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M Check for updates

Global commitments to protect 30% of land by 2030 present an opportunity to
combat the biodiversity crisis, but reducing extinction risk will depend on

where countries expand protection. Here, we explore a range of 30x30 con-
servation scenarios that vary what dimension of biodiversity is prioritized

(taxonomic groups,

species-at-risk, biodiversity facets) and how protection is

coordinated (transnational, national, or regional approaches) to test which
decisions influence our ability to capture biodiversity in spatial planning. Using
Canada as a model nation, we evaluate how well each scenario captures bio-
diversity using scalable indicators while accounting for climate change, data
bias, and uncertainty. We find that only 15% of all terrestrial vertebrates, plants,
and butterflies (representing only 6.6% of species-at-risk) are adequately
represented in existing protected land. However, a nationally coordinated
approach to 30x30 could protect 65% of all species representing 40% of all
species-at-risk. How protection is coordinated has the largest impact, with
regional approaches protecting up to 38% fewer species and 65% fewer spe-
cies-at-risk, while the choice of biodiversity incurs much smaller trade-offs.
These results demonstrate the potential of 30x30 while highlighting the cri-
tical importance of biodiversity-informed national strategies.

Protected areas are pivotal to biodiversity conservation’, but existing
networks are inadequate when it comes to safeguarding Earth’s bio-
diversity under climate change, lowering extinction rates, and pre-
venting the erosion of critical ecosystem services*>. Fortunately,
over 190 nations have committed to protecting 30% of their land by
2030 (30 x30), providing what could be humanity’s last chance to
prevent the catastrophic loss of global biodiversity by protecting land
that serves biodiversity today and into the future®’. But to facilitate
positive outcomes for nature, we need to take stock of what is already
protected, estimate what could be protected under 30 x 30, and
understand how different conservation priorities and strategies influ-
ence our ability to capture biodiversity in protected areas’.
Identifying land for protection is a long-standing challenge in
conservation®. Historically, protected areas were often founded to
protect landscapes, not biodiversity*. Where biodiversity has been
considered, protected areas usually target specific taxa like migratory

birds, species at-risk, or important lineages’'®. However, thanks to
recent leaps in biodiversity science and data availability, spatial plan-
ning can now consider a broad range of biodiversity"'. Biodiversity
indicators can be mapped for thousands of species and functional and
phylogenetic facets link taxa to functioning ecosystems, future option
values, and millions of years of evolutionary history™"*. But with the
proliferation of new ways of considering biodiversity, comes a critical
need to determine the trade-offs associated with protecting some
elements of biodiversity over others.

Similarly, how nations choose to coordinate the expansion of
protected areas can influence spatial priorities and biodiversity
outcomes™, Although full transnational coordination would optimally
protect biodiversity in the broadest sense', coordination at the national
scale, where federal governments organize protection within their
borders to fulfill their commitment to 30 x 30, is far more feasible. But
even within nations, conservation regularly happens at regional scales
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and spatial representation of protected areas (parochialism) across sub-
national political or ecological jurisdictions is a substantial requirement
for 30 x 30”. However, regional conservation initiatives can easily con-
trast with national or transnational priorities and surprisingly, the trade-
offs associated with coordinating protection at different spatial scales
remain largely unexplored, despite their central importance to the
success of targets like 30 x 30 for biodiversity” .

Here, we explore how different approaches to reaching 30 x 30
incur trade-offs and impact our ability to protect a broad range of
biodiversity. Using Canada, a nation with considerable conservation
potential®®* and a rapidly changing climate?, we quantify how well
existing protected areas capture biodiversity, how much could be
protected under 30 x 30, and test whether prioritizing different ele-
ments of biodiversity versus coordinating protection at different
spatial scales matters more for our ability to capture biodiversity in
spatial planning. Using Zonation 5%, we simulate 30 x 30 expansion
scenarios that each protect 30% of land but vary what element of
biodiversity is prioritized and how protection is coordinated spatially
(Fig. 1). Since effective spatial planning must incorporate climate
change’®, we prioritized “win-win” areas within species’ current ranges
that remain climatically viable into the future, thereby identifying cli-
mate refugia while also achieving species-level complementarity and
irreplaceability**. To evaluate scenarios, we calculated trade-offs as the
difference in potential protection between every scenario and the
optimal national scenario which best protects Canadian biodiversity,
both in terms of the number of species considered “protected” using a
Species Protection Index (SP1)* and the amount of biodiversity cap-
tured (weighted endemism)*. We find that how protection is coordi-
nated across spatial scales matters far more than what dimension of
biodiversity is prioritized when it comes to capturing biodiversity in
spatial planning and safeguarding species into the future under cli-
mate change. These findings confirm the critical need for national
strategies for reaching 30x30 and demonstrate the importance of
quantifying indicators and assessing trade-offs to facilitate
biodiversity-informed conservation planning.

Results

Poor existing protection enables large conservation gains
under 30 x 30

We find that existing protected areas, representing 15.4% of intact
terrestrial land (excluding areas of high human footprint and ceded
Indigenous land), do not effectively capture biodiversity and only
protect (based on SPI) 15.1% of all terrestrial vertebrates, plants, and
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Fig. 1| Conceptual workflow of methods. We used spatial prioritization to test
whether prioritizing different dimensions of biodiversity versus prioritizing at
different spatial scales matters more for 30x30 biodiversity outcomes. First, we
build species distribution models to project the current and future ranges of all
Canadian terrestrial vertebrates, plants, and butterflies. To incorporate climate
change, we down-weighted future projections to account for uncertainty and to
prioritize “win-win” areas of overlap between current and future ranges. Next, we

butterflies. Currently protected species represent only 6.6% of
nationally listed species at-risk and only 1% of amphibians and reptiles,
which amounts to just a single species (Lithobates sylvaticus). How-
ever, large conservation gains are possible if protected areas are
expanded to reach 30%. Since 30 x 30 is a national target and biodi-
versity indicators are often reported at national scales to track inter-
national progress, the optimal scenario for Canada is the national
scenario, which includes all terrestrial vertebrates (n=697), plants
(n=3378), and butterflies (n=190), prioritizes land at the national
scale, and balances protection across all species. Reaching 30x30
under this nationally coordinated strategy could quadruple the num-
ber of protected species to protect 65% of all taxa (Fig. 2a). This
increase in protection represents a 6-fold increase in the number of
protected species at-risk (protecting 40%) and a 54-fold increase in the
number of protected amphibians and reptiles (protecting 60%).

Relative to this optimal National scenario, alternative scenarios
that prioritize different elements of biodiversity (taxonomic groups,
species at-risk, or biodiversity facets) or that vary the scale at which
protection is coordinated, incur variable trade-offs (Supplementary
Data 1). Trade-offs were negligible for scenarios that prioritize
Amphibian & Reptile, Plant, Butterfly, Functional and Phylogenetic
diversity, and National Species at-Risk, meaning a similar number of
species were protected compared to the optimal national scenario.
Trade-offs were minimal for Mammal, and Global Species-at-Risk sce-
narios (1-5% fewer species protected relative to optimal) while prior-
itizing Birds or coordinating protection at Transnational scales incurs
moderate trade-offs (10.9% and 16.3% fewer species protected
respectively). Finally, scenarios that coordinate protection at regional
scales, by conducting independent prioritizations for Provinces &
Territories or Ecozones separately, incur the most severe trade-offs
(33.2% and 37.5% fewer species protected). High priority areas for all
scenarios are visualized in Fig. S1.

