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ABSTRACT
	To evaluate the hatching success of the Kentish Plover (Charadrius alexandrinus) at the Machchhu-I and Machchhu-II dam sites in Morbi, Gujarat, and compare breeding outcomes between the two nesting habitats to provide baseline information for the conservation and management of this ground-nesting shorebird. Field observations were conducted over three consecutive breeding seasons (2024–2026) at Machchhu-I and Machchhu-II dams within Morbi district, Gujarat, India. Reservoir margins were systematically searched for Kentish Plover nests, and active nests were discreetly marked using naturally color stones to facilitate relocation while minimizing the risk of attracting predators. Nests were monitored on alternate days to record final clutch size, hatching outcomes, and causes of egg loss. A total of 102 Kentish Plover nests were monitored, comprising 60 nests at Machchhu-I and 42 nests at Machchhu-II. Mean clutch size ranged from 2.82 to 3.13 eggs at Machchhu-I and from 2.19 to 2.93 eggs at Machchhu-II. Hatching success remained consistently high, ranging from 75.92% to 81.25% at Machchhu-I and from 74.29% to 90.63% at Machchhu-II. Overall, 137 of 177 eggs hatched at Machchhu-I, while 90 of 108 eggs hatched at Machchhu-II. Across both sites, 58 eggs were lost, with nest damage being the principal cause of egg mortality, accounting for up to 50.00% of egg losses at Machchhu-I and 66.67% at Machchhu-II, followed by predation and hatching failure. Kentish Plovers exhibited high hatching success at both Machchhu-I and Machchhu-II reservoirs during the three-year study period. However, nest damage represented the major source of egg mortality, highlighting the vulnerability of shoreline nests to local disturbance. Site-specific conservation measures, particularly restricting livestock grazing and minimizing human disturbance around vulnerable shoreline nesting areas during the peak breeding season, are recommended to improve breeding productivity and support the long-term conservation of the species. 
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1. INTRODUCTION
Kentish Plover Anarhynchus alexandrinus is a small ground-nesting shorebird distributed across Eurasia and Africa. It breeds in coastal and inland wetlands, including saline lakes, salt marshes, lagoons and artificial salinas (del, et al., 2023). The species was formerly treated as Charadrius alexandrinus; current taxonomy places it in Anarhynchus (del, et al., 2023). Although globally assessed as Least Concern, breeding populations can be locally vulnerable where nesting habitat is altered or birds are exposed to disturbance and predation (Gomez-Serrano & Lopez-Lopez, 2014) (Lee, Lee, Son, Oh, & Sung, 2025).
Reproductive success is strongly influenced by nest-site conditions and predator detection. Kentish Plovers often select open substrates with sparse vegetation, which provide a wide visual field for detecting predators, but exposed nests can also experience thermal stress during hot weather (Amat & Masero, Predation risk on incubating adults constrains the choice of thermally favourable nest sites in a plover., 2004a) (Amat, Monsa, & Masero, How Kentish plovers, Charadrius alexandrinus, cope with heat stress during incubation., 2004). Research therefore describes a trade-off between nest crypsis and predator detection, with vegetation affecting both concealment and the distance at which incubating adults flush (Gomez-Serrano & Lopez-Lopez, 2014). Clutch size is relatively constrained, with three-egg clutches commonly predominating, although habitat and season can modify reproductive output (Szekely, Determination of clutch-size in the Kentish Plover Charadrius alexandrinus, 1994); (Fraga & Amat, 1996); (Hong & Higashi, 2008).
The species also shows flexible parental strategies. Females may desert broods and remate, whereas males can provide prolonged care; the balance between parental roles varies with environmental conditions (Amat, Fraga, & Arroyo, 1999); (Szekely & Cuthill, Brood desertion in Kentish plover: The value of parental care, 1999). Studies from hot environments have reported strong nest-site fidelity and increased biparental care, indicating that thermal conditions can influence breeding behavior (Kosztolanyi, Szekely, Cuthill, Yilmaz, & Berberoglu, 2006); (Kosztolanyi, Javed, Kupper, Cuthill, Al Shami, & Szekely, 2009);  (ALRashidi, Kosztolanyi, Shobrak, & Szekely, 2011). These adaptations are relevant to inland reservoirs where exposed substrates, high temperatures and fluctuating water conditions can occur together.
