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Abstract 

Carotenoid-based feather colouration in birds has been hypothesised to signal individual genetic 

resistance to parasites. A trade off exists between using carotenoids for immune function and 

detoxification and investing them in plumage colour. It is predicted that brighter birds will have a 

greater resistance to disease. This project tests this hypothesis on the greenfinch, Carduelis chloris, 

by comparing the plumage colour of birds who have died from infectious diseases and those that 

have died from trauma. I found that adult male greenfinches were more likely to have died from a 

disease than younger birds or females. This may have been due to the fact that adult males are 

dominant at feeding stations, where there is a high risk of disease contamination. Adult male birds 

that had died from the infectious disease, trichomonas, were duller than those who had not died 

from trichomonas, thereby supporting the hypothesis. Adult male birds that had died from intestinal 

parasites or salmonella were actually brighter than birds that had not died from these diseases. 

Ornamental plumage in greenfinches is used as a social status signal and therefore the brighter birds 

are more dominant. Therefore these findings also support the dominance theory suggesting that 

socially dominant birds are at more exposed to infectious diseases at feeding stations, and therefore 

are more likely to die from an infectious disease.  
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1. Introduction 

 

1.1 Colour, disease and honest signalling 

There has been a large body of research suggesting that carotenoid-based ornamental plumage 

colouration is a sexually selected trait in birds (reviewed in Hill, 1991; Møller, 1988; Hill & McGraw 

2006). Females prefer to mate with males who have larger, brighter ornaments (Lindström and 

Lundström, 2000) and these ornaments are assumed to be an honest signal of genetic fitness 

(Zahavi, 1975). In greenfinches (Carduelis chloris) and common red polls (Carduelis flammea), as well 

as many other garden birds, ornamental plumage is carotenoid-based (McGraw, 2006 in Hill, 2006 

ch.5). Carotenoids cannot be synthesised in the body and therefore have to be consumed in the diet 

(reviewed in Surai, 2003). They can either be deposited in feathers for colouration, or they can be 

utilised by the immune system and used as antioxidants (Constanti and Møller, 2008; Surai, 2003). 

Using carotenoids for colouration can be detrimental to survival, as fewer carotenoids are then 

available if an immune response needs to be mounted during a disease outbreak. There is a risk 

involved in investing carotenoids in feathers and therefore only the healthiest birds, with the highest 

disease resistance can afford to be colourful (Møller, 1990). Females may therefore choose brighter 

males based on their carotenoids signalling as they are better able to resist infectious disease. If 

disease resistance and feather colouration are heritable then the trait can be passed on to their 

offspring (Hamilton and Zuk, 1982). More directly females may simply avoid mating with males that 

are at a higher risk of disease, to reduce their chances of contamination. 

This theory has been supported by studies showing that carotenoid-based ornamental plumage 

colouration is often positively associated with the ability to resist infectious diseases. For example, 

Horak et al (2004) found that greenfinches that were infected with the intestinal parasite, coccidia, 

had duller ornamental plumage. Hill and Farmer (2004) inoculated house finches (Carpodacus 

mexicanus) with a novel pathogen, Mycoplasma gallicepticum and found that redder birds were able 

to clear the disease much quicker than dull birds.  

Other studies have found the opposite relationship, for example Van Oort and Dawson (2005) found 

that in common redpolls brighter males were more likely to have died from salmonella than dull 

males. Similarly, in a study by Horak et al. (2001), older male great tits (Parsus major) that were 

infected with haemoparasites had higher values of hue than their uninfected counterparts. Van Oort 
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and Dawson (2005) explain this reverse relationship by dominance, whereby brighter, dominant 

birds have greater access to feeding stations, where there is increased risk of contamination from 

sick birds. Infectious diseases are easily transmitted through water and food and therefore feeding 

stations and bird baths provide the ideal conditions for rapid disease transmission. 

 

1.2 Issue 

British garden birds are becoming increasingly at risk from infectious diseases and emergent 

infectious diseases. As the public take more of an interest in providing food on bird tables for garden 

birds so there has been an increase in the spread of diseases (Becki Lawson, unpublished data). The 

emerging infectious disease, trichomonas, is spread through faecal transmission and the infectious 

disease salmonella is spread through saliva (GBHi, trichomonas advice sheet; GBHi, salmonella 

advice sheet. A high density of birds around feeding stations facilitates the spread of these diseases 

through large amounts of faeces and salival contamination of food (GBHi, Best practice guidelines).  

As a result of these concerns, the Garden Bird Health Initiative was set up in 2003 to promote 

research into the diseases affecting birds and identify those that were most at risk. To reduce the 

disease risks at feeding stations they have been advocating disinfecting feeding stations and having 

several stations to reduce the density of birds at any one site (GBHi, Best practice guidelines). As part 

of the monitoring network set up by the GBHi, volunteers who find dead birds are requested to send 

them to the GBHi for post-mortem analysis. Greenfinches (Carduelis chloris) make up 34% of the 

birds that have been sent in suggesting that they are a high risk species (Becki Lawson, unpublished 

data). As greenfinches are known to use their carotenoid-plumage for sexual signalling, and they are 

at high risk from infectious diseases and emerging infectious diseases, they are ideal candidates for 

my investigation. The purpose of this study is to see if there is a link between disease status and 

carotenoid-based plumage colouration in greenfinches, in order to better understand colour as a 

predictor of susceptibility to infectious disease. 

 

1.3 Aims and Predictions 

1) To assess whether the likelihood of a greenfinch dying from trichomonas, salmonella or intestinal 

parasites is related to its sex, age or the habitat it lives in. I predict that: 
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- Adult male greenfinches will be more likely to die from trichomonas, salmonella or intestinal 

parasites than females or younger birds. Adult males are more likely to be exposed to 

pathogens at feeding stations due to their dominant social status and therefore have an 

increased risk of infection.  

- Greenfinches found in rural areas will be less likely to die from an infectious disease 

compared to greenfinches found in urban areas. This is because there are more feeding 

stations in urban areas and therefore the risk of catching an infectious disease is higher than 

in rural areas. In rural areas, birds do not have to rely on feeding stations as a food source 

and can feed in less dense groups reducing the chances of disease transmission.  

2) To ascertain whether yellow chroma and brightness, and UV chroma and brightness, are 

predictors of an adult male greenfinches susceptibility to mortality from infectious disease, 

specifically trichomonas, salmonella or intestinal parasites. I predict that: 

- Birds that are more likely to die from infectious disease outbreaks will have lower values of 

brightness and chroma in the carotenoid-based ornaments of their tail feathers. Brighter 

birds have been able to invest their carotenoids in ornamental colouration as they are better 

able to survive during infectious disease outbreaks. 
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2. Background 

 

2.1.1 Sexual Selection and honest signals 

Sexual selection is the evolution of traits that arise from variation among individuals and seemingly 

have no benefit to survival. These traits do however affect success in competition for mates and 

ŦŜǊǘƛƭƛǎŀǘƛƻƴǎ ό!ƴŘŜǊǎǎƻƴΣ мффпύΦ ¢ƘŜǊŜ ŀǊŜ ǘǿƻ ƳŀƧƻǊ ǘƘŜƻǊƛŜǎ ƛƴ ǎŜȄǳŀƭ ǎŜƭŜŎǘƛƻƴΤ ǘƘŜ άǊǳƴŀǿŀȅέ 

hypothesis (Fisher, 1915, reviewed in Andersson, 199пύ ŀƴŘ ǘƘŜ άƎƻƻŘ ƎŜƴŜǎέ ƘȅǇƻǘƘŜǎƛǎ ό½ŀƘŀǾƛΣ 

мфтрύΦ Lƴ ǘƘŜ άǊǳƴŀǿŀȅέ ƘȅǇƻǘƘŜǎƛǎΣ ŦŜƳŀƭŜǎ ŘŜǾŜƭƻǇ ŀ ǇǊŜŦŜǊŜƴŎŜ ŦƻǊ ŀ ŎŜǊǘŀƛƴ ǘǊŀƛǘ ƛƴ ƳŀƭŜǎ ǘƘŀǘ ƛǎ 

unrelated to their fitness and mate with these males. Their offspring will therefore inherit the trait 

as well ŀǎ ǘƘŜ ǇǊŜŦŜǊŜƴŎŜ ŦƻǊ ǘƘŜ ǘǊŀƛǘΦ ¢ƘŜ άƎƻƻŘ ƎŜƴŜǎέ ƘȅǇƻǘƘŜǎƛǎ ǎŀȅǎ ǘƘŀǘ ƳŀƭŜ ŘƛǎǇƭŀȅ ƛƴŘƛŎŀǘŜǎ 

some form of fitness that is controlled by genes. By mating with a male who has highly developed 

ornamentation, a female ensures that her offspring inherit these good genes. Hamilton and Zuk 

όмфунύ ǇƻǎǘǳƭŀǘŜŘ ǘƘŀǘ ǎŜȄ ǘǊŀƛǘǎ ǿŜǊŜ ǊŜƭƛŀōƭŜ ƛƴŘƛŎŀǘƻǊǎ ƻŦ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ŀōƛƭƛǘȅ ǘƻ ǊŜǎƛǎǘ ŘƛǎŜŀǎŜΦ 

Females could decipher which males were affected by diseases by the extent of the expression of 

their ornamentation. Therefore female mate choice would benefit the offspring by increasing their 

chances of survival (Andersson, 1994). Over the last decade, the good genes hypothesis has received 

growing attention and recent work primarily focuses on the associated idea that sexually selected 

ornamentation is an honest signal of the quality of the bearer. 