How protection is coordinated matters far more that what bio-
diversity is prioritized

Overall, the scale at which protection is coordinated had the largest
impact on the outcomes for biodiversity. Compared to the optimal
National scenario, prioritizing land independently within Provinces
and Territories protects 33.2% fewer species, which amounts to failing
to protect 192 vertebrates, 721 plants, and 20 butterflies, of which 72
are considered at risk nationally, and 11 are considered at risk globally.
The trade-off for prioritizing land independently within Ecozones is
even more extreme, protecting 37.5% fewer species than the optimal
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designed 30x30 expansion scenarios that vary what dimension of biodiversity (i.e.,
taxa, species at-risk, facets) is prioritized as well as how protection is coordinated
spatially. Finally, to evaluate spatial prioritization scenarios, we quantify both the
amount of biodiversity captured using weighted endemism as well as the number
of species protected based on a modified Species Protection Index (SPI), where a
species is considered protected when it reaches or exceeds its species-specific
conservation target.
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° Coordination impacts spatial priorities

0 Regional coordination incurs high trade-offs across all elements of biodiversity
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Fig. 2 | Changing the spatial scale at which protection is coordinated impacts
spatial priorities and biodiversity gains. a Spatial priorities for the optimal
National scenario as well as the Transnational, Provinces & Territories, and Ecozones
scenarios are highlighted in color based on their priority rank. b These shifting
spatial priorities incurred high trade-offs across all elements of biodiversity. Trade-
offs represent the loss of potential protection from the optimal national scenario.
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Trade-offs are calculated as the percentage difference between the amount of
protection achieved by the alternative scenario and the amount of protection
possible under the National scenario. For example, if the National scenario protects
80 species but the alternative scenario only protects 40 species, then the trade-off
is =50% since the alternative scenario protects half as many species.

national scenario, which amounts to failing to protect over 1000 taxa.
These decentralized regional approaches to reaching 30 x30 are
especially detrimental for the protection of amphibians, reptiles, and
species at-risk (Fig. 2b), groups that are already neglected by existing
protected land. For example, existing protected areas only protect 31
nationally listed species at-risk, only a single amphibian, and zero
reptiles. And while nationally prioritizing land enables considerable
conservation gains for these groups (protecting an additional 98
species at-risk and 53 amphibians and reptiles), regional approaches
only protect a handful of additional taxa (21-26 additional species at-
risk and only 8-11 additional amphibians and reptiles for Ecozones and
Provinces & Territories priorities respectively).

Although national coordination enables the protection of Cana-
dian biodiversity at large, it relies on highly uneven regional commit-
ment, calling into question feasibility (Fig. 3). Specifically, most
maritime Provinces (Nova Scotia, New Brunswick, and Prince Edward
Islands), British Columbia, and the Yukon Territory in the Arctic, as well
as coastal ecozones and those along Canada’s southern border, con-
tain a considerable amount of Canadian biodiversity and thus high
priority land. As such, capturing Canada’s biodiversity in protected
areas will rely on coordination and cooperation across regions, with
some jurisdictions protecting vastly more land than others. Interest-
ingly, while regional priorities and spatial representation make cap-
turing biodiversity significantly harder, transnational priorities
(prioritizing species endemic to Canada) incur smaller trade-offs,
suggesting that at least in Canada, national priorities can efficiently
contribute to global goals and vice versa.

Variation in spatial priorities across scenarios
Across all scenarios, spatial priorities varied greatly, resulting in only a
small fraction (2.7%) of consistently prioritized land (Fig. 4a). These

areas, robust to different conservation priorities, contain ~13% of total
biodiversity (based on weighted endemism) and ~23% of at-risk bio-
diversity, making them ideal candidates for protection. A surprisingly
high portion of land (34.1%) was prioritized in only some scenarios,
suggesting much of Canada’s land conservation value is sensitive to
shifting conservation priorities. This is due to the spatial mismatch
between scenarios that prioritized different elements of biodiversity
and scenarios that shifted the scale at which protection is coordinated,
which is driven almost entirely by the regional scenarios that prioritize
land independently across Provinces and Territories or Ecozones.

In general, prioritizing transnational and phylogenetic diversity
best reflects the optimal National scenario (Fig. 4b), again supporting
the idea that prioritizing biodiversity at national scales can serve global
goals. To further explore similarities between scenarios, we visualized
them in non-metric multidimensional space (NMDS), where Ecozone,
Province & Territory, and Amphibian & Reptile scenarios were least
similar to the National scenario (Fig. 5a). The axis that maximized
variation in NMDS highlights the spatial differences between coordi-
nating protection nationally versus transnational or regional approa-
ches (Supplementary Fig. 2). To dig deeper into the spatial
discrepancies between different priority scenarios, we directly com-
pared scenarios that prioritize different taxonomic groups to those
that vary the scale of coordination (Fig. 5b). This analysis revealed that
the spatial dissimilarity between the two groups is largely driven by
amphibian and reptile and regional priorities. However, unlike regional
scenarios, where prioritizing land independently across Provinces and
Territories or Ecozones results in severe reductions in our ability to
safeguard biodiversity, prioritizing amphibians and reptiles incurs
negligible trade-offs. Overall, uncoordinated regional protection hin-
ders our ability to protect both biodiversity at-large as well as different
elements of taxonomic, phylogenetic, and functional diversity
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(Supplementary Data 1), indicating that coordinating protection across
regions is far more important for the protection of biodiversity at-large
than accounting for all taxonomic groups, species-at-risk, and biodi-
versity facets in the spatial planning process.

Discussion

The recently adopted Kunming-Montreal Global Biodiversity Frame-
work codifies the commitment of over 190 countries to protecting 30%
of their terrestrial land by the year 2030". And while protecting Earth’s
biodiversity is a global necessity and ultimately relies on uneven
transnational cooperation®, individual countries are responsible for
reaching 30 x 30 within their territories and must make rapid strides to
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Fig. 3 | Unbalanced regional responsibilities for protecting national biodi-
versity. National coordination optimally protects Canadian biodiversity at large
but relies on highly uneven regional commitment across Provinces and Territories
(a) and Ecozones (b). Provinces and Territories and Ecozones are colored based on
the portion of land included in the national 30 x 30 high priorities.
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Fig. 4 | Variation in spatial priorities across scenarios. a Areas important for
single or multiple priorities. Cells are colored based on their representation in the
top 30% of cells across scenarios (All = present in all 13 scenarios, Most = present in
at least seven scenarios, Some = present in less than 7, No = present in no scenar-
ios). Bars represent the corresponding percent of land area, percent of total

do soin less than a decade. Our results show that the success of 30 x 30
for biodiversity will likely depend on how individual countries coor-
dinate protection strategies and identify spatial priorities. Assuming
each country meets the target of 30% protected land, we find that a
nationally coordinated strategy can both optimize the protection of
each country’s flora and fauna while also efficiently contributing to the
protection of global biodiversity. On the other hand, uncoordinated
regional approaches to reaching 30 x 30 could drastically limit the
ability of individual nations to protect their biodiversity. In contrast,
prioritizing different elements of biodiversity such as specific taxa,
facets, or species at-risk only slightly impacted conservation gains,
indicating that how nations choose to coordinate protection is vastly
more important when it comes to protecting biodiversity at large,
rather than accounting for all elements of biodiversity in spatial
planning,.

