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Large conservation gains possible for global 
biodiversity facets
Laura J. Pollock1, Wilfried Thuiller1 & Walter Jetz2,3

Different facets of biodiversity other than species numbers are 
increasingly appreciated as critical for maintaining the function of 
ecosystems and their services to humans1,2. While new international 
policy and assessment processes such as the Intergovernmental 
Science-Policy Platform on Biodiversity and Ecosystem Services 
(IPBES) recognize the importance of an increasingly global, 
quantitative and comprehensive approach to biodiversity protection, 
most insights are still focused on a single facet of biodiversity—
species3. Here we broaden the focus and provide an evaluation 
of how much of the world’s species, functional and phylogenetic 
diversity of birds and mammals is currently protected and the 
scope for improvement. We show that the large existing gaps in the 
coverage for each facet of diversity could be remedied by a slight 
expansion of protected areas: an additional 5% of the land has 
the potential to more than triple the protected range of species or 
phylogenetic or functional units. Further, the same areas are often 
priorities for multiple diversity facets and for both taxa. However, 
we find that the choice of conservation strategy has a fundamental 
effect on outcomes. It is more difficult (that is, requires more land) 
to maximize basic representation of the global biodiversity pool 
than to maximize local diversity. Overall, species and phylogenetic 
priorities are more similar to each other than they are to functional 
priorities, and priorities for the different bird biodiversity facets are 
more similar than those of mammals. Our work shows that large 
gains in biodiversity protection are possible, while also highlighting 
the need to explicitly link desired conservation objectives and 
biodiversity metrics. We provide a framework and quantitative tools 
to advance these goals for multi-faceted biodiversity conservation.

Protected areas are pivotal to biodiversity conservation, and globally 
coordinated plans to expand protected areas could vastly increase the 
protection of species4,5. We know much less about how protected area 
expansion could benefit other facets of diversity, despite the potentially 
crucial role of these facets in representing biodiversity heritage under 
threat2,6,7 or ensuring locally stable and functioning ecosystems that 
provide services to humans1,8,9. Thanks to rapid growth in available 
data, two of the main biodiversity facets—phylogenetic and functional 
diversity—have enabled transformational insights into fundamental 
questions in ecology and biogeography10,11, but the looming question 
that has received far less attention is how best to protect this diversity. 
Ancestral relationships between species are crucial to conservation12, 
and methods for using phylogenetic diversity in conservation planning 
were developed more than 20 years ago2, but are still rarely considered 
in conservation efforts3. However, recent advances have enabled the 
use of phylogenetic diversity in more realistic conservation assessments 
with popular conservation planning software8,13–15, including the use 
of species distribution models as inputs14 and incremental range pro-
tection of phylogenetic diversity (rather than the earlier limitation that 
a single occurrence of a phylogenetic branch is considered sufficient 
protection)8,14. The use of functional diversity in conservation planning 
has typically been limited to broad vegetation or habitat types16, but 

rapidly expanding datasets of functional traits and the development 
of dendrogram-based functional diversity metrics17 now allow for 
functional diversity estimates across broad spatial scales18,19. Here, we 
combine emerging ideas from biodiversity science with spatial con-
servation planning approaches20 to establish priority areas for facets of 
bird and mammal diversity across the globe, to explore conservation 
objectives (Fig. 1), and to show how biodiversity metrics match to these 
objectives. Specifically, we ask: (1) how effective is the current protected 
area system in covering species, functional, and phylogenetic diversity 
of birds and mammals; (2) how much more diversity could be protected 
if protected areas were expanded; and (3) how do different conserva-
tion objectives, different facets of diversity, and different animal groups 
influence the efficiency and spatial overlap of alternative solutions?