 

2.1.2 Hamilton and Zuk hypothesis 

Hamilton and Zuk (1982) offered one route by which sexually selected ornaments may be honest 

indicators of quality by hypothesizing that host resistance and parasite genotype were cyclical. A 

host could have the genotype, H or h and parasites could be P or p. H is resistant to p, but not P and 

h is resistant to P, but not p. The hypothesis dictates that if p is the most prevalent parasite to affect 

the next generation, then females should choose a male who has the genotype H, so that their 

offspring will be more likely to be resistant to the common parasite, p. If this happens, then it is 

more beneficial for the parasites to have the genotype P and thus this becomes the more common 

parasite in the population. In turn, the advantage of being H falls and the population of hosts will 

tend towards to the genotype h. Cycles may be of varying length and several cycles can occur at 
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once. Hamilton and Zuk (1982) proposed that genetic disease resistance is signalled through 

secondary sexual traits, so a bird who has greater expression of plumage ornamentation will have an 

above average inherited fitness. Hamilton and Zuk (1982) also found that species which were most 

prone to virulent parasites had the most developed sexual traits. 

Evidence is accumulating that supports the ideas of sexually selected ornamental traits being used in 

mate selection, that they are heritable and also provide information about the quality of the bearer. 

For example in 1988, Møller found that female swallows (Hirundo rustica), preferred to mate with 

males that had longer tail feathers, a sexually selected trait. As swallows are monogamous, males 

need to make sure they are chosen by females first so that the breeding season can be elongated, 

allowing time for two clutches in one year. The most attractive males also benefit from being chosen 

early by females who are able to double-clutch. A study by Hill (1991), found that females house 

finches (Carpodacus mexicanus) preferred to mate with males who had brighter plumage and were 

more colourful. Brighter males were also found to be more attentive to nests and had better 

overwinter survival, which could therefore have been what the females were selecting for. Sons who 

had bright fathers, went on to develop bright plumage themselves, demonstrating that this is a 

heritable trait. In a meta-analysis of 40 different species (including birds, insects, spiders and fish) 

Jennions et al. (2001) found that males with larger ornaments, weapons or body size had better 

chances of survival. 

 

2.1.3 Honest signalling 

For a signal to be reliable it must be costly to produce or maintain. Costly production or maintenance 

therefore leads to honest signalling such as is required for under the Hamilton and Zuk (1982) 

hypothesis. Honesty, however, does not have to rely on parasite mediated selection to operate. For 

example, having bright plumage can be costly as it makes an individual more conspicuous to 

predators (Andersson, 1994). Evans and Thomas (1992) found that the long tail of a male scarlet-

tufted malachite sunbird (Nectarinia johnstoni) has detrimental aerodynamic effects on flight and 

therefore the ability to catch insects. Costs of plumage signals are also dependant on the types of 

pigments utilised in feather colouration. There are three main broad types of pigment. These are 

melanins which produce black and brown colouring, carotenoids that produce yellow and red 

colouring and structural pigmentation which produces greens and blues (Hill, 2006). Carotenoid-
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based plumage signals are particularly good candidates for honest signalling because of the difficulty 

in their acquisition and in the multiple and competing roles they perform (see below). 

After melanins, carotenoids are the most common type of pigment in feather plumage colouration 

(McGraw, 2006 in Hill, 2006 chp.5). Greenfinches (Carduelis chloris) for example use carotenoids to 

colour their ornamental feathers (Lindström and Lundström, 2000). As we shall see later in this 

section, investing carotenoids in feather colouration means that there are less available for other 

important functions within the body. Carotenoids have roles in the immune system (Constanti and 

Møller, 2008; Surai, 2003) and therefore birds who have weaker immune systems need to use 

carotenoids to help fight future infections. It is argued that male birds who have brighter plumage 

are therefore signalling to females that they are good at resisting disease (Hamilton and Zuk, 1982) 

making carotenoid pigmented ornaments condition-dependent (honest) signals. 

 

2.2.1 Structure and acquisition of carotenoids 

Carotenoids are 40-carbon tetraterpenoid molecules, made up of a series of isoprene residues 

whose sequence is reversed at the centre (McGraw, 2006 in Hill, 2006 ch.5). Below is a structural 

diagram of the carotenoid lutein, which is a common pigment in birds. 

 

Figure 2.1: Lutein structure (Surai, 2003) 

 There is a basic structure of hydrocarbons running the length of the molecule and these are joined 

by conjugated double-bonds. At one or both ends of the carotenoids there are ring structures that 

can be substituted to give the molecule a different function. There are two groups of carotenoids; 

ΨŎŀǊƻǘŜƴŜǎΩ ŀǊŜ ǳƴǎǳōǎǘƛǘǳǘŜŘ ŀƴŘ ǘƘŜǊŜŦƻǊŜ Ŏƻƴǘŀƛƴ ƻƴƭȅ ŎŀǊōƻƴ ŀƴŘ ƘȅŘǊƻƎŜƴΣ ŀƴŘ ΨȄŀƴǘƘƻǇƘȅƭƭǎΩ 

are those that are substituted and contain oxygen. As a result of these structural differences, 

carotenes are non-polar compared to xanthophylls, and are lipid-soluble. Xanthophylls themselves 

are diǾƛŘŜŘ ƛƴǘƻ ΨƪŜǘƻ-ŎŀǊƻǘŜƴƻƛŘǎΩΣ ǿƘŜǊŜ ǘƘŜ ǎǳōǎǘƛǘǳǘƛƻƴ ƛǎ ŀ ƪŜǘƻƴŜΣ ŀƴŘ ΨƘȅŘǊƻȄȅ-ŎŀǊƻǘŜƴƻƛŘǎΩΣ 
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where the substitution is a hydroxyl group (McGraw, 2006 in Hill, 2006 ch.5). The chemical formula 

for carotenoids is C40H56On where n is 0 in carotenes and n can be 1-6 in xanthophylls (Surai, 2003). 

Birds are unable to synthesise carotenoids within their bodies as they lack the necessary precursor 

molecules (Hill, 2006 ch.12; McGraw and Hill, 2000). As a result birds must obtain carotenoids from 

their diet and then metabolise them into a form that they can utilise in their plumage. This 

immediately imposes an environmental pressure in the form of availability of carotenoids and is 

another way in which carotenoid display can be an honest signalling device. Some birds may have 

better foraging abilities than others and will ingest more dietary carotenoids and thus are able to 

exhibit more impressive plumage colouration. For females choosing a mate, plumage colouration 

can therefore be an honest indicator of foraging aōƛƭƛǘȅ ŀƴŘ ǘƘŜ ƳŀƭŜΩǎ ŀōƛƭƛǘȅ ǘƻ ŦƛƴŘ ŦƻƻŘ ŦƻǊ ƛǘǎ 

offspring (Hill, 1991). 

Carotenoids are difficult to absorb and the process requires large amounts of energy. In some cases 

infectious diseases, such as coccidia, can inhibit the absorption of carotenoids and other foods 

(Horak et al., 2004). Coccidia is a parasite that causes cysts to develop in the gut lining which make it 

thicker, a condition known as hyperplasia. This can stop the production of high density lipoproteins 

which transport carotenoids around the body (McGraw and Hill, 2000). Damage to the gut wall 

therefore prevents absorption of carotenoids. As carotenoids have to be transported across the 

small intestine with lipids, they must be eaten in a fat-rich diet. The multiple constraints on 

absorption of carotenoids are summarised in Figure 2.2. 
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Figure 2.2: Diagram showing factors that affect carotenoid absorption, including metabolic factors, 

dietary factors, subject factors and food form as reviewed in Surai (2003) 

 

2.2.2 Functions of carotenoids within the body 

Carotenoids have important roles within the body that include eliminating peroxides and enhancing 

the immune system (Constanti and Møller, 2008). They do this by increasing the production of 

lymphocytes, enhancing the phagocytic properties of macrophages and neutrophils, as well as 

having a role in cancer immunity (Constanti and Møller, 2008). Carotenoids can also act as cell 

membrane stabilisers as their presence in the phospholipid bilayer of the small intestine means that 

they can trap free radicals and help maintain the integrity of the membrane (Surai, 2003). This is part 

of their role as antioxidants. 

