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 Climate Change and Avian Vulnerability: A Review of Effects on Migration, Breeding, Physiology and Conservation
ABSTRACT
Climate change has emerged as one of the most critical factor of biodiversity loss worldwide, profoundly influencing avian populations through changes in temperature, precipitation and extreme weather events. Birds, being highly sensitive to environmental changes, act as effective bioindicators of ecosystem change. This review evaluates the multifaceted impacts of climate change on birds, focusing on phenology, migration, breeding biology, survival, population dynamics, physiological stress and conservation strategies. Global warming has altered migration timing, disrupted breeding synchrony and increased reproductive failures, particularly among insectivorous and montane species. Rising temperatures and irregular rainfall patterns have reshaped food availability and nesting success while intensified heatwaves and disease outbreaks contribute to direct mortality. In India, regions like Gujarat and Sikkim exhibit clear evidence of climate-induced shifts in avian distribution, breeding failures and mass mortality during heat events. Conservation responses include vulnerability assessment, ecosystem restoration, creation of habitat corridors and public initiatives promoting sustainable lifestyles. Integrating scientific research with policy actions such as India’s Lifestyle for Environment (LiFE) Mission can mitigate climate impacts and strengthen avian resilience. The findings underscore the urgency of adaptive conservation planning, habitat restoration and public engagement to safeguard bird diversity in a rapidly changing climate. 
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Aims: The aim of this review is to analyze how climate change affects bird species globally and in India by examining its impacts on migration and phenology, breeding biology, survival and physiology, population trends and conservation needs. The study further highlights region-specific evidence and identifies strategies to enhance resilience of avian populations under changing climatic conditions.
Conclusion: Climate change is rapidly altering bird behaviour, migration, breeding patterns, physiology and population dynamics, often beyond their capacity to adapt. Increasing temperatures, unpredictable rainfall and extreme weather events are leading to resource mismatches, breeding failures and mortality, particularly in vulnerable habitats across India. Strengthening avian conservation requires a multifaceted approach including habitat restoration, climate-smart protected areas, creation of ecological corridors and public participation through sustainable lifestyle efforts. Immediate action is essential to safeguard bird diversity in the face of accelerating climate change.
Introduction
Climate change is expected to become the primary driver of biodiversity loss by the end of the century. Species that are unable to adapt to the rapidly changing and unsuitable climate will be threatened with extinction (Radchuk et al., 2019). Many species have already experienced and responded to global warming (Thomas, 2010; Sintayehu, 2018) by range-shifting towards higher altitudes and latitudes (Gillings et al., 2015; Couet et al., 2022). Birds are sentinels of environmental change because of their sensitivity to climate and the relative ease with which they can be monitored. Global temperatures have risen markedly over the past century with cascading effects on ecosystems. Birds respond to these changes through shifts in behaviour (e.g., migration timing), physiology (heat tolerance) and distribution. The study of birds reacts to climate change, we can better protect both the birds and the vital benefits they provide to nature and humans. Climate change can have a significant impact on bird migration patterns. Changes in weather patterns and temperature can affect the duration and timing of migration, further having negative consequences for bird populations (Both et al., 2006; Gordo, 2007). In severe winter weather can reduce the availability of food and shelter which can lead to higher mortality rates among bird populations (Salewski et al., 2013). Migratory routes most likely resulted from directional preferences that natural selection fixed. Some birds migrate in a straight line between their breeding and wintering habitats extensive crossings are observed from America to Asia (Singh et al., 2020). Additionally, broad-front migration occurs substantially independently of geomorphological and landscape factors. Migratory movements are fascinating phenomena observed in various animal species including birds, insects, mammals and fish. Seasonal temperature and winds are regarded as the key external environmental cues that migrants employ to adjust migration time (Agostini et al., 2016; Kelly et al., 2016). The ability to navigate across long distances to specific breeding or wintering grounds relies on a combination of environmental cues and innate behaviors. These environmental cues help the organisms to navigate and orient themselves during migration and can be broadly categorized into two types i.e. proximate cues and ultimate cues (Ramenofsky, 2012). Birds are sensitive bio-indicators of environmental change because of their specific habitat requirements and dependence on climate-linked resources such as food, water and vegetation. Gujarat, located in western India, is one of the richest states in terms of avian diversity, with more than 500 species recorded (Parasharya et al., 2004). However, climate change in the form of rising temperatures, irregular monsoons and prolonged droughts is increasingly influencing bird communities across the state (Patel & Patel, 2010). This review compiles evidence from observational studies, modelling work and experimental research to provide a comprehensive picture of how climate change affects birds. This review focus on phenological changes and migration, breeding biology and reproductive success, population dynamics and extinction risk, physiological stress and extreme events and conservation responses.
