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• Climate change is projected to be severe
in areas with high conservation value
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Climate change and anthropogenic perturbation threaten resilience of wetlands globally, particularly in regions
where environmental conditions are already hot and dry, and human impacts are rapidly intensifying and
expanding. Here we assess the vulnerability of Ramsar wetlands of six North African countries (Western Sahara,
Morocco, Algeria, Tunisia, Libya, and Egypt) by asking three questions: (1) what are the recent anthropogenic
changes that the wetlands experienced? (2) what are the projected future climatic changes? (3) how wetlands
with different conservation priorities and globally threatened species are impacted by anthropogenic pressures?
We used climatic data (historical and future projections) from WorldClim 2, drought index (SPEI), and human
footprint index (HFI for 2000 and 2019) to estimate anthropogenic pressures, as well as waterbird conservation
value (WCV: a metric indicating conservation priority of sites) and the breeding distribution of three threatened
waterbird species (Aythya nyroca,Marmaronetta angustirostris, andOxyura leucocephala) to understand how bio-
diversity is impacted by anthropogenic pressure. We found that temperature, precipitation, drought, and human
footprint index (HFI) increased during earlier decades. Interestingly, areaswith highHFI are projected to encoun-
ter lower warming but more severe drought. We also found thatWCVwas positively correlated with themagni-
tude of current HFI, indicating that sites of high conservation value for waterbirds encounter higher levels of
anthropogenic pressure. The breeding range of the three threatened species of waterbirds showed a marked in-
crease in HFI and is projected to experience a severe increase in temperature by 2081–2100, especially under the
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high emission scenario (SSP8.5) where environmental temperature becomes closer to the species critical maxi-
mum. Our results highlight the importance of integrating new conservationmeasures that increase the resilience
of North African protected wetlands to reduce extinction risk to biodiversity.

© 2021 Published by Elsevier B.V.
1. Introduction

Wetlands are highly productive systems, with rich and diverse bio-
diversity, and providing various important ecosystem services while
contributing to human well-being (Davidson et al., 2019; Gardner
et al., 2015; Mitsch and Gosselink, 2015). Due to their disproportionate
higher biodiversity compared to other ecosystems (Gopal, 2009),
protecting major global wetlands is a strategic tool for maintaining
global biodiversity (McInnes et al., 2020). However, their conservation
has been historically challenging due to high anthropogenic pressure
(Chen et al., 2018; Davidson et al., 2018; Sievers et al., 2018), which is
expected to increase globally in the future due to human population
growth (Wittemyer et al., 2008). Climate change is a significant threat
towetlands, affecting the ecological integrity of the ecosystems through
changes in hydrological regimes, physio-chemical properties, and bio-
logical communities (Davidson, 2014; Mor et al., 2019; Xi et al., 2021).
Worryingly, future projections for climate predict major alteration of
various abiotic conditions (Xi et al., 2021), which could exceed the eco-
logical tolerance of biological communities. These climatic and anthro-
pogenic perturbations threaten the resilience and functioning of these
sensitive ecosystems (Finlayson et al., 2005; Gardner and Finlayson,
2018), warranting a clear understanding and predictions of these im-
pacts for their effective management (Taylor et al., 2021).

Many wetlands are globally protected for their remarkable biologi-
cal, physical, cultural, and socioeconomic importance (Finlayson et al.,
2018). Ramsar sites for instance, are among the most important
protected areas in theworld, involving 171 countries that use standard-
ized criteria based on biological diversity and habitat uniqueness
(Bridgewater and Kim, 2021; Gardner and Davidson, 2011). There are
over 2400 Ramsar sites globally, covering 2.5 million km2. Populations
of taxa like waterbirds increase more rapidly in protected than unpro-
tected wetlands (Kleijn et al., 2014), suggesting that protected areas
confer the best ecological conditions for population growth and persis-
tence (Pavón-Jordán et al., 2020). In addition, Ramsar wetlands vary
greatly in size and other habitat characteristics, and consequently in
their resilience to climate change and anthropogenic perturbations
(Cherkaoui et al., 2015). For instance, larger compared to smaller wet-
lands might be less vulnerable to drought induced by climate change
or water extraction for irrigation and human consumption. While
Ramsar sites are well protected by local authorities, some sites experi-
ence increasing perturbations, including intense land use, excessive
hunting and fishing, water abstraction, and pollution (Gaget et al.,
2020). Together with the rapidly changing climate, the resilience of
these valuable protected areas, which are refuges to considerable biodi-
versity and are hotspots for waterbird wintering, breeding and migra-
tion, are at great risk, and their management is becoming increasingly
difficult.

