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Chapter 1

Introduction
City, birds and oxidative stress

Amparo Herrera-Dueñas

Introduction

Urban areas are complex ecological systems dominated by humans. The human
elements have made them different from natural ecosystems in several respects such
as climate, biodiversity and population dynamics. As results, humans have created
distinctive ecological patterns, processes, disturbances, and subtle effects in cities
(Alberti, 2008). Human population density, housing density, transport and other
infrastructures networks, land cover and other indicators of human activity (e.g.
artificial nighttime light, fuel emissions) are some of the characteristic that distinguish
these transformed areas from their surrounding lands (Alberti, 2008; Gaston, 2010;
Niemelä, 2011; Forman, 2013) (Figure 1.1).
Urbanisation process and its impact on ecosystems

The process by which a rural or natural area becomes an urban area has been defined
as urbanisation (Gaston, 2010). This is a rather recent phenomenon relative to the
time that the human species first appeared. The first urban societies emerged around
5000 years ago, as a direct consequence of human gregarious behaviour (Pacione,
2005). First groups established sedentary settlements linked to the development of
Agriculture (10.000 years ago), as they were able to produce their own food resources
(Gaston, 2010). The environmental impacts of the early urban societies were severe;
typically resulting from regional degradation as a consequence of the overexploitation
of resources associated with rising population levels that ultimately led to the
abandonment of entire cities and the collapse of some civilisations (Diamond, 2005).
However, such environmental impacts were insignificant compared the impact of
urbanisation during the 20th Century.

Driven by population growth, humans have changed ecosystems more rapidly
during the past 75 years than in any other time in human history (Alberti, 2008,
Gaston, 2010; Forman, 2013). Cities are sprawling rapidly worldwide with a total of
20 cities now boasting populations of over 20 million, compared to just two cities in
1950 (Alberti, 2008), and the population growth expected in the next 25 years will be
concentrated in urban areas (Alberti, 2008; Stagoll et al., 2010) (Figure 1.2). These
circumstances have favoured an increasing interest in the impact of urbanisation on
ecosystems (Marzluff, 2008; Gaston, 2010).
Living in cities: advantages and disadvantages

Urban environments present many novel challenges to wildlife, the most relevant
being the continuous presence of humans, not only because of the stress produced by
the interaction with human-being (Moller, 2008), but also because of consequences of
human activities, such as higher level of air pollutants derived from traffic and
industries (Alberti, 2008; Marzluff, 2008; Gaston, 2010; Forman, 2013; Gil and
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Brumm, 2014), and light and noise pollution (Dominoni et al., 2013; Gil and Brumm,
2014; Gil et al., 2014; Dominoni, 2015).

A

B

C

FIGURE 1.1 Maps of (A) population density in urban areas and main cities in Europe by
Eurostat; (B) light pollution (radiance [10-9 W/cm2] the 13th of February 2018 at 11 p.m.)
available: www.lightpollutionmap.info; and (C) air pollutants (annual mean of NO 2 [µg/m3] in
2013) by European Environmental Agency.
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Other indirect challenges are, for instance, changes in urban landscape,
mixing natural and anthropised areas, with the consequent loss and fragmentation of
adequate places for nests (i.e.: bushes) and foraging (i.e.: forest) (Alberti, 2008;
Lepczyk and Warren, 2012; Forman, 2013; Gil and Brumm, 2014). Furthermore,
remaining natural areas or renaturalised ones (i.e.: green areas) are often
characterised by a high proportion of non-native plants species (McKinney, 2002;
Gaston, 2010; Dolan et al., 2011), which could affect availability of natural food
resources, such as invertebrates (Vincent, 2005; Kark et al., 2007; Peach et al., 2008).

FIGURE 1.2. Urban and rural population by region: world (left panel) and Europe (right panel).
Chart by Gerhard K. Heilig; data source: United Nations WUP 2014 (updated 22 December
2016). Available: www.demographics.at

However, novelties of urban environment also may provide opportunities for
some species that are able to exploit them: the most relevant is that urban areas offer
a constant, abundant and predictable anthropogenic food resources (Shochat, 2004;
Oro et al., 2013; Andersson et al., 2015; Tryjanowski et al., 2015; Marzluff, 2016); as
not all the species are able to occupy urban environments, cities are also characterised
by lower competition for resources (Anderies et al., 2007; Kark et al., 2007) and lower
predation rates (Anderies et al., 2007; Fischer et al., 2012; Evans et al., 2015), and
finally higher environmental temperatures which allows to increase the length of
breeding season windows (Shochat et al., 2006; Tryjanowski et al., 2015).
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Requirements for being an urban bird
The advantages and disadvantages of living in a city, have influenced the evolutionary
process in urban environments by changes in selective forces. Selection in cities is
driven by eliminating variation in resource availability and modifying biotic
interactions (Shochat, 2004; Lepczyk and Warren, 2010). Evolutionary adaptation
generally does not occur in a short time span, but urban environments are an
exception: almost unlimited food resources and lower risks of predation allow the
survival even of less suitable individuals, which may facilitate persistence until genetic
change occurs (Shochat, 2004; Genovart et al., 2010; Oro et al., 2013). At the same
time, cities also create new selective forces affecting genetic structure (such as
fragmentation, human disturbances, mutagenic air pollutants) (Alberti, 2008;
Kekkonen et al., 2017; Lepczyk and Warren, 2012). Therefore, environmental
conditions may shape the phenotype of urban population (Watson et al., 2017).
Overall, the evolution of behavioural flexibility and adaptive phenotypic
plasticity may facilitate the success of some individuals in novel habitats and
potentially contributes to genetic differentiation and / or speciation (Agrawal, 2001;
Alberti, 2008). However, an extreme turnover might prevent genetic differentiation of
urban populations and avoid evolutionary responses to novel selective forces
associated with urbanisation (Shochat et al., 2006; Alberti, 2008).

To deepen our understanding of urban ecosystems, birds in general have
been considered an excellent indicator due to the fact that they should face some of
the disadvantages mentioned above and they must respond rapidly to changes in
landscape configuration, composition and function (Alberti, 2008; Lepczyk and
Warren, 2012; Gil and Brumm, 2014; Marzluff, 2016). In particular, the house sparrow
(Passer domesticus L.) is a unique species for urban ecology studies because of its
association with humans (with a total dependence on anthropised environments),
being located in both urban and rural areas but showing differential population
trends; and with a worldwide distribution, which allows comparative studies
(Anderson, 2006).
The decline of house sparrows: the “canary in the coal mine” of urban areas

The relationship between humans and house sparrow started a long time ago.
Summers-Smith (1988) suggested that the house sparrow is one of several Eurasian
species in the genus Passer that evolved during the Pleistocene, from an ancestral
sparrow that colonized the eastern Mediterranean region from tropical Africa through
either the Nile or the Rift Valley. This ancestral sparrow subsequently expanded its
distribution both eastward and westward in the grasslands. The repeated glacial
advances and recessions during the Pleistocene resulted in the periodic isolation of
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sparrows in its refugia, which in turn resulted in adaptive divergence and speciation
of the group. The lineage leading to the house sparrow was one of the resulting
species of this process.

House sparrow is a granivorous species, in rural areas it usually feeds from
seeds of crops such as oats (Avena sativa L.), wheat (Triticum sp.), barley (Hordeum
vulgare L.), corn (Zea mays L.) and other seeds of annual herbs such as grasses
(Gramineae), rushes (Juncaceae), docks (Polygonaceae) and others (Gavett and
Wakely, 1986; Bernis, 1989; Vincent, 2005). In highly urbanised areas, where there
are no crops and natural vegetation is sometimes scarce, they are omnivorous, feeding
on household scraps to birdfeeders (Summers-Smith, 1988; Vincent, 2005; Anderson,
2006). In contrast, nestlings especially during their first days of development should
be fed almost exclusively on insects and other invertebrates, such as aphids
(Aphidoidea), spiders (Arachnida), beetles (Coleoptera), grasshoppers (Orthoptera)
and caterpillars (Lepidoptera) (Gavett and Wakely, 1986; Vincent, 2005; Anderson,
2006).

House sparrows are reproductively mature in their first breeding season
following their year of birth (Anderson, 2006). In the South of Europe, breeding
season starts in April and runs through to August (Bernis, 1989). House sparrows are
mainly sexually monogamous (Veiga, 1992). They build the nest in holes or cavities of
trees, walls or anthropogenic infrastructures and they show strong nest fidelity
(Vincent, 2005; Anderson, 2006; Murgui et al., 2011). Each breeding pair may produce
up to three clutches (Bernis, 1989). Clutch size normally ranges from two to five eggs
(Bernis, 1989) and both sexes take part in the incubation (Vincent, 2005; Anderson,
2006; Murgui et al., 2011) although the female is more efficient due to development of
brood patch (Anderson, 2006). Incubation lasts from 10 to 17 days (Summers-Smith,
1988) with an average of about 11 days (Bernis, 1989). Nestlings remain in the nest
for 12-18 days (Summers-Smith, 1988), with an average of about 14 days (Bernis,
1989); although they will continue being fed by their parents at least for 10 more days
until they become independent (Summers-Smith, 1988).

In the house sparrow, the moulting is triggered by hormonal changes linked
to the end of the breeding season; this usually happens at the end of the summer
(Bernis, 1989; Anderson, 2006; Murgui et al., 2011). Both breeding adults and their
offspring undergo a complete moult and it is not possible to distinguish age classes
from the plumage; skull pneumatisation is a useful tool that can be used to distinguish
age classes until February in the Iberian Peninsula (Svensson, 2009). The house
sparrow is an extremely sedentary bird and it is expected that its condition will be a
true reflection of the quality of the habitat where it is captured. These factors make
the species a useful bioindicator to explore the quality of urban areas, Its foraging area
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rarely exceeds two kilometres (Anderson, 2006; Murgui et al., 2011; Vincent, 2005).
Natal dispersal distances are also quite short, with birds usually breeding within a few
kilometres from their natal colony (Vincent, 2005; Anderson, 2006).
House sparrows and humans

House sparrow coexist with humans since the development of Agriculture in the
Middle East, approximately 10.000 years ago (Vincent, 2005; Anderson, 2006),
although other authors suggest that the species already lived in association with early
paleolithic humans, due to fossils that date to approximately 40.000 years ago that
were found in caves near Bethlehem, in the region of West Bank (current day Israel)
(Saetre et al., 2012). House sparrow spread following human settlements. They
dispersed by Europe along with farmers who colonized the region from North Africa
via the Iberian peninsula after the recession of the last glaciation and continued their
spread into northern Europe; house sparrow bones dated to approximately 3000
years ago were found at a Bronze Age site in central Sweden (Ericson et al. 1997). This
describes what can be considered the natural distribution of the species. However,
intentionally or not, the species has been introduced by humans into North America,
South America, Australia, South Africa, Hawaii and other Pacific island (Anderson,
2006) (Figure 1.3) and now is found almost everywhere on the globe.

FIGURE 1.3. Worldwide distribution of house sparrow, as native (yellow) or introduced species
(purple). Source: The IUCN Red List of Threatened Species.
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Based on the tolerance to human presence and the ability to occupy the urban
environments, urban species use to be classified into three categories: exploiters,
adaptors or avoiders (figure 1.4): urban exploiters are generally commensals that are
almost dependent on human subsidies; urban adaptors are able to take advantages of
humans subsidies but they are still using natural resources; and urban avoiders rely
only on natural resources (McKinney, 2002).

FIGURE 1.4. Classification of species based on its tolerance to urbanisation in a rural-urban
gradient (figure from McKinney, 2002).

Although they are able to feed on natural resources (annual herbs and
insects), the house sparrow has been traditionally considered as a model species of an
urban exploiter (McKinney, 2002; Anderson, 2006; Kark et al., 2007; Seress and Liker,
2015): house sparrows are able to deal with the continuous presence of humans
(Evans et al., 2011), and they are generalist and granivorous, which allow them to use
the new food resources that humans provide in cities (Kark et al., 2007; Tryjanowski
et al., 2015). Therefore, currently, its presence in natural areas is almost null while it
is one of the most common species in anthropised areas (Summer-Smith, 1988;
Anderson, 2006). However, despite their adaptive capacity and long history together
with humans, urban populations of house sparrow have significantly declined in
recent decades, especially in the highly developed regions of Western Europe (De Laet
and Summers-Smith, 2007; Peach et al., 2008; Shaw et al., 2008; Seress et al., 2012; De
Coster et al., 2015; Meillere et al., 2017) (Figure 1.5); such as Britain (De Laet and
Summers-Smith, 2007; Peach et al., 2008); Flanders (De Coster et al., 2015) and
Hungary (Seress et al., 2012). In some of these declining populations, breeding seems
to be a critical season; because it has been detected that nestlings suffer higher
mortality and lower growth compared to their rural conspecifics (Peach et al., 2008;
Seress et al., 2012). There is no consensus on the reason for this decline, but the
increasing level of pollution and high-quality food shortage has been pointed as one of
the main driving factors (Peach et al., 2008; Shaw et al., 2008; Chamberlain et al.,
2009; De Coster et al., 2015).
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% change

Although the decline of urban house sparrows is a concern, until date there
are not many in-depth studies of the physiological consequences of urbanisation in
this species. For instance, oxidative stress balance which it has been considered as one
of the essential physiological mechanism to face urban environment (Costantini et al.,
2014; Isaksson, 2015), mainly due to the role that plays in the tolerance to exposure of
air pollutants and toxins (Kelly, 2003; Romieu et al., 2008; Koivula and Eeva, 2010;
Isaksson, 2010), being also dependent of diet quality (Bicudo et al., 2010; Costantini,
2014).

FIGURE 1.5. Population trend of house sparrow in Europe (1980-2013). Source:
EBCC/RSPB/BirdLife/Statistics

The role of oxidative stress balance in the context of urbanisation
Human lifestyle during the last century resulted in elevated levels of various chemical
compounds in the environment which could affect both humans and wildlife who
share their habitat with them (Romieu et al., 2008; Gaston, 2010; Isaksson, 2010). The
main impact of urbanisation and one of the most explored is the effect of air pollution,
because of its relation with premature mortality and reduced life expectancy in
humans (Chuang et al., 2007; Kampa and Castanas, 2008; Franco and Panayiotidis,
2009; Galanis et al., 2009). Now it is beyond doubt that cardiovascular diseases and
incidence of cancer in urban dwellers are positively correlated with exposure to
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pollutants such as particulate matter (PM) (Nel, 2005) and gases such as nitrogen
oxides (NOx) (Lodovici and Bigagli, 2011).

The most common urban chemical pollutants include various heavy metals
such as lead or cadmium, gases such as nitrogen oxides (NOx), nanoparticles (PM) and
organic compounds such as polycyclic aromatic hydrocarbons (PAH), all with negative
effects on human health, and possibly also on the health of urban wildlife (Isaksson,
2015). In brief, the major ecological and environmental air pollutants (particles and
gases) elevated in urban areas are: (I) carbon dioxide (CO2), a major greenhouse gas
leading to global warming; (II) carbon monoxide (CO), that reduces the transport of
oxygen in blood of vertebrates, leading to death; (III) sulphur dioxide (SO2), that
damages leaf tissues, leading to death of vegetation; (IV) nitrogen dioxide (NO2), that
lead to smog; (V) hydrocarbons (HC) or volatile organic compounds (VOC), derived of
petroleum, including polycyclic aromatic hydrocarbons (PAHs) that may lead to smog;
and (VI) toxic or hazardous substances include organic compounds, especially
benzene, formaldehyde, chloroform, methyl chloride, polychlorinated bisphenols
(PCBs), dioxins, pesticides and heavy metals (cadmium, lead, arsenic) (Forman, 2013).

Epidemiological studies in humans have shown a clear association between
cardiovascular morbidity, decreased pulmonary function, increased hospital
admissions, mortality, and gases and particle concentrations of pollutants. Short-term
exposure to specific pollutants leads to an acute inflammatory response in the
pulmonary epithelium. Studies in both children and adults have shown that exposure
to particulates, nitrogen dioxide and sulphur dioxide, are associated with symptoms of
bronchitis. Moreover, exposure to particulates has been related to reducing growth in
children (Kelly, 2003).

Regarding wildlife, bird populations represent the upper trophy levels of food
chains in the urban environment. Thus, as many pollutants bioaccumulate as they pass
between the trophy levels, birds are likely being affected both directly and indirectly
by them (Burger, 1993; Koivula and Eeva, 2010). In urban areas, presence of
persistent organic pollutants (Sun et al., 2012; Elliott et al., 2015) and heavy metals
(Scheifler et al., 2006; Swaileh and Sansur, 2006; Kekkonen et al., 2012) in different
bird samples (such as eggs, faeces or tissues) is higher in comparison with rural
populations. Some of the effects of these contaminants are linked to anaemia and
growth retardation (Eeva et al. 2009), and reduce reproductive success through
infertility and hatching failure (Hofer et al., 2010; Kekkonen, 2017).
These contaminants have as common factor a toxicity mechanism that
involves inflammation and oxidative stress processes (Isaksson 2010; Lodovici and
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Bigagli, 2011), because of generation of free radicals and depletion of antioxidant
defences (Limon-Pacheco and Gonsebatt, 2009).
Oxidative stress as payment for aerobic metabolism

As consequence of aerobic metabolism, free radicals are generated in mitochondria by
cellular respiration. Oxidative stress results when production of free radicals exceeds
the capacity of antioxidant defences to counteract their activity, and as a result
biomolecules such as lipids, proteins or DNA suffer oxidative damage (Halliwell,
2007). Particulate matter (PM), nitrogen oxides (NOx) and metals are considered to be
the most important factors that promote oxidative stress in urban areas. They
constitute potent oxidants, either through direct effects on oxidation of lipids, proteins
or DNA (Birben et al., 2012) or indirectly through activation of intracellular oxidant
pathways such as inflammation (Isaksson, 2015).

Inflammation is initially a protective mechanism which removes potential
hazard elements; therefore, early phases of inflammation do not cause damage, even it
induces transcription of antioxidant defences. But if the stimuli are persistent, the
inflammatory response may be overwhelmed and cause damage in underlying tissues
by an excess of free radicals (Lodovici and Bigagli, 2011).
However, oxidative damage of tissues does not only depend on the generation
of free radicals; susceptibility of tissues or its ability to upregulate antioxidant defence
also play a relevant role (Lodovici and Bigagli, 2011). Because aerobic metabolism
involves the production of free radicals, organisms have evolved antioxidant defences
that may vary between species and even between populations due to it being shaped
by rates of metabolic activity and environmental factors such as exposure to oxidant
agents or diet (Limon-Pacheco and Gonsebatt, 2009; Isaksson et al., 2011).

The antioxidant system

Overall, the antioxidant system constitutes a complex mechanism which involves
different lines defences (Costantini, 2008; Costantini and Verhulst, 2009; Monaghan et
al., 2009); although it must be taken into account that all elements are connected and
should work together, so this separation is artificial (Isaksson et al., 2011) (Figure
1.6).
The first line of defence is structural (Monaghan et al., 2009; Pamplona and
Costantini, 2011). Membrane fatty acid composition is an important factor that
influences the susceptibility to free radical attacks. Lipids are important targets of free
radicals, but not all lipids are at the same level. The proportion of unsaturated or
double bonds of free fatty acids increases their peroxidability (Pamplona et al., 2002;
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Hulbert and Abbott, 2011). Therefore, diminishing the level of unsaturated lipids in
membranes contributes to protecting the membrane from free radicals (Bicudo et al.,
2010; Costantini, 2008; Monaghan et al., 2009; Isaksson et al., 2011).
Another line of defence is based on a ubiquitous and conserved enzymatic
system (Bicudo et al., 2010). Some of the most representative direct antioxidant
enzymes are superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase
(GPX).
-

-

SOD eliminates superoxide radicals (one of the most common an unstable free
radicals) by reducing it to oxygen and hydrogen peroxide (H 2O2) (Fukai and
Ushio-Fukai, 2011). It has been identified three isoforms: the copper-zinc SOD
isoforms that could present in the cytoplasm or in plasma; and the manganese
SOD isoform primarily located in mitochondria (Limon-Pacheco and
Gonsebatt, 2009). Hydrogen peroxide is still a reactive molecule, and other
enzymes such as CAT and GPX eliminate the hydrogen peroxide produced by
SOD or other potential sources (Lubos et al., 2011).
CAT is a heme-containing enzyme that converts hydrogen peroxide (H 2O2) to
water and O2, and it is mostly localised in subcellular organelles such as
peroxisomes (Limon-Pacheco and Gonsebatt, 2009).

GPX also removes hydrogen peroxide (H2O2) and other peroxides by coupling
its reduction with oxidation of glutathione (GSH), using selenium as a
cofactor. It is present in the cytoplasm and also in the mitochondrial matrix of
most animal tissues (Limon-Pacheco and Gonsebatt, 2009; Lubos et al., 2011).

In addition to antioxidant enzymes, various types of endogenous nonenzymatic antioxidants are synthesised by cells (Pham-Huy et al., 2008). These are
produced by metabolism in the organism such as uric acid, metal-chelating proteins
and low weight molecules with thiol groups (such as glutathione) that directly react
reduce free radicals. After reactions, they are oxidized forms which are usually
recycled back to the antioxidant form due to the reduction by other molecules such as
exogenous antioxidants (Birben et al., 2012).
The exogenous antioxidants are macro and micronutrients from the diet such
as vitamins or carotenoids with antioxidant properties; that means they are able to
reduce oxidising molecules such as free radicals or depleted antioxidants and remain
stable (Chehue et al., 2013). One of the most important exogenous antioxidants is the
vitamin E or tocopherol; due to its lipophilic nature, it is able to interact directly with
lipids and protect the membranes (Pamplona et al., 1996; Monaghan et al., 2009;
Bicudo et al., 2010; Costantini, 2014).
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FIGURE 1.6. The reduction of oxygen to water in mitochondria results in the production of reactive intermediates (free radicals), and

Chapter 1

22

Introduction

However, as mentioned above, other components of the antioxidant system
also depend on dietary nutrients, but indirectly. For instance, synthesis of thiols
groups such as glutathione requires the intake of specific amino acids such as cysteine
(Sies, 1999; Isaksson et al., 2011); saturation of membranes may depend on the
availability of specific fatty acids that are essential nutrients, in particular, the
polyunsaturated fatty acids (Bicudo et al., 2010; Costantini, 2014; Isaksson et al.,
2015). Cofactors of SOD and GPX (copper, zinc, manganese and selenium) are also
essential micronutrients (Bicudo et al., 2010; Isaksson et al., 2011; Pamplona and
Costantini, 2011; Skrip and McWilliams, 2016).
The relation between diet and antioxidant defence

Since diet is a major source of antioxidants, it is an important factor to consider when
studying the maintenance of oxidative stress balance in a pro-oxidant environment
such as urban areas.

Omnivorous species in urban habitats are able to feed on quite diverse food
resources. Some bird species eat leftovers, in garbage bins or dropped food at outdoor
restaurants or are actively fed by humans (Haemig et al., 2015; Isaksson, 2015;
Tryjanowski et al., 2015); most of these feeding sources are poor in essential macro
and micronutrients (Ebbeling et al., 2002; Bowman and Vinyard, 2004). Even natural
food in urban areas shows lower quality; for example, caterpillars have a lower
concentration of antioxidants such as carotenoids compared to those in rural habitats
(Isaksson and Andersson, 2007). As well as the composition of fatty acids of
invertebrates, is also showed poor quality in urban areas in comparison with rural
areas (Andersson et al., 2015; Isaksson et al., 2015; Toledo et al., 2016). The grit in
urban areas, the main source of minerals for birds (Anderson, 2006), shows
deficiencies of essential elements such as copper or zinc (Bailley et al., 2017).
In addition, urban food resources may contain additives and preservatives of
which the toxicity for birds has not yet been tested. In experimental animals, such
compounds triggered pro-oxidant reactions that caused oxidative damage to different
tissues affecting their function and even promoted genotoxic effects (Farombi and
Onyema, 2006; Zengin et al., 2011; Omoruyi and Pohjanvirta, 2014).
The relevance of oxidative stress balance in life history traits

The complexity and efficiency of the antioxidant system developed by birds, it is a
measure of its importance for the survival of the individuals. Oxidative stress balance
not only depends on environmental factors such as diet and air pollutants, it is also
affected life-history trade-off creating complex patterns of investment by animals
between reproduction, growth and survival (Isaksson et al., 2011; Speakman et al.,
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2015). There is an immediate trade-off involving resources dedicated to counteracting
free radicals and their deleterious effects, and other functions such as moulting,
immune function, migration and reproduction (Alonso-Alvarez et al. 2004; Monaghan
et al., 2009). This is especially true for dietary antioxidants, which availability
contributes to modulate these trade-offs (Blount et al., 2003; Costantini et al. 2008;
Isaksson et al., 2011; Skrip and McWilliams, 2016) (Figure 1.7).

One life-history trait, costly in terms of oxidative stress, is the reproduction,
(Monaghan et al., 2009, Stier et al., 2012). The higher metabolic rate during
reproductive activities (Nilsson, 2002) promotes pro-oxidant production and exerts
pressure on antioxidant defences. The enzymatic defence can be temporarily
upregulated (which translates into costs for organisms) and / or depleting the nonenzymatic ones; but only when antioxidant availability is enough for self-maintenance
(Monaghan et al., 2009; Metcalfe and Alonso-Alvarez, 2010; Isaksson et al., 2011;
Blount et al. 2016).
The availability of dietary antioxidants constitutes an even more relevant
issue during key periods of development (Costantini, 2014). Stress in early life has
been widely related to negative carryover effect at adulthood; and nutritional
constraints are not an exception (Wong and Kolliker, 2014; Monaghan and
Haussmann, 2015). Dietary antioxidants constraints at early-life have been related to
a long-term impairment in the capacity to assimilate dietary antioxidants at adulthood
(Blount et al., 2003; Monaghan et al., 2009; Costantini et al., 2014). Even if resources
availability improves, and individuals appears to recover from deprivation, nutritional
deficits experienced during development and / or early-life may have profound,
pervasive and permanent effects in adulthood, and even on its offspring; and bringing
up negative influences to both individual and population fitness (Metcalfe and
Monaghan, 2001; Blount et al., 2006; Briga et al., 2016).

Therefore, exploration of oxidative stress balance will not only provide useful
information about the pressure of environmental stressor such as pollution and
quality of habitat with respect to dietary resources but also provide information about
the mid and long-term consequences of these stressors for fitness of individuals and
populations. Exploration of oxidative balance in the context of urbanisation can enable
us to foresee the future of house sparrows in urban areas.
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FIGURE 1.7. Different scenarios depending on the relationship between the environment
(mainly pollutants) and dietary antioxidants; and their consequences on fitness and
reproduction.