1. Phenology and Migration
One of the most visible biological responses of birds to global warming is the shift in the timing of seasonal events particularly spring migration and breeding. As global temperatures rise, many bird species are now arriving earlier at their breeding grounds and beginning nesting activities sooner than they did in the past (Both and Visser 2001; Parmesan, 2007; Wesolowski and Rowiński, 2014).  This disturbs their migration cycle. The wetlands of Gujarat, particularly the saline desert ecosystems of the Rann of Kachchh and adjacent areas, provide critical wintering, staging and breeding grounds for a diverse assemblage of migratory waterbirds, including globally threatened species such as the sarus crane (Grus antigone), greater flamingo (Phoenicopterus roseus) and dalmatian pelican (Pelecanus crispus) (Ganpule, 2016).
These advancements reflect the influence of warmer springs that accelerate ecosystem processes such as insect emergence and plant flowering. However, not all species respond uniformly to these changes. Some birds adjust rapidly while others show little or delayed response, resulting in phenological mismatches situations where the peak food availability no longer coincides with the peak energy demands of growing chicks (Thackeray et al., 2016; Robertson, et al., 2024). According to Biswas and Pandey (2019), heavy and late rains at Nal Sarovar bird sanctuary, Gujarat filled with a large volume of water and starts functioning like a deep lake instead of a shallow wetland. Migratory birds like flamingos cannot get their required food (blue-green algae) in lake conditions, so they arrive late or avoid the area. Such mismatches can lead to reduced reproductive success and population declines, especially in insectivorous species that depend on short-lived food pulses (Fig. 1).
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Fig. 1: Major impacts of climate change on migration timing, range shifts to new areas, loss of natural habitats and increased food scarcity
Migration timing in birds is shaped by a combination of internal biological cues (day length or photoperiod) and external environmental conditions (temperature and food supply). Long-distance migratory birds rely on fixed natural cues like daylight, so they cannot easily change when they migrate. Short-distance or resident birds can adapt better to changing climate conditions because they respond to local environmental changes. Consequently, they are more vulnerable to mismatches between migration timing and local resource availability (Both et al., 2006; Lehikoinen et al., 2023; Helm and Liedvogel, 2024). The case studies of Europe and North America show that many bird species are now arriving at their breeding grounds earlier in the spring than they used to a response to warmer temperatures caused by climate change (Askeyev et al., 2023). However, the timing of their arrival doesn’t always perfectly match the earlier start of spring (insects and plants also become active earlier) because of this mismatch between arrival time and food availability, birds may struggle to find enough food to feed themselves or their chicks. Such factor can reduce their survival and reproductive success (Miller-Rushing et al., 2008; Gordo, 2007). Over evolutionary time, the timing of arrival on summering grounds, especially for species breeding at mid- to high latitudes has been optimized so that birds avoid adverse early-spring weather and arrive just as food supplies begin to increase. Climate change disrupts this finely tuned system by altering weather patterns and the cues birds use to initiate migration. Local weather on the wintering grounds, changing food availability at stopover sites and unpredictable spring conditions on breeding grounds can all affect migration success and survival (Knudsen et al., 2011). According to Sarkar et al. 2020, Pied Cuckoo (Clamator jacobinus) traditionally arrives in northern India peaking in summers during the May-June and no presence in winter. Hence, they delayed arrival and shortened stay, likely due to shifts in monsoon onset and intensity. Barn Swallow’s (Hirundo rustica) migratory timing observed too advance in some parts of India due to early onset of spring temperatures (Liechti et al., 2015). House Sparrow’s population decline in urban India is linked to changing microclimate and reduced insect prey due to temperature fluctuations and pollution
(Bhattacharya et al., 2020). The longer the migration distance, the greater the likelihood that one or more stages of this annual cycle become mistimed with local environmental conditions, increasing the risk of mismatches. Migratory birds first arrive at their breeding sites each year (first arrival dates) are able to gather important information about long-term changes in seasonal timing such as how migration or breeding periods are shifting due to climate change (Miller-Rushing et al., 2008). However, it is equally important to consider variation in arrival dates within the population, as well as the duration of the arrival period, which can reveal population-level flexibility in response to changing conditions (Morton, 2002; Motlogeloa & Fitchett, 2023). Human activities are also modifying migratory behavior like, the supplemental feeding of birds during winter has reduced the need for migration in several temperate-zone species.