Globally, some areas aremore at risk than others in terms of climatic
and anthropogenic pressure (Pekel et al., 2016; Xi et al., 2021). Across
North Africa, wetlands are typically shallow and occur in hot, dry, and
unpredictable climates (Faramarzi et al., 2013). In recent years, these
wetlands have experienced increased frequency of extreme climatic
events, projected to fluctuate greatly during the current century
(Ahmadalipour and Moradkhani, 2018; Bucchignani et al., 2018;
Khelifa et al., 2021a). These changes are exacerbated by the humanpop-
ulation being concentrated in cooler areas where most wetlands occur
(Khelifa et al., 2021c). Hence, these wetlands commonly encounter
high human perturbation, including irrigation, fishing and hunting
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(Ramdani et al., 2001). Although local biodiversity is adapted to the
hot, dry, andfluctuating environmental conditions, it is the combination
of climate change and anthropogenic pressure that could bedetrimental
to species persistence in the area (Newbold et al., 2020). In addition, due
to the high climate velocity and predominance of geographic barriers
(deserts in North Africa to the south, and Mediterranean Sea to the
north) (Loarie et al., 2009), many species will encounter dispersal limi-
tations, and consequentlywill not be able to escape the extremeadverse
conditions induced by the human-climate interaction (Cuttelod et al.,
2009). Our current knowledge of the climatic and anthropogenic im-
pacts on aquatic ecosystems in the region is still limited for managing
biodiversity and maintaining ecosystem services. To manage for the fu-
ture necessitates firstly understanding the past, as well as current and
future dynamics of climatic and anthropogenic factors to determine
possible biodiversity responses, dispersal opportunities, and extinction
risk.

The objective of this study is to understand the historical climatic
and anthropogenic stress that North African protected wetlands have
experienced, and evaluate how future climatic changes will impact
these aquatic ecosystems. We specifically select the North African
Ramsar sites of six North African countries (Morocco, Western Sahara,
Algeria, Tunisia, Libya, and Egypt), then we analyze the average, mini-
mum, and maximum annual temperatures, annual precipitation, and
Standardized Precipitation-Evapotranspiration Index (SPEI), between
1980 and 2018, at all Ramsar sites. We also quantify future projected
changes in temperature and precipitation for 2081–2100 using CMIP6
future climate projections to determine future dynamics of environ-
mental conditions in local protected wetlands. We also evaluate the
change in human influence by comparing estimates for the most up-
dated Human Footprint Index (HFI) estimated for 2000 and 2019. In
addition, we investigate the association between waterbird conser-
vation value (WCV: a metric indicating conservation priority of a
site based on abundance and species composition of waterbirds),
climate change, and HFI. We then assess the vulnerability to climate
warming of key threatened waterbirds to climate warming by esti-
mating the thermal safety margin. We finally provide recommenda-
tions for effective management and conservation of North African
protected wetlands.

2. Materials and methods

2.1. Study area

Our analysis was restricted to North African protected wetlands
(Ramsar), particularly those occurring in six countries:Western Sahara,
Morocco, Algeria, Tunisia, Libya, and Egypt. The climate of the region is
one of the warmest and driest in the world, typically Mediterranean in
the north and mainly arid (desert) in the south (Köppen climate classi-
fication). The study area is crossed by two major global flyways of bird
migration (East Atlantic and Black Sea/Mediterranean), and includes
hundreds of wetlands that host wintering, breeding, and stopover pop-
ulations ofmanybird species. The site locations of Ramsar siteswere ob-
tained from the Ramsar Site Information Service (https://rsis.ramsar.
org/).Wewere interested in the area of the site, total number of criteria
(reflecting the ecological importance of the site), total number of threats
(indicating the environmental perturbation), and total number of eco-
system services (reflecting the socioeconomic importance of the site)
(Tables S1–S3).

https://rsis.ramsar.org/
https://rsis.ramsar.org/
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2.2. Climatic data

We obtained climate data (2.5-minute spatial resolution) from
WorldClim v2 for 1980–2018 (Fick and Hijmans, 2017). We specifically
used monthly minimum (Tmin) and maximum (Tmax) temperatures
to calculate monthly and annual average temperature (Tm =
[Tmin+ Tmax] / 2). Similarly, monthly precipitation was used to calcu-
late total annual precipitation. These four climatic variables were used
to assess the temporal pattern of climate during 1980–2018. To check
whether the WorldClim data accurately reflected the observed climatic
data in the region, we performed a regression of the observed values
(response variable) against the predicted values (explanatory variable)
across 131 weather stations (with times series >10 years), and we
found a good representation for both annual average temperature
(R2 = 0.94) and annual precipitation (R2 = 0.87). To determine the
temporal pattern of drought, we used one-month values of the Stan-
dardized Precipitation Evapotranspiration Index (SPEI) for 1980–2018
obtained from the global SPEI database (Vicente-Serrano and Staff,
2015). Future projections of temperature and precipitation were ob-
tained from WorldClim 2 for 2081–2100 using three scenarios corre-
sponding to the shared socio-economic pathways (SSP) 126 (low
emission scenario; SSP2.6), 245 (moderate emission scenario; SSP4.5),
and 585 (high emission scenario; SSP8.5) of the CMIP6 future climate
projections (based on all nine models: BCC-CSM2-MR, CNRM-CM6-1,
CNRM-ESM2-1, CanESM5, GFDL-ESM4, IPSL-CM6A-LR, MIROC-ES2L,
MIROC6, and MRI-ESM2-0) (Fick and Hijmans, 2017). Because data of
all ninemodelswere highly correlated (r ≥ 0.98) (Fig. S1), we used a sin-
gle model (BCC-CSM2-MR) to determine spatial correlation of future
climate data with other covariates (e.g. time, site area). We further
used the present and future Köppen-Geiger climate classification
(1 km2 resolution) (Beck et al., 2018) to determine the shift in climate
type of Ramsar sites between the present-day (1980–2016) and
projected future conditions (2071–2100) under the scenario SSP8.5.