25

Chapter 1

General Objectives

The general objective of this thesis is to establish why one of the most typical
urban birds is drastically declining in some highly urbanised areas of Europe, from an
ecophysiological perspective through studying one of the most relevant mechanisms
for coping with urban life: the oxidative stress balance.

Oxidative stress balance in an urbanisation context has been investigated in
other urban birds, such as great tits, a typical urban adaptor species that takes the
advantages on human-provided resources but it is not dependent on them. However,
it may be interesting explore this question in the house sparrows, a traditional urban
exploiter species that almost rely on human-provided resources but it shows a
population decline in highly urbanised areas.
Therefore, in chapter 2, our aim is to establish if oxidative stress balance is a
reliable biomarker to evaluate the influence of urbanisation on house sparrows. In
chapter 3, we focus not only on the influence of habitat but also consider the seasonal
variation. Our aim is to evaluate how urbanisation influences oxidative stress balance
in winter in comparison with the breeding season when birds are reproducing.

Oxidative stress balance seems to be highly influenced by urban stressors
such as pollutants. However, as already mentioned, diet also modulates the oxidative
stress balance. Therefore, in chapter 4 we perform a common garden experiment to
evaluate how the type of diet (based on natural food or based on processed food)
influences the oxidative stress balance. In chapter 5, we explore the influence of a
processed food diet on the fatty acid profile, a structural component of oxidative
stress balance mechanism little explored to date.
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Chapter 2

Abstract
Air pollution in urban areas constitutes a threat for human health and wildlife. For this
reason the effect of these pollutants on living organisms must be monitored accurately.
Analysis of oxidative stress generated by exposure to pollutants can be used as a
reliable biomarker; and house sparrow (Passer domesticus L.) may be used as an
ecological indicator due to its worldwide distribution, non-migratory status and its
association with anthropic areas. In this study, several markers of oxidative stress have
been evaluated in blood of House Sparrow using a non-invasive sampling method.
Populations from urban and rural areas with differential pollution levels were analyzed.
Results showed significant differences in two oxidative stress markers: haemoglobin
(Hb) and total antioxidant capacity (TAC), both lower in urban populations.
Environment pollution degree may affect oxidative stress status of erythrocytes;
therefore these biomarkers could be a useful tool to evaluate the effects of pollutants on
living organisms.

Keywords: urban air pollution; bioindicator; house sparrow; blood; oxidative stress; noninvasive method
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Introduction
Urban population is continuously uprising. Over half of the worldwide human
population live in cities nowadays and this figure is expected to rise rapidly over the
next 25 years (Stagoll et al., 2010; WHO, 2014). However, cities are far from
representing healthy environments: Population growth involves an increase demand
for services such as water, electricity, highways, telecommunications, etc. So, urban
ecosystems are heavily polluted as a consequence of urbanisation and industrial
processes (Albayrak and Mor, 2011; Godish, 2015; Rodriguez-Martin et al., 2015).

A wide variety of pollutants is released into the atmosphere every day, as a
result of human activities (Swaileh and Sansur, 2006; Godish, 2015), representing an
environmental health risk for human and other organism. Exposure to carbon
monoxide (CO), sulfur oxides (SOx), nitrogen oxides (NOx), and other combustionderived hydrocarbons gases such as heavy metal particles, is associated with an
increase of diverse human diseases like cancer or cardiovascular pathology (Isaksson,
2010; Godish, 2015; Kim et al., 2015).
For environmental health authorities it is being important to ascertain the
main pollutants: sources of emissions, physicochemical properties thereof, etc; to
maintain them under control according to the limits set by the laws currently and the
World Health Organization (WHO) recommendations (Aránguez et al., 1999). From an
ecological standpoint, bioindicator organisms are very useful for environmental
monitoring in contaminated ecosystems like cities. Wild birds have been shown to be
particularly useful as bioindicators because they are sensitive to pollutants and are
important structural components of the ecosystem (Swaileh and Sansur, 2006;
Kekkonen et al., 2011; Stankovic et al., 2014; Berglund et al., 2015).

House sparrow (Passer domesticus L.) is distributed worldwide. It is sedentary
and closely associated with urban environments. These characteristics make them one
of the most suitable candidates for urban biomonitoring of atmosphere pollutants
(Swaileh and Sansur, 2006; Millaku et al., 2014). Until now, pollutant quantification
with this species has been assessed in biological samples (i.e. feathers, eggs, bones,
liver, kidney, brain) to evaluate bioaccumulation of some of these substances (Swaileh
and Sansur, 2006; Hoff and Antoniosi, 2011; Kekkonen et al., 2011; Millaku et al.,
2014; Berglund et al., 2015). However pollutant accumulation by itself it is not
conclusive for establishing particular risks for human and wildlife health status. To
evaluate the potential effects on an organism, it is necessary to understand the
incidence of such pollutants on physiological functions (Cape et al., 2003; Lattin et al.,
2015).
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Most airborne pollutants as combustion-derived hydrocarbons gases or heavy
metals are very reactive elements. Therefore they are toxic to many organisms when
interfering with metabolism and important biochemical reactions. They produce
alterations over enzymatic activities and free radical levels (Koivula et al., 2011;
Moller et al., 2014).

Under a physiological context, free radicals are by-products of cell
metabolism and they are balanced by a variety of antioxidant elements. Atmospheric
pollutants may disrupt oxidative-antioxidant balance unleashing oxidative process
(Isaksson, 2010; Moller et al., 2014). So, response capacity of antioxidant defense
plays an important role in the protection of organisms against toxic-induced oxidative
stress. Indeed, the maintenance of a high antioxidant capacity in cells may increase
tolerance against different types of environmental stress (Koivula and Eeva, 2010;
Rahal et al., 2014).

This antioxidant capacity response against pollution-induce oxidative damage
could be used as reliable tool for monitoring potential harmful effect of contamination.
So, evaluation of oxidative stress status is reported as useful bioindicator of
environmental pollution (Isaksson, 2010; Koivula and Eeva, 2010).

It is necessary to establish reliable ecological indicators in order to determine
not only pollutant levels but their effects over particular organisms. Furthermore,
some non-persistent atmospheric pollutants such us derived-combustion
hydrocarbon gases cannot be quantified on organisms using traditional techniques
but their physiological effects over the oxidative systems may be used as an indirect
evaluation of its presence.
Material and methods
Area characterization and bird capture
Samples were collected at four locations with differences in their air pollution levels
and land uses. Olmeda de las Fuentes (OF) (40°21´55.91” N; 3°14´35.46” W); El
Escorial (EE) (40°35´06.30” N; 4°07´46.26” W); Fuenlabrada (FB) (40°17´01.94” N;
3°48´01.18” W) and centre of Madrid city (MD) (40°26´30.04” N; 3°41´24.54” W)
(Figure 2.1).
In order to characterize and establish pollution gradient, environmental traits
were collected at every study area, including human presence (population), land use
(urban and industrial areas) and atmospheric pollutants load: carbon monoxide (CO),
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nitrogen oxides (NOx), and sulphur oxides (SOx). Data referred to human presence
and land uses were obtained from the Spanish Statistics Institute while pollutant
concentrations were obtained from the Air Quality Network of the Province of Madrid.
These variables were used in a Principal Component Assay (PCA) analysis to obtain a
PC value to be used as an indicator of the degree of urbanisation of each study area.

2
2

FIGURE 2.1. Location of the sampling sites (in grey): Madrid (MD), Fuenlabrada (FB), El Escorial (EE),
Olmeda de las Fuentes (OF) (Google Earth©).

Total numbers of 73 birds were captured between October 2011 and
February 2012 to avoid reproduction period and the potential effect of sexual
hormones over antioxidant elements. Individuals were trapped in mist nets and
individualized using a metal ring with alphanumeric codes. In all the study areas the
number of males and females were balanced in order to avoid results bias.
A blood sample of approximately 0.2 ml from each individual was collected by
jugular venepuncture using disposable needles (30 G) and plastic syringes; blood was
stored in heparinized tubes. All samples were kept cool and transported to the
laboratory immediately.
Nutritional state and oxidative stress biomarkers

Using fresh blood, we determined haemoglobin (Hb) concentration by the
cyanmethaemoglobin method. After this evaluation, blood was centrifuged to obtain
erythrocytes pellet, and plasma to determine albumin and cholesterol concentrations
using commercial kits from Spinreact© based on the Rodkey (1956) and Meiattini et
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al. (1978) protocols respectively. Remaining plasma and erythrocytes pellet was
stored separately at -80 °C until use.

Lipid peroxidation was estimated in erythrocytes pellet by thiobarbituric acid
reaction (TBA) with malondialdehyde (MDA), a product of the peroxidation of
membrane lipids according to the method of Ohkawa et al. (1979). Carbonyl groups
formed from oxidation with 2.4-dinitrophenyl hydrazine (DNPH) were estimated in
pellet using the methods by Reznick and Parker (1994). Estimation of derivatives of
2.4-dinitrophenyl hydrazones may be used as a pattern of oxidative modification of
proteins during oxidative stress in cells.

Regarding the antioxidant enzymatic defense, superoxide dismutase (SOD)
activity was measured by pyrogallol oxidation method (Marklund and Marklund,
1974), and catalase (CAT) activity was evaluated using the hydrogen peroxide
breakdown method (Cohen et al., 1970); both enzymatic activities were measure in
erythrocytes pellet. Glutathione ratio (GSH / GSSG) and levels of total antioxidant
activity (TAC) in plasma were estimated using commercial kits from Arbor Assays and
Nanjing Jiancheng Bioengineering Institute respectively.

Statistical analyses

Principal components analysis (PCA) was performed to summarize
environmental parameters related to urbanisation process (population, land uses and
air pollutants) into independent factors in order to establish an urbanisation value for
each study area, based on which were classified into rural and urban locations.

In order to evaluate sexual differences and urban/rural effects, sex and
categorized study areas were used as fixed factors in ANOVA tests while haemoglobin
concentration, amount of albumin and cholesterol, level of lipid peroxidation and
protein oxidation, catalase and SOD activities, GSH/GSSG ratio and total antioxidant
capacity (TAC) were tested as response variables. Normal distribution of data was
assessed using the Kolmogorov-Smirnoff test. All analysis were performed using
STATISTICA© software.
Results
Area characterization and the use of birds as bioindicator
Classification of study areas was established running a PCA using the environmental
traits previously mentioned. The first principal component (PC 1) explained 55.20%
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of the variability of the environmental data. According to this rank the localities were
separated into rural (unpolluted areas): OF, EE; and urban (polluted areas): FB, MD
(Table 2.1).
Nutritional status and oxidative stress

Haemoglobin (Hb) as well as total antioxidant capacity (TAC) were significantly lower
in urban areas, (F1,70 = 6.04; p ≤ 0.05) and (F1,70 = 4.01; p ≤ 0.05) respectively. However
no differences were found in the rest of nutritional state and oxidative stress
parameters (Table 2.2). In addition, ANOVA test confirmed no difference between
sexes for analysed variables.

TABLE 2.1. Urbanisation scores are the PC 1 values from a Principal Components Analysis conducted on
scores of the six habitat variables. PC 1 is statistically significant (p ≤ 0.05) and it explains 55.20 % of
variation. Population (total inhabitants), industrial land (%), urban Land (%), CO (µg / m3), NOX (µg / m3),
SOX (µg / m3).

Site

Population

Industrial
land

Urban
land

CO

NOX

SOX

PC 1

Classification

OF

338

0

15.86

0.3

5

3

-3.137

Rural

198,132

7.81

100

0.6

51

4

1.038

Urban

EE
FB
MD

15,161

3,233,527

0

9.78

92.51
100

0.5

45

0.45

55

4
6

-0.261
2.361

Discussion
Area characterization and the use of birds as bioindicator
Urban areas are polluted with potentially toxic chemicals, like heavy metal particles
and gases; mostly released into the atmosphere as a result of incomplete combustion
of fossil fuels associated with motor vehicles, industrial activities and electricity
generation (Geordiadis and Kyrtopoulos, 1999; Godish, 2015).

Monitoring of environmental quality is usually based on the quantification of
contaminants bioaccumulated by birds. However, in some cases these procedures
show disadvantages such as: do not highlight the complexity of the interactions that
take place between air pollutants and cellular systems, non-accumulative pollutants
cannot be detected, and quantification procedures in some cases involved the death of
birds because large tissue volumes are needed (Swaileh and Sansur, 2006).
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TABLE 2.2. Mean values of each population of body condition, nutritional status, oxidative damage,
antioxidant defence and oxidative status. All values are expressed in mean ± SD; sample size (n). Significant
statistical differences (p ≤ 0.05) are indicated (*).
Body condition

Nutritional status

Hb (g / dl)

Albumin (g / dl)

Cholesterol (mg / dl)

Oxidative damage

TBARS (nmoles / ml)

Carbonile groups (μM)

Antioxidant defense

Catalase activity (U / ml)

SOD activity (U / ml)

Oxidative status

GSH / GSSG

TAC (U / ml)

Urban

Rural

15.11 ± 3.70*
(36)

16.99 ± 2.72

1.17 ± 0.21
(36)

1.23 ± 0.28

152.53 ± 37.66
(36)

162.33 ± 42.73

103.06 ± 17.55
(36)

109.99 ± 23.13

24.11 ± 3.84
(36)

22.40 ± 5.50

1.71 ± 1.74
(33)

1.77 ± 1.38

3.21 ± 1.27
(36)

3.59 ± 1.27

32.28 ± 28.30
(34)

32.12 ± 26.30

37.50 ± 10.87*

43.61 ± 13.38

(34)

(36)

(35)

(35)

(36)

(35)

(30)

(35)

(36)

(29)

Conversely, analysis of urban environmental quality from an ecophysiological
standpoint presents fewer legal and ethical problems. Almost any tissue, including
blood, can be used for assaying oxidative stress; as they are all susceptible to oxidative
damage and all, to a greater or lesser extent, express some antioxidant defense
system. Red blood cells, which are in close contact with toxics, are susceptible to suffer
oxidation and sampling can be performed without harming the bird (Costantini, 2008;
Geens et al., 2010; Maceda-Veiga et al., 2015).

This should be always taken into account, especially in case of threatened
species. Although house sparrow may be a good bioindicator of urban environment,

36

Oxidative stress of house sparrow as bioindicator of urban pollution

their populations are declining in many European cities, so the accomplishment of
studies involving the death of birds is not feasible (De Laet and Summers-Smith, 2007;
Seress et al., 2012; De Coster et al., 2015; Meillere et al., 2017).
Nutritional state and oxidative stress

In relation with human health, epidemiological studies have consistently found direct
relation between air pollution and respiratory and cardiovascular disease and
possible increased cancer risk (Seaton et al., 1995; Godish, 2015; Kim et al., 2015).
Many of these pathologies have in common uncontrolled production of free radicals
that exceeds capacity of antioxidant defence systems (Geordiadis and Kyrtopoulos,
1999; Romieu et al., 2008). In fact, oxidative stress is common factor mechanism of
toxicity of anthropogenic pollution like heavy metals and combustion-derived
hydrocarbons gases, inter alia (Isaksson, 2010; Kummar-Gupta et al., 2014; Moller et
al., 2014). This approach is consistent with other authors who agree to consider the
analysis of oxidative stress status in urban birds as a good biomarker of
environmental quality (Kaminski et al., 2007; Isaksson, 2010; Koivula and Eeva,
2010). However, discrepancies arise when determining what parameters related to
oxidative stress are the most representative.
In our case, significant difference parameters between polluted and
unpolluted areas were haemoglobin concentration and total antioxidant capacity.

Oxidizing molecules can lead to methaemoglobin (HbM) formation if present
at concentrations exceeding those of the natural antioxidant systems. Atmosphere air
pollutants, like CO, NOx, SOx and other fuel combustion products, induce
methaemoglobinemia in pidgeon (Columba livia L.) (Sicolo et al., 2009). In the same
way, presence of heavy metal particles as lead (Pb) and cadmium (Cd) seemed to have
a negative effect on the haemoglobin concentration of great tits (Parus major L.)
(Geens et al., 2010). So, haemoglobin value significantly decrease found in House
Sparrow urban population could be explained by urban air pollution detected in cities.

Likewise, atmospheric pollutants could be responsible for significant decrease
in total antioxidant capacity found in urban populations. Major atmospheric pollutants
have been described as pro-oxidant elements (Isaksson, 2010; Moller et al., 2014).
Total antioxidant capacity (TAC) evaluates balance between degree of oxidation
(peroxidation, protein oxidation and DNA); and response of antioxidant defense
systems: enzymatic (SOD, catalase), non-enzymatic (GSH, metallothionein) and
exogenous (vitamins and minerals from diet) (Costantini, 2008). Previous studies in
white stork (Ciconia ciconia L.) concluded that activity of antioxidant enzymes like
SOD and catalase as well as biomarkers of oxidative damage like content of TBARS, are

37

2
2

Chapter 2

determined by toxic heavy metals present in atmosphere (Kaminski et al., 2007).
Kurhalyuk et al. (2009), reported similar results; in their study in urban pigeons
(Columba livia), presence of lead (Pb) and cadmium (Cd) was related with an increase
of oxidative damage in lipid and protein. Thus, disruption of this balance in urban
areas may be due to an increased degree of oxidation together with a lack of response
of antioxidant defense systems. However this parameter is not enough to exactly
determine what oxidative stress marker is affected (Costantini and Verhulst, 2009).

Conversely with these results, Isaksson (2010) in a meta-analysis described
that reduced form of glutathione (GSH) and its associated enzymes are the most
reliable biomarkers, although it is reported that responses are species-specific.
Therefore, response of each species should be analyzed and characterized
independently in order to use as a reliable biomarker.
Not only environmental pollutants could increase oxidative stress. Sex, age,
diet, physical condition or a pathological situation could also influence on cell
oxidative balance (Costantini, 2008; Costantini, 2014; Rahal et al., 2014).

In this way, the next step to follow is increase number of species, sample size
and analysed localities to determine which oxidative stress markers are the most
reliable. Moreover, improved quantification of environmental pollutants and the
characterization of habitat could confirm our hypothesis about the influence of air
quality on oxidative stress of urban species.
In conclusion, house sparrow oxidative damage and consequent antioxidant
response to pollution of cities seem to be a reliable biomarker and an essential
complement for monitoring urban environmental quality. Furthermore, analysis of the
parameters in the blood is a simple and non-invasive method for birds. However, an
increase of birds and localities analysed and an improved characterisation of
environmental pollution, are necessary to obtain more conclusive results.
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Abstract
The house sparrow is a globally distributed species and is closely associated with
anthropised environments. They are well-adapted to urban life; therefore the decline of
their populations in Europe represents an unexpected event that demands an
investigation into its causes. Causes that have promoted this decline are not well known,
but one of the highlighted hypotheses is an increase of oxidative stress linked to the
toxicity of pollution in urban areas. From an ecophysiological perspective, oxidative
damage, antioxidant defence and oxidative balance are considered reliable indicators of
environmental stressors such as pollutants. To carry out this study, blood samples were
collected from house sparrows in three different habitats that varied in terms of
urbanisation degree: urban, suburban and rural; during the winter and breeding season.
According to our results, urban sparrows showed higher levels of oxidative damage and
higher activity of antioxidant enzymes, but lower antioxidant capacity in comparison
with the rural birds; and these differences especially increase during the breeding
season. The maintenance of oxidative balance increases in an urban environment in
comparison to a rural one; we suggest that the high level of pollution and the poor
quality diet linked to urban environments. The breeding season is expected to be
particularly challenging for the oxidative balance of urban birds, when the reallocation
of resources between self-maintenance and reproduction may be critical due to the
scarcity of antioxidants found in urban areas. This study may contribute to determining
the causes of the population decrease of house sparrows in cities.

Keywords: urbanisation, biomarker, pollution, antioxidant defence, oxidative damage, bird
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Introduction
Urban areas have been growing rapidly over the last several decades, and it is
expected that they will continue to expand at the expense of natural and rural
habitats. From an ecological perspective, urban environments present some novel
challenges for birds, such as new predators, new flora, human presence, unique food
resources, and high levels of chemical, light and acoustic pollution (Gaston, 2010;
Lepczyk and Warren, 2012; Forman, 2013; Gil and Brumm, 2014). However, these
novel and potentially stressful conditions generated by urban environment processes
have also provided new opportunities for certain species to gain an ecological
advantage by exploiting city resources (Lepczyk and Warren, 2012; Costantini et al.,
2014). Such resources are characterised by lower predation rates (Evans et al., 2015),
higher environmental temperatures (Tryjanowski et al., 2015), lower competition for
resources (Kark et al., 2007) and a constant, abundant and more predictable food
resources supply, in comparison with the surrounding non-anthropogenic areas
(Shochat, 2004; Oro et al., 2013; Andersson et al., 2015; Tryjanowski et al., 2015;
Marzluff, 2016).

The house sparrow (Passer domesticus L.) is one of these urban exploiter
species, meaning that it dominates highly urbanised environments. It is the most
ubiquitous and globally distributed bird, probably due to its ecological tolerance that
allows them to cope with urban environments: they are generalist, granivorous,
gregarious, and sedentary, they nest in cavities, they are unbothered by human
presence, and they are able to explore new feeding sources (Anderson, 2006; Kark et
al., 2007; Evans et al., 2011). However, in the last few decades, urban populations of
House Sparrow have significantly dropped, especially in the highly developed regions
of Western Europe (De Laet and Summers-Smith, 2007; Peach et al., 2008; Shaw et al.,
2008; De Coster et al., 2015). There is no consensus on the reason for such a decline,
but the increasing level of pollution has been highlighted as one of the main driving
factors (Shaw et al., 2008; Herrera-Dueñas et al., 2014).
The atmosphere of urban areas tends to accumulate high concentrations of
carbon dioxide (CO2), nitrous oxides (NOx), sulfur dioxide (SO2), ozone (O3), heavy
metals and other suspended particulate matters (PM). In cities, these pollutants are
mainly derived by burning fossil fuels (Grimm et al., 2008; Gaston, 2010),
representing an environmental risk from human to ecosystem levels (Forman, 2013).
In relation to human health, a correlation has been described between the level of
pollution and higher human mortality rates, mainly associated with cancer, asthma
and cardiovascular disorders (Kelly, 2003). To date, deleterious effects on wildlife are
less well known, but pollution has been related to reproductive performance, lower
survival rates and shorter lifespans (Isaksson, 2010; Koivula and Eeva, 2010; Salmón
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et al., 2016). One trait that has been highlighted as responsible for the toxicity of
urban pollutants is their high reactivity to biomolecules (Koivula et al., 2011).
Therefore, oxidative stress has been described as an underlying mechanism by which
urban pollutants cause deleterious effects in living organisms (Isaksson, 2010).

Oxidative stress has been defined as the occurrence of enzymatic and nonenzymatic antioxidants that cannot fully neutralise the free radicals produced in the
cells of living organisms. Free radicals are commonly generated as a by-product of
normal metabolic processes. Hence all aerobic organisms have evolved multiple
defence lines to prevent or counteract the toxicity of reactive by-products, ranging
from antioxidant enzymes to low molecular weight endogenous antioxidants (i.e.
GSH), complemented by some dietary antioxidant such as carotenoids or vitamins
(Halliwell, 2007). Under pro-oxidant conditions, the unquenched free radicals remain
in the system long enough to cause further oxidation reactions (Monaghan et al.,
2009). Such reactions may damage macromolecules, such as lipids, proteins and DNA.
Severe accumulation of oxidative damage in these molecules leads to cellular
dysfunction or apoptosis, which triggers disease and age-related degeneration
(Costantini and Verhulst, 2009; Isaksson, 2015). This supports the hypothesis that the
resistance to oxidative stress is a key cellular mechanism to cope with urban
pollutants, so the capacity to quench the oxidative damage has been highlighted as a
critical adaptation to life in the city (Costantini et al., 2014).

The levels of oxidative stress in organisms could also vary with
developmental stage, environmental condition, and level of activity (Isaksson, 2015).
Reproduction could increase oxidative stress as an inevitable consequence of
increased reproductive effort (Romero-Haro et al., 2016) and/or because the
developing offspring consume antioxidants otherwise allocated to self-maintenance
(Alonso-Alvarez et al., 2004; Moller et al., 2010; Berglund et al., 2014). Therefore,
oxidative stress may have a dramatic effect on bird fitness during the breeding season.

Regarding the roles of these antioxidants in maintaining the oxidative
balance, four different scenarios could be described: (I) low oxidative damage due free
radicals being quenched by the excess supply of antioxidants (endogenous or dietprovided); the maintenance of the oxidative balance in this case is not costly for selfmaintenance of individuals, and resources can be reallocated to other functions (i.e.
reproduction). (II) Oxidative damage is in balance with antioxidant availability;
therefore, there is no surplus of resources, but self-maintenance is not yet costly for
individuals. (III) Oxidative damage persists and to counteract it, the individual may
increase its antioxidant capacity by up-regulating some antioxidant enzymes; this
entails a cost because some resources must be diverted from self-maintenance. (IV)
Oxidative damage is uncontrolled; the antioxidant defences have been overwhelmed
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and the survival of the individual is compromised (Costantini and Verhulst, 2009;
Monaghan et al., 2009) (Figure 3.1).

FIGURE 3.1. The different scenarios (I, II and III) depending on the relationship between the environmental
stressors (such as pollution) and dietary antioxidants (the scenario IV has been excluded due to it is not
expected to be related to urban environments). FR (red colour) represents free radical production: intrinsic
+ induced by environmental stressors; and AOX (green colour) represents a number of antioxidants
available: endogenous + antioxidant enzymes + dietary antioxidants.

We predict that the first scenario will correspond to areas with a low degree of
urbanisation and therefore to lower levels of pollution (such as the rural ones); the
second one will correspond to mild stressor environment (such as the suburban
areas); whereas the third scenario will correspond to highly urbanised areas, where
the high level of pollution may be a challenge for antioxidant defences. We will explore
the oxidative stress balance during winter, but also during the breeding season, when
adults are reproducing.
Materials and Methods
Area characterisation
House sparrows were sampled at six locations of central Iberian Peninsula:
Plasenzuela, a small village 230 km away from big cities such as Madrid (PZ:
39°22’39” N; 6°02’57” W and 427 m altitude), Olmeda de las Fuentes, another small
village 50 km East of Madrid located in a traditional agricultural area of the region
(OF: 40°21’38” N; 3°12’23” W and 794 m altitude), El Escorial, a small town 50 km
Northwest of Madrid with typical suburban structure (i.e. family houses with
individual gardens) (EE: 40°34’55” N; 4°07’41” W and 1.030 m altitude), Las Matas, a
small town 25 km Northwest of Madrid in an area with a similar suburban structure
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(LM: 40°33’41” N; 3°53’56” W and 720 m altitude), Fuenlabrada, a town 25 km South
of Madrid in the traditional industrial area of the region (FB: 40°17’07” N; 3°48’35” W
and 650 m altitude) and Madrid city centre, one of the biggest cities of the
Mediterranean region (MD: 40°25’03” N; 3°42’42” W and 670 m altitude). These
sampling areas were chosen because they show strong differences in their landscape
and their anthropisation degree. In addition they showed high bird densities due to
the constant food supply: a horse stable in MD and a farm-school in FB, gardens with
hen cages in the suburban areas, and a sheep farm in OF and a poultry farm in PZ.
Therefore, it was expected that birds would not show symptoms of starvation and
their condition would vary depending on other environmental stressors such as
pollutants, and the availability of essential nutritional complements that they should
intake (i.e. insects).