While reaching 30 x 30 will fundamentally depend on countless
regional and local conservation initiatives, outcomes for biodiversity
depend on how efficiently these initiatives contribute to the protection
of biodiversity at large”. Our results show that nationally coordinated
strategies can enable large conservation gains and efficiently serve
global goals, while also benefiting regional conservation projects by
providing broader context for local decisions, identifying opportu-
nities for synergies (i.e., transboundary protected areas), assessing
trade-offs, and facilitating progress tracking and reporting across
scales”. These results align with past work that identifies stark differ-
ences in spatial priorities across scales as well as the benefits of
broader scale approaches to coordinating the expansion of protected
areas''°. For many nations, the absence of a national strategy for
30 x 30 likely means significant reductions in our ability to safeguard
biodiversity at large and especially species at-risk, amphibians, and
reptiles. These species, largely neglected by existing protected areas,
are particularly sensitive to further habitat loss, fragmentation, and
climate change®?’ and as such, representation in future protected
areas may be critical for their persistence. Compared to transnational
coordination, which would also benefit these taxa and optimally pro-
tect Earth’s biodiversity in the broadest sense'*, national strategies are
considerably more feasible, since coordinating within a nation is far
easier than coordinating between them. This is especially true for areas
of the world with contrasting economic, political, and socio-cultural
conditions where nations are unlikely to collaborate on transboundary
initiatives".
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based on weighted endemism with each grouping of scenarios. b Correlations of
the spatial overlap of each scenario where scenario pairs are colored based on the
strength of Pearson correlation. For all cases, Pearson correlation tests produced
significant p values (<0.05).
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Fig. 5 | Regional scenarios identify unique and dissimilar spatial priorities.
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dimensional space (k=2, stress =0.09) and b spatial overlap. In both panels, sce-
narios are represented by symbols indicating what was prioritized or how
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protection was coordinated. Colors represent land present in both taxa (i.e., Birds,
Mammals, etc.) and coordination (i.e., National, Global, etc.) scenarios, only taxa,
only coordination, or no scenarios. NMDS axes are visualized in Supplemen-

tary Fig. 2.

Alongside large conservation gains, national strategies for 30 x 30
can also facilitate spatial planning for climate resilience. Increasingly,
evidence suggests that biodiversity in protected areas, despite being
safeguarded from land use change, is still threatened by climate
change®. This is especially true in northern regions like Canada, where
climates are warming at multiple times the global average?. Unfortu-
nately, recent work shows that over 50% of Earth’s terrestrial protected
areas are unlikely to adequately protect biodiversity into the future
under climate change®. As such, incorporating climate forecasts into
spatial planning for expanding protected areas to reach targets like
30 x 30 is a necessity. By prioritizing “win-win” areas which represent
land that is climatically suitable today and into the future under cli-
mate change?®, national strategies can plan for predicted widespread
climate change, while remaining robust to uncertainty in future cli-
mate models. Spatial planning for changing climates and shifting
species distributions at national scales also enables cross-jurisdictional
synergies like connectivity corridors or assisted migration programs
and facilitates transnational cooperation to plan for transboundary
range shifts®. Interestingly, our results contrast with past studies
identifying important climate refugia in Canada®>*, likely reflecting
their focus on climatic stability of the land or predesignated refugia
compared to our approach of climate resiliency at the individual spe-
cies level. The high priority areas we identify depend on both ende-
mism and climate resilience, thereby retaining complementarity and
irreplaceability—core principles of systematic conservation planning,.

Our findings suggest that national strategies for reaching 30 x 30
may hold the key to safeguarding nature into the future, but effective
spatial planning relies on broadscale biodiversity modeling that over-
comes existing data biases. While our ability to estimate the spatial
distribution of biodiversity has greatly benefitted from recent increa-
ses in the accessibility and amount of species occurrence data*, heavy
data biases persist. Incomplete inventories and limited occurrence
data can make modeling the distributions of rare, cryptic, or hard to
observe species difficult, while spatial biases can distort model pre-
dictions leading to erroneous or misleading spatial projections®.
Although increased sampling and cataloging of additional species
observations can help alleviate these biases, rapid conservation action
is necessary to prevent biodiversity loss and spatial planning cannot
wait for these biases to be corrected at the observation level. Instead, it
is up to researchers to develop workflows that overcome data limita-
tions. Here, we demonstrate how spatial biases can be remedied to
enable spatial planning even in nations with extremely biased data

landscapes such as Canada. We also show that even at fine resolutions
spatial priorities and conservation outcomes are relatively insensitive
to including or excluding different elements of biodiversity, suggest-
ing that modeling all species or facets is not a prerequisite to effective
spatial planning. Taken together, our findings suggest that by lever-
aging advances in biodiversity modeling and spatial planning, we can
overcome existing data biases to design biodiversity-informed con-
servation strategies to combat current and future biodiversity loss.
Although the workflow demonstrated in this study can be applied
to any nation to facilitate 30 x 30 planning, we chose to focus on just a
single country. And while Canada comprises a land area comparable to
Europe, contains 24% of our planet’s remaining “intact” ecosystems’®,
and has a critical role to play in the conservation of global
biodiversity”, more work is needed to evaluate whether our findings
hold true for other nations. Canada’s highly uneven distribution of
biodiversity combined with a low portion of existing protected land
may exacerbate the conservation gains possible under a nationally
coordinated approach. Therefore, it is possible that nations with
shallower biodiversity gradients and higher portions of existing pro-
tected land would not suffer the severe trade-offs we observed under
regionally coordinated expansion scenarios. Nonetheless, our work
demonstrates the power and importance of designing and evaluating
different 30 x30 scenarios at the national level to identify which
choices and decisions significantly impact outcomes for nature.
Additionally, while we choose to evaluate scenarios using SPI*, our
spatial prioritizations were not designed to optimize SPI but instead
prioritized land based on endemism, complementarity, and balancing
the protection of rare species against capturing the full range of bio-
diversity across the landscape. Future work to understand which
indicators are sensitive to varying approaches to spatial planning
would greatly benefit international targets like 30 x 30 by providing a
robust indicator framework for nations to track and report progress®.
While we address a broad range of biodiversity (species, clades,
and multiple diversity facets), our prioritizations do not directly
prioritize ecosystem services, connectivity, or equitable governance
which are central to 30 x 30, nor do they account for the ability of
habitat restoration projects to enhance biodiversity protection. Recent
work is beginning to include these considerations**' and explore the
links between biodiversity facets and ecosystem services*’. For exam-
ple, phylogenetic and functional diversity, which is included in our
analysis, can capture ecosystem services not typically represented in
commonly used ecosystem service layers***, Nonetheless, more work
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is needed to identify how spatial priorities for biodiversity contrast
with other 30 x 30 priorities and design creative solutions that achieve
positive outcomes for both nature and people.

Finally, Canada’s path to reaching 30 x 30 and the establishment
of new protected lands should advance Indigenous rights and title.
Past work has demonstrated novel ways of designing protected areas
that capture biodiversity and other 30 x30 priorities and achieve
equitable and just conservation outcomes through Indigenous con-
sent, participation, and leadership®. This framework highlights both
the need for and advantages of Indigenous Protected and Conserved
Areas when it comes to meeting Canada’s conservation and reconci-
liation goals. In the context of this work, these results fill an important
gap in our understanding of how biodiversity is distributed across
Canada and how the expansion of protected areas can maximize
positive outcomes for nature—enabling decision makers to better
consider biodiversity alongside other priorities when it comes to
establishing new protected areas in Canada to reach 30 x 30.

In sum, our results confirm the importance of having biodiversity-
informed national strategies for 30 x 30. Spatial planning that incor-
porates climate change, overcomes bias in biodiversity data, and
accounts for uncertainty is both feasible and necessary**. Scalable
biodiversity indicators are essential for understanding the trade-offs
associated with different conservation priorities - including which
species, functions, and lineages might be left unprotected®®. In line
with recent work demonstrating the need for national biodiversity
monitoring”®, we find that nationally coordinated approaches to
reaching 30 x 30 will not only most effectively protect each country’s
flora and fauna but can also efficiently contribute to global targets. On
the other hand, nationally uncoordinated regional initiatives can limit
the ability of area-based conservation to protect biodiversity at large*®.
Nonetheless, strong arguments can be made for conservation at local
scales*, and our findings do not invalidate the potential of such
initiatives. Instead, we emphasize the importance of quantifying indi-
cators, assessing trade-offs, and the urgent need for coordinated
national strategies for reaching 30 x 30. The extent to which we can
coordinate, cooperate, and share knowledge across scales and borders
may well determine the success of international targets like 30 x 30
and consequently, the future of biodiversity on Earth.