2.3. Human influence data

We used the machine learning-based Human Footprint Index (HFI),
developed by Keys et al. (2021), as ametric for human influence on nat-
ural habitats. This index, based originally on Williams et al. (2020), is
the most up-to-date human footprint index available, providing esti-
mates for 2000 and 2019. HFI is based on eight human pressures affect-
ing terrestrial habitats of the Earth, including (a) extent of the built
environment, (b) population density, (c) electric infrastructure,
(d) agricultural lands, (e) pasture lands, (f) roadways, (g) railways,
and (h) navigable waterways. HFI values range from 0 to 1 where 0 in-
dicates low human pressure and 1 indicates very high human influence.
The resolution of HFI is 0.00989273° latitude and 0.00989273° longi-
tude. For each Ramsar site, we calculate the average HFI across a buffer
of 5 kmaround thewetland. To estimate temporal changes in human in-
fluence, we calculated the difference in HFI between 2000 and 2019
(ΔHFI = HFI2019 − HFI2000).

2.4. Conservation priority and environmental stress

We assessed the correlation between wetland importance for biodi-
versity and climatic and anthropogenic perturbation to determine
whether biodiversity of high conservation priority is associated with
higher risk of environmental stress. To test this, we used theWaterbird
Conservation Value (WCV) for the studied Ramsar sites (Sayoud et al.,
2017). TheWCV is the sum of the proportion of each species' count rel-
ative to the global 1% threshold level for each species (Harebottle and
Underhill, 2016). As WCV takes into account both diversity and abun-
dance, highWCV values indicate more diverse and abundant waterbird
assemblage, and so reflect a priority index for the conservation of wet-
lands.
3

2.5. Thermal safety margin

To determine whether threatened species are at risk of extinction,
we first selected locally breeding threatened waterbird species that
are commonly used to classify Ramsar sites in North Africa (Aythya
nyroca, Marmaronetta angustirostris, and Oxyura leucocephala), then
we calculated past environmental thermal safety margin (TSM) of
each species and its projected temporal change in the future using this
equation: TSM= CTmax - Tenv, where CTmax is the critical maximum
temperature of the species estimated using the maximum value of Tm
(historical average: 1970-2000)within the breeding grounds of the spe-
cies geographic range obtained from global distribution maps (poly-
gons) of species of the IUCN Red List of Threatened Species, and Tenv
is the past (1970-2000) or future (2081-2100) average ambient Tm
within the breeding grounds of the species geographic distribution in
North Africa. We estimated the future change in TSM using all nine
models of the future projections under three scenarios (SSP2.6, SSP4.5,
and SSP8.5).

2.6. Statistical analyses

Our analyseswere performedwith R 4.0.2 software (R Development
Core Team, 2021). We used the raster (Hijmans et al., 2015), sf
(Pebesma, 2018), and sp (Pebesma et al., 2012) packages to handle geo-
graphic data and statistics. To analyze the temporal pattern of climatic
variables (Tm, Tmin, Tmax, P, and SPEI), we used the nlme package
(Pinheiro et al., 2020) to perform linear mixed effects model (LME)
with the climate variable as a response, year as an explanatory variable,
and site as a random effect. We also tested for the potential correlation
of area, total number of criteria, and total number of ecosystem services
with the climate variables, as well as potential interaction with year, to
highlight potential differences in the temporal pattern of climatic
changes. Prior to computing any LME, we first tested for the potential
occurrence of spatial autocorrelation using the Moran I test from the
ape package (Paradis et al., 2004).We accounted for spatial autocorrela-
tion in all models using the autoregressive structure of order 1. To ana-
lyze future climate change, we first calculated the change in average
temperature between 2081-2100 and the baseline period 2000–2018,
then we used similar LMEs as those used for the historical change in cli-
mate. To assess the temporal change in human influence, we conducted
an LME including HFI as a response variable, year (factor with two
levels: 2000 and 2019) and site-specific covariates as explanatory vari-
ables, and site as a random effect. Whether testing for climatic or an-
thropogenic changes, the interaction of year and site characteristics
reveals, for instance, whether larger,more biodiverse, ormore socioeco-
nomically valuable sites have witnessed different magnitudes of
environmental changes compared to other sites. To test whether con-
servation value of the waterbird assemblage is associated with the
magnitude of future climate change and current anthropogenic pres-
sure,we carried out linear regressionswithWCVas an independent var-
iable, and future projection of temperature and precipitation change for
2081–2100, and the recent estimate of HFI (2019) at each site as re-
sponse variables.

