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Summary

The hypersaline Lake Urmia, located in Iran, has undergone a significant reduction in size and is
currently facing the risk of desiccation. The decrease in water levels, coupled with elevated
salinity levels, has initiated ecological degradation, leading to a substantial decline in the region’s
waterbird population. This study employs breakpoint analysis to determine the year when the
drought event affecting the lake commenced. Additionally, canonical correspondence analysis
(CCA) is utilised to elucidate the interaction between environmental parameters and the
waterbird assemblages in Lake Urmia over the period 1970-2018. Our investigation identifies
the year 2000 as the initiation of the water crisis in Lake Urmia, synchronously coinciding with
the decline in the waterbird populations. This finding highlights a significant connection
between the majority of waterbird species and the axes of CCA, intricately linked with water
availability within Lake Urmia. This revelation underscores the pivotal role of fluctuations in
water levels in shaping the dynamics of the lake’s waterbird assemblages. Furthermore, our
observations emphasise the importance of even minor improvements in hydrological conditions
of the lake, resulting in substantial positive impacts on waterbird populations.

Introduction

Saline lakes are common landscape features in cold and warm/hot dry regions on every continent
(Williams 2002). They have a global volume of 104,000 km®, which is almost the same as the
world’s fresh water (Florin 2013). Saline lakes have diverse ecological, sociological, and economic
benefits (Wurtsbaugh et al. 2017). Millions of migratory birds rely on saline lakes to fuel their long
migrations with food resources such as brine shrimp Artemia spp. and brine flies Ephydra spp.
(Roberts 2013). The water level of a saline lake influences populations of waterbirds in such a way
that they are considered important bio-indicators of the lake’s health (Kulshreshtha and Sharma
2008). Furthermore, saline lakes can be important indicators of environmental change because
their size, water level, and salinity are sensitive to global circulation phenomena, such as the El
Nifo Southern Oscillation (ENSO), the North Atlantic Oscillation, or monsoons (Florin 2013;
Williams 2002). Due to their productivity and habitat suitability for migratory waterbirds such as
flamingos, many saline lakes and wetlands are listed as Ramsar sites (Kshitij Divyansh and Raj
2019; Ramsar 1970). They are also under threat, and minerals including sodium chloride (salt),
magnesium chloride, and sulphate of potassium (potash) are extracted from many saline lakes
(Gwynn 1998).

Despite the large variety of services that saline lakes provide and their global extent in dry
regions, they are shrinking worldwide as their hydrological balance is changed by both climatic
and anthropogenic factors (Williams 1996; Wurtsbaugh et al. 2017). Using the Képpen—Tre-
wartha (K-T) climate classification and analysing observations from 1900 to 2010, as well as
simulations spanning 1900-2100 from 20 global climate models, Feng et al. (2014) demonstrated
a significant redistribution of climate types in the most recent 15-year period (1996-2010)
compared with the period 1961-1990. Their observations indicated that precipitation and,
notably, temperature have altered the world’s climate since 1990. Based on their observations,
the climate change scenarios predict a warmer or drier climate type for 31.4-46.3% of the global
land area by the end of the twenty-first century, mostly in the Northern Hemisphere. Temperate,
tropical, and dry climates are projected to expand, while polar, subpolar, and subtropical climates
are projected to contract (Feng et al. 2014). Increasing temperature and evaporation as a
consequence of climate change have caused significant water loss in semi-arid regions (Kirono
and Kent 2011). Meng (2019) suggested that the increased evaporation and low precipitation over
the last 50 years are the main reasons for the water decline of the Great Salt Lake in the northern
part of the US state of Utah. However, Wurtsbaugh et al. (2017) and Wine et al. (2019) rebutted
the findings of Meng (2019). Their conclusion is that the Great Salt Lake has been minimally
affected by climate change; instead, the primary factor leading to its desiccation has been
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increased exploitation in the basin, including activities such as
irrigation, dam construction, and water abstraction.

By intertwining these climatic elements with human actions like
water abstraction for agricultural and domestic needs, the situation
of these lakes was further exacerbated. A case in point is the saline
lakes in Pakistan (Hussain et al. 2019), where these factors have
contributed to heightened salinity levels over the past decade.
Similarly, the Salton Sea, a shallow, saline lake in the south-west
of the USA, is rapidly shrinking due to the reduction of fresh water
from its affluent, the Colorado River (Tompson 2016).

Fluctuations in water level as a result of drought lead to frequent
and longer periods of high salinity. This causes an enormous
reduction in the number of invertebrate fauna because they are
only present within a narrow range of salinities (Barnes and
Wourtsbaugh 2015). Lake Albert, in eastern Oregon, hosted hun-
dreds of thousands of waterbirds annually. However, both water-
birds and their invertebrate prey have experienced a reduction of up
to 68% over the last 30 years as a result of low lake levels and high
salinities (Senner et al. 2018). In a similar example, almost all of the
hypersaline lakes in North America, which are important habitats
for grebes, phalaropes, avocets, and stilts, are facing an insecure
future because of the diversion of fresh water by humans (Conover
and Bell 2020). Surprisingly, the study of Tavernia et al. (2021) has
not shown a decline in birds, despite shrinkage of the Great Salt
Lake. However, they emphasised the importance of water quantity
and quality to continue stable and positive bird population trends.

Together, these factors increase the water stress experienced by
waterbirds and can cause a disruption in migration routes and
important breeding areas (Haig et al. 2019). The effect on water-
birds of losing a saline lake in arid and semi-arid areas is more
dramatic because of a limited number of available migratory stop-
overs in these regions (Wilsey et al. 2017). Integrating surface water
information with climate patterns and human water usage factors
offers an ecological perspective on evolving flyway conditions and
addressing emerging migratory challenges (Donnelly et al. 2020).
Despite the importance of the saline lake ecosystem for waterbirds,
they are not well studied nor protected (Belovsky et al. 2011).

Lake Urmia, situated in north-western Iran, exemplifies a drying
saline lake that has historically supported substantial migratory
waterbird populations. Aerial surveys, such as those by Scott
(2001), have consistently documented thousands of waterbirds from
diverse species frequenting the lake. Notably, the lake is home to the
unique brine shrimp species, a primary food source for visiting
migratory waterbirds (Lotfi 2012). The lake’s surroundings, including
mudflats, undulated plains, and eastern areas, provide essential win-
tering habitats for threatened waterbirds like Great White Pelican
Pelecanus onocrotalus, Greater Flamingo Phoenicopterus roseus,
White Stork Ciconia ciconia, Marbled Teal Marmaronetta angustir-
ostris, and White-headed Duck Oxyura leucocephala. Therefore, the
site aligns with Ramsar Criterion 1 and has the potential to merit
Ramsar site designation due to the presence of these declining species.
The lake plays a crucial role in bird breeding, hosting a diverse range
of waterbird species such as Greater White Pelican, Little Egret Egretta
garzetta, Glossy Ibis Plegadis falcinellus, Eurasian Spoonbill Platalea
leucorodia, Greater Flamingo, and more. It is also a nesting ground for
Greylag Goose Anser anser, Lesser White-fronted Goose Anser ery-
thropus, and Ferruginous Duck Aythya nyroca. Flamingos have
exhibited consistent breeding, with their numbers potentially reach-
ing 25,000 breeding pairs, underscoring the significance of Lake
Urmia (Ramsar Site Information Service 1997).

