Indonesian/Malaysian Gnetum ridleyi (27th), listed as data deficient due to the sparse 
information available for this species. The highest placed cycad on the list is Microcycas calocoma (8th), the sole 
species of this genus endemic to Cuba.

The EDGE ranks for cycads produced by another study16 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 study16). 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 

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/.

http://www.edgeofexistence.org/
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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 6th highest ED value and ranked 12th 
based on the ISAAC transformation. This shrub is restricted to the island of New Caledonia, where it seems to 
have only one host, Falcatifolium taxoides36 (ranked 711th 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 139th and 301st 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 1st, 2nd and 139th 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 
212th and 239th 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.

Rank Taxon IUCN Distribution Median ED ED Rank EDGE

1 Wollemia nobilis
(Araucariaceae) CR Australia 139.59 3 4.91

2 Ginkgo biloba
(Ginkgoaceae) EN China 315.00 1 4.89

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

4 Agathis australis
(Araucariaceae) NA New Zealand 64.76 18 4.14

5 Acmopyle sahniana
(Podocarpaceae) CR Fiji 57.56 26 4.02

6 Pherosphaera fitzgeraldii
(Podocarpaceae) CR Australia 51.44 35 3.91

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

8 Microcycas calocoma
(Zamiaceae) CR Cuba 30.82 66 3.40

9 Araucaria araucana
(Araucariaceae) EN Chile to Argentina 67.71 17 3.35

10 Cephalotaxus alpina
(Taxaceae) NA China 26.95 80 3.26

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

12 Metasequoia glyptostroboides
(Cupressaceae) EN China 51.26 37 3.07

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

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

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

15 Sequoiadendron giganteum
(Cupressaceae) EN California 47.81 42 3.00

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

18 Prumnopitys standleyi
(Podocarpaceae) EN Costa Rica 46.23 45 2.97

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

20 Taxus florinii
(Taxaceae) NA China 18.15 161 2.87

Table 1. List of the top 20 EDGE species of Gymnosperms, with distribution, IUCN 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 15th rank as they are sister taxa and both EN, thus they have the same ED and EDGE scores.
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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 assessed37,38. 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 

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 2nd, ED 1st); (B) Encephalartos altensteinii (Zamiaceae; EDGE 404th, ED 128th); (C) Larix 
decidua (Pinaceae; EDGE 745th; ED n/a); (D) Sciadopitys verticillata (Sciadopityaceae; EDGE 385th, ED n/a); (E) 
Welwitschia mirabilis (Welwitschiaceae; EDGE 675th; ED n/a); (F) Wollemia nobilis (Araucariaceae; EDGE 1st, 
ED 2nd); (G) Araucaria araucana (Araucariaceae; EDGE 9th, ED 9th).
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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 destruction39). Notably, two of the five bird species with top EDGE scores12, 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 