Across all three facets (species diversity, phylogenetic diversity, and 
functional diversity), protected areas have significant gaps, as previ-
ously shown for species21,22 and phylogenetic diversity15,23. Around 
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Figure 1 | How conservation objectives influence priorities for the 
phylogenetic or functional trees of life. With site 1 protected, the full 
range of species 1 (sp1) and a small part of the range of species 3 (sp3) 
are ‘protected’. The protection of site 1 results in a different amount of the 
phylogeny originally considered to be protected (blue portions of branches 
on each phylogeny corresponding to the two objectives). If protection is 
expanded by only one additional site, the choice of site depends on the 
objective. To maximize global diversity, basic protection for all biodiversity 
units (that is, branches of different length in a dendrogram) is sought, and 
site 4 represents the greatest gain in phylogenetic or functional diversity 
(adding the yellow portion to the phylogeny on the right). By contrast, 
the maximize local diversity objective considers the composition within 
each local area alongside spatial range information for each phylogenetic/
functional branch, which selects the area that maximizes the spatial 
representation of the phylogenetic or functional diversity (site 2; see 
Methods for additional explanation). Here, branches are represented 
incrementally as the proportion of the spatial range of each branch that is 
protected (blue portions of phylogenetic branches are already protected, 
and grey portions represent additional portions protected by protecting 
site 2).
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26% of species (3,850 species) are not reliably included in protected 
areas (having no terrestrial breeding range in cells with at least 17% of 
their land area in qualifying protected areas; see Methods) and many 
more do not meet more stringent thresholds for protection (Extended 
Data Fig. 1). Much of the bird and mammal trees of life are missing 
from protected areas including 13% of the phylogeny (that is, the 
total branch length) for birds and 23% for mammals (black segments;  
Fig. 2). The functional trees of life (defined by a suite of traits linked to 
trophic interactions and resource acquisition24, including body mass, 
foraging height, activity time and diet) are faring slightly better (around 
12% missing from protected areas for both birds and mammals;  
Fig. 2). In addition, protected areas hold, on average, less than 10% of 
the spatial range (for example, the per cent of total spatial occurrences 
that are protected) of bird and mammal species, and less than 10% of 
the average spatial range (weighted by the branch length) of phyloge-
netic and functional branches (Figs 2 and 3). This current layout of 
protected areas is far from optimal, as nearly every single species or 
the entire phylogeny or all functional diversity could be protected with 
the same amount of land that is currently protected (dotted lines in 
Fig. 3a). While this scenario is undesirable as existing protected areas 
serve many important roles, protected area expansions are stipulated 
by Aichi Target 11 of the Convention on Biological Diversity to benefit 
biodiversity.

The current outlook for bird and mammal diversity could vastly 
improve by expanding protected areas, but priorities depend on the 
objective, specifically whether to retain ‘global’ or ‘local’ diversity 
worldwide (Fig. 1). The ‘maximize global diversity’ approach aims to 
prevent extinctions of any biodiversity units—species, phylogenetic 

or functional branch lengths—from the global pool with a particular 
focus on rare and under-represented diversity that would best broaden 
the range of diversity already protected. The ‘maximize local diversity’ 
approach also aims to protect rare and under-represented diversity, 
but with more emphasis on local assemblages (that is, it maximizes the 
biodiversity units that occur in a local grid cell scaled by the total spatial 
occurrences of each biodiversity unit). While the ‘local’ approach is 
more efficient, it can miss individual species or phylogenetic/functional 
branches of rare biodiversity in particular (Extended Data Figs 1 and 2). 
This influence of conservation objective on evaluating and designing 
protected areas is well-known for traditional species-based planning, 
with recent examples using either the global21,25 or local4 strategies. 
Here, in the first comparison for multi-facetted diversity, we show how 
these objectives can be tied to existing biodiversity metrics, how slight 
modifications of these metrics can be used to evaluate protected area 
expansions, and how the trade-offs between objectives are particularly 
severe for the conservation of different diversity facets.

Conservation planning for phylogenetic diversity typically adopts a 
form of the maximize global diversity objective2,8,14,23, which matches 
a set of motivations for conserving phylogenetic diversity, such as pre-
serving evolutionary heritage or protecting biomolecules, functions or 
‘features’ that might be crucial for future human generations26. Using 
the global objective, we find that an additional 5% of land area dedi-
cated to protection would capture > 99% of all bird and mammal bio-
diversity units as protected in at least one area, often more (Figs 2 and 3;  
Extended Data Fig. 3). This equates to protecting an additional 3,743 
species or an additional 18,000 million years of evolutionary history. 
Only around 35% of these priority areas are identical between pairs of 
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Figure 2 | Status of current protection 
and potential conservation gains for the 
phylogenetic and functional trees of life for 
birds and mammals. For each branch of each 
tree, protection is defined as the spatial range 
(per cent of the total branch occurrences) that 
is protected. Bar plots summarize the level 
of protection for all branches on a given tree 
by apportioning the total branch length into 
categories of protection. For example, if the 
black portion of the bar plot is 13%, this means 
that 13% of the total branch length of the 
phylogeny is < 1% protected. The highlighted 
percentages (dotted lines) indicate the average 
protection of individual branches (that is, 
the spatial distribution of each branch found 
in protected areas, weighted by the branch 
length).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



1  J U N E  2 0 1 7  |  V O L  5 4 6  |  N A T U R E  |  1 4 3

LETTER RESEARCH

biodiversity facets (Figs 3b and 4), highlighting the efficiencies possible 
by focusing on a specific biodiversity facet. For example, the highly 
restricted range of the threatened Giant Ibis (Thaumatibis gigantea) in 
southeast Asia could be fully protected with a protected area expansion  
based on phylogenetic diversity, whereas an approach focused on  
species diversity alone would leave its estimated 57 million years of 
evolutionary history in essence unprotected (see Extended Data Table 1  
for other bird and mammal examples). Further, the relative rates of 
biodiversity gain with land added into protection are steepest for func-
tional diversity and shallowest for species diversity (Fig. 3a), confirming 
that the same general principles of how biodiversity facets scale with 
area6,19,27 apply to protected area expansion scenarios.