Existing data reveal that the Lake Urmia basin has documented
239 bird species, while the national park, encompassing the lake
and its satellite wetlands, has recorded 212 species (Lotfi 2012). The
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site’s significance was acknowledged in 1994 due to its consistent
support of substantial populations of waterbirds (as detailed in
Table A1) (Birdlife International 2023). Despite recent droughts,
historical records confirm that Lake Urmia and its satellite wetlands
typically harbour waterbird populations exceeding 20,000, meeting
the Ramsar Convention’s Criterion 6 (Lotfi 2012). This underscores
the global importance of Lake Urmia and several of its satellite
wetlands, resulting in its designation as a Ramsar site in 1971 and a
biosphere reserve in 1976 (UNEP 2012).

The persistent drought at the lake since the 2000s has led to a
significant decline in both migratory (breeding and wintering) and
resident bird species that frequent the area (Lotfi 2012). A decline in
water level and increased salinity to more than 300 g/L may have
stopped the hatching of brine shrimp, and likely has led to the decline
in the number of birds that feed on this crustacean species, especially
40,000-80,000 pairs of breeding Greater Flamingos (Sima et al. 2021).

The onset of drought in Lake Urmia arises from a combination of
natural and human-induced factors. According to Delju et al.
(2013), the period between 1964 and 1996 witnessed alternating
wet and dry cycles impacting Lake Urmia approximately every five
years. However, during the 1970s and 1980s, drought events in Lake
Urmia displayed heightened frequency but milder intensity. Con-
versely, from the 1990s onwards, droughts became lengthier and
more severe. A discernible rise in temperature and a concomitant
decrease in precipitation, notably since the early 1990s, align closely
with the established drought cycle in Lake Urmia. The initiation of
this pattern in 1997, along with an intensified occurrence between
2000 and 2001, reported by Delju et al. (2013), has impeded the
lake’s restoration to its typical state since then. During this period,
the lake’s water level receded by 6.8 m from January 1992 to August
2010, revealing over 40% of the lakebed. They also observed that the
lake experiences seasonal droughts typically spanning June—October
annually, a critical timeframe for the agricultural industry, while in
times of diminished precipitation, especially during autumn and
winter, water scarcity intensifies markedly.

Chaudbhari et al. (2018) found, respectively, a 98% and 180%
increase in agricultural lands and urban areas from 1987 to 2016,
with a corresponding shrinkage in lake area by 86%. Their analysis
also showed that human water management activities caused a
reduction in streamflow of 1.74 km>/year from 1995 to 2010, which
accounts for 86% of the total depletion in lake volume during the
same period. It is also found that the requirement for irrigation
water almost tripled, causing large withdrawals from rivers. These
results demonstrate that the ongoing depletion of Lake Urmia is not
solely due to prolonged droughts but also due to direct anthropo-
genic alterations which caused significant changes in land use,
streamflow, and water storage within the basin. Moreover, the
construction of a causeway in 1979 that divides Lake Urmia into
a northern and southern basin restricted water exchange and
affected the flow and salinity regimes (Zeinoddini et al. 2009).
The combination of these factors could have disrupted the stable
conditions of Lake Urmia as a safe habitat for birds.

Despite the significance of Lake Urmia for waterbirds, no com-
prehensive study has yet examined the long-term impact of the
lake’s water crisis on these avian populations. Since waterbirds have
shown adverse reactions to the lake’s desiccation, it is anticipated
that both bird abundance and species richness have undergone a
substantial decline since the year 2000. In this study, we analysed the
variations in wintering waterbird species counts from 1970 to 2018,
investigating their correlations with changes in environmental
parameters, specifically the lake water level, river water discharge,
well water levels, well water abstraction, average annual air tem-
perature, and average annual precipitation.
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Methods
Study area

Lake Urmia is located in the north-west of Iran between 37°06°15”
and 38°15'15”N and 45°00’13” and 45°5520”E (Figure 1). Lake
Urmia is the second largest saltwater lake in the Middle East and
the largest inland lake in Iran, with a surface area of 5,000 km” and a
water level at an altitude of 1,276 m.a.s] (when full). The lake’s
average depth is approximately 5.4 m during normal hydrological
conditions, with a maximum depth of around 15 m in the northern
parts. The basin of the lake comprises 17 permanent rivers, 12
seasonal rivers, and 39 floodways, serving as its primary water
sources. The lake is formed in a natural depression within the Urmia
basin and shared between the East and West Azerbaijan provinces
(Figure 1). The lake basin, encompassing the entire hydrological
basin of the lake, occupies 52,000 km” of mainly mountainous
territories in three provinces of East and West Azerbaijan and
Kurdistan (Lotfi 2012). It has a semi-arid climate with a mean
annual temperature of 11°C (Delju et al. 2013), and a mean annual
precipitation of about 357 mm (Fazel et al. 2018). The length of the
lake varies between 130 km and 140 km, and it reaches a maximum
width of 50 km in the southern parts (Lotfi 2012). Lake Urmia is
protected as a national park, Ramsar site, and biosphere reserve. The
lake includes 56 islands, most of which are small and uninhabited,
and there are 17 satellite fresh or brackish water wetlands around the
lake. This ecosystem, comprising Lake Urmia, its surrounding
islands, satellite freshwater wetlands, and neighbouring salt lands,
forms a unique and essential habitat for breeding and wintering
waterbirds (Lotfi 2012).

Environmental parameters

Environmental parameters utilized in our investigation comprised
lake water level (LWL) measured in meters above sea level (m.a.s.]),
obtained from daily recorded observations at the Golmankhane
station (37°36’N, 45°16’E) spanning 1970 to 2018 (Figure 2). Water
discharge of the rivers (WDR) was expressed in million cubic
meters (mcm), representing the total monthly volume of water
flowing from each river to the lake from 1970 until 2015. Well
water level (WWL) was measured in meters, representing the
distance from the land surface to the water in wells under static
conditions, aggregated on a monthly basis. Well water withdrawal
(WWW) was quantified in cubic meters per second (m?*/second),
indicating farmers’ total monthly groundwater extraction from the
wells across the lake basin (Faramarzi 2012). Additionally, mean
yearly air temperature (MYAT) was recorded in degrees Celsius (°
C), and mean yearly precipitation (MYPPT) was measured in
millimeters (mm).

In this study, we used the data from 44 piezometric wells located
in the lake basin from 1970 to 2013. The hydrological parameters
were obtained from the Urmia Lake Restoration Programme (pers.
comm.) and the Iran Water Resources Management Company.
Climatic parameters were recorded at the Urmia synoptic station
(37°40°00”N —45°03’°00”E) at an altitude of 1,328 m.a.s.1 (Delju et al.
2013). The data from this synoptic station, covering MYAT and
MYPPT, were sourced from the Iran Meteorological Organisation
(IRIMO) spanning the period from 1970 to 2018.