3. Results

Most (92.6%) of the 136 Ramsar sites were located in Algeria,
Tunisia, and Morocco. Only four Ramsar sites were located in Egypt,
four in Western Sahara, and two in Libya. These North African Ramsar
siteswere classified based on one to seven of nine criteria. Themost fre-
quent number of criteria was three (46 sites) and the most frequent
criteria were criterion 1 (70.6%), 2 (63.2%), 3 (69.1%), and 4 (64.7%)
(Fig. S2), which reflect the uniqueness of wetland type and the impor-
tance of species and ecological communities. Therewas a positive corre-
lation between total number of criteria and total number of threats (r=
0.31, p = 0.0002), and between total number of ecosystem services
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provided by the site and total number of threats (r = 0.31, p < 0.0001)
(Fig. S3), indicating that sites of highest conservation and socioeco-
nomic value are exposed to wider spectrum of disturbances. The area
of the Ramsar site was not correlated to either the total number of
criteria, threats, or ecosystem services (p > 0.05).

3.1. Historical climatic change

North African wetlands have one of the warmest and driest condi-
tions in the world (Fig. 1A, D). The average annual temperature across
North African Ramsar sites falls in the 66th percentile of all global
Ramsar sites, whereas the warmest site represents the 83rd percentile
(Fig. 1B). The average and minimum annual precipitation are the 13th
and ~0th percentile of that of all global Ramsar sites (Fig. 1E). Larger
Ramsar sites were on average warmer (r = 0.29, p = 0.0004) and
drier (r = −0.52, p < 0.0001) than smaller Ramsar sites (Fig. 1C, F).

Our analysis of the temporal pattern of annual average temperature
(Tm) during 1980–2018 showed a significant increase (p < 0.0001)
with an average ± SD warming of 0.029 ± 0.006 °C·yr−1

(0.017–0.055 °C·yr−1) (Fig. S4). This warming showed a longitudinal
spatial pattern with higher magnitudes in the west in Morocco and in
the east in Egypt, and lower magnitudes in between (mostly Algeria
and Libya). The analysis of temperature extremes showed discrepancy
in the magnitude of warming between Tmin (0.027 ± 0.012 °C·yr−1)
and Tmax (0.030 ± 0.005 °C·yr−1), indicating that the annual
amplitude of temperature increased. Interestingly, all Ramsar sites
experienced a slight increase in average annual precipitation
(P) (p < 0.001), with an average slope of 0.43 ± 1.20 mm·yr−1

(0.43–1.20) (Fig. S4). SPEI showed an overall decline (−0.008 ±
0.006 yr−1; range: −0.03–0.002 yr−1) (p < 0.0001), but the change in
SPEI was not correlated with wetland size (t = −0.78, p = 0.43).

We tested for the potential correlation between the temporal
changes in Tm and P with the number of criteria and number of ecosys-
tem services of sites. We found that the magnitude of historical
warming was stronger in sites with higher number of ecosystem
Temperature (°C)
5
10
15
20
25 Area (ha)

200,000 400,000 600,000 800,000 1,000,000

Precipitation (mm)
0
500
1,000
1,500

A

D

Fig. 1. a. Climatic conditions in North African Ramsar wetlands. (A) Annual average temperatu
lands, highlighting the minimum, mean, and maximum values of North African protected area
area of the Ramsar site. (D) Annual precipitation. (E) Frequency distribution of the annual pre
values of North African protected areas (blue vertical dashed lines). (F) Correlation between a
and ribbons are standard errors. (For interpretation of the references to color in this figure leg
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services (t = 3.22, p = 0.001), number of threats (t = 2.46, p =
0.01), but weaker in sites with higher number of criteria (t = −4.42,
p < 0.0001). These results reveal that sites with different levels of envi-
ronmental threat and socioeconomic importance witnessed stronger
warming, but those with higher ecological values experienced slightly
weaker warming during the past four decades.

The change in P was not correlated with the number threats (t =
−0.31, p = 0.75) and the number of ecosystem services (t = 0.21,
p = 0.82), revealing that sites with different levels of environmental
threat and socioeconomic importance did not show a pattern in the
magnitudes of change in precipitation. The increase in P was higher in
sites with higher number of criteria, indicating that the larger (and hot-
ter) sites benefitted from an increase in precipitation during the past
four decades. The decline in SPEI (increased drought intensity) was
weaker in sites with higher number of threats (t = 2.29, p = 0.02),
higher number of criteria (t = 3.39, p = 0.0007), but similar across
sites with various numbers of ecosystem services (t = 1.07, p = 0.28).

