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Fossil fuel dependence can be reduced, in part, by renewable energy
expansion. Increasingly, renewable energy siting seeks to avoid significant

impacts on biodiversity but rarely considers how species ranges will shift
under climate change. Here we undertake a systematic literature review on
the topic and overlay future renewable energy siting maps with the ranges
of two threatened species under future climate scenarios to highlight this

potential conflict.

The world is at a critical threshold for stopping the worst of both
climate change and biodiversity loss. Reinforced national policies
and international climate goals are propelling substantial renewable
energy (RE) development. Globally, 290 gigawatts (GW) of capacity
were developed in 2021, with solar energy composing half of the
expansion, followed by wind and hydropower. To stay on track for
net zero emissions by 2050, solar and wind energy must grow an
additional 1,120 GW of capacity annually by 2030".

At the same time, extinction rates are without precedent across
human history. Global populations of mammals, birds, amphibians,
reptiles and fish have declined by two-thirds in the last 50 years.
Higher-level taxonomic losses (for example, of insects) may be the
first in Earth’s history, even across the ‘Big Five’ mass extinctions?.
To date, habitat alteration and loss are the greatest drivers of species
decline’, with climate change expected to exacerbate these trends. In
response to climate change, many species are expected to shift from
formerly suitable areasinto newly favourable areas, if habitat in these
places still exists*. As a result of this confluence of global changes, a
deeper understanding of how RE expansion will affect biodiversity is
urgently needed.

Despite being necessary to abate anthropogenic climate change,
RE can endanger biodiversity at local and regional scales. To date,
the development of RE has emphasized large, centralized industrial
power plants embodying increasingly greater annual land transfor-
mation (2,000 ha TWh™y™ for ground-mounted photovoltaic solar
energy and 12,000 ha TWhy for wind energy with spacing) that
outpaces transformation rates by coal (1,000 ha TWh™y™) and natural
gas (1,900 ha TWhy™)’. Land transformation can drive habitatlossin
places that may serve as climate change refugia under future climate
conditions®, while physical barriers and disturbances surrounding

RE power plants can hinder the ability of species to migrate (for
example, by tracking isotherms). Alternatively, RE installations
couldalso serve as opportunities for conservation, such as conferring
opportunities for ecosystem restoration and assisted migration’.

Although causing fewer negative impacts than fossil fuels, the
accelerating RE build-out offers an opportunity to use the latest eco-
logical modelling to minimize habitat impacts®. Impacts on biodi-
versity can occur throughout the life cycle of an RE facility, from
construction (for example, habitat loss, vegetation removal and soil
blading’) to operation (collisions and barotrauma) to decommis-
sioning”°. Large, ground-mounted solar energy (>1 MW) and wind
energy facilities have an operational lifespan of 25-40 years and
can embody expansive physical footprints", with environmental
impacts probably to continue for decades and centuries beyond the
lifespan of the original facility. Conflicts between RE siting and large
terrestrial mammals, non-vertebrates, migratory species and plants
have been largely ignored, with a few exceptions'>'*. The migration
of species necessitates a pathway through time and space, extending
beyond the mere prevention of development in future habitats™. For
example, ref. 15 found that solar energy development in the United
States will impact land important for animal movement between
protected areas (17% of total development) and land most valuable
for climate-change-induced migration for a broad cohort of species
(33%). Others™ found that 11 out of 23 (48%) priority California bird
species, including resident and migratory species, are potentially
vulnerable to population-level effects from mortality caused by RE.
Ultimately, potential conflicts between RE expansion and shiftsin the
ranges of biodiversity under climate change must be evaluated for
all biodiversity and at the species-scale” ", whichiis feasible through
advances in species distribution modelling (SDM).
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Scientific names Common names Conservation status Region Energy Citation
a Yucca brevifolia Joshua tree LC United States (CA) Solar Ref. ?
b Gopherus agassizii Mojave desert tortoise CR United States (CA) Solar Refs. 2%
c Xerospermopfnlus Mojave ground squirrel NT United States (CA) Solar Ref. *°

mohavensis
d Vulpes macrotis mutica San Joaquin kit fox EN United States (CA) Solar Ref. ¥
e Pinus palustris Longleaf pine EN United States (southeast) Solar Ref. %2
f Puma concolor Florida panther EN United States (FL) Solar Ref.
g Neophron percnopterus Egyptian vulture EN Europe (Spain) Wind Ref.
h Aquila chrysaetos Golden eagle LC Global Wind Ref. *®
i Tympanuchus pallidicinctus Lesser prairie-chicken VU United States (Great Plains) ~ Wind Refs. %%
j Erithacus rubecula Robin redbreast LC Europe Wind Refs. 0%
k Nyctalus noctula Noctule bat LC Europe Wind Refs. %%
(Germany)

l Pica pica Magpie LC Asia (China) Wind Refs. &%

Fig.1|Examples of species with documented impacts from RE expansion.