Bird data

Lake Urmia supports internationally important numbers of win-
tering water birds. Data are only available for annual winter counts
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Figure 1. Geographical location of Urmia Lake and its basin in north-western Iran.

by the Iranian Department of Environment (DoE) in Lake Urmia
and bordering Qara-Gheshlaq (Sima et al. 2021). For this research,
we employed bird counting data from January bird counts, starting
in 1970 and extending until 2018, with some interruptions during
the 1980s. Total counts of the different bird species were recorded
by DoE staff by walking or sailing around the lake coasts with 10 x
40 binoculars and 15 x 60 telescopes. Qara-Gheshlaq stands as a
multifaceted interconnected wetlands complex spanning approxi-
mately 3,000 ha, to the south of the lake, bridging the East and West
Azerbaijan provinces. This wetland is characterised by its shallow
and freshwater nature. Periodically, when water levels are high,
Qara-Gheshlaq is partly submerged by hypersaline water (Lotfi
2012). To reduce bird recognition and identification biases, the
same group of experienced ornithologists carried out the annual
census in most of the years. However, the number of survey staff
was not fixed and varied depending on vehicle facilities, the number
of skilled experts in each region, site area, and bird populations. The
counting procedure remained consistent from 1970 until the end of
the study in 2018. The bird survey began on 5 January each year and
took no longer than two weeks. The birds were counted continu-
ously and without interruption on a sampling day to avoid repeated
surveys in nearby sites. Exceptionally, if the team could not finish
the survey for a specific location on one sampling day, it continued
the next day.

Statistical analysis

Breakpoint analysis

The breakpoint is the location in the time series where the slope
changes and is found using single or multiple change point methods
(Garmo et al. 2020). Using the bcp package in R (Erdman and
Emerson 2007), we implemented Bayesian analysis of change point
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Figure 2. Water level of Lake Urmia (m.a.s.l) in January from 1970 until 2018.

(BCP), a multiple breakpoint method, to identify a change in mean
for environmental parameters. The Bayesian approach estimates
the posterior means and posterior probability of changes
(breakpoints) at any given location along a sequence. Posterior
probability of a change shows the proportion of iterations resulting
in a change point at each location and posterior means displays the
posterior mean of each location (Erdman and Emerson 2007). The
breakpoint in the BCP method was defined as a point where the
posterior probability or the probability of a change exceeded a cut-
off point of 60% (Tenan et al. 2017). The algorithm in bcp packages
is built upon the Barry and Hartigan (1993) product partition
model for the normal errors change-point problem, using Markov
chain Monte Carlo with a default of 500 iterations. A default value
of 0.2 was used as the prior on change-point probabilities occurring
at each point in the series. The environmental parameters investi-
gated in the breakpoint analysis included LWL, WDR, WWL,
WWW, MYAT, and MYPPT.

Bird assemblages analysis

Initially, we examined the reaction of the waterbird assemblages to
the desiccation of Lake Urmia. This involved plotting the count of
key waterbird species (based on Ramsar Criterion 6) per observa-
tion year in relation to variations in lake water level spanning 1970
to 2018.

Next, we employed canonical correspondence analysis (CCA), a
multivariate statistical technique, to explore the connection
between environmental factors, namely, LWL, WDR, WWL,
WWW, MYAT, and MYPPT, and the abundance of waterbirds.
CCA represents an instance of direct gradient analysis, wherein the
existing gradient in environmental factors is established before-
hand, and species abundances are regarded as responses to this
gradient. Furthermore, the primary objective is to identify a set of
axes that maximises the correlation between environmental vari-
ables and species abundance data (Legendre and Legendre 1998).
To enhance the reliability of the analysis, we initially applied
k-means cluster analysis to eliminate rarely observed avian species
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1995
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2000 2005 2010 2015 2020

from the CCA data set. This pre-processing step is aimed at
bolstering the overall robustness of the subsequent analysis.

Finally, we conducted a comparative analysis of species richness
and waterbird abundance before and after the year 2000 using
Student’s t-test. Additionally, we conducted Pearson correlation
analysis to ascertain any significant correlation between bird
assemblage and lake water level from 1970 to 2018.

Results
Time series

The Bayesian breakpoint analysis identified the commencement of
the drought phase for Lake Urmia in the year 2000 (Table 1 and
Figure 3). We can observe from Figure 3 that rising air temperature
and declining precipitation alongside increased water pumping
from wells and a reduction in river flow led to a drop in water level
after the year 2000. The year 1987 coincided with maximum water
discharges via rivers to the lake (9,551, 55 mcm), and 2001 was
synchronous with the dropping of lake water below the normal level
(1,276 m.a.sl). The distinct peak in the change-point analysis
indicates the synchronicity of changes in the environmental param-
eters across the lake. The increase in precipitation and water flow
into Lake Urmia in 1994 and 1995 coincided with the water level
rising in 1993. Moreover, the beginning of declining trends in lake
water level in 1999 was synchronous with an increase in pumping
water from wells in 1998 (Table 1 and Figure 3).

Effect of the lake water crisis on bird assemblages

A total number of 1,380,277 individual waterbirds from 80 species
and 14 families was recorded from 1970 until 2018 in Lake Urmia.
Out of 80 species, 36 were observed during the whole study period,
37 species only after the year 2000, and seven species only before the
year 2000 (Table A2).

In accordance with Ramsar Criterion 6, we identified four
prominent waterbird species within Lake Urmia’s ecosystem: the
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Table 1. Change-point analysis using the Bayesian approach

1276

BCP
Change-point Posterior probability
Environmental parameters year of changes
LWL 1993 0.97
1999 0.67
2001 0.66
WDR 1987 0.74
1988 0.75
1991 0.75
1995 0.71
WWL 1971 0.64
1980 0.68
1981 0.70
1998 0.82
2008 0.92
WWWwW 1998 0.86
MYAT 2017 0.62
MYPPT 1992 0.66
1994 0.68

LWL(m.a.s.1)

WDR(mem)

m)

Posterior Mean
WWL(

WWW(m'/s)

1274 4

1272 4

8000 —

6000

4000 4

2000 4

20000 4

15000 4

10000 ~

5000 +

25000

15000

5000

BCP = Bayesian analysis of change point; LWL = lake water level (m.a.s.l); WDR = water
discharge of rivers (mcm); WWL = well water level (m); WWW = well water withdrawal (m?/
second); MYAT = mean yearly air temperature (°C); MYPPT = mean yearly precipitation (mm).

Greater Flamingo, Ruddy Shelduck Tadorna ferruginea, Common
Shelduck Tadorna tadorna, and Greylag Goose. These avian species
demonstrated a consistent presence throughout the entire duration
of the study. While some years experienced intermittent observa-
tions, these four species displayed remarkable persistence.

To elucidate the temporal dynamics of these species, we visually
represented their population fluctuations spanning the years 1970
to 2018, as depicted in Figure 4. This graphical presentation is
combined with an illustration of Lake Urmia’s water level fluctu-
ations, facilitating a comprehensive comparative analysis. Figure 4
reveals a prevailing declining trend in population numbers of the
four bird species, mirroring corresponding declines in the lake’s
water levels after year 2000. Among these species, the lowest bird
numbers after the year 2000 are attributed to the Ruddy Shelduck
and Greater Flamingo, with averages of 1,489 and 1,777 individuals,
respectively. However, minor increases in the count of these four
bird species become noticeable after the year 2000, specifically
around 2005, 2012, and 2015, coinciding with slight increments
in the lake’s water level. Remarkably, this trend persists even in
earlier years (e.g. 1976, 1990, 1996, and 1998), indicating a pre-
existing correlation between bird populations and lake water levels
(Figure 4).

