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Abstract
The Macta marshes in Algeria are facing increasing environmental pressure. This study investigated the impact of
climate change on waterbirds in the Macta over a decade (2014-2024). We combined bird surveys with satellite
data and climate analysis. Results revealed a drastic loss of surface water (98.97%) associated with declines in
bird populations. 50 species were identified, dominated by Anatidae and Scolopacidae. Statistical analysis
revealed a negative link between drought and bird abundance decline p<0.001. These findings underscore the
urgent need for adaptive conservation strategies in the Macta wetland.
Key-words: Macta marsh, wetland, bird, decline, Index, Northwestern Algeria.
1. Introduction

On the southern shore of the Mediterranean, Algeria is located in northwestern Africa (Hazzab,
2010; Bouchentouf & Benabdeli, 2021). Its location is considered a significant ecological corridor for migratory
birds connecting the north and south of the terrestrial globe. Therefore, Algeria ratified the Agreement on the
Conservation of African-Eurasian Migratory Waterbirds (AEWA) in 1995 and implemented it in 2006, serving as
an intergovernmental treaty aimed at conserving migratory waterbirds and their habitats, including wetlands.

In Algeria, a great diversity of wetlands serve as important overwintering sites and migratory stopovers
for birds migrating from the Palearctic (Stevenson et al., 1988; Fishpool & Evans, 2001; Boulkhssaim et al., 2006;
Samraoui & Samraoui, 2013; Jacobs et al., 1977). Wetlands are among the most productive natural environments
in the world. They account for a significant portion of the planet's surface, covering about 4 to 6% of the area
(Mitsch & Gosselink, 2007; Pekel et al., 2016). Wetlands contribute directly or indirectly to achieving 75
Sustainable Development Goal (SDG) indicators (Ramsar, 2018). They are also crucial for avifauna conservation,
as bird life can be affected by various human activities that impact wetland ecosystems (Robert & Stewart, 2016).
Many food resources within wetlands are seasonal, and numerous species, including birds, exhibit seasonal
fluctuations linked to the abundance of these resources (Lameed, 2011).

Birds are among the most conspicuous and abundant vertebrates in wetlands, traits that have made them
a key group for understanding the processes occurring within fluvial ecosystems and guiding conservation efforts
for these systems (Davis, 1994). However, Waterbirds are generally recognized as good indicators of
environmental quality and are relatively easy to monitor (Everard & Noble, 2008).

All AEWA species cross international borders during their migrations and require high-quality breeding
habitat, along with a network of suitable sites to support their annual migrations. For this reason, the wetland

complex of the high plains in western Algeria plays an important role in the wintering and breeding of several



species of aquatic birds. It serves as a vital overwintering area for a large number of species. According to Ramsar
(2018), 35% of wetlands have disappeared since 1970, a decline that is more than three times greater than that of
forests. This loss is primarily due to climate change (Lloréns & Lucas, 2008). Therefore, preserving every
remaining wetland is essential to maintaing a complex part of the biosphere.

The Macta marshes, which are part of this complex, represent one of the most important hydrosystems
and play a fundamental role in supporting avifauna through their diverse ecosystems (Gaucher & Simonneau,
1950). They also provide an excellent stopover for many Anatidae, shorebirds, and passerines (Metzmacher, 1979).
Despite the richness of the wildlife in the Macta wetland and the significance of its geographical location, little
research has been conducted to date. In fact, the most recent census work dates back to the 1980s (Metzmacher,
1979; Ledant et al., 1981).

Our research focuses on the impact of climate change on the significance and ecological role of the Macta
marshes in western Algeria, particularly regarding their importance for wintering waterbirds. The study is based
first on a census of all the aquatic Avifauna species that have used and visited these marshes. Secondly, we analyse
their seasonal patterns and examine their ecological behaviour.