a-1, Map showing the species of concern known to be affected by solar and

wind installations (2020; refs. 26,27): Y. brevifolia (a), Gopherus agassizii (b),
Xerospermophilusmohavensis (c), V. macrotis mutica (d), Pinus palustris (e), Puma
concolor (f), Neophron percnopterus (g), Aquila chrysaetos (h), Tympanuchus
pallidicinctus (i), Erithacus rubecula (j), Nyctalus noctula (K), Pica pica (1).

USFWS, United States Fish and Wildlife Service; IUCN, International Union
for Conservation of Nature; EN, Endangered; EP, Endangered/threatened but
precluded; LC, Least concern; NT, Near threatened; R, rare; VU, Vulnerable.
Icon credits (a-1): iNaturalist (https:/www.inaturalist.org/under a Creative
Commons licence CC BY 4.0). (Acknowledgements section contains creator
credits; Supplementary Text 2 gives the list of references in full)**™*,

Anticipating which species are most likely to be affected now and
in the future is key to a climate-resilient siting strategy that balances
RE development with impacts on biodiversity (Fig. 1). We performed
asystematic literature review in Web of Science (Clarivate Analytics)
to assess how the impacts of climate change on species range
shifts have been considered in the academic literature focused
on RE siting (Extended Data Fig. 1). We focused on peer-reviewed
journal articles that report biodiversity-related criteria for RE
siting to capture siting and mapping activities with the potential to

reduce risks of development to biodiversity directly. Although docu-
mentation alone does not reduce such risks, it is often a precursor to
ameliorating impacts. Most of the empirical studies (93% of RE and
biodiversity-related articles) documented the role of biodiversity
as criteria for RE siting, emphasizing the use of contemporaneous
species’ ranges and/or conservation areas. We found that studies on
the impacts of RE expansion on biodiversity emphasized RE-related
content relative to biodiversity (based on the frequency of keywords)
but documented biodiversity spans a diverse range of taxonomic
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Fig.2|Present and future species distribution models of Joshua tree and kit
fox highlighting the areas of overlap with RE. We predicted the present and
potential future suitable habitat for two vulnerable species inhabiting deserts
of the southwestern United States intersected with potential RE development.
a, Overlay of current occurrences of Joshua tree and the endangered

San Joaquin kit fox, RE development (wind and solar energy power plants),

and disadvantaged communities. b-d, Results of SDM for Joshua tree with

2050 2070

current (b) and future (2050, ¢; 2070, d) climate change under moderate
emission scenarios. e-g, Results of SDM for San Joaquin kit fox with current

(e) and future (2050, f; 2070, g) climate change. NZAP RE+ 2050 maps for RE
potentialin the United States intersecting with the species climate-driven range
shifts (2050). Image credits (d and g): iNaturalist (under a Creative Commons
licence CC BY 4.0). See Acknowledgements section for the creator credits.

groups, including some of the world’s most threatened species
(Fig. 1and Extended Data Fig. 2). Nevertheless, only 18.4% of these
RE-related articles documented the role of climate change impacts on

biodiversity®*', Furthermore, only 1.9% of these (18.4%) RE-related
articles documented the potential for conflicts between RE expansion
and climate-driven range shifts'>*° (Extended Data Fig.1). This dearth
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of literature stands in contrast to the rapidity with which RE is develop-
ing; away forward is needed.