2. Biology and Survival 
Climate-driven changes in temperature and precipitation affect nesting phenology, clutch size, incubation success and fledgling survival. Warmer springs can increase early-season food for some species, boosting reproductive output in good years but they can also cause heat stress and increase mortality during heat waves (Both et al., 2006). Altered rainfall patterns affect nest flooding, vegetation structure and invertebrate prey dynamics with species-specific outcomes.[image: ] Extreme weather events storms, late frosts, droughts and heatwaves have been linked to episodic reproductive failures and adult mortality (Both and Visser 2001). Such events can have population-level effects when they occur with increased frequency or during critical life stages (Fig. 2). 
Fig. 2: Rising temperatures, altered precipitation disrupt avian reproductive biology and survival
The sudden extreme weather events i.e. short periods of very cold weather (cold snaps) or very high temperatures (heatwaves), can reduce the chances of survival for bird eggs and chicks during the breeding period. In one study, 11 out of 24 bird species showed lower breeding success during heatwaves, indicating that such short-term extreme events can significantly harm bird populations (Taff and Shipley, 2023). Beyond direct heat mortality, climate shifts alter prey dynamics, producing trophic mismatches that reduce chick growth and survival. Changes in precipitation regimes and temperature alter insect phenology, aquatic productivity and plant green-up, so that peak food availability for nestlings may shift earlier (or later) than the birds’ breeding peak (Halupka et al., 2023). Climate-induced shifts in plant phenology, food availability and habitat conditions have disrupted the breeding cycles of many bird species. As a result, several avian species now experience shortened breeding periods or fail to establish nests and reproduce successfully. As bird breeding seasons often coincide with peaks in food resources, typically during the rainy season prolonged and unpredictable dry spells linked to climate change can reduce reproductive success, leading to population declines or even total breeding failure (Carey, 2009).
In region such as Sikkim, climate change has significantly affected avian breeding activities, especially in high-elevation habitats, causing widespread reproductive failure (Acharya and Chettri, 2012). Historically, species such as the Ruddy Shelduck (Tadorna ferruginea), Ibisbill (Ibidorhyncha struthersii), Common Redshank (Tringa totanus) and Black-necked Crane (Grus nigricollis) were known to breed in the area. However, recent years have seen an absence of breeding records for these species. Changes in the water temperature of high-altitude freshwater bodies (Gurudongmar Lake, Changu Lake, Thangu Chu and Yumthang Chu) have been linked to this decline, as variations in surface temperature influence prey availability for aquatic birds. Many species have specific temperature thresholds beyond which chick mortality increases due to food shortages. Furthermore, optimal thermal conditions are essential for egg laying and incubation, extended cold spells and snowfall can delay or even inhibit breeding activity in both terrestrial and aquatic birds (Bhagarathi et al., 2024).