Methods

Species lists and biodiversity data collection

Distribution data for all species was downloaded from the Global
Biodiversity Informatics Facility*®. We first curated species lists for
each group. For plants, we used the database of vascular plants in
Canada including only native species*’. For butterflies, we downloaded
from GBIF all observations recorded in Canada with an accuracy <5 km
collected between 1990 and 2021 and combined this dataset with all
observations available for the same time period in the eButterfly
community science platform (www.e-butterfly.com). For terrestrial
vertebrates, we first extracted all data from GBIF with a single locality
recorded in Canada, then refined the list manually by examining each
species removing non-native, extinct, and domestic species. We cre-
ated an index using the “taxize” in package R*° and manual refinement
using a wide range of sources to crosscheck species names between
the GBIF backbone taxonomy, IUCN range maps, traits, and phyloge-
netic data. We then extracted all occurrence points with a geographic
location (excluding those with an unidentifiable geographic datum or
location details). Due to the starkly different sampling intensities of
some groups, we balanced having enough samples with the increased
precision of geographic locations in more recent years. This meant
that, for birds, we extracted data from 1990 to present and for all other
groups, we extracted data from 1970 to present. We further filtered the
bird occurrences to capture breeding ranges only (rather than the
entire migratory range which often extends well outside of Canada).
The occurrence data for birds were further filtered to include the

average start and end date of the breeding season (June to July), esti-
mated for a random subset of 25% of species. For species whose data
was limited by a lack of associated dates, we included all occurrence
points but filtered by IUCN breeding polygons®.

To further clean data points unlikely to represent the native dis-
tribution, we removed any points in core urban areas (i.e., areas
designated ‘urban or built-up’ in the land-use/land cover data descri-
bed below), which often included clusters of data points in zoos/
sanctuaries. Then, we manually went through each vertebrate species
to remove additional points outside of the known range of the species.
To do this, we visually compared points to the IUCN range polygons,
information about the specific species from guidebooks or online, and
expert knowledge. In some cases, true outlying populations were
outside of the range maps, and those populations were retained. For
the species flagged as having outlier points, we then used an auto-
mated approach for removing outliers for flagged species by removing
any points with an average distance to the nearest three other occur-
rence points of a certain distance in kms (distances established for
each group of species independently). We used an average of three
rather than one is that some outliers outside the native distribution
were recorded multiple times spanning more than one grid cell. Fol-
lowing outlier removal, occurrence data was then gridded for a 1-km?
grid on a Lambert Conformal Conic projection to match the climate
data. Once gridded, data was thinned to only a single observation per
grid cell, which left us with a list of grid cells in which each species had
been observed, which was used as input into our models. All data were
extracted from GBIF the week of 25 May 2021.

Climate and edaphic explanatory variables
We used the following set of climatic variables that were biologically
meaningful and had low correlation: mean annual precipitation (mm),
chilling degree days (Degree days below 0 °C), precipitation as snow
(mm), Hargreave’s climatic moisture index and warming degree days
above 18 °C. We used both current and future (2080 under RCP8.5)
climate models from AdaptWest*. Current climate data is based on
PRISM and WorldClim and spans 1991-2020. Future climate projec-
tions were downscaled from the Coupled Model Intercomparison
Project Phase 6 based on an ensemble projection from 13 climate
models and Representative Concentration Pathway 8.5 (RCP 8.5). RCP
8.5 is considered business-as-usual without climate change mitigation,
which can produce the most extreme climate change projections.
However, most discrepancy in SDM comes from the type of SDM
rather than the GCP or RCP except for common species in no dispersal
scenarios®. We are also discounting the future and truncating the
distance that species can move in future projections (see below), so we
felt this evidence justifies the ensemble GCM and RCP 8.5 scenario.
We also used topographic wetness index (calculated based on the
1-km digital elevation model using package “dynatopmodel” in R**),
topographic ruggedness index (from Adaptwest), and an aggregated
land cover layer based on MODIS land cover data and reprojected to
our grid and reclassified to: unvegetated, hardwood forests, evergreen
forest, mixed forests, shrubs, and grasslands®. For plants, we addi-
tionally used three variables to represent soil properties (topsoil silt
fraction, subsoil pH, and topsoil organic C content) from the Unified
North American Soil Map®® (0.25 degree resolution) that were pro-
jected to match the 1-km? climate raster.

Species distribution models

We used a set of species distribution models that performed well in
preliminary tests (variable importance, realistic response curves, visual
checks of realistic mapped predictions, and ability to handle interac-
tions between categorical and continuous variables) for a variety of
different organisms. All organisms had strongly biased GBIF sampling
with southern latitudes being much better sampled. We addressed this
sampling bias by (1) gridding and thinning occurrence data so that a

Nature Communications | (2023)14:7113


http://www.e-butterfly.com

Article

https://doi.org/10.1038/s41467-023-42737-x

species is either present in the grid cell or not (based on a single
occurrence for all non-bird species and two occurrences for birds) and
(2) accounting for this bias in different ways when fitting models.
Furthermore, we randomly selected presences for wide ranging spe-
cies to limit the effect of spatial autocorrelation.

We fitted models with two separate algorithms (Boosted Regres-
sion Trees; BRT, and Maximum Entropy; MaxEnt), which typically have
strong predictive power”*°. We used two bias correction methods. For
BRTs, we fitted models with all environmental predictors plus sample
effort (all GBIF observations of plants and vertebrates within a 30-km?
surrounding area) and Human Footprint Index (HFI). Then, we set the
sample effort to its maximum value for prediction. MaxEnt uses a
target background approach to account for bias®. All presences were
used in the model unless they exceeded 5000, in which case 5000
presences were randomly drawn along with 10,000 absences. While
this means there is a presence: absence imbalance for rare species, it
was necessary to fully cover the environmental space as we were
projecting each species across the study area. Importantly, we are not
comparing across species (e.g., calculating richness), Zonation 5 (and
the weighted endemism metric more generally) scales all species
individually. Therefore, the magnitude of the habitat suitability of one
species does not need to be compared to the others. Species with
fewer than ten presences were excluded, as were species whose
models did not fully converge. Models were fitted using the “dismo”
package in R® on data from all of the continental United States and
Canada to avoid environmental truncation and predicted to a 5-km?
grid after initial checks to verify that predicted ranges were very similar
between resolutions. BRTs were fit using the following settings:
family = bernoulli, tree complexity = 4, learning rate = 0.001, bag frac-
tion = 0.6. MaxEnts were fit using only hinge features to avoid over-
fitting with the following settings: args=c(“-P”,“noautofeature”,
“nolinear”, “noquadratic”, “nothreshold”, “noproduct”).

Model validation is a major challenge when true absences are
lacking and particularly when we know that input data is strongly
biased along the environmental gradients from which we are fitting the
model. Our main concern was accounting for this discrepancy, so we
validated models based on a set of three comparison extents: Canada-
wide, colder regions (defined as 80% of the land with the largest
Chilling degree days) and warmer regions (the top 20% with the
smallest Chilling degree days). We calculated area under the receiver
operator characteristic curve and area under the precision-recall
curve. We did not calculate metrics that require a single threshold, as
we used the numeric values directly in Zonation. Summarized valida-
tion scores are available in Supplementary Table 1.

