N

N

Anticipating the effects of climate warming and natural
habitat conversion on waterbird communities to address
protection gaps
Fabien Verniest, Isabelle Le Viol, Romain Julliard, Laura Dami, Anis
Guelmami, Marie Suet, Wed Abdou, Hichem Azafzaf, Nadjiba Bendjedda,

Taulant Bino, et al.

» To cite this version:

Fabien Verniest, Isabelle Le Viol, Romain Julliard, Laura Dami, Anis Guelmami, et al.. Anticipating
the effects of climate warming and natural habitat conversion on waterbird communities to address
protection gaps. Biological Conservation, 2023, 279, pp.109939. 10.1016/j.biocon.2023.109939 . hal-
03996911

HAL Id: hal-03996911
https://hal.science/hal-03996911
Submitted on 20 Feb 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Copyright


https://hal.science/hal-03996911
https://hal.archives-ouvertes.fr

Anticipating the effects of climate warming and natural habitat conversion on waterbird

communities to address protection gaps

Fabien Verniest'?”, Isabelle Le Viol!, Romain Julliard®, Laura Dami?, Anis Guelmami?,
Marie Suet?>?, Wed Abdou®, Hichem Azafzaf®, Nadjiba Bendjedda®, Taulant Bino’, John J.
Borg®, Luka Bozi¢®, Mohamed Dakki'®, Rhimou EI Hamoumi'?, Vitor Encarnagio®?, Kiraz
Erciyas-Yavuz'3, Khaled Etayeb'4, Valeri Georgiev'®, Ayman Hamada®*, Ohad Hatzofe,
Christina leronymidou?’, Tom Langendoen®®, Tibor Mikuska'®, Blas Molina?, Filipe
Moniz*?, Caroline Moussy?*, Asma4 Ouassou?’, Nicky Petkov?®, Danae Portolou?*, Tareq
Qaneer?, Samir Sayoud®, Marko S¢iban?®, Goran Topié¢?’, Danka Uzunova?®, Gal Vine?,

Andrej Vizi%®, Erald Xeka’, Marco Zenatello®, Elie Gaget*>! & Thomas Galewski*?

* Corresponding author
# Contributed equally

1 Centre d'Ecologie et des Sciences de la Conservation (CESCO), Muséum national d'Histoire
naturelle, Centre National de la Recherche Scientifique, Sorbonne Université, Station
Marine de Concarneau, Place de la croix BP 225 29182 Concarneau Cedex, France &
CP 135, 57 rue Cuvier 75005 Paris, France

2 Tour du Valat, Institut de recherche pour la conservation des zones humides
mediterranéennes, le Sambuc, 13200, Arles, France

3 Office Francais de la Biodiversité, Unité Avifaune Migratrice, Arles, France

4 Egyptian Environmental Affairs Agency, 30 Misr/Helwan Road, PO 11728, El Maadi

Helwan, Egypt



5 Association "Les Amis des Oiseaux” (AAO/BirdLife en Tunisie), 14, Rue Ibn El Heni,
2éme étage — Bureau N° 4, 2080 Ariana, Tunisia.

6 Direction générale des Foréts, Ben Aknoun, Alger, Algérie

7 Albanian Ornithological Society, “Ymer Kurti”, Olympia Center, No. 24, 1001, Tirana,
Albania

8 National Museum of Natural History, Vilhena Palace, Mdina MDN1011, Malta

9 DOPPS - Birdlife Slovenia, Trzaska cesta 2, SI-1000 Ljubljana, Slovenia

10 Scientific Institute, Mohammed V University of Rabat, Av. Ibn Battota, 10106 Rabat-
Agdal, Morocco

11 Ecology and Environment Laboratory, Faculty of Sciences Ben M'sik, University Hassan
Il of Casablanca, Morocco

12 Instituto da Conservacdo da Natureza e das Florestas, IP (ICNF), Centro de Estudos de
Migracdes e Protecdo de Aves (CEMPA), Lisboa, Portugal

13 Ornithological Research Center, Ondokuz Mayis University, 55139 Samsun, Turkey

14 Zoology Department, Faculty of Science, the University of Tripoli. Alfornaj, Tripoli,
Libya, P.0o.Box: 13227

15 Ministry of Environment and Water, National Nature Protection Service Directorate

16 Israel Nature and Parks Authority Headquarters Am V’Olamo 3, Jerusalem 95463, Israel

17 BirdLife Cyprus, P.O Box 12026 2340, Nicosia, Cyprus

18 Wetlands International, Ede, The Netherlands

19 Croatian Society for Bird and Nature Protection, Osijek, Croatia

20 Sociedad Espafiola de Ornitologia (SEO/BirdLife), Madrid, Spain

21 LPO-BirdLife France, Fonderies Royales, Rochefort Cedex, France

22 Groupe de Recherche pour la Protection des Oiseaux au Maroc (GREPOM), Résidence

Oum Hani IV, Imm 22, Apt 3, 11160 Salé, Maroc.