2. Materials & methods
2.1. Study area

The Macta Marsh (35°41'N, 00°10'E) is a Ramsar site designated in 2001. This type of wetland is rare in
North Africa due to the diversity of habitats it supports (Ramsar, 2001; Allalgua et al., 2016). It is a triangular
depression covering approximately 44500 hectares (Fig. 1). The area's altitudes range from -5 to 50 metres above
sea level (Megharbi, 2017). The bioclimate of Macta Marsh is semi-arid, with an average annual temperature of
18 °C and annual rainfall between 380 and 450 mm (Megharbi et al., 2016; Allia et al., 2022). The area is also rich
in salt marsh habitats and provides food and shelter for a variety of aquatic birds (Figure 1) (Benyacoub et al.,
2011). In such North African ecosystems, the distribution of vegetation is strictly governed by complex edaphic
factors and soil salinity (Chenchouni, 2017). The soil physical characteristics and their response to water variations

are essential factors for the resilience of this grassland ecosystem (Ababsa et al., 2019).
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Figure 1. Location map of the study area
2.2. The Standardised Precipitation Index (SPI)

To assess drought severity, the Standardised Precipitation Index (SPI) was calculated for the 2013-2023

period based on long-term precipitation data from two local meteorological stations, following the equation:

spr = X1~ Xu ;XM 1)
I

Where X;represents the total annual precipitation, and Xy and Sy are, respectively, the mean and standard deviation

of observed annual precipitation for the concerned series respectively.

2.3. Satellite image processing and habitat quantification

To quantify the spatiotemporal evolution of aquatic habitats, a remote sensing approach was adopted. A time
series of Landsat 8 OLI/TIRS images was acquired annually for the month of March from 2014 to 2024. This
month was selected to coincide with the peak wintering period and maximum water extent. Cloud-free images
(<10% cloud cover) were downloaded from the USGS Earth Explorer platform. Image pre-processing and the
calculation of spectral indices were performed using ArcGIS 10.8. This approach is consistent with global

standards for monitoring surface water dynamics (Pekel et al., 2016). Two key indices were derived:



1. Modified Normalised Difference Water Index (MNDWI): Proposed by Xu (2006), this index was used
to extract surface water bodies. It is particularly effective in suppressing background noise from built-up land

and saline soils compared to the standard NDWI. It is calculated as follows:

WDVVI — pGreen B pSVWR (2)
pGreen + pSW[R

2. Modified Soil Adjusted Vegetation Index (MSAVI): This index was employed to assess spatiotemporal
vegetation coverage. MSAVI is optimized to minimize the influence of bare soil brightness. Previous studies,
such as Haboudane et al., (2004), have demonstrated its effectiveness in identifying vegetated regions in areas
with significant soil background. Therefore, it is highly suitable for the semi-arid context of the Macta marshes

(Qietal., 1994):

2X Puir +1_\/(2xleR +1)2 =8X(Pnir = Prep)
2

MSAVI =

3)
Where p is the spectral reflectance of the Red and NIR bands.
2.4. Wild bird survey

The present study was conducted over a ten-year period, from January 2014 to December 2023. We
utilised an ornithological long-sighted KOWA (20x80) and a pair of SOLIGOR binoculars (5x10) for our
observations, along with the ornithological guide by Heinzel et al. (2004) for species identifications.

Censuses were performed individually when a group of aquatic birds was near the observation point and
comprised fewer than 200 individuals. For larger or more distant groups, we relied on visual estimates. The
counting method employed was the point count method (Lamotte & Bourliére, 1969; Blondel et al., 1973;
Houhamdi 2002). This methodology has been standard in Algerian waterfowl censuses for several decades (Jacobs
et al., 1977). For each species, the status and frequency of occurrence were noted (adapted from Toschi, 1969);
the following categories have been used: P - Passenger; B - Breeder; WB - Winter Breeder; WP - Winter Passenger.