Not all conservation goals are best achieved with a sole focus on the 
global biodiversity pool, including the major aim of having diverse and 
functional ecosystems that provide services to humans. Intact ecosys-
tems require local diversity, but are not necessarily impacted by the 
loss of an evolutionarily or functionally distinctive species from the 
global pool. The local approach considers cell diversity, spatial ranges 
and extinction risks based on those ranges. In other words, it prior-
itizes areas with diversity (similar to weighted species endemism28 or 
phylogenetic endemism29) not found and not protected elsewhere. 
This enables large biodiversity gains with much of the land required 
to achieve these gains being identical between facets. With a protected 
area expansion of 1% of land area, the amount of spatial range protected 
for species or phylogenetic or functional units could double (Fig. 3d), 
or it could even triple with a 5% expansion (from 9% to 38%; Fig. 3d). 
Further, over 80% of grid cells selected for a 5% expansion are priori-
ties for multiple diversity metrics (Fig. 3f), and this spatial congruence 
increases as more land is protected (Fig. 3b, e).

The maximize global diversity approach and its focus on the global 
biodiversity pool is supported by its frequent prior use for setting  
priorities for species and phylogenies, its solid backing in conservation 
values, and the suggestion that local and regional diversity might not 
necessarily be declining with global species losses30. However, the very 
efficient gains that can be made across facets with the local approach 
and its ties to ecosystem functioning31 suggest that there may be sub-
stantial practical conservation benefits to this approach. This warrants a 

discussion on exactly which benefits are desired, and which biodiversity 
facets, metrics, and targets are key to achieving them.

Although many priority regions are well-known biodiversity  
hotspots such as Central and northwestern South America, eastern 
Madagascar, and southeast Asia (see Extended Data Table 2 for the 
top 20 areas across all facets and objectives), using diversity hotspots 
to assign conservation priorities vastly under-represents what could 
be gained with conservation planning. For example, over 1,500 more 
bird species or 8,236 million years more evolutionary diversity could 
be represented in protection if a 5% protected area expansion is done 
with optimized spatial conservation algorithms rather than prioritizing 
the most diverse areas, and the differences are even starker for rare 
species. Only approximately 30% of rare species would be protected by 
selecting diverse areas compared with around 90% with a spatial prior-
itization (Extended Data Fig. 1). A purely local approach of selecting 
the most diverse areas (that is, biodiversity hotspots) is an inefficient 

R
an

ge
 o

cc
ur

re
nc

es
p

ro
te

ct
ed

 (%
)

M
at

ch
 (%

 la
nd

)

Expand PAs
(% land)

G
lo

b
al

 d
iv

er
si

ty
p

ro
te

ct
ed

 (%
)

M
at

ch
 (%

 la
nd

)

M
ax

im
iz

e 
gl

ob
al

 d
iv

er
si

ty
M

ax
im

iz
e 

lo
ca

l d
iv

er
si

ty

a

b

c

f

d

e

Species only
Phylogenetic only
Functional only
Two indices
All indices
Protected

70

80

90

100

Optimal
PAs

1
5

10

15

20

0

10

20

30

40

50

60

70

Optimal
PAs

1 5 10 15

1
5

10

15

20

Figure 3 | Priorities for expanding protected 
areas to conserve species, phylogenetic 
and functional trees of life for birds and 
mammals. a, d, Biodiversity is gained as land is 
transferred into protection (expressed as a per 
cent of the total land area). a–f, Biodiversity 
gain is measured as the per cent of global 
diversity protected (that is, the amount of 
species diversity, phylogenetic diversity, or 
functional diversity protected in at least one 
cell) for the global objective (a–c) or the 
per cent of the spatial range of occurrences 
protected for the local objective (d–f). Solid 
lines are gains from the actual layout of 
protected areas, and dotted lines indicate 
the hypothetical case that both the new and 
existing protected area network were designed 
for this objective. Graphs in b and e are the 
spatial match in priorities between facets for 
protected area expansion scenarios. The maps 
in c and f show the priority areas for each 
facet (or multiple facets) for a 5% expansion 
scenario. For additional results that compare 
birds and mammals, see Extended Data Fig. 3 
and https://mol.org/patterns/facets.
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conservation solution for global species biodiversity25, and here we 
show that this applies to phylogenetic and functional diversity also.