Our findings revealed that among the 14 families, Anatidae
(ducks, geese, and swans), had a total of 23 species. Laridae (gulls,
terns, and skimmers) 13 species, and Scolopacidae (sandpipers,
snipes, and phalaropes), comprised 11 species. These families
exhibited the greatest species diversity in the lake. On the other
hand, Ciconiidae (storks), Pelecanidae (pelicans), Gruidae (cranes),
Phalacrocoracidae (cormorants), Phoenicopteridae (flamingos),
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Figure 3. Bayesian breakpoint analyses for (A) lake water level (m.a.s.l), (B) water
discharge of the rivers to the lake (mcm), (C) well water level (m), (D) well water
withdrawal (m®/second), (E) mean yearly precipitation (mm), and (F) mean yearly air
temperature (°C). The time-series breakpoint analysis was performed using the bcp
package in R, with the default (550) number of iterations.

Recurvirostridae (avocets and stilts), and Threskiornithidae
(ibises) showed the lowest species diversity (Figure 5).

In the case of the Laridae and Scolopacidae families, the number
of species observed exclusively in the lake after the year 2000 was
notably greater compared with species exclusively observed prior to
2000 or those observed throughout the entire study period. Con-
versely, within the Anatidae family, the majority of species were
consistently observed throughout the entire study period. The
Recurvirostridae and Pelecanidae families only appeared in the lake
after the year 2000 (as shown in Figure 5).

The outcomes of the k-means cluster analysis revealed the
presence of 51 rarely observed avian species that were subsequently
excluded from the CCA analysis. Consequently, our CCA analysis
was conducted on the remaining 30 species — 21 that were
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Figure 4. The population variations of four key waterbird species, Greater Flamingo Phoenicopterus roseus, Ruddy Shelduck Tadorna ferruginea, Common Shelduck Tadorna

tadorna, and Greylag Goose Anser anser, meeting Ramsar Criterion 6, alongside Lake Urmia’s water level fluctuations from 1970 to 2018.

occasionally observed and nine that were frequently sighted (see
Table A3).

The CCA of bird species and environmental variables unveiled
two principal axes accounting for the entire variance (100%). The
outcomes of the CCA analysis revealed the substantial roles both
axes play in elucidating the connections between bird species and
environmental variables. The primary axis, being the most influ-
ential, elucidates a significant portion of the variance and under-
scores robust interrelations among the variables. Although the
second axis, characterised by a comparatively lower eigenvalue,
maintains meaningful contributions, it does so to a somewhat lesser
extent. This apportionment of variance across the axes aligns with
the common pattern observed in multivariate analyses like CCA,
where the initial axes typically capture the bulk of the information,

while subsequent ones capture relatively smaller, yet still valuable,
amounts of variation.

The first CCA axis, characterised by an eigenvalue of 0.14,
accounted for 71.27% of the variance across the two data sets. This
axis exhibited a robust negative correlation with environmental
parameters such as lake water discharge, well water withdrawal, and
well water level. Conversely, it displayed a noteworthy positive
correlation with the mean annual air temperature (see details in
Table 2 and Figure 6). The secondary CCA axis, linked to an
eigenvalue of 0.05 and capturing 28.73% of the total variance,
exhibited a marked positive correlation with the lake water level
and well water withdrawal and conversely, displayed a negative
correlation with mean yearly precipitation (Table 2 and Figure 6).
Notably, all water-related parameters clustered on the left side of

18 o B only observed before year 2000
w
§ 16 S B only observed after year 2000
> 14 k observed before and after year 2000
el
5 12 8
g0 |
g |
(] »
"6 I
g4 N [k
.
. -

Figure 5. The number of observed waterbirds species per family. The blue bar shows the number of species that were observed only before the year 2000, the brown bar shows the
number of species that were observed only after the year 2000, and the green bar shows the number of species observed during the whole study period (1970-2018).
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Table 2. Results of the first two axes of the CCA depicting the relationship
between waterbirds and environmental parameters at Lake Urmia, accompan-
ied by their respective factor loadings. The factor loadings exceeding 0.45 for
the bird species and loadings surpassing 20 for the environmental parameters
within the initial two axes are emphasised by being highlighted in bold. The
species name abbreviations are referenced in Table A2

Parameters CCA1 CCA2
Waterbirds species ANSAN 0.33761 —-2.00475
TADTA -0.74829 0.344268
TADFE 2.18598 1.35247
PHORO 1.14731 —0.08079
LARAM 0.370424 1.05434
ANAPL —0.16068 —-0.55379
ANACR 0.363031 —-0.44559
ARDCI —0.31661 1.18083
FULAT 0.433762 -2.06924
ARDAL 0.389495 —0.19158
EGRGA —0.41669 1.46522
VANVA 2.11741 -0.60526
CIccCl -0.87624 1.09585
TACRU -1.24946 2.59877
AYTFE 0.687235 -1.55164
TRITO -0.7753 2.1599
PHACA -1.07316 -2.59163
LARGE —0.25326 0.472636
LARRI 0.984149 0.225943
ANAAC 2.84307 0.58362
GRUGR —1.49858 2.44935
CYGCY 0.367849 0.046436
TRITO —-0.7753 2.1599
SPACL —-0.46024 -1.8792
LARAR -1.82274 1.75841
CYGCO —1.2489 -3.70799
MICPY -1.05782 0.581503
MARST 2.05283 0.855851
TRIST 1.87695 2.96645
ANSAL 0.772057 1.39933
Environmental parameters LWL —0.16926 0.226083
WDR —-0.27047 —-0.10141
WWL —-0.34312 0.194583
Www -0.33826 0.230388
MYAT 0.350982 0.127801
MYPPT —0.1333 —0.23865
Eigenvalue 0.14384 0.057979
Variance explained (%) 71.27 28.73
Cumulative variance (%) 71.27 100

CCA = canonical correspondence analysis; LWL = lake water level (m.a.s.l); WDR = water
discharge of the rivers (mcm); WWL = well water level (m); WWW = well water withdrawal
(m3/s); MYAT = mean yearly air temperature (°C); MYPPT = mean yearly precipitation (mm).
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the first axis, while temperature stood alone on the right side
(Figure 6).

The importance of the species scores lies in their distribution
along the first and second CCA axes. Excluding seven avian species,
namely, Greater Flamingo, Northern Lapwing Vanellus vanellus,
Black-headed Gull Larus ridibundus, Northern Pintail Anas acuta,
Ruddy Shelduck, Marsh Sandpiper Tringa stagnatilis, and Gadwall
Mareca strepera, all of which exhibited a strong positive correlation
with the first CCA axis, representing a measure of temperature; the
remaining 23 species showed distinct trends. These trends included
pronounced negative correlations with the first CCA axis and/or
substantial correlations, both positive and negative, with the second
CCA axis. Both the second CCA axis and the negative side of the
first CCA axis exhibited correlations with parameters linked to
water availability in Lake Urmia. This illumination underscores
the crucial role of these parameters in influencing the waterbird
dynamics within the area. For a comprehensive overview, refer to
Table 2 and Figure 6.

Furthermore, a noteworthy decline in bird abundance was
detected after the year 2000 (t = 2.27, n = 40, P = <0.05). In contrast
to the reduction in overall bird count, a substantial increase in bird
species was observed (f = -4.8, n = 40, P = <0.001). Moreover, a
noteworthy and statistically significant positive correlation was
observed between bird abundance and lake water level (r = 0.44,
n =41, P <0.01). In contrast, there was a significant, albeit negative,
correlation between bird species richness and water level (r = -0.50,
n =41, P <0.001).