2.5. Statistical Analysis

All statistical analyses were performed using R software (version 4.3.2). To move beyond descriptive statistics,
we applied advanced modeling techniques to identify the drivers of bird decline:
1. Community diversity metrics: Diversity was assessed using the Shannon-Wiener index (H') presented
by equation (4):
N
H'= o D In(p,) &

And the Pielou’s evenness index (J') presented by equation (5):
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Additionally, Rank-Abundance curves (Whittaker plots) were generated to visualize changes in species dominance
and community evenness over the decade (Gherib et al., 2021).
2. Modeling Trends (GLM): Since bird abundance data are counts and often exhibit overdispersion, we
used Generalized Linear Models (GLMs) with a Poisson distribution (or Negative Binomial if overdispersion
was detected) and a log-link function. This approach is statistically more robust than simple linear regression
for biological count data (Loucif et al., 2020). The models tested the effect of environmental predictors
(MNDWI, MSAVI, SPI) on bird abundance and richness. Model selection was based on the Akaike
Information Criterion (AIC).
3. Multivariate Analysis: To explore the relationship between bird community composition and
environmental variables, a Redundancy Analysis (RDA) was performed using the vegan package in R. This
allowed us to determine how specific functional groups (e.g., Anatidae vs. Scolopacidae) responded to the

hydrological retraction (Houhamdi et al., 2025).

3. Results
3.1. Standardized Precipitation Index

The SPI for the study area (Figure 2) shows significant variability in precipitation over the decade, with
several distinct wet and dry periods. The last four years (2020, 2021, 2022 and 2023) have been marked by a

multiple drought.
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Figure 2. Standardised precipitation index variations (2013-2023).

3.2. Normalised Difference Water Index



The calculation of MNDWI between 2014 and 2024 (Figure 3), reveals a decrease in the water bodies by

around 9.41 km? (98.97%).
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Figure 3. Modified normalized water difference index (MNDWI) dynamic (2014-2024).

The trend of the MNDWTI curve shows a significant reduction in surface water area. Pearson's correlation

coefficient indicates a strong negative relationship (r = -0.68) with (p-value= 0.000021) (Figure 4).

Equation y=a-+b*x

304 Intercept 4321.63127 £ 1521.03444
Slope -2.13418 £ 0.75336
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Figure 4. MNDWI trend curve (2014-2024)
3.3. Modified soil-adjusted vegetation index

The accuracy of MSAVI results was evaluated using 150 subjective sampling points. Post-classification

comparison maps were created and served as a reference for generating a change/no change output (Figure 5). The
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test accuracy generated by the MSAVI supervised classification yielded a classification accuracy of 91.74% with

a Kappa statistic of 0.90.
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Figure 5. MSAVI supervisor classification (2014-2024).

The results for each class indicate a significant increase in bare soil, while marshes, grasslands, and

agricultural areas show a consistent net decrease from 2014 to 2024.

Water bodies experienced a sharp decline over the study period, with a correlation coefficient equal to -0.91 (Figure

6). Change detection reveals a rapid reduction in shrub areas (down by 73%), agricultural areas (down by 59%).

Conversely, the surface area of bare soil increased dramatically, with a correlation coefficient of + 0.75%.

3.4. Wild bird survey
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Throughout the study period, the waterbirds population observed in the Macta marshes consisted of 50
species, belonging to 8 orders, 14 families, and 35 genera (Table 1).

Table 1. Check-list and phenological status of the aquatic birds of Macta marshes.