Beyond the choice of objective, there were some important differences 
in biodiversity facets. Functional priorities tend to diverge more than 
species and phylogenetic priorities, especially for mammals (Fig. 4).  
Rare mammal species in particular are very poorly represented with a 
functional-based prioritization (Extended Data Fig. 2). This discrep-
ancy was previously shown in terms of neither species nor phylo genetic 
diversity predicting body mass variation for mammals32, and here we 
find this applies more generally to multi-trait functional diversity. 
Given our results and the tendency for certain functional types (for 
example, large animals) to be threatened32, functional diversity should 
probably be considered directly in conservation rather than relying on 
proxies such as species diversity or phylogenetic diversity. However, 
outcomes based on functional priorities are more uncertain than those 
based on phylogenetic diversity (Extended Data Fig. 4) owing to the 
influence of the choice of traits used to estimate diversity (Extended 
Data Fig. 5). Taken together, functional diversity is an important and 
potentially divergent axis of diversity to consider in conservation, but 
the traits used in functional diversity should be carefully considered. 
Our results broadly agree with previous work showing species and phy-
logenetic priorities are similar22, yet there are many exceptions, such as 
two biodiversity hotspots (the Cape Floristic Region, South Africa and 
southwestern Western Australia), which are more important from a 
phylogenetic, rather than species or functional, perspective (Fig. 3c, f).

By linking multi-facetted biodiversity with spatial conservation  
science, we show that the potential exists for large conservation gains 
that benefit a rich array of biological diversity with subsequent effects 
on ecosystems and humans. Across conservation objectives, two major 
animal groups, three facets of biodiversity, and variations of phyloge-
nies, functional traits, and protected area definitions, a modest expan-
sion in protected areas would vastly improve representation of species, 
phylogenetic and functional diversity. Further, many of the consistently 
top priority areas coincide with high-risk areas for mammals33 and 
frequently occur in countries with low GDP, emphasizing the need for 
cross-national efforts to achieve Aichi Target 11 and to protect a robust 
array of diversity for the future.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
No statistical methods were used to predetermine sample size. The experiments 
were not randomized and the investigators were not blinded to allocation during 
experiments and outcome assessment.
Data. We used IUCN range maps for 4,787 terrestrial mammal species and the Jetz 
et al.34 range maps for 9,993 non-marine birds (breeding ranges only) (for details 
see http://mol.org). Ranges were converted to 110-km2 equal-area grid cells, which 
was previously validated as the finest justifiable for these data globally without 
incurring false presences which would impose a geographic and ecological bias on 
spatial prioritization solutions35,36. Mainland cells with > 70% water were excluded 
but oceanic island cells with smaller land areas retained. We used 100 randomly 
selected phylogenies from the posterior distribution of phylogenies in Jetz et al.7 for 
birds and the phylogeny of Bininda-Emonds et al.37 with updates38,39 for mammals. 
For simplicity, we present findings from a single bird and mammal phylogeny in 
the main text, and summarize results across all phylogenies in the Extended Data 
(Extended Data Figs 4–5). See Extended Data Table 3 for a full list of runs to assess 
uncertainty in phylogenetic, functional, and protected area definitions.

For functional prioritizations, we used species-level trait data for birds and 
mammals from Wilman et al.40 to construct a functional trait dendrogram. We 
standardized the trait variation between birds and mammals and mammal with 
four equally weighted trait categories for each species: body mass, diet, activity 
cycle and foraging height. We used the same methods as Keil et al.19, but we sub-
stituted categorical variables for ordinal variables for activity cycle and foraging 
height. We calculated pairwise species dissimilarity with a generalized form of 
Gower’s distance41, which accommodates various types of variables. We generated 
a dendrogram of all species in functional trait space using an UPGMA (unweighted 
pair group arithmetic mean), which is a hierarchical clustering method. To assess 
functional uncertainty in the results, we re-ran all analyses for birds and mam-
mals with versions of the functional dendrogram that removed one trait at a time 
(Extended Data Fig. 5).