23 Bulgarian Society for the Protection of Birds, PO Box 50, BG-1111 Sofia, Bulgaria

24 Hellenic Ornithological Society, Themistokleous str. 80, 10681, Athens, Greece

25 The Royal Society for the Conservation of Nature (RSCN)- P.O. Box 1215, Jubaiha,
11941, Jordan

26 Bird Protection and Study Society of Serbia, Vladike Ciriéa 24/19, 21000 Novi Sad, Srbija
Makedonska 4, 11000 Beograd, Srbija

27 Nase Ptice Ornithological Society, Sarajevo, Bosnia and Herzegovina

28 Macedonian Ecological Society, Boris Trajkovski st.7 No.9A, Skopje, Macedonia

29 History Museum of Montenegro, Trg Vojvode Becir-bega Osmanagica 16, Podgorica,
Montenegro

30 Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA), Ozzano dell'Emilia,
Italy

31 University of Turku, Department of Biology, Turku, Finland

Correspondence at: Fabien Verniest, fabien.verniest@edu.mnhn.fr, +33650791704, Station

Marine de Concarneau, Place de la croix, BP 225, 29182 Concarneau Cedex, France


mailto:fabien.verniest@edu.mnhn.fr

ABSTRACT

Thermal adjustment of waterbird communities to climate warming is crucial but hampered by
natural habitat conversion, increasing their climatic debt. As it is, in contrast, facilitated in
protected areas, assessing the adequacy of the current protected areas network with respect to
future climate and land-use changes and identifying priority sites to protect is of major
importance. In this study, we assess the thermal adjustment limitations that non-breeding
waterbird communities might experience by the end of the 21% century in the Mediterranean
region to highlight priorities for wetland protection. Priorities were set by combining the
exposure of waterbird communities to natural habitat conversion and climate warming with
their thermal specialization. The latter was calculated using winter abundance data of 151
species from 2932 sites of the International Waterbird Census in 21 Mediterranean countries.
Exposure was assessed using future projections of temperature and land-use under four
CMIP6 scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5). We found that strictly
protected areas are located in wetlands whose waterbird communities, without protection,
would likely experience high limitations in thermal adjustment in the coming decades. This
highlights that the location of existing protected areas may effectively support the thermal
adjustment of waterbird communities to future climate warming. However, 490 sites
considered at risk lack protection, including 32 sites of international importance for
waterbirds, stressing the need to strengthen the protected areas network in these sites in
priority. Our study provides important guidance for conservation planning in the

Mediterranean region to support waterbird responses to climate change.
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INTRODUCTION

Many studies have documented how recent climate change, and especially temperature
increases, has affected biodiversity in the past decades: alteration of phenologies, shifts of
distributions and abundances toward poles and higher elevations, disruption of interactions
and modifications of structure and composition of communities (Kappelle et al., 1999;
Parmesan, 2006; Root et al., 2003). Developing future scenarios of biodiversity under climate
change has also become a central issue in the last decades. However, in many studies with this
aim, the future impact of land-use changes on biodiversity through habitat loss and
degradation has been overlooked (Santos et al., 2021; Titeux et al., 2016; but see Asamoah et
al., 2022 and Newbold, 2018 for instance), although it was the main driver of species declines
and extinctions during the past decades and is expected to remain so in the coming years
(Caro et al., 2022; IPBES, 2019; Newbold et al., 2015). Therefore, it is crucial to include
these two anthropogenic pressures when assessing the future effects of global changes on
biodiversity, especially as their effects may interact (Mantyka-pringle et al., 2012).

Protected areas (PAs) can mitigate the effects of climate change, land-use changes and
their interaction on biodiversity. Previous studies demonstrated that PAs can facilitate the
colonization of new areas by species shifting their distribution poleward (Thomas et al., 2012)
and reduce the extinction risk of species at their trailing distribution edge (Lehikoinen et al.,
2019; Peach et al., 2019). The effectiveness of PAs in mitigating the effects of climate change
on biodiversity is partly attributable to their ability to provide high-quality habitats and reduce
other anthropogenic pressures (Thomas and Gillingham, 2015), such as habitat loss and
degradation (Geldmann et al., 2013; Leberger et al., 2020). Therefore, it is imperative —
although rarely done (but see Verniest et al. [2022]) — to explicitly consider these two

anthropogenic pressures by anticipating their future intensity and distribution when



identifying potential new PAs (Heller and Zavaleta, 2009; Portner et al., 2021), especially
since we will need to designate many new PAs to meet ambitious targets of protecting 30% of
land by 2030 within the Kunming-Montreal global biodiversity framework (CBD, 2022).