3.2. Future climate projections

The three scenarios of future projection for 2081–2100 based on
nine climate models for temperature showed that annual average tem-
perature will continue to increase at Ramsar sites (p < 0.001) (Fig. 2A).
The average warming across sites and climate models is projected to be
1.16±0.45 °C, 2.44±0.65 °C, and 5.05±1.23 °C for SSP2.6, SSP4.5, and
SSP8.5, respectively. However, this increase in mean temperature will
be higher at sites with larger areas in SSP4.5 and SSP8.5, revealed by
the three way interaction between period, scenario and wetland area
(p < 0.002). The warming did not show correlation with the number
of criteria (t = 0.12, p = 0.90), number of ecosystem services (t =
0.82, p = 0.41), or number of threats (t = 0.43, p = 0.66).

The three scenarios of future projection for 2081–2100 for annual pre-
cipitation showed an overall decrease in all climate models (p < 0.001)
(Fig. 2B). On average across all sites and climate models, P will decline
by 22.8 ± 30.7 mm, 32.0 ± 37.6 mm, and 66.4 ± 64.5 mm by the end
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of the century for SSP2.6, SSP4.5, and SSP8.5, respectively. Our models
testing for the correlation of site covariates with themagnitude of change
in precipitation showed that the larger sites will undergo themost severe
decline in precipitation, particularly in SSP4.5 and SSP8.5 (p< 0.002). The
change in precipitation was not different across sites with different num-
ber of ecosystem services or different number of threats (except for the
SSP8.5 where the decline in precipitation is expected to be stronger in
sites with higher number of threats (t=−2.32, p = 0.02)). The decline
in precipitation is projected to bemore severe in siteswithhigher number
of criteria in all scenarios (t=−2.45, p = 0.01).
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Fig. 3. Temporal change inHuman Footprint Index (HFI) between 2000 and 2019 inNorth Africa
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Climate types of North African Ramsar sites are projected to change
to more hot and arid climates (χ2 = 32.5, df = 6, p < 0.0001) (Fig. 2C).
The total number of climates is expected to decline from seven currently
(1980–2016) to four for projected future conditions (2071–2100)
under SSP8.5. Specifically, while only 31.7% of sites currently have an
arid-desert-hot climate, this percentage may increase to 52.5% by the
end of the century. The frequency of arid-steppe-cold and temperate-
dry summer-hot summer decreased from 13.3% and 32.5% to 5% and
19.2%, respectively. Overall, the climate of North African Ramsar sites
is projected to become more homogenous.
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3.3. Human influence

HFI showed a marginal significant increase from 2000 to 2019 (t =
1.93, p = 0.05). While HFI was higher in smaller Ramsar sites (t =
−5.46, p < 0.001), the increase of HFI was similar across sites with dif-
ferent sizes (Fig. 3). The temporal change in HFI was not correlatedwith
the total number of criteria among the Ramsar sites (t = −0.54, p =
0.58), number of services (t = 0.30, p = 0.76), and number of threats
(t = −0.60, p = 0.54). This indicates that sites with various ecological
and socioeconomic values experienced similar increase in human influ-
ence during the last two decades.

3.4. Relating future climate change and human influence

There was no correlation between Tm and the HFI of recent years at
North African Ramsar sites (t = −0.94, p = 0.36) (Fig. 4a). However, P
was positive correlated with HFI (t= 4.74, p < 0.0001) (Fig. 4b), that is,
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the wetter the site the higher the human influence. Interestingly, the
projected future change in temperature was negatively correlated with
HFI, particularly in SSP4.5 and SSP8.5 (t = −1.91, p = 0.05; t= −2.03,
p = 0.04; respectively), indicating that Ramsar sites with low HFI had
stronger warming than Ramsar sites with high HFI (Fig. 4c). Similarly,
the projected future change in precipitation was negatively correlated
withHFI in all scenarios (t=−3.62, p=0.0003; respectively), but the re-
lationshipwasweak for SSP8.5 due to the high variability in future change
inprecipitation. These results suggest that siteswith lowhuman influence
(also the drier sites) will encounter the lowest change in precipitation,
whereas sites with high human influence (also the wetter sites) will ex-
perience a steeper decline in precipitation (Fig. 4d).

3.5. Relating climatic and anthropogenic pressure to waterbird conservation

TheWaterbird Conservation Value score (WCV) for Ramsar sites in-
dicates the conservation priority of sites based on species occurrence
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and abundance. We found that the projected future warming was neg-
atively correlated withWCV of sites, particularly for SSP8.5 (t=−2.86,
p=0.004) (Fig. 5a). Thismeans that sites with high diversity and abun-
dance will encounter slightly lower magnitude of warming. Further-
more, the projected change in precipitation was marginally negatively
correlated with WCV (t = −1.81, p = 0.07) for SSP2.6 (Fig. 5b). This
suggests that there will be increasingly drier conditions in sites with
high conservation value. Finally, although the association was weak
due to the high variability in HFI and WCV, the HFI2019 was positively
correlated with WCV of sites (t = 2.38, p = 0.02) (Fig. 5c), indicating
that sites with high diversity and abundance are experiencing the
highest anthropogenic pressure.