We considered reserves with International Union for Conservation of Nature 
(IUCN) category I–IV from the World Database on Protected Areas (http://pro-
tectedplanet.net/; accessed January 2015) as having sufficient protection status that 
increases the likelihood that species are well-protected. We also repeated analyses  
with all IUCN categories included, and found that although the potential for diversity  
gain is less (but still substantial—area coverage is doubled and nearly all species, 
phylogenetic and functional diversity is represented with a 5% protected area 
expansion) with more area originally considered protected, priority areas largely 
remain the same (Extended Data Fig. 6). We calculated the amount of polygon area 
in each of our grid cells and considered a cell to be protected if at least 17% of its 
area was under qualifying protection. We present a 17% cut-off in the main text 
following the global 17% coverage target in the Convention on Biological Diversity 
Aichi Target 11, but we found results were robust to the choice of an alternative 
10% or 50% cut-off (Extended Data Fig. 6).
Spatial prioritization. Bird and mammal species distribution data, functional 
trait, and phylogenetic data were combined to produce input layers for the spatial 
prioritization. For the species-based prioritizations, the distribution of each species 
was represented as a raster layer of presences and absences across 110-km2 grid 
cells. For the phylogeny-based prioritizations, the occurrence of each branch of 
the phylogeny must be calculated14. A branch was considered present if any of its 
descendent species occurs in that cell. The same method was used to assign values 
to each branch of the trait dendrogram. The final input layers consist of one raster 
layer for each species, each phylogenetic branch and each functional branch.

We used Zonation version 4.0 for all spatial prioritizations42. Zonation ranks 
the landscape from high to low conservation based on complementarity and irre-
placeability. Starting with the entire landscape ‘protected’, the least valuable cells 
(that is, those that represent the least marginal loss of conservation value) are 
iteratively removed until all cells have been removed43. The biodiversity conser-
vation values for each cell depend on the biodiversity facet under consideration.  
For species, this value is the proportion of the total range of each species found 
in that cell (assuming species are weighted equally). For phylogenetic- and  
functional-based prioritizations, it is the proportion of the total range of each 
branch of the phylogeny/functional trait dendrogram found in that cell (weighted 
by the branch length).

Using these base conservation values, a marginal loss is calculated for each cell/
iteration, and it differs depending on the conservation objective. For the ‘maximize 
global diversity’ objective, we used core-area zonation (CAZ), and for ‘maximize 
local diversity’, we used additive benefit function (ABF). For CAZ, marginal loss 
is based on the species (or phylogenetic/functional branch) with the greatest 
conservation value, and the cell with the lowest conservation value is removed44. 
By contrast, in ABF, all species (or phylogenetic/functional branches) are con-
sidered in each cell. Marginal loss is determined by the sum of all biodiversity 

features in each cell. The shape of the biodiversity gain with area added curves 
resemble a species–area curve. Assuming a reverse species–area curve can provide  
estimates of species extinctions, ABF has been interpreted as minimizing aggregate 
rates of local extinction rates45. Using this reasoning, biodiversity loss is related to  
extinction risk by a power function with ez =  0.25 (ref. 45).

Broadly, these algorithms differ in that CAZ attempts to protect every species  
(or phylogenetic/functional branch), whereas ABF values diversity within cells 
(scaled by prevalence across the landscape). This results in ABF being more  
efficient in terms of protecting the greatest number of species or phylogenetic/
functional cell occurrences (or average spatial range sizes) across all species, but at 
the risk of sacrificing individual species, especially in places that do not also contain 
occurrences for many other species (that is, in species-poor areas)45.

Biodiversity units in Zonation need not be species. Phylogenies have been previ-
ously been included in spatial prioritizations by replacing species with phylogenetic 
branches that are weighted by the branch length8,13,14. For functional-based prioriti-
zations, we use the exact method as with phylogenies, but we replace the phylogeny  
with a trait dendrogram. All spatial prioritization settings are the same, with the 
exception that weights are used to scale each branch to match its evolutionary 
contributions. Although the general differences between CAZ and ABF algorithms 
are the same as prioritizations for species, here we show these algorithms tie to 
additional biodiversity metrics and contrasting conservation objectives.
Protecting global diversity. Here, the aim is to protect every species or every 
phylogenetic or functional branch unit. We evaluated the success of CAZ spatial 
prioritizations based the gain in protected global diversity (total species diversity, 
phylogenetic diversity, and functional diversity) with area added into protection. In 
the case of species, global diversity is the per cent of species minimally protected,

= ×
n
N

global species diversity protected (%) 100

where n is the number of species protected (in a minimum of one cell) and N is 
the total number of species in the global pool.

For phylogenetic runs, global diversity is the length of the branches of the  
phylogeny that connect all protected species (Faith’s phylogenetic diversity2) out 
of the total possible phylogenetic diversity,
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where b is branches of the phylogeny that are protected (in a minimum of one cell), 
B is the total number of branches, L is the length of branch i.