One of the most reliable indicators of the urbanisation process is land cover
(Marzluff, 2008; Gaston, 2010; Niemelä, 2011; Lepczyck and Warren, 2012), which
can be complemented by the population density (Marzluff, 2008; Lepczyck and
Warren, 2012) and air quality (Gaston, 2010; Forman, 2013). Data referring to air
quality (NO2 and PM10) were collected from the European Environmental Agency
(EEA), and data referring to human density and land uses were collected from the
Spanish Statistics Institute (INE) and the Information System for Land Uses in Spain
(SIOSE), which had a resolution of 0.05 km2 (Table 3.1). The percentage of each land
use (industrial, housing, recreation urban areas, agricultural and natural) was
calculated in a 4 km2 area around the sample point using Photoshop (Figure 3.2),
based on the species movements described by Anderson (2006).
Bird sampling

This study was carried out in accordance with all applicable institutional and national
guidelines for the care and use of animals. Bird sampling was performed with
permissions from landowners and the regional Consejería de Medioambiente de la
Comunidad de Madrid (REFS: JML/ecc-10/038121.9/13; IPZ/ecc-10/068353.9.14;
and Delegación de Medioambiente de la Junta de Extremadura REFS: EJD/jmcaCN0004/14/ACA).
A total of 210 adult house sparrows were captured during the winter period
(December 2013 to February 2014) and the breeding season (April 2014 to June
2014) in the different habitats (Table 3.2). The birds were trapped with mist nests or
traps and ringed. They were weighed (± 0.1 g), their tarsus length was measured (±
0.1 mm) and blood samples were collected. Birds were captured in mist nets and
retained until manipulation in cloth bags to keep them safe and calm. All sampled
birds were released unharmed at the site of capture after manipulation.
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Site

MD

FB

LM

EE

OF

PZ

Habitat

Urban

Urban

Suburban

Suburban

Rural

Rural

14

20

222

1040

4960

5225

Population
density

0.47

0.97

17.26

31.35

33.75

58.88

Housing
land

0.03

0.19

7.91

3.96

8.27

38.34

Recreation
land

0.00

0.00

0.59

0.23

13.23

1.12

Industrial
land

41.47

54.19

9.76

0.87

34.53

0.00

Agricultural
land

NO2

37.95
31.11
27.69
22.66
7.03
4.97

Natural
land

0.00
8.72
60.89
58.83
37.65
56.18

2.54

ND

ND

ND

ND

5.03

SO2

16.05

17.30

23.21

ND

28.26

ND

PM10

ND

ND

ND

13.4

ND

ND

PM2.5

TABLE 3.1. Characteristic of sampled localities based on the habitat variables: population density (nº inhabitants / km 2), land use (%) and
air quality (NO2, SO2, PM10 and PM2.5 in µg / m3).
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Blood samples (approximately 0.2 ml) were collected (approximately 15 min
after capture) by jugular venepuncture using 30 G needles. The blood was collected in
heparinised tubes and kept at 4 °C before transporting to the laboratory (maximum 4
h). Blood was centrifuged for 10 min at 1800 × g (10,000 rpm) to separate the
erythrocyte pellet and plasma, and was divided into aliquots to avoid freeze-thaw
cycles. All samples were stored at -80 °C until use.
TABLE 3.2. Number of individuals captured per locality and season.
Rural

Winter

Breeding
season

Suburban

Urban

PZ

OF

EE

LM

FB

MD

Males

12

12

12

10

7

26

Males

8

ND

ND

Females
Females

9

11

11

11

11
19
11

13

ND

14
8
5

Oxidative stress biomarkers
Due to the complex relationship between the different elements constituting the
oxidative stress system, at least several oxidative damage and antioxidant capacity
biomarkers must be determined to correctly interpret the results (Monaghan et al.,
2009). To evaluate the oxidative stress balance of house sparrows, we determined the
antioxidant capacity of plasma, as well as the oxidative damage and activity of some
antioxidant enzymes in the erythrocytes.

The total antioxidant capacity (TAC) of plasma is a reliable biomarker to
describe the global oxidant/antioxidant balance of individuals. This was determined
spectrophotometrically using the ferric reducing ability of plasma (FRAP) method
described by Benzie and Strain (1996), with the slight modifications described by
Hargitai et al. (2012). This method is based on the ferric reduction: Fe3+ (ferric) to Fe2+
(ferrous) ion reduction at low pH causes the formation of the coloured ferroustripyridyltriazine (Fe2+-TPTZ) complex. Briefly, 20 µl of diluted plasma was mixed
with 150 µl of ferrous ion and TPTZ at low pH and incubated for 20 min. FRAP values
were obtained by comparing the absorbance change at 593 nm in test reaction
mixtures with those containing Fe2+ in known concentration. The parameter was
corrected with the uric acid value (Costantini, 2011), which was
spectrophotometrically measured at 520 nm by the uricase method (Fossati et al.,
1980) using a commercial kit from Spinreact®. The intra-assay and inter-assay
coefficient variation (CV), respectively, were 1.72% and 1.97%.
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FIGURE 3.2. Images used for calculating the land uses at each sample point: Madrid city (A),
Fuenlabrada (B), Las Matas (C), El Escorial (D), Olmeda de las Fuentes (E) and Plasenzuela (F).
The dark pink areas represent housing and roads, the light pink represent urban parks and
recreation facilities, the purple ones represent industrial areas, the yellowish ones represent
agricultural lands and the greenish ones represent natural areas like forest or field.

The oxidative damage was determined in the lipid and erythrocyte proteins.
The lipid peroxidation was estimated spectrophotometrically by the thiobarbituric
acid (TBA) reaction with malondialdehyde (MDA), a by-product of the peroxidation of
membrane lipids according to the method of Ohkawa et al. (1979). This method is
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controversial since it has been considered less accurate in comparison with the
quantification based on the HPLC method, due to overestimation of the results (Grotto
et al., 2009). Although other authors still consider spectrophotometry as a reliable
methodology for the determination of lipid peroxidation (Zeb and Ullah, 2016) and we
still use it due to technical reasons, this result is less reliable and it should be
interpreted carefully and together with other biomarkers of oxidative damage. Briefly,
250 µl of the erythrocyte homogenate was reacted with 500 µl of TBA solution (pH
3.5), the mixture was heated at 80 °C for 60 min. Under these conditions, the TBAreactive substances (mainly MDA) reacted with TBA to yield TBA-MDA adducts, which
were detected at 532 nm. The concentration of the chromophore was calculated from
a calibration curve prepared with tetramethoxypropane (TMP) solution. The intraassay and inter-assay CVs, respectively, were 2.89% and 7.24%.
The protein oxidation was estimated spectrophotometrically by 2, 4dinitrophenyl hydrazine (DNPH) reaction with the carbonyl groups, by-products of
the oxidation of proteins, using the method by Reznick and Parker (1994), with the
modifications describe by Arnal et al. (2011). Briefly, 100 µl of the erythrocyte
homogenate was subjected to a reaction with 100 µl of DNPH in acid solution of HCl at
37 °C in the dark for 30 min; the corresponding hydrazone derivatives were revealed
after the addition of 200 µl of NaOH and measured at 505 nm. The concentration of
carbonyls was calculated from a calibration curve prepared with a stock solution of
sodium pyruvate. The intra-assay and inter-assay CVs, respectively, were 2.56% and
8.67%.

The enzymatic antioxidant system capacity was determined by the evaluation
of glutathione peroxidase (GPX) and superoxide dismutase (SOD) activity. The activity
of GPX was measured spectrophotometrically by reduction of 5, 5’-dithiobis, 2nitrobenoic acid (DTNB) for the activity of GPX using the glutathione (GSH) of the
cells, as described by Moin (Tkachenko et al., 2014). The reaction was read at 412 nm
every 30 s for 3 min. Activity is expressed as µmol GSH/min/ml. The intra-assay and
inter-assay CVs, respectively, were 6.92% and 7.69%. The activity of SOD was
measured spectrophotometrically by the containment of autoxidation of pyrogallol, as
described by Marklund and Marklund (1974). The reaction was read at 420 nm every
60 s for 5 min. Activity is expressed as U/ml. The intra-assay and inter-assay CVs,
respectively, were 7.39% and 8.74%.
Samples were randomly distributed among plates. All the assays were
running in duplicate. The same assay was running in all the samples during the same
lab session.
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Data analysis
The body condition index of individuals was calculated using the scaled mass index
(SMI) recommended by Peig and Green (2009) for small animals. The SMI has been
calculated according to the equation:
(

)

where and are the body mass and tarsus length of individual , respectively; is
the arithmetic mean value of tarsus length for the study population; and
is the
scaling exponent estimated by the standardised major axis (SMA) regression of
on
.

In order to evaluate the effect of habitat and season, we used a general linear
mix model (GLMM). Fix factors included in the whole model were habitat (rural,
suburban or urban), season (winter or breeding) and their interaction (habitat ×
season) and the capture locality as random factor. In all analyses, sex (male or female)
and body condition (as SMI) were also included as covariates. A post-hoc assay
(Tukey’s HSD) was performed only for traits regarding habitat. All the models were
tested for residual normality.
All results are expressed as means ± standard error of means ( ± S.E.M.). All
analyses were performed in R-Studio version 3.3.1 using the lme4, the lmerTest and
the lsmeans packages.
Results
Area characterisation
Although the characterisation of urban landscapes is complex due to its heterogeneity
and huge variation between regions, the sampling sites showed a clear pattern in
terms of air quality, land use and population density.

We were able to clearly disentangle three different categories (Marzluff,
2008; Gaston, 2010; Forman, 2013): (I) urban, a completely anthropic landscape
typical of big cities or town centres, usually characterised by a high percentage of
ground occupied by buildings and pavements mixed with facilities (such as shops,
museum, schools, hospitals and sport-centres), with high population densities. These
areas are usually associated with high pollutant levels due to traffic and heater
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emissions. (II) Suburban, residential areas located at the edge of big cities and/or
smaller towns. It is also characterised by a high building density, but the most
common structures are houses with gardens so the percentage of green areas is
usually higher and better distributed than in urban areas. In addition, nonanthropised areas, such as forests or fields, contribute to the landscape. The quality of
the air usually improves in these areas because of the lower population density;
however, it is still high in comparison with rural settlements. Finally, (III) rural,
villages or even smaller settlements embedded in natural or agricultural landscapes.
In this case, the percentage of buildings and roads is lower when compare to green
areas. Its population density is sparse and the quality of air is good according to the
standard.
Body condition and oxidative stress biomarkers

The body condition, calculated as scaled mass index (SMI), showed a significant
interaction between habitat and season (F (2, 113.02) = 5.92; p = 0.003), driven by the fact
that the SMI of urban birds had a trend for being lower during the breeding season
compared to winter (t = -2.86; p = 0.052), whereas rural birds showed the opposite
trend (they were bigger during the breeding season). In the suburban population, SMI
was similar in both seasons. Overall, the SMI of rural birds was higher in comparison
with the other population (Figure 3.3; Table 3.3).

In relation to oxidative stress biomarkers, the season did not show any
effects, while the habitat seemed to play a main role. Only in the case of total
antioxidant capacity (TAC) did the model show a significant interaction between
habitat and season (F (2, 37.02) = 3.63; p = 0.036): overall, the rural birds showed a
higher antioxidant capacity in comparison with the suburban and urban birds. The
urban birds showed a significantly lower antioxidant capacity during the breeding
season compared to winter (t = -3.34; p = 0.012) (Figure 3.3; Table 3.3).

Regarding oxidative damage, lipid peroxidation was significantly higher in
urban birds in comparison with the suburban (t = 2.65; p = 0.023) and rural birds (t =
3.12; p = 0.005) (F (2, 177) = 5.68; p = 0.004) (Figure 3.3; Table 3.3). The oxidation of
proteins was also higher in the urban population compared to the suburban (t = 2.49;
p = 0.036) and rural population (t = 1.54; p = 0.027) (F (2, 123) = 3.23; p = 0.042) (Figure
3.3; Table 3.3).
The activity of the antioxidant defence system was also influenced by habitat.
The activity of GPX was significantly higher in urban birds compared to suburban (t =
3.75; p < 0.001) and rural birds (t = 3.68; p = 0.001) (F (2, 144) = 9.22; p < 0.001) (Figure
3.3; Table 3.3). However, the activity of SOD did not show significant differences (F (2,
151) = 4.88; p = 0.008) (Figure 3.3; Table 3.3).
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FIGURE 3.3. Body condition and oxidative stress biomarkers analysed. Values are expressed
as mean ± S.E.M. Green circles represent individuals captured at winter and blue squares
represent individuals captured during the breeding season. Letters indicate statistical
difference: means with the same letter are not statistically different (Tukey’s tests, p ≤ 0.05).
(A) Body condition calculated as scaled mass index (SMI); (B) Total antioxidant capacity
calculated as FRAP; (C) Lipid damage calculated as TBARS; (D) Protein damage calculated as
concentration of carbonyls groups; (E) Glutathione peroxidase activity (GPX); (F) Superoxide
dismutase activity (SOD).
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TABLE 3.3. The model for each dependent variable when exploring the effect of the habitat and
season on body condition and oxidative stress biomarkers. They were corrected by covariates
(sex in all cases, and sex and body condition in oxidative stress biomarkers). Significant factors
(p ≤ 0.05) have been highlighted in bold. Non-significant interactions were excluded from the
model.
Source of
variation

d.f.

F

Scaled mass index
(SMI)

Habitat
Season
Habitat × Season

2, 2.51
1, 125.25
2, 113.02

14.04
0.80
5.92

0.043
0.371
0.003

Total Antioxidant
Capacity (FRAP)

Habitat
Season
Habitat × Season

2, 2.92
1, 51.79
2, 37.02

17.14
6.04
3.63

0.024
0.017
0.036

Lipid peroxidation
(TBARS)

Habitat
Season

2, 177
1, 177

5.68
0.35

0.004
0.549

Glutathione peroxidase
activity (GPX)

Habitat
Season

2, 141
1, 141

9.22
0.05

< .001
0.815

Dependent variable
Body
condition
Oxidative
balance
Oxidative
damage

Antioxidant
defences

Protein oxidation
(Carbonyls)

Superoxide dismutase
activity (SOD)

Habitat
Season

Habitat
Season

2, 123
1, 123

2, 2.78
1, 84.76

3.23
2.04

2.83
0.39

p-value

0.042
0.154

0.530
0.213

Discussion
We found that urban sparrows showed higher levels of oxidative damage and a higher
activity of antioxidant enzymes, but a lower antioxidant capacity in comparison with
the rural birds. Some of these differences are especially increased during the breeding
season.

According to our predictions, the low oxidative damage scenarios (I and II)
matches the situation found in the rural and suburban populations, respectively.
Oxidative damage seems to be low or the level of dietary antioxidants is high, because
the oxidative status (total antioxidant capacity) is balanced. In this case, up-regulation
of antioxidant enzymes has not been required, and the depletion of antioxidants is low
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(Costantini and Verhulst, 2009; Monaghan et al., 2009); therefore, they are available
for self-maintenance, which reduces the cost of coping with oxidative damage
(Isaksson et al., 2011). The higher antioxidant capacity found in the rural populations
(scenario I) could reflect a surplus of dietary antioxidants, probably due to the
availability of some dietary antioxidant complements such as vitamins or minerals.
Based on the antioxidant capacity found in suburban birds, the pool of antioxidants
must be lower or, probably, oxidative damage increases with urbanisation process
(scenario II) (Costantini et al., 2014; Isaksson, 2015). In both cases (rural and
suburban areas), the maintenance of the oxidative balance would not be costly for
individuals, and a reproductive investment should not represent an additional
challenge for coping with the oxidative balance (Alonso-Alvarez et al., 2004; Wiersma
et al., 2004).

On the other hand, the increasing oxidative damage scenario (III) is in
accordance with the results found in urban areas. The oxidative damage in lipids,
proteins and GPX activity showed higher values than those in rural and suburban
populations; and the antioxidant capacity of urban birds was lower, especially during
the breeding season. These results were expected and in line with a previous study
which also found a lower total antioxidant capacity linked to urban areas (HerreraDueñas et al., 2014). Here, we propose that pollution could be responsible for the
variation in oxidative stress balance between urban and rural areas. For instance,
major atmospheric pollutants, such as particles (PM) or heavy metals, have been
described as pro-oxidant elements (Kelly, 2003; Isaksson, 2010; Koivula and Eeva,
2010) and their deleterious effects on oxidative stress balance have been described in
some urban birds such as great tits (Parus major L.) (Koivula et al., 2011), feral
pidgeon (Columba livia L.) (Kurhalyuk et al., 2009), white stork (Ciconia ciconia L.)
(Kaminski et al., 2007). Similar results have also been found in humans (Chuang et al.,
2007; Moller et al., 2014). Therefore, the quantification of these pollutants in the
blood or feathers of our populations of house sparrow may be a useful parameter to
confirm this hypothesis in the future.

The lower response to total antioxidant capacity in the urban population is
also in line with previous studies that reported poor quality of urban food in terms of
antioxidant levels such as carotenoids, vitamins, and minerals (Isaksson and
Andersson, 2007; Isaksson, 2015; Tryjanowski et al., 2015). In other urban species
like blackbirds (Turdus merula L.), it has been reported that rural populations showed
higher concentrations of vitamin E and carotenoids than their urban conspecifics,
mainly caused by differences in their diet (Moller et al., 2010). Additional studies
about the quality of diet in urban birds and its effects on oxidative stress balance
could contribute to verifying this theory.
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Under pro-oxidant conditions, the up-regulation of antioxidant enzymes may
be required and dietary antioxidants may be depleted; both mechanisms entail some
costs (Dowling and Simmons, 2009; Isaksson et al., 2011), which may reduce the
fitness and reproductive performance of urban birds (Isaksson, 2015). This is a costly
status for individuals, as they must allocate all available resources to counteract the
oxidative stress imbalance (Costantini and Verhulst, 2009; Monaghan et al., 2009;
Isaksson, 2015). The lack of dietary antioxidants during the breeding season in a
challenging environment such as an urban area could lead to potentially negative
carry-over effects, in nestlings, linked to early-life nutritional constraints (Metcalfe
and Monaghan, 2001). It has been widely reported that the poor condition of House
Sparrows nestlings in urban areas is linked to a nutritional deficit (Liker et al., 2008;
Bokony et al., 2010; Seress et al., 2012; Meillere et al., 2015). Furthermore, an earlylife diet that is poor in antioxidants can result in a long-term impairment in the
capacity to assimilate dietary antioxidants, like the carotenoids, vitamin A and E in
adulthood (Blount et al., 2003; Monaghan et al., 2009; Costantini et al., 2014).
Nutritional constraints in early-life further interact to shape the organisation of the
redox system (Costantini et al., 2014), which could may explain the lack of the
antioxidant capacity that we have found in the adults from our urban populations
which could be due to the important role that epigenetic mechanism seem to play in
the final modulation of oxidative status (Isaksson, 2015).

In our study, we found that rural birds showed better body condition in
comparison with their conspecifics in other areas, especially the urban individuals.
This result is consistent with the hypothesis of Shochat (2004) in which birds from
urban environments show a poorer condition than conspecifics rural birds; and
according to previous studies that found these differences between urban and rural
populations of house sparrow (Vincent, 2005; Liker et al., 2008; Bokony et al., 2010;
Seress et al., 2012; Herrera-Dueñas et al., 2014). The weak condition of urban birds
may be also linked to the nutritional constraints that they suffer during early-life,
which could negatively affect body condition in adulthood (Bokony et al., 2010; Seress
et al., 2012), even if the restriction diminish at later life stages (Liker et al., 2008).
Body condition, especially during development, is often positively correlated with preand post-fledgling survival rates (Lamb et al., 2016); consequently, poor condition is
often observed in a declining population such as urban house sparrows (Dulisz et al.,
2016).
Apart from the direct effects of poor diet and pollution on oxidative stress, we
should also consider that natural selection may have favoured different phenotypes in
urban and rural populations. For instance, it has been reported that expression of
genes that code for metal detoxification enzymes are upregulated in urban
populations of great tits (Parus major L.) in comparison with rural ones. Therefore,
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epigenetic mechanisms could generate life-long changes in gene expression, and
subsequently, phenotypic traits between urban and rural populations (Watson et al.,
2017).
Our study has revealed the fragile oxidative stress balance of the urban House
Sparrow, promoted either by an excess of harmful free radicals due to pollution, or
insufficient antioxidants due to scarce availability of dietary antioxidants, or both in
urban environments. Therefore, birds need to invest resources in maintaining the
oxidative stress balance, which is costly especially during the breeding season, when
the constraints of antioxidants could entail negative consequences not only on the
body condition of the individuals, but also on the viability and future fitness of their
offspring. The accumulative effects of lower quality individuals and carry over effects
at the population level may be one of the causes underlying the population decreases
of urban house sparrow populations across European cities.
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Abstract
Urban areas are considered a challenging scenario for wildlife. However, some bird
species colonise such habitats because they obtain an important advantage in
exchange: a constant and predictably human-provided processed food supply. This
food resource, mainly conformed by scraps and leftovers, differs from natural food
resources in terms of quality and composition (i.e.: the higher presence of fats and
additives, a lower concentration of antioxidants). As far as oxidative stress is
considered a key mechanism to get a successful adaptation to urban areas, and
strongly linked to diet, we performed a common garden experiment to evaluate the
effect of this diet on the oxidative stress balance. As model species, we used the
house sparrow, a bird well-adapted to urban areas. We captured individuals from
both rural and urban areas and fed them either with natural or processed food in a
full factorial design. Processed food seemed to have a deleterious effect on oxidative
balance, producing lower values of total antioxidant capacity and higher
peroxidation damage. The habitat of origin was also relevant: oxidative stress
balance in urban birds was also affected by processed food, showing higher
peroxidation damage and higher osmotic fragility of erythrocytes membranes;
therefore, they seemed to not be adapted to feed on processed food. In conclusion,
processed food showed a deleterious effect on oxidative stress balance, and urban
birds are suffering it due to they did not seem to be adapted to counteract its
deleterious effect and they usually feed on this resources in cities.

Keywords: urbanisation, diet quality, oxidative stress, processed food, human subsidies,
antioxidant capacity, lipid peroxidation
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Introduction
The process of urbanisation has been considered one of the major drivers of
environmental modification, with significant impact on climate and biodiversity
(Morelli et al., 2016). Urbanisation involves many challenging situations such as loss
of habitats and loss or changes in vegetation, high level of air pollution, light pollution
and noise (Grimm et al., 2008; Gaston, 2010; Forman, 2013; Isaksson, 2015). In fact,
urban development has produced some of the greatest local extinction rates due to it
constitutes one of the most lasting types of habitat loss, that it is persisting and
continue to expand (McKinney, 2002).

However, in spite of this challenging scenario, some animal species have been
able to adapt and colonise these areas. The reason underlying the adaptive effort to
the exploitation of such new habitats may be linked to human-provided food or
predictable anthropogenic food subsidies in cities (Oro et al., 2013). This food can be
provided to avifauna intentionally (such as bird feeding pastime) or accidentally (such
as scraps and leftovers are thrown in outdoors restaurants and garbage) (Shochat,
2004; Oro et al., 2013; Haemig et al., 2015; Isaksson, 2015; Meyrier et al., 2017). Urban
exploiters are species very or totally dependent on human resources (McKinney,
2002; 2006). These exploiters are well adapted to intensely modified urban
environments, able to tolerate human presence, and usually ground-foraging
seedeaters or omnivorous (McKinney, 2002; Evans et al., 2011; Leypzyk and Warren,
2012; Costantini et al., 2014).

House sparrow (Passer domesticus L.) has been traditionally considered a
good example of an urban exploiter species (Kark et al., 2007; Evans et al., 2011): it is
a world-wide distributed species linked to human settlement since centuries, mainly
due to their tolerance to human presence, and their plasticity to adapt to novel food
resources and changes in diet (Anderson, 2006). However, in the last decades a sharp
decline of house sparrows’ population has been detected in many European cities, (De
Laet and Summers-Smith, 2007; Peach et al., 2008; Shaw et al., 2008; De Coster et al.,
2015). The causes of urban populations decline are still unknown, but the food quality
has been highlighted as one of the key factors for the decline (Peach et al., 2008; Shaw
et al., 2008; Herrera-Dueñas et al., 2014; 2017).

Urban food resources are more varied compared to those from rural areas.
The typical diet of house sparrow in less or non-anthropised areas is composed
mainly of grain, seeds, and arthropods (Gavett and Wakeley, 1986; Anderson, 2006).
However, in urban environments natural food resources are scarce due to loss or
change in vegetation (Evans et al., 2015; Tryjanowski et al., 2015) and if present its
quality is poorer in comparison with natural resources from surrounding rural areas
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(Shochat, 2004; Isaksson and Andersson, 2007; Oro et al., 2013; Evans et al., 2015;
Isaksson, 2015; Meyrier et al., 2017). Thus, in cities house sparrows usually forage
human-subsidies and leftovers (Anderson, 2006).

The qualities and characteristics of this human-provided food differ from the
natural one (Giraudeau et al., 2018), and these differences are increasing over time
due to scraps and leftovers changes as human diet does. Focus on Europe, human diet
current shows an abundance of processed food in detriment of natural products (Jew
et al., 2009). Processed food shows some advantages to human lifestyle: they can be
stored for a long time, they are pre-cooked or even ready-to-eat food; however, some
of the techniques for preserving and processing food involve methods that have the
potential to trigger formation of mutagenic, genotoxic and carcinogenic substances
(Omoruyi and Pohjanvirta, 2014). Their frequent consumption has been linked to
some human diseases, such as metabolic syndrome, and cancer (Devaraj et al., 2008;
Jew et al., 2009; Monteiro et al., 2010) due to the increase of postprandial oxidative
stress (Devaraj et al., 2008). In rodents, it has been also reported that some food
additives promote the oxidative stress damage (Carocho et al., 2014), even at low
doses (Amin et al., 2010) because of the toxicity of their metabolites and the
generation of free radicals (Piper, 1999).