Antioxidants are molecules that are able to bond with free oxygen molecules that are circulating 

around the body. These oxygen molecules are known as free radicals and can be destructive to the 

tissues and organs. Free radicals are produced during metabolism and when mounting an immune 

response, being emitted when lymphocytes act to fight off an infection in the body. Carotenoids 

themselves can act as antioxidants as they are able to take up these free radicals and therefore 

reduce the damage that these cause during an immune response (Surai, 2003; McGraw et al., 2005; 

Biard et al., 2005).  
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One particularly important life history stage in birds relates to the large amount of oxidative stress 

produced during embryonic development (Surai, 2003). Studies have shown that female birds invest 

large numbers of antioxidants, particularly carotenoids, into egg yolk in order to aid the 

development of chicks. They do this by maintaining redox homeostasis during embryonic 

development and during the first few days after hatching (Blount et al., 2000; Surai, 2003). It is the 

carotenoid pigmentation in yolk that gives it its orangey appearance. McGraw et al. (2005) found 

that female zebra finches (Taeniopygia guttata) who invested more carotenoids into the yolk of their 

eggs, had chicks with better nesting survival, better fledging success and brighter ornamental 

colouration as adults. Similarly, Biard et al. (2005) found that nestlings from eggs laid by carotenoid 

supplemented females grew longer tarsi, had faster development of the immune system and grew 

ōǊƛƎƘǘŜǊ ȅŜƭƭƻǿ ŦŜŀǘƘŜǊǎ ǘƘŀƴ ŎƻƴǘǊƻƭǎΦ /ŀǊƻǘŜƴƻƛŘǎ ŀǊŜ ǘƘŜǊŜŦƻǊŜ ǇŀǊǘ ƻŦ ǘƘŜ άƛƴǘŜƎǊŀǘŜŘ ŀƴǘƛƻȄƛŘŀƴǘ 

ƛƳƳǳƴŜ ǎȅǎǘŜƳέ ό9ǿŜƴ Ŝǘ ŀƭΦΣ нллсōύ ŀƴŘ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ƻǘƘŜǊ ŀƴǘƛƻȄƛŘŀƴǘǎ ŀǊŜ ǎƭƻǿƭȅ ōŜƛƴƎ 

unravelled. Research has shown that dietary carotenoids when combined with other antioxidants, 

such as vitamins E and C, can enhance the protection of human cells against ultraviolet light. 

Combinations of antioxidants including carotenoids have also been shown to protect against and 

ǊŜŘǳŎŜ ƭƛǇƛŘ ǇŜǊƻȄƛŘŀǘƛƻƴ όǊŜǾƛŜǿŜŘ ƛƴ {ǳǊŀƛΣ нлло ŎƘΦоύΦ {ǇŜŎƛŦƛŎŀƭƭȅ ʰ-tocopherol (a type of Vitamin 

E) and carotenoids work ǎȅƴŜǊƎƛǎǘƛŎŀƭƭȅ ōȅ ǊŜƛƴŦƻǊŎƛƴƎ ŜŀŎƘ ƻǘƘŜǊΩǎ ōƛƻƭƻƎƛŎŀƭ ǊƻƭŜǎΦ 

Some recent research has questioned the antioxidant properties of carotenoids (Constanti et al., 

2007; Hartley and Kennedy, 2004). Hartley and Kennedy (2004) postulated that carotenoid-based 

display was in fact a signal of the functional properties of non-coloured resources. In order for a 

molecule to be classed as an antioxidant it has to be able to be oxidised without any detrimental 

effects, so that there is an overall net benefit in removing cause of oxidative stress. Carotenoids are 

long molecules that can be easily fragmented and when this happens, toxic compounds and more 

free radicals may be produced (Hartley and Kennedy, нллпύΦ CƻǊ ŜȄŀƳǇƭŜΣ ʲ-carotene can be 

oxidised to produce toxic aldehydes that can have a negative effect on cell viability and replication. 

However, carotenoid-based display may in fact be indirectly advertising other antioxidant molecules 

that may have stronger antioxidant function but tend to be colourless. For example, Bertrand et al. 

(2006) looked at carotenoid-based bill colour in zebra finches and found that that birds who had 

brighter carotenoid colouration in their beaks, had higher levels of the non-pigmentary antioxidant, 

melatonin. Therefore it may be the case the brighter the carotenoid display, the better the quality of 

non-pigmentary antioxidants (Hartley and Kennedy, 2004) and therefore they are honest signals. 
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2.2.3 Metabolism of carotenoids for pigments 

Metabolism is assumed to be a costly process and therefore adds to the value of these ornaments 

being used for honest advertising. The colour produced by carotenoids is dependent on the 

conjugated double-bonds, where the more bonds there are, the shorter the wavelength of light that 

can be absorbed (McGraw, 2006 in Hill, 2006 ch.5). Therefore, a molecule with many conjugated 

double-bonds will exhibit a red hue. In order to achieve these different colours dietary carotenoids 

may need to be metabolised. The metabolic process simply makes small structural changes to the 

carotenoid molecule. Greenfinches colour their feathers yellow using lutein and canary xanthophylls 

(McGraw, 2006 in Hill, 2006 ch.5). Lutein can sometimes be utilised without being metabolised, 

whereas the canary xanthophylls have to be synthesised from lutein by dehydrogenation: 

LUTEIN ĄdehydrogenationĄcanary xanthophyll AĄdehydrogenationĄcanary xanthophyll B 

The enzymes that catalyse these reactions are as yet unknown, although it is assumed that some 

sort of dehydrogenase or mixed-function oxidase is responsible (Surai, 2003). Dehydrogenation 

occurs when the hydroxyl group of a hydroxy-carotenoid is converted into a carbonyl group. Other 

types of carotenoid are metabolised through oxygenation of the ring groups at the ends of the 

hydrocarbon skeleton.  

 

2.2.4 Deposition of carotenoids for colour 

If carotenoids do not need to be metabolised and can be deposited as pigment colouration in their 

current form, then they are transported to the relevant part of the body where they are deposited in 

the integument (McGraw, 2006 in Hill 2006 ch.5). McGraw (2004) found that in American 

Goldfinches, Carduelis tristis, the maturing feather follicle itself was the sight of metabolism of 

carotenoid pigments. As mentioned above, carotenoids can produce reds, yellows, oranges and 

pinks. Red integumentary colouration is by 4-oxo-ŎŀǊƻǘŜƴƻƛŘǎ ǎǳŎƘ ŀǎ ʰ-doradexanthin, astaxanthin 

and canthaxanthin. Yellows are produced by xanthophylls such as canary xanthophylls, lutein and 

zeaxanthin (McGraw, 2006 in Hill, 2006 ch.5). Oranges and pinks are created by lower 

concentrations of the red and yellow carotenoids or combinations of them. It is unusual for a single 

carotenoid to make a colour; they more often co-occur with other carotenoids and pigment types 

(McGraw, 2006, in Hill 2006 ch.5).  
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2.2.5 Honest signalling and trade off with carotenoid pigments 

Carotenoids are ideal pigments in ornamental plumage and honest signalling as a good standard of 

health is needed in order to access them. They are hard to find, have to be eaten and they are 

difficult to absorb, therefore requiring a level of fitness to utilise them. Once deposited within the 

feathers, there is no way of retrieving carotenoids and there are fewer carotenoids left for other 

physiological functions. If a bird is fit and healthy, it is able to forage for carotenoid-rich foods and 

therefore have carotenoids available for plumage colouration. The bird must also have a good level 

of genetic resistance to diseases in order to choose carotenoids for pigment over their antioxidant 

and immune system roles.  A trade off therefore exists whereby the bird must weigh up the relative 

importance of striking plumage and disease resistance and make a decision as to where to invest the 

carotenoids that are available. This costliness means that the signal is only displayed in the 

healthiest individuals and is therefore honest. 

A male bird is therefore giving information through its plumage, about its health status to a female. 

This is a signalling device females can use to assess which birds are likely to have good heritable 

fitness for fighting infections, that can be passed on to their offspring. Females may use plumage 

colour as an indication of current disease status so that they do not catch a disease from a 

prospective mate. However it is better to base this judgement on physical disease symptoms as 

plumage colouration can only indicate past health status, at the time of the last moult. If a bird is 

looking healthy physically and has bright plumage then the female can assume that the male 

currently does not have a disease and is able to fight off future infections. 

 

2.2.6 Key studies in bird plumage 

CƻƭƭƻǿƛƴƎ ƻƴ ŦǊƻƳ 5ŀǊǿƛƴΩǎ ǘƘŜƻǊȅ ƻƴ ǎŜȄǳŀƭ ǎŜƭŜŎǘƛƻƴΣ IŀƳƛƭǘƻƴ ŀƴŘ ½ǳƪ όмфунύ ǇǊƻǇƻǎed that the 

quality of sexual display was a signal of parasite resistance. Several studies have been carried out 

that test whether carotenoid pigmentation predicts resistance to disease (reviewed in Møller et al., 

1999). Some studies have also looked at whether varying the amount of carotenoids in the diet can 

have an effect on colouration of sexual characteristics. Olson and Owen (2005) found that dietary 

carotenoid availability correlated positively with plumage colouration but not with bare part 

colouration. They explained this by suggesting that life history and ecological factors were also 

playing a role and that plumage colouration was for dietary-mediated signalling, whereas bare part 
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colouration was a signal for some other, perhaps genetically influenced trait. Interestingly, they also 

found that this positive correlation was stronger for red plumage than yellow plumage.  

Research into parasite-mediated sexual selection has resulted in both support and rejection of 

IŀƳƛƭǘƻƴ ŀƴŘ ½ǳƪΩǎ όмфунύ ƘȅǇƻǘƘŜǎƛǎ. A number of studies have been carried out on the house 

finch, Carpodacus mexicanus, as the expression of their ornamental traits can vary greatly (Hill and 

Montgomerie, 1994). Hill and Farmer (2004) challenged the immune system of house finches by 

inoculating birds with Mycoplasma gallicepticum, a novel pathogen. They found that males with 

redder plumage were able to clear the disease faster than those who were less red. Similarly, Nolen 

et al. (1998) found that male house finches with redder plumage were more likely to survive an 

outbreak of mycoplasmal conjunctivitis.   