Global functional diversity is calculated exactly the same way as global phyloge-
netic diversity with the phylogeny being replaced with the functional dendrogram. 
In all cases, a species or branch is considered either fully protected (if a minimum 
of one cell of its distribution is protected) or fully unprotected (if no cells are 
protected). Here, we used the single occurrence threshold to match the original 
phylogenetic diversity prioritizations2, but any threshold in terms of area protected 
or per cent of a species range protected could be used. Note that the global metrics 
used here do not exactly match the prioritization algorithm as they are target-based 
and the algorithm does not specify a target for each species as described above. See 
Extended Data Figs 1, 2, 4–6 for additional results with metrics targeted at rare 
species or phylogenetic/functional units.
Protecting local diversity. By contrast, the local approach favours concentrations 
of local diversity over protecting the global pool of biodiversity features. For spe-
cies, areas are selected based upon local occurrences of species scaled by their 
total spatial occurrences. This results in a set of complementary areas that have 
concentrations of species diversity that is rarely found elsewhere. The biodiversity 
metric used to measure this range-restricted diversity in grid cells is weighted 
endemism28. Weighted endemism in a cell is the proportion of the distribution of 
a species that is found in a cell (summed across all species). Therefore, cells with 
high endemism scores hold many range-restricted species. Here, we extend this 
metric for use in evaluating and contrasting conservation scenarios by calculating 
how much of the spatial range of species occurrences (that is, weighted endemism) 
is protected out of the total possible:

∑= ×
θ
Θ
×

=N
range species occurrences protected (%) 1 100

i

N
i

i1

where N is the total number of species (that is, the global pool), θi is the number of 
protected cells where the species occurs, and Θ i is the total number of cells where 
the species occurs. When all land cells are considered protected, the entire distri-
bution of all species is protected and the per cent range of species occurrences and 
global species diversity are both 1.
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We extend this idea to the phylogenetic-based prioritizations with the aim of 
finding complementary areas that maximize the amount of the tree of life not 
found elsewhere. Here, the ABF algorithm favours the combination of branch 
lengths and their spatial occurrence, which results in maximizing average cell-level 
phylogenetic diversity scaled by the spatial extent of phylogenetic units. Similar to 
the species case, this can be thought of as maximizing the phylogenetic endemism29 
protected. Our evaluation metric is calculated as:
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where B is the number of branches on the phylogeny, L is the length of branch i, θi is 
the number of protected cells where the species occurs, and Θ i is the total number 
of cells where the species occurs. When all land cells are considered protected, all 
branches are fully represented and phylogenetic diversity (the sum of all branch 
lengths2) and the per cent range occurrences protected (the range-weighted sum 
of all branch lengths29) are equal and both 1.

In the case of functional diversity, the aim is to maximize the amount of the 
functional tree of life that is not currently well-represented in the protected area 
system. Unlike the ‘protect global diversity’ prioritizations, the outcome for prior-
itizations that ‘protect local diversity’ is very similar to ranking grid cells by local 
weighted endemism values (Extended Data Fig. 7).

We ran each combination of objective and diversity facet for two scenarios—an 
optimal allocation of current protected areas and an expansion of current pro-
tected areas (Extended Data Table 3). Protected areas are included in the spatial 
prioritization by sequential ranking, in which all cells outside of protected areas 
are ranked first, followed by those in protected areas. Additionally, we compared 
how well prioritizations based on each conservation objective captured each type 
of evaluation metric (Extended Data Figs 1, 2, 4, 5).

We compared the similarity of each set of runs by calculating the spatial overlap 
of the highest priority areas between each combination expressed as a per cent of 
the land area at each increment of protected area expansion. Finally, we calculated 
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the spatial range of each branch of the phylogeny and functional tree under current 
protection and the amount that could be protected with a 5% expansion for both 
objectives. All R code is available upon request. For additional visualizations also 
see https://mol.org/patterns/facets.
Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

https://mol.org/patterns/facets


LETTER RESEARCH

Extended Data Figure 1 | Which method is best for protecting diversity 
and how does the threshold for protection change the outcomes? 
Spatial conservation algorithms versus selecting the most diverse 
areas (diversity hotspots) for protection. a–c, Bird (a, c) and mammal 
(b) diversity. Bars show how much of each metric is currently protected 
(grey) compared to how much could be protected with a 5% expansion 
in protected areas (colours) and the total possible (white). Protected 
areas are expanded by selecting the most diverse 5% of cells (Expand-
Diversity) or spatial prioritizations that use the conservation principles 
of irreplaceability and complementarity. Priorities are shown for the 
maximizing global diversity (Expand-Global) and maximizing local 
diversity (Expand-Local) approaches. For the metrics that require a cell 