3.6. Thermal tolerance and conservation concern

We estimated the past (1970-2000) and future (2081–2100) ther-
mal safety margin (TSM) of three threatened species of waterbirds
Aythya nyroca (Near Threatened),Marmaronetta angustirostris (Vulner-
able), Oxyura leucocephala (Endangered) which have been commonly
used to designate Ramsar sites in North Africa. The breeding ranges of
Aythya nyroca, Marmaronetta angustirostris, and Oxyura leucocephala in
North Africa are presented in Fig. 6a. A. nyroca showed an average de-
cline (across models) in TSM of 21.0%, 34.5%, and 62.2% under SSP2.6,
SSP4.5, and SSP8.5, respectively. M. angustirostris showed an average
decline in TSM of 16.3%, 30.3%, and 58.3% under SSP2.6, SSP4.5, and
SSP8.5, respectively. O. leucocephala showed an average in TSM of
32.1%, 45.5%, and 73.4% under SSP2.6, SSP4.5, and SSP8.5, respectively
(Fig. 6b). Additionally, our analysis of the historical change in HFI across
Ramsar sites that overlapwith their breeding distribution showed a sig-
nificant increase in HFI in all three species (t = 5.10, p < 0.0001)
(Fig. 6c), indicating increasing anthropogenic stress.

4. Discussion

Our results show that North African Ramsar wetlands, characterized
by a warm and dry climate, have encountered severe warming and
more intense drought the last few decades. Furthermore, future climate
projections predict that both warming and drought will continue to in-
crease in magnitude, while at the same time the diversity of climates
will decline. Besides climate, North African wetlands have experienced
increased anthropogenic pressure from surrounding land use, including
agriculture, urbanization, and other built environments. Wetlands of
high conservation value for waterbirds encounter higher levels of an-
thropogenic stress. The assessment of the effect of climate change on
the thermal safety margin of three threatened waterbird species sug-
gests an increased thermal stress and a higher risk of local extinction.
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Overall, these observed climatic and anthropogenic trends reveal that
globally important wetlands in North Africa are imperiled, and require
conservation strategies to maintain biodiversity, habitat integrity, and
ecosystem services. The results here are important for local conserva-
tionists and decision makers, as research on freshwater ecosystem vul-
nerability to climatic and anthropogenic effects on biodiversity have
been little explored in the region.

4.1. Climatic and anthropogenic change

The projected shift in climate types, and the decline in climate diver-
sity at theNorth African Ramsar sites, is alarming. Community composi-
tion and abundance are linked to climatic conditions such that spatial
variability in climates sustains a higher beta diversity of biota and
more complex community dynamics (Guisan and Zimmermann, 2000;
Woodward and Woodward, 1987). A decline in climate diversity will
most likely reduce biodiversity and homogenize it, leading to more
desert-like assemblages (Pearson and Dawson, 2003). However, while
moving towards this critical environmental state, different changes in
community interaction will likely happen. Increased temperature
could have various ecological implications on wetlands (Xi et al.,
2021). Shifts in the phenology of various biological events such as bird
migration, insect emergence, or fish spawning could lead tomismatches
between predators and prey, and so have major consequences on the
food web (Both et al., 2006; Thackeray et al., 2016).

Wetlands in North Africa support many bird species that winter,
breed, or stopover (Cherkaoui et al., 2017), and so the change in thermal
conditions during different seasons could influence demographic pa-
rameters of various populations of different life stages (Schaub et al.,
2005). Furthermore, warming typically increases developmental rates
of aquatic organisms that ultimately results in a decline in the size of
lower trophic levels (Gardner et al., 2011). In turn, these changes reduce
the nutritional value of prey to predators (Ohlberger, 2013; Sheridan
and Bickford, 2011). The novel climatic conditions will likely be associ-
ated with higher frequency of heat waves which will increase the mor-
tality rate of species, particularly in dry conditions (Conradie et al.,
2020).

Additionally, precipitation and drought are major determinants of
demographic parameters in hot environments (Møller et al., 2010).
Many wetlands dry out fast during warmer years, not only restraining
the physical space for aquatic species, but also reducing availability of
resources such as food and water to successfully thermoregulate
(Riddell et al., 2019) or breed (egg deposition, hatching, and survival
of offspring), and ultimately promoting emigration or extirpation of
local fauna (Albright et al., 2010; Cady et al., 2019). Our results suggest
that the increased frequency of drought events will most likely affect
2 4
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species composition andpopulation dynamics of local species. This is es-
pecially concerning given that the local protected areas are not exempt
fromwater extraction for irrigation of nearby agricultural lands (Ayache
et al., 2009; El Falah et al., 2021; Khelifa et al., 2016). Consequently,
these changes threaten the resilience of wetlands to drought, and po-
tentially induce great hydrological changes with profound repercus-
sions on biodiversity.