Model projections

We predicted to both present and 2080 (under RCP8.5) climatic con-
ditions at 5-km? resolution for all of Canada. We acknowledge that by
using only a single ensemble GCM we are minimizing some differences
between GCMs for later time periods®?, however, our use of down-
weighed future projections makes their contribution to spatial prior-
itization limited to mainly helping define “win-win” areas of climate
stability and so using different/multiple GCMs would likely not change
the surprisingly stable high spatial priority regions in Canada. Model
projections were then downscaled to 1-km? resolution to match the
other input layers for Zonation. Instead of using four inputs per species
(BRT current, Maxent current, BRT future, and Maxent future) we
averaged BRT and Maxent models to make a single current and a single
future projection using the following weighting scheme: BRT=0.7,
Maxent = 0.3. These weights were chosen based on our ability to
incorporate stronger bias correction into the BRTs and because
ensemble models generally have the strongest predictive power®.
Because bias correction and climate change forecasts can lead to
unrealistic long-distance shifts in species in species distributions, we
restricted vertebrate distributions to a maximum of 500 km beyond

their IUCN range polygon. For species that did not have IUCN polygons
we created polygons by roughly tracing expert estimated range maps
found online through either NatureServe (https://www.natureserve.
org/) or governmental websites or by tracing around the boundaries of
GBIF observations if no range map could be found. We hand validated
all current SDM projections for all vertebrates, 10% of plants, and as
many butterflies as possible by comparing SDM range maps against
expert range maps from field guides and a variety of online sources
such as NatureServe. Where necessary we also consulted experts to
determine the validity of model predictions to ensure accuracy.

Accounting for climate change and uncertainty

Including future species distributions can enable spatial planning to
incorporate climate change, but also introduces various sources of
uncertainty. To overcome this, we used a weighting scheme to prior-
itize “win-win” areas in Zonation illustrated in Fig. 1>, This approach
assigns the highest weights to cells present in both current and future
distributions, since these are the areas for which uncertainty in species
presence (today and into the future) is the lowest. The cells with the
lowest weights are those in only the future distribution since the
potential of species to occupy those cells is highly uncertain. This
approach allows us to identify areas within species current ranges that
are most likely to act as climate refugia, while retaining the principles
of irreplaceability and complementarity central to systemic spatial
planning.

Mask layers for Zonation

Along with the biodiversity inputs, Zonation requires a few other lay-
ers. To include existing protected areas and insure those are prior-
itized first, we used a hierarchical mask layer. We identified existing
protected areas using the Canadian Protected and Conserved Areas
Database”. Polygons were rasterized and projected to the 1-km? cli-
mate grid, and cells with at least 43% of their area within protected
areas were considered protected. We chose to include other effective
conservation measures (OECMS) since Canada counts OECMs towards
international targets. The 43% threshold was set so that the total
number of protected cells would be roughly the same portion as the
total amount of protected land (13.5% when including areas of high
human footprint and ceded Indigenous land).

Zonation also accepts a base mask layer that delineates the study
area. We wanted to focus our analysis on land in Canada that could
feasibly house future protected areas. As such, we excluded areas of
high human footprint (representing urban, agricultural, industrial, or
other high disturbance areas). We identified areas of high human
impact using the recently published Canadian cumulative Human
Footprint Index* reprojected to 1-km?. Following their approach, we
considered any cell with an HFI value above 10 to represent an area of
“high human footprint”, representing roughly 5.7% of Canada, and
excluded it from our analysis. The remaining cells represent largely
intact “ecosystems” and thus good candidates for protection. Because
Canada is largely situated on unceded Indigenous land, we chose to
acknowledge what Indigenous land has been ceded by excluding it
from our analysis, since Indigenous land has been shown to contain
levels of biodiversity similar to what is observed in protected areas®*,
and the government has no jurisdiction to establish new protected
areas on Indigenous land. To identify Indigenous land, we used the
Aboriginal Lands of Canada Legislative Boundaries Database®, raster-
ized to 1-km? resolution. We used the same threshold (43%) to identify
“Indigenous” cells, representing roughly 6% of Canada.

Expansion scenarios design

To assess how different conservation priorities impact our ability to
protect biodiversity, we designed 13 conservation scenarios. The
national scenario, which represents the optimal scenario for Canada,
prioritizes all species simultaneously, weighted equally across

Nature Communications | (2023)14:7113


https://www.natureserve.org/
https://www.natureserve.org/

Article

https://doi.org/10.1038/s41467-023-42737-x

kingdoms (so that vertebrate, plant, and butterfly diversity each
receive the same total weight). To assess how the inclusion or exclu-
sion of specific taxa impacts spatial priorities, we prioritized birds,
mammals, amphibians & reptiles, plants, and butterflies separately. We
also designed two scenarios to prioritize species-at-risk. We used two
species at-risk assessments, the Committee on the Status of Endan-
gered Wildlife in Canada (COSEWIC) assessment and IUCN’s Red List,
which correspond to national and global assessments. Since, at a
national scale, countries are more likely to use their own assessments,
we reported the COSEWIC results as the main species at-risk results in
the text. For these scenarios, we only included species listed as
threatened, endangered, or special concern in the case of COSEWIC
and vulnerable, endangered, and critically endangered for IUCN.

To assess conservation scenarios that prioritize functional and
phylogenetic biodiversity facets, we weighed species according to
their functional or phylogenetic distinctiveness. To calculate func-
tional distinctiveness, we used hypervolume contribution scores,
where we built a single hypervolume for vertebrates, plants, and but-
terflies separately, and calculated the contribution of each species.
Contributions were then standardized so the sum of all contributions
equaled 1 for vertebrates, plants, and butterflies separately, thus
weighing each kingdom evenly during Zonation. To build hypervo-
lumes, we used two principal coordinates from a distance matrix cal-
culated from normalized functional traits®® in the ‘BAT’ package for R*’.
For vertebrates, we used diet, body mass, litter clutch size, generation
length, lifespan, wintering strategy, and age at sexual maturity. Ver-
tebrate functional trait data was sourced from various databases,
including the Amniote database®®, AmphiBIO database®®, PanTHERIA
database’. For plants, we used seed mass, height, specific leaf area,
lifespan, nitrogen fixation capacity, growth form, photosynthetic
pathway, dispersal syndrome, reproductive timing, leaf compundness,
and woodiness, all downloaded from the TRY database’. For butter-
flies we used expertly estimated mobility, wingspan, range size, and
larval host plant breadth’> combined with the recently compiled Lep-
Traits database”. To fill gaps in the trait data, we imputed missing
values using phylogenetic vector regressions (PVRs) in the “PVR”
package for R™* calculated from phylogenetic trees to aid random
forest imputation in the “MissForest” package for R™. To calculate
phylogenetic distinctiveness, we used existing phylogenetic trees for
vertebrates” ", plants®®, and butterflies’. After pruning trees to only
include Canadian species, we calculated distinctiveness using the
“evol_distinct” command in the “phyloregion” package for R®.

To assess how spatial scale of coordination impacts spatial prio-
rities, we used three scenarios. The Transnational scenario prioritizes
global biodiversity by weighing species in Zonation based on their
Canadian (weighted) endemism (i.e., the portion of their North
American range found in Canada). The Provinces & Territories scenario
protects an equal portion of each province and territory, so protected
areas are spread evenly across the political landscape. The Ecozones
scenario protects an even portion of each ecozone, achieving even
spatial representation from an ecological point of view. Both Provinces
& Territories and Ecozones scenarios represent regional scale priorities.
All scenarios use the same Zonation 5 settings outlined in the following
paragraph.

Spatial prioritization

To prioritize land in each conservation scenario, we used Zonation 5
with CAZ2 marginal loss, which balances priorities across species and
is new in Zonation 5. We chose to exclude areas of high human
footprint and Indigenous land from our analysis, as these represent
areas where the establishment of new protected land is unlikely (i.e.,
due to high costs or low availability) or not appropriate. As such,
although Canada has protected 13.5% of its terrestrial land, that
represents 15.4% of land included in our analysis. We used a hier-
archical mask layer in Zonation which allows for the initial

prioritization of existing protected land, before prioritizing remaining
cells, allowing for complementarity in spatial planning. For Provinces &
Territories and Ecozones scenarios, we used subregions, where a full
prioritization was performed for each subregion separately, and the
prioritizations were stitched together in one final raster, representing
all of Canada. This allowed each subregion to prioritize the species and
endemism specific to that subregion alone, accounting for already
protected land, and enabling complementarity. The output of Zona-
tion runs is a final raster for all unmasked cells, ranked according to
their priority.