The conservation of natural wetlands in the Mediterranean region is of major
importance as these ecosystems are key to many species and highly threatened by climate and
land-use changes (Galewski et al., 2021; MWO-2, 2018; Perennou et al., 2020). Wetlands are
among the most threatened ecosystems on the planet, with a loss of 90% of them since 1700
as result of human activities (Convention on Wetlands, 2021; WWEF, 2020). In the
Mediterranean region, almost half of these ecosystems have been lost since 1970 (MWO-2,
2018) because of anthropogenic pressures such as climate and land-use changes. As these
changes are heterogeneously distributed (MWO-2, 2018; Leberger et al., 2020) and expected
to remain so and to increase in the coming decades in this region (Drobinski et al., 2020;
Malek et al., 2018; MedECC, 2020; Taylor et al., 2021), anticipating future climate and land-
use changes is a major issue for spatial conservation planning of Mediterranean wetlands
(Taylor et al., 2021). This is especially true given that Mediterranean biodiversity is very
sensitive to both these pressures (Newbold et al., 2020), is of exceptional value and highly
dependent on wetlands (MWO-2, 2018; Geijzendorffer et al., 2018; Myers et al., 2000), and
Mediterranean PAs network suffers important gaps in wetland conservation (Geijzendorffer et
al. 2019; Leberger et al., 2020; Popoff et al., 2021).

Identifying waterbird communities that might experience limitations in thermal
adjustment to future climate warming can contribute to effective designation of additional
PAs in wetlands. Waterbirds are species that are ecologically dependent on wetlands (Ramsar
Convention) for at least part of their annual cycle and of which they are a good indicator of
the conservation status. Conservation measures, such as protected areas and management

measures, contribute to the conservation of waterbird populations at global scale (Amano et



al., 2018; Wauchope et al., 2022) and in the Mediterranean region (Gaget et al., 2020b; Kleijn
et al., 2014) by mitigating the impacts of the anthropogenic pressures they face, such as
climate change (Gaget et al., 2018; 2020b). Waterbirds have been extensively monitored for
decades through the International Waterbird Census (IWC) (Delany, 2005) to inform many
international conservation policies (e.g., Ramsar Convention, Convention on Migratory
Species, Barcelona Convention, and European Union Directives, such as Birds, Water
Framework and Marine Strategy Directives). The IWC data also provided invaluable
knowledge to conservation biology (e.g., Amano et al., 2018; Johnston et al., 2013;
Wauchope et al., 2022). Using IWC data, Gaget et al. (2020a) found that thermal adjustment
of wintering waterbird communities in a climate warming context, i.e., changes in community
composition in response to climate warming, is mainly driven by thermal specialists, but is
prevented by natural habitat conversion. However, PAs were also found to improve
communities adjustment to climate warming (Gaget et al., 2021; Pavon-Jordan et al., 2015).
Despite the potential importance of these results for conservation planning, they have not yet
been used to project the potential adjustment of waterbirds to future temperatures.

In this study, we highlight priorities for wetland protection to improve waterbird
responses to climate warming in the Mediterranean region. To this end, we assessed the
thermal adjustment limitations that non-breeding waterbird communities (151 species) at
2932 IWC sites in 21 Mediterranean countries might experience by the end of the 21% century
because of the interacting effect of climate warming and land-use changes. Assuming that
waterbird communities can adjust their community composition to climate warming, but that
this adjustment is not fast enough to cope with the velocity of the temperature increase (Gaget
etal., 2021), and that natural habitat conversion is an additional limit to waterbird community
adjustment to climate warming (Gaget et al., 2020a), we investigated whether communities

that might experience the greatest thermal adjustment limitations to future climate warming



are protected, with a particular focus on wetlands of international importance for waterbirds.
To this end, we applied a trait-based Climate Change Vulnerability Assessment framework
(CCVA) (Pacifici et al., 2015), which can be used to prioritize the implementation of spatial
conservation measures (Foden et al., 2019), to combine: i) the thermal specialization of
waterbird communities derived from species thermal ranges; ii) the exposure of waterbird
communities to climate warming; and iii) their exposure to natural habitat conversion. To
ensure the robustness of this prioritization, exposure metrics were computed using late 21
century (2081 — 2100) projections under four recent scenarios (O’Neill et al., 2016) that have
very different spatial patterns of land-use in the Mediterranean region (Verniest et al., 2022).
In a context of adaptation to climate change, this study provides spatial prioritization that
highlights wetlands of importance for waterbird communities that might be protected to help
mitigate the negative impacts of climate warming on waterbirds and expand the

Mediterranean protected areas network.



MATERIAL AND METHODS

Waterbirds monitoring

We used winter abundance data collected from the International Waterbird Census (Delany,
2005) in Mediterranean countries from 2008 to 2017. IWC surveys were conducted once a
year in mid-January by professional and skilled volunteers following a standardized survey

protocol and coordinated by Wetlands International (http://www.wetlands.org). Sites with

fewer than 3 surveys during the study period or without climate data were deleted, and species
that do not overwinter in Mediterranean countries were excluded to avoid vagrant species (see
Appendix S1 for more information on species and site selection). The above-mentioned
criteria resulted in a dataset of 151 waterbird species monitored at 2932 sites (average number
of surveys per site: 6.0) in 21 countries (Appendix S2). Countries were assigned to four
subregions: Balkans, Maghreb, Middle-East and Western Europe (Appendix S2).