The Machchhu River basin contains the Machchhu-I and Machchhu-II irrigation reservoirs in Gujarat. The map shows the study sites within Morbi District, the Machchhu River, Morbi City and both dams. Machchhu-II identifies irrigation and water supply as major functions and reports a catchment of 1,193 km² and a full-reservoir area of 13.96 km². Reservoir margins can provide open ground suitable for plovers, but they may also expose nests to water-level changes, predators, infrastructure-related disturbance and human activity.
Published studies demonstrate substantial geographic and annual variation in Kentish Plover nesting performance. Predation, flooding, human disturbance and nest-site characteristics are recurrent causes of reproductive loss (Norte & Ramos, 2004); (EL Malki, Joulami, EL Mdari, & EL Hamoumi, 2018); (Li, 2023). Long-term observations have also linked increasing recreational pressure with reduced breeding output (Pietrelli, 2012). Recent studies further show that human presence can reduce nest-site use even when habitat structure remains apparently suitable (Lee, Lee, Son, Oh, & Sung, 2025).
The present study assesses hatching performance at Machchhu-I and Machchhu-II during 2024–2026. It compares mean clutch size, eggs hatched and eggs lost; annual hatching success, and the proportional contribution of predation, nest damage and hatching failure to egg loss. The comparison provides a three-year baseline for evaluating spatial and temporal variation in reproductive performance and for guiding future monitoring and conservation management at these reservoir sites.
2. methodology
2.1 Study Area
The study was conducted at two major reservoirs, Machchhu-I and Machchhu-II, located within the Machchhu River basin in the Morbi district of Gujarat, India. The Morbi district is situated in the semi-arid Saurashtra region, characterized by a hot, dry climate with highly seasonal and erratic monsoon rainfall occurring primarily between June and September. The Machchhu River, a north-flowing river originating in the hills of Jasdan, forms the primary hydrological backbone of this region.
Machchhu-I Dam and Machchhu-II Dam were constructed primarily to facilitate irrigation, flood control, and to supply drinking water to Morbi city and surrounding agricultural areas. These reservoirs feature dynamic shorelines that fluctuate significantly depending on seasonal rainfall and anthropogenic water extraction. As water recedes during the dry pre-monsoon and summer months (March to June), expansive tracts of mudflats, sandy banks, and sparsely vegetated shorelines are exposed. These newly available habitats provide ideal nesting substrates for ground-nesting shorebirds like the Kentish Plover, which rely on the camouflage of their eggs against the pebbly and sandy terrain.
The vegetation surrounding the reservoirs is predominantly composed of thorny scrub and arid plant species, typical of the regional semi-desert ecology. However, the immediate shoreline is largely barren, offering the unobstructed visibility that plovers prefer for predator detection. The study area maps the precise locations of the two dams relative to Morbi city, illustrating the linear connectivity of the habitat along the Machchhu River corridor. Both sites experience varying degrees of anthropogenic influence, including local fishing activities, livestock grazing, and occasional human foot traffic, which collectively influence the micro-habitat conditions available to nesting avifauna.
[image: ]
Figure 1 Study area map (Morbi District, Dam sites)
2.2 Data Collection
Field surveys were systematically conducted over three consecutive breeding seasons, spanning from March to July in 2024, 2025, and 2026, at the Machchhu-I and Machchhu-II dam sites. To locate Kentish Plover nests, standard area-search methods were employed. Two observers surveyed the exposed shorelines and mudflats on foot during the early morning (06:00 to 10:00 h) and late afternoon (16:00 to 19:00 h) to avoid the peak thermal stress of midday and to maximize the probability of observing adult birds returning to their nests. Behavioral cues from adult plovers, such as distraction displays, alarm calls, or sudden flushing from the ground, were closely monitored to pinpoint nest locations.