Rank Taxon IUCN Distribution
Median 
ED

Overall 
ED rank EDGE

EDGE 
rank

1 Ginkgo biloba
(Ginkgoaceae) EN China 315.00 1 4.89 2

2 Wollemia nobilis
(Araucariaceae) CR Australia 139.59 3 4.91 1

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

4
Taiwania 
cryptomerioides
(Cupressaceae)

VU China, Eastern Asia, Indo-China 87.20 9 1.47 212

5 Cathaya argyrophylla
(Pinaceae) VU China 72.43 12 1.29 239

6 Pseudolarix amabilis
(Pinaceae) VU China 68.65 13 1.23 249

7 Pseudotaxus chienii
(Taxaceae) VU China 68.23 15 1.23 250

8
Araucaria 
angustifolia
(Araucariaceae)

CR Brazil to Argentina 67.71 16 4.18 3

8 Araucaria araucana
(Araucariaceae) EN Chile to Argentina 67.71 17 3.35 9

10 Agathis australis
(Araucariaceae) NE New Zealand 64.76 18 4.14 4

11 Prumnopitys ladei
(Podocarpaceae) VU Australia 58.72 23 1.08 273

12 Acmopyle sahniana
(Podocarpaceae) CR Fiji 57.56 26 4.02 5

13
Cunninghamia 
konishii
(Cupressaceae)

EN Indo-China, China, Taiwan 52.12 32 3.09 11

14 Stangeria eriopus
(Zamiaceae) VU South Africa 52.06 34 0.96 292

15
Pherosphaera 
fitzgeraldii
(Podocarpaceae)

CR Australia 51.44 35 3.91 6

16
Metasequoia 
glyptostroboides
(Cupressaceae)

EN China 51.26 37 3.07 12

17
Araucaria 
heterophylla
(Araucariaceae)

VU Norfolk Islands 49.50 40 0.91 298

18 Prumnopitys andina
(Podocarpaceae) VU Chile to Argentina 49.02 41 0.90 301

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

19
Sequoiadendron 
giganteum
(Cupressaceae)

EN California 47.81 43 3.00 16

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 IUCN50 transformation) and associated rank. Note 
that Araucaria angustifolia and A. araucana both occupy the 8th rank and Sequoia and Sequoiadendron the 19th 
rank, as these taxon pairs are sister taxa and thus have the same ED.
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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 method40. 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 PD41,42. 
Other approaches using the concept of “expected PD”40,43–45 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.45–48). 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 secured49.

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 

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 geography68. 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 10.169, using the 
Winkel I projection orientated around the date line (180 degrees).
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conservation50–53 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”17. Available DNA sequence data for gymnosperms 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 SUMAC54 (data accessed on 3rd 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 2× CTAB method55 
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 colleagues56. PCR reactions were made with the ReddyMix PCR Master Mix from ABgene (2.5 mM 
MgCl2; Epsom, Surrey, UK) with the addition of 1 μl of bovine serum albumin 0.4% and 50 ng of each primer, in a 
final volume of 25 μl. 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 II kit (Machery-Nagel, Duren, Germany), cycle sequenc-
ing reactions were performed in 10 μl reactions using 1 μl of BigDye® Terminator cycle sequencing chemistry 
(v3.1; ABI; Warrington, Cheshire, UK) and run on ABI 3730 automated sequencer. Geneious57 (version 7.1.2) was 
used to assemble complementary strands and verify base-calling.

Sequences of each region were compiled in Geneious57 (version 7.1.2) and aligned using the MUSCLE58 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. 8.2.859) 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.20,22).

Several attempts to obtain an ultrametric tree using the Bayesian approach implemented in the package 
BEAST60 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 treePL61, which implements the penalized likelihood method62. 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 R63 package phytools64 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 R63 package picante65. 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 colleagues10, and the IUCN50 probability trans-
formation proposed by Mooers and colleagues30. EDGE scores were subsequently calculated using the median 
ED value by implementing the EDGE equations in an R63 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 R63. We compared the effect of probability of extinction transformations 
(IUCN50 vs. ISAAC) on the overall EDGE species ranking by plotting the difference in species rankings using the 
IUCN50 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 R63 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 R63. A difference of ranking between plus or minus 10 was considered equivalent for 

http://apps.kew.org/dnabank/homepage.html
http://apps.kew.org/dnabank/homepage.html
http://www.phylo.org
http://www.iucnredlist.org
http://www.edgeofexistence.org
http://www.edgeofexistence.org
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the boxplot (following30). A figure displaying the gymnosperm dated tree together with EDGE values (inferred 
using the IUCN50 transformation) and IUCN Red List assessments was produced in R63,64. The GSA geological 
time scale was used to set boundaries between geological periods66,67.

To map gymnosperm diversity, data from the World Checklist of Selected Plant families17 (accessed 30 August 
2016) were matched to the Taxonomic Databases Working Group (TDWG) geographical scheme level 3 geog-
raphy68. Data was displayed and processed in ArcGIS 10.169, 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 
Brewer70. To evaluate if the mapped ranking follows what is expected by chance, we used Exact Binomial Test 
performed in R63 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 
MH069511-MH069638). The combined matrix and phylogenetic trees are available at https://treebase.org/
treebase-web/home.html (Submission 21792).