We used the most up-to-date spatial database of PAs for Mediterranean countries, i.e.,
the Mediterranean Wetlands Observatory database, that combines national inventories with
multiple international data sources, such as the World Database of Protected Areas

(https://www.protectedplanet.net), the Common Database on Designated Areas

(https://www.eea.europa.eu) and Natura 2000 (https://www.eea.europa.eu). Half of the sites

were considered protected (n = 1526, 52.0%), i.e., their geographical features (point, line or
polygon) partially or entirely overlapped a PA. One third of protected sites had an IUCN
management category from I to IV (n = 534, 18.2%, hereafter referred to as ‘strictly protected
sites’). Protected sites with other IUCN management category (i.e., V or VI) or no IUCN
management category were referred to as ‘other protected sites’ (n = 992, 33.8%). Sites that

did not overlap a PA were referred to as ‘non-protected sites’ (n = 1406, 48.0%).
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We considered 233 sites (7.9%) as of international importance for waterbirds
according to the definition of the Ramsar convention (i.e., sites that regularly support one
threatened waterbird species, 20,000 waterbirds, or 1% of a population) and based on the

results of Popoff et al. (2021).

Thermal specialization of waterbird communities

We evaluated the thermal specialization of waterbirds at the community level (hereafter
referred to as ‘Specte’) from species thermal ranges. For each species, we computed the
Species Temperature Range (STR) as the difference between the maximum (90% upper) and
the minimum (10% lower) temperatures of its wintering thermal range, which was assessed
following Gaget et al. (2020a), i.e., using long-term (1950 — 2000) January temperatures
across its non-breeding distribution (BirdLife International & HBW, 2017). Therefore, high
STR species experience a wide range of winter temperatures while low STR species
experience a narrow range of winter temperatures.

For each site survey, we then calculated the Community Temperature Range (CTR), a
weighted mean index that informs the average thermal range of species occurring in a
community. For a community defined in time and space, the CTR corresponds to the average
STR of species within the community weighted by their log(x + 1)-transformed abundance
(Godet et al., 2011). We computed its inverse to describe the thermal specialization of
waterbird communities, i.e., Specte. Therefore, high Specr- values indicate that the
community has a high thermal specialization and that the average thermal range of a
community is low. Finally, we calculated site Spect- averaged from site surveys Specre

values.

Environmental data
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For both climate and land-use data, we used future projections under four CMIP6 scenarios
(SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) (Eyring et al., 2016) to ensure that the
identification of sites for priority protection considers different future pathways. These
scenarios combine future socio-economic conditions with radiative forcing levels in 2100
(O’Neill et al., 2016).

Past (2008 — 2017) and future (2081 — 2100) mean temperature in January were
extracted from the WorldClim 2.1 dataset (Fick and Hijmans, 2017; past temperature
originally from CRU-TS 4.03, Harris et al., 2014). Temperature data was mean-aggregated
from a 2.5 arc-minutes resolution to a 15 arc-minutes resolution (approx. 28 x 28 km at the
equator) to match land-use data spatial resolution (see below). Following Foden et al. (2019),
we used for each scenario the future projections from the eight General Circulation Models
(GCMs) available to date in WorldClim 2.1 (Appendix S3), and replicated all processing steps
described in the following sections eight times (once per GCM) to assess the potential
limitations of waterbird communities in adjusting their composition to future climate warming
for each scenario and each GCM.

We extracted past (2012 — 2013, median years of 2008 — 2017) and future (2090,
median of 2081 — 2100) proportions of land-use categories from the Land Use Harmonization
2 dataset (Hurtt et al., 2020). This dataset provides yearly estimates of the proportion of 12

land-use categories at a 15 arc-minutes spatial resolution.

Exposure of sites to climate warming and natural habitat conversion

To assess the exposure of surveyed sites to climate warming (hereafter ‘Expor-’), we
contrasted past temperatures experienced by communities to future temperatures, weighted by
past temperature variations. First, we computed the 2008 — 2017 average and standard

deviation from the yearly mean temperature in January. Second, we then quantified for each
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scenario the differences between past and future temperatures using the Standardized

Euclidian Distance as in Williams et al. (2007):

a: — b.)2
ExpoT®; = (5—2) (1)
i

where a; and b are the past and future mean temperatures in January at cell i, and S; is the past
standard deviation.

To assess the exposure to natural habitat conversion (hereafter ‘EXponnc’), we
contrasted past and future land-use. We computed the proportion of anthropized habitats by
summing the proportion of seven land-use categories: urban land, C3 annual crops, C3
perennial crops, C4 annual crops, C4 perennial crops, C3 nitrogen-fixing crops and managed
pasture. Conversely, primary land (forested and non-forested), secondary land (forested and
non-forested) and rangeland were considered as natural habitats. The past proportion of
anthropized habitats was assessed as the average of years 2012 and 2013, while the future
proportion of anthropized habitats was 2090. We then calculated for each scenario EXpontc as
dissimilarities between the two periods at cell i by subtracting the past to the future proportion

of anthropized habitats.

Index of future thermal adjustment limitations
To assess future thermal adjustment limitations of waterbird communities, we combined their
thermal specialization (Spect-) with the two exposure metrics (Expore and EXponnc) using a
trait-based vulnerability assessment framework (Pacifici et al., 2015).