Climate-driven habitat shift combined with persistent threats such as infrastructure development, invasive species, nest predation and human disturbance, suggests increasing pressure on the already endangered and scattered great Indian Bustard population throughout four Indian states (Maharashtra, Madhya Pradesh, Gujarat and Rajasthan). It may alter the timing of egg-laying with some species beginning reproduction earlier than usual (Parab et al., 2025). Rising spring temperatures can accelerate plant flowering and leaf emergence thereby shifting food availability for insectivorous birds. Netherlands study shown that two species of wading birds are nesting earlier in response to warmer springs (Li et al., 2022). Similarly, amphibians in the United Kingdom have begun laying eggs earlier with increasing spring temperatures. Both et al. (2006) found that nine populations of low-flying moths showed earlier emergence linked to warmer springs suggesting that such phenological shifts in prey species can disrupt synchrony between food supply and avian breeding. Visser and Both (2005) on great tits (Parus major) demonstrated how mismatches between the peak abundance of caterpillars and the timing of breeding can affect reproductive success. Earlier nesting has also been observed across several British bird species which may have mixed ecological implications. Earlier nesting might help young birds survive long pre-winter development period but it can also cause problems if food is not available at the right time.
In the Duck and Goose family (Anatidae), warmer temperatures are causing many species to move their breeding areas further North (Green, 1996). However, even if birds move, they may still struggle if the plants and insects they depend on for food do not also shift north at the same time. A long-term study in Britain found that 59 bird species originally living in the south have moved their breeding areas northward as the climate warms. In addition, warmer winters mean that some birds no longer need to migrate as far south. Some short-distance migratory birds are staying longer in their breeding areas and even spending the winter there, instead of migrating to warmer places as they used to (Mc Donald et al., 2012). Climate change also affects adult survival and health via energetic stress, dehydration risk and increased disease exposure. Warmer and wetter conditions in some regions expand the ranges of parasites and pathogens (mosquito-borne avian malaria) while heat and nutritional stress can weaken immune responses. Changes in climate and more frequent extreme weather make it easier for bird diseases to spread and when this happens alongside other problems like habitat loss or heat stress, it can cause many birds to die in affected areas (Bernath-Plaisted et al., 2025). 
3. Population Trends and Extinction Risk
Climate change and other human activities (cutting forests and introducing foreign species) together cause bird numbers to drop. Some species show marked long-term declines correlated with climate variables others decline primarily due to habitat conversion with climate acting as an additional stressor. Specialist species, tropical montane birds, Arctic breeders and species with limited dispersal ability are among the most at-risk groups. As per Varagiya et al. (2021) wetlands in Gujarat especially Mokarsagar, Javar, Fodara, Ranasar and Amipur are extremely important for key bird species like the Black-headed Ibis, Red-naped Ibis and Eurasian Spoonbill. They regularly support more than 1 per cent of the global population of these birds, proving their significance for bird conservation. Recent analyses detected pesticide residues in two piscivorous species, the Great Egret and the Indian Pond Heron with small but measurable concentrations of agricultural chemicals such as Indoxacarb and Oxadiazon, likely originating from contaminated water or prey. These findings underscore the urgency of safeguarding wetland ecosystems and addressing multiple human-induced threats.
Habitat conversion magnifies the impacts of climate change on bird extinction risk. When climate drivers reduce the availability of suitable habitat or push species into sub-optimal areas, the combined effect of habitat loss and climate change often leads to steeper declines than either driver alone (Mantyka‐Pringle et al., 2012). Kim (2007) under the most optimistic scenarios of controlling climate change and protecting habitats, at least 400 bird species are projected to become imperiled by 2050 due to reductions in their geographic ranges of greater than 50 per cent. In the tropics, stronger and more frequent heat extremes caused tropical bird populations to decline by 25–38% between 1950 and 2020 (Rosie Frost, 2025).
Moreover, a recent report suggests that over 500 bird’s species globally could be driven to extinction within the next century from the combined pressures of climate change and habitat loss.