Oxidative stress occurs when the balance between antioxidants and free
radicals are disrupted because of either depletion of antioxidants or accumulation of
free radicals. When it happens, organism attempts to counteract the oxidant effects
and restore the redox balance by reallocation of resources, and activation or silencing
of genes encoding endogenous defensive enzymes, transcription factors, and
structural proteins (Halliwell, 2007; Birben et al., 2012). A chronic disruption has
been described as a costly status for the individuals due to it should be re-establish
often at the cost of resource allocation to other functions such as immune function and
reproduction (Alonso-Alvarez et al. 2004; Monaghan et al., 2009). Thus, both
reallocations of resources and oxidative damage per se decrease individual fitness,
reducing survival and reproductive output (Alonso-Alvarez et al., 2010; Costantini and
Verhulst, 2009; Monaghan et al., 2009; Isaksson et al., 2011; Van de Crommenacker et
al., 2017).

In spite of the potentially negative influence of feeding with processed food
for wildlife, the potential deleterious effect of this “fast-food” on the physiology of
urban bird has been poorly investigated. It has been reported that feeding from urban
food resources alters some plasma biochemical parameters such as cholesterol
(Ishigame et al., 2006; Jones and Reynolds, 2008) and its quality may be not enough to
cover the nutritional needs of the birds (Shochat, 2004; Oro et al., 2013; Evans et al.,
2015; Isaksson, 2015; Meyrier et al., 2017; Giraudeau et al., 2018). Moreover, feeding
on garbage and leftovers carries some risk like the intake of pollutants or pathogens
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(Evans et al., 2015). However, to our best knowledge, there are no data about the
impact of food additives and other foodstuffs on oxidative stress balance of urban
house sparrows yet.

To help address this gap, the present manuscript evaluates the effects of
processed food versus control diet on physical condition and oxidative stress
biomarkers in a common garden experiment with house sparrows from urban areas
(that usually fed on human-provided food) and from rural ones (less used to humanprovided food). Based on the literature, we predict that (i) birds provided with
processed food will show poorer physical condition in comparison with birds
provided with control one; (ii) the processed food will promote an oxidative stress
imbalance on birds; and (iii) the negative effects of processed food will be lower in
urban birds compared to rural ones due to they usually feed on this kind of food and a
certain adaptive capacity will be expected.
Materials and Methods
Experimental design and sampling
In order to set up a common garden experiment, 48 house sparrows were captured in
two areas with a different degree of urbanisation (24 individuals per habitat, 12 males
and 12 females).

The areas were located in the centre of Iberian Peninsula: Las Matas, an small
town 25 km Northwest from Madrid city, designed with the typical suburban
structure (i.e. familiar houses with individual gardens) (LM: 40°33’41” N; 3°53’56”
W); and Olmeda de las Fuentes, a village 50 km Southeast from Madrid city, located in
a traditional agricultural area, (OF: 40°21’38” N; 3°12’23” W). The degree of
urbanisation of these areas has been presented in a previous study (see HerreraDueñas et al., 2017) and are based on the land uses (Figure 4.1), air quality and
population density (Table 4.1). Both areas were characterised by a constant food
supply: litter-bins, home gardens, and a chicken coop in the suburban area (LM); and
cereal crops and farms in the rural one (OF).
Birds from each habitat were randomly divided into the two treatment groups
(sex-balanced) and fed with one of either of these diets: control, a broiler chicken food
based on a mixture of ecological cereals without industrial processing; and processed,
a mixture of human foods like bread, snacks, cookies, salty peanuts and seeds such as
sunflower seeds. The composition of each diet has been detailed in Table 4.2. The
control diet based on natural products was provided by LaViti, Spain (Ref. nº: 20612).
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The processed diet was designed after observational studies of the food eaten by
house sparrows at the University Campus in the city (Herrera-Dueñas and PinedaPampliega, personal observations).

FIGURE 4.1. Characteristic, in terms of land uses, of both sample sites. (A) The suburban one
(LM: 40°33’41” N; 3°53’56” W), and (B) the rural one (OF: 40°21’38” N; 3°12’23” W). The dark
pink areas represent housing and roads, the light pink represent urban parks and recreation
facilities, the purple ones represent industrial areas, the yellowish ones represent agricultural
lands and the greenish ones represent natural areas like forest or field. Data source: SIOSE
(Information System on Land Use of Spain) from National Reference Center on Land Cover and
on Land Use and Spatial Planning, Spain.
TABLE 4.1. Characteristic of sampled localities based on the habitat variables: population
density (nº inhabitants / km2), land use (%) and air quality (NO2 in µg / m3). Data source:
National Geographic Institute (IGN); Spain; SIOSE, Spain; and Air Quality e-Reporting from
the European Environmental Agency (EEA), respectively.

suburban
rural

Site

Population
density

Housing
land

Recreation
land

Industrial
land

Agricultural
land

Natural
land

NO2

LM

1040

31.35

3.96

0.23

0.87

60.89

27.69

OF

20

0.97

0.19

0.00

54.19

37.65

7.03

Birds were kept in 8 outdoor aviaries (3 x 2 x 2.3 m) in groups of 6 birds.
Aviaries were equipped with 6 perches in three corners, one feeder, one water bottle,
sand and hay in the floor. The facility was placed in a restricted area within a natural
urban park of Madrid, Casa de Campo (40° 25’ N, 3° 45’ W). The two populations were
kept in separated aviaries and two replicates of each treatment were established per
population.

64

Is processed food influencing the oxidative stress balance of urban birds?

The dietary treatment lasted for three weeks. Birds were weighted (to the
nearest 0.1 g), tarsus were measured using a caliper (± 0.01 mm) and blood sampled
at day 0 (upon catching, before the treatment started), day 11 (when they were fed
their respective diet during 10 days) and day 21 (at the end of the experiment, before
being released, when they were fed with their respective diet during 20 days). All
blood samples (less than 100 µl per individual each time) were collected around noon
(from 11 am to 1 pm) from the jugular vein with a heparinised syringe and were kept
cold until centrifugation (10000 rpm for 10 min at 4° C) 2 h later. Plasma was
separated from cell packages immediately and both were aliquoted and stored at -80°
C until analysis.
All birds were released at the same location were collected. No casualties
were reported throughout the experiment. All the procedures were performed
according to the regional Environmental Agency of Madrid, and the Animal Ethical
Committee guidelines for the care and use of wildlife (REFS: JLZ/ecc10/192147.9/14).
TABLE 4.2. The composition of the diets evaluated during the experiment and their nutritional
values. The control diet was provided by LaViti (Spain) and its composition and nutritional
value were provided by the supplier. The composition of the processed diet was designed after
observational studies of the food eaten by house sparrows at the city and its nutritional value
was calculated with the information provided by the suppliers.
Control

Processed

Composition
Barley, corn, soybean meal, sunflower
Bread (40%), cookies (20%), muffins
meal, peas, soybean oil, minerals and
(10%), corn snacks (5%), toasted corn
vitamins (A, D3 and E)
(5%), fried salty peanuts (5%), salty
sunflower seeds (5%), bird seeds (10%)
Proteins
Fats
Cellulose
Minerals

Nutritional values (g/100g)
16.9
Proteins
5.8
Fats
3.9
Carbohydrates
6.5
Sodium

9.35
14.25
58.16
0.93

Physical condition
Together with the body condition, the total blood haemoglobin concentration has
been described such a relatively robust indicator of the physiological condition in
birds (Minias, 2015).
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The concentration of haemoglobin (Hb) in fresh blood was
spectrophotometrically measured at 540 nm by Drabkin method (Franco, 1984) using
a commercial kit from Spinreact (Spain). Briefly, haemoglobin is oxidised by
potassium ferricyanide into methaemoglobin, which is converted into
cyanmethemoglobin, by potassium cyanide. The intra-assay and inter-assay
coefficient variation (CV) were 3.75% and 3.90%, respectively.
Oxidative stress biomarkers

The oxidative stress system consists of several elements that are interlinked with each
other. For the correct interpretation of the results, at least several oxidative damages
and antioxidant capacity biomarkers must be determined (Costantini and Verhulst,
2009; Monaghan et al., 2009). To evaluate the oxidative stress balance of house
sparrows, we determined antioxidant capacity of plasma, as well as the oxidative
damage (lipid peroxidation, the osmotic fragility of membranes and protein oxidation)
and the activity of an antioxidant enzyme (glutathione peroxidase) in the
erythrocytes.

The total antioxidant capacity (TAC) of plasma constitutes a reliable
biomarker to describe the global oxidant / antioxidant balance of individuals. It was
determined spectrophotometrically using the FRAP method (Ferric Reducing
Antioxidant Power) describe by Benzie and Strain (1996), with the slight
modifications describe by Hargitai et al. (2012). This method is based on the ability of
endogenous (i.e. GSH) and exogenous (i.e. vitamins) antioxidants to reduce the iron
solution from ferric ion (Fe3+) to ferrous ion (Fe2+) at low pH causing the formation of
the coloured ferrous-tripyridyltriazine (Fe2+-TPTZ) complex. The method has been
described in Herrera-Dueñas et al. (2017). The parameter was corrected with by uric
acid value (Costantini, 2011), which was spectrophotometrically measured at 520 nm
by the uricase method (Fossati et al., 1980) using a commercial kit from Spinreact
(Spain). The intra-assay and inter-assay coefficient variation (CV), respectively, were
1.08% and 4.47%.
The oxidative damage was determined in the lipids and erythrocytes proteins.
The lipid peroxidation was estimated spectrophotometrically by thiobarbituric acid
(TBA) reaction with malondialdehyde (MDA), a by-product of the peroxidation of
membrane lipids according to the TBARS method (ThioBarbituric Acid Reactive
Substances) of Ohkawa et al. (1979) with the slight modifications described by Zeb
and Ullah (2016). The method has been described in Herrera-Dueñas et al. (2017).
The intra-assay and inter-assay coefficient variation (CV), respectively, were 2.72%
and 5.20%.
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The TBARS assay is a controversial method to determine lipid peroxidation: it
has been considered less accurate in comparison with the quantification based on the
HPLC method (Grotto et al., 2009); although other authors still consider the
spectrometry as a reliable technique for the determination of lipid peroxidation (Zeb
and Ullah, 2016). Therefore, the result should be interpreted together with other
biomarkers of oxidative damage such as the fragility of erythrocytes.
The osmotic fragility of erythrocytes (OFE) membranes is linked to
lipoperoxidation and it was determined by the Cartwright fragility assay with slight
modifications (O’ Dell et al., 1987). Briefly, 5 µl of whole fresh blood was added to 500
µl of hypotonic PBS solution, mixing and incubated 30 min at room temperature. The
absorbance of the supernatant was measured at 540 nm. The percentage of
haemolysis was calculated by comparison with the maximal haemolysis in distillate
water. The intra-assay and inter-assay coefficient variation (CV), respectively, were
1.69% and 2.40%.

The protein oxidation was estimated spectrophotometrically by 2, 4dinitrophenylhydrazine (DNPH) reaction with the carbonyls groups, the by-products
of the oxidation of proteins, using the method by Reznick and Parker (1994) with the
modification described by Mesquita et al. (2014). The method has been described in
Herrera-Dueñas et al. (2017). The intra-assay and inter-assay coefficient variation
(CV), respectively, were 2.74% and 2.73%.

The enzymatic antioxidant system capacity was determined by the evaluation
of glutathione peroxidase (GPX). Its activity was measured spectrophotometrically by
reduction of the 5, 5'-dithiobis, 2-nitrobenzoic acid (DTNB) for the activity of GPX
using the glutathione (GSH) of the cells, as described by Moin (Tkachenko et al., 2014).
The method has been described in Herrera-Dueñas et al. (2017). The intra-assay and
inter-assay coefficient variation (CV), respectively, were 2.71% and 5.72%.
Samples were randomly distributed among plates. All the assays were
running in duplicate. The same assay was running in all the samples during the same
lab session.
Data analysis

The body condition index of individuals was calculated using the scaled mass
index (SMI) recommended by Peig and Green (2009) for small animals.

In order to test the effect of the treatment during the experiment, we used
general linear mixed models (GLMMs) fitted with REML (Restricted Maximum
Likelihood). Dependent variables were each physical condition and oxidative stress
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biomarkers. Fix factors included in the model were: the effect of the treatment or diet
(control or processed), the effect of the habitat of origin (urbanised or rural), and the
effect of the day (day 11 or day 21). The value at capture time (day 0) of each variable
was included as a covariable in the respective model in order to correct by the initial
condition; sex (male and female) was also included as covariable as well as the body
condition at capture (in oxidative stress biomarkers). The individual (bird ID) was
included as a random factor because we had repeated measures. The relevant
interactions for our aims were also included in the model: the effect of the treatment
according to the habitat of origin (Diet x Origin), the effect of the treatment in relation
with the day (Diet x Day) and the effect of the treatment in relation with the time
according to the habitat of origin of the individuals (Diet x Day x Origin). The effect of
the habitat of origin during the treatment independently of the treatment (Origin x
Day) was also included in the whole model.
All the models were tested for residual normality. For each model, the nonsignificant interactions were removed in order to get the best fit model. In the case
that any interaction was significant, post-hoc analysis was performed using the Tukey
method (Tukey´s HSD) for the p-value adjustment. Only relevant factors and
significant interactions (p < 0.05) from the models have been discussed.

All results are expressed as means ± standard error of means ( ± S.E.M.). All
analyses were performed in “R-Studio” version 3.3.1 using the “lme4”, the “lmerTest”
and the “lsmeans” packages.
Results
Physical condition

For the body condition, calculated as scaled mass index (SMI) the model showed a
significant interaction between day, diet and habitat (F 2, 35 = 3.88; p = 0.029; Table
4.3), driven by the rural birds fed with control diet showed an even higher body
condition at day 21 in comparison with day 11 (t = 4.13; p = 0.004; Figure 4.2A). The
body condition during the experiment was significantly correlated with the values at
capture time (F 1, 38 = 25.89; p < 0.001; Table 4.4; estimate = 0.614 ± 0.12).
Regarding the concentration of haemoglobin, no significant effects, related to
the treatment or to the habitat of origin, were found (Table 4.3; Figure 4.2B). The
concentration of haemoglobin was significantly correlated with the concentration at
capture time (F 1, 35 = 13.6; p < 0.001; Table 4.4; estimate = 0.779 ± 0.20).
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FIGURE 4.2. Physical condition. Body condition calculated as the scaled mass index (SMI) (A)
and concentration of haemoglobin (B). Values expressed as mean ± S.E.M. Light green circles
represent rural birds fed with the control diet, dark green circles represent rural bird fed with
processed diet, light blue squares represent urban birds fed with the control diet and dark blue
squares represent urban birds fed with processed diet. Letters indicate statistical difference:
means with the same letter are not statistically different (Tukey’s tests, p ≤ 0.05).

Oxidative status
The total antioxidant capacity (TAC), measured by FRAP method, was significantly
influenced by the diet (F 1, 68 = 5.64; p = 0.020; Table 4.3), due to birds fed with
control diet showed a significantly higher antioxidant capacity that birds fed with
processed food (Figure 4.3).

The TAC was also significantly correlated with body condition (F 1, 68 = 4.07; p
= 0.047; Table 4.4; estimate = 0.153 ± 0.07), and the values at capture time (F 1,38 =
4.44; p = 0.038; Table 4.4; estimate = 0.323 ± 0.15).
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FIGURE 4.3. Total antioxidant capacity calculated as FRAP. Values are expressed as mean ±
S.E.M. Light green circles represent rural birds fed with the control diet, dark green circles
represent rural bird fed with processed diet, light blue squares represent urban birds fed with
the control diet and dark blue squares represent urban birds fed with processed diet. Letters
indicate statistical difference: means with the same letter are not statistically different
(Tukey’s tests, p ≤ 0.05).

Oxidative damage
The lipid peroxidation, measured by the TBARS method, was significantly higher (F 1,
30 = 7.98; p = 0.008; Table 4.3) in birds fed with processed diet in comparison with the
group fed with control food. The model also showed a significant interaction between
day and habitat (F 1, 28 = 4.22; p = 0.049; Table 4.3) because of at the end of the
experiment lipid damage was significantly higher in urban birds compared to rural
ones (t = -2.20; p = 0.082); the effect was mainly driven by the decrease of
peroxidation in the rural birds fed with processed diet (Figure 4.4A).

Regarding the osmotic fragility of erythrocyte membranes (OFE), the
percentage of haemolysis was significantly higher (F 1, 61 = 8.45; p = 0.005) in urban
birds compared to rural ones (Table 4.3), and at the end of the experiment the
percentage of haemolysis trended to increase (day: F 1, 61 = 3.45; p = 0.067; Table 4.3;
Figure 4.4B). The OFE was also significantly correlated with the values at capture
time (F 1, 61 = 5.07; p = 0.027; Table 4.4; estimate = - 0.309 ± 0.13).
Regarding the protein oxidation, measured as carbonyls test, no significant
effects were found (Table 4.3 and Table 4.4; Figure 4.4C).

70

Is processed food influencing the oxidative stress balance of urban birds?

A

B

4
4

C

FIGURE 4.4. Oxidative damage. Lipid damage calculated as TBARS (A); the osmotic fragility of
erythrocytes (OFE) calculated as the percentage of haemolysis (%) (B); and protein damage
calculated as the concentration of carbonyls groups (C). Values are expressed as mean ± S.E.M.
Light green circles represent rural birds fed with the control diet, dark green circles represent
rural bird fed with processed diet, light blue squares represent urban birds fed with the
control diet and dark blue squares represent urban birds fed with processed diet. Letters
indicate statistical difference: means with the same letter are not statistically different
(Tukey’s tests, p ≤ 0.05).
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Enzymatic antioxidant defence
The glutathione peroxidase activity (GPX) was not significantly influenced by
treatment, habitat or day (Table 4.3; Figure 4.5).

However the GPX activity was significantly correlated with the values at
capture time (F 1, 26 = 15.3; p < 0.001; Table 4.4; estimate = 0.261 ± 0.06), as well as it
trended to correlate with the body condition (F 1, 29 = 3.58; p = 0.068; Table 4.4;
estimate = - 0.432 ± 0.22).

FIGURE 4.5. Enzymatic antioxidant defence measured as glutathione peroxidase activity
(GPX). Values expressed as mean ± S.E.M. Light green circles represent rural birds fed with the
control diet, dark green circles represent rural bird fed with processed diet, light blue squares
represent urban birds fed with the control diet and dark blue squares represent urban birds
fed with processed diet. Letters indicate statistical difference: means with the same letter are
not statistically different (Tukey’s tests, p ≤ 0.05).

Discussion
We evaluated the effects of feeding with processed food versus control diet on
physical condition and oxidative stress biomarkers in urban and rural house
sparrows. Our results show that the processed food did not have any deleterious
effect on the physical condition; however, this diet promoted oxidative damage in
both, urban and rural, house sparrows. Moreover, no adaptive advantage was found in
urban population provided with processed food; in fact, urban birds were more
sensitive to lipid peroxidation than the rural ones.
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TABLE 4.3. The model for each dependent variable when exploring the effect of the diet and the
original habitat on body condition and oxidative stress biomarkers. They were corrected by
covariates (sex, body condition and values at capture). Significant factors (p ≤ 0.05) have been
highlighted in bold. Non-significant interactions were excluded from the models.
Physical condition

Dependent variable

Source of variation

d.f.

F

p-value

Body condition (SMI)

Habitat

1, 38

3.71

0.061

Day

1, 35

12.66

0.001

1, 38

0.23
3.88

0.029

2.42
0.75

0.128

0.84

0.391
0.857

Diet

Hab x Day

Diet x Habitat

Haemoglobin (Hb)
Oxidative status

Total Antioxidant
Capacity (FRAP)

Oxidative damage

Lipid peroxidation
(TBARS)

Osmotic fragility

erythrocytes (OFE)
Protein oxidation
(carbonyls)
Antioxidant defence

Glutathione Peroxidase
activity (GPX)

Diet x Habitat x Day

1, 38
1, 35
2,35

Habitat

1, 36

Day

1,39

Diet

1.36

3.74
1.37

0.060
0.248
0.628

Habitat

1, 68

1.38

0.020

Day

1, 68

5.64
0.66

0.417
0.189

Diet

1, 68

0.244

Habitat

1, 30

1.79

1, 28

7.98

0.008

Day

2.58
4.22

0.119

0.049

1.01

0.318

0.10

0.749

Diet

Hab x Day

1, 30
1,28

Habitat

1, 61

Day

1, 61

Diet

Habitat
Diet
Day

1, 61
1, 17
1, 19
1, 21

8.45

0.005

3.45

0.067

0.03
0.75

0.845
0.395

Habitat

1, 28

0.59

0.445

Day

1, 29

0.01

0.903

Diet

1, 28

0.29

0.594

SMI: Scaled Mass Index; FRAP: Ferric Reducing Antioxidant Power; TBARS: ThioBarbituric Acid Reactive Substances
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TABLE 4.4. The effect of corrective factor and covariables (sex, body condition and value of the
dependent variable at capture time) used in the full model for each dependent variable during
the experiment. Significant factors (p ≤ 0.05) have been highlighted in bold.
Physical condition

Dependent variable

Source of variation

d.f.

F

p-value

Body condition (SMI)

Sex

1, 38

2.47

0.123

Sex

1, 36

0.62

0.435

Hb at capture

1,35

Haemoglobin (Hb)
Oxidative status

Total Antioxidant
Capacity (FRAP)

Oxidative damage

Lipid peroxidation
(TBARS)

Osmotic fragility

erythrocytes (OFE)
Protein oxidation
(carbonyls)
Antioxidant defence

Glutathione

Peroxidase activity
(GPX)

SMI at capture
Body condition

1,38

25.89

<.001

1.37

0.01
13.6

0.929

<.001

0.873

Sex

1, 68

0.02

FRAP at capture

1, 68

Body condition

1, 68

4.07

0.047

4.44

0.038

Sex

1, 30

1.48

0.233

TBARS at capture

1,32

1.41

0.242

Body condition

1, 30

Sex

1, 61

OFE at capture

1,61

Body condition

1, 61

Sex

1, 19

Carbonyls at capture

1, 19

Body condition

1, 19

0.21
0.01

0.647
0.929

0.03

0.854

5.07

0.027

0.78
0.34

0.386

0.58

0.565
0.452

Sex

1, 26

1.42

0.242

GPX at capture

1, 26

15.3

<.001

Body condition

1, 29

3.58

0.068

SMI: Scaled Mass Index; FRAP: Ferric Reducing Antioxidant Power; TBARS: ThioBarbituric Acid Reactive Substances

Nutrition influences many aspects of animal life-history (growth rates, body
condition, survival…) because it profoundly affects the physiology of the organism
(Blount et al., 2003). It has been theorised that birds from urban environments show a
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poorer condition than conspecifics rural ones (Shochat, 2004). According to the credit
card hypothesis, the high predictability of food availability changes foraging behaviour
and decision making of urban birds. However food quality may be as important as its
quantity: the “junk food” available in cities provides to urban birds just enough energy
to survive on a day-to-day basis, but lowering their fitness dramatically.
This hypothesis matches with the weak body condition found in urban house
sparrow population from several European countries such as United Kingdom
(Vincent, 2005), Hungary (Liker et al., 2008), Belgium (Vangestel et al., 2010), Poland
(Dulisz et al., 2016), and Spain (Herrera-Dueñas et al., 2017); however no relationship
between urbanisation degree and body condition was found in France (Meillere et al.,
2015), and Sweden (Salmon et al., 2018).

The urban diet based on human subsidies has been suggested as one of the
major constraints for urban sparrows (Peach et al., 2008; Bokony et al., 2012;
Herrera-Dueñas et al., 2017), but our results cannot clarify the relationship between
food quality in cities and body condition of urban birds. Overall the urban house
sparrows provided with processed food showed the lowest body condition, but no
clear pattern was found in birds provided with this food. Regarding the control diet,
this food improved the body condition of birds during the experiment, but only in the
birds came from the rural habitat. In a similar experimental study, Salleh Hudin and
col. (2016) could not establish a clear relationship between “urban diet” and body
condition either: in this case, during the experiment, the body condition of rural house
sparrows decreased, independently of the diet, whereas that of urban ones remained
stable.

The quality of food cannot be quantified just in terms of energy to survive. A
high-quality diet should provide enough nutrients for the appropriate maintenance of
all physiological functions, included keeping the oxidative stress balance (Shao et al.,
2017). Food is a source of various classes of chemicals that influence the antioxidant
defences and the resistance to oxidative stress of organism (Costantini, 2014). In this
respect, as we predicted the processed diet showed a negative influence on oxidative
balance.

Antioxidants are the first line defence used by the organism to mitigate the
oxidative damaging action of free radicals (Costantini and Verhulst, 2009). They are
taken in from the diet, such as vitamins and carotenoids (exogenous), or synthesised
such as thiols groups (e.g. glutathione) (Halliwell, 2007). Moreover, other dietary
macro and micronutrients without antioxidant properties per se may indirectly affect
the oxidative balance. For instance, the synthesis of some antioxidants (such as thiols)
requires the intake of specific amino acids (Sies, 1999). The fatty acid composition can
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also influence the oxidative status because of the susceptibility to oxidative damage
differs between saturated and unsaturated fatty acids (Hulbert, 2005). And some
minerals (e.g. zinc, selenium) are cofactors of antioxidant defence enzymes (Skrip and
McWillians, 2016).

In our experiment, the total antioxidant capacity of plasma was lower in birds
fed with processed food in comparison with the group fed with the control one. It has
been reported that total antioxidant capacity is the biomarker closest related to diet
(Peluso and Raguzzini, 2016). It has been reported that the antioxidant capacity is
positively correlated to the antioxidant content of their diet (Beaulieu et al., 2010),
because of this biomarker reflects the antioxidant capacity of both exogenous (i.e.:
vitamins) and endogenous (i.e.: glutathione) antioxidants (Costantini, 2014).
Therefore, the processed food seems to be not enough to supply the antioxidants
requirements of our experimental house sparrows.
Regarding the oxidative damage, our results showed that the processed diet
increased the lipid peroxidation. Lipids are the first biomolecules affected under
oxidative stress condition (Hulbert, 2005) and fat-soluble antioxidants such as
vitamin E are prime agents from controlling lipid peroxidation (Moller et al., 2010).
Thus, the dietary liposoluble vitamins deficiency of processed food may contribute to
the increase of the oxidative damage to lipids because of a lack of liposoluble
antioxidant defences.