A study by Thompson et al. (1997) was the first study to use mark and recapture techniques to look 

at the effects of parasites on plumage colour over a length of time. House finches that had avian pox 

and feather mites present during the moult period were shown to be in poor physical condition and 

produced plumage that was less bright. Birds with low parasite loads, due to superior parasite 

resistance were in better condition and were able to grow brighter red plumage (Thompson et al., 

1997). These studies then suggest that there is a positive correlation between carotenoid 

colouration and disease resistance. Horak et al. (2001) investigated haemoparasites in great tits 

(Parus major) and whether infection status was represented through plumage colouration. 

Uninfected yearlings were found to have brighter hues of their ventral, yellow pigmentation than 

ƛƴŦŜŎǘŜŘ ȅŜŀǊƭƛƴƎǎΣ ǿƘƛŎƘ ǘƘŜǊŜŦƻǊŜ ǎǳǇǇƻǊǘǎ IŀƳƛƭǘƻƴ ŀƴŘ ½ǳƪΩǎ όмфунύ ƘȅǇƻǘƘŜǎƛǎΦ IƻǿŜǾŜǊΣ in 

older males infected birds had higher hue values than uninfected birds. If a bird had come into 

contact with the disease at an earlier age, it may be that they survived and now have the disease in a 

chronic form. They may require just a small immune response to keep the disease at bay, showing 

little or no signs of infection. An earlier disease outbreak may also have filtered out some birds with 

less resistant immune systems and others with weak immune systems may have not come into 

contact with the disease at any stage throughout their lives (Horak et al., 2001).  

 

2.3.1 Infectious diseases 

As with all animals, birds are susceptible to a number of infectious diseases. Infectious diseases are 

acquired following contact with an external pathogen present within an infected individual or the 
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environment (Ball, 1982). They can be transmitted through the media of air or water. Birds are 

generally fairly social and use communal feeding stations and water sources; therefore it is easy for 

diseases to be transmitted from one to the other. The main source of diseases in birds is from other 

birds rather than from other animals such as rats and squirrels which are known for their ability to 

harbour and spread disease. 

Infectious diseases can be pathogenic and can be either chronic or acute. They are detrimental to 

ǘƘŜ ƘŜŀƭǘƘ ƻŦ ǘƘŜ ōƛǊŘ ŀƴŘ Ƴŀȅ ŎŀǳǎŜ ŘŜŀǘƘΦ 5ƛǎŜŀǎŜ ƭƻǿŜǊǎ ŀƴ ŀƴƛƳŀƭΩǎ ŦƛǘƴŜǎǎ ŀƴŘ ƛǘ Ƴŀȅ ōŜ ƳƻǊŜ 

prone to such things as predation and hunger. Infectious disease is therefore an important 

parameter affectinƎ ŀ ōƛǊŘΩǎ ǎǳǊǾƛǾŀƭΦ 

 

2.3.2 Emergent infectious diseases 

Emergent infectious diseases are those that are increasing in prevalence and are becoming more 

widespread and common. The birds that are catching them have not been exposed to the particular 

pathogen before and therefore it is harder for their immune system to fight off infection. Emerging 

infectious diseases can be particularly aggressive because of this and have a high virulence. For 

example, Ewen et al. (2007) looked at the effect of Salmonella typhimurium on a reintroduced 

population of the hihi or stitchbird (Notiomystis cincta) on Tiritiri Matangi island, New Zealand. This 

was an emerging infectious disease and a novel pathogen for these birds, as it had not previously 

been found on the island.  It was first noticed in 2006 with the finding of eight freshly dead hihi that 

showed typical signs of salmonella in autopsy. The disease faded out as the susceptible individuals 

were removed (estimated about 30% of adult population died), but it still may be carried in resistant 

individuals on the island (Ewen et al., 2007). Management and monitoring of the population must 

continue so that this problem cannot arise again in the future. This example highlights the problems 

that can arise when such a virulent novel pathogen enters population, particularly in an endangered 

species.  

Both infectious diseases and emerging infectious diseases are currently causing problems in UK 

passerines. These are salmonella and trichomonas respectively. Salmonella is transmitted through 

faecal contamination of food (Van Oort and Dawson, 2005) and trichomonas is transmitted through 

saliva contamination food. People often have bird feeders in their gardens and these are prone to a 

build up of contaminants. Bird feeders that are not washed risk a build up of disease contaminated 
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faeces that can be picked up by any bird that comes to feed at the bird table (GBHi, Best Practice 

Guidelines).  

 

2.3.3 Salmonella 

Salmonella in wild birds is typically caused by the bacteria Salmonella typhimurium. S typhimurium 

infections cause swelling and lesions in the crop lining that generates a lumpy appearance. The 

spleen may be swollen, there may be necrosis of the digestive organs (Van Oort and Dawson, 2005) 

ŀƴŘ ǇƘȅǎƛŎŀƭƭȅ ǘƘŜ ōƛǊŘΩǎ ŦŜŀǘƘŜǊǎ ƭƻƻƪ ruffled and in poor condition. There is severe weight loss and 

ŀǘ ǘƘŜ ǘƛƳŜ ƻŦ ŘŜŀǘƘ ǘƘŜ ōƛǊŘǎ ŀǊŜ ǘȅǇƛŎŀƭƭȅ ŜƳŀŎƛŀǘŜŘΦ ¢Ƙƛǎ ƛǎ ǇŀǊǘƭȅ ŘǳŜ ǘƻ ǘƘŜ ŘƛǎŜŀǎŜΩǎ ŘŜǘǊƛƳŜƴǘŀƭ 

effect on the gut, causing the bird to defecate frequently. The faeces contain the salmonella bacteria 

ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŦǊŜǉǳŜƴǘ ŘŜŦŜŎŀǘƛƻƴ ƛǎ ǘƘŜ ŘƛǎŜŀǎŜΩǎ ǿŀȅ ƻŦ ǎǇǊŜŀŘƛƴƎ ƛǘǎŜƭŦ ǘƻ ƻǘƘŜǊ ōƛǊŘǎ όD.IƛΣ 

salmonella advice sheet). Prior to death, birds are lethargic and tend to stay near feeders, so they do 

not have to forage for food. This increases the risk of contamination for other birds visiting the 

feeding station. Salmonella can easily be grown in a lab and therefore can easily be diagnosed. 

 

2.3.4 Trichomonas 

Trichomonas is caused by a protozoan parasite called Trichomonas gallinae and is found to affect 

bird populations throughout the world. It affects the upper digestive tract of birds by causing lesions 

and build up of necrotic tissue (Becki Lawson, pers. comm.). It tends to be more common among 

young birds and is well known as a disease of pigeons and doves. Pigeons pass it to their young by 

feeding them crop milk, which is where the parasite lives. In adult birds it is transmitted through 

saliva, and raptors can catch it from eating infected birds. As well as the visible lesions in the throat, 

symptoms include wet breast feathers, weight loss and badly maintained plumage due to lack of 

grooming. The crop lining is thin and the oesophagus and crop can get occluded. The observed 

disease outbreaks tend to peak at the end of summer or beginning of autumn. As with salmonella, 

weight loss is a symptom, due to lack of foraging ability. Sick birds often have large amounts of food 

debris in their throats that they are unable to swallow and digest due to the lesions in their throat.  
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2.4 Garden bird project 

There has been an increase in the number of people interested in providing food for garden birds, 

with a greater concern for the welfare of their local wildlife. However, food has to be provided 

hygienically otherwise the benefits of feeding the birds are countered by the increased opportunity 

for disease transmission. The cleaning of feeding stations has not been done in the past and this has 

led to concerns being raised about the increased risk of infectious diseases to garden birds. As a 

result of this concern, the Garden Bird Health Initiative was set up in 2003 by the Universities 

Federation for Animal Welfare to provide guidelines to the general public on best feeding practices 

and to promote research in the area of emerging infectious diseases (www.ufaw.org.uk/gbhi.php). A 

monitoring network has been running since April 2003 and members of the public and volunteers 

have sent in 1,566 birds to the GBHi to have post-mortem examinations carried out on them. Of 

these birds, 539 have been greenfinches which constitute a considerable proportion of all dead birds 

found. Greenfinches are therefore highly susceptible to infectious diseases and are to be the study 

species of this project. 