Once a nest was discovered, its geographical coordinates were recorded using a handheld Global Positioning System (GPS) device. The nest's contents were swiftly examined to minimize disturbance. Clutch size was noted, and the incubation stage of the eggs was estimated using the standard water flotation technique, which helps predict approximate hatching dates. To prevent observer-induced nest failure, nest checks were restricted to fewer than five minutes, and observers maintained a safe distance when taking photographs or notes.
Active nests were monitored every three to four days until the fate of the clutch was determined. A nest was considered successful if at least one egg hatched, evidenced by the presence of chicks in or near the nest scrape, or tiny eggshell fragments indicating successful piping. Conversely, a nest was deemed to have failed if all eggs were lost before the anticipated hatching date. The causes of egg loss were categorized into three primary factors: (1) Predation, identified by tracks, missing eggs long before the hatch date, or yolk remnants; (2) Nest-damage, which included inundation by fluctuating reservoir water levels, trampling by livestock, or weather-induced destruction; and (3) Hatching failure, where eggs remained unhatched well beyond the standard 24–27 day incubation period due to infertility or embryonic death.
2.3 Data Analysis 
Data were compiled and descriptive statistics, including mean and standard deviation for clutch sizes, were calculated. Productivity percentages and loss ratios were subsequently analyzed to compare hatching success between the two dam sites across the three years. 
3. results and discussion
The three-year field investigation (2024–2026) yielded comprehensive data on the reproductive output and hatching success of the Kentish Plover across the Machchhu-I and Machchhu-II reservoir ecosystems. A total of 102 nests were located and monitored during the study period, with 60 nests recorded at Machchhu-I and 42 nests at Machchhu-II. The data reveal notable inter-annual variations in breeding effort, clutch sizes, hatching rates, and the dynamics of egg loss, providing a detailed overview of the species' reproductive ecology in these modified freshwater habitats.
3.1 Hatching Success Rates
Hatching success—defined here as the percentage of total eggs laid that successfully hatched—demonstrated remarkable resilience, generally remaining above 74% across both sites and all years. According to Table 1, Machchhu-I experienced a steady upward trend in hatching success over the study period. In 2024, success stood at 75.92% (41 of 54 eggs hatched). This remained virtually unchanged in 2025 at 76.00% (57 of 75 eggs hatched), but saw a notable increase in 2026, peaking at 81.25% (39 of 48 eggs hatched). The relatively stable hatching success at Machchhu-I suggests a consistent, albeit challenging, environmental baseline for the nesting plovers.
In contrast, Table 2 reveals that Machchhu-II exhibited greater volatility in hatching outcomes. The site commenced with a robust 85.36% success rate in 2024 (35 of 41 eggs hatched). However, 2025 saw a sharp decline to 74.29% (26 of 35 eggs hatched), the lowest rate recorded across either site during the study. Remarkably, the population at Machchhu-II rebounded dramatically in 2026, achieving an exceptional hatching success of 90.63% (29 of 32 eggs hatched). The line graph depicting Hatching Success (%) Over Years illustrates these trajectories, highlighting the divergent patterns between the steadily improving Machchhu-I and the fluctuating Machchhu-II populations. The exceptionally high success rate in 2026 at Machchhu-II may be attributed to a combination of favorable shoreline conditions, reduced water level fluctuations during critical incubation periods, or a temporary decrease in predator abundance in the immediate vicinity of the nesting grounds.
	Year
	Nests observed
	Eggs laid
	Eggs hatched
	Hatching success (%)
	Eggs lost
	Predation (%)
	Nest damage (%)
	Hatching failure (%)