The lipid damage was even higher in the birds come from urban areas. House
sparrows are quite plastic and able to compensate for some dietary nutritional
deficiencies (Corring, 1980; Caviedes-Vidal et al., 2001; Karasov et al., 2011). As well,
some birds are able to modulate their detoxification system to improve their survival
under unfavourable conditions (Rainio et al., 2012). However, we did not found this
effect on our experimental urban birds. It has been reported that low-quality neonatal
nutrition resulted in a long-term impairment in the capacity to assimilate lipophilic
antioxidants (e.g. vitamin E) from the diet (Blount et al., 2003). In urban areas, the
poor condition of house sparrows nestlings is linked to a nutritional deficit (Liker et
al., 2008; Bokony et al., 2010; Seress et al., 2012; Meillere et al., 2015); and in Spain,
adult house sparrow showed a lack of antioxidant capacity in urban areas, especially
during the breeding season (Herrera-Dueñas et al., 2017). Thus, the sensitivity to lipid
peroxidation found in experimental urban birds may be related to early-life
nutritional constraints, but further analysis, such as the quantification in plasma of
vitamin E, are required to verify this hypothesis.

The lipid peroxidation has been related to the fragility of erythrocytes
membranes (Jain, 1989). The by-products of lipid peroxidation cause alterations in
structural organisation and functions, such as decreased membrane fluidity, increased
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permeability, inactivation of membrane-bound enzymes and alterations of essential
fatty acids). These alterations increase the osmotic fragility of erythrocytes (OFE),
reduce their characteristic flexibility, (Kolanjiappan et al., 2002) and finally, cause the
destruction of the cell.
In our study, we found that the fragility of membranes was higher in urban
birds compared to the rural ones, independently of the diet. Urban birds are exposed
to pollutants from early-life, therefore, the sensitivity of membranes may be affected
by rearing habitat. It has been reported that air pollutants such as heavy metals
particles and sulphur and nitrous oxides promote haemolysis by the generation of free
radicals. These molecules are responsible for the destabilisation of erythrocytes
membranes, reducing their deformability and increasing their fragility (Etlik et al.,
1995; Etlik and Tomur, 2006; Sharma et al., 2014).
The susceptibility of membranes to free radicals attack is linked to their fatty
acids composition (Hulbert, 2005; Buttemer et al., 2010): the peroxidability of
membrane increases with the proportion of unsaturated or double bonds fatty acids
(Pamplona et al., 2002); but also the fluidity and functionality of the membrane
(Bicudo et al., 2010). The fatty acid composition of the membrane is under genetic
control and relatively unresponsive to diet (Hulbert and Abbott, 2011), especially if
provided diet is not deficient in essential fatty acids such as polyunsaturated fat
(Hulbert, 2010; Hulbert et al., 2005). This may also contribute to explain the
differences found in the fragility of the membrane between urban and rural birds. The
study of the fatty acids of membranes may contribute to clarify if the sensitivity of
urban birds is related to their fatty acids composition or not.

Processed diet was not only poor in antioxidant, but also some of theirs
compounds could trigger pro-oxidant reactions. Acrylamide appears in a variety of
snacks and other carbohydrate-rich food as a result of heating processing. It has been
described as carcinogenic, neurotoxic and genotoxic contaminant in some products
such as baby food (Erkekoglu and Baydar, 2010); one of its mechanism of toxicity
involves an increase of oxidative stress because of the depletion of glutathione by
acrylamide (Hogervorst et al., 2010). It has been also reported that some common
food preservatives and flavour enhancer (such as monosodium glutamate and sodium
and potassium benzoates) could be genotoxic at some levels due to they promote the
oxidation of DNA in rats (Farombi and Onyema, 2006; Zengin et al., 2011). The safe
dose for preservatives and other additives in food has been tested for humans
(Omoruyi and Pojanvirta, 2014); however, we do not have until date any data about
the effects on urban birds. Unfortunately, we did not measure the oxidation of DNA in
our experimental birds to evaluate the potential DNA damage. Further experiments
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are needed to study the potential genotoxic effects and clarify the mechanism of
toxicity and doses of these compounds on wildlife.

Our result showed for the first time, that oxidative stress balance in house
sparrow may be affected by feeding with processed food. Both the lack of antioxidants
and the potentially toxic additives promoted oxidative stress in urban and rural
population. However, contrary to our predictions, the urban birds were less resistance
to lipid peroxidation than the rural ones. This unresponse may be linked to
unfavourable conditions of their rearing habitat. Thus, to sum up, processed diet was
not linked to weak body condition, but it showed a deleterious effect on oxidative
stress balance, especially in birds that came from urban areas. This handicap could be
linked to early-life nutritional constraints and other environmental stressors such as
exposure to pollutants.
Due to we did not found any evidence of adaptation to processed food in
urban populations, the foraging based on processed food in urban areas seems to be
costly in term of oxidative stress balance and this could entail a decrease in the fitness
of urban house sparrows. Therefore, the decline of urban populations of house
sparrows reported in many European cities may be related to the low-quality food
resources available in cities.
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Abstract
Anthropogenic food sources are increasing in accessibility for wildlife, and some
species depend on these food sources for their survival. This is often the case for
birds in urban habitats, because many of their natural food sources are scarce.
There is ongoing debate whether active feeding of birds is beneficial or detrimental
to bird fitness. One factor that is debated is the quality of anthropogenic food, in
particular processed food, and how that affects physiological health. Hence, we
conducted a controlled diet experiment where we provided urban and rural house
sparrows (Passer domesticus L.) with either a control diet or a processed food diet,
consisting of human fast food and treats, and tested how these diets affected the
fatty acid (FA) profiles of their blood plasma. The results reveal diet effects on
plasma levels of physiologically important polyunsaturated FAs (PUFAs), with a
higher ω-6/ω-3 PUFA ratio in birds on the processed diet as compared to birds on
the control diet. In domestic birds, a high ratio is linked to reduction in growth and
poor health. Furthermore, there were also differences in plasma levels of several
saturated and unsaturated FAs between the birds that originated from urban versus
rural habitats, and differences between populations in their response to the diets
over time. These findings suggest that birds from urban and rural populations differ
in their FA metabolism, in response to dietary intake. Given that house sparrows
show rapid population declines across Europe in urban habitats, and that diet
quality and abundance have been highlighted as key factors, these results can
contribute to explain the underlying mechanisms for the decline of this species in

Keywords: urbanisation, bird, processed food, Passer domesticus L., food quality, fatty acid, ω6 / ω-3 PUFA, inflammatory response
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Introduction
Urban areas continue to expand across the globe due to increased human population
size (United Nations, 2014). From an evolutionary perspective, urban environments
are still considered a relatively novel habitat for wildlife, with many new challenges as
well as opportunites. For example, cities offer new opportunities for the species that
are able to colonize the urban areas and exploit the human-provided resources such
as anthropogenic food sources and nest boxes. However, urban environments are also
characterised by a high density of humans and many human-associated pollution
sources such as air pollution (Kekkonen, 2017), light at night (Dominoni et al., 2013;
Dominoni, 2015) and noise pollution (Gil et al., 2014). However, perhaps the most
striking change is the transformation of the landscape, resulting in habitat loss and
fragmentation, affecting the abundance of control food sources for many wild birds
(Kark et al., 2007; Peach et al., 2008; Evans et al., 2015). In addition, due to the higher
pollution levels in urban compared to rural habitat the control food sources can be of
poorer quality, in terms of e.g. dietary antioxidants (Isaksson and Andersson, 2007).
Perhaps the main factor attracting birds to urban habitats is the abundance and
predictability of anthropogenic food (Shochat, 2004; Oro et al., 2013; Andersson et al.,
2015; Tryjanowski et al., 2015; Marzluff, 2016). Anthropogenic food can be
intentionally provided - such as seeds, nuts and bread through bird feeders, or it can
be accidentally provided, through leftover waste on the ground or in garbage bins
(Oro et al., 2013; Tryjanowski et al., 2015).

Many urban bird species have become dependent on human-provied
resourses to maintain their current population size. These species are referred to as
urban exploiter species (McKinney, 2002). In addition, urban birds are commonly
generalists and able to adopt new feeding techniques and feed on novel food sources
compared to species that avoid urban habitats (Kark et al, 2007). Perhaps the most
representative bird species of the urban avifauna is the house sparrow (Passer
domesticus L.). This species is considered an exploiter species or synanthrope; it is
highly or even completely dependent on human resources (McKinney, 2002). It meets
all the charateristics of an urbanized species: the house sparrow is a generalist,
granivorous, gregarious, sedentary, nests in cavities, and is able to deal with the
humans and explore new feeding sources (Kark et al., 2007; Evans et al., 2011).
However, despite these abilities, in the last decades many alarming reports show on a
strong decline of this species across Europe, especially in urban areas (De Laet and
Summers-Smith, 2007; Peach et al., 2008; Shaw et al., 2008; De Coster et al., 2015;
Peach et al., 2018). The shortage of non-suitable and/or poor quality food supply have
been highlighted as possible explanations for the decline (Peach et al., 2008; Shaw et
al., 2008; Herrera-Dueñas et al., 2014; De Coster et al., 2015; Melliere et al., 2017;
Herrera-Dueñas et al., 2017; Isaksson et al., 2017). Therefore, the availability,
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accessibility and quality of food resources in cities are of high conservation interests
(Jones and Reynolds, 2008; Robb et al., 2008).

Human provided foods may be of low nutritional quality, which can result in
malnutrition of birds (Shochat, 2004; Oro et al., 2013; Evans et al., 2015; Isaksson,
2015). Fatty acids (FA) is one interesting group of nutrients relevant to anthropogenic
food sources, which is still relatively unexplored in wild populations of birds
(Isaksson, 2015). Although there are species-related differences in FA profiles
(Isaksson et al., 2017), and selective mobilization of FAs may occur to meet contextdependent energetic demands (Price et al., 2008; Price et al., 2013), the diet has been
shown to have strong effects of animal tissue FA composition, especially on the
essential polyunsaturated fatty acids, PUFAs (Hulbert and Abbott, 2011; Andersson et
al., 2015; Isaksson et al., 2017). The reason why FAs are interesting is because they
are involved in and/or affect many physiological processes such as oxidative stress
(Jenkinson et al., 1999; Lemieux et al., 2011), inflammation (Calder, 2006),
thermoregulation (Ben-Hamo et al., 2011), various aspects of performance (Pierce et
al., 2005; Hulbert and Abbott, 2011; Twining et al., 2016) and phospholipid membrane
fluidity (Sinensky, 1974; Hulbert et al., 2007); all of them important for fitness.

In Europe the human diet, and consequently also the leftovers, started to
change after the industrial revolution (Simopoulos, 2008). At present, a large
proportion of the eaten food is processed food, which is characterised by a high
glycaemic index, carbohydrates, saturated fats (SFAs), cholesterol and hydrogenated
fats, and a marked shift in the total ω-6/total ω-3 PUFA ratio (Jew et al., 2009).
Therefore this ratio has, in humans, changed from 1:1 to 15-20:1 over the last century
(Simopoulos, 2002). This change in the ratio has been linked to many implications for
health such as cancer (Kang, 2005; Lee et al., 2006; Patterson et al., 2012), insulin
resistance (Busserolles et al., 2002; Lee et al., 2006), chronic inflammatory diseases
(Kang, 2005; Patterson et al., 2012), and cardiovascular disorders (Busserolles et al.,
2002; Russo, 2009; Patterson et al., 2012). In domestic birds, a high ω-6/ω-3 PUFA
ratio has also been linked to some pathologies, such as atherosclerosis (Bavelaar and
Beynen, 2002; 2004; Petzinger et al., 2014), inhibition of bone growth (Liu et al.,
2003), and immune system disorders (Ibrahim et al., 2018). In contrast, a low ratio is
associated with improved nutritional status, bone growth and reproductive output of
Japanese quail, Coturnix japonica (Liu et al., 2003; Al-Daraji et al., 2010). In Swedish
house sparrows, the ω-6/ω-3 PUFA ratio is around 12:1 during winter, which is close
to the ratio in modern humans (Isaksson et al. 2017). In addition, the house sparrows
showed higher relative proportion of mead acid compared to other common small
passerines, and this FA is a commonly used biomarker of malnutrition (Isaksson et al.
2017). Interestingly, the house sparrows living at rural farms were, however, worse
off, in terms of FAs such as ω-3 PUFA, compared to urban house sparrows.
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In the present study, we performed a common garden experiment using
house sparrows, originating from urban and rural habitats, to test how anthropogenic
food affect their FA physiology. The study has two main aims: firstly, to evaluate the
effect of a diet comprised of processed food versus a control diet on plasma FA
profiles. We predicted that (i) house sparrows fed the different diets would have
different FA profiles, in accordance with different FA compositions of the two diets.
We also predicted (ii) that the ω-6/ω-3 PUFA ratio would be higher in the birds
feeding processed food. Secondly, our aim was to test the interactions between diet,
habitat of origin, and experimental time, to determine whether habitat origin
influences lipid metabolism in response to different diets.
Materials and Methods
Experimental design and sampling
To set up a common garden experiment in the Autumn of 2014, 48 house sparrows
were captured in two areas with different degrees of urbanisation (24 individuals per
habitat, 12 males and 12 females, respectivly). The areas were located in the centre of
the Iberian Peninsula: Las Matas, a small town 25 km Northwest of Madrid city,
designed with the typical suburban structure (i.e., family houses with individual
gardens) (LM: 40°33’41” N; 3°53’56” W); and Olmeda de las Fuentes, a village 50 km
Southeast of Madrid city, located in a traditional agricultural area (OF: 40°21’38” N;
3°12’23” W). The degree of urbanisation of these areas has been presented previously
(Herrera-Dueñas et al., 2017), and is based on the vegetation cover, air quality and
human population density (see Table 3.1, page 45). Both areas were characterised by
a constant human-provided food supply. In the suburban locality (LM), the available
food resources for house sparrows are from litter-bins, playgrounds, home gardens,
and a chicken coop; thus birds can forage both processed and control food. In the rural
locality (OF), there are mainly crops at farms that birds can forage on, in addition to
other non-processed food such as cereals and insects.
Birds from each habitat were randomly divided into the two treatment
groups (sex-balanced), and fed with either one of two diets. The control diet, a broiler
chicken food, was based on a mixture of cereals from free-pesticides agriculture and
without industrial processing. The processed diet was a homogenised mixture of
human foods including bread, fried corn, chips, cookies, salty peanuts and some seeds,
mainly sunflower seeds. The composition of each diet is detailed in Table 4.1 (see
page 65). The control diet was provided by LaViti, Spain (Ref. nº: 20612). The
processed diet was designed after observational studies of the food items eaten by
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house sparrows at the University Campus (Herrera-Dueñas and Pineda-Pampliega,
pers. obs.).
Birds were kept in 8 outdoor aviaries (3 x 2 x 2.3 m) in groups of 6 birds.
Aviaries were equipped with 6 perches in three of the corners, one feeder, one water
bottle, and with sand and hay on the floor. The facility was placed in a restricted area
within the natural urban park of Madrid, Casa de Campo (40° 25’ N, 3° 45’ W). Birds
from the two populations were kept in separated aviaries and divided into two
groups: one was provided by control diet and the other by processed food, in a 2 x 2
experimental design.

The dietary treatments lasted for three weeks. Birds were weighted (to the
nearest 0.1 g), the tarsus was measured using a caliper (± 0.01 mm), and blood was
sampled at day 0 (upon catching, before the treatment started), day 11 (when they
had been fed their respective diet during 10 days) and day 21 (at the end of the
experiment, when they had been fed their respective diet during 20 days). All blood
samples (less than 100 µl per individual each time) were collected around noon (from
11 am to 1 pm) from the jugular vein with a heparinised syringe, and were kept cold
until centrifugation (10,000 rpm for 10 min at 4° C) 2 h later. Plasma was separated
immediately and stored at -80° C until analysis.

All birds were released at the same location as they were captured. No
casualties occurred during the experiment. All procedures were performed according
to the Animal Ethical Committee for the care and use of wildlife (Ref.:
10/192147.9/14).
Fatty acid extraction and Gas Chromatography/Mass Spectrometry (GC/MS) analysis

Fatty acids were extracted from 5 µl plasma according to Andersson et al. (2015).
Briefly, a total lipid extraction was performed for 1 h at room temperature with 50 µl
chloroform:methanol (2:1 v/v). The solvent was then evaporated under a gentle N 2
stream, and the concentrated lipid extracts were subjected to base methanolysis to
convert fatty acyl moieties into corresponding fatty acid methyl esters (FAME). In this
step, 100 µl KOH/methanol (0.5 M) was added to the extracts and the reaction
proceeded for 1 h at 40° C, after which 100 µl HCl/methanol was added to terminate
the reaction. Resulting FAMEs were extracted in 300 µl re-distilled n-heptane. The
heptane extract was washed twice with 200 µl H2O and residual water was removed
with anhydrous sodium sulphate before GC/MS analysis.
The same procedure was performed to analyse the FA composition of the two
diets, but starting from 50 mg of diet and using 300 µl chloroform:methanol (2:1 v/v)
for the total lipid extraction.

84

Human food sources and habitat of origin affects fatty acid physiology

The FAME extracts were analysed on an Agilent 5975 mass spectrometer
coupled to an Agilent 6890 GC with an HP-88 capillary column [(88%-Cyanopropy)
aryl-polysiloxane; 30 m, 0.25 mm id, df 0.20 µm; Agilent, CA, USA]. The oven
temperature was set to 80° C for 1 min, then increased by 10° C /min to 230° C and
held for 20 min. Helium was used as carrier gas at a constant flow of 1 ml/min. FA
were identified by comparing mass spectra and retention times with those of
reference compounds (Supelco 37-Component FAME mix, Sigma-Aldrich) (Andersson
et al., 2015).
Data handling and statistical analysis

Body condition was calculated using the scaled mass index (SMI) recommended by
Peig and Green (2009) for small animals.

The proportion of each fatty acid (FA) was calculated by dividing the peak
area of each FA with the sum of all the FA peak areas within each individual. With the
exception of the essential ω-3 PUFA, α-linolenic acid (αLNA), statistical analyses were
only performed on the individual FAs that were present at an average proportion
above 1% (Isaksson et al., 2015). All saturated fatty acids, SFAs (i.e., Σ tot[SFA] = 14:0 +
16:0 + +17:0 + 18:0 + 20:0) were pooled due to their common physiological properties
(Isaksson et al., 2017). All FA proportions were logit-transformed (log(y/[1-y])), prior
to statistical analyses (Warton and Hui, 2011). The total ω-6/total ω-3 PUFA ratio was
also calculated for each individual.

To test the effect of the diet treatment and habitat of origin, we used general
linear-mixed models (GLMMs) fitted with REML (Restricted Maximum Likelihood),
using individual (bird ID) as random factor. Ten dependent variables were tested, i. e.
eight individual FAs (see Table 1), the proportion of total SFAs and the total ω-6/total
ω-3 PUFA ratio. Fixed factors included in the models were: diet treatment (control
versus processed), habitat of origin (urban versus rural), sampling day (day 11 versus
21), and sex (male versus female). Body condition at the beginning of experiment (SMI
at capture) as well as the relative proportion or ratio of each dependent variable at
capture were included as covariates in all models. The interactions relevant for our
aims were also included in the models: the effect of the diet in relation to the habitat of
origin (Diet x Origin), the effect of the diet in relation to day (Diet x Day), the effect of
habitat of origin and day (Origin x Day) and the effect of the diet in relation to habitat
of origin and day (Diet x Origin x Day).
All models were tested for residual normality. Non-significant interactions
were removed using stepwise backward elimination to get the minimum model for
each variable. In case of significant interaction(s), post-hoc analysis was performance
using the Tukey method for the p-value adjustment.
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All statistical analyses were performed in “R-Studio” version 3.3.4 using the
“lme4”, the “lmerTest” and the “lsmeans” packages. Only significant results are
presented under Results.
Results
The fatty acid composition of the control and processed diet differed primarily in the
content of unsaturated FAs (Table 5.1), in particular, the total ω-6/total ω-3 PUFA
ratio was ten times higher in the processed food diet than in the control diet.

In house sparrow plasma, 19 individual FAs were identified of which nine FAs
had an average relative content above 1%. The proportion of each FA at capture (day
0), half-way through the experiment (day 11), and at the end of the experiment (day
21) for urban and rural birds are presented in (Table 5.2).
Saturated Fatty Acids (SFAs)

For plasma total SFA, there was a signifcant interaction between habitat of origin and
day of experiment (F 1,38 = 4.18, p = 0.047, Table 5.3). This interaction was driven by
the rural birds, which had a lower proportion of total SFA than the urban birds at day
11 (t = -3.42, p = 0.006), whereas there was no difference between the habitats of
origin at day 21 (Figure 5.1).

In addition, females showed an overall higher proportion of total SFAs than
males (mean ± S.E.M.; SFA female = 41.91 ± 0.46; SFA male = 40.07 ± 0.31, F1,36 = 11.27, p =
0.001, Table S2).
Monounsaturated Fatty Acids (MUFAs)

In general, plasma MUFA proportions were significantly affected by diet. Overall, the
birds fed the processed food showed lower proportions of two MUFAs in comparison
to birds fed the control food (palmitoleic acid: F 1.39 = 210.52, p < 0.001, Figure 5.2A;
oleic acid: F1,38 = 8.36, p = 0.006, Figure 5.2B, Table 5.3) despite the fact that oleic
acid was much more abundant in the processed compared to the control food (Table
5.1).
A significant interaction between diet and day was revealed for plasma cisvaccenic acid (F1,38 = 9.31, p = 0.004, Figure 5.2C, Table 5.3). The proportion of this
FA was higher at day 11 in comparison with day 21 for control birds (t = 4.03, p =
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0.001), whereas the birds fed processed food did not show this change over
time. However, within each sampling bout, birds fed the control diet had a higher
proportion of cis-vaccenic acid compared to the group fed the proccesed food (at day
11: t = 5.35, p < 0.001; at day 21: t = 2.94, p = 0.024), consistent with the presence of
this FA only in the control diet (Table 5.1).

FIGURE 5.1. Total saturated fatty acids (SFA) expressed as percentage (%) in plasma of
house sparrows. Light green circles represent rural birds fed with the control diet, dark
green circles represent rural bird fed with processed diet, light blue squares represent
urban birds fed with the control diet and dark blue squares represent urban birds fed with
processed diet. Letters indicate statistical difference: means with the same letter are not
statistically different (Tukey’s tests, p ≤ 0.05).

5
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We also found significant interactions between habitat of origin and day for
plasma palmitoleic acid (F1,40 = 8.71, p = 0.005) and oleic acid (F1.41 = 12.1, p = 0.001).
Urban birds had a lower proportion of palmitoleic acid at day 11 in comparison with
urban birds at the end of the experiment (day 21) (t = -6.12, p < 0.001), whereas rural
birds did not differ in this regard. In the case of oleic acid, rural birds at day 11
showed significantly higher proportion compared to rural birds at the end of the
experiment (t = 3.47, p = 0.006), whereas urban birds did not differ.