 

2.5.1 Greenfinches 

Greenfinches, Carduelis chloris, are seed eating birds belonging to the finch family, Fringillidae 

(Lindström and Lundström, 2000). They are Passeriformes, a very diverse order also known as 

ΨǎƻƴƎōƛǊŘǎΩ ƻǊ ΨǇŜǊŎƘƛƴƎ ōƛǊŘǎΩΦ ! ƘŜŀƭǘƘȅ ŀŘǳƭǘ ƎǊŜŜƴŦƛƴŎƘ ǎƘƻǳƭŘ ǿŜƛƎƘ ŀōƻǳǘ олƎ όDǊŀƴǘ Ŝǘ ŀƭΦΣ 

2007) and measures about 15cm in length (Birdlife International, 2004). They are gregarious, 

meaning that they tend to be sociable and live close to others of the same species. Greenfinches 

have a wide distribution, being found throughout Europe, as well as North Africa and western parts 

of Asia, and they have also been introduced into Australia, New Zealand and Uruguay (Birdlife 

International, 2004). The main body colour of a greenfinch is an olive green, with males having bright 

yellow breast and belly feathers and females having a duller yellow on their breast feathers and 

often lacking any yellow plumage on their belly (Aguilera and Amat, 2007). Males also have bright 

yellow plumage on their primary feathers, primary coverts and the sides of their tail feathers (Horak 

et al., 2004) which females have but it tends to be duller.  
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2.5.2 Greenfinches, infectious disease and sexual selection 

One focus of research on greenfinches and parasite mediated sexual selection relates to the Sindbis 

virus (Lindström and Lundström, 2000; Lindström et al., 2001; Lindström, 2004). Lindström and 

Löndstrom (2000) injected Sindbis virus into male greenfinches and carried out blood tests 

subsequently to ascertain the clearance rate of the virus and the level of virus in the body during 

infection. They found that males who had larger and brighter patches of carotenoid-based yellow 

plumage on their tails were able to clear the virus faster and had lower virus titres at peak infection. 

The ability to clear the virus was a measure of immune functioning and this varied greatly between 

greenfinches.  Lindström and Lundström correctly pointed out that it is unknown whether this ability 

to control the Sindbis virus is heritable and can therefore be related to sexual selection.  

In addition, several studies have injected one group of birds with sheep red blood cells to induce a 

humoral immune response and injected another group with PHA (plant-lectin phytohaemagglutinin) 

to induce a cell-mediated immune response (Saks et al., 2003; Saino et al., 2003a; Saino et al., 2000; 

McGraw and Ardia, 2003). Saks et al. (2003) plucked 2 to 4 breast feathers from male greenfinches 

and found that brighter yellow plumage in these feathers was associated with a stronger humoral 

immune response. They did not however find any significant relationship between PHA induced cell-

mediated immune response and feather brightness. The methods that are used when measuring 

immune function have been questioned by Saks et al. (2006) and they recommend a cautious 

interpretation of results when using these methods to look at parasite resistance. 

Horak et al. (2004) and Horak et al. (2006) have both looked at the effect of coccidiosis on the 

appearance of greenfinches. In both studies birds were experimentally infected with the coccidia 

species, Isospora lacazei. Horak et al. (2006) found that birds who had naturally low infection status 

retained this even after being experimentally infected with various different strains. This meant that 

these birds were much better at resisting pathogens. Horak et al. (2004) found that infected 

greenfinches had reduced expression of plumage colouration and concluded that this was because 

of a deficiency of carotenoids available for deposition in feathers.  

Merila et al. (1999) and Harper (1999) both found that parasite load was negatively correlated with 

plumage colour in greenfinches when investigating the effects of haemoparasites and feather mites 

respectively. Similarly, Aguilera and Amat (2007) determined that activating the immune system of 
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greenfinches reduced the number of carotenoids circulating in the blood and also that chroma of 

breast plumage was negatively correlated with immune response. 

hǊƴŀƳŜƴǘŀƭ ǇƭǳƳŀƎŜ ŎƻƭƻǳǊ Ƴŀȅ ǊŜǾŜŀƭ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ǎǳǎŎŜǇǘƛōƛƭƛǘȅ ǘƻ ōƻǘƘ ƛƴŦŜŎǘƛƻǳǎ ŀƴŘ ŜƳŜǊƎƛƴƎ 

infectious diseases, as predicted by honest signalling. A study was carried out on common redpolls 

to test this hypothesis (Van Oort and Dawson, 2005). They used plucked feathers from birds that had 

died of salmonella and compared the carotenoid pigmentation to that of live, healthy birds. Their 

results actually found that adult male redpolls that had more developed ornamental plumage were 

more likely to have died from salmonella. This does not support the theory of honest signalling, but 

Van Oort and Dawson (2005) proposed that the carotenoid ornamentation of male redpolls was 

actually a sign of dominance. The brighter birds had dominated highly contested feeding stations 

and were therefore putting themselves at a greater risk of exposure to salmonella. In this study, I 

will test these ideas by quantifying the plumage colouration on a sexually selected trait that is well 

studied in the greenfinch. 

 

2.6 How to measure colour 

In order to make sense of the colours that are displayed by birds, we use several measurements. The 

ŎƻƭƻǳǊ ǿŜ ǇŜǊŎŜƛǾŜΣ ǎǳŎƘ ŀǎ ǊŜŘ ƻǊ ōƭǳŜΣ ƛǎ ƪƴƻǿƴ ŀǎ ΨƘǳŜΩ όaƻƴǘƎƻƳŜǊƛŜΣ нллс ƛƴ IƛƭƭΣ нллс ŎƘΦоύΦ Lǘ 

is also referred to as the spectral location, as it is usually measured as a position or wavelength along 

the visible spectrum. It may also be measured as an angle in degrees, around a colour wheel. The 

ΨǇǳǊŜƴŜǎǎΩ ƻŦ ǘƘŜ ŎƻƭƻǳǊ ƛǎ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨǎŀǘǳǊŀǘƛƻƴΩ ƻǊ ϥŎƘǊƻƳŀΩ όaƻƴǘƎƻƳŜǊƛŜΣ нллс ƛƴ IƛƭƭΣ нллс 

ch.3). When the colour is fully saturated and completely pure, it is only made up of one wavelength 

ƻŦ ƭƛƎƘǘΦ ¢ƘŜ ƭƛƎƘǘƴŜǎǎ ƻŦ ǘƘŜ ŎƻƭƻǳǊ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨōǊƛƎƘǘƴŜǎǎΩ ŀƴŘ ƛǎ ƳŜŀǎǳǊŜŘ ōȅ ǘƘŜ ƛƴǘŜƴǎƛǘȅ ƻŦ 

the radiance, or amount of reflection, coming from a surface (Montgomerie, 2006 in Hill, 2006 ch.3). 

Figure 2.3 shows each of these in the form of a Munsell Colour System. This does, however, only 

show colours that are within the human visible range whereas birds are able to see into the UV and 

therefore they also use UV colours in their plumage.  
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Figure 2.3: Munsell Colour System showing hue, brightness and chroma 

(webvision.med.utah.edu/KallColor.html) 

Colour can be measured in numerous ways, such as comparison with colour cards or from 

photographs, but these are rather subjective although widely used. A more accurate (and less 

subjective) approach is to use a spectrometer. Spectrometers also have the benefit of being able to 

record spectral reflectance within the UV wavelengths. Previous research has shown that carotenoid 

signalling in feathers is best explained by chroma, hue and sometimes brightness in the yellow 

wavelengths but yellow colouration also often has peaks in the UV wavelengths. Measures of yellow 

chroma, yellow brightness, UV chroma and UV brightness were therefore calculated in this study, 

following the methods and justification in (Thorogood et al., 2008). 

We can see then that carotenoid-based greenfinch plumage can function as an indicator of quality 

and that males may trade ornamental colouration against immune response (Aguilera and Amat, 

2007). However, studies are still providing conflicting evidence and research to date on greenfinches 

has been on captive birds. Greenfinches are a good study candidate as they are sexually dichromatic 

and have sexual ornamentation that is carotenoid-based. This thesis is going to examine wild 

greenfinches that have been parasitized to the extent that is has caused their death and compare 

their carotenoid-based plumage colour with greenfinches that have died from causes other than 

infectious disease.  
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3. Method 

 

3.1 Source of Samples 

Dead greenfinches were collected as part of the Garden Bird Health Initiative (GBHi) from 2005 to 

2008 (Becki Lawson, unpublished data). This project was developed to record and investigate the 

causes of garden bird mortality and disease across Great Britain. A systematic monitoring network of 

participants from the BTO/CJ Garden BirdWatch scheme was set up to report sightings of garden 

bird morbidity or mortality on a weekly basis. Participants contacted a nominated, regional 

diagnostic laboratory in order to arrange for birds to be submitted for post-mortem analysis 

(www.zoo.cam.ac.uk/ioz/projects/garden_bird_health_initiative; also see Figure 1). From April 2005 

to March 2008, the GBHi carried out post-mortem examinations on 1566 birds, of which 539 were 

greenfinchesΦ 5ŜŀŘ ōƛǊŘǎ ǿŜǊŜ ǎǳōƳƛǘǘŜŘ ƭŀǊƎŜƭȅ ǘƻ ǘƘŜ LƴǎǘƛǘǳǘŜ ƻŦ ½ƻƻƭƻƎȅΩǎ ǇŀǘƘƻƭƻƎȅ ŘŜǇŀǊǘƳŜƴǘ 

located at the Zoological Society of London. Accompanying the dead birds were data on the location 

where they were found and the date. Figure 1 shows the distribution of greenfinches throughout the 

UK that were used in this project. 

