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Abstract A wide variety of substances and agents are

released into the atmosphere due to anthropogenic activi-

ties. Higher levels of such entities have given rise to four

major environmental problems: air, light and noise pollu-

tion and global warming, all of which severely affect birds

and other animals. These four issues have been overlooked,

although climate change is receiving increasing attention.

The four challenges often occur simultaneously and are

likely to exert composite impacts. Most studies have

focused on the effects of a specific problem at a particular

time and have never taken into account their cumulative

consequences. This review tries to address this shortcom-

ing. It aims to evaluate the composite impacts of the

problems on flying birds beyond an understanding of their

individual impacts. The review initially sheds light on the

individual impacts based on existing scientific literature.

Composite impacts were then estimated by assigning

suitable scores to the literature to convert it into empirical

data. Scores were then analysed. Through this assessment,

it was found that the health of birds is highly vulnerable to

the composite effects of the problems. Additionally, sta-

tistical analysis revealed that the effects of all problems on

different aspects of avian biology are likely to be magnified

simultaneously in the future. Thus, the impact of these

problems on birds should not be neglected, and further

studies should be conducted to understand their

mechanisms.
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1 Introduction

A wide range of substances/agents are released into the

environment due to anthropogenic activities. Higher levels

of such entities result in effects that reduce the quality of

the biosphere (Morrison 1986). In general, the ambient

environment is negatively affected by the harmful effects

of four major problems arising due to the emission of

substances/agents from human activities; air pollution,

light pollution, noise pollution and global warming/climate

change. With regard to the latter, birds and amphibians are

the most threatened animal groups (Foden et al. 2013; Bird

Life International 2013).

These four problems exert impacts that vividly extend

beyond mankind into the animal world. However, except

for global warming, their impact on wildlife has received

minimal attention in terms of research. Issues related to

global warming and birds have been studied (Sekercioğlu

et al. 2012). But the scientific literature does not provide

any insight on how the problem acts in the presence of

other environmental factors. There is a need to assess the

composite effects of these issues as they commonly occur

together at the same time. The gravity of the situation can

be well understood by the fact that the Aichi Biodiversity

Targets (20 targets under five strategic goals) have

emphasised the reduction in different types of pollution to

levels that are not detrimental to ecosystem function and

biodiversity (Target 8) as well as the minimisation of cli-

mate change to maintain ecosystem function and integrity

(Target 10) (Convention on Biological Diversity 2013;

O’Connor et al. 2015). These targets form an integral part

of the ‘Strategic Plan for Biodiversity 2011–2020’ adopted

by the Convention on Biological Diversity (CBD) in 2010& Himangshu Dutta
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in view of drastic declines in global biodiversity. The tar-

gets aim to facilitate global biodiversity conservation and

guide regional and national-scale target setting (O’Connor

et al. 2015), and the international community has agreed to

attempt to achieve these by 2020 (Tittensor et al. 2014).

Flying birds are commonly exposed to all four problems

and are at a high risk of their negative effects. They provide

much scope for the study of their composite effects, which

has not been performed previously. In fact, this knowledge

deficit exists because no study has concentrated on more

than one problem simultaneously, even though all issues

often occur together. Such an evaluation is also essential

because birds are much overlooked in this regard (except

for the impact of climate change, as mentioned above).

According to the UN Millennium Ecosystem Assessment,

birds provide four types of ecosystem services: provision-

ing, regulating, cultural and supporting services. Addi-

tionally, they play important roles in predation, pollination,

scavenging, seed dispersal, seed predation and ecosystem

engineering (Whelan et al. 2008). Hence, birds must be

conserved and for successful conservation, the negative

effects of all four problems must be understood and

mitigated.

Taking the above into consideration, the present review

attempts to understand the individual and composite con-

sequences of these four problems on flying birds as a

whole. It also tries to identify possible synergistic associ-

ations among the issues. It attempts to fulfil this aim using

published scientific literature collected from peer-reviewed

sources, supplemented with information from databases of

organisations/institutes associated with wildlife and envi-

ronmental research. The review is the first to use such an

approach and has two general objectives:

(a) To review the individual effects of the problems on

birds through analysis of the scientific literature.

(b) To assess the composite and synergistic effects of

the problems through analyses (including statistical

analysis) of scores assigned based on secondary data.

2 Air pollution

Atmospheric pollutants that arise from human activities

exert widespread effects on all living organisms. In this

regard, human health has always been the primary concern

of research (Gupta and Bakre 2013). However, it also has a

number of implications for birds, as outlined below.

2.1 Direct impacts

Birds have narrow lung capillaries and higher breathing

rates and spend considerable amount of time in open air.

Hence, they are highly vulnerable to atmospheric particu-

late matter. Ground-level ozone and nitrogen oxides also

lead to negative effects on avian lungs (e.g. inflammation

and lung failure). In addition, these pollutants can also

rupture of blood vessels upon long-term exposure (Qin

2015). In Beijing and Manila, emissions have given rise to

black lungs and enlarged testes (Lovett 2012). In passerine

birds, pollutants that arise from coal-fired power plants

bring about changes in the tracheal epithelium including

increased mucus cover, shortening of the cilia, and an

increase in the number of secretory granules and vesicles

(Llacuna et al. 1993). Emission of NOx, SO2 and particu-

lates from such plants has led to variation in the percentage

of ciliated and non-ciliated cells, as well as the organisa-

tion, orientation and morphology of cilia in the tracheal

epithelium of goldfinch (Carduelis carduelis), rock bunting

(Emberiza cia), great tit (Parus major) and blackbird

(Turdus merula) (Gorriz et al. 1994).

The erythrocyte count decreases, whereas erythrocyte

size increases in rock bunting and blackbird under the

influence of SO2, NOx and particles released from coal-

fired power plants. Pre-albumins are increased, and b-
globulins are decreased in rock bunting. In blackbird,

transaminases (GOT and GPT) are increased and weight is

decreased (Llacuna et al. 1996). Haematological effects are

also evident in sparrows that live in highly polluted urban

areas as these tend to have very low levels of haemoglobin

and antioxidant capacity. The intensity of this impact is

directly related to the level of pollution (European Com-

mission 2013). Another group of harmful pollutants is

polycyclic aromatic hydrocarbons (PAHs) emitted from

traffic. Their long-term exposure can lead to the inhibition

of growth, reduction in the production and hatching of eggs

and higher abandonment rates of clutches or broods. PAHs

could also trigger DNA mutations that can persist through

several generations (as evident in Double-crested Cor-

morant Phalacrocorax autitus in Canada). These mutations

can also be carcinogenic (Qin 2015).

The above harmful pollutants are accumulated in avian

bodies following increased emission. For instance, the

lungs and livers of birds in Beijing have been found to

contain three to four times more PAHs and common by-

products of fossil fuel burning, compared with birds in

higher air quality areas (Lovett 2012). Heavy metal accu-

mulation also occurs due to pollution by coal-fired plants,

and this varies among different species. This is evident

from the fact that blackbirds accumulate significantly more

heavy metal residues than great tit or rock bunting (Llacuna

et al. 1995).

In addition to the above, a number of miscellaneous

problems also occur, such as reduction in breeding success,

as is evident in great tit in southern Poland (Nyholm et al.

1995). Further, in addition to affecting the physiology of
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great tit, air pollution can also affect their song. This is

evident from the fact that males of great tit have been

found to sing less near emission sources (Gorissen et al.

2005; Isaksson et al. 2005). Similarly, copper smelter

emissions have been found to reduce the thickness of egg

shells, egg volume and content, clutch size and hatching

success of great tit and pied flycatcher (Ficedula hypo-

leuca) (Eeva and Lehikoinen 1995). Next, ozone (and some

other atmospheric pollutants) affects feeding activity in

ruby-throated hummingbird (Archilochus colubris). As

these birds breathe higher volumes of air with respect to

their bodyweight, they are also at risk of experiencing

greater adverse effects of ozone (Lewis 2006).

2.2 Indirect impacts

Air pollution can also affect birds by triggering habitat

changes, increasing parasites and reducing food sources

(Morrison 1986; Graveland 1990; Eeva et al. 1994; Hörn-

feldt and Nyholm 1996).

Emissions can also suppress plant carotenoid levels, and

this reduces their availability for phytophagous insects.

Lower carotenoid accumulation in phytophagous insects in

turn lowers their levels in insectivorous passerine birds.