Toillustrate how species range shifts canbeincorporatedintoREsit-
ing, we focused on two climate-vulnerable species of the southwestern
United States: the Joshua tree (Yucca brevifolia; a candidate species
forlisting as threatened under the California Endangered Species Act)
and the SanJoaquin kit fox (Vulpes macrotis mutica; listed as federally
endangered under the US Endangered Species Act). On the basis of
projections from SDMs, under amoderate greenhouse gas emissions
scenario (representative concentration pathway (RCP) 4.5), favourable
climate for theJoshuatree will decrease in the south of the speciesrange
andincreaseinthe north, withanoverall declinein suitable area (with
reference to currently suitable area) of 25% and 31% by 2050 and 2070,
respectively (Fig. 2).Inadditionto climate stress, the current core of the
speciesrange, along southern Californiaand Nevada, is also expected
to be affected by RE development, projected to be favourable under
Net-Zero AmericaProject (NZAP) RE build-out E+ RE+Scenario 5 (that
is, 100% aggressive renewable development by 2050). Thus, southern
Joshuatree populations are likely to be threatened by both climate and
RE development. Likewise, the kit fox is expected to lose up to 81% of
its suitable habitat in California under future (2070) climate change.
However, kit foxes have been found to use solar facilities for habitat,
meaning that careful attention to the species’ ecological require-
ments could reduce the negative impacts of development. Existing
California-based solar energy sites overlap with 0.05% and 0.2% of
Joshuatree and kit fox predictive suitable habitat, respectively (Fig. 2).
The overlap may increase up to 1.7% and 3.9% in the future under
NZAP E+ RE+scenarios forJoshua tree and kit fox, respectively.

Aligning RE expansion with climate-driven range shifts begins
with the development of decision pathways that inform future RE
expansion using simple to complex spatial analyses. Combining
connectivity and SDMs to define conservation priorities for many
species will help identify priority areas in the process of aligning RE
expansion with climate-driven range shifts”. For example, a simple
spatial ‘overlay’ could include spatially explicit RE expansion maps
with species’ distribution data and their future projections. A typical
multicriteria analysis integrates technical, economic and sometimes
socio-ecological constraints for mapping future RE infrastructure.
Projected ranges canbeincluded as another layer to account for shift-
ing patterns of biodiversity. The proportion of future species range
loss and other criteria can be weighted to create tiers of priority zones
based on preferences, regulations, policies and values*. Analyses can
beusedto develop mapsthatincludeintermediate data (for example,
species’ currentand future ranges, solar and wind future development
scenarios, including climate-driven range shifts and case studies) that
can be shared with stakeholders—in accordance with best practices
supporting environmental justice and transparent decisions**—for
feedback and then finalized as synthesized endproducts to inform
decision outcomes. Ultimately, possible decision outcomes after
including climate-driven range shifts could be avoidance, planned
assisted migration, compensatory mitigation, ecological restoration
and wildlife-friendly mitigation strategies.

Given their interconnectedness, climate change and biodiver-
sity loss are referred to as the ‘twin crises’ facing the global financial
system, posing an existential threat to nature, people, prosperity
and security*. RE expansion is considered to be one key strategy
for mitigating anthropogenic climate change by reducing fossil fuel
dependence. The escalating pace of global change underscores the
urgency of adopting acomprehensive approach to mitigate potential
conflicts between large, land-intensive development and biodiversity.
Climate change is a growing threat to many species and the expan-
sion of RE will indirectly contribute to mitigating this threat in the
future®. Thus, the time is right for a future-facing RE siting strategy
that accounts for potential conflicts and opportunities between
RE and long-view conservation.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability areavailable at https://doi.org/10.1038/s41558-024-01941-3.
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Methods

Systematic literature review

We conducted a systematic literature review to develop a corpus of
articles on RE and biodiversity. Next, we assessed the balance of sub-
ject matter (biodiversity, RE siting and methodological approaches)
within each article by quantifying the frequency of keywords. Last, we
analysed each article to determine the state of the knowledge on the
consideration of climate-driven range shifts of species in the context
of RE expansion.