Following Huntley et al. (2016), we first converted Exponxc, EXpoTe, and Specr- into
three-level ordinal variables (Low, Moderate, High). Because 5% of natural habitat
conversion has been shown to prevent community adjustment to climate warming of non-

breeding waterbirds in a Mediterranean context (Gaget et al., 2020a), we used a 5% threshold
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to convert Exponnc into an ordinal variable: Low: inferior to 0%, Moderate: between 0% and
5%, High: superior to 5%. Expot- was converted into an ordinal variable using two quantiles
as thresholds (provided in Appendix S4). To account for differences in exposure intensity
between scenarios, the two quantiles were calculated from the values of all scenarios.
Similarly to Expor-, we converted Specr- into a three-level ordinal variable using the two
quantiles method (Appendix S4).

We then computed an index of future thermal adjustment limitations (hereafter ‘LimT-
index’) by combining the three ordinal variables using a rule-based logic framework (Table
1). This approach allowed us to account for interactions between the two exposure metrics
and Spect (Huntley et al. 2016). Through the combinations used to compute the Limt- index,
we assumed that natural habitat conversion was the main factor that could limit community
adjustment to climate warming (Gaget et al., 2020a), i.e., that Exponnxc was the main driver of
the Limr- index. As the temperature increase can be too fast for the adjustment of waterbird
communities to climate warming (Gaget et al. 2021), we also considered that higher Expore
values would exacerbate limitations caused by natural habitat conversion in community
adjustment to climate warming. Finally, community adjustment to climate warming is mainly
driven by thermal specialist species under low natural habitat conversion rates, through the
colonization of warm-dwelling specialists and the extirpation of cold-dwelling specialists
(Gaget et al., 2020a). Therefore, under low Exponnc conditions, we assumed that
communities with high Spect- values, i.e., with a higher representation of species with a
narrow thermal range than species with a wide thermal range, would adjust to future
temperature increase more easily than communities with low Specr-. In contrast, thermal
specialists and generalists both contribute to the non-significant community adjustment to
climate warming in high rates of natural habitat conversion conditions, with the extirpation of

thermal specialists and the colonization of thermal generalists regardless of their thermal
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affinities (Gaget et al., 2020a). Therefore, under high Exponnc conditions, we considered that
communities with high Spect- would not have a more positive thermal adjustment than
communities with low Specr-.

Following Huntley et al. (2016), we assessed the robustness of our findings to
variations in the rule-based logic framework presented below (Table 1) by performing all
analyses with slightly different combinations of levels (Low, Moderate, High). This
sensitivity analysis resulted in very similar results to those presented in the main body of this

article and are provided in Appendix S5.

Data Analysis

For each future scenario, we built a multi-model of the Limt- index by assigning to each site
the most frequent Limt- value (i.e., the mode) across the eight GCMs. In case of a tie, the
highest level was assigned. This multi-model was used for the statistical analyses detailed
below.

We identified protection priorities by comparing Limr index values between site
protection statuses (strictly protected, other protected, non-protected), statuses of international
importance for waterbirds (internationally important, or not internationally important) and
future scenarios. The effect of each variable was assessed separately and in combination with a
subregion effect and their interaction to assess differences between subregions. To this end, we
used on each individual variable Proportional Odds Logistic Regression models (POLRs) that
can be applied to ordinal response variables such as the Limt- index (Guisan & Harrell, 2000).

Similarly, we compared Expot, Exponnc and Specr- values between protection
statuses, statuses of international importance and future scenarios (only for Expore and
Exponnc) using linear models (LMs) in order to explore the potential drivers of differences of

the Limr- index. In addition, to evaluate similarities in spatial patterns of exposure between

15



scenarios, we assessed the correlation between scenarios for Expore and Exponnc with a
Kendall’s rank correlation tests (Kendall, 1948). Finally, we assessed the correlation between
Expore, Exponnc and Specte for each scenario to evaluate similarities in spatial patterns
between the three components of the Lim+- index. These analyses were carried out using an
average multi-model across the eight GCMs for Expor-.

Statistical significance was assessed using 95% confidence intervals for POLR and LMs
and was set at P < 0.05 for correlation tests. POLRs were fitted with the MASS package
(Venables & Ripley, 2002). Statistical analyses were performed using R 4.1.0 (R Core Team,
2021). Geoprocessing operations were performed using QGIS 3.4.15 (QGIS Development
Team, 2020) and R 4.1.0 (R Core Team, 2021), mainly with the sf (Pebesma, 2018) and raster

(Hijmans, 2021) packages.
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RESULTS

Future thermal adjustment limitations of waterbird communities

The Limt- index was ‘High’ in at least one scenario for more than a third of sites (39.5%, n =
1158) and in all scenarios for only 14 sites (0.5%, Figure 1). Values of the Limt- index
increased with the radiative forcing level of scenarios in Western Europe and the Balkans,
except for the SSP3-7.0 scenario for which the index took lower values than in SSP2-4.5 and
SSP5-8.5 (Appendices S6 and S7). However, we found very different results for other
subregions (Appendices S6 and S7), with, for instance, the lowest values of the Limy- index
for the Maghreb sites obtained for the SSP5-8.5 scenario. The number of sites with a high
LimT- index was lowest for SSP5-8.5 (6.6%, n = 193, Appendices S6 and S8). The variability

in Limt- index between GCMs was very low in all scenarios (Appendix S9).