 

 

Figure 3.1: Map of the UK showing distribution of greenfinches used in this project. All greenfinches 

were found throughout England and Wales. 
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3.2 Post-mortem examination 

 

Birds were sexed and aged initially from their plumage, with sex being confirmed by locating the 

gonads where possible. Age was divided into three categories juvenile, first year and adult. Juvenile 

was considered to be from when primary feathers are fully grown until post-juvenile moult is 

complete. First year and adult were distinguished by plumage and skull ossification where possible, 

with adult birds having more advanced skull ossification. Birds were weighed and wing length and 

maximum tarsal length were also recorded. ¢ƘŜ ōƛǊŘΩǎ ŜȅŜǎ ŀƴŘ ǘƘǊƻŀǘ ǿŜǊŜ ŎƘŜŎƪŜŘ ŦƻǊ ōƭƻƻŘ ŀƴŘ 

lesions, signs of trichomonas. The breast feathers, skin and flight muscles were then removed and 

the crop and intestine were examined for signs of trichomonas and salmonella. Swabs were taken 

from the throat and intestine and bacterial cultures were grown and identified to see whether an 

infectious disease was present and if so, what type. A screen was also carried out to see if an 

intestinal parasite was present. Pathogens were identified as trichomonas, salmonella, intestinal 

parasites or some other undetermined disease. Birds were also presented that had died from 

various types of trauma not associated with disease (e.g. predation, hitting a window). These 

samples represent individuals that were otherwise healthy and I consider them as control samples 

against those dying of disease. Results from post-mortem examinations along with the date and 

location of where the birds was found, were then collated onto a database. I obtained access to this 

data from the Garden Bird Project with kind permission from Becki Lawson. 

 

 

3.3 Colour analysis of feathers 

 

In addition to the standard post-mortem analyses, the outer most feather on either side of the tail 

was removed for later colour analysis. These feathers were chosen as they are the most exposed 

part of the tail and therefore are likely to be representative of the colour signal of the whole tail 

(Saks et al., 2003). Feathers were sealed in separate plastic bags for each bird and stored in a freezer 

from the time of collection until use. By storing them in the freezer, the feathers were kept in the 

dark away from sunlight thereby reducing the chance of the colour fading (Saks et al., 2003; Horak et 

al., 2004). 
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The right outermost tail feather was also removed from the tails of live, healthy greenfinches in New 

Zealand during the late Southern Hemisphere summer of 2004. The birds were caught in mist nets 

on agricultural land in the main North Island and the habitat was very similar to the agricultural 

landscape of the UK (grass pastureland for sheep and cattle grazing and orchards). Feathers from 

New Zealand greenfinches were stored in separate plastic bags in the dark at room temperate from 

the time of collection until measurements were carried out. 

 

Figure 3.2: Outer right tail feather from adult male greenfinch mounted on black card for colour 

analysis. The circles show the standard locations where colour measures were taken across feathers 

from different individuals. 

 

 

The colour measurements were carried out on feathers mounted on black card in the post-mortem 

laboratory of ZSL, to ensure constant lighting, using an Ocean Optics USB2000 Miniature Fiber Optic 

Spectrometer with illumination by a DT mini-lamp. My protocol followed that of Saks et al. (2003), 

whereby measurements were taken either side of the central feather barb and on both the right and 

left tail feathers (Figure 2). Three repeated measures were taken at each position on each feather 

using a 200µm quartz fibre optic cable. The spectrometer was calibrated using a standard WS-2 

white reference tile and the black piece of card that the feathers were mounted on. A light-proof cap 

was fitted to the end of the probe to ensure the light hit the feather at a constant angle of 90o. The 

spectral reflectance range was 300 to 700nm with measurements at each 1nm interval. Spectral 
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reflectance data was passed into a computer that converted the spectral values into values of yellow 

chroma (YC), yellow brightness (YB), UV chroma (UC) and UV brightness (UB). Yellow chroma is the 

proportion of total reflectance that has a yellow hue across the whole spectrum and was therefore 

calculated by dividing reflectance in the yellow wavelengths by the total reflectance (R550-625/R300-700). 

Yellow brightness was then calculated as average reflectance in the wavelengths 550-625nm and UV 

brightness was calculated as the average reflectance in the wavelengths of 300-400nm. UV chroma 

was calculated as the proportion of total reflectance in the wavelength of 300-400nm. 

 

 

3.4 Data analysis 

The repeatability of the measurements taken was assessed to determine if there was more variation 

between individuals than there was between repeated measures on the same individual. This was 

done using ANOVAs and following protocol presented by Lessells and Boag (1987), giving 

repeatability values between 0 and 1 where 0=no repeatability and 1=complete repeatability. All 

statistical analyses were carried out using the software program, R (Crawley, 2007) The values from 

the same points on the left and right feathers of the same individual were also compared to see if 

there was any difference in colouration across the tail. If the repeatability of these measurements 

was found to be high, I assume the averaged colour parameter values for each point per bird is an 

accurate representation of their colour profile. 

The different colour variables that were recorded by the spectrometer were compared with one 

ŀƴƻǘƘŜǊ ǘƻ ǎŜŜ ƛŦ ǘƘŜǊŜ ǿŜǊŜ ŀƴȅ ǎǘǊƻƴƎ ƭƛƴŜŀǊ ŎƻǊǊŜƭŀǘƛƻƴǎΦ tŜŀǊǎƻƴΩǎ tǊƻŘǳŎǘ-Moment Correlation 

Coefficient was calculated for all Point 1 scores against each other and then colour scores at Points 

one and 2 were compared. If strong relationships were seen, then not all colour measurements 

needed to be included as separate variables in the main data analyses because they would be 

capturing the same variability in measured dependent variables. 

Feather samples taken from healthy New Zealand greenfinches and from UK birds which had died of 

trauma were used as controls when comparing colour against diseased UK greenfinches. In order to 

provide an indication of whether colour differed between non-diseased birds from New Zealand and 

the UK (suggesting that these groups are otherwise comparable), a generalised linear model was 
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used to compare the yellow chroma scores at Points 1 and 2 (YC1 and YC2) of New Zealand feathers 

and UK trauma feathers. 

In order to test whether the variables of age, sex and habitat could explain the dependent variables 

of disease status, trichomonas status, salmonella status and intestinal parasite status, four 

generalised linear models were run. Disease status was considered positive if the bird had a positive 

diagnosis of trichomonas, salmonella or intestinal parasites. Trichomonas status was considered 

positive if there was a confirmed diagnosis of trichomonas from the post-mortem analysis. 

Trichomonas status was negative if death was caused by salmonella or trauma, with no diagnosis of 

trichomonas. Similarly, salmonella status was considered positive if there was a confirmed diagnosis 

of salmonella from the post-mortem analysis. Salmonella status was negative if death was caused by 

trauma or trichomonas, with no diagnosis of salmonella. The intestinal parasite screen from the 

post-mortem analysis was able to indicate the presence of absence of intestinal parasites. The 

dependent variables were all made up of binary data and therefore the error structure was binomial. 

¢ƘŜ ŜȄǇƭŀƴŀǘƻǊȅ ǾŀǊƛŀōƭŜǎ ǿŜǊŜ ŎŀǘŜƎƻǊƛŎŀƭΣ ŦƻǊ ŜȄŀƳǇƭŜ ŀƎŜ ŎƻǳƭŘ ōŜ άƧǳǾŜƴƛƭŜέΣ άмst ȅŜŀǊ άƻǊ 

άŀŘǳƭǘέΦ Iŀōƛǘŀǘ ǿŀǎ ŎŀǘŜƎƻǊƛǎŜŘ ŀǎ ά¦ǊōŀƴέΣ ά{ǳōǳǊōŀƴέ ƻǊ άwǳǊŀƭέ ǿƘƛŎƘ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘƘŜ 

location data for each bird found. The models also looked at whether there was an interaction 

between age and sex that could have an effect on the dependent variables. Stepwise deletion of 

terms from the model gave a minimal adequate model that contained the significant variables (p 

values <0.05) when testing deviance changes against the chi squared distribution.  

A further four  generalised linear models were run with the colour variables YC1, YC2, yellow 

brightness at point 1 (YB1) and yellow brightness at point 2 (YB2)as explanatory variables, against 

the same dependent variables as the first four models. These models were run to test if colour was 

associated with disease status, salmonella status, trichomonas status or death from trauma. The 

colour variables were continuous data sets, but the error structure was binomial as the dependent 

variables were still binary. Again, stepwise deletion of terms gave the minimal adequate model 

showing the significant variables only. In this second set of models only adult male greenfinches 

were included as females and juveniles tend to lack the full yellow markings in their feathers (Saks et 

al., 2003) and my aims are to directly test the honest signalling hypothesis of male greenfinch 

plumage signals. 
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4. Results 

The repeatability of the colour measurements made within a point on a given feather was very high 

(all > 0.9) showing I was very repeatable at recording colouration. Even when I combined colour 

measures from the same point on two representative feathers of an individual the repeatability 

scores were still high (all > 0.7, p<0.05). I therefore combined left and right feathers and produced 

an average of the six repeat measures to give a final colour score per bird at point 1 and point 2. 

Colour variables showed various relationships between one another that meant some could be 

excluded from the final analyses because they were not independent (Table 4.1, Fig. 4.1). Notably 

YB1 and UB1 were strongly positively correlated with one another as were YB1 and YB2. YC1 was 

strongly negatively correlated with UC1.  