Reaching 30 x 30 targets

From these rank maps, we simulated 30 x 30 by selecting the top 30%
of cells in each scenario, including already protected areas. While all
rank maps are available in the supplementary information (Supple-
mentary Fig. 1), we chose to only include the national prioritization as
well as the scale of coordination scenarios in the main text (Fig. 2a)

Biodiversity trade-offs

To assess the biodiversity trade-offs associated with different con-
servation priorities, we used a modified SPI to measure the percentage
of taxa considered adequately protected”. SPI works by setting
species-specific protection targets, based on how common or rare a
species is across the landscape. Since we used probabilistic species
distributions, we consider a species range to be the sum of prob-
abilities in all cells across a landscape. The top 10% most common
species, with large ranges, require at least 10% of their range inside
protected areas to be considered adequately protected. The top 10%
rarest species, with small ranges, require 100% of their range inside
protected areas to be considered adequately protected. For the 80% of
species between these thresholds, we used a log-linear model to set
species-specific goals. Species that met or surpassed their conserva-
tion goals were considered “protected”, while species that did not
meet their goals were left “unprotected” by conservation scenarios.

We calculated biodiversity trade-offs as the relative difference
between the percentage of species considered “protected” under the
National prioritization scenario and the number of species considered
“protected” under other scenarios. For example, if the national prior-
itization protected 10 species, and a different conservation priority
scenario only protected five species, the biodiversity trade-off would
be (5/10)*100=50%. Or in other words, the different conservation
priority protects 50% of the biodiversity compared to the optimum
national prioritization. We calculated biodiversity trade-offs for all
biodiversity (all species) as well as for birds, mammals, amphibians &
reptiles, plants, butterflies, COSEWIC species at-risk, and IUCN species
at-risk separately. In addition, we also quantified functional and phy-
logenetic biodiversity trade-offs by calculating the total functional and
phylogenetic contributions of “protected” species as a percentage of
total Canadian functional and phylogenetic diversity (the sum of all
species contributions).

We also calculated trade-offs using weighted endemism which
represents the “percentage” of biodiversity in protected cells. Because
SPI and weighted endemism trade-offs were highly correlated, we
chose to report SPI in the main text (Fig. 2b) and include both in the
supplementary information (Supplementary Data 1).

Spatial commitments

To highlight the uneven challenge posed when prioritizing biodi-
versity, we calculated the total amount of each Province & Territory
and Ecozone in the top 30% of the national prioritization sce-
nario (Fig. 3).

Comparing priority scenarios
To compare scenarios, we used multiple methods. First, we visualized
overlap between 30x30 expansion scenarios by highlighting cells in
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the top 30% of all scenarios, most scenarios (i.e., seven or more), some
scenarios (i.e., six or fewer), and no scenarios (Fig. 4a). Then we cal-
culated the pairwise Pearson correlations for all scenarios and visua-
lized them using a heatmap (Fig. 4b). Strong correlations represent
spatially similar prioritization scenarios, whereas weaker correlations
represent spatially divergent scenarios. To compare scenarios further,
we use nonmetric multidimensional scaling in the ‘vegan’ package
for R%, treating each prioritization as a site, and each cell as a
species (Fig. 5a). NMDS revealed two distinct spatial axes of variation
between all scenarios, achieving a low stress value of 0.09. Finally, to
highlight the spatial differences between clade and political scenarios,
we once again visualized overlap, this time quantifying which specific
scenarios were driving the spatial dissimilarity between the two
groups (Fig. 5b).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The range polygon data, as well as the functional, phylogenetic, and
transnational weights, all scenario rank maps, and generated in this
study have been deposited in the FigShare database under accession
code https://figshare.com/s/0551e56687bal19¢7bb8.

Code availability
The code used to make the figures are available in the following
repository: https://figshare.com/s/0551e56687bal19c7bb8.

References

1. Carroll, C. & Noss, R. F. How percentage-protected targets can
support positive biodiversity outcomes. Conserv. Biol. 36,
e13869 (2022).

2.  Maxwell, S. L. et al. Area-based conservation in the twenty-first
century. Nature 586, 217-227 (2020).

3. Dobrowski, S. Z. et al. Protected-area targets could be undermined
by climate change-driven shifts in ecoregions and biomes. Com-
mun. Earth Environ. 2, 198 (2021).

4. Jenkins, C. N., Van Houtan, K. S., Pimm, S. L. & Sexton, J. O. US
protected lands mismatch biodiversity priorities. Proc. Natl Acad.
Sci. USA 112, 5081-5086 (2015).

5. Jenkins, C.N., Pimm, S. L. & Joppa, L. N. Global patterns of terrestrial
vertebrate diversity and conservation. Proc. Natl Acad. Sci. USA 110,
E2602-10 (2013).

6. IPBES. Summary for policymakers of the global assessment report
on biodiversity and ecosystem services. https://zenodo.org/record/
3553579 (2019) https://doi.org/10.5281/ZENODO.3553579.

7. United Nations Convention on Biological Diversity. In Proc.
Kunming-Montreal Global Biodiversity Framework. (2022).

8. Naughton-Treves, L., Holland, M. B. & Brandon, K. The role of pro-
tected areas in conserving biodiversity and sustaining local liveli-
hoods. Annu. Rev. Environ. Resour. 30, 219-252 (2005).

9. Clancy, N. G. et al. Protecting endangered species in the USA
requires both public and private land conservation. Sci. Rep. 10,
11925 (2020).

10. IUCN. A global standard for the identification of Key Biodiversity
Areas: version 1.0. https://portals.iucn.org/library/node/

46259 (2016).

1. Whittaker, R. J. et al. Conservation Biogeography: assessment and
prospect. Diversity Distrib. 11, 3-23 (2005).

12. Hortal, J. et al. Seven Shortfalls that Beset Large-Scale Knowledge
of Biodiversity. Annu. Rev. Ecol. Evol. Syst. 46, 523-549 (2015).

13. Jetz, W. et al. Essential biodiversity variables for mapping and
monitoring species populations. Nat. Ecol. Evol. 3, 539-551 (2019).

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Pollock, L. J., Thuiller, W. & Jetz, W. Large conservation gains pos-
sible for global biodiversity facets. Nature 546, 141-144 (2017).
Zhu, L. et al. Regional scalable priorities for national biodiversity and
carbon conservation planning in Asia. Sci. Adv. 7, eabe4261 (2021).
Montesino Pouzols, F. et al. Global protected area expansion is
compromised by projected land-use and parochialism. Nature 516,
383-386 (2014).

Mason, N., Ward, M., Watson, J. E. M., Venter, O. & Runting, R. K.
Global opportunities and challenges for transboundary conserva-
tion. Nat. Ecol. Evol. 4, 694-701 (2020).

Dinerstein, E. et al. An Ecoregion-Based Approach to Protecting Half
the Terrestrial Realm. BioScience 67, 534-545 (2017).

Rinnan, D. S., Sica, Y., Ranipeta, A., Wilshire, J. & Jetz, W. Multi-scale
planning helps resolve global conservation needs with regional
priorities. http://biorxiv.org/lookup/doi/10.1101/2020.02.05.
936047 (2020) https://doi.org/10.1101/2020.02.05.936047.
Hirsh-Pearson, K., Johnson, C. J., Schuster, R., Wheate, R. D. &
Venter, O. Canada’s human footprint reveals large intact areas
juxtaposed against areas under immense anthropogenic pressure.
FACETS 7, 398-419 (2022).