Species Number Family Red list Phenological status
Egretta garzetta 31 Ardeidae LC Wintering
Recurvirostra avosetta 418 Recurvirostridae LC Wintering/Passenger
Pandion haliaetus 30 Pandionidae LC Wintering
Limosa limosa 30 Scolopacidae NT Wintering
Gallinago gallinago >0 Scolopacidae LC Wintering
Tringa ochropus Scolopacidae LC Passenger
Calidris canutus Scolopacidae NT Passenger
Calidris minuta 38 Scolopacidae LC Wintering/Passenger
Calidris alpina 32 Scolopacidae LC Wintering/Passenger
Circus aeruginosus 40 Accipitridae LC Wintering
Mareca strepera 300 Anatidae LC Wintering
Anas platyrhynchos 328 Anatidae LC Wintering/Breeding
Anas acuta 18 Anatidae LC Wintering
Mareca penelope 250 Anatidae LC Wintering
Spatula clypeata 560 Anatidae LC Wintering
Tringa nebularia 16 Scolopacidae LC Wintering/Passenger
Philomachus pugnax 19 Scolopacidae LC Wintering/Passenger
Tringa totanus 10 Scolopacidae LC Wintering/Passenger
Numenius arquata 14 Scolopacidae NT Wintering/Passenger
Himantopus himantopus 214 Recurvirostridae LC Wintering/Passenger
Oxyura leucocephala 12 Anatidae EN Breeding
Phoenicopterus roseus 901 Phoenicopteridae LC Wintering
Fulica atra 740 Rallidae LC Breeding
Aythya ferina 278 Anatidae VU Wintering/Passenger
Aythya nyroca 62 Anatidae NT Wintering
Gallinula chloropus 14 Rallidae LC Wintering/Passenger
Larus argentatus 80 Laridae LC Wintering
Ardea alba 13 Ardeidae LC Wintering
Charadrius alexandrinus 421 Charadriidae LC Wintering/Passenger
Podiceps nigricollis 12 Podicipedidae LC Wintering
Tachybaptus ruficollis 127 Podicipedidae LC Breeding
Podiceps cristatus 36 Podicipedidae LC Breeding
Grus grus 100 Gruidae LC Wintering
Ardea cinerea 223 Ardeidae LC Wintering/Passenger
Ardea purpurea 6 Ardeidae LC Wintering
Plegadis falcinellus 234 Threskiornithidae LC Passenger
Alcedo atthis 2 Alcedinidae LC Wintering
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Hydrocoloeus minutus 80 Laridae LC Wintering
Chroicocephalus ridibundus 393 Laridae LC Wintering
Charadrius dubius 34 Charadriidae LC Wintering/Passenger
Bubulcus _ibis 56 Ardeidae LC Breeding
Porphyrioporphyrio 183 Rallidae LC Breeding
Spatula querquedula 32 Anatidae LC Passenger
Anas crecca 369 Anatidae LC Wintering/Passenger
Marmaronetta angustirostris 67 Anatidae VU Wintering/Passenger
Platalea leucorodia 22 Threskiornithidae LC Wintering/Passenger
Tadorna ferruginea 12 Anatidae LC Wintering/Passenger
Tadorna tadorna 134 Anatidae LC Passenger
Vanellus vanellus 171 Charadriidae NT Passenger
Ardea ralloides 110 Ardeidae LC Wintering

Over the course of more than ten years of prospecting, the Anatidae family was the most represented,
with thirteen (13) species identified, followed by Scolopacidae family with 10 species, and the Ardeidae with six
(6) species. The Rallidea, Charadriidae, Laridae and Podicipedidae families each had three (3) species.
Meanwhile, the Recurvirostridae, and Threskiornithidae families were represented by two (2) species each. The

last five families were represented by a single species (Figure 7).
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Figure 7. Species number per family between (2014-2024)
According to the [IUCN Red List (2023), 84% of the 50 listed species are categorised as of low concern.

During our study period, the marshes of the Macta hosted many species of national and international importance.
Among these, 4% are classified as vulnerable by the IUCN, including Aythya ferina and Marmaronetta
angustirostris. Moreover, 10% of the species have a conservation status close to threat. These include
Aythyanyroca, Limosalimosa, Calidris canutus, Numenius arquata and Vanellus vanellus. Only one species,

Oxyura leucocephala, is classified as endangered status.
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Phenological status dynamics
Figure 8 illustrates a sharp decrease in the numbers of breeders and passengers, with adjustment
coefficients (R?) equal to 0.91 and 0.88, respectively. In contrast, the number of wintering birds showed a

regression, with an adjustment coefficient of 0.48.
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Figure 8. Species number per family between (2014-2024)
Diversity index

From 2014 to 2024, both the Shannon-weaver index and Pielou index values exhibit a downward trend
(Figure 9). ANOVA indicates a highly significant difference between the Shannon-weaver index values