threshold, c shows how much diversity is protected for birds in each 
scenario if a more stringent threshold of three cells protected (instead 
of the single-cell threshold used in a, b) is used. Species/phylogenetic/
functional branches that occur in less than three cells are considered 
protected if all of their distribution is protected (for example, they occur 
in two cells and both are protected). Increasing the cell-based threshold 
substantially decreases the amount of diversity currently considered 
protected (77% of species protected for 1-cell versus 60% for 3-cell), but 
the rate of diversity increase with protected area expansion is steeper, 
meaning that this difference is partly made up for in a 5% expansion (90% 
of species could end up protected at the 3-cell threshold).
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Extended Data Figure 2 | The outcome of protected area expansion for 
species, phylogenetic and functional prioritizations for different sets of 
bird and mammal species. The percentage of the total range occurrences 
protected (that is, the average spatial range of species that is protected) 
are shown for each species set: all bird or mammal species; species with 
the greatest evolutionary distinctiveness (top 10%); the most functionally 

distinct species (top 10%); the rarest species (top 10% most rare); species 
that are evolutionarily distinct and rare; and functionally distinct and 
rare species. Outcomes with the maximizing local diversity objective are 
shown in a for the full species sets, and maximizing global diversity for 
rare species in b.
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Extended Data Figure 3 | Priorities for expanding protected areas to 
benefit the bird versus mammal phylogenetic and functional trees 
of life. a–l, Phylogenetic (a–f) and functional (g–l) trees of life are 
presented separately. a, d, g, j, Biodiversity gain is measured with per 
cent phylogenetic diversity (a, d) or per cent functional diversity (g, j) 
protected in at least one cell for the maximize global diversity objective, 
and per cent of the spatial range of occurrences protected (that is, the 
spatial representation of the functional or phylogenetic tree of life) for the 

maximize local diversity objective. Solid lines are gains from the actual 
layout of protected areas, and dotted lines indicate the hypothetical case 
that both the new and existing protected area network were designed for 
this objective. b, e, h, k, Graphs of the spatial match in priorities for birds 
versus mammals with protected area expansion scenarios. c, f, i, l, Maps 
showing the priority areas for each group (bird priority only, mammal 
priority only, birds and mammals priority) for a 5% expansion scenario.
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Extended Data Figure 4 | See next page for caption.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER RESEARCH

Extended Data Figure 4 | Uncertainty in species and phylogenetic 
priorities. a–d, Maximize global diversity (a, c) and maximise local 
diversity (b, d) strategies and their effect on different priorities for birds 
and mammals (across 100 phylogenies and 100 species replicates each). 
Graphs show the diversity that could be added into protection with an 
increase in land area protected for species (grey lines) and phylogenetic 
prioritizations (blue lines). ‘% Global PD Protected’ is the sum of 
phylogenetic branches (weighted by branch length) protected in at least 
one cell, and ‘% SD Prot’ is the number of species protected in at least one 
cell (both metrics expressed as a percentage of total possible diversity). 
Rare diversity is also considered. The ‘%Range Rare Species’ is the average 
spatial distribution that is protected for the rarest species (the rarest 10%) 

and the ‘% Range Rare Phylo’ is the average spatial distribution of the 
rarest phylogenetic branches (rarest 10%) that are protected (weighted by 
the branch length). For the local objective (b), the tree of life is represented 
spatially as the per cent of the spatial range of the phylogeny that is 
protected ‘% Range Phylo Protected’ and species are represented as the 
average per cent of the spatial range of species ‘% Range Species Protected’ 
that are protected. Maps (c, d) show the similarities and differences in the 
top priorities for species and phylogenetic diversity for birds and mammals 
separately. The top priority is defined as cells that were consistently in 
the top 5% priority for protected area expansion across all species or 
phylogenetic runs.
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Extended Data Figure 5 | Uncertainty in species and functional 
priorities for birds and mammals for the maximize global diversity 
strategy. a, Graphs show the diversity that could be added into protection 
with an increase in land in protection for species (grey lines) and 
functional prioritizations with all traits considered (dark blue lines). 
Light blue lines represent trait dendrograms constructed without one 
trait (activity time, diet, foraging height and body mass). The ‘% Global 
FD Protected’ is the sum of functional branches (weighted by branch 
length) protected in at least one cell, and ‘% Global SD Protected’ is the 
number of species protected in at least one cell (both metrics expressed 
as a % of total possible diversity). FD, functional diversity; SD, species 

diversity. Rare diversity is also considered. The ‘% Range Rare Species 
Prot.’ shows the average spatial distribution that is protected for the rarest 
species (the rarest 10%) and the ‘% Range Rare Funct. Prot.’ is the average 
spatial distribution of the rarest functional branches (rarest 10%) that 
are protected (weighted by the branch length). Maps show how priorities 
change (or remain the same) when all traits are used (b) and when body 
mass is removed from consideration (c). Note that trait sensitivity to 
choice of traits was much lower with the local objective than for the global 
objective, and that spatial priorities are nearly identical. Additional results 
and/or graphs are available from the authors upon request.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER RESEARCH