4. Physiology, Heat Stress and Direct Mortality
Birds maintain body temperature through a balance of metabolic heat production and heat loss. Thermoregulatory responses to elevated ambient temperature include increased gular fluttering and panting, wing-spreading and shade-seeking, reduced activity and changes in blood flow to peripheral tissues. These responses increase evaporative water loss and energy expenditure; when air temperature and humidity are high, evaporative cooling becomes less effective and birds risk hyperthermia, dehydration and collapse (Ritchison, 2023). At the cellular level, heat stress can impair protein homeostasis, increase oxidative stress and suppress immune function, making birds more susceptible to disease. Poultry research and veterinary studies also document reduced egg quality, lowered fertility and higher chick mortality associated with prolonged heat exposure, showing physiological parallels between wild and domestic birds under extreme heat (Yasobant et al., 2025). 
India’s intensifying heatwaves have produced numerous reports of exhausted, dehydrated or dead birds especially in urban and agricultural landscapes where shade and water are scarce. During the 2022 and subsequent hot seasons, rescuers in Gujarat and other states picked up many birds collapsing mid-flight or found dying along streets; charities and clinics reported large numbers of heat-trauma cases requiring rehydration and care. Emergency veterinary responses and wildlife rescue groups documented thousands of heat-affected animals and birds in single cities during severe heat events. National heatwave records and public-health surveillance also show that extreme heat exposure affects non-human animals alongside human casualties. Observations illustrate that extreme heat translates rapidly into direct morbidity and mortality for birds when water, shade or behavioral refuges are unavailable (Anonymous, 2022). 
In Gujarat’s Kachchh region during extreme summer heatwaves high mortality observed in lesser flamingo (Phoeniconaias minor) when shallow lakes dry early, increasing salinity and reducing algal food (Rathwa et al., 2022). In regions of the western United States, climate change is causing dry conditions increasing the frequency and intensity of wildfires. These disturbances can directly affect birds by destroying nests and disrupting habitats. In the Great Basin the effects of dryness on fire regimes are aggravated by the invasion of cheatgrass (Bromus tectorum), an invasive species introduced from Eurasia. Cheatgrass is more flammable than native grasses and as drought conditions worsen, fire frequency and severity rise and plant species adapted to less severe fire regimes are replaced by cheatgrass, resulting in even more violent fire behavior (Pilliod et al., 2017). Climate, fire and invasion are being blamed for the loss and fragmentation of big sagebrush habitats needed by Sagebrush obligates such as the Sage Thrasher (Oreoscoptes montanus), Sage Sparrow (Amphispiza belli) and Greater Sage-grouse (Centrocercus urophasianus). Climate change has always existed in nature and animals have adapted to it over long evolutionary time scales. But the big problem today is that human-caused climate change is happening much faster than natural climate changes in the past. Due to change is so rapid, many species may not have enough time to adjust or evolve which makes their survival uncertain (Manglani et al., 2023).
5. Conservation and Management Responses
Assessment of species and habitat vulnerability: Many models predict that numerous bird species will be unable to adapt to rapid climate change, leading to possible local or global extinctions. Vulnerability depends on traits such as limited dispersal ability, narrow climatic tolerance, habitat specialization, dependence on specific ecological interactions or disturbance regimes and low genetic diversity (Huang et al., 2023). Species unable to adjust their phenology to changing conditions are particularly at risk. Although researchers are developing indices to assess susceptibility, data limitations hinder precise predictions. Because detailed trait measurements are often difficult or time-consuming, simplified indicators such as current population size are sometimes used as practical proxies for assessing species vulnerability to climate change (Sekercioğlu et al., 2012).