	2024
	19
	54
	41
	75.92
	13
	38.46
	46.15
	15.38

	2025
	24
	75
	57
	76.00
	18
	27.78
	50.00
	22.22

	2026
	17
	48
	39
	81.25
	9
	33.33
	44.44
	22.22


Table 1 Productivity in nests of the Kentish Plover at Machchhu-I during 2024–2026.
	[bookmark: _Hlk217493998]Year
	Nests observed
	Eggs laid
	Eggs hatched
	Hatching success (%)
	Eggs lost
	Predation (%)
	Nest damage (%)
	Hatching failure (%)

	2024
	14
	41
	35
	85.36
	6
	33.33
	50.00
	16.67

	2025
	16
	35
	26
	74.29
	9
	33.33
	55.56
	11.11

	2026
	12
	32
	29
	90.63
	3
	0.00
	66.67
	33.33


Table 2 Productivity in nests of the Kentish Plover at Machchhu-II during 2024–2026.
The inter-annual trend in hatching success of the Kentish Plover at Machchhu-I and Machchhu-II reservoirs showed distinct patterns between the two sites during 2024–2026. At Machchhu-I, hatching success remained relatively stable, increasing slightly from 75.92% in 2024 to 76.00% in 2025, followed by a further increase to 81.25% in 2026. In contrast, Machchhu-II showed greater annual variation, with hatching success declining from 85.36% in 2024 to 74.29% in 2025, before rising sharply to 90.63% in 2026, the highest value recorded during the study. Overall, the Figure 1 indicates a gradual improvement in hatching success at Machchhu-I, whereas Machchhu-II exhibited considerable year-to-year fluctuations but achieved the highest reproductive success in 2026.

Figure 1: Inter-annual trend in hatching success (%) at Machchhu-I and Machchhu-II reservoirs (2024-2026)
3.2 Clutch Size and Breeding Effort
The overall breeding effort, measured by the total number of eggs laid, was higher at Machchhu-I (177 eggs across three years) compared to Machchhu-II (108 eggs). The peak breeding year at Machchhu-I was 2025, with 75 eggs laid, whereas at Machchhu-II, the highest effort was recorded in 2024 with 41 eggs. The bar chart (Total Eggs Laid vs. Hatched) visually encapsulates the disparity in overall reproductive volume between the two reservoir populations. Despite the lower total number of eggs laid at Machchhu-II, the proportion of those eggs that successfully hatched tells a compelling story about site-specific nest survival.
	Site
	Clutch 2024
	Clutch 2025
	Clutch 2026
	Hatched 2024
	Hatched 2025
	Hatched 2026
	Lost 2024
	Lost 2025
	Lost 2026

	Machchhu-I
	2.84 ± 0.60 (n=19)
	3.13 ± 0.88 (n=24)
	2.82 ± 0.71 (n=17)
	2.16 ± 0.72 (n=19)
	2.38 ± 0.48 (n=24)
	2.29 ± 0.39 (n=17)
	2.16 ± 0.81 (n=19)
	2.38 ± 0.86 (n=24)
	2.29 ± 1.02 (n=17)

	Machchhu-II
	2.93 ± 0.73 (n=14)
	2.19 ± 1.29 (n=16)
	2.67 ± 1.37 (n=12)
	2.50 ± 1.12 (n=14)
	1.63 ± 1.45 (n=16)
	2.42 ± 1.19 (n=12)
	0.43 ± 0.51 (n=14)
	0.56 ± 0.70 (n=16)
	0.25 ± 0.43 (n=12)