Extended Data Figure 6 | Uncertainty in definition of protected areas. 
a–c, Uncertainty in definitions for birds from all IUCN categories with 
a 17% area threshold (a) and IUCN categories I–IV with a 10% (b) and 
50% (c) threshold. Protected area thresholds are defined as those that 
have at least x% of the cell area in defined IUCN categories. Graphs show 
the diversity that could be added into protection with an extra 5% of the 
land area for species (blue) or phylogenies (green) and for ‘maximize local 
diversity’ or ‘maximize global diversity’ objectives. ‘% Global Diversity 
Protected’ is the sum of species or phylogenetic branches (weighted by 

branch length) protected in at least one cell (both metrics expressed as 
a percentage of total possible diversity). Rare diversity graphs show the 
average spatial distribution that is protected for the rarest 10% of species 
or the average spatial distribution of the rarest 10% of phylogenetic 
branches that are protected (weighted by the branch length). The  
‘% Range Protected’ is the average per cent of the spatial range of species or 
phylogenetic branches (weighted by the branch length) that is protected. 
Maps show the top priorities (that is, the top 5%) for bird species, 
phylogenetic diversity, and the match between the two.
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Extended Data Figure 7 | Maps of weighted endemism (species, 
phylogenetic, and functional) for birds and mammals and comparisons 
between rankings produced by selecting grid cells with the highest 
endemism values for each biodiversity facet. a, b, Weighted endemism 
maps for birds (a) and mammals (b) show the raw values of species 
weighted endemism, phylogenetic endemism and functional endemism. 

Maps of ranked endemism are calculated by selecting the top 5% of grid 
cells that have the highest weighted endemism values for each facet and 
that are not already protected. Colours indicate whether the grid cell is in 
the top 5% for one, two or all facets. For additional maps see https://mol.
org/patterns/facets.
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Extended Data Table 1 |  How expanding protected areas by 5% could increase protected area coverage for the 20 most evolutionary 
and functionally distinct, rarest (<20 total occurrences), and least protected bird and mammal species (<1% of their range meeting the 
threshold protected area coverage)

Species (birds in a; mammals in b) are ranked by a distinctiveness index (D), which is the mean of the evolutionary distinctiveness across 100 phylogenies (ED mean) and the functional distinctiveness 
(FD), both scaled to between 0 and 1. Species scientific and common names and IUCN Red List status and species ranges (Rg; total occurrences in grid cells) are also included. The proportion of the 
spatial range of each species that could be protected with different protected area expansion scenarios are listed for each run (species, phylogenetic and functional) for both objectives and the mean 
per cent protected across all runs. Species and phylogenetic runs are averaged across 100 replicates.
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Extended Data Table 2 | The top 20 grid cells that are the highest priorities for all facets, birds and mammals, and both  
conservation objectives

a, Priorities are the areas that would best benefit each facet of diversity with an expansion of protected areas by 5%. Grid cells are ranked by averaging the priority ranking across all individual runs 
(for example, bird phylogenetic priorities with a global objective or mammal functional priorities with a local objective). The overall averaged rank is ‘Priority All’, and averaged for mammal (‘Mammal 
Priority’) and bird runs (‘Bird Priority’). A variety of diversity metrics are listed for each pixel (SD, species diversity; PD, phylogenetic diversity; FD, functional diversity) and the country where the pixel 
is found. b, The location of these pixels in red and its rank. Note that while in this multi-run summary, neighbouring pixels may see similar ranks due to their similarity in species and protection, single 
runs would identify only one or the other in a high priority set.
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Extended Data Table 3 |  List of conservation prioritization runs presented in the main paper and sensitivity analyses shown in Extended Data

For the main text, analyses include birds and mammals considered separately or combined for each biodiversity facet (species, phylogenetic, and functional diversity), each conservation objective 
(maximizing global or local diversity), and for ‘Optimal’ scenarios (currently non-existent protected areas that are hypothetically ideally located) and hypothetical expansions of the existing protected 
area network (‘Prot.Areas’ column). Additional spatial prioritization runs were run to assess uncertainty in three key areas: (1) phylogenetic uncertainty; (2) functional uncertainty; and (3) uncertainty 
in defining protected areas according to IUCN categories (IUCN I to IV, or all IUCN categories) and thresholds for protection (17% or 50%). For phylogenetic uncertainty, spatial priority results were re-
run for 100 phylogenies for each of birds and mammals. Both species-based and phylogenetic-based prioritizations were run for each phylogenetic replicate (200 runs for each conservation strategy). 
We calculated how well both species-based and phylogenetic-based runs captured both species and phylogenetic diversity metrics.
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