Future thermal adjustment limitations of waterbird communities at sites of international
importance

The sites of international importance for waterbirds in all subregions had higher values of
Limr- index than other sites in two scenarios (Appendices S10 and S11). More than half of
the sites of international importance (n = 131, 56.2%) had a ‘High’ Limt- index in at least one
scenario, and most of them were protected (75.6%, n = 99, Figures 1 and 2). Those that were
not protected (n = 32) were mostly located in Turkey, the south of the Iberian Peninsula, and
the coast of North-West Africa (Figure 2). Only two sites of international importance (0.9%)
had a ‘High’ Limt- index in all scenarios and both were protected (Figure 1): ‘Laghi Como:

Garlate: Olginate’ (Italy) and ‘Lago Maggiore’ (Italy).
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Future thermal adjustment limitations of waterbird communities in protected areas

The Lim- index was higher for strictly protected sites than non-protected sites in at least
three scenarios for all subregions (Appendices S10 and S12). Other protected sites also had
also higher values of Limr- index than non-protected sites in at least two scenarios for the
Maghreb, the Middle-East and Western Europe (Appendices S10 and S12). Almost half of
protected sites (i.e., strictly protected and other protected sites) had a ‘High’ Limz- index in at
least one scenario (n = 668, 43.8%, Figures 1 and 2). On the other hand, 490 sites whose
communities had a high Limt- index in at least one scenario were not protected (42.3%,
Figures 1 and 2). A list of these sites is provided as Supplementary Material. More than a
third of these sites (40.6%, n = 199) were located in the Maghreb and the Middle-East (Figure

2).

Exposure of sites to climate warming and natural habitat conversion

The values of Expor- were higher (lower) at sites of international importance than at other
sites in the Balkans and the Middle-East (Maghreb and Western Europe) in all scenarios
(Appendix S13). Sites of international importance had higher Exponwc than other sites in
three scenarios for Western Europe, but the differences for other subregions were less clear
(Appendix S14). Expor- was overall higher at other protected sites than at non-protected sites
except for Maghreb countries (Appendix S15). Strictly protected and other protected sites had
overall higher Exponnc values than non-protected sites (Appendix S16).

Expor- values increased with the radiative forcing level of scenarios in all subregions
and were highest for Maghreb sites (Appendix S17). Surveyed sites had overall lower
Exponnc values in SSP3-7.0 than in other scenarios and had overall highest values in the
Middle-East (Appendix S17). Sites had similar Expor- spatial patterns between scenarios
(0.52<1<0.91, P<0.01, Appendix S18) but different Exponnc spatial patterns between

scenarios (0.04 <1 <0.25, P <0.01, Appendix S18).
18



Expor- and Exponnc were weakly correlated in SSP1-2.6, SSP2-4.5 and SSP3-7.0
(Mean absolute T = 0.09, P < 0.001, Appendix S19). In contrast, in SSP5-8.5, Expor- and
Exponnc were strongly and negatively correlated (t = -0.36, P < 0.001, Appendix S19),

suggesting that sites with high Expot- have low ExponHc.

Thermal specialization of waterbird communities
Specre was higher at sites of international importance for waterbirds than at other sites except
for Maghreb countries (Appendix S19). Spect- was higher at strictly protected sites than at
other protected sites and non-protected sites in all subregions (Appendix S20). Spect- was
higher for Balkans and Maghreb communities than for Western Europe and Middle-East
communities (Appendices S21 and S22).

Specr and Expor- were very weakly correlated in SSP1-2.6 and SSP2-4.5 (-0.04 <t <
-0.03, P < 0.01, Appendix S19) and were not correlated in SSP3-7.0 and SSP5-8.5. Spect- and
Exponnc were very weakly correlated in SSP1-2.6 and SSP5-8.5 (-0.06 <t <-0.04, P < 0.01,

Appendix S19) and were not correlated in SSP2-4.5 and SSP3-7.0.
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DISCUSSION

In this study, we identified for the first time the wintering waterbird communities that might
experience the greatest limitations to adjust to climate warming by the end of the century, and
demonstrated that current Mediterranean PAs, and especially strictly PAs, were overall well
located to support their thermal adjustment. However, we identified 490 entirely non-
protected sites whose communities may experience high limitations in thermal adjustment,
including 32 sites of international importance (sensu Ramsar Convention). Building on the
importance of PAs for future biodiversity conservation in response to both climate warming
and natural habitat conversion, our results reinforce the need for PAs designation and
acknowledge that decades of wetland conservation efforts are expected to help waterbird

responses to climate warming.