Environment and Climate Change Canada (ECCC). Canadian pro-
tected and conserved areas database. (2021).

Rantanen, M. et al. The Arctic has warmed four times faster than the
globe since 1980. https://www.researchsquare.com/article/rs-
654081/v1 (2021) https://doi.org/10.21203/rs.3.rs-654081/v1.
Moilanen, A. et al. Novel methods for spatial prioritization with
applications in conservation, land use planning, and ecological
impact avoidance. Methods Ecol. Evol. 13, 1062-1072 (2022).
Kujala, H., Moilanen, A., Araujo, M. B. & Cabeza, M. Conservation
planning with uncertain climate change projections. PLoS ONE 8,
e53315 (2013).

Thuiller, W. et al. Conserving the functional and phylogenetic trees
of life of European tetrapods. Philos. Trans. R. Soc. B 370,
20140005 (2015).

Crisp, M. D., Laffan, S., Linder, H. P. & Monro, A. Endemism in the
Australian flora: endemism in the Australian flora. J. Biogeogr. 28,
183-198 (2001).

Chaplin-Kramer, R. et al. Conservation needs to integrate knowl-
edge across scales. Nat. Ecol. Evol. 6, 118-119 (2021).

Venter, O. et al. Threats to endangered species in Canada.
BioScience 56, 903 (2006).

Wake, D. B. & Vredenburg, V. T. Are we in the midst of the sixth mass
extinction? A view from the world of amphibians. Proc. Natl Acad.
Sci. USA 105, 11466-11473 (2008).

Parks, S. A., Holsinger, L. M., Abatzoglou, J. T, Littlefield, C. E. &
Zeller, K. A. Protected areas not likely to serve as steppingstones for
species undergoing climate-induced range shifts. Global Change
Biology gcb.16629 (2023) https://doi.org/10.1111/gcb.16629.

Titley, M. A., Butchart, S. H. M., Jones, V. R., Whittingham, M. J. &
Willis, S. G. Global inequities and political borders challenge nature
conservation under climate change. Proc. Natl. Acad. Sci. USA 118,
2011204118 (2021).

Saunders, S. P. et al. Integrating climate-change refugia into 30 by
30 conservation planning in North America. Frontiers in Ecol &
Environ fee.2592 (2023) https://doi.org/10.1002/fee.2592.
Stralberg, D., Carroll, C. & Nielsen, S. E. Toward a climate-informed
North American protected areas network: Incorporating climate-
change refugia and corridors in conservation planning. Conserv.
Lett.13, €12712 (2020).

Gaiji, S. et al. Content assessment of the primary biodiversity data
published through GBIF network: status, challenges, and poten-
tials. Biodiv. Inf. 8, 94-172 (2013).

Beck, J., Boller, M., Erhardt, A. & Schwanghart, W. Spatial bias in the
GBIF database and its effect on modeling species’ geographic
distributions. Ecol. Inform. 19, 10-15 (2014).

Nature Communications | (2023)14:7113


https://figshare.com/s/0551e56687ba119c7bb8
https://figshare.com/s/0551e56687ba119c7bb8
https://zenodo.org/record/3553579
https://zenodo.org/record/3553579
https://doi.org/10.5281/ZENODO.3553579
https://portals.iucn.org/library/node/46259
https://portals.iucn.org/library/node/46259
http://biorxiv.org/lookup/doi/10.1101/2020.02.05.936047
http://biorxiv.org/lookup/doi/10.1101/2020.02.05.936047
https://doi.org/10.1101/2020.02.05.936047
https://www.researchsquare.com/article/rs-654081/v1
https://www.researchsquare.com/article/rs-654081/v1
https://doi.org/10.21203/rs.3.rs-654081/v1
https://doi.org/10.1111/gcb.16629
https://doi.org/10.1002/fee.2592

Article

https://doi.org/10.1038/s41467-023-42737-x

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Allan, J. R., Venter, O. & Watson, J. E. M. Temporally inter-
comparable maps of terrestrial wilderness and the last of the wild.
Sci. Data 4, 170187 (2017).

Lamb, C. T., Festa-Bianchet, M. & Boyce, M. S. Invest long term in
Canada'’s wilderness. Science 359, 1002-1002 (2018).

Jetz, W. et al. Include biodiversity representation indicators in area-
based conservation targets. Nat. Ecol. Evol. 6, 123-126 (2022).
WWE-Canada. Beyond targets: A pathway for protected areas to help
meet biodiversity and climate goals in an ethical and rights-driven
way. https://wwf.ca/wp-content/uploads/2022/09/WWF_
BeyondTargets_LongReport_EN.pdf (2022).

Currie, J. et al. Prioritizing ecological restoration of converted lands
in Canada by spatially integrating organic carbon storage and bio-
diversity benefits. Conserv. Sci. Pr. 5, 12924 (2023).

Coristine, L. E. et al. Informing Canada’s commitment to biodiversity
conservation: a science-based framework to help guide protected
areas designation through Target 1 and beyond. 3, 531-562 (2018)
https://doi.org/10.1139/facets-2017-0102.

O’Connor, L. M. J. et al. Balancing conservation priorities for nature
and for people in Europe. Science 372, 856-860 (2021).

Gumbs, R. et al. The EDGE2 protocol: advancing the prioritization of
evolutionarily distinct and globally endangered species for prac-
tical conservation action. PLoS Biol. 21, 3001991 (2023).

Gumbs, R. et al. Indicators to monitor the status of the tree of life.
Conserv. Biol. €14138. https://doi.org/10.1111/cobi.14138 (2023).
Valdez, J. W. et al. The undetectability of global biodiversity trends
using local species richness. Ecography https://doi.org/10.1111/
ecog.06604 (2023).

Schuster, R. et al. Protected area planning to conserve biodiversity
in an uncertain future. Conservation Biology 37, €14048 (2023).
Wyborn, C. & Evans, M. C. Conservation needs to break free from
global priority mapping. Nat. Ecol. Evol. 5, 1322-1324 (2021).

GBIF. Global Biodiversity Information Facility. https://www.gbif.org/
citation-guidelines#occDataDownload (2022).

Brouillet, L. et al. Database of vascular plants of Canada (VASCAN).
Online. (2010).

Chamberlain, S. & Szbcs, “taxize - taxonomic search and retrieval in
R.” FIOOOResearch. https://f1000research.com/articles/2-191/

v2 (2013).

IUCN. The IUCN Red List of Threatened Species. Version 2022-2.
https://www.iucnredlist.org. Accessed on [16/09/2022]. (2022)
AdaptWest Project. Gridded current and projected climate data for
North America at Tkm resolution, generated using the ClimateNA
v7.01 software (T. Wang et al., 2021). Available at adaptwest.data-
basin.org. (2021).

Thuiller, W., Guéguen, M., Renaud, J., Karger, D. N. & Zimmermann,
N. E. Uncertainty in ensembles of global biodiversity scenarios. Nat.
Commun. 10, 1446 (2019).

Metcalfe, P., Beven, K. & Freer, J. Dynamic TOPMODEL: a new
implementation in R and its sensitivity to time and space steps.
Environ. Model. Softw. 72, 155-172 (2015).

Friedl, M. A. et al. MODIS Collection 5 global land cover: algorithm
refinements and characterization of new datasets. Remote Sens.
Environ. 114, 168-182 (2010).

Liu, S. et al. The Unified North American Soil Map and its implication
on the soil organic carbon stock in North America. Biogeosciences
10, 2915-2930 (2013).