Discussion

Breakpoint analyses have shown that the onset of the water crisis in
Lake Urmia transpired in the year 2000. Temporal patterns within
the time series have revealed a concurrent decline in the lake’s water
level, closely paralleling shifts in hydrological and climatic param-
eters. At the same time, the deleterious effects of the drought have
reached the avian assemblages, manifested through a comprehen-
sive reduction in the population counts of all four notable waterbird
species, namely the Greater Flamingo, Ruddy Shelduck, Common
Shelduck, and Greylag Goose. This decline in population coincides
with the diminishing lake water level. Furthermore, our findings
underscore a substantial correlation between the majority of water-
bird species and the CCA axes, which are intricately linked to water
availability within Lake Urmia. These results accentuate the pivotal
role played by fluctuations in Lake Urmia’s water levels in shaping
the dynamics of its waterbird assemblages.

Analysing the population trends of the Greater Flamingo,
Ruddy Shelduck, Common Shelduck, and Greylag Goose in rela-
tion to Lake Urmia’s water level fluctuations from 1970 to 2018
unveiled a prominent decline in their numbers post-2000
(Figure 4). As suggested by Savage (1964), the presence of shelducks
and flamingos in Lake Urmia is intricately tied to the abundant
seasonal food supply, notably brine shrimp and their eggs. Flamin-
gos (Botond et al. 2022) and most Anatidae (Nouidjem et al. 2015)
require access to shallow and preferably saline water for resting and
feeding.

In a study conducted by Sima et al. (2021), it was found that the
lake’s water level had decreased by 6.8 m, leading to a rise in salinity
to nearly 360 g/L. This shift correlated with a notable decrease in the
flamingo population at Lake Urmia. Even at a lake level of 1,274 m
with salinities around 280 g/L, the flamingo population was less
than half that at higher water levels. This can be attributed to the
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Figure 6. Ordination of waterbirds data and environmental parameters in a canonical
correspondence analysis (CCA) space at Lake Urmia. The first (horizontal) and second
(vertical) axes of the CCA ordination space show the relationships between waterbirds
data and environmental parameters with significant contribution. Blue dots represent
waterbirds, and the green lines represent environmental parameters. The abbrevi-
ations of species names are given in Table A2. The environmental parameters include
lake water level (LWL), water discharge of the rivers (WDR), well water level (WWL), well
water withdrawal (WWW), mean yearly air temperature (MYAT), and mean yearly
precipitation (MYPPT).

fact that this particular water level might not achieve the salinity
levels previously believed to sustain thriving brine shrimp popula-
tions. Furthermore, other invertebrates might not attain sufficient
densities at a salinity of 263 g/L to provide sustenance for flamingos
and other avian species.

Hence, a lake level exceeding 1,275 m.a.s.l. is imperative to
reduce salinity, maintain brine shrimps and other invertebrate
populations (such as brine flies and molluscs), and safeguard
island habitats. Additionally, accurate characterisation of the
habitat requirements for flamingos, brine shrimps, invertebrates,
and other avian species in Lake Urmia and adjacent wetlands is
essential for effective conservation efforts, as emphasised by Sima
et al. (2021).

While the overarching trend in the abundance of the four prom-
inent waterbird species indicated a decline since 2000, our observa-
tions showed distinct peaks in their populations around the years
2005, 2012, and 2015. Notably, these peaks coincided with corres-
ponding spikes in lake water level, suggesting a potential correlation.
Importantly, we also identified peaks in their abundance that coin-
cided with the lake’s water level peaks before 2000, particularly
during the years 1976, 1990, 1996, and 1998, when the lake’s water
level remained within its typical ranges. These observations under-
score the intricate relationship between waterbird abundance and
oscillations in the lake’s water level, as illustrated in Figure 4.

Saemian et al. (2020), reported no notable reduction in the water
storage of Lake Urmia between 2010-2012 and 2015-2017. In fact,
the trend of decreasing water level of Lake Urmia was less intense in
these years, and this trend even showed a slight reverse in 2003-2004
to some extent (0.28 m/year). From 2004 until 2006, the lake water
level declined but with a lower slope compared with the years before
2003. We observed almost the same situation between the years 2012
and 2013. The declining trend between the years 2011 and 2013 was
less acute compared with the years before 2011 and after 2013. The
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water level of the lake also had a low increasing trend from 2014 until
2015 and from 2016 until 2017 (Figure 2). This result suggests that
waterbirds abundance might be associated with water level fluctu-
ations, as observed by Romano et al. (2005). Even a small relative
improvement in the hydrological conditions of the lake or relatively
stable conditions for two consecutive years had a significant impact
on increasing the number of wintering waterbirds.

We also found that the variation in species composition in Lake
Urmia through the years was associated with water level fluctu-
ations. Waterbirds predominated in those years with lower water
levels and the species that fed mainly on plants or vertebrates such
as Anatidae predominated in years with higher levels. We observed
that the number of waterbirds (i.e. Scolopacidae, Recurvirostridae,
and Charadriidae) increased after the year 2000. Among them, the
Recurvirostridae family was only observed after the year 2000. The
inverse relationship between water levels and waterbird occurrence
has also been observed in previous studies (Brennan 2006; Cole
etal. 2002; Collazo et al. 2002). A decrease in water levels can signify
increased habitat availability for waterbirds (Collazo et al. 2002;
Reske and Yun 2000). Waterbirds tend to occupy shallow water
habitats which provide greater access to food resources (Cole et al.
2002).

We also observed that families such as Laridae and Ardeidae
(herons) had the highest number of species after the year 2000
(Figure 5). The previous studies found that herons showed a
preference for shallow water and shallow shorelines because these
provide suitable food resources (Chettibi et al. 2019; Colwell and
Taft 2000; Khaing and Sein 2019; Nouidjem et al. 2019). Likewise,
the gradual desiccation of saline lagoons along the West African
coast (e.g. Ghana) serves as a magnet for migratory birds like
sandpipers, terns, and herons. These birds are drawn to these
drying lagoons to forage on the benthic fauna found in the shallow
peripheries of the lagoons (Van de Kam et al. 2004). The results of
Jitariu et al. (2022) also showed that the decrease in the water
surface had no effect on gulls and terns, and numbers even
increased in such conditions.

The outcomes of the CCA analysis revealed a notable concen-
tration of waterbirds on the left side of the CCA plot, indicative of
water availability in the lake. This concentration implies that these
species are more likely to inhabit years characterised by high water
availability in Lake Urmia. However, a few species, including the
Greater Flamingo, Ruddy Shelduck, and Marsh Sandpiper, exhibit a
positive correlation with the mean annual temperature.

It is crucial to emphasise that the CCA findings provide just a
single piece of the puzzle in understanding the relationship between
waterbird populations and environmental variables. It is imperative
to consider additional lines of evidence, such as examining abun-
dance plotted against lake water levels. For instance, Figure 4
demonstrates that the populations of Greater Flamingo and Ruddy
Shelduck experienced a noticeable decline after the year 2000,
coinciding with the onset of the Lake Urmia drought. However,
due to the very low counts of these two bird species after the year
2000, the CCA may not have effectively extracted a clear correlation
between their numbers and the lake’s water level.

Furthermore, some species might possess adaptations that
enable them to cope with fluctuating water levels. Consider the
Marsh Sandpiper, a waterbird that tends to inhabit wet mud-
shallow water habitats. Shallow waters offer improved access to
food resources, which are not as easily accessible in deeper waters
(Cole et al. 2002). Hence, this species displays a positive correlation
with temperature. Ecological studies often encounter intricate
interactions between various environmental variables and species
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behaviours. Consequently, it is essential to account for multiple
factors and potential interpretations when analysing the observed
results.