Initial corpus development. To evaluate the extent to which considera-
tions of biodiversity and climate-induced range shifts are integrated
into the planning of RE installations, we conducted a systematic lit-
erature review following the PRISMA (preferred reporting items for
systematic reviews and meta-analyses) guidelines* (Supplementary
Fig.1). Our review encompassed various publication types, including
peer-reviewed journal articles, conference proceedings, book chapters
and technical reports; collectively referred to as ‘articles’. Articles were
retrieved from Web of Science, amultidatabase platform (Clarivate), by
entering a set of search strings into the platform from 4 November to
20 December 2022. We structured the search strings as follows:
(“renewable” OR “solar” OR “wind”) AND (“siting” OR “plan*“ OR “site*“)
AND (“wildlife” OR “species” OR “biodiversity”). No temporal con-
straints were imposed in the search to ensure that articles were not
precluded from retrieval on the basis of publication date. To avoid
retrieving articles related to power plants sensu stricto, the search
excluded terms containing the word “plant*”. We acknowledge that this
approach may not have comprehensively captured all articles docu-
menting plants (kingdom Plantae) and their ecological ranges within
the same context; however, the augmentation of the search strings
with (“wildlife” OR “species” OR “biodiversity” OR “vegetation”) and
(“wildlife” OR “species” OR “biodiversity” OR “plant”) led to areturn of
29,598 and 77,244 articles, respectively. Consequently, our analytical
focus emphasizes the consideration of wildlife and their ecological
ranges within the context of RE planning studies. Upon execution of
the search, weidentified atotal of 157 articles published between1997
and 2022, which were integrated into a preliminary corpus.

Text analysis of the initial corpus. Next, we sought to understand the
nature and balance of the content of the article through an analysis
of the frequency of 18 keywords, which were categorized into three
thematic groups: biodiversity, methods (methods commonly used
to understand species’ range shifts and siting-related RE opportuni-
ties and impacts) and renewable energy siting. Specifically, we used
the pdftools R package** to quantify the frequency, mean and 95%
confidence intervals of each keyword and the averaged frequency
of keywords for each category. The frequency analysis included all
text across the entire article (for example, from abstract to author
contributions). These results provide insight into the frequency of
specific keywords within the corpus, shedding light on the prevalence
of various terms related to RE and biodiversity considerations in the
literature (Extended Data Fig.2). The six key terms per category were:
(1) biodiversity—biodiversity, protected area, endangered species and
wildlife, and climate change; (2) methods—multiple criteria decision
analysis, criteria, analytic hierarchy process, overlay analysis, suitabil-
ity prediction and maxent; and (3) renewable energy siting—energy,
solar, wind, site, plan and planning.

Final corpus. The inclusion criteria for articles were based on the
keyword sets. Specifically, if any keyword was identified once in an
article, that article was included in the final corpus. We calculated the
percentage of articles in the final corpus (that documented one or
more keywords) that were identified in the initial corpus as an index
foranapproximate level of the robustness of our initial search in Web
of Science. We established a three-tiered, non-exclusive classification

system of increasing depth to improve upon the granularity of our
analysis. The tiers are: (1) incorporated biodiversity in analysis, (2)
assessed the impact of climate change on biodiversity and (3) examined
climate-driven range shifts (Extended Data Fig.1). Thefirst tier encom-
passes all articles that took biodiversity into consideration. The
second tier encompasses articles that explored the impact of
climate change on biodiversity and the third tier includes articles
that specifically addressed climate-driven range shifts.

Research questions. Articles that met the criteria (focused on RE,
specifically solar and wind siting or theirimpacts on biodiversity) (94%)
were analysed following methods by ref. 44 across a set of questions.
These questions included:

« Whereis/are the RE expansion impact(s) on biodiversity (or spe-
cies, wildlife, hereafter biodiversity) documented?

«  What energy type does the RE expansion include (solar, wind or
both)?

«  What type of methodology did the authors apply: (1) quantita-
tive, (2) qualitative, (3) mixed methods (including the quantita-
tive and qualitative) and (4) other non-analytical?

- For quantitative, qualitative or mixed-method analyses, did the
authors include biodiversity as a criterion?

« Do the authorsinclude biodiversity in their analysis?

+ Doesthearticle report the impact of climate change on biodi-
versity? If authors reported the impact of climate change on
biodiversity, do they discuss climate-change-induced species
range shifts?

Species distribution modelling

Data collection. Point occurrence datafor the locations of species were
obtained from the Global Biodiversity Information Facility (https://doi.
org/10.15468/dl.eeccxs,10.15468/d1.4kzz82)*. Contemporary and
future climate data were downloaded from WorldClimv.2.1at 2.5 arc-
minresolution*. Toaccount for uncertainty, we examined output from
several global circulation models and emission scenarios centred on
the 2050s and 2070s. The current global inventory for solar energy and
wind farms was obtained from refs. 26,27. Future spatial datasets for
future RE potential pathways and infrastructure were obtained from
Net-Zero America scenarios (https://netzeroamerica.princeton.edu;
ref.47). Net-Zero Americareports five RE scenarios: high electrification
(E+), less-high electrification (E-), high biomass (E- B+), renewable
constrained (E+ RE-) and 100% renewable (E+ RE+). We obtained high
electrification (E+) and 100% renewable (E+ RE+) for this analysis.