Consequently, the supply of carotenoids (which provide

antioxidant protection and immune-competence) from par-

ents to nestlings is inadequate in such birds. Carotenoids are

also required for the development of eggs. Therefore, the

development of both nestlings and eggs could be affected

(Sillanpää 2010). Emissions have also been found to

decrease the yellow plumage colour in great tit nestlings by

affecting the abundance of prey insects (green caterpillars

and sawfly larvae fed to nestlings) that provide carotenoids.

Pollutants can also obstruct carotenoid metabolism and

transportation to feathers and/or affect the concentration of

carotenoid derivatives in organs. Thus, nestlings at greater

distances from pollution sources have better colour intensity

and are also heavier. This fact indicates lower survival

probability of pale nestlings. Plumage colour can affect

selection of mates by female birds, male–male competition,

social dominance in winter flocks and the ability to avoid

predation via crypticism (Eeva et al. 1998).

Air pollution (heavy metals) from copper smelters

negatively affects many invertebrate species. This in turn

affects the diet of insectivorous birds such as great tit

(caterpillar specialist) and pied flycatcher, an opportunistic

forager. Feeding frequency or food quantity is not affected.

However, the type of food consumed is altered in both

species. Breeding success of great tit is affected by the

change in food quality, whereas the same in pied flycatcher

is not affected. This indicates a greater vulnerability of the

former to the lack of carotenoid-rich caterpillars. However,

pied flycatcher is more sensitive to a decreased amount of

calcium-rich food items due to heavy metal pollution (Eeva

et al. 2005).

Sulphur dioxide and nitrogen oxides, which arise from

fossil fuel combustion, can cause acidification of water

bodies. This in turn affects the quantity and quality of avian

food resources (Hare et al. 2002). Several molluscs and

crustaceans have high concentrations of calcium and are

sensitive to pH. They disappear rapidly upon acidification

of wetlands (Hare et al. 2002). On the other hand, higher

levels of aluminium that arise due to acidification cause

thinning of eggshells in some bird species like the great tit

and pied flycatcher (Dudley and Stolton 1996). However,

acidification can exert varied consequences. For example,

ospreys (Pandion haliaetus) find fewer fish to consume in

an acidic lake because there are far fewer fish present.

However, the same could be helpful for divers because

clearer water in acidic lakes makes hunting easier (Hare

et al. 2002). In addition, eutrophication can arise due to

higher levels of atmospheric nitrogen oxides. Conse-

quently, negative affects occur in fish and invertebrates

which are used by birds as food resources. Over time,

nitrogen oxide accumulation can facilitate the propagation

of nitrogen-loving invasive plants that flourish at the

expense of native plants (such as lichens) which provide

forage and nesting material to birds. As a whole, the overall

impacts of emissions can also extend up to bird habitats

and trigger remarkable alterations in landscape (Qin 2015).

Furthermore, accumulation of atmospheric dioxins in

soil leads to their greater absorption by earthworms.

Although earthworms remain unaffected, they can accu-

mulate up to fivefold higher levels of these chemicals than

their concentration in the surrounding soil. Birds then

acquire this chemical by consuming earthworms, which

can lead to carcinogenic, reproductive and immuno-toxic

effects (Hare et al. 2002). The overall impact of emissions

on birds is depicted in Fig. 1.

3 Noise

3.1 Noise as a problem

Anthropogenic noise is on the rise due to the introduction

of more powerful sources, greater geographic spread and

mobility of noise sources, and the exposure of a greater

proportion of the day to noise (Berglund and Lindvall

1995). It is a unique evolutional selection pressure that

exerts consequences at both individual and population

levels (Slabbekoorn and Ripmeester 2008). Noise propa-

gates through natural ecosystems throughout the world and

imposes pressure on wildlife processes (Barber et al. 2010;

Tennessen et al. 2014). Physiological effects of noise on

animals include changes in endocrine, digestive, blood,
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immune and reproductive function (US Department of

Transportation and Federal Administration 2004).

The effects of noise on natural populations and commu-

nities are not well understood (Francis et al. 2012). Although

its consequences have generated much interest, little is

known about the impact of noise onwildlife (Tennessen et al.

2014). For instance, sublethal consequences of noise such as

physiological stress and impaired reproduction have not

been properly reported (Kight and Swaddle 2011). Noise is

predicted to increase with increasing human population

growth (Babisch et al. 2005), and even urban bird species

adapted to a variety of environmental conditions could be

sensitive to noise (Francis et al. 2011).

3.2 Impact of noise on birds

3.2.1 Avian calls

The purpose of bird song is to indicate territorial occu-

pancy and/or reproductive readiness (Gil et al. 2015). In

fact, acoustic communication provides sexually selected

cues for mating and defending a territory (Mockford and

Marshall 2009). Increasing levels of anthropogenic noise

interferes with such communication (Diaz et al. 2011),

which is a fundamental determinant of avian sexual

selection and social integration (Catchpole and Slater

1995). It is in fact the background noise that primarily

decides which individuals receive vocal signals and the

viability of such signals (Patricelli and Blickley 2006). In

this way, noise exerts selection pressure on acoustic sig-

nals (Ryan and Brenowitz 1985). When low-frequency

male calls are interrupted by noise, song-based assess-

ments in females are masked. As a result, lower energy is

invested in egg production. This is why great tits nesting

in noisy areas has reduced clutch sizes (Francis et al.

2011). In addition, such masking can also hamper the

ability of female birds to identify high-quality males.

Consequently, pairing could take place with inferior

males whose higher frequency signals are less interrupted

by noise (Francis et al. 2011).

AIR POLLUTION 

Health effects 

Ecological effects 
on plants (e.g. 
changes in plant 
diversity, invasive 
species etc.) 

Changes in habitat 

Ecological changes 
in birds (e. g. 
changes in 
diversity)

Low Caroteinoid 
levels in plants 

Low Caroteinoid 
levels in 
phytophagus 
insects 

Low Caroteinoid 
levels in 
insectivorous 
birds 

Reproductive effect 
(Egg development 
hampered) 

Acidification of 
water bodies 

Shortage of 
aquatic food 
resources (e.g. 
mollusks) of 
birds 

Clearer 
water (easy 
hunting for 
birds) 

Accumulation 
of pollutants 
(Polycyclic 
Aromatic 
Hydrocarbon) 
in soil 

Accumulation 
in earthworms 

Accumulation 
in birds that 
consume 
earthworms 

Fig. 1 Impacts of air pollution

on birds and their mechanisms

of action
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Facultative behavioural responses to anthropogenic

noise include alterations in amplitude, frequency, timing

and duration of signals to minimise acoustic competition

(Fuller et al. 2007). In Europe, bird populations have been

found to greatly advance their song timing, when singing

overlaps with air traffic. The extent of advancement varies

among species, according to the disturbance level and

species resilience. This modification indicates adaptive

change and does not take place due to circadian constraints.

Such modification of normal singing times enables survival

of avian populations in noisy environments. But it entails a

higher energetic cost and altered competitive ability and

resilience (Gil et al. 2015).

Another important example is urban traffic noise, which

directly interferes with avian acoustics due to its low fre-

quency (Mockford and Marshall 2009). Serins (Serinus

serinus) have been found to increase singing at both spatial

and temporal scales under such noise exposure (Diaz et al.

2011). Adjustment is also evident in male blackbirds that

attempt to adjust their dawn song timing to periods of

lower noise in response to traffic. Consequently, they are

bound to become active several hours before humans

(Helmholtz Centre for Environmental Research 2013).

European Robins (Erithacus rubecula) reduce acoustic

interference by singing at night in areas of high diurnal

noise (Fuller et al. 2007). Robins in Britain have been

found to avoid their dawn chorus at peak rush hour and

instead shift to singing at night (Francis et al. 2009).

Nocturnal singing by diurnal birds may minimise inter-

ference from ambient urban noise. However, this could

increase the metabolic rate at the cost of sleep (Fuller et al.

2007).

Birds also change the frequency and amplitude of their

songs in response to noise. Increasing the calling amplitude

by the signaller under greater noise exposure is termed the

Lombard effect (Lombard 1911). Free-ranging male

nightingales (Luscinia megarhynchos) sing louder territo-

rial songs at noisier locations (Brumm 2004). German

nightingales have taken to singing more loudly (95 deci-

bels), which can be harmful to human hearing (Francis

et al. 2009). In urban song sparrows (Melospiza melodia), a

positive relationship has been found between the minimum

frequency of male song and the amplitude of anthropogenic

noise (Wood and Yezerinac 2006). great tits, house finches

(Carpodacus mexicanus) and oscine birds also adjust their

call frequency to prevent masking by noise. However,

high-frequency sounds might not efficiently propagate and

lead to decreased efficiency of the acoustic signal. Some

birds might increase the amplitude of their calls. The extent

of such increase depends upon body size as well as energy

cost. In this case, energy costs may reduce the benefit of

vocal adjustment (Patricelli and Blickley 2006). Singing

under noisy situations may also take place at the expense of

vigilance and hence may pose a greater risk of survival

(Diaz et al. 2011).