Size of wetlands here correlated with the overall climatic and an-
thropogenic conditions, as well as with their temporal trend. Wetland
size is a critical physical trait, as it usually determines the carrying ca-
pacity of sites in terms of species richness and abundance (Bidwell
et al., 2014; Sebastián-González and Green, 2014). Hamza and Selmi
(2018) found that waterbird distribution and diversity in Tunisian wet-
lands were mainly determined by size of the wetland. Our results show
that larger sites are warmer and drier, and expected to experiencemore
intense warming and drought in the future. Yet, smaller sites encounter
higher anthropogenic pressure. The variability in the intensity of
warming and drought across sites with different sizes may lead to dis-
proportionate changes in wetland area, where larger wetlands experi-
ence a more severe decline in size than smaller wetlands (Davidson,
2014). The increased human influence in smaller wetlands is problem-
atic, as smaller sites are already sensitive to disturbance due to the lim-
ited availability of refuges, as well as vulnerable to pollution (Lomnicky
et al., 2019; Stevens and Conway, 2020). Our results highlight the im-
portance of integratingwetland size and its related climatic and anthro-
pogenic risks in future management plans to maintain the integrity of
these Ramsar ecosystems.

North African wetlands are characterized by the wettest areas being
greatly influenced by human activity (Hamza and Selmi, 2018). Yet
these areas also have the largest number of Ramsar sites,mostly of a rel-
ative smaller size. These are also the sites subject to the most severe
8

decline in precipitation by the end of the century. The projected change
in climatic conditions, combinedwith high anthropogenic pressure, will
exert much stress on aquatic biodiversity. These changes will likely
threaten the sustainable use of ecosystem services for human well-
being (McInnes et al., 2020). Of concern is that even small declines in
precipitation can cause hydrological changes with disproportionately
large effects on ecosystems, further aggravated by increased warming
over the next decades. Overall, these Ramsar sites are in the future likely
to face climatic and/or anthropogenic stress far worse than the current
ones.

4.2. Species conservation priority

Based on the waterbird conservation value score (WCV), sites of
high conservation priority were associated with with lower levels of
warming but marginally higher levels of increased drought risk and
human perturbation. This means that sites harboring a significant pro-
portion of the global population size of threatened species are expected
to experience high climatic and anthropogenic perturbations in the fu-
ture, which put these populations under high environmental stress
and high likelihood of extirpation (Riddell et al., 2021; Riddell et al.,
2019). Under such conditions, it is likely that birds will fail to balance
heat and water budgets, resulting in a decline in population size (Huey
et al., 2012). In addition, the expected future decline in wetland size in
the region (Xi et al., 2021)willmost likely increase intra- and interspecific
competition for space and resources, and aggravate the climatic impacts
on demographic parameters. The loss of populations of high WCV in
North Africa will exacerbate the current status of various threatened
western Palearctic species and push them closer to extinction.

Our results show a consistent pattern revealing that the currently
most threatened birds will encounter great thermal challenges to
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persisting in North Africa. This is because they, like most other species,
are western Palearctic species living at the southern limit of their distri-
bution, encountering the warmest conditions of their entire range
(Jiguet et al., 2007; Roselaar, 2006). Therefore, as revealed by the
analysis of thermal niche, future projection of climate change will be
warmer conditions, particularly for species assessed as Endangered, to
levels that are near the current estimated critical maximum tempera-
ture across the species range (Conradie et al., 2019; Iknayan and
Beissinger, 2018). This suggests that in case of a severe climate change,
many species, particularly those with restricted distribution, will likely
reach the limit of their critical tolerable environmental temperature
by the end of the century in North Africa (Riddell et al., 2019). Worry-
ingly, wetlands in North Africa are relatively rare, and so the opportu-
nity of finding potential refuges in the vicinity to escape adverse
climatic conditions is limited. This is particularly the case for species
with limited dispersal ability like fish, amphibians, and reptiles because
of the ‘island-like geography’ of North African wetlands where the
Mediterranean Sea limits species distribution to the North, and the vast
Sahara limits species movement to the South. Therefore, the common
escape strategies through northward dispersal of trailing edge popula-
tions is challenging, and thus a large proportion of the North African
aquatic fauna with limited dispersal ability will have to adapt to novel
conditions to persist.

Our lack of understanding of how multiple anthropogenic stressors
affect biodiversity is problematic. The cumulative impact of thermal
stress, drought, pollution, and other stressors might not be only addi-
tive, but could also be synergistic, inducing a larger effect than the
sum of the single effects of each stressor (Jackson et al., 2016; Jackson
et al., 2021; Piggott et al., 2015). Our prediction of the impact of
warming on thermal safetymargin of waterbirds is thus a simplification
because the projected increase in thermal stresswill likely be associated
with an increase in human disturbance, as human population in North
Africa is expected to increase in the near future, producing potential in-
teractive effects that drive rapid population decline (Jarzyna et al., 2016;
Northrup et al., 2019).

4.3. Conservation recommendations

Climate change and anthropogenic disturbance at Ramsar sites
threaten ecosystem functioning and provision of ecosystem services
contributing to humanwell-being in North Africa. Based on ourfindings
here, we now present some recommendations for implementing strate-
gic plans for the conservation of Ramsar sites in the face of the combined
effects of climatic change and anthropogenic stress.