As noted in this study, the conservation value of Lake Urmia is
in the provision of habitat both for local birds and to support
broader migratory connectivity. Haig et al. (1998) suggested that
the drying of lakes imposes heightened energetic demands on
migratory birds by reducing the number of suitable stop-overs
(and wintering sites) and increasing the flight distances between
them. A reduction in available food resources could result in
reduced fitness and continental migration failure (Donnelly
et al. 2020). Hence, arresting drought progression in Lake Urmia
and actively contributing to its restoration becomes crucial for
safeguarding the continuity of waterbird migration routes in
north-western Iran.

In line with recommendations suggested by Valiallahi et al.
(2019), any further dam constructions should be halted, and efforts
should be directed towards fulfilling the ecological water require-
ments for Lake Urmia’s restoration. This entails releasing 50% of
the water stored behind dams during the wet seasons and 15-25%
during dry seasons. Additionally, to facilitate the revitalisation of
Lake Urmia, steps such as curbing agricultural demands and effect-
ively managing groundwater wells within the lake basin need to be
taken, as outlined by Valiallahi et al. (2019). It is important to
acknowledge that, given the dependency of many individuals on
agriculture for their livelihoods, the implementation of sustainable
water management practices becomes pivotal. Striking a balance
between human needs and ecological imperatives is essential for
ensuring the enduring restoration of Lake Urmia. This involves the
implementation of strategies such as altering crop patterns from
high water-demand varieties to those requiring less, purifying
drainage water for reuse, refraining from cultivating water-
intensive crops during crucial periods, and enhancing farmer earn-
ings by opting for high-quality and high-income-return crops.
These measures, as outlined by Pereira et al. (2002), can effectively
curtail water requirements at the farm level.

Moreover, water withdrawal from rivers for agriculture
upstream of the lake basin can reduce the lake’s water level. There-
fore, implementing policies such as removing subsidies for water
resources, imposing tax penalties for illegal water misuse, regular
water resource systems control (meaning consistent monitoring
and regulation of water usage and distribution), and accurate
irrigation schemes upstream could improve water management in
the Lake Urmia basin (Pereira et al. 2002). As suggested by Down-
ard and Endter-Wada (2013), policies that focus more on the water
needed to sustain wetlands are more effective in protecting them.

Freshwater wetlands adjacent to saline lakes are essential to
waterbirds since these balance the physiological demands of salt-
water environments (ie. osmoregulation) (Rocha et al. 2016).
Therefore, protecting these wetlands around Lake Urmia is import-
ant to conserve migratory birds during drought periods because the
adaptive capacity of migratory waterbirds to mitigate changing
resource distributions has been proved by Rakhimberdiev et al.
(2018). Formed through the collaboration of the Department of
Environment (DoE), the United Nations Environment Programme
(UNEP), and the Conservation of Iranian Wetland Project, the
Integrated Management Plan for Lake Urmia Basin outlines a
comprehensive 25-year vision for the region. This management
plan followed three main objectives: (1) participation of local
people in preserving the Lake Urmia basin and wetlands around
the lake; (2) sustainable irrigation water management in the lake
basin; (3) conservation of biodiversity and the sustainable use of
wetland resources (Faramarzi 2012).
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Unfortunately, recognising the importance of saline lakes as
essential habitats for waterbirds has not slowed their degradation
(Lemly et al. 2000). Since the abundance of waterbirds in the saline
lakes is associated with lake level fluctuation (Romano et al. 2005),
any management and conservation plan needs a solid baseline to
estimate the population trends for each species (Wilsey et al. 2017)
and long-term studies of these ecosystems (Romano et al. 2005).
Moreover, conserving saline lake ecosystems for the species that
rely on them requires keeping water levels and salinities within the
normal range of seasonal inter-annual variation in a way that
periods with extremely high or low salinity levels do not occur
too frequently or become too prolonged (Senner et al. 2018). We
should take into account that drying of Lake Urmia is not only a
threat to bird assemblages but also to humans. The escalation in
wind-blown dust and corresponding environmental exposure
entails risks such as air and water pollution, as well as exposure
to toxic substances such as lead and mercury. This predicament
arises from the diminishing saline lake and has the potential to
generate a public health crisis and environmental injustices. For
instance, as the lake diminishes, the water quality may degrade,
potentially leading to increased instances of waterborne diseases
among communities reliant on it for drinking water. Moreover,
certain marginalized groups, such as low-income communities or
indigenous populations, may bear a disproportionate burden from
the environmental changes, facing challenges such as loss of live-
lihoods or unequal access to alternative water sources. Conse-
quently, addressing and safeguarding against this issue necessitate
meticulous attention and the formulation of protective measures, as
highlighted by Johnston et al. (2019).
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Appendix

Table Al. Principal bird species populations regularly present at Lake Urmia

Journal of Great Lakes Research 35, 13-22.

IUCN Red Year(s) of population

English name Scientific name List category Season estimate Population at site
Tundra Swan Cygnus columbianus LC winter 1970-1977 63 individuals
Greylag Goose Anser anser LC winter 1977-1992 804,500 individuals
Greater White—fronted LC passage 1977 265 individuals

Goose Anser albifrons
Common Shelduck Tadorna tadorna LC passage 1977 35,000 individuals
Common Shelduck Tadorna tadorna LC resident 1977 4,000-5,000 breeding pairs
Common Shelduck Tadorna tadorna LC winter 1977-1992 16,140-64,000 individuals
Ruddy Shelduck Tadorna ferruginea LC resident 1977 300-500 breeding pairs
Ruddy Shelduck Tadorna ferruginea LC winter 1977-1992 224-3,500 individuals
Ferruginous Duck Aythya nyroca NT breeding 1977 4 breeding pairs
Garganey Spatula querquedula LC passage 1977 21,200 individuals
Black-necked Grebe Podiceps nigricollis LC passage 1977 8,225 individuals
Greater Flamingo Phoenicopterus roseus LC breeding 1977 15,000-25,000 breeding pairs
Greater Flamingo Phoenicopterus roseus LC winter 1970-1977 19,000 individuals
White Stork Ciconia ciconia LC breeding 1977 common
Eurasian Spoonbill Platalea leucorodia LC breeding 1977 50-100 breeding pairs
Glossy Ibis Plegadis falcinellus LC breeding 1977 100 breeding pairs
Little Egret Egretta garzetta LC breeding 1977 90 breeding pairs
Great White Pelican Pelecanus onocrotalus LC breeding 1977 1,000-1,600 breeding pairs
Pied Avocet Recurvirostra avosetta LC breeding 1977 1,500-2,000 breeding pairs
Pied Avocet Recurvirostra avosetta LC passage 1977 13,600 individuals
Black-winged Stilt Himantopus himantopus LC breeding 1977 300-500 breeding pairs
Northern Lapwing Vanellus vanellus NT breeding 1977 500-1,000 breeding pairs
Northern Lapwing Vanellus vanellus NT passage 1977 3,000 individuals
Ruff Calidris pugnax LC passage 1977 9,440 individuals
Little Stint Calidris minuta LC passage 1977 10,000 individuals
Common Redshank Tringa totanus LC breeding 1977 2,000-3,000 breeding pairs
Common Redshank Tringa totanus LC passage 1977 8,330 individuals
Common Redshank Tringa totanus LC winter 1970-1977 7,080 individuals
Marsh Sandpiper Tringa stagnatilis LC passage 1977 1,395 individuals
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Table Al. (Continued)
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IUCN Red Year(s) of population
English name Scientific name List category Season estimate Population at site
Collared Pratincole Glareola pratincola LC breeding 1977 50-100 breeding pairs
Slender-billed Gull Larus genei LC breeding 1977 3,000-4,000 breeding pairs
Slender-billed Gull Larus genei LC passage 1977 19,565 individuals
Armenian Gull Larus armenicus LC breeding 1977 4,000-5,000 breeding pairs
Whiskered Tern Chlidonias hybrida LC breeding 1977 100-200 breeding pairs

LC = Least Concern; NT = Near Threatened.