Table 3 Average clutch size, number of eggs hatched and number of eggs lost in Kentish Plover between study years (2024–2026).
Table 3 outlines the average clutch sizes, the number of eggs hatched, and the number of eggs lost per nest at both study sites. At Machchhu-I, the mean clutch size was observed to be highest in 2025 at 3.13 ± 0.88 eggs (n=24 nests), compared to 2.84 ± 0.60 in 2024 (n=19 nests) and 2.82 ± 0.71 in 2026 (n=17 nests). This consistency aligns with the species' typical behavior of laying three-egg clutches. At Machchhu-II, the mean clutch size exhibited higher variability. In 2024, the mean was 2.93 ± 0.73 (n=14 nests), which dropped significantly to 2.19 ± 1.29 (n=16 nests) in 2025, before recovering slightly to 2.67 ± 1.37 (n=12 nests) in 2026. This fluctuation at Machchhu-II might indicate localized environmental stressors or a higher incidence of partial clutch predation that occurred before the nests were initially discovered and documented.
3.3 Analysis of Egg Loss Factors
While hatching success was generally high, the continuous monitoring protocols allowed for a granular analysis of the factors contributing to the loss of the remaining 20–25% of eggs. Across all years and both sites, a total of 58 eggs were lost (40 at Machchhu-I and 18 at Machchhu-II). The causes of these losses were categorized into predation, nest-damage, and physiological hatching failure.
Nest-damage emerged as the predominant cause of egg loss throughout the study. At Machchhu-I, nest-damage accounted for 46.15% of losses in 2024, rising to 50.00% in 2025, and slightly decreasing to 44.44% in 2026. The situation was even more pronounced at Machchhu-II, where nest-damage was responsible for exactly half (50.00%) of all lost eggs in 2024, increasing to 55.56% in 2025, and an overwhelming 66.67% in 2026. This damage is primarily attributed to the artificial nature of the reservoir ecosystems. Unpredictable water level fluctuations—either from sudden releases or unexpected localized rainfall—frequently resulted in the inundation of nests located too close to the water's edge. Additionally, trampling by livestock accessing the reservoirs for drinking water contributed significantly to physical nest destruction.
Predation constituted the second major threat to plover eggs. At Machchhu-I, predation rates were relatively consistent, causing 38.46%, 27.78%, and 33.33% of egg losses in 2024, 2025, and 2026, respectively. Suspected predators included free-ranging feral dogs, raptors, and corvids drawn to the reservoir edges. Interestingly, at Machchhu-II, while predation accounted for 33.33% of losses in both 2024 and 2025, it dropped to 0% in 2026. This sudden absence of predation pressure perfectly correlates with the site's massive spike in hatching success (90.63%) during the same year.
Finally, hatching failure—where eggs remained intact but did not produce chicks—accounted for a smaller, yet persistent fraction of the losses. At Machchhu-I, this ranged from 15.38% in 2024 to 22.22% in both 2025 and 2026. At Machchhu-II, hatching failure ranged from 11.11% in 2025 up to 33.33% in 2026 (though the absolute number of failed eggs in 2026 was quite low, as total egg loss was only 3 eggs). These failures are typically driven by factors such as genetic infertility, thermal stress due to prolonged exposure when parents leave the nest during high daytime temperatures or parental abandonment prior to the completion of the full incubation cycle. The stacked bar chart representing Causes of Egg Loss unequivocally illustrates that while predation and biological failure play undeniable roles, the physical destruction of nests—predominantly driven by the dynamic hydrology of the dams—remains the single most significant barrier to Kentish Plover reproductive success in this region.