 

Table 4.1: Comparison of yellow chroma, yellow brightness, UV chroma and UV brightness at point 1 

and point 2 on greenfinch feathers. 
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a)              b) 

 

c)                  d) 

e)              f) 
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g)             h) 

i)             j) 

Figure 4.1: Scatter diagrams showing correlations between yellow chroma, yellow brightness, UV 

chroma and UV brightness. a) YC1:YB1, b) YC1:UC1, c) YC1:UB1, d) YB1:UC1, e) YB1:UB1, f) UB1:UC1, 

g) YC1:YC2, h) YB1:YB2, i) UC1:UC2 and j) UB1:UB2 

All colour scores were positively correlated between points 1 and 2, and all colour scores showed 

strong correlation with the exception of YB1:UC1 (Figure 4.1(d)). For this reason I chose to use only 

yellow chroma and yellow brightness as these parameters captured most variation in both ultra 

violet chroma and ultraviolet brightness. However, the correlations between points 1 and 2 were a 

little weaker than the repeatability scores within Points 1 and 2 and therefore they were kept as 

independent variables.  
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New Zealand birds were found to have significantly higher values of yellow chroma than UK trauma 

birds (p<0.05, X2=0.0000579, d.f. =9) as is illustrated in the boxplots in Figure 4.2. As a result of this 

difference, the New Zealand birds could not be used as controls and were excluded from the main 

analyses. 

   

Figure 4.2: Comparison of yellow chroma for points 1 and 2 on feathers in New Zealand and UK 

trauma greenfinches 
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Table 4.2: Results from four generalised linear models, with the parameters sex, age and habitat as 

explanatory variables and disease status, intestinal parasite status (IPS), salmonella status and 

trichomonas status as dependent variables. The table shows the values for chi squared and p from 

the minimal adequate models, with all having d.f. = 1. Where the variables were significant, they 

have been named as there is a lower p value, being <0.05. Where there were no significant variables, 

the p value is higher, being >0.005. 

Adult greenfinches were more likely to have salmonella or trichomonas than juveniles or first year 

birds (Table 4.2; Figure 4.3a and Figure 4.3b). In the case of trichomonas, males were also 

significantly more likely to have the disease than females (Table 4.2; Figure 4.3c). Disease status and 

intestinal parasite status were not correlated with any of the variables included in the first four 

models including, sex, age and habitat (Table 4.2). Habitat also did not explain salmonella or 

trichomonas status, and age and sex did not interact to explain any of the dependent variables. 
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a) b) 

c)         

Figure 4.3: Proportional prevalence of diseases compared between age and sex groups. a) 

salmonella versus age; b) trichomonas versus age; c) trichomonas versus sex. The dark area 

represents females and the light area represents males.  
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Table 4. 3: Results from four generalised linear models, with colour parameters YC1, YC2, YB1 and 

YB2 as explanatory variables and disease status, IPS, salmonella status and trichomonas status as 

dependent variables. The table shows the values for chi squared and p from the minimal adequate 

models, with all having d.f. = 1. 

Among adult male greenfinches, the minimal model predicting disease status included chroma at 

point 1 (Table 4.3; Figure 4.4a) showing that greenfinches with a higher chroma value were more 

likely to have a disease. Brighter birds were less likely to have trichomonas, but more likely to have 

salmonella. YB2 and YC2 did not show any independent effects on any of the disease or parasite 

status variables, and intestinal parasite load was not significantly related to any colour measure.  
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a) b) 

c)  

Figure 4.4: Boxplots showing colour measures against disease status. a) YC1 with respect to overall 

disease status; b) YB1 with respect to trichomonas status; c) YB1 with respect to salmonella status. 

Heavy bars represent the median colour measurements, the bottom and top of the boxes represent 

the 25th and 75th percentiles respectively, whiskers represent 1.5 times the interquartile range of the 

data, and points represent the outliers (Crawley, 2007). 
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5. Discussion 

In this study I examined whether carotenoid signalling in the greenfinch (Carduelis chloris) was 

associated with the probability of having an infectious disease. I also looked at whether other 

variables such as age, sex and habitat had an effect on the likelihood of having an infectious disease. 

The results showed that none of sex, age or habitat explained disease status, when disease was a 

single category that included trichomonas, salmonella and intestinal parasites. When the model was 

rerun with these as individual dependent variables, intestinal parasite status (IPS) was also not 

correlated with sex, age or habitat. Adult greenfinches, however, were more likely to have died from 

trichomonas or salmonella than juveniles or first year birds, and males were much more likely to 

have died from salmonella than females. I had predicted that birds in rural areas would be less likely 

to die from an infectious disease compared to birds in urban areas, but no association was found. 

Following on from this, I found that in adult male greenfinches, yellow chroma was positively 

associated with disease status. Similarly, birds with higher values of yellow brightness were more 

likely to have died from salmonella. However, brighter birds were less likely to have died from 

trichomonas, which supports my hypothesis that brighter carotenoid ornamentation in birds is an 

honest indicator of strong disease resistance. The findings for salmonella and disease status do not 

support my hypothesis and show that the most ornamented individuals were more likely to have 

died from an infectious disease. 

Several other studies have looked at the relationship between disease status and sex, age and 

habitat. Boal et al. (1998) found that there was no difference between urban or rural environments 

ƻƴ ǘǊƛŎƘƻƳƻƴŀǎ ǎǘŀǘǳǎ ƛƴ ŀŘǳƭǘ /ƻƻǇŜǊΩǎ ƘŀǿƪǎΣ Accipiter cooperii. This supports my finding that 

habitat did not have any effect on trichomonas status, or any other dependent variable. Boal et al. 

(1998) did, however find that nestlings were more infected with trichomonas in urban areas than 

rural areas. This project did not include nestlings and therefore this pattern could not be tested. 

Grant et al. (2007) found that there was no relationship between salmonella status and sex or age in 

greenfinches. This is in contrast to my findings that show adult male greenfinches are more likely to 

have salmonella. Age was not related to immune function in the great tit (Parus major) in a study by 

Dufva and Allander (1995). Although not directly testing disease status, immune function is an 

indicator of how well a bird can resist a disease and therefore this study shows that immune 

function and disease resistance potential does not change with age. A study on Pekin ducks (Anas 

platyrhynchos domesticus) and Roman geese (Anser anser domesticus) showed that younger birds 
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had a higher prevalence of salmonella (Yu et al., 2008), which is the opposite of my findings. I 

suggest that adult birds are more susceptible as they are more exposed to pathogens. This is 

primarily because they may be dominant at feeding stations, where there is a higher likelihood of 

disease transmission. Other studies have linked disease susceptibility to dominance such as Van Oort 

and Dawson (2005). 

With regards to sex differences, Richner et al. (1995) found that male great tits had a higher malarial 

parasite load than females, which supports my finding that males are more likely to have salmonella 

than females. The majority of studies that have looked at disease and its explanatory parameters, 

have only investigated adult male birds (Horak et al., 2004; Horak et al., 2006; Lindström and 

Lundström, 2000), with the exception of Aguilera and Amat (2007) who used first year males. This 

automatically excludes any possible interaction that sex and age may have on disease status. The 

differences I have found between adult males compared to females or younger birds could, of 

course, be due to a sampling bias. However, I consider this unlikely as dead birds were generally 

found near to or on feeding stations and therefore would be easily seen regardless of any possible 

colour or physical differences (Van Oort and Dawson, 2005). I suggest that more research needs to 

done to understand how sex, age and habitat can influence the susceptibility of individuals to 

trichomonas, salmonella and intestinal parasites. 

As would be expected, the amount of yellow on the feather, varied along its length. This was why 

point 1 and point 2 were kept separate. Feathers from the same bird did however show consistent 

colour measurements along the length of the feather. Yellow chroma at point 1 was strongly 

positively correlated with yellow chroma at point 2. This was the same for yellow brightness, UV 

chroma and UV brightness at points 1 and 2 suggesting an even distribution of colour across the 

yellow part feather.  Yellow on the feathers was measured as it is a carotenoid-pigmented colour 

and therefore is subject to the trade off in used of carotenoids in the body (see Background).  If a 

bird invests a certain amount of carotenoids into plumage colouration, we would expect to see these 

evenly distributed throughout the feather to get a solid band of colour. We can assume, therefore, 

that brighter birds with higher chroma values have a greater allocation of carotenoids invested in 

their feathers. Supporting this, I found that chroma and brightness are positively correlated, so that 

both these parameters increase together, as a result of higher carotenoid investment. There was a 

strong negative correlation between yellow chroma and UV chroma, whereby if yellow chroma 

increases, UC chroma will decrease. UV colouration is made structurally, with yellow feathers 

absorbing the light from the reflective white tissues that the feathers are embedded in (Shawkey 
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and Hill, 2005). Yellow colour displays can differ in appearance depending on both the amount of 

carotenoid deposited in the feather, as well as the variation in the structural colour.  Shawkey and 

Hill (2005) found that more striking displays had high levels of carotenoids that relied heavily on the 

white structural colouration underneath in order to shine. One would therefore expect to find that 

as yellow chroma increases, UV chroma would also increase, whilst the opposite was found in this 

study. However, yellow brightness and UV brightness were found to be strongly positively correlated 

with one another, supporting the idea that having high levels of both concurrently is the most 

striking. The results also show that as yellow chroma increases, UV brightness decreases, and as 

yellow brightness increases, UV chroma decreases. These colour measures are linked by the single 

curve of total spectral reflectance, but further research is needed to explain these relationships. 

