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Abstract

Investment in current reproduction should come at the expense of traits promoting future reproduction, such as immunity
and longevity. To date, comparative studies of pace-of-life traits have provided some support for this, with slower paced
species having greater immune function. Another means of investment in current reproduction is through secondary sexual
characters (SSC). Investment in SSC's is considered costly, both in terms of immunity and longevity, with greater costs being
borne by species with more elaborate traits. Yet within species, females prefer more ornate males and those males are
typically immunologically superior. Because of this, predictions about the relationship between immunity and SSC's across
species are not clear. If traits are costly, brighter species should have reduced immune function, but the opposite is true if
SSC’s arise from selection for more immunocompetent individuals. My approach was to investigate immune investment in
relation to SSC's, pace-of-life and longevity while considering potentially confounding ecological factors. To do so | assessed
leukocyte counts from in a novel group, the Psittaciformes. Investment in SSC's best explained investment in immunity:
species with brighter plumage had higher leukocyte counts and those with a greater degree of sexual dichromatism had
fewer. Ecological variables and pace-of-life models tended to be poor predictors of immune investment. However, shorter
incubation periods were associated with lower leukocyte counts supporting the notion that species with a fast pace-of-life
invest less in immunity. These results suggest that investment in reproduction in terms of fast pace-of-life and sexual
dichromatism results in reduced immunity; however, investment in plumage colour per se does not impose a cost on

immunity across species.
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Introduction

The immune system has evolved in response to energetic trade-
offs with other life history traits and with the risk of infection. The
balance between maintaining optimal immune defence and
aspects of life history, such as reproduction, has generated
considerable research in the past couple of decades (e.g., [1], [2].

The fundamental prediction of life history theory is that
individuals trade-off among activities that compete for resources,
such as reproduction and survival [3], [4]. Since immune function
is an important aspect of self-maintenance that is energetically
costly [5], [6], investment in immunity should be traded against
investment in reproduction [7], [8]. For many species, emphasis
on reproduction produces exaggerated secondary sexual charac-
ters (SSC) that compete for resources that would otherwise be used
for self-maintenance. For example, adult mortality appears to be
related to costs associated with bearing SSC’s, such as large body
size in mammals [9], [10] or bright plumage in birds [11], [12]. In
the case of birds, costs associated with bearing bright plumage are
considered a fundamental aspect of signalling theory [13], and the
notion that elaborate signal traits impose costs directly on the
immune system is well established [8], [14].
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If investment in SSC’s is costly, we might expect these traits to
be negatively related to immune investment and longevity across
species. Yet within avian species, males with more elaborate
plumage are preferred by females [15] and are often immunolog-
ically superior to, and have fewer parasites than duller individuals
(e.g., [16]). Across species, those with more parasites tend to have
brighter plumage [17], possibly resulting from stronger selection
for more immuno-competent individuals in species experiencing
higher infection rates (although the reverse argument can also be
employed: costly plumage traits could result in reduced immune
investment across species resulting in high rates of parasitism). As a
result, brighter species could have greater immune investment
than duller ones, and consequently greater longevity, which is
contrary to the notion of costly investment in SSC’s.

The main goal of this study is to address a paradox of sorts: do
species investing in elaborate plumage traits face costs for doing so
and hence have reduced immunity, or does plumage exaggeration
signal greater immune ability against increased infection threats? I
measured sexual selection in terms of overall plumage exaggera-
tion, as well as the degree of sexual size dimorphism and
dichromatism. I predict that species with more elaborate plumage
will have greater immune investment, in keeping with the idea that
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greater intra-sexual selection for good quality individuals results in
more elaborate plumage at the species level. Alternatively, I
predict that more pronounced sexual dimorphisms in body size
and plumage result in reduced immune investment as a
consequence of conflicting sexual strategies. For example, in the
studies cited above, costs reported for SSC’s were measured as
sexual size dimorphism [9], [10] and sexual dichromatism [11],
rather than overall expression (but see [12]). Sexual dimorphisms
in appearance are likely to evidence sexual conflict for other traits
resulting in compromises to investment in self-maintenance at the
species level [18].