References
 1. Brummitt, N. A. et al. Green plants in the red: A baseline global assessment for the IUCN Sampled Red List Index for plants. PLOS 

ONE 10, https://doi.org/10.1371/journal.pone.0135152 (2015).
 2. RBG Kew. The State of the World’s Plant Report 2016. Royal Botanic Gardens, Kew (2016).
 3. Faith, D. P. Conservation evaluation and phylogenetic diversity. Biological Conservation 61, 1–10 (1992).
 4. Cadotte, M. W. & Davies, T. J. Rarest of the rare: advances in combining evolutionary distinctiveness and scarcity to inform 

conservation at biogeographical scales. Diversity and Distributions 16, 376–385, https://doi.org/10.1111/j.1472-4642.2010.00650.x 
(2010).

 5. Larsen, F. W., Turner, W. R. & Brooks, T. M. Conserving critical sites for biodiversity provides disproportionate benefits to people. 
PLOS ONE 7, e36971, https://doi.org/10.1371/journal.pone.0036971 (2012).

 6. Maclaurin, J. & Sterelny, K. What is biodiversity? (University of Chicago Press, Chicago, 2008).
 7. Forest, F. et al. Preserving the evolutionary potential of floras in biodiversity hotspots. Nature 445, 757–760 (2007).
 8. Gascon, C. et al. The importance and benefits of species. Current Biology 25, R431–R438, https://doi.org/10.1016/j.cub.2015.03.041 

(2015).
 9. Maier, D.S. Should biodiversity and nature have to earn their keep? What it really means to bring environmental goods into the 

marketplace. Ambio, https://doi.org/10.1007/s13280-017-0996-5 (2017).
 10. Isaac, N. J. B., Turvey, S. T., Collen, B., Waterman, C. & Baillie, J. E. M. Mammals on the EDGE: Conservation priorities based on 

threat and phylogeny. PLOS ONE 2, https://doi.org/10.1371/journal.pone.0000296 (2007).
 11. Collen, B. et al. Investing in evolutionary history: implementing a phylogenetic approach for mammal conservation. Philosophical 

Transactions of The Royal Society B-Biological Sciences 366, 2611–2622, https://doi.org/10.1098/rstb.2011.0109 (2011).
 12. Jetz, W. et al. Global distribution and conservation of evolutionary distinctness in birds. Current Biology 24, 919–930, https://doi.

org/10.1016/j.cub.2014.03.011 (2014).
 13. Huang, D. W. Threatened reef corals of the world. PLOS ONE 7, https://doi.org/10.1371/journal.pone.0034459 (2012).
 14. Isaac, N. J. B., Redding, D. W., Meredith, H. M. & Safi, K. Phylogenetically-informed priorities for amphibian conservation. Plos One 

7, https://doi.org/10.1371/journal.pone.0043912 (2012).
 15. Stein, R. W. et al. Global priorities for conserving the evolutionary history of sharks, rays and chimaeras. Nature Ecology & Evolution 

2, 288–298, https://doi.org/10.1038/s41559-017-0448-4 (2018).
 16. Yessoufou, K., Daru, B. H., Tafirei, R., Elansary, H. O. & Rampedi, I. Integrating biogeography, threat and evolutionary data to 

explore extinction crisis in the taxonomic group of cycads. Ecology and Evolution 7, 2735–2746, https://doi.org/10.1002/ece3.2660 
(2017).

 17. RBG Kew. World Checklist of Selected Plant Families, http://apps.kew.org/wcsp/ (2016).
 18. Mathews, S. Phylogenetic relationships among seed plants: persistent questions and the limits of molecular data. American Journal 

of Botany 96, 228–236, https://doi.org/10.3732/ajb.0800178 (2009).
 19. Ruhfel, B. R., Gitzendanner, M. A., Soltis, P. S., Soltis, D. E. & Burleigh, J. G. From algae to angiosperms-inferring the phylogeny of 

green plants (Viridiplantae) from 360 plastid genomes. BMC Evolutionary Biology 14, https://doi.org/10.1186/1471-2148-14-23 
(2014).

 20. Wickett, N. J. et al. Phylotranscriptomic analysis of the origin and early diversification of land plants. Proceedings of the National 
Academy of Sciences of the United States of America 111, E4859–E4868, https://doi.org/10.1073/pnas.1323926111 (2014).