Processing. Downloaded species presence datawere cleaned by care-
fully checking each point and removing the duplicates, oceanic points
and outliers. Cleaned data were spatially rarefied ~10 km by using the
‘spThin’ R package to reduce spatial autocorrelation*®, The data were
then divided at random into training and testing sets for model cali-
bration and evaluation. The modelling area was restricted to the spe-
cies’ accessible area*’ by using the Grinnell R package (https://github.
com/fmachados/grinnell)*°, which enabled us to distinguish between
environments that species can disperse to but are uninhabitable and
environments that may be inhabitable but are inaccessible. Current
and future climatic variables were clipped to the accessible area. For
eachtaxon, we selected relevant predictors fromamong the BIOCLIM
variables (except for BIOCLIM 8, 9,18 and 19, as they yield odd spatial
artifacts® ). To reduce the correlation between the variables for model
calibration, the correlation coefficient and principal components of the
layers were calculated across present-day and future climates simul-
taneously*>. Principal components together comprising 99% of the
overall variation were be used for model calibration. For each species,
aMaxEnt v.3.4.4 niche model was calibrated using the kuenm R pack-
age®*. The analysis relied on presence-only data and used the MaxEnt
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model, which compares presence data with background locations
where presence/absence is not observed. The inclusion of absences is
important as it enables the prediction of the probability of presence,
allowing for more accurate modelling. MaxEnt generates background
observations (pseudo-absences) by selecting random points from
thestudy areathatare notknowntobe presencelocations of the species
of interest and predicts the fundamental niche of the species™.

We use the kuenm R package, which enables detailed model
calibration and selection, final model creation and evaluation and
extrapolation risk analysis. Next, kuenm identifies and selects the
best parameters for modelling using the following criteria: statisti-
cal significance, predictive power and model complexity. We also
recognize the importance of providing measures of model perfor-
mance for the SDM and incorporate these assessments to enhance the
transparency and rigour of our analysis, including mean area under
the curveratio (>1) and omission error (<0.05) as evaluation metrics™.

The accuracy of these models was assessed by using the partial
receiver-operating characteristic score with a threshold of F=10
(ref. 56). Current and future potential distribution maps were then
developed for all species. The potential range shift was identified
by overlaying present-day and potential future distribution maps
using tools in the kuenm package®*. Results of the SDM illustrate
that currentand future RE scenarios in the southwestern United States
overlap with potentially suitable areas for both species Y. brevifolia and
the endangered V. macrotis mutica.

We conduct a basic overlay analysis using these species and
energy models to illustrate the conflicts between RE development
and the suitability of habitats for current and future species popula-
tions. Nevertheless, when dealing with several species, conducting a
connectivity analysis can assist in identifying priority areas that
warrant further investigation” (Extended Data Fig. 3 and Supple-
mentary Text1giving details of alignment workflow).

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

Data availability

Datasets are available in the DRYAD repository, accessible at
https://doi.org/10.5061/dryad.bnzs7h4j0 (ref. 57). Private access
link to download the data files: https://datadryad.org/stash/share/
G6ZVrB6TIghDxNj1_N7IWob-20pt269EwgnsQKgMMmg.

Code availability

Code for dispersal simulations and species distribution model analysis
used in this study are adopted from https://github.com/fmachados/
grinnell (ref. 50) and https://github.com/marlonecobos/kuenm
(ref.54).

References

41. Asar, S., Jalalpour, S., Ayoubi, F., Rahmani, M. R. & Rezaeian, M.
PRISMA; Preferred Reporting Items for Systematic Reviews and
Meta-Analyses. J. Rafsanjan Univ. Med. Sci. 15, 68-80 (2016).

42. Jeroen, O. pdftools: Text extraction, rendering and converting of
pdf documents. R package version 2.3 (2019).

43. R Core Team. R: A Language and Environment for Statistical
Computing (R Foundation for Statistical Computing, 2016).

44. Berrang-Ford, L. et al. A systematic global stocktake of evidence
on human adaptation to climate change. Nat. Clim. Change 11,
989-1000 (2021).