Human development has been proceeding at a great

pace. Consequently, there is likely to be greater acoustic

interference with animal communication, which in turn can

lead to important behavioural consequences (Fuller et al.

2007). Larger bird species emit lower-frequency signals.

Therefore, larger birds are more vulnerable to noisy areas

than smaller species which transmit higher frequency sig-

nals. Body size, vocal amplitude and frequency are

important factors that determine tolerance (Francis et al.

2011). Smaller species that rely upon high-frequency

transmissions could persist in noisy environments. In

addition, these could also benefit from reduced predation

risk in such areas. But this benefit entails costs to male–

female communication, pairing success and reproductive

success in the absence of predation (Francis et al. 2011).

3.2.2 Impacts on health and physiology

Developing nestlings are sensitive to noise, but they could

not move away from it (they are confinement to their

nests). They could suffer from immediate effects like

suppression of growth and immune function (Crino et al.

2013). Long-term impacts could lead to physiological,

morphological and behavioural consequences. Such con-

sequences could include lifelong and trans-generational

effects on reproductive success and survival. In fact,

exposure to even short periods of stress, such as noise,

during development could lead to large-scale effects (Crino

et al. 2013). This has been observed in nestlings of white-

crowned sparrows (Zonotrichia leucophrys) that suffer

from phenotypic effects under higher levels of traffic noise

(Crino et al. 2013). Birds could use various strategies to

overcome the effects of noise. This could lead to evolu-

tionary changes in signal characteristics or short-term

adaptations (Herrera-Montes and Aide 2010).

3.2.3 Ecological impacts

Bird abundance, occurrence and species richness are

reduced near roads in response to noise. The largest

reductions occur where traffic levels are high (Summers

et al. 2011). Similar effects are also evident near airports. A

small percentage of species with sufficiently plastic beha-

viour to escape noise can thrive near airports. Even so, this

diminishes the bird community and consequently the

ecosystem is affected (Gil et al. 2015). Diversity of bird

communities is reduced by noise, especially in secondary

lowland forest sites (Francis et al. 2009; Herrera-Montes

and Aide 2010). However, sometimes noise exerts a ben-

eficial effect on smaller birds if it cannot be tolerated by

egg-eating predators such as the Western Scrub Jay
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(Aphelocoma californica) which causes nest failure.

However, this can also have significant ecological conse-

quences, since Scrub Jays are important for pollination

(Francis et al. 2009). On the other hand, noise indirectly

increases pollination by hummingbirds (Francis et al.

2012).

4 Light pollution

4.1 Light as a problem

An increase in artificial lighting has impacted heavily on

natural light regimes and has led to several ecological

consequences (ranging from changes in animal behaviour

to community composition). Potential impacts include

extension of foraging time, sexual competition of diurnal

and crepuscular animals into night, improvement in prey

detection and predator avoidance capabilities, changes in

the capacity to navigate and ability of pollinators to detect

nectar sources. Studies on these aspects are limited because

the problem has only been recently recognised as an

environmental issue (Davies et al. 2013). The impacts of

light can be subtle, and such effects have not received the

required attention (Poot et al. 2008; Kempenaers et al.

2010). However, various characteristics of light have the

potential to influence ecological and evolutionary pro-

cesses (Navara and Nelson 2007; van Langevelde et al.

2011). The evolution of plants and animals has occurred on

the basis of day–night cycle, and artificial light disrupts this

cycle (Cinzano et al. 2001). Light has in fact been an

ecological issue for a long time, and the problem is likely

to increase with developments in lighting technologies

(Gaston et al. 2013). There are a number of implications

which need to be studied (Gaston et al. 2013), some of

which are discussed in the following section.

4.2 Impact of light on birds

4.2.1 Natural behaviour

The avian circadian rhythm (which determines the time of

mating, breeding, foraging and migration) is dependent

upon light (Mahr et al. 2012). Therefore, alterations in

activity patterns take place under the influence of light

(Mahr et al. 2012). In other words, when natural day and

night rhythms are affected by artificial light, natural

behavioural patterns may be altered (Mahr et al. 2012).

Hence, artificial light can prepone or postpone bird

migration because migration primarily depends upon cues

available from properly timed seasonal schedules. Conse-

quently, birds can miss optimal conditions for nesting,

foraging and other behaviours (International Dark Sky

Association). The importance of light on behaviour is

demonstrated by the fact that Greater Flamingos (Phoeni-

copterus roseus) and Peahens (Pavo cristatus) exhibit

greater vigilance behaviour at night under lower light

levels (Yorzinski et al. 2015). In some birds, foraging is

extended upon exposure to artificial light. Mockingbirds

(Minimus sp.) feed their nestlings in the late evening under

the influence of greater artificial light. European blackbirds

continue foraging longer into the evening and begin their

mornings earlier when exposed to artificial night lighting.

Thus, light can have a substantial impact on the fitness of

birds by changing their behaviour (Yorzinski et al. 2015).

Light exerts an important influence on avian breeding

behaviour. It leads to a number of consequences which are

yet to be studied (Kempenaers et al. 2010). Birds have been

found to prepone breeding under the influence of longer

day length (Florida Fish and Wildlife Conservation Com-

mission). This phenomenon has been reported in urban

blackbirds in which light can prepone breeding by almost a

month. Moulting could also be preponed in these birds by

up to 3 months (in comparison with birds living in rural

areas) under the influence of light (Helm et al. 2013; Par-

tecke et al. 2005). Another bird in which reproductive

behaviour is affected by artificial light is the Blue Tit

(Cyanistes caeruleus) (Mahr et al. 2012). In this case,

males near light sources at forest edges have been found to

be more successful in attracting additional mates. In other

words, these often have offspring with females other than

their primary social partners (Kempenaers et al. 2010).

Thus, nocturnal light could influence avian strategies for

choosing partners, as males and females may have separate

preferences for light (Mahr et al. 2012). The overall effects

of night lighting on breeding birds are expected to be more

magnified with increases in spring temperatures due to

global warming (Kempenaers et al. 2010).

The effects of night light could be intensified by

traffic noise. The combined impact of may make birds

active up to 5 h earlier in morning compared with birds

exposed to natural light regimes (Helmholtz Centre for

Environmental Research 2013). Such composite conse-

quences are also well reflected in the behavioural pat-

terns and natural cycles of city blackbirds (Helmholtz

Centre for Environmental Research 2013). This is a

relevant problem of modern times because road networks

and traffic volumes are projected to increase worldwide.

Noise and artificial light are important effects of roads

that can also act synergistically with other effects to

cause greater ecological impacts (Kociolek et al. 2011).

However, there are several anthropogenic factors that

determine the impact of artificial night lighting on nat-

ural rhythms. The impacts on fitness of such changes in

seasonal timing of behaviour are also not completely

understood (Da Silva et al. 2015).
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4.2.2 Disorientation

Artificial light acts as a strong false orientation cue that can

trap birds (Verheijen 1985). Nocturnal migrants are the

most vulnerable to this issue (Gauthreaux and Belser 2006;

Watson et al. 2016) since light obstructs orientation

(Gauthreaux and Belser 2006; Mahr et al. 2012). Visual

pigments of migratory birds are bleached by artificial light.

Consequently, they can lose sight of the horizon, which

makes them circle within a cone of light. This can result in

exhaustion or collision with the light source (Florida Fish

and Wildlife Conservation Commission). Artificial light

can also cause the deviation of birds away from the correct

migration routes towards harmful city landscapes at night.

This is demonstrated by the fact that large numbers of birds

die due to collisions with illuminated structures every year

(International Dark Sky Association). For instance, about

98 million to one billion birds die following collisions with

man-made structures across North America alone (Chepe-

siuk 2009). Many nocturnally migrating birds also die or

lose a large amount of energy upon encountering artificial

light sources such as offshore platforms (Poot et al. 2008).