Table A2. Waterbirds observed in Lake Urmia from 1970 until 2018. The average number of individuals per observed year has been shown for the periods before

and after 2000

Bird abundance/observed year

English name Scientific name Family Code before 2000 after 2000
Bewick’s Swan Cygnus columbianus Anatidae (ducks, geese, swans) CYGBE 102 0
Common Pochard Aythya ferina Anatidae (ducks, geese, swans) AYTFE 462 578
Common Shelduck Tadorna tadorna Anatidae (ducks, geese, swans) TADTA 26,797 5,125
Common Teal Anas crecca Anatidae (ducks, geese, swans) ANACR 2,761 2,839
Eurasian Wigeon Mareca penelope Anatidae (ducks, geese, swans) MARPE 210 15
Ferruginous Duck Aythya nyroca Anatidae (ducks, geese, swans) AYTNY 12 5
Gadwall Mareca strepera Anatidae (ducks, geese, swans) MARST 525 647
Garganey Spatula querquedula Anatidae (ducks, geese, swans) SPAQU 639 12
Greater Scaup Aythya marila Anatidae (ducks, geese, swans) AYTMA 0 2
Greater White—fronted Goose Anser albifrons Anatidae (ducks, geese, swans) ANSAL 79 255
Greylag Goose Anser anser Anatidae (ducks, geese, swans) ANSAN 6,872 3,480
Mallard Anas platyrhynchos Anatidae (ducks, geese, swans) ANAPL 2,616 1,493
Marbled Teal Marmaronetta angustirostris Anatidae (ducks, geese, swans) MARAN 0 4
Mute Swan Cygnus olor Anatidae (ducks, geese, swans) CYGOL 56 0
Northern Pintail Anas acuta Anatidae (ducks, geese, swans) ANAAC 1,540 5,706
Northern Shoveler Spatula clypeata Anatidae (ducks, geese, swans) SPACL 190 516
Red-breasted Goose Branta ruficollis Anatidae (ducks, geese, swans) BRARU 0 14
Red—crested Pochard Netta rufina Anatidae (ducks, geese, swans) NETRU 5 12
Ruddy Shelduck Tadorna ferruginea Anatidae (ducks, geese, swans) TADFE 5,083 14,8906
Smew Mergellus albellus Anatidae (ducks, geese, swans) MERAL 1 7
Tufted Duck Aythya fuligula Anatidae (ducks, geese, swans) AYTFU 9,722 15
White-headed Duck Oxyura leucocephala Anatidae (ducks, geese, swans) OXYLE 58 0
Whooper Swan Cygnus cygnus Anatidae (ducks, geese, swans) CYGCY 187 316
Black—crowned Night Heron Nycticorax nycticorax Ardeidae (herons) NYCNY 0 18
Cattle Egret Bubulcus ibis Ardeidae (herons) BUBIB 0 68
Common Little Bittern Ixobrychus minutus Ardeidae (herons) IXOMI 0 2
Eurasian Bittern Botaurus stellaris Ardeidae (herons) BOTST 0 1
Great White Egret Ardea alba Ardeidae (herons) ARDAL 47 54
Grey Heron Ardea cinerea Ardeidae (herons) ARDCI 33 195
Little Egret Egretta garzetta Ardeidae (herons) EGRGA 42 35
(Continued)
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Bird abundance/observed year

English name Scientific name Family Code before 2000 after 2000
Purple Heron Ardea purpurea Ardeidae (herons) ARDPU 35 12
Squacco Heron Ardeola ralloides Ardeidae (herons) ARDRA 0 34
Common Ringed Plover Charadrius hiaticula Charadriidae (plovers) CHAHI 0 329
Northern Lapwing Vanellus vanellus Charadriidae (plovers) VANVA 225 24
Sociable Plover Vanellus gregarius Charadriidae (plovers) VANGR 0 3
White Stork Ciconia ciconia Ciconiidae (storks) CIcCl 2,671 31
Common Crane Grus grus Gruidae (cranes) GRUGR 151 119
Demoiselle Crane Anthropoides virgo Gruidae (cranes) ANTVI 2 0
Armenian Gull Larus armenicus Laridae (gulls, terns, skimmers) LARAM 0 663
Black-headed Gull Larus ridibundus Laridae (gulls, terns, skimmers) LARRI 0 108
Black Tern Chlidonias niger Laridae (gulls, terns, skimmers) CHLNI 0 150
Caspian Gull Larus cachinnans Laridae (gulls, terns, skimmers) LARCC 0 28
Common Gull Larus canus Laridae (gulls, terns, skimmers) LARCN 500 81
Common Gull-billed Tern Gelochelidon nilotica Laridae (gulls, terns, skimmers) GELNI 0 25
Common Tern Sterna hirundo Laridae (gulls, terns, skimmers) STEHI 1,500 1,380
European Herring Gull Larus argentatus Laridae (gulls, terns, skimmers) LARAR 187 1,286
Lesser Black—backed Gull Larus fuscus Laridae (gulls, terns, skimmers) LARFU 0 27
Little Gull Hydrocoloeus minutus Laridae (gulls, terns, skimmers) HYDMI 0 50
Pallas’s Gull Larus ichthyaetus Laridae (gulls, terns, skimmers) LARIC 950 199
Slender—billed Gull Larus genei Laridae (gulls, terns, skimmers) LARGE 162 109
Whiskered Tern Chlidonias hybrida Laridae (gulls, terns, skimmers) CHLHY 0 14
White-winged Tern Chlidonias leucopterus Laridae (gulls, terns, skimmers) CHLLE 0 1,014
Great White Pelican Pelecanus onocrotalus Pelecanidae (pelicans) PELON 0 615
Great Cormorant Phalacrocorax carbo Phalacrocoracidae (cormorants) PHACA 1,079 232
Pygmy Cormorant Microcarbo pygmaeus Phalacrocoracidae (cormorants) MICPY 0 91
Greater Flamingo Phoenicopterus roseus Phoenicopteridae (flamingos) PHORO 10,914 2,006
Black—necked Grebe Podiceps nigricollis Podicipedidae (grebes) PODNI 0 172
Great Crested Grebe Podiceps cristatus Podicipedidae (grebes) PODCR 2 5
Little Grebe Tachybaptus ruficollis Podicipedidae (grebes) TACRU 1,634 26
Red-necked Grebe Podiceps grisegena Podicipedidae (grebes) PODGR 0 8
Slavonian Horned Grebe Podiceps auritus Podicipedidae (grebes) PODAU 0 5
Common Coot Fulica atra Rallidae (rails, coots, gallinules) FULAT 2,739 129
Common Moorhen Gallinula chloropus Rallidae (rails, coots, gallinules) GALCH 0 40
Purple Swamphen Porphyrio porphyrio Rallidae (rails, coots, gallinules) PORPP 5 0
Western Water Rail Rallus aquaticus Rallidae (rails, coots, gallinules) RALAQ 0 4
Avocet Recurvirostra avosetta Recurvirostridae (avocets, stilts) RECAV 0 62
Black-winged Stilt Himantopus himantopus Recurvirostridae (avocets, stilts) HIMHI 0 23
Common Greenshank Tringa nebularia Scolopacidae (sandpipers, snipes, phalaropes) TRINE 251 2,500
Common Redshank Tringa totanus Scolopacidae (sandpipers, snipes, phalaropes) TRITO 63 691
Common Sandpiper Actitis hypoleucos Scolopacidae (sandpipers, snipes, phalaropes)  ACTHY 500 0
Common Snipe Gallinago gallinago Scolopacidae (sandpipers, snipes, phalaropes) GALGA 0 4
Dunlin Calidris alpina Scolopacidae (sandpipers, snipes, phalaropes) CALAP 0 22
Green Sandpiper Tringa ochropus Scolopacidae (sandpipers, snipes, phalaropes) TRIOC 0 113
(Continued)
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Table A2. (Continued)