Thermal adjustment and vulnerability to climate warming

Our approach presumes that waterbird communities with a better thermal adjustment are less
vulnerable to climate warming. Vulnerability to climate change is defined as “the extent to
which biodiversity is susceptible to or unable to cope with the adverse effects of climate
change” (IPCC, 2007; Foden et al., 2019). As a limited thermal adjustment to warmer
conditions could lead to increased climatic debt (Gaget et al., 2021; Soultan et al., 2022), it
may be considered as a factor of vulnerability to climate change. Wintering waterbird
communities adjust to climate warming by species composition changes mainly through
thermal specialist species (i.e., high Specr- species), with the colonization of communities by
warm-dwelling specialists and the extirpation of cold-dwelling specialists from waterbird

communities (Gaget et al., 2020a). Therefore, communities with a high proportion of thermal
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specialists should adjust better to climate warming, and thus should be less vulnerable, than
communities with a high proportion of thermal generalists (i.e., low Spect- species).
However, considering future limitations in community thermal adjustment (i.e., Limr
index) as a proxy of vulnerability to climate warming must be done with great caution as its
interpretation and estimation raise questions. Thermal generalist species may not adjust to
temperature increases because they may be less sensitive and may have a greater adaptive
capacity than thermal specialists, and consequently be less vulnerable to climate warming
despite their higher climatic debt. Furthermore, changes in Spect-, a community weighted-
mean index, only reflect changes in the relative proportion of specialists and generalists, not
their presence, and other mechanisms such as interspecific competition and anthropogenic
disturbance can also influence thermal adjustment (Liang et al., 2017). Finally, the spatial
resolution (approx. 28 x 28 km at the equator) of the land-use data is very coarse and its very
low thematic resolution (12 categories) does not include a definition of wetlands. This results
in a large uncertainty on the relationship between natural habitat conversion and the
monitored wetlands, as well as in a potential overestimation of the exposure to climate
warming (Expor-) (Heikkinen et al., 2020). Improved future projections of land-use are
required to accurately quantify waterbird exposure to natural habitat conversion.
Nevertheless, these limitations do not diminish the significance of our study because
they do not undermine our assumption that communities impacted by high rates of natural
habitat conversion are less able to adjust to climate warming (Gaget et al., 2020a). Given the
rule-based logic framework used to compute the Limr- index, the limitations based on the
thermal specialization of the community also do not invalidate the higher vulnerability of
communities exposed to high rates of natural habitat conversion compared to communities not

exposed to natural habitat conversion. Finally, the combinations of this framework were
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somewhat arbitrarily decided, but very similar findings were found with different

combinations in the sensitivity analysis (Appendix S5).

Future scenarios of thermal adjustment

Although one might anticipate greater limitations in community thermal adjustment to climate
warming at high radiative forcing, this pattern was only partially observed and not even across
all subregions. This is because the exposure to land-use changes does not necessarily increase
with the radiative forcing level of the scenarios and has very different spatial patterns between
CMIP6 scenarios in the Mediterranean region (Verniest et al., 2022). Therefore, the lower
values of Limr- index in SSP3-7.0 in Western Europe and the Balkans can be explained by
the low values of its main driver, i.e., EXponnc, taken in this scenario. The lowest values of
the Limt- index in the Maghreb under SSP5-8.5 are due to the strongly negative EXponHc
values on the coast of Morocco, Algeria, and Tunisia because of the extensive conversion of
crops into secondary natural land.

Although it might be appealing to infer that high radiative forcing scenarios are not
that problematic, such conclusion must be tempered. Indeed, other CMIP6 scenarios
combining the same high radiative forcing levels (i.e., 7.0 W.m2 and 8.5 W.m) with other
socio-economic conditions (e.g., SSP2), for which data are not yet available, could result in a
very different future land-use and thus potentially in higher values of the Limt- index, as
ExponHc is its main driver. Furthermore, waterbird community thermal adjustment is far to be
perfect and results in a climatic debt even at lower rates of temperature increase (Gaget et al.,
2021). Our research reinforces the importance of considering future projections of habitat loss
and degradation, whose results against scenarios are far less straightforward than for climate

projections.
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Addressing gaps in the protected areas network

Using a trait-based CCVA framework, we highlighted that waterbird communities of
wetlands overlapped by strictly PAs (IUCN category from I to 1) would experience greater
limitations to adjust to climate warming than non-protected waterbird communities, certainly
due to the higher exposure of strictly PAs to natural habitat conversion. We also found that
many of the communities that may experience the greatest limitations are protected: among
the 14 sites whose waterbird communities had a high Limt- index in all scenarios, 10 located
in western Europe (France, Italy, Spain), including the two sites of international importance
for waterbirds, are partially or entirely protected. We believe these finding to be encouraging
in two respects. First, it implies that PAs are generally located in wetlands where the need to
help waterbird communities adjust to new thermal conditions will be most critical. Second,
future projections of land-use might overestimate Exponnc in PAS, since Integrated
Assessment Models (IAMs) (Harfoot et al., 2014) used to produce these projections do not
explicitly account for PAs and have a very coarse spatial resolution. This is especially the
case for strictly PAs that have more restrictive management than other PAs (Dudley et al.,
2008), and thus, we assume, have a better ability to reduce anthropogenic pressures.
Nevertheless, we assume that many sites that were considered as protected in this study are
only partially overlapped by PAs (Popoff et al., 2021), although this could not be verified
throughout the entire study area because the exact delineation of the IWC monitored sites is
not available in many cases (Gaget et al. 2021). Therefore, we advocate that the delineation of
each IWC site be completed and made available. This would enable the expansion of strictly
PAs in wetlands hosting waterbird communities that might experience limitations to adjust to
climate warming and that are only partially covered by a strict protection status (i.e., strict
nature reserve, wilderness area, national park, natural monument or feature, and