Ecosystem restoration: Beyond managing existing populations, restoring degraded or unoccupied habitats can support bird conservation. Damaged areas may be rehabilitated to create new habitats for endangered species such as re-establishing riparian forests in alternative locations. Islands offer unique restoration opportunities since human impacts and invasive species can be more easily managed. Measures like controlling hunting, removing invasive predators (e.g., rats, feral cats) and monitoring species introductions have proven effective, as per studying New Zealand. In extreme cases, translocating declining species to suitable islands may ensure survival, though such interventions require careful planning and regulation (Miskelly et al., 2009). Zimova et al. (2021) suggest that living organisms respond to climate change in many different ways and these responses are complex. These biological reactions can interact with each other, it is important to study them carefully to understand how species will adapt to climate change. Dhaduk and Padate (2025) observed in Vadodara city a notable rise in Grey Hornbill presence, with confirmed breeding from 2022 to 2024 and 14 nests recorded in urban green patches. Previously unreported in the region, the species now appears to be establishing a stable urban breeding population. Increased vegetation within central city areas, despite urban expansion, likely supports this colonization. This case highlights the species’ adaptability and emphasizes the importance of conserving and enhancing urban green spaces for sustaining biodiversity.
Creating habitat restoration corridors: Government agencies, conservationists and wildlife organizations face the challenge of determining which areas, though currently unoccupied by endangered bird species, could become suitable habitats in the future under projected climate change scenarios. The key goal is to expand existing networks of protected areas to include such potential future habitats. Increasingly, researchers are using downscaled climate models combined with landscape-level data to predict which habitats will become critical for certain bird species in the coming decades. Although many of these models remain uncertain, the field is rapidly evolving and significant progress is being made. The migration routes of long-distance migratory birds (flyways) are relatively well known and many key stopover sites along these routes are already protected because they provide essential resting and feeding grounds during annual migrations (Min et al., 2021). However, with rising global temperatures, migration patterns are expected to change some routes may become longer or shorter and many bird species are anticipated to shift their ranges poleward or to higher elevations. As a result, new protected areas will be needed to accommodate these shifts in breeding and migratory habitats. Many species are likely to extend their ranges into adjacent suitable habitats, depending on their physiological tolerance and environmental preferences (Doswald et al., 2009).
Public initiatives: Enhancing public awareness is crucial for understanding how climate change affects bird populations, recognizing the ecological importance of avian species and taking effective steps for their protection. One of the most direct and practical ways to mitigate the effects of climate change and thereby support bird conservation is to reduce greenhouse gas emissions. Even small lifestyle adjustments, such as choosing low-emission transport options, can make a difference. Individuals can also utilize carbon footprint calculators to identify personal emission sources and adopt emission-reduction strategies in daily life. Reducing consumption of high-impact products such as fast fashion which significantly contributes to carbon emissions, is another effective measure. In the Indian context, initiatives like the “Lifestyle for Environment (LiFE) Mission” launched by the Government of India in 2022, encourage citizens to adopt environmentally responsible behavior such as promoting sustainable mobility, conserving energy and minimizing waste. These efforts indirectly support wildlife including birds by reducing habitat degradation and the broader impacts of climate change (Ministry of Environment, Forest and Climate Change, 2022).

Conclusions
Climate change poses an escalating threat to global avian biodiversity, acting both independently and synergistically with habitat loss, invasive species and other anthropogenic pressures. Birds respond to climatic shifts through altered migration patterns, breeding phenology and physiological adjustments, yet these adaptations are often insufficient to match the rapid pace of environmental change. In India, recurrent heatwaves, erratic monsoons and habitat degradation have intensified stress on bird populations, leading to reproductive failures and mortality. Long-term projections indicate that hundreds of species, especially tropical and montane specialists, may face significant range contractions or extinction if current trends persist. To protect wildlife properly, we should not just save current habitats. We need to repair damaged ones, connect habitats so animals can move and create more protected areas because species are changing where they live due to climate change. Equally vital are public education and behavioral change programs that reduce greenhouse gas emissions and promote sustainable coexistence with nature. Collaborative efforts among governments, researchers and communities are essential to buffer birds from the accelerating effects of climate change and to preserve their vital ecological roles in pollination, seed dispersal and pest control. 
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