Several studies have supported the Hamilton and Zuk hypothesis (1982) showing males with more 

developed sexual ornamentation have a higher resistance to parasites. Horak et al. (2004) found that 

greenfinches infected with coccidia had reduced expression of plumage colouration. This has also 

been found in house finches, Carpodacus mexicanus, (Hill and Brawner, 1998; Thompson et al., 

1997; Nolen et al., 1998) and great tits (Horak et al., 2001). It has therefore been established that 

intestinal parasites, in particular coccidia, inhibit the absorption of carotenoids.  The results of this 

project indicate that there is no link between intestinal parasite status and plumage colour and thus 

no effect of intestinal parasites on carotenoid absorption. All the studies that have found a 

relationship, have looked at birds through a moult cycle, during which time they are absorbing and 

depositing carotenoids in their feathers. I measured feather colour at time points independent of 

moult and there is little reason to assume that current IPS is related to status during last moult. In 

studies that investigated haemoparasites and feather mites, greenfinch plumage colour was 

negatively correlated with parasite load (Merila et al., 1999; Harper, 1999). I found that adult male 

greenfinches with brighter yellow tails were less likely to have died from trichomonas and this is 

consistent with the hypothesis that ornamental tail colouration acts as an honest signal of disease 

status. Studies have also looked at the effect of plumage colouration on immune response, finding 

that colour may function as an honest indicator of the ability to resist infection (Lindström and 

Lundström, 2000; Saks et al., 2003; Saino et al., 2003; Saino et al., 2000; McGraw and Ardia, 2003; 

Hill and Farmer, 2004).  

There has also been research that does not support Hamilton and Zuk (1982), finding that parasite 

load is positively correlated with plumage colouration. Horak et al. (2001) found that adult male 

great tits that were infected with haemoparasites had brighter hues in their ventral yellow 



Tail colouration and disease susceptibility in the greenfinch 

 

42 

 

pigmentation than uninfected birds. This was attributed to the fact that the infection could be at a 

chronic level and only a small amount of immune response would keep it at bay. Those birds unable 

to do this would have been filtered out at an earlier life stage. Only one study is known to me that 

has similarly investigated the links between plumage colour and susceptibility to infectious disease. 

This is a study on common redpolls, Carduelis flammea, by Van Oort and Dawson (2005), which have 

red carotenoid plumage patches on their breast and rump. There is variation between the size and 

colour of the patches, with adult males having more developed ornamentation. Dead redpolls were 

collected in British Colombia in the winter of 2002, when there was a severe salmonella outbreak. 

Any birds that were found to have died from causes other than salmonella were not used in the 

study, which in my project, would have been used as controls. Van Oort and Dawson (2005) instead 

used live birds as controls, assuming them to be healthy. Feathers were collected from the birds for 

colour analysis and the results showed that among adult male redpolls, carotenoids ornamentation 

was negatively correlated with probability of survival. My findings concur with those of Van Oort and 

Dawson (2005) as I found that yellow chroma in greenfinches was positively associated with disease 

status. I also found that higher values of yellow brightness were found in birds that had died of 

salmonella. Van Oort and Dawson (2005) justify their findings by suggesting that adult males with 

more striking plumage are dominant over males with less developed ornamentation. Indeed in 

greenfinches, both males and females display their yellow plumage during social interactions 

(reviewed in Lindström and Lundström, 2000) showing that it is used as an indication of social status, 

as well as female mate choice. Dominant males have greater access to feeding stations and 

therefore greater exposure to the risk of contracting a disease (Van Oort and Dawson, 2005). Adult 

ƳŀƭŜ ǊŜŘǇƻƭƭǎ ƳŀŘŜ ǳǇ пн҈ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ƻŦ ŘŜŀŘ ōƛǊŘǎ ƛƴ ±ŀƴ hƻǊǘ ŀƴŘ 5ŀǿǎƻƴΩǎ όнллрύ ǎǘǳŘȅ ŀƴŘ 

in my study adult male greenfinches made up 59% of the diseased sample. As I have already said, 

this is unlikely to be due to sampling bias and can be explained by the fact that adult males are 

dominant over females and younger birds at feeding stations. 

Van Oort and Dawson (2005) used redness as their colour measurement by subjectively categorising 

ǘƘŜ ƻōǎŜǊǾŜŘ ŎƻƭƻǳǊ ƛƴǘƻ άƭƛǘǘƭŜ ƻǊ ƴƻ ǊŜŘƴŜǎǎέΣ άǇƛƴƪέ ƻǊ άōǊƛƎƘǘ ǊŜŘέΦ ¢ƘŜȅ ŀƭǎƻ ǘƻƻƪ ƘƛƎƘ ǊŜǎƻƭǳǘƛƻƴ 

photographs and by scanning the photos into Adobe Photoshop 6.0, they could measure the redness 

of the patches by getting values of hue and chroma. In my study I used a spectrometer which meant 

ǘƘŀǘ ǘƘŜ ŀŎŎǳǊŀŎȅ ƻŦ ǘƘŜ ŎƻƭƻǳǊ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿŀǎ ƳǳŎƘ ƘƛƎƘŜǊ ǘƘŀƴ ƛƴ ±ŀƴ hƻǊǘ ŀƴŘ 5ŀǿǎƻƴΩǎ 

(2005) study. They did, however, measure the size of the red patches which I did not do in this 

project due to time and capacity constraints. This would have been useful, as a larger patch may 
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require more carotenoid investment. Van Oort and Dawson (2005) only carried out post-mortem 

examinations on 10 of their 79 dead redpolls. These 10 birds were all found to have salmonella and 

therefore, because of the severe outbreak at the time, all the dead birds were assumed to have 

salmonella. All of my dead greenfinches had post-mortem examinations carried out on them and not 

all were found to have died of the same disease and some were found to have died of trauma. I 

therefore think that the assumption that Van Oort and Dawson (2005) that all their dead birds died 

of salmonella is rather risky. The results of my study and the others summarised here contradict 

those that support the Hamilton and Zuk hypothesis. Further work needs to be done, which takes 

into account the dominance of adult birds at sights of disease risk to understand the underlying 

mechanisms of colour that are at work here. 

My results present some interesting findings in terms of sexual selection and honest signalling. The 

variation that I found in adult male colouring shows that this is a sexually selected trait and that 

variation within this trait is noticed by females who are looking for a mate. My research does agree 

with the hypothesis that brighter birds were less likely to have a disease, but only in the case of 

trichomonas. Trichomonas is an emergent infectious disease and therefore it is a highly virulent 

novel pathogen to greenfinch populations. Any birds that have a superior immune system will 

benefit greatly from the ability to fight this disease compared to those whose immune system is not 

as reactive. Adult males were disproportionately represented in the sample of dead birds and as 

aforementioned, this may be due to their greater exposure to disease ridden feeding areas. If adult 

males are more affected by trichomonas, for whatever reason, then this could lead to a sex 

imbalance within a population. This could be detrimental to the breeding success of the population, 

especially as greenfinches are largely monogamous (Lindström and Lundström, 2000). 

Salmonella has been in bird populations for some time and therefore is not a novel pathogen. 

Several generations of greenfinch populations would have been exposed to this pathogen, allowing 

time for a certain amount of immunity to have built up. Females would have looked for honest 

signals associated with disease status, such as carotenoid plumage colouration and therefore the 

immune system of the certain individuals would have been genetically improved though female 

mate choice. One would expect that if this were the case, brighter birds would be more likely to 

survive, but this study found the opposite. The birds who were suffering most from the disease were 

those that were brightly coloured, with high levels of chroma in their carotenoid pigmentation. This 

contrasts to the findings for trichomonas. Trichomonas is an emerging infectious disease, whereas 

salmonella is an infectious disease that has been present in populations for some time. It may be 



Tail colouration and disease susceptibility in the greenfinch 

 

44 

 

that an emerging infectious disease requires a stronger immune response than an infectious disease 

and therefore it is more important to use carotenoids for their immune system and antioxidant 

roles. If tail ornaments are an honest signalling device, it may be that they are specific to various 

pathogens and hence the conflicting results found in this study. More work is needed to compare 

the results of carotenoid tail colour interacting with infectious and emerging infectious disease 

before we can be sure that it is an honest signalling device.  

In terms of conservation of garden birds, one of the aims of the Garden Birth Health Initiative (see 

Background) is to identify what ecological factors are associated with higher disease risk. From my 

findings I would suggest that dominant adult males, with highly developed carotenoid plumage,  are 

most at risk and therefore the act of keeping feeding stations and the area around them clean may 

be key to increasing the survival success of these birds. This is what the GBHi is trying to promote 

through the assistance of the public and volunteers who participate in the monitoring network. 

Currently feeding practice in the UK may be detrimental to the species by removing the higher 

quality adult males in terms of mate preference. This could well be disrupting the natural process of 

sexual selection in greenfinches, leading to less viable populations.  
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