habitat/species management area, Dudley et al., 2008). In addition, a decline in the
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effectiveness of PAs to reduce anthropogenic pressures such as natural habitat conversion,
which was observed in some regions (Geldmann et al., 2019), might threaten the ability of
PAs to facilitate the thermal adjustment of waterbird communities to climate warming. We
thus recommend the implementation of effective management plans in current PAs to ensure
their ability to support waterbird responses to climate change (Gaget et al., 2022) and positive
waterbird population trends (Wauchope et al., 2022).

Despite the above-mentioned result, we identified 490 waterbird communities that
might experience significant thermal adjustment limitations in at least one scenario and that
are not included in the current PAs network (Supplementary Material). Maghreb and Middle-
East countries account for 199 of these communities (40.6%), including 22 at sites of
international importance for waterbirds, notwithstanding the low number of selected sites in
these countries (n = 586, 20.0%). Our results are coherent with Breiner et al. (2022) in which
authors found that African and Middle-East Critical Sites for waterbirds are key to support
waterbird responses to climate change. Such sites are also important to protect to ensure the
connectivity of the wetlands along the Eurasian-African migration flyway (Deboelpaep et al.
2022). Our results urge Mediterranean countries to quickly designate new PAs to protect the
490 communities we identified, with priority given to the 32 wetlands of international
importance for waterbirds (Popoff et al., 2021). Protecting these wetlands will help waterbird
communities adjust to climate warming (Gaget et al., 2021) but might also benefit these
ecosystems as a whole, which are among the most threatened on Earth and the least targeted
by conservation measures (Abell & Harrison, 2020), as well as human populations (MWO-2,
2018). The designation of new PAs in wetlands whose waterbird communities might
experience high thermal adjustment limitations to future climate warming should be
facilitated by the new protection targets of the Kunming-Montreal global biodiversity

framework (CBD, 2022).
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Perspectives

Prioritizing waterbird conservation should not be based only on wintering, i.e., non-breeding,
species distribution but also account for the distribution during the breeding and migration
periods (e.g., Deboelpaep et al., 2022). We also recommend assessing the vulnerability of
waterbird communities by considering other components of climate change than climate
warming, such as precipitation changes and sea-level rise, but also by including as wide a range
of relevant anthropogenic pressures as possible, such as hunting, disturbance, and water
management. Nevertheless, this study provides important guidance for conservation planning
in the Mediterranean region by stressing the need to designate new PAs in 490 sites. Our results
also demonstrated that current Mediterranean PAs are in wetlands whose waterbird
communities, without protection, would experience high limitations in thermal adjustment by
the end of the 21% century, and thus that the location of PAs might help to support the thermal

adjustment of waterbird communities to future climate warming.
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Figure 1: Number and percentage (%) of sites according to their index of future thermal

adjustment limitations (Limt- index) and their protection status. a: sites with the same value

of Limte index in all scenarios; b: sites with a value of Lim- index in at least one scenario; c:

sites of international importance for waterbirds with the same value of Limr- index in all

scenarios; d: sites of international importance for waterbirds with a value of Lim+- index in at

least one scenario. One site can be represented in several bars in panels b and d (e.g., if it has

Low, Moderate, and High Lim- value in at least one scenario). Percentages were calculated
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relative to sites with the same protection status (top: all sites; bottom: sites of international

importance). Details in Appendix S8.
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Figure 2: Protected (a) and non-protected (b) sites with high future thermal adjustment

limitations (LimT- index) in at least one scenario (protected: n = 668, non-protected: n = 490).
Black diamonds: sites of international importance for waterbirds (protected: n = 99, non-
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protected: n = 32) according to Popoff et al. (2021), grey circles: sites of lesser importance
(protected: n = 569, non-protected: n = 458). Mediterranean countries in which the IWC is

carried out but for which no site was selected (Appendix S1) are depicted in dark grey.
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TABLES

Table 1: Rule-based logic framework used to combine the exposure of sites to climate
warming (Expor), the exposure of sites to natural habitat conversion (Exponnc) and the
thermal specialization of waterbird communities (Spect-) to compute the Lim+- index for each
scenario (n = 4) and each GCM (n = 8). x = combination of two metrics, L = Low, M =
Moderate, H = High. A community with a high thermal specialization (Spect- = H) has a low
index of future thermal adjustment limitations (Lim+- index = L) if exposure to climate
warming is high (Expore = H) but exposure to natural habitat conversion is low (EXponxc =
L). Under high exposure to natural habitat conversion, the index of future thermal adjustment

limitations is always high.

ExponHc X EXpoTe

Specre LxL LxM LxH M x L Mx M M x H HxL HxM HxH

L M M M M
M M M M
H M M
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