(p<0.0001), revealing a decline in species diversity from 2014 to 2024.
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Figure 9. Biodiversity's indexes dynamic (2014-2024)
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3.5. Statistical Drivers of Bird Decline

To confirm the statistical significance of the avifaunal decline and identify the environmental drivers,
advanced analyses were performed. The results of these analyses are presented below.
3.5.1. Generalized Linear Model (GLM) Analysis

The Generalized Linear Model (GLM) analysis confirmed a statistically significant relationship between
environmental factors and bird abundance over the study period. The model (Poisson distribution, log-link
function) revealed a significant negative impact of drought (as indicated by SPI) on the total bird population

(Figure 10), with decreased abundance observed during severe drought years (p < 0.001).
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Figure 10. Temporal Trends of Waterbird Abundance (GLM) Macta Ramsar Site (2014-2024)
3.5.2. Correlation Analysis

A correlation analysis was conducted to assess the interrelationships between key parameters (Figure 11).
The analysis showed a strong positive correlation between the MNDWI (water index) and the abundance of
waterbird families, particularly Anatidae, suggesting that water availability is a key factor in supporting these bird
populations. Conversely, a significant negative correlation was observed between the SPI (drought index) and the

total bird abundance, further substantiating the impact of climatic conditions on the ecosystem.

Total_Abundance

Figure 11. Correlation Matrix Hydro-climatic & Biological Variables
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3.5.3. Redundancy Analysis (RDA)

Redundancy Analysis (RDA) was employed to explore the relationships between environmental variables
and the avifaunal community composition (Figure 12). The analysis revealed that the first two RDA axes explained
a substantial portion of the variance in the dataset, capturing key gradients in the system. The triplot illustrates that
years characterized by high precipitation and water availability (positive values on RDA1) are associated with
higher abundances of Anatidac. Years marked by severe drought (negative values on RDA1) are clustered

separately, suggesting that these conditions favor a different community composition with decline bird population.
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Figure 12. RDA Triplot Birds & Environment Macta Ramsar Site (2014-2024)

4. Discussion

This trend is closely related to the decline in the number of birds visiting the Macta marshes. However,
recent analysis using Generalized Linear Models (GLMs) confirms a statistically significant downward trend in
both species richness and overall abundance (Figure 10), establishing a statistically robust link between the years
of the study and the degradation of the avifaunal community. The Macta wetland is an inundation plain powered
by three oaks, whose disturbance regime caused by variation in water level increases environmental heterogeneity
and, therefore, biodiversity (Amoros et al., 1988; Huston, 1994; Reice, 1994; Bornette & Amoros, 1996; Vivian-
Smith, 1997). However, both direct measurements (MNDWI) and indirect measurements (SPI) point to a clear
loss of this inundation dynamic. The Standardized Precipitation Index (SPI) over the last ten years indicate that
the area of the study experienced a severe drought for the last four years. Several studies on the relationship
between precipitation intensity and rainy days in the Mediterranean region have shown a strong regression,
especially over the last decade (Nichane & Khelil, 2015). The Modified Normalized Difference Water Index
(MNDWI) reveals that changes in surface water bodies over the past ten years have resulted from a combination
of several factors. This regression has been reported by numerous authors (Beltrame et al., 2015; Klaus et al.,

2007). Furthermore, surface water bodies are vulnerable to a variety of climatic and anthropogenic stressors
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(Alexander et al., 2020 ; Gaines et al. 2022). MNDWI index also exhibit a seasonal and annual variations in the
types of the marshes present. According to Junk et al. (1989), hydrological dynamics, the frequency and magnitude
of extreme storm, such as flooding and drying, are major factors that govern connectivity in floodplains (Junk et
al., 1989). The results of the MSAVI2 analysis and interpretation for the ten-year period indicate a variation in
land use, particularly observing an extension in bare land and a decrease in hygrophilous vegetation. According to
Rhazi et al. (2009); Dehédin (2014) stated that increased drought can lead to major changes in the species
composition of plant communities in temporary and river wetlands. This vegetation loss is often accompanied by
increased soil salinity, triggering specific physiological resistance mechanisms in salt-tolerant species (Alam et
al., 2022). These dynamics are quantitatively visualized in our Redundancy Analysis (RDA) (Figure 12), which
shows a clear clustering of the years 2014-2018 (high water) and 2020-2024 (low water) along the dominant
environmental gradients. The correlation matrix (Figure 11) confirms this link, showing a positive correlation
between waterbird abundance and the extent of aquatic habitats and vegetation cover.