The reasons why birds are attracted towards artificially lit

structures are not well understood (Poot et al. 2008). In

addition to triggering changes in migratory routes and

causing birds to pass over illuminated sites, light can also

lead to flight at lower altitudes, increased calling and

resulting in birds spending more time over lit areas (Wat-

son et al. 2016).

Disorientation due to light can have fatal consequences

for threatened seabirds such as Petrels (Balearic Shearwa-

ter Puffinus mauretanicus, Scopoli’s Shearwater Calonec-

tris diomedea, and European Storm-petrel Hydrobates

pelagicus). Fledglings are attracted to artificial lights dur-

ing their maiden night flights from the nest to the sea. As a

result, they can become grounded and exposed to multiple

threats. This could lead to high mortality (Rodrı́guez et al.

2015). Disorientation also leads to inefficient feeding by

seabirds in feeding grounds because they prey on biolu-

minescent sea animals under low light levels (Florida Fish

and Wildlife Conservation Commission). However, noc-

turnal lights can enable some shorebirds to utilise visual

foraging at night instead of tactile foraging (Rojas et al.

1999). On the whole, bird responses to all light conditions

are strongest on nights devoid of moon and starlight (Poot

et al. 2008).

4.2.3 Mating calls

When the intensity of artificial light exceeds a threshold,

earlier onset of dawn song occurs in some birds (Helmholtz

Centre for Environmental Research 2013). In fact, under

the influence of artificial light, many songbirds prepone

singing around dawn, postpone singing around dusk and

even engage in nocturnal singing (Da Silva et al. 2015).

Earlier singing results in sleep loss in male birds and

increases the risk of predation (Kempenaers et al. 2010).

Night lights can elongate the day length of diurnal song-

birds and make them more prone to predators as they sing

beyond their location (Florida Fish and Wildlife Conser-

vation Commission). The presence of street lights leads to

earlier morning singing in the males of some bird species.

In the corresponding females, it induces earlier egg laying

(Kempenaers et al. 2010). The females of some birds are

considered to engage in additional copulations with high-

quality sires to increase the quality of their offspring. These

could use early singing, due to light as a cue to decide the

quality of male. Light could thus disrupt the link between

the cue: early singing—male quality, so that females would

end up having lower-quality males (Kempenaers et al.

2010).

4.2.4 Additional effects of light

Road lighting affects the density of nests for some species

(Longcore and Rich 2004). However, certain species tend

to shift between periods of light absence and presence

(McClure et al. 2013). In addition, disruption of melatonin

production may occur in birds exposed to night light. Such

an impairment of melatonin production could cause severe

physiological consequences (Gaston et al. 2013).

Moreover, indirect effects are also apparent. For

instance, many artificial lights act as fatal distraction for

insects and result in their decline. This is well evident in

Germany where attraction towards artificial lights causes

the death of a huge number of insects every summer. This

in turn negatively impacts on birds that use insects as a

food resource (International Dark Sky Association; Eisen-

beis 2006).

5 Global warming

5.1 Global warming as a problem

The current trend in global warming is highly significant

because most of it is human induced, and it has been taking

place at an unprecedented rate in the past 1300 years

(Whelan et al. 2008). Average world temperature has

increased by 0.83 �C during the previous century, and it is

expected to surge by another 0.28–4.78 �C over the next

century. The average rate of global annual temperature

increase is 0.07 �C per decade since 1880 and 0.17 �C per

decade since 1970. The average global land and ocean

temperature for 2016 was 0.94 �C higher than the twenti-

eth-century average of 13.9 �C. It surpassed the earlier
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record of 2015 by 0.04 �C. This was the fifth time that a

record high annual temperature was set in the twenty-first

century (along with 2005, 2010, 2014, and 2015) (Global

Climate Report-Annual 2016).

This increased heating is the result of higher atmo-

spheric levels of carbon dioxide, methane, nitrous oxide

and chlorofluorocarbons (US EPA 2016). Global warming

is in turn triggering remarkable changes in climate (Sahu

et al. 2015). Approximately 60% of global warming has

been linked with carbon dioxide (Grace 2004). The atmo-

spheric concentration of this greenhouse gas has increased

drastically since the start of the industrial revolution

(World Meteorological Organization Website; British

Geological Society Website). Carbon dioxide is released in

huge quantities due to deforestation, fossil fuel combustion

and cement production (World Meteorological Organisa-

tion Website; British Geological Society Website). About

half of the anthropogenic CO2 emissions between 1750 and

2011 have occurred in the last 40 years. It is predicted that

more frequent heat waves and extreme precipitation events

will occur as a result, in addition to greater warming and

acidification of the ocean (IPCC 2014).

Methane is produced in landfill sites as well as the

agricultural and animal husbandry sectors (World Meteo-

rological Organisation Website; British Geological Society

Website). Nitrous oxide arises predominantly due to nitri-

fication and denitrification in agricultural soils. From every

1000 kg of reactive nitrogen (mainly fertiliser) in such

soils, approximately 10–50 kg is released as nitrous oxide

gas. This is a serious issue because a huge increase in

cultivated land is expected in the near future (Tilman et al.

2001; IPCC 2007; Singh et al. 2010). Chlorofluorocarbons

(regulated under the Montreal Protocol) are synthetic

compounds utilised mainly for refrigeration and air con-

ditioning. Growth in industrialisation is directly related to

the increase in emission of these greenhouse gases (tenfold

increase since the beginning of the twentieth century)

(World Meteorological Organization Website).

Climate change is likely to increase the frequency of

certain climatic extremes that can exert drastic impacts on

biodiversity (Jentsch et al. 2007; Seneviratne et al. 2014;

US EPA 2015). This is especially likely to occur if mete-

orological thresholds are surpassed and lead to population

collapses (Oliver et al. 2015). In fact, prominent environ-

mental parameters of climate change such as temperature,

solar radiation, humidity, cloud cover and precipitation

have implications for biodiversity (Bickford et al. 2010).

Consequently, biodiversity is already being impacted due

to climate change, and many species are likely to suffer

declines or even undergo extinction (Foden et al. 2013).

Impacts depend upon inherent sensitivity, adaptability, and

the extent of exposure to climatic change (Bird Life

International 2013). In addition, climate change can also

lead to more frequent wildfires (Silvestrini et al. 2011),

which in turn have their own ecological consequences.

Among the most prominent biotic effects of global

warming are poleward and altitudinal range shifts (evident

in some butterflies), changes in precipitation and conse-

quently decreased water availability for animals, complex

responses for migratory species (evident in birds by the fact

that Red Knot Calidris canutus are becoming smaller, with

smaller bills, resulting in decreased survival rates in Africa)

as well as changes in phenology and community compo-

sition and abundance (WWF 2016). Climate change can

also synergise with land use changes and biological inva-

sions to cause the extinction of many bird species (Benning

et al. 2002).

There is an immediate necessity to take initiatives to

suitably protect wildlife from global warming, and com-

bating climate change and its impacts has been included by

UNEP as one of its sustainable development goals (Goal

13) (UNEP 2015).

5.2 Impact of global warming on birds

5.2.1 Extinction

Climate change accelerates the extinction rates of birds

(Foden et al. 2013). According to the Intergovernmental

Panel on Climate Change (IPCC), 20–30% of species

around the globe are likely to be at a high risk of extinction

within this century if global mean temperatures exceed

2–3 �C above pre-industrial levels (Barnosky et al. 2011).

Indeed, about 90% of some bird populations have already

declined due to climate change (WWF 2015). It has been

estimated that in South Africa, mid-range climate change

will result in a 33–40% extinction rate if birds are unable to

shift to new suitable habitats (Thomas et al. 2004). Avian

extinction rates in Europe are predicted to be 38, and 72%

has been predicted for north-east Australia, if global

warming surpasses 2 �C above pre-industrial levels (cur-

rently 0.8 �C above) (WWF 2015). In fact, 600–900 ter-

restrial birds are likely to be extinct by 2100 if the surface

temperature rises by 3.5 �C. Additionally, 100–500 bird

species may go extinct for every 1� increase in temperature

above this value (Sekercioğlu et al. 2012). Birds that sur-

vive within narrow environmental ranges are likely to

decline the most. Rising temperatures may also help

invasive species to outcompete native species (WWF

2015). Migratory, mountain, island, wetland, Arctic,

Antarctic and sea birds are highly vulnerable to the prob-

lem (WWF 2015). However, up to 83% of all birds highly

vulnerable to climate change are not present in the current

IUCN Red List of Threatened Species. These species have

shown sharp declines in population or a shrinking in geo-

graphic range (Foden et al. 2013). Limitations imposed on
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species range by climatic, ecological and physiological

effects of elevation are important determinants of extinc-

tion risk (Sekercioglu et al. 2008).