Moreover, palmitoleic acid was positively correlated to body condition
(estimate ± S.E.M. = 0.025 ± 0.012; F1,39 = 4.29, p = 0.044, Table 5.3). Oleic acid
(estimate ± S.E.M. = 0.263 ± 0.090; F1,36 = 7.93, p = 0.007, Table 5.3) and cis-vaccenic
acid (estimate ± S.E.M. = 0.705 ± 0.13; F 1,36 = 26.39, p ≤ 0.001, Table 5.3) showed
significant positive associations with their initial (and respective) FA proportions at
capture.
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88
14:0
16:0
17:0
18:0
20:0
16:1 n-7
18:1 n-7
18:1 n-9
20:1 n-9
18:3 n-3
18:2 n-6
20:2 n-6
20:4 n-6
20:3 n-9

C:D
SFA
SFA
SFA
SFA
SFA
MUFA
MUFA
MUFA
MUFA
ω-3 PUFA
ω-6 PUFA
ω-6 PUFA
ω-6 PUFA
ω-9PUFA

Class

0.435
0.543
1.051
0.108
9.74

0.003
0.317
0.003
0.105
0.008
0.003
0.020
0.515
0.005
0.108
1.051
0.000
0.000
0.000

g FA / 100 g food

Control

20.35
25.36
49.09
5.04

0.12
14.81
ND
4.89
0.36
0.13
0.95
24.06
0.22
5.04
49.09
ND
ND
ND

%

4.394
6.489
5.729
0.053
111.30

0.056
3.556
0.011
0.696
0.075
0.020
0.000
6.403
0.066
0.053
5.718
0.005
0.005
0.112

g FA / 100 g food

Processed

26.17
38.69
34.81
0.31

0.33
21.18
0.16
4.15
0.45
0.12
ND
38.14
0.39
0.31
34.06
0.02
0.03
0.67

%

ND, non-detected; C:D, number of carbon atoms : double bonds; αLNA, α- linolenic acid; LA, linoleic acid; AA, arachidonic acid; SFA, saturated fatty
acid; MUFA, monounsaturated fatty acid; ω-6 PUFA, omega-6 polyunsaturated fatty acid; ω-3 PUFA, omega-3 polyunsaturated fatty acid

Total SFA
Total MUFA
Total ω-6
Total ω-3
ω-6/ω
-3 PUFA

Myristic acid
Palmitic acid
Margaric acid
Stearic acid
Arachidic acid
Palmitoleic acid
cis-Vaccenic acid
Oleic acid
Eicosenoic acid
αLNA
LA
Eicosadienoic acid
AA
Mead acid

Trivial name

TABLE 5.1. Fatty acid profile of the two diet treatments (control and processed diets): the composition of fatty acids (g of FA per
100 g of food), and the percentages of fatty acids (%). The table shows in italic the fatty acids that had a relative abundance above
1% in at least one of the diets.
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FIGURE 5.2. Monounsaturated fatty acids (MUFA) in plasma of house sparrows: palmitoleic
acid (A), oleic acid (B), and cis-vaccenic (C); expressed as percentage (%). Light green circles
represent rural birds fed with the control diet, dark green circles represent rural bird fed with
processed diet, light blue squares represent urban birds fed with the control diet and dark blue
squares represent urban birds fed with processed diet. Letters indicate statistical difference:
means with the same letter are not statistically different (Tukey’s tests, p ≤ 0.05).
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90
14:0
16:0
17:0
18:0
20:0
16:1n-7
18:1n-7
18:1n-9
20:1 n-9
18:3 n-3
20:5 n-3
22:5 n-3
22:6n-3
18:2n-6
18:3 n-6
20:2 n-6
20:3 n-6
20:4n-6
20:3 n-9

C:D

Total SFA
Total MUFA
Total ω-6 PUFA
Total ω-3 PUFA
ω-6 / ω-3 PUFA

Myristic acid
Palmitic acid
Margaric acid
Stearic acid
Arachidic acid
Palmitoleic acid
cis-Vaccenic acid
Oleic acid
Eicosenoic acid
αLNA
EPA
DPA
DHA
LA
γ-Linolenic acid
Eicosadienoic acid
DGLA
AA
Mead acid

Trivial name
SFA
SFA
SFA
SFA
SFA
MUFA
MUFA
MUFA
MUFA
ω-3 PUFA
ω-3 PUFA
ω-3 PUFA
ω-3 PUFA
ω-6 PUFA
ω-6 PUFA
ω-6 PUFA
ω-6 PUFA
ω-6 PUFA
ω-9 PUFA

FA group

39.52± 1.30
30.42± 1.40
25.71± 1.41
3.70± 1.27
7.50± 0.62

0.36± 0.05
26.38±1.46
0.06± 0.009
13.28± 0.46
0.05± 0.005
2.07± 0.18
1.57± 0.18
26.47± 1.16
0.17± 0.02
0.24± 0.03
0.27± 0.05
0.29± 0.02
2.75± 0.28
10.49± 0.74
0.08± 0.01
0.08± 0.004
0.16± 0.02
14.09± 0.99
1.07± 0.16

day 0
(n=12)

41.15± 0.71
34.77± 1.26
20.75± 0.75
2.07± 0.40
11.00± 0.85

0.44± 0.02
27.92±0.62
0.04± 0.002
12.69± 028
0.06± 0.007
2.47± 0.13
1.45± 0.17
30.55± 1.12
0.18± 0.01
0.25± 0.02
0.20± 0.02
0.19± 0.01
1.32± 0.09
11.81± 0.91
0.04± 0.006
0.08± 0.007
0.20± 0.04
8.81± 0.61
1.13± 0.16

Control
day 11
(n=12)

42.46± 0.55
35.43± 0.53
20.33± 0.88
1.77± 0.27
11.59± 0.49

0.49± 0.03
29.44±0.50
0.05± 0.005
12.42± 0.26
0.05± 0.006
3.18± 0.17
1.19± 0.11
30.80± 0.48
0.15± 0.01
0.32± 0.01
0.13± 0.01
0.15± 0.01
1.07± 0.07
11.68± 0.64
0.03± 0.006
0.06± 0.007
0.12± 0.01
7.67± 0.42
0.81± 0.10

day 21
(n=12)

37.70± 0.87
30.64± 1.79
27.27± 1.24
4.37± 1.32
6.51± 0.35

day 0
(n=12)
0.28± 0.03
23.07± 0.93
0.06± 0.005
14.24± 0.48
0.04± 0.005
1.72± 0.18
1.46± 0.12
27.06± 1.62
0.24± 0.05
0.28± 0.05
0.52± 0.14
0.25± 0.02
2.89± 0.19
10.43± 0.80
0.07± 0.01
0.09± 0.01
0.21± 0.03
15.34± 0.89
1.01± 0.11

Urban

41.60± 0.78
29.21± 0.95
27.23± 0.92
1.68± 0.31
16.51± 0.69

0.30± 0.01
27.20± 0.70
0.07± 0.005
14.17± 0.34
0.11± 0.01
0.72± 0.06
0.99± 0.11
27.22± 0.93
0.18± 0.01
0.12± 0.01
0.05± 0.008
0.23± 0.02
1.20± 0.07
17.02± 0.49
0.08± 0.01
0.09± 0.01
0.05± 0.008
9.34± 0.61
0.83± 0.07

Processed
day 11
(n=12)

41.89± 0.87
30.70± 0.90
25.22± 0.77
1.44± 0.27
17.84± 0.79

0.34± 0.02
28.54± 1.02
0.06± 0.003
13.56± 0.36
0.11± 0.01
1.01± 0.09
0.89± 0.09
28.51± 0.87
0.21± 0.01
0.13± 0.008
0.06± 0.009
0.20± 0.02
0.97± 0.06
16.52± 0.48
0.08± 0.01
0.07± 0.009
0.05± 0.009
7.84± 0.49
0.68± 0.09

day 21
(n=12)

TABLE 5.2. Relative abundance of plasma fatty acids (% of total fatty acids content) for the different groups involved in the experiment i.e., habitat of
origin (urban and rural) and diet treatment (processed and control diet). The mean ± S.E.M are shown at capture (day 0), during the treatment (day
11), and at the end of the experiment (day 21). The fatty acids that have been discussed in more detail is highlighted in italic.
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14:0
16:0
17:0
18:0
20:0
16:1n-7
18:1n-7
18:1n-9
20:1 n-9
18:3 n-3
20:5 n-3
22:5 n-3
22:6n-3
18:2n-6
18:3 n-6
20:2 n-6
20:3 n-6
20:4n-6
20:3 n-9

C:D
SFA
SFA
SFA
SFA
SFA
MUFA
MUFA
MUFA
MUFA
ω-3 PUFA
ω-3 PUFA
ω-3 PUFA
ω-3 PUFA
ω-6 PUFA
ω-6 PUFA
ω-6 PUFA
ω-6 PUFA
ω-6 PUFA
ω-9 PUFA

FA group

39.00± 0.53
31.55± 1.13
26.61± 0.94
2.90± 0.20
9.65± 0.73

0.34± 0.01
25.28±0.56
0.06± 0.004
13.19±0.38
0.04± 0.003
1.95± 0.17
1.49± 0.11
27.80± 0.93
0.16± 0.009
0.16± 0.01
0.14± 0.02
0.26± 0.02
2.21± 0.18
12.08± 0.92
0.07± 0.01
0.08± 0.014
0.13± 0.02
13.54± 0.75
1.40± 0.20
41.07± 0.43
33.58± 0.93
23.40± 0.80
1.92± 0.08
12.24± 0.56

0.48± 0.02
27.71±0.47
0.05± 0.002
12.75± 0.23
0.06± 0.004
2.61± 0.15
1.24± 0.08
29.96± 0.68
0.14± 0.01
0.39± 0.02
0.15± 0.01
0.17± 0.01
1.14± 0.06
14.64± 0.67
0.04± 0.005
0.07± 0.003
0.11± 0.01
7.91± 0.35
0.70± 0.14

0.47± 0.03
25.76±0.57
0.04± 0.003
12.27± 0.28
0.04± 0.005
2.37± 0.19
1.49± 0.12
31.90± 1.05
0.21± 0.01
0.23± 0.01
0.20± 0.02
0.19± 0.01
1.38± 0.10
12.40± 0.71
0.05± 0.008
0.09± 0.008
0.23± 0.05
9.51± 0.70
0.90± 0.13
39.07± 0.34
36.11± 1.27
23.16± 1.14
2.13± 0.09
11.05± 0.62

day 21
(n=12)

38.01± 0.62
31.29± 1.27
28.03± 1.56
2.65± 0.17
10.91± 0.80

0.33± 0.02
24.12±0.88
0.06± 0.003
13.43± 0.45
0.05± 0.007
1.82± 0.18
1.47± 0.14
27.67± 1.10
0.17± 0.01
0.16± 0.02
0.12± 0.01
0.25± 0.03
2.01± 0.13
12.41± 0.98
0.07± 0.01
0.09± 0.01
0.12± 0.01
14.51± 0.80
1.35± 0.23

day 0
(n=12)

38.90± 0.78
32.37± 1.19
27.04± 1.10
1.46± 0.11
19.20± 0.94

0.34± 0.02
25.45± 0.65
0.07± 0.005
13.11± 0.19
0.13± 0.01
1.01± 0.07
0.92± 0.10
30.12± 1.18
0.23± 0.01
0.13± 0.01
0.06± 0.006
0.20± 0.01
0.98± 0.09
17.50± 0.56
0.04± 0.01
0.10± 0.01
0.07± 0.006
8.61± 0.59
0.67± 0.08

Processed
day 11
(n=12)

41.30± 0.84
31.97± 1.41
25.59± 0.76
1.81± 0.13
15.54± 1.43

0.35± 0.03
27.81± 0.81
0.08± 0.007
12.30± 0.51
0.15± 0.02
1.13± 0.13
1.07± 0.13
28.62± 1.18
0.24± 0.03
0.12± 0.01
0.06± 0.008
0.34± 0.07
1.18± 0.11
17.25± 0.70
0.03± 0.01
0.09± 0.008
0.06±0.009
7.48± 0.48
0.88± 0.13

day 21
(n=10)

FA, fatty acids; C:D, number of carbon atoms : double bonds; αLNA, α- linolenic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA,
docosahexaenoic acid; LA, linoleic acid; DGLA, dihomo-γ-linolenic acid; AA, arachidonic acid; SFA, saturated fatty acid; MUFA, monounsaturated
fatty acid; ω-6 PUFA, omega-6 polyunsaturated fatty acid; ω-3 PUFA, omega-3 polyunsaturated fatty acid

Total SFA
Total MUFA
Total ω-6 PUFA
Total ω-3 PUFA
ω-6 / ω-3 PUFA

Myristic acid
Palmitic acid
Margaric acid
Stearic acid
Arachidic acid
Palmitoleic acid
cis-Vaccenic acid
Oleic acid
Eicosenoic acid
αLNA
EPA
DPA
DHA
LA
γ-Linolenic acid
Eicosadienoic acid
DGLA
AA
Mead acid

Trivial name

day 0
(n=12)

Rural

Control
day 11
(n=11)
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Omega-3 Polyunsaturated Fatty Acids (ω-3 PUFAs)
There was a significant interaction between diet and day for αLNA (F 1,41 = 18.02, p <
0.001, Table 5.3). The birds feeding control food showed an increase over the
experiment (t = -5.65, p < 0.001, Figure 5.3A), whereas the birds feeding on processed
food did not (consistent with different abundances of αLNA in the two diets). In
addition, females showed a significantly higher proportion of αLNA than males (mean
± S.E.M.: αLNA female = 0.23 ± 0.01; αLNA male = 0.21 ± 0.01, F1,37 = 8.67, p = 0.005, Table
5.3).
For DHA (not detected in the diets), there was a significant tree-way interaction
between diet, habitat of origin and day (F 2,36 = 4.13, p = 0.024, Table 5.3). At day 11,
rural birds fed processed food showed a lower proportion of DHA than rural birds fed
control food (t = -3.32, p = 0.030). In contrast, at the end of the experiment (day 21),
there was no difference between these groups (rural birds fed processed food and
rural birds fed control food); instead, there was significant difference among the birds
fed with processed food, with urban birds showing a significantly lower proportion of
DHA in comparison with rural birds (t = 3.11, p = 0.050, Figure 5.3B). Moreover, DHA
was positively correlated to its natural proportion at capture (estimate ± S.E.M. =
0.355 ± 0.10; F1,35 = 11.45, p = 0.001, Table 5.3).
Omega-6 Polyunsaturated Fatty Acids (ω-6 PUFAs)

The plasma proportion of linoleic acid (LA) was significantly higher in birds fed with
processed food compared to birds fed control food; F1.36 = 76.71, p < 0.001, Figure
5.4A, Table 5.3), which is inconsistent with the dietary content of this essential FA.

For the plasma proportion of arachidonic acid (AA) only day was significant;
F1,40 = 15.42; p < 0.001; Figure 5.4B, Table 5.3), with a higher proportion at day 11
than at the end of the experiment.
Omega-9 Polyunsaturated Fatty Acids (ω-9 PUFAs)

For plasma mead acid there was a significant interaction between diet and day (F 1,41 =
5.35, p = 0.025, Table 5.3), with the proportion being higher in birds fed the control
food at day 11 compared to at the end of the experiment (day 21) (t = 3.54, p = 0.005,
Figure 5.5). There was no change in mead acid over time for birds on the processed
food treatment. Moreover, mead acid was significantly positively associated to the
proportion of mead acid at capture (estimate ± S.E.M. = 0.427 ± 0.13; F 1,36 = 10.49, p =
0.002, Table 5.3).
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A

B

5
5
FIGURE 5.3. ω-3 polyunsaturated fatty acids (ω-3 PUFA) in plasma of house sparrows: αlinolenic acid (A), and docosahexaenoic acid, DHA (B) expressed as percentage (%). Light
green circles represent rural birds fed with the control diet, dark green circles represent
rural bird fed with processed diet, light blue squares represent urban birds fed with the
control diet and dark blue squares represent urban birds fed with processed diet. Letters
indicate statistical difference: means with the same letter are not statistically different
(Tukey’s tests, p ≤ 0.05).

Ratio between total omega-6 and total omega-3 PUFAs
The ω-6/ω-3 PUFA ratio showed a significant interaction between diet, habitat of
origin and day (F2,36 = 11.71, p < 0.001, Table 5.3). Birds fed the control diet had a low
ratio throughout the experiment independent of the habitat of origin. However, the
habitat of origin made a difference for the birds fed the processed diet. At day 11, rural
and urban birds fed the processed food showed a higher ratio than birds fed control
diet, but at the end of the experiment (day 21) the ratio decresed in rural birds fed the
processed diet compared to day 11 (t = 4.80, p < 0.001). In contrast, the ratio
remained high in the urban birds fed with processed food compared to fed with
control diet (t = 5.77; p < 0.001) (Figure 5.6). Thus, at the end of the experiment only
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the urban birds fed with processed food showed a higher ratio than birds fed with
control diet.
A

B

FIGURE 5.4. ω-6 polyunsaturated fatty acids (ω-6 PUFA) in plasma of house sparrows:
linoleic acid (A), and arachidonic acid (B) expressed as percentage (%). Values at capture
have been represented to the left of the dashed line, and the values of the experiment have
been represented to the right. Light green circles represent rural birds fed with the control
diet, dark green circles represent rural bird fed with processed diet, light blue squares
represent urban birds fed with the control diet and dark blue squares represent urban birds
fed with processed diet. Letters indicate statistical difference: means with the same letter
are not statistically different (Tukey’s tests, p ≤ 0.05).

Discussion
In the present study, urban and rural house sparrows were provided with either a
processed or control diet, with varying FA compositions, during a 21 day period. The
results reveal that both diet and habitat of origin affects FA composition in the birds
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plasma. It was also evident that birds on different diets and origin regulate their FAs
differently over time.

FIGURE 5.5. ω-9 polyunsaturated fatty acids (ω-9 PUFA) in plasma of house sparrows: mead
acid; expressed as percentage (%). Values at capture have been represented to the left of the
dashed line, and the values of the experiment have been represented to the right. Light green
circles represent rural birds fed with the control diet, dark green circles represent rural bird
fed with processed diet, light blue squares represent urban birds fed with the control diet
and dark blue squares represent urban birds fed with processed diet. Letters indicate
statistical difference: means with the same letter are not statistically different (Tukey’s tests,
p ≤ 0.05).

The two diet treatments differed in all functional groups of FAs. The
processed food has around ten times higher amount of SFA and MUFA, and around
five times higher amount of ω-6 PUFA, but only half the amount of ω-3 PUFA,
compared to the control diet. In addition, the ω-6/ω-3 PUFA ratio were around 10
times higher in processed food mixture compared to the control diet. Three fatty acids
revealed clear effects of the diet treatment (independent of habitat of origin or
experimental time) – palmitoleic and oleic acid (both MUFAs), and LA (ω-6 PUFA).
However, the proportions of the two MUFAs did not reflect the FA composition of the
diet: they were both lower in the plasma of birds provided with processed food
compared to the birds provided with the control diet. LA, on the other hand, show a
resemblance to the diet and was higher in the plasma of birds provided with
processed food compared to the birds provided with the control food. These are
expected results since LA is a strictly dietary FA whereas the MUFAs can be
synthesised (Hulbert and Abbott, 2011). The lower MUFAs and the higher LA of birds
feed with processed food is similar to control compositions of urban house sparrows
from Sweden (Isaksson et al. 2017). Interestingly, among all individual FA only
palmitoleic acid show a positive association with body condition.
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TABLE 5.3. The final model for each dependent variable during the experiment (corrected by
the starting FA value as a covariate). Significant factors (p ≤ 0.05) have been highlighted in bold.
Non-significant interactions were excluded from the models.
Dependent variable
Total SFA

MUFA
Palmitoleic acid

Oleic acid

cis-Vaccenic acid

PUFA
αLNA ( ω-3)
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Source of variation

d.f.

F

p- value

Sex
Body condition
SFA at capture
Diet
Origin
Day
Day x Origin

1,36
1,37
1,36
1,38
1,37
1,38
1,38

11.27
1.45
0.37
0.08
7.73
19.83
4.18

0.001
0.234
0.544
0.773
0.008
<.001
0.047

Sex
Body condition
αLNA at capture
Diet
Origin
Day
Day x Diet

1,37
1,36
1,37
1,38
1,37
1,41
1,41

8.67
1.30
0.30
171.30
0.81
19.44
18.02

0.005
0.260
0.582
<.001
0.371
<.001
<.001

Sex
Body condition
Palmitoleic acid at capture
Diet
Origin
Day
Day x Origin
Sex
Body condition
Oleic acid at capture
Diet
Origin
Day
Day x Origin
Sex
Body condition
cis-Vaccenic acid at capture
Diet
Origin
Day
Day x Diet

1,38
1,39
1,37
1,39
1,39
1,40
1,40
1,38
1,38
1,36
1,38
1,38
1,41
1,41
1,37
1,36
1,36
1,37
1,37
1,38
1,38

0.17
4.29
1.43
210.52
0.15
28.72
8.71
2.17
2.00
7.93
8.36
0.18
2.50
12.1
0.29
0.01
26.39
20.66
0.79
7.31
9.31

0.680
0.044
0.237
<.001
0.694
<.001
0.005
0.148
0.164
0.007
0.006
0.668
0.121
0.001
0.588
0.955
<.001
<.001
0.376
0.010
0.004
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Dependent variable
PUFA
DHA (ω-3)

LA ( ω-6)

AA ( ω-6)

Mead acid ( ω-9)

ω-6 / ω-3 PUFA

Source of variation

d.f.

F

p- value

Sex
Body condition
DHA at capture
Diet
Origin
Day
Day x Diet
Day x Origin
Day x Diet x Origin
Sex
Body condition
LA at capture
Diet
Origin
Day
Sex
Body condition
AA at capture
Diet
Origin
Day
Sex
Body condition
Mead acid at capture
Diet
Origin
Day
Day x Diet

1,35
1,35
1,35
1,36
1,36
1,37
1,37
1,37
2,36
1,36
1,36
1,36
1,36
1,37
1,40
1,36
1,35
1,36
1,36
1,37
1,40
1,37
1,37
1,36
1,37
1,37
1,41
1,41

0.29
0.37
11.45
4.33
3.20
4.06
9.53
10.26
4.13
0.60
1.35
0.99
76.71
5.76
1.89
1.62
1.45
3.68
0.35
0.02
15.42
2.09
0.13
10.49
0.63
2.55
7.39
5.35

0.593
0.541
0.001
0.044
0.081
0.050
0.003
0.002
0.024
0.443
0.252
0.324
<.001
0.071
0.176
0.210
0.234
0.062
0.552
0.876
<.001
0.156
0.714
0.002
0.431
0.118
0.009
0.025

Sex
Body condition
ω-6 / ω-3 PUFA at capture
Diet
Origin
Day
Day x Diet
Day x Origin
Day x Diet x Origin

1,37
1,38
1,38
1,37
1,39
1,35
1,35
1.35
2,36

0.76
1.10
0.37
68.94
0.01
4.63
26.97
18.89
11.71

5
5

0.388
0.052
0.544
<.001
0.908
0.038
<.001
<.001
<.001
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For another three FAs, the effect of the two diet treatments was dependent on
sampling time. These were cis-vaccenic acid (MUFA), αLNA (ω-3 PUFA) and mead acid
(ω-9 PUFA). For all these FAs, it was the control birds that changed their proportions
with time, while the birds on the processed diet had the same relative amount
throughout the experiment. Similar to LA, αLNA is essential and serve as precursor for
the longer-chained ω-3 PUFAs (DHA, DPA and EPA). It has many important functions
within the body, not least as a precursor for anti-inflammatory agents (Schmitz and
Ecker, 2008; Russo, 2009; Calder, 2012; Patterson et al., 2012). Since αLNA has many
health benefits, is essential, and occurs in low quantities in nature, uptake of this
specific FA should be of high priority. Thus, it was not surprising that the proportion
of αLNA increased in the plasma over time when on a relatively rich ω-3 PUFA diet. In
contrast, cis-vaccenic and mead acid, which are not essential, decreased with time in
birds on the control diet. Although, there was a declining effect in the controls both
cis-vaccenic and mead acid showed a clear overall effect of individual proportions i.e.,
positive assocaitions with their natural proportions at the onset of the experiment.
The same effect was shown for oleic acid and DHA. Regarding diet effects of mead
acid, this FA has been suggested as a biomarker of essential FA deficiency (Smit et al.,
2004). Thus, the decrease in the control group over time and the already low
proportion in the processed food group may suggest that neither of these diets cause a
defienciy in the essential - LA or αLNA.

FIGURE 5.6. Total ω-6/ω-3 PUFA in plasma of house sparrows. Values at capture have been
represented to the left of the dashed line, and the values of the experiment have been
represented to the right. Light green circles represent rural birds fed with the control diet,
dark green circles represent rural bird fed with processed diet, light blue squares represent
urban birds fed with the control diet and dark blue squares represent urban birds fed with
processed diet. Letters indicate statistical difference: means with the same letter are not
statistically different (Tukey’s tests, p ≤ 0.05).
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In addition to the time effect on the above mentioned FA also AA (ω-6 PUFA)
showed a decrease over time, however, this time effect was independent of the diet
treatment. This suggests that the availability of AA from the present dietary sources
were low for both diet treatments and that the decrease is a result of depleting the AA
from natural sources, which was relatively high. Interestingly, the increased intake of
its precursor LA in the processed food group did clearly not lead to an significant
increase in the biosynthesis of AA.

The most intriguing finding in the present study was the interactive effects
between diet treatment, habitat of origin and experimental time (three-way
interaction) for DHA and ω-6/ω-3 PUFA ratio. The effect of habitat of origin can be
both a result of genetic differentiation between the urban and rural house sparrow
populations or a differential epigenetic regulation of the genes linked to FA
metabolism (Jing et al., 2013, Watson et al., 2017). For DHA, rural birds fed on
processed food had an increased proportion over time, whereas for urban birds the
pattern was reversed. For birds on control diet, there were no difference between
birds from urban and rural origin at either sampling point. Since DHA can be
synthesized from αLNA, a up- or down-regulation of the desaturases and elongases
enzymes can lead to this effect. A downregulation of these enzymes has been shown in
broiler chickens when provided with a similar diet to our processed diet treatment
i.e., a high proportion of ω-6 PUFA and low proportion of ω-3 PUFA (Jing et al., 2013).
However, since αLNA does not show a corresponding effect, it is more likely that ßoxidation of DHA differs in the two populations over time when on processed food.
Futhermore, birds fed with processed food had a highly variable ω-6/ω-3 PUFA ratio
across time and habitats of origin. First, in the beginning of the experiment (day 11)
both urban and rural birds on processed food had a higher ω-6/ω-3 PUFA ratio
(around 20:1) than birds feed control diet (around 11:1). In addition, at this time
point and when on processed diet, rural birds had higher ratio than urban birds,
whereas there were no difference between the populations on the control diet.
However, at the end of the experiment the rural birds on the processed food had a
similarily, low ratio, to birds on the control diet, whereas the urban birds on the
processed diet maintained a high ratio. In humans, a Western modern diet (poor in ω3 PUFA and high in ω-6 PUFA) is thought to be the underlying reason for the increased
occurrence of many diseases such as cardiovascular disease, diabetes, obesity,
autoimmune disorders (Simopoulos, 1991; 2002). Similar, results has also been
shown in poultry and in captive birds (Bavelaar and Beynen, 2004; Al-Daraji et al.,
2010; Petzinger et al., 2014; Ibrahim et al., 2018). Relating these, previously shown,
health effects to the present findings on ω-6/ω-3 PUFA ratio, rural birds seem to be
able to reverse the potentially negative effect of processed food on ω-6/ω-3 PUFA
over time, whereas the urban birds do not. Since DHA and ω-6/ω-3 PUFA ratio change
over time for the two populations in different ways, a differential plastic (epigenetic)
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response to diet is more likely than an evolved genetic change linked to FA
metabolism. Possibly, rural birds feed on a more varied diet, thus plasticity is
promoted compared to a more homogenous diet in the urban habitat. However, given
the poorer quality of the processed food (which we know that urban house sparrows
feed upon, personal observations), we had predicted that urban birds would be more
physiologically prone to this diet. In particular, since a high ω-6/ω-3 PUFA ratio is
linked to enhanced pro-inflammatory responses and oxidative stress, which can
negatively affect survival (Isaksson, 2015). Previous studies on house sparrows have
shown that urban birds have increased oxidative stress (Herrera-Dueñas et al., 2014;
2017, Isaksson et al., 2017) compared to their rural con-specifics. Possibly, there
results are driven by both the higher pollution levels in the city and their inability to
correctly respond to processed diet, as shown here. This may be one additional part of
the puzzle to why house sparrows are declining at a much faster rate in urban areas
compared to rural environments. However, the underlying mechanism behind the
different ω-6/ω-3 PUFA ratios between urban and rural populations fed with
processed food remains unclear. Future studies should investigate the molecular
mechanisms linked to the metabolism of the PUFAs.
Futhermore, circulating SFAs are highly metabolically controlled and
generally insensitive to diet changes (see also Hodson et al., 2008; Hulbert and Abbot,
2011). In line with this, there was no diet effect on SFA instead there was a significant
interaction between habitat of origin and time, with rural birds having a relatively
lower proportion at the beginning of the experiment and then increase at the end of
the experiment. Urban birds had a high proportion of SFA throughout the
experimental time. Also oleic acid and palmitoleic acid show significant interactions
between habitat of origin and time, with rural birds showing a decrease of oleic acid
with time and urban birds showing a significant increase in palmitoleic acid with time,
whereas the comparing population showed no difference over time in the respective
FA. Once again, these time effects are likely to be a result of differential plastic
responses of the metabolism across the two populations.