 21. Wu, C. S., Chaw, S. M. & Huang, Y. Y. Chloroplast phylogenomics indicates that Ginkgo biloba is sister to cycads. Genome Biology 
and Evolution 5, 243–254, https://doi.org/10.1093/gbe/evt001 (2013).

 22. Xi, Z. X., Rest, J. S. & Davis, C. C. Phylogenomics and coalescent analyses resolve extant seed plant relationships. Plos One 8, https://
doi.org/10.1371/journal.pone.0080870 (2013).

 23. Crisp, M. D. & Cook, L. G. Cenozoic extinctions account for the low diversity of extant gymnosperms compared with angiosperms. 
New Phytologist 192, 997–1009, https://doi.org/10.1111/j.1469-8137.2011.03862.x (2011).

 24. Nagalingum, N. S. et al. Recent synchronous radiation of a living fossil. Science 334, 796–799, https://doi.org/10.1126/
science.1209926 (2011).

 25. Bond, W. J. The tortoise and the hare - Ecology of angiosperm dominance and gymnosperm persistence. Biological Journal of the 
Linnean Society 36, 227–249, https://doi.org/10.1111/j.1095-8312.1989.tb00492.x (1989).

 26. Coiffard, C., Gomez, B., Daviero-Gomez, V. & Dilcher, D. L. Rise to dominance of angiosperm pioneers in European Cretaceous 
environments. Proceedings of the National Academy of Sciences of the United States of America 109, 20955–20959, https://doi.
org/10.1073/pnas.1218633110 (2012).

 27. de Boer, H. J., Eppinga, M. B., Wassen, M. J. & Dekker, S. C. A critical transition in leaf evolution facilitated the Cretaceous 
angiosperm revolution. Nature Communications 3, https://doi.org/10.1038/ncomms2217 (2012).

 28. Friis, E. M., Crane, P. R. & Pedersen, K. R. Early flowers and angiosperm evolution. (Cambridge University Press, 2011).
 29. Fragniere, Y., Betrisey, S., Cardinaux, L., Stoffel, M. & Kozlowski, G. Fighting their last stand? A global analysis of the distribution 

and conservation status of gymnosperms. Journal of Biogeography 42, 809–820, https://doi.org/10.1111/jbi.12480 (2015).
 30. Mooers, A. O., Faith, D. P. & Maddison, W. P. Converting endangered species categories to probabilities of extinction for 

phylogenetic conservation prioritization. PLOS ONE 3, https://doi.org/10.1371/journal.pone.0003700 (2008).

https://treebase.org/treebase-web/home.html
https://treebase.org/treebase-web/home.html
http://dx.doi.org/10.1371/journal.pone.0135152
http://dx.doi.org/10.1111/j.1472-4642.2010.00650.x
http://dx.doi.org/10.1371/journal.pone.0036971
http://dx.doi.org/10.1016/j.cub.2015.03.041
http://dx.doi.org/10.1007/s13280-017-0996-5
http://dx.doi.org/10.1371/journal.pone.0000296
http://dx.doi.org/10.1098/rstb.2011.0109
http://dx.doi.org/10.1016/j.cub.2014.03.011
http://dx.doi.org/10.1016/j.cub.2014.03.011
http://dx.doi.org/10.1371/journal.pone.0034459
http://dx.doi.org/10.1371/journal.pone.0043912
http://dx.doi.org/10.1038/s41559-017-0448-4
http://dx.doi.org/10.1002/ece3.2660
http://apps.kew.org/wcsp/
http://dx.doi.org/10.3732/ajb.0800178
http://dx.doi.org/10.1186/1471-2148-14-23
http://dx.doi.org/10.1073/pnas.1323926111
http://dx.doi.org/10.1093/gbe/evt001
http://dx.doi.org/10.1371/journal.pone.0080870
http://dx.doi.org/10.1371/journal.pone.0080870
http://dx.doi.org/10.1111/j.1469-8137.2011.03862.x
http://dx.doi.org/10.1126/science.1209926
http://dx.doi.org/10.1126/science.1209926
http://dx.doi.org/10.1111/j.1095-8312.1989.tb00492.x
http://dx.doi.org/10.1073/pnas.1218633110
http://dx.doi.org/10.1073/pnas.1218633110
http://dx.doi.org/10.1038/ncomms2217
http://dx.doi.org/10.1111/jbi.12480
http://dx.doi.org/10.1371/journal.pone.0003700


www.nature.com/scientificreports/

1 0Scientific REPORTS |  (2018) 8:6053  | DOI:10.1038/s41598-018-24365-4

 31. Dettmann, M. E. & Clifford, H. T. In Australian and New Zealand Forest Histories. Araucarian Forests (ed. Dargavel, J.) p.1–9 
(Australian Forest History Society, 2005).