5.2.2 Habitat and distribution

Distribution losses and gains have been forecasted to occur

for many bird species due to climate change. An important

factor in this regard is the natural history of a given species

and its particular habitat requirements. Black-throated

sparrows (Amphispiza bilineata) and grey vireos (Vireo

vicinior) are likely to gain breeding habitat. But huge

losses have been predicted for pygmy nuthatches (Sitta

pygmaea), sage thrashers (Oreoscoptes montanus) and

Williamson sapsuckers (Sphyrapicus thyroideus). Such

losses could result in future population declines. On the

whole, such changes may profoundly affect the distribution

and viability of many species (US Geological Survey

2014). According to The National Audubon Society

Website (2014), climate change could imperil 314 species

of birds due to habitat shrinkage. Some of the birds likely

to be affected are listed in Table 1.

Climate change might shift the potential distribution of

bird species in Europe by about 550 km north-east by the

end of the present century. The average distribution of

regular European breeding birds has been projected to

decrease by a fifth and end up overlapping the present

range by only 40%, due to climate change. About 75% of

all such species are likely to experience shrinkage in range.

If such changes occur, very few areas of habitat with a

suitable climate would be left for certain species in Europe

(RSPB 2008). In addition, rises in sea-level threaten coastal

ecosystems and their biota. Climate change in the Arctic

tundra is likely to impact on waterbird breeding habitat

(Bird Life International 2013).

Northward latitudinal and elevation shifts are evident in

several North American bird species distributions due to

climatic changes (King and Finch 2013). It must be added

that the constraints of area and resources at higher altitudes

could trigger interspecific competition and threaten high

elevation residents (Jankowski et al. 2010). Under some

circumstances, migrant species might dominate their

upland congeners and push them further upwards or lead to

their extinction (Jankowski et al. 2010). The shifting of

birds to climatically suitable ranges could also be com-

plicated by landscapes which are fragmented or damaged

by anthropogenic activities. Island and mountain birds are

most vulnerable as these are confined to small habitat

patches (WWF 2006). In addition, if climatic changes

occur too rapidly for vegetation to respond or take place

beyond potential vegetation ranges, then bird populations

might be forced to move into unsuitable habitats. As a

result, they may suffer from reduced survival and repro-

duction (Crick 2004). Climate change may also alter

community composition by inducing variation in the rate at

which species shift their range. Communities could change

Table 1 Birds at risk due to

habitat and range shrinkage

occurring under the influence of

global warming. Source: The

National Audubon Society

Website (2014)

Common name Scientific name Family

Allen’s hummingbird Selasphorus sasin Trochilidae

Baird’s sparrow Ammodramus bairdii Emberizidae

Bald eagle Haliaeetus leucocephalus Accipitridae

Brown pelican Pelecanus occidentalis Pelecanidae

Burrowing owl Athene cunicularia Strigidae

Cerulean warbler Setophaga cerulea Parulidae

Common loon Gavia immer Gaviidae

Eastern whip-poor-will Caprimulgus vociferus Caprimulgidae

Golden eagle Aquila chrysaetos Accipitridae

Greater sage-grouse Centrocercus urophasianus Phasianidae

Hooded oriole Icterus cucullatus Icteridae

Mississippi kite Ictinia mississippiensis Accipitridae

Northern shoveler Anas clypeata Anatidae

Osprey Pandion haliaetus Pandionidae

Piping plover Charadrius melodus Charadriidae

Ruffed grouse Bonasa umbellus Phasianidae

Rufous hummingbird Selasphorus rufus Trochilidae

Spotted owl Strix occidentalis Strigidae

Tundra swan Cygnus columbianus Anatidae

White-throated sparrow Zonotrichia albicollis Emberizidae

Yellow-billed magpie Pica nuttalli Corvidae
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further due to shifting of constituent species along different

trajectories (Gillings et al. 2015). Future indirect climate

change effects on birds include alteration of habitats due to

rises in sea level, as well as changes in fire regimes, veg-

etation and land use (WWF 2006). Climate change can also

induce drought conditions that elevate the intensity and

occurrence of wildfires, which could impact birds by

destroying nests and modifying habitats. This is already

evident in parts of the western US (King and Finch 2013).

An important effect of climate change propagates

through the prevalence of droughts. Open water, vegetation

biomass and native over-story trees are important deter-

minants of bird diversity along river reaches. All three

factors are reduced when water flow in rivers decreases due

to drought. As a result, key sensitive species are affected.

This is evident in the Colorado River Delta in Mexico

(Hinojosa-Huert et al. 2013). In addition, blackbirds,

robins, thrushes and starlings also face difficulty in reach-

ing worms and insects in soil under dry conditions.

Moreover, as water bodies dry up, growth of vegetation is

hampered. Consequently, the risk of predation increases for

wading birds (The Wildlife Trusts Website). Droughts can

also lead to changes in salinity and thereby eliminate many

insects such as brine flies (Ephydridae sp.) used as food by

birds. Insect populations can also decrease due to lower

hatching rates under water scarcity (Frost 2014). Dry

periods have been linked with bird community changes as

well as amphibian and reptilian losses (Pounds et al. 2006).

Protected areas help to counteract the effects of droughts

by protecting ecosystem services such as water flow and

water quality, and conserving habitats (World Bank 2003).

They also maintain ecosystem integrity and buffer local

climate against drought (Stolton et al. 2008). Hence, the

effects of drought are likely to be more pronounced in

unprotected areas.

5.2.3 Reproduction

Breeding failure and population reduction are already

common in birds due to climate change across the world

(Sekercioğlu et al. 2012). In fact, climate change has

resulted in complete and unprecedented avian reproduction

failures (WWF 2015). This is because breeding perfor-

mance is dependent upon climate trends (Crick 2004).

Changes in climate affect avian metabolism and behaviour,

including the ability to mate (Crick 2004). Climate change

can also alter display sites for singing birds and also lead to

changes in optimal song choice, variance in mating success

and predator–prey interactions (Moller 2010).

Breeding success can also be hampered due to the

chilling and starvation of young birds under extreme con-

ditions (frozen spills and droughts) occurring due to cli-

mate change (Crick 2004). Drought due to climate change

also reduces the breeding success of wading birds, as

demonstrated in England during the spring of 2011. This

could have serious implications because reduced breeding

success for more than two consecutive years could threaten

vulnerable wading birds such as Redshank (Tringa tota-

nus). Such birds also cannot feed in hard, dry ground (The

Wildlife Trusts Website). In addition, temporal partitioning

of the breeding period due to changes induced by climate

can lead to destructive interspecific competition (Ahola

et al. 2007).

Arrival of migratory birds at breeding and over-winter-

ing grounds at the appropriate time is the primary deter-

minant of reproductive success, survival and fitness

(Cotton 2003). This is because synchrony between off-

spring needs and food availability is crucial (Visser et al.

2004). Climate change exerts a negative impact on this

aspect by extending growing seasons, changing flowering

phenology and altering distribution patterns (Cotton 2003).

Increasing spring temperatures have altered vegetation

phenology. Consequently, the timing of the food supply for

young offspring is not synchronised with reproductive

behaviour in some birds. This has led to reproductive

failure in some birds such as the great tit in the UK (Visser

et al. 1998). Similar effects caused a breeding crash in

seabirds in the North Sea around the UK in 2004. This

occurred due to the shortage of food resources arising from

warming ocean waters and shifts in species that affected

the ocean food web (WWF-India 2006). Many birds have

advanced their timing of reproduction in response to cli-

mate change. Species that do not advance their breeding

adequately become mismatched with the availability of

food sources and suffer from reproduction failures. The

greater the extent of this mismatch, the greater is likely to

be the decline in populations (Moller et al. 2008).

However, climate change affects different species dif-

ferently. This is evident from two groups of sea birds in

Siberia, namely planktivorous auklets (Aethia cristatella

and Cyclorhynchus psittacula) and piscivorous puffins

(Fratercula corniculata and Lunda cirrhata). The former

feed on macro-zooplanktons that are favoured in cooler

waters. The latter feed on fish that are favoured by warmer

waters (warmer water supports mesoplankton that are

consumed by fish). Thus, changes in sea surface tempera-

tures affect the reproductive success in these two groups

differently (Crick 2004).