Elith, J. et al. Novel methods improve prediction of species dis-
tributions from occurrence data. Ecography 29, 129-151 (2006).
Eskildsen, A. et al. Testing species distribution models across space
and time: high latitude butterflies and recent warming: testing
SDMs across space and time. Glob. Ecol. Biogeogr. 22,

1293-1303 (2013).

Elith, J., Leathwick, J. R. & Hastie, T. A working guide to boosted
regression trees. J. Anim. Ecol. 77, 802-813 (2008).

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Phillips, S. J., Anderson, R. P. & Schapire, R. E. Maximum entropy
modeling of species geographic distributions. Ecol. Model. 190,
231-259 (2006).

Hijmans, R. J. et al. “Package ‘dismo’.” Circles 9.1. 1-68 (2017).
Buisson, L., Thuiller, W., Casajus, N., Lek, S. & Grenouillet, G.
Uncertainty in ensemble forecasting of species distribution. Glob.
Change Biol. 16, 1145-1157 (2010).

Valavi, R., Guillera-Arroita, G., Lahoz-Monfort, J. J. & Elith, J. Pre-
dictive performance of presence-only species distribution models:
a benchmark study with reproducible code. Ecol. Monogr. 92,
e01486 (2022).

Schuster, R., Germain, R. R., Bennett, J. R., Reo, N. J. & Arcese, P.
Vertebrate biodiversity on indigenous-managed lands in Australia,
Brazil, and Canada equals that in protected areas. Environ. Sci.
Policy 101, 1-6 (2019).

Natural Resources Canada (NRCAN). Aboriginal Lands of Canada
Legislative Boundaries. https://open.canada.ca/data/en/dataset/
522b07b9-78e2-4819-b736-ad9208eb1067 (2022).

Mammola, S. & Cardoso, P. Functional diversity metrics using ker-
nel density n-dimensional hypervolumes. Methods Ecol. Evol. 11,
986-995 (2020).

Cardoso, P., Rigal, F. & Carvalho, J. C. BAT-Biodiversity Assessment
Tools, an R package for the measurement and estimation of alpha
and beta taxon, phylogenetic and functional diversity. Methods
Ecol. Evol. 6, 232-236 (2015).

Myhrvold, N. P. et al. An amniote life-history database to perform
comparative analyses with birds, mammals, and reptiles: Ecological
Archives E096-269. Ecology 96, 3109-000 (2015).

Oliveira, B. F., Sdo-Pedro, V. A., Santos-Barrera, G., Penone, C. &
Costa, G. C. AmphiBIO, a global database for amphibian ecological
traits. Sci. Data 4, 170123 (2017).

Jones, K. E. et al. PanTHERIA: a species-level database of life history,
ecology, and geography of extant and recently extinct mammals:
Ecological Archives E090-184. Ecology 90, 2648-2648 (2009).
Fraser, L. H. TRY—A plant trait database of databases. Glob. Change
Biol. 26, 189-190 (2020).

Burke, R. J., Fitzsimmons, J. M. & Kerr, J. T. A mobility index for
Canadian butterfly species based on naturalists’ knowledge. Bio-
divers. Conserv. 20, 2273-2295 (2011).

Shirey, V. et al. LepTraits 1.0 A globally comprehensive dataset of
butterfly traits. Sci. Data 9, 382 (2022).

Santos, T. PVR: Phylogenetic eigenvectors regression and phylo-
gentic signal-representation curve. (2018).

Stekhoven, D. J. & Buhlmann, P. MissForest-non-parametric missing
value imputation for mixed-type data. Bioinformatics 28,

112-118 (2012).

Upham, N. S., Esselstyn, J. A. & Jetz, W. Inferring the mammal tree:
species-level sets of phylogenies for questions in ecology, evolu-
tion, and conservation. PLoS Biol. 17, e3000494 (2019).

Jetz, W., Thomas, G. H., Joy, J. B., Hartmann, K. & Mooers, A. O. The
global diversity of birds in space and time. Nature 491,

444-448 (2012).

Jetz, W. & Pyron, R. A. The interplay of past diversification and
evolutionary isolation with present imperilment across the amphi-
bian tree of life. Nat. Ecol. Evol. 2, 850-858 (2018).

Tonini, J. F. R., Beard, K. H., Ferreira, R. B., Jetz, W. & Pyron, R. A.
Fully-sampled phylogenies of squamates reveal evolutionary pat-
terns in threat status. Biol. Conserv. 204, 23-31 (2016).

Jin, Y. & Qian, H. V.PhyloMaker: an R package that can generate very
large phylogenies for vascular plants. Ecography 42,

1353-1359 (2019).

Daru, B. H., Karunarathne, P. & Schliep, K. phyloregion: R package
for biogeographical regionalization and macroecology. Methods
Ecol. Evol. 11, 1483-1491 (2020).

Oksanen, J. et al. vegan: Community Ecology Package. (2022).

Nature Communications | (2023)14:7113

10


https://wwf.ca/wp-content/uploads/2022/09/WWF_BeyondTargets_LongReport_EN.pdf
https://wwf.ca/wp-content/uploads/2022/09/WWF_BeyondTargets_LongReport_EN.pdf
https://doi.org/10.1139/facets-2017-0102
https://doi.org/10.1111/cobi.14138
https://doi.org/10.1111/ecog.06604
https://doi.org/10.1111/ecog.06604
https://www.gbif.org/citation-guidelines#occDataDownload
https://www.gbif.org/citation-guidelines#occDataDownload
https://f1000research.com/articles/2-191/v2
https://f1000research.com/articles/2-191/v2
https://www.iucnredlist.org
https://open.canada.ca/data/en/dataset/522b07b9-78e2-4819-b736-ad9208eb1067
https://open.canada.ca/data/en/dataset/522b07b9-78e2-4819-b736-ad9208eb1067

Article

https://doi.org/10.1038/s41467-023-42737-x

Acknowledgements

The authors would like to acknowledge that while they were able to
account for ceded Indigenous land in their analysis, much of what we
now call Canada remains unceded, rich with a history of Indigenous
oppression. As such, the establishment of new protected areas and
Canada'’s path to 30x30 should involve Indigenous communities,
knowledge, and perspectives so as to advance Indigenous rights and
title. Additionally, the authors would like to thank Darren Liand Cole Lee
for their work in gathering the functional trait data, Stefano Mammola for
his help with computing functional hypervolumes, and Abbie Gail Jones
and Olivia Rahn for their many helpful comments throughout the dura-
tion of the project. This work was supported by NSERC DG grant RGPIN-
2019-05771 (L.J.P.) and by a NSERC CGS-D award (I.E.).

Author contributions

I.E. and L.J.P. conceived the idea for the manuscript. I.E., A.B., D.C., F.R.,
and L.J.P. developed and executed the methodology. Results were
generated by I.E. and L.J.P. and visualized by I.E. I.E. wrote the first draft
of the manuscript and all authors provided critical feedback. L.J.P.
supervised the project and acquired the funding.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42737-x.

Correspondence and requests for materials should be addressed to
Isaac Eckert or Laura J. Pollock.

Peer review information Nature Communications thanks Brooke Bate-
man and the other anonymous reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional 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 Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted 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 licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

Nature Communications | (2023)14:7113


https://doi.org/10.1038/s41467-023-42737-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	30×30 biodiversity gains rely on national coordination
	Results
	Poor existing protection enables large conservation gains under 30 × 30
	How protection is coordinated matters far more that what biodiversity is prioritized
	Variation in spatial priorities across scenarios

	Discussion
	Methods
	Species lists and biodiversity data collection
	Climate and edaphic explanatory variables
	Species distribution�models
	Model projections
	Accounting for climate change and uncertainty
	Mask layers for Zonation
	Expansion scenarios�design
	Spatial prioritization
	Reaching 30 × 30 targets
	Biodiversity trade-offs
	Spatial commitments
	Comparing priority scenarios
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