 32. Jones, W. G., Hill, K. D. & Allen, J. M. Wollemia nobilis, a new living Australian genus and species in the Araucariaceae. Telopea 6, 
173–176 (1995).

 33. Tang, C. Q. et al. Evidence for the persistence of wild Ginkgo biloba (Ginkgoaceae) populations in the Dalou mountains, 
Southwestern China. American Journal of Botany 99, 1408–1414, https://doi.org/10.3732/ajb.1200168 (2012).

 34. Herrera, F. et al. The presumed ginkgophyte Umaltolepis has seed-bearing structures resembling those of Peltaspermales and 
Umkomasiales. Proceedings of the National Academy of Sciences of the United States of America 114, E2385–E2391, https://doi.
org/10.1073/pnas.1621409114 (2017).

 35. Keppel, G., Naikatini, A., Rounds, I., Pressey, R. & Thomas, N. Local and expert knowledge improve conservation assessment of rare 
and iconic Fijian tree species. Pacific Conservation Biology 21, 214–219 (2015).

 36. Feild, T. S. & Brodribb, T. J. A unique mode of parasitism in the conifer coral tree Parasitaxus ustus (Podocarpaceae). Plant Cell and 
Environment 28, 1316–1325, https://doi.org/10.1111/j.1365-3040.2005.01378.x (2005).

 37. Bland, L. M., Collen, B., Orme, C. D. L. & Bielby, J. Predicting the conservation status of data-deficient species. Conservation Biology 
29, 250–259, https://doi.org/10.1111/cobi.12372 (2015).

 38. Jetz, W. & Freckleton, R. P. Towards a general framework for predicting threat status of data-deficient species from phylogenetic, 
spatial and environmental information. Philosophical Transactions of The Royal Society B-Biological Sciences 370, https://doi.
org/10.1098/rstb.2014.0016 (2015).

 39. Li, Y. M. & Wilcove, D. S. Threats to vertebrate species in China and the United States. Bioscience 55, 147–153 (2005).
 40. Faith, D. P. Threatened species and the potential loss of phylogenetic diversity: Conservation scenarios based on estimated extinction 

probabilities and phylogenetic risk analysis. Conservation Biology 22, 1461–1470, https://doi.org/10.1111/j.1523-1739.2008.01068.x 
(2008).

 41. Steel, M., Pourfaraj, V., Chaudhary, A. & Mooers, A. Evolutionary isolation and phylogenetic diversity loss under random extinction 
events. Journal of Theoretical Biology 438, 151–155, https://doi.org/10.1016/j.jtbi.2017.11.005 (2017).

 42. Chaudhary, A., Pourfaraj, V. & Mooers, A. O. Projecting global land use-driven evolutionary history loss. Diversity and Distributions 
24, 158–167 (2018).

 43. Witting, L. & Loeschcke, V. The optimization of biodiversity conservation. Biological Conservation 71, 205–207, https://doi.
org/10.1016/0006-3207(94)00041-n (1995).

 44. Hartmann, K. & Steel, M. Maximizing phylogenetic diversity in biodiversity conservation: greedy solutions to the Noah’s Ark 
problem. Systematic Biology 55, 644–651 (2006).

 45. Steel, M., Mimoto, A. & Mooers, A. O. Hedging one’s bets: quantifying a taxon’s expected contribution to future phylogenetic 
diversity. Evolutionary Bioinformatics Online 3, 237–244 (2007).

 46. May-Collado, L. J. & Agnarsson, I. Phylogenetic analysis of conservation priorities for aquatic mammals and their terrestrial 
relatives, with a comparison of methods. Plos One 6, e22562, https://doi.org/10.1371/journal.pone.0022562 (2011).