Birds can also exhibit individual responses. Pied fly-

catcher not only advances egg laying to prepone hatching,

but also adjusts clutch size and initiation of incubation in

response to climate change (Visser et al. 2004). Warmer

springs have led to increased egg and clutch sizes in this

species in Germany and Finland (Crick 2004). On the other

hand, some species attempt to rear a second brood instead

of advancing egg laying (Visser et al. 2004).
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5.2.4 Incidence of disease

The fact that climate change can lead to increased inci-

dences of some avian pathogens and parasites is exem-

plified by the spread of West Nile disease (King and

Finch 2013). Climate change is also likely to push avian

malaria from the tropics and temperate areas towards the

north. In fact, it has been estimated that by 2080, the

range of this disease will increase and threaten bird

populations in currently unaffected areas (Loiseau et al.

2012). Another example is in Hudson Bay, Canada, where

mosquito numbers now peak earlier in the spring due to

climate change. However, breeding seabirds have not

changed their behaviour accordingly. Thus, a combination

of heat and mosquitoes has led to greater egg losses and

increased adult mortality (Gaston et al. 2002). The effects

of climate change are likely to be more severe in Hawaii,

where the transmission of avian pox and malaria is

affected by fluctuations in temperature and rainfall.

Warming of 2 �C can severely increase the risk of inci-

dence of these diseases (Atkinson and LaPointe 2009).

Global warming could also move mosquitoes that carry

avian malaria to higher elevation forests. Hawaiian hon-

eycreepers (Drepanidinae sp.) would then be exposed to

this deadly disease and as a result, face extinction (Ben-

ning et al. 2002). Avian pox and influenza demonstrate

the impacts that can arise due to range extensions of

pathogens and vectors (Atkinson and LaPointe 2009). In

addition, climate change can also alter the composition of

local species. Consequently, the redistribution of avian

influenza across different age groups, species and flyways

can take place (Sehgal 2010).

5.2.5 Physical effects of rising temperatures

Hot weather events in the past have resulted in heavy

mortality of birds (Finlayson 1932; Keast 1960; Miller

1963). In this regard, it must be mentioned that desert birds

are highly vulnerable to increasing temperatures. This is

because several such species inhabit areas which are

extremely hot in summer and where water resources are

scarce and highly unpredictable (African Climate and

Development Initiative 2015). Heat waves have led to

widespread avian deaths in hot desert environments, and

this phenomenon has been projected to increase in inten-

sity, frequency and duration by climate change models. By

the 2080s, desert birds are likely to suffer from reduced

survival at greater rates during mid-summer (McKechnie

and Wolf 2010). With rising air temperatures, increases in

avian thermoregulatory water requirements will occur.

Mass-specific evaporative water loss rates increase with

decreasing body mass, and so vulnerability to acute

dehydration will be greater in smaller birds (McKechnie

and Wolf 2010). In general, birds have a small body size

and are predominantly diurnal. They also make less use of

thermally buffered micro-sites. All these characteristics

make them highly vulnerable to extreme heat waves. Even

in shaded micro-sites, and under inactive conditions, small

species can suffer from rates of evaporative water loss that

could exceed 5% of body mass per hour. Under such sit-

uations, birds could quickly reach and exceed their dehy-

dration tolerance threshold (Wolf and Walsberg 1996).

Thus, the smaller the size of a bird, the greater is its vul-

nerability to heat waves.

5.2.6 Migration

Migration in certain birds has been advancing, and this

phenomenon has been correlated with early nesting and

hatching due to climate change. Species which do not

migrate early undergo population decline. Advances in the

time of migration are not common in long-distance

migratory birds. Hence, these have been rapidly declining

(Gill et al. 2014). European and North American long-

distance migratory species have declined. These birds are

unable to predict changes and hence have been deprived of

food sources during migration. This also explains why

some species are unable to advance their arrival date in

spring breeding grounds sufficiently (WWF 2006). The

onset of migration in some long-distant migrants is deter-

mined by endogenous rhythms. Therefore, their migration

may not be adequately advanced by climate change, which

prepones the phenology of their breeding grounds. Con-

sequently, such species are unable to arrive at their

breeding sites at the appropriate time. This is evident in

pied flycatcher (Both and Visser 2001). The insectivorous

pied flycatcher (family: Muscicapidae) winters in tropical

West Africa and breeds in spring in Europe. It is an obli-

gatory long-distant trans-Saharan migrant (Wormworth and

Mallon 2006; Harnos et al. 2016). The bird migrates

between August and September in Europe (Harnos et al.

2016) and uses South West France, North West Spain and

North Portugal as stopover sites for refuelling (Jones

2002). During the recent times, the pied flycatcher is

unable to reproduce in presence of adequate food resour-

ces. This is because climate change has been accelerating

pupation and consequently triggering emergence of cater-

pillars before the bird breeds (Wormworth and Mallon

2006). Hence, the population of the bird is declining under

the influence of climate change (Both et al. 2006). Even

though some populations have adopted early migration,

they are unable to reach early as their journey is delayed by

harsh climatic conditions. This indicates the potential of

this bird to adjust itself with climate change, but it also

highlights the vulnerability of migration to environmental

conditions (Both 2010); Fig. 2.
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Take-off is the migratory phase of birds most sensitive

to climate change. However, changes in climate can also

drastically affect migration state, routes and direction, as

well as stopovers for food and rest (Zalakevicius 2000).

Many wetlands are used by migrating birds as staging

grounds as well as for breeding. As these dry up due to

climate change, many birds will be forced to continue

migrating without stopping. They will also be forced to

crowd into limited areas, and this can increase the risk of

spreading disease (Frost 2014).

The departure of migratory birds from winter areas is

dependent on photoperiod. But the availability of food

sources depends on plant phenology, a factor which

advances due to changes in climate. Therefore, some

migratory birds alter their time of breeding to match food

supply (Both and Visser 2001). However, due to warmer

climate, some Arctic-breeding species do not need to travel

long distances to seek milder places that allow them to find

food. This has conservation implications because under

such circumstances, birds make less use of sites designated

for their protection (Lehikoinen et al. 2013). Meanwhile, in

some higher altitude sites, initiation of the growing season

is determined by the melting of snowpack that has

remained unaffected by warmer spring temperatures. The

consequent disjunction between altered bird phenology

(due to warm spring temperatures) at low altitude and high

altitude environments creates problems for altitudinal

migrants (Inouye et al. 2000).

6 Assessment of the impact of composite effects
through scoring

6.1 Scoring type

In order to assess the composite effects of the four prob-

lems for the first time, two scoring types are proposed; viz.

(a) impact score (number of general mechanisms through

which a particular problem exerts its influence) and (b).

hypothesized synergy score (number of mechanisms which

are common to any two problems influencing a particular

biological aspect. The greater the score, the greater is the

synergistic influence of the problems). The scoring method

was devised after taking into account the similarities and

Wintering in 
West Africa 

Spring breeding in UK, 
North-west Europe, Poland 

and Russia 
Migration 

Reproduction in absence 
of ample food resources 

Reduced prey 
availability in breeding 

season 

Delay in journey 

Early migration in some populations 

Harsh weather 

Climate change 

Early arrival 
prevented 

Emergence of caterpillars 
before breeding season 

Reproductive mismatch 

Population decline 

Pied flycatcher (Ficedula hypoleuca) 

Fig. 2 Process in which climate

change causes the population

decline of the insectivorous

migratory bird pied flycatcher.

Source of bird image: BBC

Nature (2014)
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dissimilarities in the mechanisms of action of the four

environmental problems; hence, it is primarily based on

these aspects.

6.2 Significance of the scores

Impact score enables simple representation of the cumu-

lative consequence of the four problems. Researchers can

utilise this scoring system to obtain an empirical aspect to

otherwise qualitative data and thus facilitate statistical

analyses. It also provides a unique way to link the problems

and can be utilised to develop hypotheses. Synergy scores

can be used to deduce synergistic relationships among

problems and predict the problems that are likely to esca-

late when two or more problems occur simultaneously. The

basis of both the scores is published scientific literature.

6.3 Assignment of scores

Based on these scores, the five most prominent aspects

related to avian biology affected by the environmental

problems have been assessed, viz. (a) health, (b) mating,

(c) migration, (d) reproduction and (e) general behaviour.

The method of scoring for each aspect is described below.