Finally, two FA revealed a significant effect of sex, with higher SFA and αLNA
in females compared to males, irrespective of their diet. Previous studies on
circulating FA in birds have rarely found sex-effects (e.g., John et al., 1990; Jia et al.,
2014; Andersson et al., 2015; Isaksson et al., 2017) or these have not been explored
(e.g., Jenni-Eiermann and Jenni, 1992; 1994). However, sex differences can be
expected since males and females often differ in their metabolism (Leclercq, 1984). In
humans, there are some studies that suggests that men and women respond
differently to αLNA in their diet due to the intricate relationship and regulatory effects
of estrogens (Bedard et al., 2012). For example, it has been reported that a lower
proportion of αLNA is used for β-oxidation in women compared to men, while the
conversion to the longer-chain ω-3 PUFA is higher in women (Burdge and Calder,
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2005). The relationship between estradiol and ω-3 PUFA has also been shown in rats,
where an experimentally increased estradiol level in male rats increased the total ω-3
PUFAs in plasma (Petrovic et al., 2014). The estradiol effect has also been shown to
affect certain SFAs, with a higher stearic acid in the liver of female rats due to an
increase in elongase enzyme expression (Marks et al., 2013). Although, the present
results on house sparrows are inline with the mammalian studies, further studies are
needed to elucidate whether female sex hormones are the underlying cause for this
difference.
The present study on house sparrows reveals that the effect of diet on plasma
FAs profile is often dependent of the birds’ habitat of origin and/or time on the diet.
The most intriguing finding is the effect in the ω-6/ω-3 PUFA ratio, which could
negatively affect urban birds if feeding on processed for a long time. A high ratio is
linked to the synthesis of pro-inflammatory eicosanoids. This can constitute an
unwanted dietary effect in birds living in an urban environment, where some
environmental factor such as air pollutants can over-stimulate the inflammatory
response of the urban house sparrows (Isaksson, 2015). The link between FA
nutrition and inflammation in urban house sparrows would be an intriguing future
venue for research.
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Synthesis
The consequences of urbanisation on oxidative
stress balance in house sparrows

Amparo Herrera-Dueñas

Synthesis

Causes of oxidative stress in urban environments and its consequences. Oxidative stress
(OS) is the cost bound to the life history, as a consequence of aerobic metabolism. Thus, the life
history events such as reproduction, moulting, and / or migration effort contribute to the
increase of free radical production. The detoxifying and antioxidant systems are responsible to
counteract the potentially harmful effect of free radicals produced by aerobic respiration such
as ageing.
However, OS is also influenced by environmental factors. The urban areas have a high
concentration of air pollutants and access to human subsidies such as processed food. Some air
pollutants such as heavy metals have genotoxic effects (DNA oxidation), as do chemicals such as
preservatives present in processed food. Pro-inflammatory reactions are also high in urban
areas, due to the effect of nitrogenous oxides in the atmosphere; and the presence of omega-6
fatty acids (ω-6 PUFA) in processed food (they are precursors of pro-inflammatory
interleukins). These fatty acids also contribute to lipid peroxidation as precursors of hydroxyl
and hydroperoxy derivatives (i.e. 4-HNE). Furthermore, processed food is poor in antioxidants
such as vitamins and minerals, thus this food also, indirectly, contributes to increasing the
oxidative damage.
The steady over-production of free radicals induced by environmental factors should be linked
to an adaptive response to avoid the pathological consequences of OS excess, such as a decline
of physical condition and fitness. Environmental factors can also influence the oxidative stress
in the opposite direction, increasing the total antioxidant capacity: directly, through the intake
of vitamins; and indirectly, through the intake of precursors for the synthesis of endogenous
antioxidants (amino acids) and enzymatic cofactors (minerals).
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In this thesis, I have shown the consequences of urbanisation over oxidative
stress balance of house sparrows in the Iberian Peninsula. Briefly, overall oxidative
stress balance of birds in an urban population is less stable in comparison with a rural
population. This situation arises as a result of low antioxidant capacity and high
oxidative damage observed in urban individuals, and this effect is accentuated by
breeding season. The imbalance may be driven by higher levels of pollution in urban
areas, although the poor quality of diet in cities (poor in antioxidant and rich in prooxidant compounds) seems to be an additional impediment to avoiding oxidative
stress. Furthermore, it should also be taken into consideration other factors not
related to urbanisation process but to the methodological, physiological, ecological
and evolutionary frame that may also interfere with oxidative stress biomarkers
(Figure 6.1).

FIGURE 6.1. Potential sources of variation in the study of the oxidative stress related and not
related to the urbanisation process. The source of variation can increase the oxidative stress
(lightning), decrease it (star) or it can be influenced in both directions (±) based on
circumstances. The scheme has been designed using copyright-free images.
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The condition of house sparrows in the city: In chapters 2 and 3, I show that
house sparrows in urban areas are in poorer physical condition (Figure 6.2). In the
study reported in chapter 2, we find that urban birds showed a significantly lower
concentration of haemoglobin. Haemoglobin is the metalloprotein (iron-containing)
which carries oxygen from the respiratory organs to the rest of tissues in most
vertebrates. Then, high concentrations of haemoglobin improve aerobic capacity,
whereas low concentrations are associated with anaemias (Kalinski et al., 2009;
Minias, 2015). The low concentration of haemoglobin in urban birds has been also
found in other studies. In two tit species in central Poland, nestlings reared in urban
parkland have significantly lower haemoglobin concentration in comparison with
nestlings reared in woodland (Kalinski et al., 2009; Gladalski et al., 2016). These
differences have been linked to poor food quality in the urban environment (Minias,
2015) and / or the exposure to some common pollutants in urban areas (Sicolo et al.,
2009; Geens et al., 2010).
A

B
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FIGURE 6.2. Physical condition of urban birds in comparison with rural ones. Significant
differences (p ≤ 0.05) were found in: (A) Concentration of haemoglobin (g/dl; chapter 2), and
(B) body condition expressed as the scaled mass index (SMI; chapter 3).

The scaled mass index (SMI) is an indicator uses for evaluation of body
condition recommended by Peig and Green (2009) for small size animals such as
Passeriformes. SMI constitutes a body condition index based on mass and
morphometric measurements (tarsus length), being a reliable indicator the energy
capital accumulated in the body as a result of feeding (Peig and Green, 2009). In
chapter 3 we report that urban house sparrows showed a significantly lower body
condition in comparison with rural house sparrows. The poor quality of urban food
resources and, indirectly, the pollution that results in a reduction of invertebrates
(Dulisz et al., 2016) have been pointed at as responsible for the weak condition of
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urban birds (Liker et al., 2008). Some previous studies also found this result in house
sparrow population from central Europe (Bokony et al., 2010; Seress et al., 2012),
whereas others found no effect (Bokony et al., 2012; Meillere et al., 2017), perhaps
because food supplementation in cities allows some birds to thrive in urban areas,
mainly during winter (Robb et al., 2008; Tryjanowski et al., 2015) and regardless of
other potential stressors in cities.

Oxidative stress biomarkers: Due to the complex relationship between the
different elements forming the oxidative stress system, multiple oxidative damages
and antioxidant capacity biomarkers must be determined to interpret the results
correctly (Monaghan et al., 2009). In fact, the dual-faceted nature of oxidative stress
(antioxidant defence vs. oxidative damage) makes it difficult to interpret results
without information about two sides of balance (Beaulieu and Costantini, 2014). For
instance, elevation of antioxidant enzymes may occur as a response to increasing
damage when animals are able to protect themselves against oxidation, whereas
decreased defences coupled with an increased level of damage suggest that system is
unable to respond because of exhaustion of antioxidant defences (Costantini and
Verhulst 2009). Therefore, without a level of damage as well as whole redox status, it
is not possible to interpret the regulation of antioxidant enzymes (Beaulieu and
Costantini, 2014; Skrip and McWilliams, 2016).

The effect of urbanisation on total antioxidant capacity (TAC) was consistent
in both studies reported in this thesis (chapters 2 and 3): the urban house sparrows
have shown a lower value in comparison with rural sparrows (Figure 6.3). This may
be an effect of a collapsed antioxidant system because of a lack of antioxidants in the
diet and / or an excessive pressure of pollutants. However, this result differs from
studies of urban birds in Scandinavia: no significant effect of urbanisation was found
in the antioxidant capacity of great tits (Isaksson et al., 2007) or the antioxidant
capacity was positively correlated to urbanisation degree (Salmón et al., 2018).
The results of the oxidative damage biomarkers were less consistent. In
chapter 2, no significant effect of urbanisation was found in lipid peroxidation and
oxidation of proteins. However, some modification in the method and an improvement
in the handling and storage of the samples allowed finding significant differences in
both biomarkers between urban and rural populations in the study reported in
chapter 3 (Figure 6.4). Lipid peroxidation did not show significant differences
between urban and rural populations of house sparrow in the south of Sweden when
it was measured with the TBARS (thiobarbituric acid reactive substances) method
(Salmón et al., 2018), or with oxidation of protein. However, in another study of the
same species in the same region, the urban house sparrows showed a significantly
higher level of lipid peroxidation in comparison with rural sparrows when it was
measured by the quantification of malondialdehyde (MDA) using chromatography
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(Isaksson et al., 2017). Therefore, the lack of effect observed in some cases may be
highly related to the sensitivity of the method, particularly if the effects are small
(Isaksson et al., 2009).
A

B

FIGURE 6.3. The total antioxidant capacity of plasma in urban and rural birds in two different
studies: A, from chapter 2, and B from chapter 3. Significant differences (p ≤ 0.05) were
observed in both cases.

Oxidative stress is challenging to assess reliably. Some authors suggest
generalisation beyond the specific oxidative stress markers measured from blood
samples within a study may be unwise due to the low correlations between different
stress markers (Christensen et al., 2015) and therefore emphasize the importance of
applying multiple assays of oxidative stress markers as different physiological or
environmental conditions may evoke different responses in various components of
the redox system. Tissue specificity has been also highlighted as a source of
inconsistency between studies: the measurement of the same biomarkers in different
tissues could yield different results (Boonekamp et al., 2017).

In general, interpretation of oxidative stress measures may rely on the
ecological context (such as external stressors, season, and diet), evolutionary context
(differences across species or lineages) with both of them mediated by a biochemical
internal mechanism (Horak and Cohen, 2010). Based on the Waddington's
canalisation hypothesis (1942), the effect of an environmental perturbation will be
stronger on traits where deviations from the optimal trait value are less costly in
fitness terms (Boonekamp et al., 2018). According to life-history theory, individuals
are predicted to optimise their allocation of resources between growth, selfmaintenance, and reproduction to achieve maximal conversion of resources into
fitness. The heterogeneity found in the studies that try to unravel the relationship
between oxidative stress biomarkers and environmental perturbation may be linked
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to their importance for fitness (Figure 6.5), but unfortunately, the fitness
consequences of variation in different oxidative stress biomarkers are not well known
(Speakman et al., 2015).
For all these reasons, the generalisation of results regards oxidative stress
balance will require a careful experimental design and sample handling, and
validation of assays informed by proper statistical methods incorporating context at
biochemical, ecological and evolutionary levels.
A

B

FIGURE 6.4. Oxidative damage biomarkers of urban birds in comparison with rural birds, either
measured as (A) lipid peroxidation or as (B) oxidation of proteins in erythrocytes (from
chapter 3). Significant differences (p ≤ 0.05) were observed in both cases.

Effects of design and handling
The inconsistencies between the studies reported in chapters 2 and 3 may be driven
by protocol changes in the collection and storage of blood samples. Oxidative stress
biomarkers are quite sensitive; therefore a stringent protocol should be followed to
make results reliable and comparable (Craig et al., 1992). Although it has been
reported that at -80 °C samples showed no differences in measurement of oxidative
stress biomarkers for up to 24 months, at -30 °C the oxidative processes are not
completely quenched (Cavallieri et al., 2004). In the study reported in chapter 2,
samples were stored at -20 °C for at least three months, whereas samples of the study
corresponding to chapter 3 were aliquoted and stored at -80 °C on the day of
sampling; thus it may explain the differences in the level of oxidative damage
observed between both studies; and, in general, it may also explain the dissimilarities
across the studies running under other facilities and / or using other techniques.
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FIGURE 6.5. Interpretation of canalisation hypothesis. The figure represents two urban areas with the same levels of air
pollution: A sited at high altitude, and B sited at the seaside. Air pollution promotes lipid peroxidation (LPX) that may damage
erythrocytes membranes and decrease the concentration of haemoglobin (HB) in blood. The antioxidant system (AOX) will try to
counteract the harmful effect of pollutants. According to the canalisation hypothesis, the level of TBARS (a biomarker of LPX
analysed) will differ between A and B. In scenario A the fitness is highly influenced by the concentration of HB, thus the
investment of AOX system to counteract the LPX will be high and the results of the TBARS analysis will be lower than scenario B;
where the fitness is not compromised by the concentration of HB, thus the investment of AOX system will be low and the results
of the TBARS analysis will be higher compared to A.
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The characterisation of study areas may also have had a strong effect on the
variation in results across studies. As mentioned, comparison between regions (such
as North, South or central Europe) in some cases can be difficult (Seto et al., 2011) due
to the intrinsic characteristics of these areas (i.e. climate, geography, historical,
political and socioeconomic status) that may play a relevant role in the urbanisation
process (Niemelä, 2011; Forman, 2013). Therefore, a global analysis of urbanisation
effect on biodiversity should consider the idiosyncrasy of each region (Grimm et al.,
2008).

Focusing on Spanish studies, and considering the weak aspect of the study
reported in chapter 2, some improvements in the characterisation of habitat were
made for the next study reported in chapter 3, such as the use of population density
instead of the total number of inhabitants, which is more representative of the effect
of urbanisation process on the area (Alberti, 2008), and the improvement of the
resolution of atmospheric pollutants, probably the most relevant factor in the impact
of oxidative stress balance (Forman, 2013).

Finally, I highlight the relevance of running a preliminary study (such as
chapter 2), to identify the weak points of experimental design (such as samples size,
sensitivity of biomarkers, effect size of “treatment”, effect size of potential covariables
/ factors that should be considered, etc.) before continue exploring the question in a
particular area, in this case: how urbanisation affect the oxidative stress balance on
house sparrows; especially if to date there are no previous data about this species in
this context, as happened in this case.
Oxidative stress and pollution

Among all the environmental stressors of urban areas, the air pollution may be
highlighted with respect to the promotion of oxidative stress misbalance (Romieu et
al., 2008), directly, through the increase of free radicals (Koivula and Eeva, 2010), or
indirectly, through inflammatory processes (Isaksson, 2015). Moreover, pollutants
also decrease the availability of invertebrates, a natural source of antioxidants that the
urban birds feed on (Koivula et al., 2011).

It is a truism that air pollution in cities is higher than in rural areas, and in
fact, this has been evidenced in the study areas of chapter 2 and 3 (see data provided
by European Environmental Agency in Figure 6.6). These pollutants can harm
organisms living in the area and there is evidence that house sparrows are
bioaccumulating heavy metals pollution at a higher rate than rural sparrows
(Kekkonen et al., 2011). It has been reported in studies from three different continents
that the concentration of heavy metals was higher in urban house sparrows in
comparison with rural sparrows: in Finland, it was found significantly higher heavy
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metal concentrations in the liver of urban than in rural house sparrows (Kekkonen et
al., 2011); in the West Bank, the livers of adult house sparrows from urban areas were
found to have significantly higher concentrations of copper, lead and zinc than those
from rural environments (Swaileh and Sansur, 2006); and in Vermont (U.S.A.) the
blood lead concentration of urban house sparrow was significantly higher than in a
rural control group (Chandler et al., 2004).
RURAL

SUBURBAN

6
6

URBAN

FIGURE 6.6. Air pollutants of each study area along the year: graphics show the average per
month from 2012 to 2014 of two main pollutants (PM10 in yellow and NO2 in red). Data
provided by Air Quality e-Reporting from the European Environmental Agency (EEA).
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Because I did not quantify the bioaccumulation of air pollutants in the
biological samples (blood, feathers, excrements), I cannot establish a direct
relationship between oxidative stress biomarkers and the level of pollutants. Further
impediments to the establishment of a direct link are that some biomarkers of
oxidative stress such a total antioxidant capacity (Costantini, 2010) or lipid
peroxidation (Isaksson et al., 2017) are also highly influenced by diet. Secondly, it has
been reported that the bioaccumulation of some pollutant such as heavy metals
mismatches with the level of the pollutant in the atmosphere (Berglund et al., 2015)
due to specific-dependent tolerance and metabolism (Rainio et al., 2013). However,
despite this constraint, the level of oxidative stress is a reliable biomarker of pollutant
exposure (Isaksson, 2010), due to the strong evidence reported in the literature on the
main role that pollutants play with respect to the oxidative stress balance.
Even though heavy metal pollution is unlikely to be the sole cause of
population decline in urban areas, the high rate of pollution in cities could contribute
to it (Kekkonen et al., 2011). The quantification of some pollutants in blood samples
will allow distinguishing the effect of pollution from other stressors such as diet
quality.
Oxidative stress and seasonality

In chapter 3, differences between urban and rural house sparrow were higher during
the breeding season in comparison with winter. In urban habitat, the pressure on the
oxidative stress balance is high because of pollution associated with this type of
environment and the lack of antioxidant linked to urban food resources (Beaulieu and
Costantini, 2014); to keep the balance, urban individuals are forced to make a greater
investment in self-maintenance in comparison with rural individuals. This pressure
implies a redistribution of the available resources, which are monopolized by the
antioxidant defences to avoid damage (Costantini and Verhulst, 2009; Monaghan et al.,
2009), depriving other functions such as growth, plumage, immune response of these
resources (Dowling and Simmons, 2009; Isaksson et al., 2011). This redistribution
may have negative consequences for the fitness of urban individuals (Isaksson, 2015).

Reproduction is one of the main traits affected by these restrictions: it is
costly in terms of oxidative stress and at the same time, it is affected by oxidative
stress (Stier et al., 2012). In this thesis, I did not measure the reproductive effort and
investment, and hence I cannot provide empirical data that shed light on the
hypothesis that the lack of antioxidant activity and poor condition found in urban
birds during breeding season was driven by investment in reproduction. However, I
have shown that during breeding season the physical condition is poorer than in
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winter, so I will discuss the possible consequences of the additional effort such as
reproduction given this finding.

It has repeatedly been reported that a shortage of antioxidants during
breeding has negative consequences mainly for the nestlings (Costantini et al., 2009;
Monaghan and Haussmann, 2015). The lack of antioxidants during the early stages of
development shapes the potential capacity of the antioxidant system at adulthood and
even of their offspring (Blount et al., 2006; Monaghan et al., 2009; Costantini et al.,
2014). Thus restricted access to antioxidants during breeding may give rise to a weak
generation. Weak individuals tend to survive in cities rather than being eliminated,
due to lower predation rate and abundant food resources (Shochat, 2004). This has
negative consequences for the population fitness since genetic quality is lost due to
the lack of natural selection (Oro et al., 2013). In fact, these abundant food resources
have other negatives consequences that we have explored in chapter 4 and 5.
Oxidative stress and diet

In urban areas, natural food webs have been altered, which may bring up complex
consequences for wildlife through altering habitat preferences, phenotypes and
fitness attributes that influence population dynamics (Robb et al., 2008; Hwang et al.,
2018). Human-provided food can provide additional energy sources that minimise
trade-offs between energetically costly physiological processes; on the other hand,
human-provided food differs markedly in energy, nutrient composition and quality
from their natural diet (Hwang et al., 2018). Modified macronutrients (such as protein,
fat, carbohydrates) or micronutrients (such as vitamins and minerals) intake might
affect fitness through effects on phenotypic traits such as growth rates, fat scores,
reproductive effort and immunocompetence (Jessop et al., 2012; Giraudeau et al.,
2018).

Scraps and leftovers that birds forage on in cities include an abundance of
processed food because this is the trend observed in the human diet. Regarding its
composition, processed food is characterised by low amounts of vitamins and
minerals, high glycaemic index, carbohydrates, saturated fats (SFA), cholesterol and
hydrogenated fats, and a marked shift in the ω-6 / ω-3 polyunsaturated fatty acids
(PUFA) (Jew et al., 2009; Giraudeau et al., 2018), increasing the amount of ω-6 PUFA
with respect to ω-3 PUFA. Therefore, analogous to the human health, the excessive
caloric intake and the imbalanced nutrition may cause metabolic syndromes and
nutritional disorders (Jessop et al., 2012). Furthermore, feeding on garbage and
leftovers carries some risk like the intake of pollutants or pathogens (Evans et al.,
2015), which promotes pro-oxidation and inflammatory processes (Isaksson, 2015;
Christ et al., 2018).
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Moreover, some of the techniques for preserving and processing this kind of
food involve methods that have the potential to trigger formation of mutagenic,
genotoxic and carcinogenic substances such as acrylamides (Erkekoglu and Baydar,
2010; Omoruyi and Pohjanvirta, 2014); and some common food preservatives and
flavour enhancers (such as monosodium glutamate and sodium and potassium
benzoates) have been described as genotoxic, because they promote the oxidation of
DNA in rats (Farombi and Onyema, 2006; Zengin et al., 2011). In addition, the safety
doses of preservatives and other additives in food have been tested in humans
(Omoruyi and Pojanvirta, 2014) and there is no information on the effects of these
compounds on wildlife. Thus, processed food has been described as inappropriate for
feeding wildlife (Orams, 2002; Ishigame and Baxter, 2007; Jessop et al., 2012).

Despite diet constitutes one of the main factors shaping the antioxidant
system defence, until I know, there are no experimental studies to date that explore
the effects of feeding with processed food on oxidative stress balance in urban birds.
As I have shown in the studies reported in chapters 4 and 5, processed food
contributes to reducing the antioxidant capacity of birds in comparison with control
diet; and this diet also contributes to increasing lipid oxidative damage (Figure 6.7).

This is not surprising, because birds that were fed on processed food showed
a higher ω-6 / ω-3 PUFA, which is linked to inflammatory responses (Andersson et al.,
2015; Isaksson, 2015) causing an increase of free radicals (Lodovici and Bigagli,
2011); furthermore, birds fed on processed food showed a higher amount of linoleic
acid (LA) in plasma compared to birds fed on control diet (Figure 6.8). LA is
precursor of hydroxyl and hydroperoxys such as 4-HNE and other molecules that may
unchain lipid peroxidation cascades (Russo, 2009; Patterson et al., 2012) (Figure 6.9).

The shortage of antioxidants in processed food (reflected in the observed
total antioxidant capacity) and its fatty acids composition (which is more susceptible
to oxidative damage) make this diet less suitable when living in a potential prooxidant environment such as urban areas. The availability of these food resources in
cities may explain the lack of antioxidant capacity as described in urban populations
in chapters 2 and 3 and the increment of oxidative damage in urban population
described in chapter 3 (Figure 6.10).
The pressure of free radicals induced by urban pollution together with the
scarcity of antioxidants may be part of the mechanism underlying population declines
of house sparrows. Although the house sparrow has been considered a typical adaptor
species (Anderson, 2008), the lack of adaptive response observed in urban birds fed
on processed diet during the experiment indicates that house sparrows living in cities
are not adapted to this food resource, even when they are supposed to rely on human
leftovers (Kark et al., 2007).
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FIGURE 6.7. Effects of processed versus control food in urban and rural house sparrows in a
common garden experiment. Significant differences (p ≤ 0.05) were found on total antioxidant
capacity determines as FRAP (A), lipid peroxidation determines as TBARS (B), and as the
fragility of erythrocytes membranes determines as % haemolysis (C) (chapter 4).

Unfortunately, to my best knowledge there is no similar experiment that
investigates the effect of processed food on the oxidative stress balance of house
sparrows or other bird species; therefore I cannot compare the results reported in
chapters 4 and 5 with similar studies.
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B

FIGURE 6.8. Effects of processed versus control food on the fatty acid profile of urban and rural
house sparrows in a common garden experiment. Significant differences (p ≤ 0.05) were found
on ω-6/ω-3 PUFA ratio (A), and proportion of linoleic acid (LA) (B).

However, these results are consistent with experimental studies showing that
processed food induces inflammatory processes in mice (Giugliano et al., 2006) and
the overexpression of genes linked to the inflammatory response (Christ et al., 2018);
metabolic disorders in rodents (Buettner et al., 2007); epidemiological studies in
human that showed a negative impact on lifespan (Rizza et al., 2014) and their
relation with various chronic diseases (Cordain et al., 2005). In contrast, processed
food improved the body condition of an urban lizard (Varanus varius) in Australia
(Jessop et al., 2012). Thus, further experiments in birds are required to test if the
results that I have shown are consistent with the hypothesis that human-provided
leftovers are deleterious for house sparrows in the city because of they are not welladapted to this kind of food.
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FIGURE 6.9. Metabolism of ω-6 and ω-3 PUFA. Shown here is the pathway of both PUFA metabolism and their respective
derivatives: anti-inflammatories interleukins in the case of ω-3 PUFA; and pro-inflammatory interleukins and hydroxyl and
hydroperoxy (i.e. 4-HNE) in the case of ω-6 PUFA (Figure from Patterson et al., 2012).
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Conservation management
The consequences for house sparrows living in an urban environment is an overall
imbalance of oxidative stress. This means paying the cost of the investment in the selfmaintenance of oxidative balance with negative consequences for the fitness. In urban
populations of house sparrows, it has been reported lower brood size (Peach et al.,
2008), weaker nestlings compared to rural ones (Seress et al., 2012), and lower
survival rate (Klok et al., 2006). As well, their lifespan is shorter in urban areas than in
rural ones (Melliere et al., 2015). In fact, a strong negative population trend has been
reported in urban house sparrows of Europe (Robinson et al., 2005; De Laet and
Summers-Smith, 2007; Peach et al., 2008) that it is wakening an interest of both
researchers and stakeholders of many European cities.

In addition to the potential use of house sparrows as bioindicator or their
ecological value for urban environments (Swaileh and Sansur, 2006), the
disappearance of house sparrows from urban areas also has a negative impact on the
society. Perhaps because of their familiarity to their human hosts, house sparrow has
become an emblematic bird (Summer-Smith, 2003) and their conservation may be an
important issue for some of the most relevant NGOs (such as BirdLife International),
councils, urban planners and other collectives involved in the conservation of urban
wildlife. They must raise awareness and try to involve people in the conservation of
this species because participation of citizen is essential in urban ecology projects
(Cooper et al., 2007).
Supplemental feeding is a widely practised activity with various purposes,
from a management strategy for conservation to creation of a tourist attraction or
simply as a pastime (Shochat, 2004), sometimes with unintended consequences
(Hwang et al., 2018). As I have shown in this thesis, supplementary food may help
urban birds, but the quality of this food should be highlighted: not feeding birds with
inadequate food such as bread or snacks would be useful, and providing bird-feeders
with high-quality food instead, especially during breeding season, may contain the
house sparrows population decline in urban areas.
However, the main conservation measures, such as improvement of air
quality, should be introduced by the authorities in cities. The use of bioindicators such
as house sparrows combined with traditional quantification of airborne and gases
may provide more useful and reliable information about the health of the ecosystem.
This will require the introduction of standardised censuses (i.e. after winter or postbreeding season) that provide reliable information on key population parameters
such as fledgeling production and survival of fledgelings and adults.
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FIGURE 6.10. How the population of house sparrow analysed in chapter 3 (on the right) fits in the scenarios
proposed in the general introduction.
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Future perspectives
Regarding the main question of this thesis about the consequences of urban
environments for house sparrows, some relevant points remain unclear. The ideas
proposed below are suggestions to continue exploring this question and/or to
improve current studies:
1.