Bird abundance/observed year

English name Scientific name Family Code before 2000 after 2000
Jack Snipe Lymnocryptes minimus Scolopacidae (sandpipers, snipes, phalaropes) LYMMI 0 1
Little Stint Calidris minuta Scolopacidae (sandpipers, snipes, phalaropes) CALMI 0 2,000
Marsh Sandpiper Tringa stagnatilis Scolopacidae (sandpipers, snipes, phalaropes) TRIST 0 131
Ruff Calidris pugnax Scolopacidae (sandpipers, snipes, phalaropes) CALPU 0 30
Wood Sandpiper Tringa glareola Scolopacidae (sandpipers, snipes, phalaropes) TRING 0 383
Eurasian Spoonbill Platalea leucorodia Threskiornithidae (ibises, spoonbills) PLALE 300 0
Glossy Ibis Plegadis falcinellus Threskiornithidae (ibises, spoonbills) PLEFA 0 4

The species are sequenced alphabetically within each family, following the alphabetical order of English names. Families are arranged in alphabetical order.

Table A3. Observation frequency of waterbirds from 1970 to 2018 in Lake Urmia. They have been categorised into three cluster groups: the frequently observed
birds observed between 23 and 38 times during study period (C3), the occasionally observed birds observed between 7 and 17 times (C2), and the rarely observed
birds observed between 1 and 6 times (C1). Species are arranged based on observation frequency, with similar frequencies grouped together and sequenced
alphabetically within each group. The overall sequence follows the alphabetical order of English name

English name

Scientific name

Observation frequency

Cluster group

Common Shelduck Tadorna tadorna 38 c3
Mallard Anas platyrhynchos 38 c3
Common Teal Anas crecca 35 c3
Ruddy Shelduck Tadorna ferruginea 35 C3
Greylag Goose Anser anser 31 C3
Greater Flamingo Phoenicopterus roseus 30 c3
Grey Heron Ardea cinerea 26 C3
Common Coot Fulica atra 23 c3
Great White Egret Ardea alba 23 C3
Little Egret Egretta garzetta 17 Cc2
Northern Lapwing Vanellus vanellus 16 C2
Armenian Gull Larus armenicus 14 C2
Common Pochard Aythya ferina 14 c2
Great Cormorant Phalacrocorax carbo 14 C2
Little Grebe Tachybaptus ruficollis 13 Cc2
White Stork Ciconia ciconia 13 C2
Northern Pintail Anas acuta 12 Cc2
Common Crane Grus grus 11 C2
Northern Shoveler Spatula clypeata 11 Cc2
Black—headed Gull Larus ridibundus 10 c2
Common Redshank Tringa totanus 10 c2
Slender—billed Gull Larus genei 10 C2
Whooper Swan Cygnus cygnus 10 C2
Greater White—fronted Goose Anser albifrons 9 C2
Pygmy Cormorant Microcarbo pygmaeus 9 Cc2
Bewick’s Swan Cygnus columbianus 8 C2
European Herring Gull Larus argentatus 8 C2
Gadwall Mareca strepera 8 Cc2
Marsh Sandpiper Tringa stagnatilis 7 c2
(Continued)
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English name

Scientific name

Observation frequency

Cluster group

Garganey Spatula querquedula 6 C1
Black-winged Stilt Himantopus himantopus 5 C1
Common Gull Larus canus 5 C1
Green Sandpiper Tringa ochropus 5 C1
Red—crested Pochard Netta rufina 5 C1
Common Greenshank Tringa nebularia 4 C1
Common Moorhen Gallinula chloropus 4 C1
Eurasian Wigeon Mareca penelope 4 C1
Great Crested Grebe Podiceps cristatus 4 C1
Lesser Black—backed Gull Larus fuscus 4 C1
Pallas’s Gull Larus ichthyaetus 4 C1
Purple Heron Ardea purpurea 4 C1
Wood Sandpiper Tringa glareola 4 C1
Avocet Recurvirostra avosetta 3 Gl
Caspian Gull Larus cachinnans 3 C1
Cattle Egret Bubulcus ibis 3 C1
Common Tern Sterna hirundo 3 C1
Common Ringed Plover Charadrius hiaticula 3 C1
Squacco Heron Ardeola ralloides 3 C1
Tufted Duck Aythya fuligula 3 C1
White-winged Tern Chlidonias leucopterus 3 C1
Black—necked Grebe Podiceps nigricollis 2 C1
Common Snipe Gallinago gallinago 2 C1
Dunlin Calidris alpina 2 C1
Eurasian Bittern Botaurus stellaris 2 C1
Ferruginous Duck Aythya nyroca 2 C1
Great White Pelican Pelecanus onocrotalus 2 C1
Jack Snipe Lymnocryptes minimus 2 C1
Little Gull Hydrocoloeus minutus 2 C1
Little Stint Calidris minuta 2 C1
Mute Swan Cygnus olor 2 C1
Red-breasted Goose Branta ruficollis 2 C1
Smew Mergellus albellus 2 C1
Western Water Rail Rallus aquaticus 2 C1
Whiskered Tern Chlidonias hybrida 2 C1
Black—crowned Night Heron Nycticorax nycticorax 1 C1
Black Tern Chlidonias niger 1 C1
Common Gull-billed Tern Gelochelidon nilotica 1 Cl
Common Little Bittern Ixobrychus minutus 1 C1
Common Sandpiper Actitis hypoleucos 1 C1
Demoiselle Crane Grus virgo 1 C1
Eurasian Spoonbill Platalea leucorodia 1 C1
Glossy Ibis Plegadis falcinellus 1 Cl
Greater Scaup Aythya marila 1 C1
(Continued)
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Table A3. (Continued)
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English name

Scientific name

Observation frequency

Cluster group

Horned Grebe Podiceps auritus 1 C1
Marbled Teal Marmaronetta angustirostris 1 C1
Purple Swamphen Porphyrio porphyrio 1 C1
Red-necked Grebe Podiceps grisegena 1 C1
Ruff Calidris pugnax 1 C1
Sociable Plover Vanellus gregarius 1 C1l
White-headed Duck Oxyura leucocephala 1 C1
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