Figure 2: Proportional distribution of the causes of egg loss (Predation, Nest-damage, Hatching failure) among the failed eggs at both sites.
The findings from this three-year study provide crucial insights into the reproductive ecology of the Kentish Plover breeding in the modified environments of the Machchhu-I and Machchhu-II reservoirs. One of the most striking outcomes of this research is the relatively high hatching success observed across both sites, ranging from 74.29% to 90.63%. In many global studies of ground-nesting shorebirds, hatching success often hovers between 30% and 50% due to intense predatory pressures and natural flooding events. The elevated success rates in the Morbi district suggest that, despite their artificial nature, these reservoirs provide highly viable, perhaps even suboptimal but highly productive, breeding habitats during the pre-monsoon dry season. The vast, exposed mudflats appear to offer excellent visibility, allowing adult plovers to effectively spot and distract potential terrestrial predators well before they reach the nest.
However, the primary driver of egg loss—nest-damage—highlights the fundamental conflict between the ecological needs of the birds and the anthropogenic management of the reservoirs. Accounting for 44% to 66% of all nest failures depending on the site and year, nest-damage was heavily linked to water level fluctuations. Because these dams are actively managed for irrigation and municipal use, sudden discharges or changes in retention policies can cause water levels to rise rapidly, inundating nests situated on the lower shoreline gradients. Furthermore, as the dry season progresses and surrounding natural water sources deplete, livestock (such as cattle and goats) are driven in larger numbers to the reservoir edges, increasing the probability of nests being physically trampled. This phenomenon underscores the vulnerability of species that adapt to human-modified landscapes; they benefit from the created habitat but remain at the mercy of unpredictable operational protocols.
Predation, though secondary to physical damage, remained a constant pressure, particularly at Machchhu-I. The presence of feral dogs near human-altered water bodies is a well-documented threat to avifauna in India. The total absence of predation at Machchhu-II in 2026, which corresponded with an exceptional 90.63% hatching success, is an anomaly that warrants further investigation. It is possible that temporary shifts in local feral dog populations, changes in human activity patterns, or slight alterations in the micro-habitat placement of nests further away from predator movement corridors contributed to this success.
Hatching failure due to biological reasons remained within expected physiological margins for wild populations. The extreme thermal environment of the Saurashtra summer, where ground temperatures on exposed sand can exceed 50°C, forces incubating adults to balance their own thermoregulation with the need to shade their eggs. Any extended disturbance that keeps the adults away from the nest can rapidly lead to embryonic mortality. Therefore, minimizing human disturbance during the peak incubation hours is critical. Overall, the study demonstrates that the Machchhu reservoirs are vital nurseries for the Kentish Plover, but their continued viability depends heavily on balancing water management with ecological conservation.
[bookmark: _Hlk217486939]4. Conclusion
This research confirms that the Machchhu-I and Machchhu-II reservoirs in the Morbi district of Gujarat serve as significant and highly productive breeding grounds for the Kentish Plover. With hatching success rates consistently exceeding 74% and peaking at an impressive 90.63%, the local population demonstrates robust reproductive potential within these anthropogenic wetland ecosystems. However, the study also identifies clear and present vulnerabilities. The primary cause of egg loss across all years and both sites was nest-damage, predominantly driven by water level fluctuations and livestock trampling, rather than natural predation or physiological failure.
To safeguard and potentially enhance the breeding success of Kentish Plovers and other sympatric shorebirds in the region, strategic conservation interventions are required. We strongly recommend that local water management authorities coordinate with wildlife officials to minimize abrupt water level rises during the critical breeding months of April to June. Implementing gradual drawdowns or stabilizing water levels could drastically reduce nest inundation. Furthermore, regulating livestock access by designating specific watering corridors away from prime nesting mudflats would significantly mitigate the risk of physical nest destruction. Continued long-term monitoring is essential to understand the complex dynamics of these populations and to ensure that these artificial reservoirs continue to function as effective ecological refuges in an increasingly arid and human-dominated landscape.
4. Conservation STRATEGIES AND COEXISTENCE
Effective conservation of the Kentish Plover at Machchhu-I and Machchhu-II reservoirs should focus on reducing nest damage while maintaining the reservoirs’ essential functions for irrigation and municipal water supply. Water-management authorities should coordinate with wildlife officials to minimize abrupt water-level rises during the critical breeding period, particularly from April to June, and adopt gradual drawdowns or more stable water levels to reduce nest inundation. Livestock access to important nesting mudflats should be regulated by providing designated watering corridors away from breeding areas, thereby reducing trampling. Human disturbance should also be minimized during peak incubation periods, while long-term monitoring should continue to identify changes in nesting success, predation, and habitat conditions. Coexistence can be promoted through cooperation among local communities, livestock owners, water-management authorities, and conservation agencies. These measures would help maintain productive reservoir habitats while allowing sustainable human use of the Machchhu-I and Machchhu-II ecosystems.
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