4.3.1. Climate change research
There are few studies on the effect of climate change on biodiversity

in North Africa, despite recent severe drought, climate variability, and
recorded consequences for aquatic organisms (Khelifa et al., 2021b),
sounding the alarm for urgent implementation of long-termmonitoring
schemes, as well as field and laboratory experiments on thermal adap-
tation and sensitivity of species to hydrological changes. The use of the
available open-source historical climate data and future projections is
an asset for understanding species responses to climate change and to
predict future impacts on freshwater communities (Khelifa et al.,
2021a). Furthermore, anticipation of the consequences of potential se-
vere drought events on the spatial distribution of freshwater biodiver-
sity is crucial to mitigate climate change impacts. For example, use of
artificial wetlands such as reservoirs and farm ponds as safe refuges
for surviving drought during dry years is one effective way forward
(Deacon et al., 2019; Samways et al., 2020).

4.3.2. Anthropogenic pressure
Human demographic growth in North Africa during the last three

decades has led to the expansion of urban areas, agriculture, and
roads, particularly near the Mediterranean coast where the climate is
9

cooler and the lands most fertile (Khelifa et al., 2021c). Although an
area with high anthropogenic disturbance, it hosts the largest number
of Ramsar sites and other protected areas. Therefore, future urban de-
velopment and agricultural expansion needs to be strategic and eco-
friendly to limit their direct and indirect impact on wetlands (Pereda
et al., 2021). For instance, the construction of national roads needs to
take into account the importance of habitat connectivity and lowdistur-
bance for the functioning of freshwater ecosystems. This approach how-
ever, requires data on species dispersal, habitat requirements, and
extent and degree of anthropogenic impact on species demography at
national and international levels. Moreover, authorities need to enforce
laws to regulate the intensive agricultural practices that use an exces-
sive amount of fertilizers and pesticides near Ramsar sites in particular,
and protected areas in general, to limit the toxic runoff into wetlands
and to reduce eutrophication risks. However, promoting organic farm-
ing at the expense of productivity and financial gain for farmers needs
governmental subsidies and awareness raising among the public. In all
cases, a collaborative effort among North African researchers and con-
servation authorities is required to increase the spatial and temporal ex-
tent of monitoring of biodiversity to improve our understanding of its
vulnerability and ecological requirements for better conservation and
management.

4.3.3. Protected-unprotected networks
Increasing the number of Ramsar sites in North Africa is a valuable

solution for maintaining aquatic biodiversity, but this requires regular
surveys and a multi-taxa monitoring approach of wetlands. Local
Ramsar sites are mostly designated using birds because they are easy
to identify and quantify. However, the exploration of other taxa in un-
protected wetlands could result in the discovery of sensitive fauna
that make the site eligible for Ramsar designation, which is highly likely
in a hotspot of biodiversity and endemism such as North Africa (Myers
et al., 2000). Understanding the role of unprotected areas in the resil-
ience and functioning of Ramsar sites is also crucial. Indeed, nearby un-
protected areas are usually used for foraging and reproduction, or as
retreat areas for species in the case of environmental perturbation
(e.g. drought) (Blanckenberg et al., 2020). It is now strategic to identify
the network of wetlands that are essential for the ecological needs of
biodiversity in Ramsar sites, incorporating them as a complementary
unit, and establish connectivity corridors between the areas. Impor-
tantly, the regulation of the pollution levels of tributaries that flow
into North African Ramsar sites is very important to maintain a good
water quality and effectively manage Ramsar sites.

4.3.4. International collaboration
North African wetlands are used by migratory birds for wintering,

breeding, and stopover. Thus, strengthening the link between African
and European researchers is advisable for the better management of
avian assemblages (Sayoud et al., 2017). Further reasons why North
African aquatic biodiversity need an international attention is the po-
tential genetic distinctiveness of local populations of Palearctic species.
Prioritizing conservation efforts based on genetic distinctiveness has be-
come a useful tool in conservation biology (Gutiérrez-Ortega et al.,
2018; Volkmann et al., 2014), particularly with the decreased costs of
next-generation sequencing (Lowry et al., 2017). Genetic analyses re-
veal a clear signal of genetic differentiation in Palearctic species be-
tween North African and European populations (Husemann et al.,
2014). This was reported for species with limited dispersal, such as
plants (Besnard et al., 2002; Lepais et al., 2013) and reptiles (Guicking
et al., 2008), and even in organisms with high dispersal ability such as
insects (Ferreira et al., 2016; Froufe et al., 2014; Habel et al., 2009;
Habel et al., 2011; Simonsen et al., 2020). This highlights not only the
high cryptic diversity in North Africa, but also the limited dispersal be-
tween North African and European populations (Hewitt, 2004). Thus,
the conservation of North African populations is key for maintaining
overall genetic diversity of western Palearctic species.
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