 47. Kuntner, M., May-Collado, L. J. & Agnarsson, I. Phylogeny and conservation priorities of afrotherian mammals (Afrotheria, 
Mammalia). Zoologica Scripta 40, 1–15 (2010).

 48. Nunes, L. A., Turvey, S. T. & Rosindell, J. The price of conserving avian phylogenetic diversity: A global prioritisation approach. 
Philosophical Transactions of the Royal Society B-Biological Sciences 370, https://doi.org/10.1098/rstb.2014.0004 (2015).

 49. Faith, D. P. The PD phylogenetic diversity framework: linking evolutionary history to feature diversity for biodiversity conservation. 
In Biodiversity conservation and phylogenetic systematics: preserving our evolutionary heritage in an extinction crisis (eds Pellens, R. 
& Grandcolas, P.) 39–56 (Springer, 2016).

 50. Carroll, S. P. et al. Applying evolutionary biology to address global challenges. Science 346, 313-+, https://doi.org/10.1126/
science.1245993 (2014).

 51. Forest, F., Crandall, K. A., Chase, M. W. & Faith, D. P. Phylogeny, extinction and conservation: embracing uncertainties in a time of 
urgency. Philosophical Transactions of the Royal Society B-Biological Sciences 370, https://doi.org/10.1098/rstb.2014.0002 (2015).

 52. Geeta, R. et al. Biodiversity only makes sense in the light of evolution. Journal of Biosciences 39, 333–337, https://doi.org/10.1007/
s12038-014-9427-y (2014).

 53. Hendry, A. P. et al. Evolutionary biology in biodiversity science, conservation, and policy: a call to action. Evolution 64, 1517–1528, 
https://doi.org/10.1111/j.1558-5646.2010.00947.x (2010).

 54. Freyman, W. A. SUMAC: Constructing phylogenetic supermatrices and assessing partially decisive taxon coverage. Evolutionary 
Bioinformatics 11, 263–266, https://doi.org/10.4137/ebo.s35384 (2015).

 55. Doyle, J. J. & Doyle, J. L. A rapid DNA isolation procedure for small quantities of fresh leaf tissue. Phytochemical Bulletin 19, 11–15 
(1987).

 56. Olmstead, R. G., Michaels, H. J., Scott, K. M. & Palmer, J. D. Monophyly of the Asteridae and the identification of their major 
lineages inferred from DNA sequences of rbcL. Annals of the Missouri Botanical Garden 79, 249–265, https://doi.
org/10.2307/2399768 (1992).

 57. Kearse, M. et al. Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of 
sequence data. Bioinformatics 28, 1647–1649, https://doi.org/10.1093/bioinformatics/bts199 (2012).

 58. Edgar, R. C. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Research 32, 1792–1797, 
https://doi.org/10.1093/nar/gkh340 (2004).

 59. Stamatakis, A. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 30, 
1312–1313, https://doi.org/10.1093/bioinformatics/btu033 (2014).

 60. Drummond, A. J. & Rambaut, A. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evolutionary Biology 7, 214 (2007).
 61. Smith, S. A. & O’Meara, B. C. Divergence time estimation using penalized likelihood for large phylogenies. Bioinformatics 28, 

2689–2690 (2012).
 62. Sanderson, M. J. Estimating absolute rates of molecular evolution and divergence times: A penalized likelihood approach. Molecular 

Biology and Evolution 19, 101–109 (2002).
 63. R: A language and environment for statistical computing v. 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria, 2016).
 64. Revell, L. J. phytools: An R package for phylogenetic comparative biology (and other things). Methods in Ecology and Evolution 3, 

217–223 (2012).
 65. Kembel, S. W. et al. Picante: R tools for integrating phylogenies and ecology. Bioinformatics 26, 1463–1464, https://doi.org/10.1093/

bioinformatics/btq166 (2010).
 66. Paradis, E., Claude, J. & Strimmer, K. APE: analyses of phylogenetics and evolution in R language. Bioinformatics 20, (289–290 

(2004).
 67. Gradstein, F., Ogg, L. & Smith, A. A Geological Time Scale (Cambridge University Press, Cambridge, 2004).
 68. Brummitt, R. K. World Geographical Scheme for Recording Plant Distributions. 2 edn, (Hunt Institute for Botanical Documentation, 

Carnegie-Mellon University, Pittsburgh, Penna. (for the International Working Group on Taxonomic Databases for Plant Sciences), 
2001).