2.

3.

4.
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The quantification of air pollutants (such as heavy metals) in blood or
feathers would provide a useful dataset to explore the correlation between air
pollutant exposure and oxidative stress balance. This should be combined
with experimental studies of the effect of pollutant exposure on oxidative
stress balance, ideally in combination with some dietary manipulation.

The potentially harmful effect of urban stressors on DNA remains unexplored
in this thesis. Because air pollutants and some of the preservants of processed
food have been described as genotoxic, the determination of a DNA oxidative
damage biomarker (such as 8-oxo-deoxyguanosine) should be considered in
further studies.
The consequences of urbanisation on lifespan have not been explored in this
thesis, although it has been reported that urban stressors such as pollutants
and diet can accelerate ageing. The study of telomere attrition in the context
of the experiments described above may provide relevant information about
the impact of processed diet on survival in the city.

Finally, the potential effects of early-life conditions in urban areas have not
been solved. A cross-fostering experiment, exchanging eggs or nestlings
between urban and rural breeding house sparrows, may contribute to
disentangling the effect of rearing habitat over genetic. Ideally, a common
garden experiment with these nestlings when they were ready for
reproduction, may reveal long-term effects of early-life conditions.

Synthesis

Conclusions

I.

II.

III.

IV.

V.

VI.

VII.

The oxidative stress balance constitutes a reliable biomarker for monitoring
the effect of urban environment on wild birds. Pollution may be responsible
for increased oxidative stress in this habitat.
Urban environments increase oxidative stress: generation of free radicals is
not fully compensated by antioxidant defences in urban birds which are lower
in urban birds.

Differences between urban and rural populations are larger in the breeding
season: the antioxidant capacity of urban birds is lower during breeding
season compared to winter, whereas in less urbanised areas there was no
seasonal variation.

Processed food (such as leftovers that bird can forage on in cities) has a prooxidant effect: it results in diminished antioxidant capacity and increased
lipoperoxidation.

Processed food has a fatty acid composition that promotes a high ratio ω-6 /
ω-3 PUFA, which is linked to inflammatory responses, and a high proportion
of linoleic acid, which is linked to increased oxidative damage.
Antioxidant capacity is highly influenced by diet, whereas oxidative damage is
mainly influenced by the habitat. For that reason, response to diet differs
between urban and rural populations.

The consequences for house sparrows living in an urban environment is an
overall imbalance of oxidative stress, because of pollution in cities and the
lack of antioxidants in urban food sources. They are paying the cost of the
investment in the self-maintenance of oxidative balance with negative
consequences for the fitness; this may be related to the decline of the urban
populations reported in many European cities.
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Summary

Urban areas constitute new ecosystemic niches designed by and for humans;
nevertheless, many other animal species share space with them. Overall, these
ecosystems present disadvantages for urban wildlife, mainly related to the presence of
humans and its activities, like air pollution. However, some animal species have been
attracted by these new ecosystems and its possibilities, like the abundance of food
resources.

One of these species is the house sparrow (Passer domesticus L.), cohabiting
with humans since the constitution of the first human settlements. Sparrows have
dispersed all over the world following humans. For centuries, they have inhabited
towns and cities; however, in the last decades, this species, apparently well adapted to
humanised environments, is suffering a strong decline in some of the most urbanised
areas of Europe.
The reason for this decline remains unclear, but high pollution in urban areas
and the quality of food resources arise as some of the potential primary causes. An
interesting approach, but scarcely explored to the present day, is the ecophysiological
approach to conservation issues. In particular, oxidative stress balance, which is an
essential mechanism to adapt to life in the cities, and highly influenced by air pollution
and diet quality.

In chapter 2, I verified that the oxidative stress balance is influenced by
habitat in this species. Urban individuals showed lower antioxidant capacity
compared to rural ones; in addition, they showed worse physical condition (residual
body mass). These results suggest that urban environments appear to exert a prooxidant effect and / or the availability of antioxidants in urban areas is more limited.
In either case, the study of oxidative stress appears a useful trait to evaluate the effect
of urbanisation on wildlife.
Based on the results obtained in the second chapter, in chapter 3 I evaluated
habitat and seasonal variation in oxidative stress levels. Individuals from more
urbanised areas showed higher levels of damage than rural birds; thus their
antioxidant capacity was lower when compared to the rural ones. This difference was
accentuated during the breeding season.
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Given that toxicity mechanisms of many of air pollutants are based on the
generation of free radicals, the increase in oxidative damage and the increase in
antioxidant enzyme activity indicate that urban sparrows are in a pro-oxidant
environment. Therefore, in urban areas, they must counteract a higher generation of
free radicals in comparison with rural environments.
The demand for antioxidants to keep the system in balance could be
compensated by exogenous antioxidants in the form of macro and micro essential
nutrients that must be provided by the diet. However, it seems that nutritional
contribution did not satisfy the demand since the antioxidant capacity of urban
sparrows is lower in comparison with the rural ones. This situation is especially
delicate during breeding season because reproductive effort also carries an additional
consumption of antioxidants. Apart from the reproductive effort, adults should also
provide these nutrients to their offspring. Nutritional deficiencies during offspring
development may lead to negative consequences for the development of their
antioxidant defence system, causing deficiencies not only on their breeding
performance but on their future fitness as well.

In order to determine to what extent the precarious antioxidant balance
detected in urban birds can be attributed to the poor quality of the diet in the city, in
chapter 4 I conducted a common garden experiment where individuals from rural
and urban areas were held in captivity providing diets based on either natural foods
or based on processed foods such as those obtained when foraging in cities. The
results revealed that a natural diet elicited an increase of antioxidant capacity. On the
contrary, birds fed with processed diet seemed to increase the lipid peroxidation of
erythrocytes. The experiment also revealed that individuals from urban areas were
more susceptible to oxidative damage and an increased fragility of their erythrocyte
membranes, which did not improve even when fed a natural diet. This effect could be
related to early-life constraints during development and its negative consequences
during adulthood on the capacity of its antioxidant system.

Finally, the relatively high fragility of membranes in the erythrocytes
observed in urban birds encouraged the study of some of the less frequently explored
structural components of the antioxidant system, such as fatty acids. For this reason,
in chapter 5 the lipid profiles of the individuals used in the previous experiment
(chapter 4) were analyzed. Some fatty acids are essential macronutrients so the
influence of diet on them is very high. My results showed that birds kept on a
processed diet stimulate the production of a lipid profile not suitable for areas such as
urban environments. Individuals fed this diet showed a higher ω-6 / ω-3 PUFA ratio
than birds fed with a natural one, which is associated with a greater inflammatory
response (which although sometimes necessary, contributes to the generation of free
radicals); and a higher amount of linoleic acid (LA) than birds fed with a natural diet,
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ω-6 fatty acid precursor of hydroxyl and hydroperoxys that are linked to an increased
risk of peroxidation. Therefore, feeding on processed food may promote an oxidative
stress misbalance. The consequences of processed food on fatty acid profiles are
especially harmful in a pro-oxidant environment like cities, where the access to this
type of food is easier than in rural areas.

Overall, the study of oxidative stress has shown to be an effective tool to
analyse the consequences of urbanisation on house sparrow populations from an
ecophysiological perspective. Based on the results obtained, the population decline
may be related to the cost of these individuals’ city life in terms of oxidative stress.
High pollution levels in urban habitats exert pressure on the antioxidant defences of
individuals; moreover, food sources common in the city, such as leftovers of processed
food, not only have a negative effect on the provision of essential antioxidants but also
they may enhance the generation of free radicals. Living in an urban habitat may
produce a harmful short-term effect in adults, but this effect may be worse for
nestlings: lowering the quality of antioxidant capacity during the developmental
stages may have medium- and long-term effects on the quality of individuals when
they are incorporated into the reproductive population and future biological efficacy.
Therefore, it is expected that the pressure of the urban environment causes an effect
on reproduction and survival of the species.

The substantial decline of the population of house sparrows, in the most
highly urbanised areas in Europe, may be related to the oxidative stress urban birds
experience in comparison with rural ones. Some environmental factors linked to
urban environments, such as pollution and human-provided food, have been
described as a challenge for the oxidative stress balance, in terms of increased
oxidative damage or for failing to meet the needs of antioxidant system defences, or
even both combined. If we accept the link between urban population decline and
oxidative stress, as I propose in this thesis, the implementation of certain policy
changes in cities, such as reducing pollution and conducting campaigns on how to feed
wildlife may contribute to halting the decline of urban house sparrow populations.
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Samenvatting

Urbane gebieden vormen nieuwe ecosystemen ontworpen door en voor
mensen; desondanks deelt de mens deze nieuwe ecosystemen met veel diersoorten.
Over het algemeen zijn urbane ecosystemen ongunstig voor dieren door factoren als
luchtvervuiling en de aanwezigheid en activiteit van mensen. Desalniettemin worden
verschillende diersoorten aangetrokken tot deze nieuwe ecosystemen en hun
mogelijkheden, zoals bijvoorbeeld de overvloed aan voedselbronnen.
Eén van deze soorten is de huismus (Passer domesticus L.), die samen leeft
met de mens sinds de eerste nederzettingen. De huismus heeft zich over heel de
wereld verspreid, in navolging van, en geholpen door, de mens. Eeuwenlang hebben
huismussen in dorpen en steden gewoond, maar de laatste decennia gaat deze soort,
die zo goed aangepast leek aan menselijke omgevingen, sterk achteruit in sommige
van de meest geurbaniseerde gebieden van Europa.
De oorzaak van deze achteruitgang is onduidelijk, maar hoge vervuiling in
urbane gebieden en de kwaliteit van voedselbronnen zijn mogelijke primaire
oorzaken. Een interessante aanpak om dit te onderzoeken, die tot op heden weinig is
toegepast, is de ecofysiologische aanpak van natuurbehoudsproblematiek. Met name
de oxidatieve stress balans, die een een essentieel mechanisme is voor de aanpassing
aan het stadsleven is in deze context van belang, omdat die tevens zeer beïnvloedbaar
is door luchtvervuiling en voedselkwaliteit.

In hoofdstuk 2 heb ik geverifieerd dat de oxidatieve stress balans in deze
soort beïnvloed wordt door habitat. Urbane individuen hebben een lagere antioxidant
capaciteit zien dan rurale individuen; daarbij waren zij in een slechtere fysieke
conditie (lager lichaamsgewicht). Deze resultaten suggereren dat huismussen in
urbane omgevingen aan meer pro-oxidanten worden bloot gesteld / of dat de
beschikbaarheid van antioxidanten in urbane gebieden beperkt is. Hoe dan ook het
bestuderen van oxidatieve stress lijkt een veelbelovende eigenschap om het effect van
urbanisatie op dieren te evalueren.

Naar aanleiding van de resultaten beschreven in het tweede hoofdstuk heb ik
het effect van habitat- en seizoens-variatie op oxidatieve stress onderzocht
(hoofdstuk 3). Individuen in de sterker geürbaniseerde gebieden hadden meer
oxidatieve schade dan de rurale vogels. De antioxidant capaciteit van deze vogels was
lager dan bij de rurale individuen, en de verschillen waren groter in het broedseizoen.
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Gegeven dat het toxiciteitsmechanisme van veel vormen van
luchtverontreiniging gebaseerd is op de productie van vrije radicalen, wijst de
toename van oxidatieve schade en antioxidant enzymactiviteit er op dat urbane
huismussen in een pro-oxidante omgeving leven. In urbane gebieden moeten
individuen dus een hogere productie van vrije radicalen verwerken dan in een rurale
omgeving.

De extra antioxidanten die nodig zijn om het systeem in balans te houden zou
gecompenseerd kunnen worden door exogene antioxidanten in de vorm van
essentiële macro- en micronutriënten in het voedsel. Echter, gezien de lagere
antioxidanten capaciteit van urbane huismussen in vergelijking met ruraal levende
soortgenoten lijkt voeding deze behoefte niet voldoende te compenseren. Dit speelt
met name tijdens het broedseizoen omdat reproductieve inspanning de behoefte aan
antioxidanten groter maakt. En naast de kosten van reproductieve inspanning voor de
ouders zelf, moeten de broedvogels hun jongen ook nog van de juiste nutriënten
voorzien. Voedseltekorten tijdens de ontwikkeling van de nakomelingen kan leiden
tot een negatief effect op hun antioxidanten-verdedigingssysteem, wat uiteindelijk een
negatief effect kan hebben op de broedprestaties en toekomstige conditie van de
nakomelingen.

Om vast te kunnen stellen in hoeverre het verstoorde antioxidanten
evenwicht in urbane vogels kan worden toegeschreven aan de slechte
voedselkwaliteit heb ik in hoofdstuk 4 een “common garden” experiment uitgevoerd
waar rurale en urbane individuen in gevangenschap werden gehouden, en een dieet
voorgeschoteld kregen bestaande uit, óf natuurlijk voedsel óf bewerkt voedsel, zoals
dat in de stad voorhanden is. Hier bleek uit dat het natuurlijke dieet een verhoogde
antioxidanten capaciteit tot gevolg had. Tegelijkertijd bleek dat het dieet bestaande uit
verwerkt voedsel een resulteerde in meer oxidatieve schade (lipiden peroxidatie). Het
experiment liet verder zien dat individuen uit urbane gebieden vatbaarder waren
voor oxidatieve schade en een verhoogde kwetsbaarheid van de membranen van
erytrocyten, die niet verbeterde wanneer de vogels een natuurlijk dieet kregen. Dit
verschijnsel zou gerelateerd kunnen zijn aan beperkingen in de eerste levensfase
tijdens de ontwikkeling van een individu, met name mogelijke effecten op de
capaciteit van het antioxidant-systeem.

De grotere kwetsbaarheid van erytrocytmembranen in urbane vogels was
aanleiding voor de studie van vetzuren, een tot op heden bij vogels weinig
bestudeerde structureel elementen van het antioxidanten systeem. Hiertoe zijn in
hoofdstuk 5 de lipide-profielen van de individuen van het voorgaande experiment
(Hoofdstuk 4) geanalyseerd. Vetzuren zijn essentiële macronutriënten; hierdoor
worden zij sterk beïnvloed door het dieet. Mijn resultaten lieten zien dat vogels die
bewerkt voedsel kregen een lipiden-profiel ontwikkelden dat ongeschikt was voor het
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leven in urbane omgevingen. Individuen met een bewerkt dieet hadden een hogere ω6 / ω-3 PUFA ratio dan vogels met een dieet bestaande uit natuurlijk voedsel, en dit
wordt geassocieerd met een sterkere ontstekingsreactie (die, hoewel noodzakelijk,
bijdraagt aan de productie van vrije radicalen). Vogels met een bewerkt dieet hadden
meer linolzuur (ω-6 PUFA) dan vogels op een natuurlijk dieet, wat samenhangt met
een hoger oxidatie risico en een kortere levensverwachting. Daarom kan het volgen
van een dieet van bewerkt voedsel leiden tot een verstoring van de oxidatieve stress
balans. De consequenties van bewerkt voedsel voor vetzuur-profielen zijn in het
bijzonder schadelijk in pro-oxidante omgevingen zoals steden, waar de toegang tot
dergelijke voedselbronnen makkelijker is dan in rurale gebieden.

Samenvattend concludeer ik stellen dat de studie van oxidatieve stress een
informatieve aanpak is om de consequenties van urbanisatie op huismuspopulaties te
analyseren vanuit een ecofysiologisch perspectief. Gegeven de verkregen resultaten
lijkt het mogelijk dat oxidatieve stress een rol speelt in de afname van het aantal
huismussen in urbane habitats. Hoge vervuilingsniveaus in urbane habitats oefenen
een druk uit op de antioxidant beschermingsmechanismen van individuen; daarbij
komt dat voedselbronnen die algemeen zijn in de stad, zoals restafval van verwerkt
voedsel, niet alleen een negatief effect hebben op de opname van essentiële
antioxidanten, maar ook de generatie van vrije radicalen verhogen. In een urbaan
gebied leven kan daarom schadelijke effecten veroorzaken in adulte vogels, maar deze
effecten kunnen groter zijn voor hun nakomelingen: een verlaging van de
antioxidanten capaciteit tijdens de ontwikkeling kan langere termijn effecten hebben
op de kwaliteit van een individu zoals die tot uiting komt in bijvoorbeeld het
broedsucces. Het is daarom te verwachten de toename van de urbane habitats een
negatief een effect zal hebben op de reproductie en mogelijk zelfs het voortbestaan
van de soort.
De sterke achteruitgang van de populatie huismussen in de meest
geurbaniseerde gebieden van Europa kan gerelateerd zijn aan de oxidatieve stress die
vogels hier ondervinden. Verscheidene aan urbane gebieden verbonden
omgevingsfactoren zoals vervuiling en door mensen verstrekt voedsel hebben
ongunstige effecten op de oxidatieve stress balans zoals blijkt uit verhoogde
oxidatieve schade, verminderd functionerend antioxidanten-systeem, of beide. Als we
het verband tussen de afname van urbane populaties en oxidatieve stress aannemen,
zoals ik in de proefschrift beargumenteer, dan zouden bepaalde maatregelen in
steden, zoals het verminderen van vervuiling en educatie omtrent het voederen van
wilde dieren, de achteruitgang van urbane huismuspopulaties een halt kunnen
toeroepen.
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Resumen

La creación y expansión de las zonas urbanas ha supuesto la aparición de
nuevos nichos ecológicos diseñados por y para el ser humano, aún así numerosas
especies de animales comparten estos espacios con él. En general, estos ecosistemas
presentas desventajas para la fauna silvestre, debido principalmente tanto a la propia
presencia del ser humano como a consecuencia de sus actividades; este es el caso de la
contaminación atmosférica asociada a los núcleos urbanos. Sin embargo, a pesar de
los potenciales inconvenientes, algunas especies se han sentido atraídas por estos
novedosos espacios y las potenciales oportunidades que ofrecen, como la abundancia
de alimento.

Una de las especies más emblemáticas atraídas por los núcleos urbanos es el
gorrión común (Passer domesticus L.), el cual convive con el ser humano desde la
creación de los primeros asentamientos. De hecho, los gorriones se han dispersado a
lo largo de todo el mundo siguiendo el patrón de distribución del ser humano. Durante
siglos, han vivido en pueblos y ciudades; sin embargo en las últimas décadas se ha
detectado un fuerte declive poblacional en algunas de las áreas más urbanizadas de
Europa, a pesar de tratarse de una especie aparentemente bien adaptada a los
entornos antropizados.
Las causas del descenso de sus poblaciones aún no han sido identificadas;
pero la elevada contaminación atmosférica de las ciudades y la mala calidad de los
recursos alimenticios disponibles en las zonas urbanas podrían ser la clave. Un punto
de vista interesante, pero poco explorado hasta la fecha, es el abordaje desde una
perspectiva ecofisiológica de los temas relacionados con la conservación de especies.
En concreto, el estudio del estrés oxidativo constituye una herramienta muy útil, ya
que se trata de un mecanismo esencial para la adaptación a la vida urbana, y tanto la
contaminación atmosférica como la calidad de la dieta ejercen gran influencia sobre el
equilibrio del estrés oxidativo.
En el capítulo 2, he verificado la influencia que ejerce el hábitat sobre el
control del estrés oxidativo en el gorrión común. La capacidad antioxidante de los
individuos urbanos era más baja que la de los rurales; además, su condición física era
inferior (expresada como los residuos de la masa corporal frente al tarso). Estos
resultados sugieren que los entornos más urbanizados parecen ejercer un efecto
prooxidante y / o la disponibilidad de los antioxidantes en las zonas urbanas es más

155

Summary / Samenvatting / Resumen

limitada. En cualquier caso, el estudio del estrés oxidativo parece ser una estrategia
adecuada para la evaluación de los efectos de la urbanización sobre la fauna salvaje.

Basándome en los resultados obtenidos en el segundo capítulo, en el capítulo
3 he analizado la influencia del hábitat y la estación del año sobre el equilibrio del
estrés oxidativo. Los individuos de las zonas más urbanizadas mostraron mayor nivel
de daño oxidativo y una menor capacidad antioxidante que los rurales. Estas
diferencias se acentuaron durante la época de cría.
Debido a que el mecanismo de toxicidad de muchos contaminantes
atmosféricos se basa en la generación de radicales libres, el aumento del daño
oxidativo y la actividad de las enzimas antioxidantes indican que los gorriones
urbanos están expuestos a un ambiente prooxidante. Por lo tanto, en las áreas urbanas
las aves deben hacer frente a una mayor presencia de radicales libres que en las zonas
rurales.

Un aumento de la demanda de antioxidantes para mantener el sistema en
equilibrio, puede compensarse mediante el aporte de antioxidantes exógenos, en
forma de macro y micronutrientes esenciales proporcionados por la dieta. Sin
embargo, parece que en las zonas urbanas este aporte nutricional no fue el suficiente
para satisfacer dicha demanda ya que la capacidad antioxidante de los gorriones
urbanos se vio comprometida. Esta es una situación especialmente complicada
durante la época de cría ya que el esfuerzo reproductor también conlleva el consumo
adicional de antioxidantes. Aparte de para compensar el esfuerzo reproductor, los
adultos también necesitan un consumo extraordinario de estos nutrientes para
aprovisionar a sus crías. De hecho, este es un período delicado ya que se ha
comprobado que las deficiencias nutricionales durante el crecimiento traen consigo
un desarrollo deficitario del sistema de defensa antioxidante, comprometiendo tanto
el rendimiento reproductivo de los adultos como la condición física de la nueva
generación.

Con la intención de determinar hasta qué punto podía atribuirse el precario
equilibrio antioxidante de las poblaciones urbanas a la mala calidad de la dieta, en el
capítulo 4 llevé a cabo un experimento de ambiente común (más conocidos como
common garden) en el que gorriones procedentes de zonas urbanas y rurales se
mantuvieron en cautividad suministrándoles una dieta basada en productos naturales
o una dieta basada en alimentos procesados similares a los que obtendrían en las
zonas urbanas. Los resultados obtenidos revelaron que la dieta basada en productos
naturales logra un incremento de la capacidad antioxidante. Por el contrario, las aves
alimentadas con comida procesada sufrieron un aumento del daño oxidativo por la
peroxidación de lípidos. El experimento también reveló que los gorriones procedentes
de áreas urbanas eran más susceptibles de sufrir peroxidación lipídica y sus
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membranas eran más frágiles; incluso aunque tomasen la dieta basada en productos
naturales. La mayor susceptibilidad al daño mostrada por los individuos urbanos
podría estar relacionada con restricciones nutricionales sufridas durante las etapas
tempranas del desarrollo ya que estas acarrean un mal funcionamiento del sistema de
defensa antioxidante que acompañará al individuo durante su vida adulta.

Por último, la relativamente alta fragilidad de la membrana eritrocitaria
observada en los individuos urbanos motivó el estudio de uno de los componentes
estructurales del sistema de defensa antioxidante menos estudiado: los ácidos grasos.
Por ello, en el capítulo 5 se analizó el perfil de lipídico de los gorriones
experimentales del cuarto capítulo. Algunos ácidos grasos son macronutrientes
esenciales y por eso, la influencia de la dieta sobre el perfil lipídico es muy notable.
Los resultados obtenidos mostraron que la dieta basada en alimentos procesados
favorece la aparición de un perfil lipídico poco adecuado para vivir en ambientes
prooxidantes como el entorno urbano. Los gorriones alimentados con la comida
procesada mostraban un elevado cociente ω-6 / ω-3 PUFA, el cual se asocia con una
respuesta inflamatoria exacerbada (la cual aunque a veces sea efectiva y necesaria
contribuye a la formación de radicales libres); además esta dieta también provocó un
aumento de la cantidad de ácido linoleico, un ácido graso ω-6 precursor de hidroxilos
e hidroperóxidos cuya formación incrementa el riesgo de peroxidación. Por tanto, la
alimentación basada en alimentos procesados propicia el desequilibrio del estrés
oxidativo en los gorriones. Las consecuencias de la comida procesada sobre el perfil
lipídico serán especialmente perjudiaciales en entornos prooxidantes como las
ciudades, además en estas zonas este tipo de alimentos son más accesibles que en las
zonas rurales.
En general, el estudio del estrés oxidativo ha demostrado ser una herramienta
eficaz para el análisis de las consecuencias del proceso de urbnanización para las
poblaciones de gorrión común, al menos desde una perspectiva ecofisiológica.
Basándonos en los resultados obtenidos, el declive de sus poblaciones en zonas
urbanas bien podría estar relacionado con el coste que supone la vida en la ciudad en
términos de estrés oxidativo. Los elevados niveles de contaminación del hábitat
urbano ejerce mucha presión sobre la defensa antioxidante de los individuos. Además,
las fuentes de alimento típicas de las ciudades como papeleras con restos de alimentos
procesados, no sólo suponen un aporte deficitario de antioxidantes si no que además
algunos de sus aditivos favorecen la genereación de radicales libres. La vida en las
ciudades tendría consecuencias dañinas para los adultos a corto plazo; sin embargo,
estos serían aún peor para sus descendientes: el déficit de antioxidantes durante
etapas tempranas del desarrollo provoca una disminución en la calidad de los
individuos a medio y largo plazo, cuando formen parte de la población reproductora
comprometiendo así su eficacia biológica. Por lo tanto, se espera que la presión
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ejercida por el ambiente urbano tenga consecuencias sobre la reproducción y
supervivencia de la especie en las ciudades.

El marcado declive de sus poblaciones registrado en algunas de las áreas más
urbanizadas de Europa parece estar relacionado con el estrés oxidativo que
experimentan las aves en las ciudades. Algunos factores ambientales característicos
del hábitat urbano, como la contaminación atmosférica y la comida procesada
suministrada por los humanos, suponen un desafío para los mecanismos de control
del estrés oxidativo; ya que incrementan el daño oxidativo o no satisfacen la demanda
de antioxidantes, o ambas. Si aceptamos la relación entre el declive de las poblaciones
urbanas y el estrés oxidativo, como he propuesto en esta tesis, la implementación de
ciertas medidas políticas en las ciudades, como la reducción de la contaminación y el
desarrollo de campañas sobre cómo se debe alimentar a las aves urbanas, podrían
frenar la pérdida del gorrión común en las ciudades.
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To be continued…