6.3.1 Health impacts

Avian health is affected by emissions, noise and global

warming. Emissions exert effects through direct toxicity

and indirectly through ecological changes. Noise acts

through physiological and behavioural consequences.

Global warming leads to diseases and direct heat stress.

Since there are two mechanisms of action for each prob-

lem, all were awarded impact scores of two (health impact:

air pollution = 2, noise pollution = 2, global warm-

ing = 2; Table 2). The problems act differently on health,

and so I hypothesised that there is no synergistic health

effect among the three issues (hypothesised synergy score:

air pollution on noise pollution and viceversa = 0, air

pollution on global warming and viceversa = 0, noise

pollution on global warming and viceversa = 0).

6.3.2 Impacts on mating

Noise and light hamper avian mating calls. Noise modifies

timing and frequency, whereas light modifies only the

timing of mating calls. Thus, noise acts through two

mechanisms and light acts through a single mechanism.

Therefore, these were awarded impact scores of 2 and 1,

respectively (impact on mating call: noise pollution = 2,

light pollution = 1; Table 2).

Light can synergise with only a single action of light

(i.e. modification of time, which accounts for half of the

negative effect of noise on mating calls). Thus, the

hypothesised synergy score of light on noise is 0.5. Noise

can increase the entire negative effect of light on mating.

Hence, the hypothesised synergy score of noise on light is 1

(hypothesised synergy score of light pollution on noise

pollution = 0.5, and noise pollution on light pollution = 1,

with respect to mating; Table 3).

6.3.3 Impacts on migration

Light and climate change affect migration through two

(disorientation of migrating birds and modification of cir-

cadian rhythms) and three (alteration in migration onset,

changing habitats by affecting plant phenology, and

changing migration characteristics such as state, route and

direction) mechanisms, respectively (migration impact:

light pollution = 2, global warming = 3; Table 2). No

mode of action is common between light and climate

change; hence, there is no scope for synergy (hypothesized

synergy score: global warming on light pollution and

viceversa = 0).

6.3.4 Impacts on reproduction

Reproduction (i.e. breeding success) is affected by light in

a single way (it triggers phenological changes through

changes in day length), by climate change in two ways (it

triggers phenological changes that affect and hampers

offspring survival), and by emissions in a single way (it

obstructs egg development indirectly by causing carotenoid

deficiency in food sources). Hence, the scoring for repro-

duction impact is light pollution = 1, global warming = 2,

air pollution = 1 (Table 2).

Global warming has the maximum potential mecha-

nisms of action (two), out of which one (changing phe-

nology; 50%) is also affected by light. However, global

warming can synergise with the entire negative effect of

light on reproduction (hypothesised synergy score: global

warming on light pollution = 1, light pollution on global

warming = 0.5; Table 3). Air pollution has no synergistic

effect on either of the problems, and viceversa.

6.3.5 Impacts on behaviour patterns

General behavioural changes are only triggered by light in

birds due to changes in circadian rhythms (behaviour

impact: light pollution = 1; Table 2).

6.4 Score analysis

The impact scores of the four problems regarding all the

aspects are summarised in Table 2. Impact scores for all

the five biological variables considered under each of the
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four environmental problems were summed up to obtain

four composite impact scores (CIS). The CISs represented

the cumulative effect of each of the four problems

(Table 2). The Chi-square test was performed among the

CISs to find out whether the intensity of the most dominant

effect was significant (Table 2). The total number of

mechanisms (T) acting on every biological aspect was

calculated (Table 2). For this, the impact scores obtained

by every biological variable for all the environmental

problems were summed up. The same was converted into

percentage for every biological variable. Synergy scores

were tabulated after estimation and prediction of syner-

gistic effects (Table 3).

6.5 Results

Among the four environmental problems, light was found

to affect the highest number of biological aspects (four;

migration, reproduction, mating, and general behaviour),

followed by global warming (three: health, migration and

reproduction), noise (two: health and mating) and emis-

sions (one: health). However, in terms of overall effects,

global warming was identified as the most multi-dimen-

sional, because it exerted its impacts on birds through the

highest number (seven) of mechanisms (Table 2). How-

ever, there was no significant difference in the number of

mechanisms of the problems (v2 = 1.84, df = 3, p[ 0.05;

Table 2).

The physical health of birds is the most affected aspect,

as the highest proportion of impacts (31.6%) exerts an

influence on this aspect (Table 2). In other words, if all

four problems occur simultaneously, poor bird health will

be the main symptom. Light does not affect this aspect but

it does alter behaviour patterns. It is, however, likely to

amplify the effects of noise and global warming on mating

and reproduction of birds. The reverse is also true; noise

and global warming would intensify its impact on these

aspects based on the hypothesised synergy scores

(Table 3). Therefore, effects on mating and reproduction

could be larger than expected, and the factor by which it

will increase will depend upon the intensity of the prob-

lems. Under all circumstances, light would accelerate the

effects of noise and global warming on mating and repro-

duction, respectively, by 50%. The problems will in turn

enhance the effect of light on the aspects by 100%. The

overall composite effect of the four problems on birds is

depicted in Fig. 3.

7 Discussion

7.1 Individual effects

Emissions, noise, light and global warming exert wide-

spread impacts on birds, but further study is needed in this

area. In the context of air pollution, species-specific dif-

ferences in responses should be considered during planning

(Eeva and Lehikoinen 1995). Mammalian faecal matter is a

good bio-indicator for atmospheric metal exposure and

provides a reasonable and reliable method for long-term

pollution assessments (Gupta and Bakre 2013).

Environmental noise affects the quality of territory in

songbirds and in this way alters their behavioural ecology

(Brumm 2004). Noise can also trigger evolutionary chan-

ges in the signal structure of vocalisations. The spectral

energy distributions of vocalisations can therefore be

shaped to frequency bands that are resistant to noise

Table 2 Impact scores of the four environmental problems against different aspects of avian biology

Aspects of avian biology Environmental problems

Air pollution Noise pollution Light pollution Global warming Total (T) Percentage (T/
P

T*100)

Health 2 2 0 2 6 31.6

Mating 0 2 1 0 3 15.8

Migration 0 0 2 3 5 26.3

Reproduction 1 0 1 2 4 21.1

Behaviour pattern 0 0 1 0 1 5.3

Total (CIS)a 3 4 5 7
P

T = 19 100

v2 = 1.84 df = 3, p[ 0.05

a CIS composite impact score

Table 3 Hypothesized synergy scores of the environmental problems

against avian biological aspects

Aspect Problems Synergy scores

Mating Noise pollution on light pollution 0.5

Light pollution on noise pollution 1

Reproduction Global warming on light pollution 0.5

Light pollution on global warming 1
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(Brumm 2004). Under the influence of noise, selection may

favour individuals whose vocalisations are unmasked, and

species that have greater vocal adjustment ability. Con-

versely, receivers with hearing better attuned for detecting

signals in noisy urban environments might be positively

selected (Patricelli and Blickley 2006). In addition, noise

can also have reproductive consequences. For instance,

clutch size and fledgling mass in great tits are reduced in

locations with high traffic noise (Halfwerk et al. 2011).

Noise also prominently affects health and mating in birds

(as discussed above). Life history and communication traits

are important determinants of adaptability of organisms to

noise (Kaiser et al. 2010). The effects of anthropogenic

noise such as traffic on acoustically communicating ani-

mals like birds and amphibians are poorly understood, and

there is a lack of sufficient data (Perry et al. 2008; Kaiser

et al. 2010). However, traffic noise is likely to have greater

negative effects on birds compared to other groups. Miti-

gation measures in this regard include noise reduction

strategies, changes to roadway lighting and vegetation and

traffic flow (Kociolek et al. 2011). Suggestions include

closure of key roads during the breeding season, as well as

the reduction in vehicle speed and/or volume on particular

roads (Parris and Schneider 2008).

Light mainly exerts its impacts by altering the bio-

logical clock. It triggers changes in diurnal patterns of

behaviour and causes diurnal animals to extend their

active period, as well as affects endogenous circadian

rhythmicity (Dominoni et al. 2013). In addition, it causes

disorientation in migrating birds. This fact that has

received much attention (Gaston et al. 2013), but addi-

tional research is required to develop deeper insight. In

order to reduce the negative effects of light on birds,

Rodrı́guez and Rodrı́guez (2009) suggested reducing

artificial lighting sources and changing light signatures,

revision of current artificial light sources, switching off

lights when unnecessary, rectifying the position of light

sources (so that projection into the night sky is elimi-

nated) and increasing public awareness. Suggested miti-

gation measures also include development of bird-friendly

artificial lighting by manipulating the wavelength char-

acteristics of offshore platforms (Poot et al. 2008). The

introduction of broad spectrum street lamps can alter the

balance of species interactions in artificially lit environ-

ments (Davies et al. 2013) and hence should be avoided.