A total of 50 bird species were recorded in the Macta wetland during this study (Table 1). The
geographical location, types of vegetation, and presence of water bodies could be the reasons for the existence of
these different species of avian fauna. Various studies indicated that the diversity of vegetation within a habitat is
one of the most important factors influencing the distribution of bird species (Cody, 1981; Radford et al., 2005;
Soka et al., 2013). This is consistent with the high floristic richness often observed in Algerian wetland systems,
which provides essential ecological niches for avifauna (Chenchouni, 2012). The RDA triplot (Figure 12) positions
the Anatidae family close to high MNDWI and MSAVI levels, highlighting their reliance on aquatic habitats and
vegetation cover. This finding is consistent with the general pattern of bird distribution in Mediterranean wetlands.
In similar North African ecosystems, such as Lake Tonga, the presence of these bird families is often linked to
complex environmental balances, although these sites may also face significant trace metal contamination
(Belabed et al., 2013). Wetland area, vegetation cover, and structural heterogeneity of the habitat were the most
important features influencing wetland bird richness and abundance. Other studies conducted in wetland
ecosystems have demonstrated the importance of habitat area and habitat heterogeneity (Riffel et al. 2001).

The high effectiveness of Phoenicopterus roseus could be linked to the availability of sufficient food and
nesting materials due to water presence in its habitat. Research on birds has demonstrated that increasing the
variety of bird species can help improve both feeding and nesting sites (Grima, 2017). Several studies have shown
that the diversity of wetlands in Algeria, where the Anatidae are most prevalent, followed by the Scolopacidae and

Ardeidae (Meddour et al., 2015). The RDA triplot (Figure 12) also reveals a recent clustering of the
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Phoenicopteridae with more xeric habitats, highlighting their adaptation and persistence despite the degradation
of the wetland. The Macta Marshes constitutes a wintering area and an ideal refuge for many species of waterbirds,
including Phoenicopterus roseus, Egretta garzetta (Metzmacher, 1979; Ledant et al., 1981). The presence of
vulnerable, threatened, and/or endangered species indicates the significance of our study area. On various wetlands
in Algeria, previous research has reported the same findings as (Isenmann & Moali, 2000; Samraoui & Samraoui,
2013). The availability of nutritional resources in the Macta marshes accounts for the presence of different
phenological types, including sedentary, nesting, and wintering birds. According to Blondel et al. (1973), the
search for food, whether current or future, is the primary driver of avifauna migration. Dajoz (1985) also states
that a bird's diet largely influences its sedentary or migratory behaviour. This is why it is important to investigate
and study the behavior and feeding of each aquatic life to get a good result in our study (Houhamdi and Samraoui,
2008).

The decline in the number of wet days and the increase in average temperatures pose a significant threat
to the biodiversity of the Macta marshes. According to Pérez-Lloréns (2008), a climate change that modify the
current hydrological regime could substantially affect the habitat quality of many species, potentially leading to
major ecological changes, even if thermal regimes remain stable. Furthermore, climate and land use changes are
the most important factors impacting migratory waterbirds, which have significantly escalated the risk of species
declines globally (Yetis et al., 2021). The statistical robustness of our findings, reinforced by the GLM and RDA
models, aligns with recent studies on North African wetlands. The strong correlation between MNDWI and
Anatidae abundance mirrors the findings of Loucif et al. (2020) in Lake Tonga, where water depth was identified
as a key determinant for diving ducks. However, our RDA results highlight a critical tipping point. The shift
observed in the triplot from the "wet years" cluster (2014-2018) to the "dry years" cluster (2020-2024) illustrates
a potential regime shift in the Macta ecosystem. Unlike the resilience observed in more humid wetlands like Lake
Oubeira (Houhamdi et al., 2025), the semi-arid Macta marshes show a lower buffering capacity against prolonged
drought, making this regime shift potentially irreversible without urgent intervention. The correlation matrix
further suggests that the loss of vegetation (MSAVI decrease) exacerbates the decline in bird diversity. This is
consistent with Boudjabi et al. (2015, 2023), who emphasized the role of plant cover in sustaining soil moisture
and micro-habitats. The "geometric" shape of the Rank-Abundance curves in the recent dry years (referencing the
Whittaker plots) confirms a stressed community structure, dominated by a few generalist species capable of