45. Telenius, A. Biodiversity information goes public: GBIF at your
service. Nord. J. Bot. 29, 378-381(2011).

46. Fick, S. E. & Hijmans, R. J. WorldClim 2: new 1-Km spatial
resolution climate surfaces for global land areas. Int. J. Climatol.
37, 4302-4315 (2017).

47. Jenkins, J. D., Mayfield, E. N., Larson, E. D., Pacala, S. W. &
Greig, C. Mission Net-Zero America: the nation-building path to
a prosperous, net-zero emissions economy. Joule 5, 2755-2761
(2021).

48. Aiello-Lammens, M. E., Boria, R. A., Radosavljevic, A., Vilela, B. &
Anderson, R. P. spThin: an R package for spatial thinning of
species occurrence records for use in ecological niche models.
Ecography 38, 541-545 (2015).

49. Barve, N. et al. The crucial role of the accessible area in ecological
niche modeling and species distribution modeling. Ecol. Model.
222,1810-1819 (2011).

50. Machado-Stredel, F., Cobos, M. E. & Peterson, A. T. A simulation-
based method for selecting calibration areas for ecological niche
models and species distribution models. Front. Biogeogr. 13,
e48814 (2021).

51. Ashraf, U. et al. Ecological niche model comparison under
different climate scenarios: a case study of Olea spp. in Asia.
Ecosphere 8, e01825 (2017).

52. Bede-Fazekas, A. & Somodi, I. The way bioclimatic variables
are calculated has impact on potential distribution models.
Methods Ecol. Evol. 11, 1559-1570 (2020).

53. Janzekovic, F. & Novak, T. in Principal Component Analysis—
Multidisciplinary Applications (ed. Sanguansat, P.) 127-142
(Intech Open, 2012).

54. Cobos, M. E., Peterson, A. T., Barve, N. & Osorio-Olvera, L. Kuenm:
an R package for detailed development of ecological niche
models using Maxent. Peer) 7, €6281 (2019).

55. Merow, C., Smith, M. J. & Silander, J. A. Jr A practical guide to
MaxEnt for modeling species’ distributions: what it does and
why inputs and settings matter. Ecography 36, 1058-1069
(2013).

56. Peterson, A.T., Papes, M. & Soberon, J. Rethinking receiver
operating characteristic analysis applications in ecological niche
modeling. Ecol. Model. 213, 63-72 (2008).

57. Ashraf, U.,Morelli, T. L., Smith, A.B. & Hernandez, R. H. Aligning
renewable energy expansion with climate-driven range shifts
[Dataset]. Dryad https://doi.org/10.5061/dryad.bnzs7h4j0
(2024).

Acknowledgements

Funding for U.A., A.B.S. and R.R.H. was provided by the Alfred P. Sloan
Foundation’s Energy and Environment Program G-2022-17177.
Funding for R.R.H. was also provided by the Agricultural Experiment
Station Hatch projects CA-R-A-6689-H and CA-D-LAW-2352-H, the
Energy and Efficiency Institute, the Institute of the Environment and
the Department of Land, Air & Water Resources at the University

of California Davis (UCD). A.B.S. was partially supported by the

Alan Graham Fund in Global Change. Any use of trade, firm or
product names is for descriptive purposes only and does not imply
endorsement by the US Government. We also thank the Global
Ecology and Sustainability Lab (UCD) for their valuable comments
that improved the manuscript. Icons for the taxonomic groups in

Figs. 1and 2 were retrieved from Noun Project (creator credits:

E. Boatman, G. Lonescu, Aleks, J. Meysmans, Corpus Delicti, N. Smith,
Vectors Market, M. Livolsi, G. Chicco, B. Agustin Amenabar Larrain and
E. Harrison). Photos were retrieved from iNaturalist (creator credits:
Chilipossum, Nmoorhatch, Opisska, Douggoldman, Jbartelett79,
Johnkrampl, Milliebasden, Codrin_bucur, Ognevit and Eugirneto)

and USGS (photographer credit: P. Leitner).

Author contributions

All authors conceived the idea for this manuscript. U.A. collected
the data and conducted the analysis. U.A. and R.R.H. developed the
figures and manuscript text draft. R.R.H., T.L.M. and A.B.S. edited the
manuscript text and figures.