Awareness should be generated because mitigation mea-

sures cannot be applied without public support. In fact,

public awareness and regulations have addressed the

challenge of light effectively in some areas (Salmon

2006). In general, lighting of appropriate duration should

be maintained and lights turned off after a predetermined

hour, and this practice should be properly regulated.

NOISE POLLUTION 

EFFECTS ON MATING 
CALLS IN BIRDS

CHANGE IN 
FREQUENCY OF CALLS

CHANGE IN TIMING 
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MATING IN BIRDS 
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CHANGES IN CIRCADIAN RHYTHM 

BEHAVIOURAL CHANGES 

PHENOLOGICAL CHANGES 
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Fig. 3 Composite mechanisms

of action of the four problems of

the terrestrial biosphere (air

pollution, light pollution, noise

pollution and global warming)

on flying birds
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Proper regulations should also be enforced to control

emissions, light and noise. Various methods of regulation

have been discussed in the literature with regard to

emissions. Regulation could also be temporal or seasonal

case of light and noise. For example, a species might

mate in a particular season, and this could be hampered

by noise/light. In this case, noise/light should be reduced

during the breeding season in areas where the particular

species is present. Light and noise are not toxic. There-

fore, if their repulsive nature on animals is better under-

stood, they could be used for managing human-wildlife

conflict.

Birds can act as efficient bioindicators of climate change

(Crick 2004) because their mobility can lead to rapid and

evident changes in distribution and chosen migration paths.

Shifts in the timing of important life cycle events (espe-

cially reproduction) and in their distribution ranges are the

two major ways that birds exhibit strong responses to cli-

mate change (WWF 2006). Changes in reproductive phe-

nology in birds are mostly triggered by temperature

fluctuations; the same is also true in the case of diseases

and pathogens. Flight enables birds to easily move to new

surroundings in search of suitable habitats. But the draw-

back in this regard is that climate change also impacts on

migrating birds. This aspect urgently requires attention

since climate change is projected to worsen further and

cause more drastic consequences. Inappropriate or no

phenological responses to climate change and a lack of

phonological synchrony with the environment are impor-

tant factors that determine the extent of the consequence of

climate change (Crick 2004).

7.2 Composite effects

My hypothetical analyses identified the heath of birds as

the factor most vulnerable to the composite effects of the

four problems. However, outcome was not statistically

significant. This suggested that the health of birds is at a

high risk, but the consequences on the other aspects are not

negligible. In other words, all problems could intensify

simultaneously and impacts on health would be higher. A

significant value of the Chi-square analysis would have led

to a different conclusion. Such a value would imply that

health effects would solely dominate. The effects on

remaining variables would be negligible in comparison to

health impacts. Thus, all aspects should be addressed, with

special emphasis on health effects. A suitable theory could

be developed in this regard, but only after performing

experimental studies. This would aid to quantify the effects

and appropriate mathematical formulae could then be

developed for modelling and quantification of impacts.

Most studies consider a particular environmental problem

and concentrate on specific animal groups. There is a need

to study composite effects be across different ecosystems

and consider their synergistic effects.

This review analysed avian biological variables. How-

ever, a number of ecological variables (e.g. changes in

diversity and prey-predator relations) are also affected by

the environmental problems. For example, emissions and

noise negatively affect the abundance and variability of

birds in forests (Saha and Panday 2011). These could be

assessed properly only in the light of prevailing ecological

problems such as forest fragmentation, which can also

trigger changes in wildlife (Dutta and Dutta 2016). These

variables combined with biological variables would give a

complete estimation of impacts. More animals should be

brought under comparative research into the synergistic

effects, and additional ecological problems such as land-

scape changes considered. Such approaches will likely

identify other determinants of the problems. In addition,

data generation on species and habitat vulnerabilities,

investigation of synergies among threat factors and iden-

tification of climate change vulnerabilities are also

necessary.

Trees could prove effective against all four problems

because trees reflect and dissipitate noise, provide shade

and perform ecological functions that regulate the ambient

atmosphere. Trees can therefore be used to counteract the

effects of emissions, noise and light if adequate and

appropriate planning takes place. However, selection of

appropriate species is important because trees themselves

are affected by light (Chaney 2002). Trees can also be used

as mitigation measure against noise because sound is

scattered by their structures. Moreover, mechanical vibra-

tions are caused in plants by sound waves. In this way,

sound energy is converted into heat (Tang et al. 1986;

Nasiri et al. 2015). Species with a low Height to DBH ratio

and wide crown are most suitable for decreasing noise.

Evergreen trees are preferred for this purpose because they

bear leaves throughout the year (Nasiri et al. 2015). Forest

stands located at the edges of roads play an important role

in controlling noise. Hence, the properties of such trees are

important. In this regard, shape and growth form are the

main determinants (Spellerberg 1998; Demir et al. 2009;

Maleki and Hosseini 2011). Further, forests also act as

sinks that moderate global climate; indeed, forest ecosys-

tems worldwide store more carbon than the entire atmo-

sphere (Sheikh et al. 2011).

7.3 Implications

All four problems are accelerating at a high rate, and

emissions, noise and global warming have the greatest

affect on avian health. Thus, as the issues intensify in the

future, bird deaths are likely to escalate and newer health

problems would emerge. It is likely that such consequences
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are already occurring but remain in under the radar due to a

lack of studies. In other words, the rate of bird extinction

will likely increase and global avian diversity would

decrease. Extinction due to health problems will also be

accompanied by extinction due to negative impacts on

migration. This is because migration is an equally impor-

tant component of the lifecycle of many bird species.

Based on the existing literature, it is difficult to predict

whether extinction will be caused more by the former or

the latter.

Reproduction is the main factor determining variation

and inheritance and is the primary requirement of organic

evolution (East 1918). Reproduction is affected by emis-

sions, light and global warming, and worsening of these

problems is likely to accelerate avian extinction. Light

and noise have severe negative effects on the mating

behaviour of many bird species. Alteration in mating

behaviour can lead to speciation (Ritchie et al. 1999) and

result in evolutionary consequences. Alterations in

vocalisations occur due to noise pollution, and this can

also have evolutionary implications (Emerson and Boyd

1999). This effect can also extend to aquatic ecosystems,

as several fish produce sounds associated with courtship

that might be hampered by noise. Courtship and spawning

sounds are important factors that relate reproduction in

fish and the survival of larvae in oceans (Lobel 2002).

Amphibians are another important group that would suffer

reproduction failure on account of these problems

because, like birds and fish, they also depend on an

acoustic mode of reproduction. Indeed, some female tree

frogs are attuned to the songs of mates that share an

identical number of chromosomes as themselves (Tucker

and Gerhardt 2011). In other words, mating behaviour has

a genetic basis in such organisms, and this might also be

true for birds.

The consequences of the four problems occur simul-

taneously because the problems themselves often take

place at the same time and in the same place. In addition,

there are a number of ecological effects such as changes

in behaviour and distribution that might alter their

mechanisms of action and lead to actual effects that differ

markedly from those expected. Both biotic (among

effects) and abiotic (among physico-chemical changes

triggered in the terrestrial environment) linkage is evident,

but a lack of research means that the cumulative effects

are difficult to estimate. The present work is a first

attempt at addressing this issue, and the findings will

hopefully help to formulate future investigations. The

theoretical analyses included herein could form the basis

of theories and models that could be developed for pre-

diction and impact analyses.

8 Conclusion

The review summarised the negative effects of anthro-

pogenic agents on the biosphere, with the emphasis on how

a particular group of fauna (birds) is affected. The conse-

quent impacts are clearly widespread and diverse. In the

modern world, environmental problems often occur

simultaneously. Therefore, rather than addressing each of

the four main problems separately, they should be con-

sidered together due to synergy among their effects. This is

because the impact of one problem could be more intense

in the presence of another. This work only took into

account a single group of fauna (birds), and future analyses

should include other animal groups so that the overall

status of the entire biosphere can be appreciated. Her-

petofauna in particular provide much scope in this regard.

Ultimately, our findings suggest that development should

be planned carefully to protect wildlife from major

anthropogenic problems, especially where industrial

development and roads are concerned.
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