tolerating saline and dry conditions, while specialist species have locally disappeared.
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As the trends continue, a clear need emerges for sustainable water resource management strategies for the
Macta Ramsar Site, especially targeting both water provisioning and soil preservation. The assessment of water
quality from surrounding agricultural runoff remains a crucial step for the health of the entire watershed
(Bouaroudj & Kadem, 2014). Establishing a permanent monitoring system for water quality and soil health is
essential to understand the long-term impacts of anthropogenic discharges on these ecosystems (Ben Hida et al.,
2012; Al-Akeel et al., 2021).

Water governance will play a pivotal role by establishing clear objectives, implementing monitoring
systems, and promoting local stakeholder participation in the overall management of water resources. Given the
arid context, sustainable water resource management entails a paradigm shift beyond simply 'conserving' current
conditions. Instead, the focus should shift to innovative strategies such as:

1. Efficient irrigation techniques, such as drip irrigation, and soil amendment practices, as described by
Benaissa et al. (2024) to maximize agricultural production while minimizing water consumption and soil
salinization, following international standards for agricultural water use (Ayers & Westcot, 1985);

2. Conservation of riparian buffer zones to intercept runoff and reduce pollution entering the Macta
wetland, safeguarding aquatic biodiversity.

3. Strategic wetland restoration, through controlled flooding or creation of artificial wetlands, especially
targeting critical habitats for key species and to provide alternative breeding sites.

4. Regional Collaboration: As pointed out by Houhamdi et al. (2025), regional collaboration among
countries sharing migratory bird species and Ramsar site commitments could allow to a holistic monitoring,
sharing and transfer of information for species, habitats, and environmental changes.

5. Community Engagement and Education: Increased public awareness, particularly targeting local rural
communities on the effects of agriculture, grazing and other human activities on the wetland is essential. This
should foster a sense of responsibility to ensure effective and long-term management.

By implementing such measures, alongside continuous monitoring and adaptation, it will be possible to
mitigate human impacts, restore the environment, and ensure the long-term ecological integrity and functional
value of the Macta.

5. Conclusion

The role of wetland avifauna is crucial for maintaining ecological balances. The Macta marshes

constitutes a wintering area and an ideal refuge for many species of waterbirds, including Phoenicopterus

roseus and Egretta garzetta. Moreover, these marshes are a prime nesting site for rare species listed on the [UCN
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red list, such as the Northern Duck Aythya nyroca and the Purple Swamphen Porphyrio porphyrio, the Marbled
Teal Marmaronetta angustirostris and the White-headed Duck Oxyura leucocephala, which are of particular
worldwide interest.

Despite facing various biotic and abiotic stresses, the Macta marshes not only serve as a breeding and
wintering sites for dozens of birds but also provide an important stopover role for many birds that feed and rest
during their annual migration. However, our study provides quantitative evidence that the declining precipitation
and changes in the water surface are influencing these functions, threatening the long-term viability of this key
wetland.

To preserve biological diversity, it is essential to establish a long-term monitoring network for this
ecosystem, which is poorly studied, with the aim to safeguard its habitats. This would require an integrated and
sustainable approach, including improved water management, habitat restoration, community engagement, and,
importantly, a reduction in anthropogenic pressures on the watershed. Only through such comprehensive actions
can the Macta marshes continue to provide their vital ecological services and support its diverse avifauna for
generations to come.
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