Nature Climate Change


http://www.nature.com/natureclimatechange
https://doi.org/10.5061/dryad.bnzs7h4j0
https://datadryad.org/stash/share/G6ZVrB6TIqhDxNj1_N7IWob-2Opt269EwgnsQKgMMmg
https://datadryad.org/stash/share/G6ZVrB6TIqhDxNj1_N7IWob-2Opt269EwgnsQKgMMmg
https://github.com/fmachados/grinnell
https://github.com/fmachados/grinnell
https://github.com/marlonecobos/kuenm
https://doi.org/10.5061/dryad.bnzs7h4j0

Brief Communication

https://doi.org/10.1038/s41558-024-01941-3

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41558-024-01941-3.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41558-024-01941-3.

Correspondence and requests for materials should be addressed to
Rebecca R. Hernandez.

Peer review information Nature Climate Change thanks Henriette
Jager and Andrea Santangeli for their contribution to the peer review
of this work.

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

Nature Climate Change


http://www.nature.com/natureclimatechange
https://doi.org/10.1038/s41558-024-01941-3
https://doi.org/10.1038/s41558-024-01941-3
http://www.nature.com/reprints

Brief Communication

https://doi.org/10.1038/s41558-024-01941-3

120
a. Considered biodiversity in analysis
3 a
=
€
©
2 9% c. Climate-driven range shift
(%]
§ -
53
Qe
Q 5
T <
& ¢ 60
g5
£ 3
=
53
()
&
2 30
o)
©
2
[
c
()
o
C
0
1997 2002 2007 2012 2017 2022

Extended Data Fig. 1| Analysis of renewable energy siting and biodiversity-
related academic articles. Cumulative number (n =157) of renewable energy
siting- and biodiversity-related academic articles published over time,
categorized by tier (a, b, c) and meeting criteria for inclusion in the systematic

literature review. Articles that met criteria were allocated to a three-tiered, non-

exclusive classification of increasing depth if it documented the: (a) concept of

Year
biodiversity, for example, the inclusion of wildlife and other taxa, protected areas
for conservation and similar overlapping topics (n =146, 93%), (b) role of climate
change on biodiversity and/or the taxonomic group(s) and/or the species of
interest (n=12,18.4%) and (c) role of climate change as a driver of range shifts
for biodiversity and/or the taxonomic group(s) and/or the species of interest
(n=2,1.9%).
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Extended DataFig. 2| Frequency of specific keywords within the corpus. The

x-axis represents the key terms used in the search, including the six key terms per
category were: (1) Biodiversity - “biodiversity,” “climate change,” “protected area,”
“endangered,” “species,” and “wildlife,”; (2) Methods - “multiple criteria decision

analysis,” “criteria,” “analytic hierarchy process,” “overlay analysis”, “suitability

»a

prediction,” and “maxent;” (3) Renewable Energy Siting - “energy,
“site,” “plan,” and “planning.” The y-axis shows the mean number
of appearances of these keywords in all the articles (error bars represent
95% confidence intervals).

»a
’

solar,” “wind,”
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Extended Data Fig. 3| Alignment of renewable energy expansion with
climate-driven range shifts workflow. An example workflow showing major
action steps (a) to align renewable energy expansion with climate-driven range
shifts. First, research activities (for example, systematic literature review,
interviews) are conducted to inform and identify an appropriate list of species
thatare threatened by climate change and require mitigation action. Diverse
research activities (for example, systematic literature review, interviews) that
capture the full knowledge system of actors and entities for a specific context

Energy Models

l l

Climate Change Species
Distribution Modeling (SDM)

Connectivity Analysis

Future RE
Infrastructure Scenarios

Climate-driven
Range Shifts
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Optimal RE Pathways |

and/or geography (for example, wind development in Texas) will reduce the
chances of omitting a species of interest. Next, individual or batch species
distribution modelling (SDM) is performed for each species and overlaid with
spatially explicit models of renewable energy (RE) scenarios. Subsequent
analyses are conducted to identify “Optimal RE Siting Pathways” (that is, spatial
datasets) and ultimately, a set of decision outcomes that minimize conflicts with
speciesimpacted by climate change (“Decision Outcomes”). We provide amore
detailed example of “Core Alignment Analyses” in (b).
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