 69. ArcGIS Desktop v. Release 10 (Environmental Systems Research Institute, Redlands, CA, 2012).
 70. Brewer, C. A. http://www.ColorBrewer.org (2016).

http://dx.doi.org/10.3732/ajb.1200168
http://dx.doi.org/10.1073/pnas.1621409114
http://dx.doi.org/10.1073/pnas.1621409114
http://dx.doi.org/10.1111/j.1365-3040.2005.01378.x
http://dx.doi.org/10.1111/cobi.12372
http://dx.doi.org/10.1098/rstb.2014.0016
http://dx.doi.org/10.1098/rstb.2014.0016
http://dx.doi.org/10.1111/j.1523-1739.2008.01068.x
http://dx.doi.org/10.1016/j.jtbi.2017.11.005
http://dx.doi.org/10.1016/0006-3207(94)00041-n
http://dx.doi.org/10.1016/0006-3207(94)00041-n
http://dx.doi.org/10.1371/journal.pone.0022562
http://dx.doi.org/10.1098/rstb.2014.0004
http://dx.doi.org/10.1126/science.1245993
http://dx.doi.org/10.1126/science.1245993
http://dx.doi.org/10.1098/rstb.2014.0002
http://dx.doi.org/10.1007/s12038-014-9427-y
http://dx.doi.org/10.1007/s12038-014-9427-y
http://dx.doi.org/10.1111/j.1558-5646.2010.00947.x
http://dx.doi.org/10.4137/ebo.s35384
http://dx.doi.org/10.2307/2399768
http://dx.doi.org/10.2307/2399768
http://dx.doi.org/10.1093/bioinformatics/bts199
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1093/bioinformatics/btu033
http://dx.doi.org/10.1093/bioinformatics/btq166
http://dx.doi.org/10.1093/bioinformatics/btq166
http://www.ColorBrewer.org


www.nature.com/scientificreports/

1 1Scientific REPORTS |  (2018) 8:6053  | DOI:10.1038/s41598-018-24365-4

Acknowledgements
This study was partly funded by the Charles Wolfson Charitable Trust. Support to S.M., S.I.B., A.L. and D.W.S. 
was provided by the US National Science Foundation (grants EF-0629890, EF-0629657, EF-0629508, and EF-
0629817, respectively). The EDGE programme is coordinated by the Zoological Society London (http://www.
edgeofexistence.org). We thank Jo Wenham and Ray Townsend for assistance with collecting specimens in the 
arboretum of Royal Botanic Gardens, Kew; Alex Bell, Sara Albuquerque, and Poppy Lakeman-Fraser for help 
with conservation assessments; and Nick Black for help with extracting data from the World Checklist of Selected 
Plant Families. Thanks also to Aljos Farjon and Mike Gilbert for discussions in the initial stages of this study.

Author Contributions
F.F., N.A.B. and S.B. designed study; F.F., E.B., S.P.B., J.M., and S.B. compiled data; F.F., S.B. and J.M. performed 
analyses; S.I.B., P.M.H., A.L., D.P.L., S.M., H.R., C.R., D.W.S., and P.T. provided material and/or sequences; F.F., 
J.M. and S.B. wrote the manuscript; all authors critically read and revised the manuscript, and approved the final 
submitted version.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-24365-4.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://www.edgeofexistence.org
http://www.edgeofexistence.org
http://dx.doi.org/10.1038/s41598-018-24365-4
http://creativecommons.org/licenses/by/4.0/

	Gymnosperms on the EDGE

	Results and Discussion

	Materials and Methods

	Data availability. 

	Acknowledgements

	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.
	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.
	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 geography68.
	Table 1 List of the top 20 EDGE species of Gymnosperms, with distribution, IUCN Red List assessments, evolutionary distinctiveness (ED) values (and associated rank), and evolutionary distinctive and global endangered (EDGE) scores (using IUCN50 transforma
	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 (u