A secondary goal of this paper is to place sexual selection and
longevity in the context of other life history traits more typically
studied in the recent comparative eco-immunology literature.
Longevity is rarely used in these studies, and instead immune
investment is often investigated in the context of traits associated
with pace-of-life. Pace-of-life is directly related to longevity: a slow
pace-of-life is typified by species with long developmental periods
and late maturation, low reproductive potential and long life span
[19]. On the fast end of the life history continuum, species are
expected to invest more in reproduction, such as increased clutch
size and possibly SSC’s [20], and less in immunity. However, to
date the results from pace-of-life studies have been somewhat
disparate with slower pace-of-life showing both superior and
inferior immune function depending on the measure of immunity
used [21], [22], [23], [24].

The relationship between plumage colour and parasites
demonstrated by Hamilton and Zuk [17] was initially criticized
because it lacked potentially confounding ecological variables that
could influence either plumage colour or infection risk [25].
Because of this I included four ecological variables — group size,
habitat, diet, region — that could help explain patterns in plumage
colour, infection risk and longevity.

Although the interplay between infections and immunity is
complex, the immune system is expected to evolve in concert with
the risk of infection. Transmission rates of infections increase with
group size [26], and as a consequence so should investment in
immunity. In support of this, immune investment is higher in
species forming larger social groups (birds: [27], mammals: [28],
[29]) and with increased mating promiscuity (mammals: [28],
[29]). However, infection rates could also be indirectly related to
plumage colour if signal intensity increases with social group size
as a means of communication among individuals in large flocks.

For habitat, diet and region specific expectations are not as
clear: Habitat) The perception of colour depends upon the nature
of the light environment, and the light environment differs with
light penetration in different habitats [30]. In order to maximize
signal efficiency, selection on plumage colour differs with habitat
use [31], where habitat use is defined in the context of light
penetration. Dief) Dietary antioxidants, such as from fruit, can play
an important role in bolstering immunity [32]. Diet can explain
patterns in longevity as well, with the degree of frugivory
accounting for both shorter [33] and longer [34] lifespan among
different groups of birds. Region) Immune investment varies with
latitude [35], between tropical and non-tropical species [36], and
between island and continental species [37], and parasite infection
rates differ between continental regions [38]. I included species’
native range in order to account for geographic differences in
infection risk and immune investment.

The immune system is a complex trait and as such cannot be
fully described by a single measure [39]. To date, few large
comparative studies have used multiple immune measures, as it is
logistically difficult to study at a broad phylogenetic and
geographic scale. In this study, I assessed immune investment
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using leukocyte counts collected from captive individuals. Leuko-
cytes are comprised of five cell types that function in both the
innate and acquired immune responses [40]. Leukocytes have not
been used in avian comparative studies, but are frequently used in
mammalian studies where leukocyte counts are often explained by
variables relating to disease risk, sexual selection and life history
traits [28], [29], [41], [42], [43], [44].

I conducted this study on parrots (Psittaciformes). So far,
passerines have been the focus of pace-of-life studies, and parrots
are not often studied in the context of sexual selection though they
are ideal for a number of reasons. Parrots are long-lived and have
elaborate plumage characters. Because they are readily kept in
captivity, particularly in zoos, comparative immune measures are
available for a large number of species, and captive lifespan has
been reported for many species [45]. The Psittaciformes are a
relatively speciose group (approximately 375 species) but life
history traits, such as diet and nesting location, are relatively
invariable across species compared to passerines [46], [47]. That
virtually all are cavity nesters of some sort means there is relaxed
selection on female crypsis meaning that elaboration of plumage
traits may more accurately reflect the strength of selection for
those traits. Although there is little information available about the
frequency of promiscuity in wild parrots, they are virtually all
socially monogamous, forming and maintaining pair bonds during
the breeding season [46]. As a result, hidden sources of sexual
selection that may not explicitly be manifest as selection on
plumage coloration are limited across species.

Materials and Methods

Leukocyte Data

I collected information for a total of 66 parrot species from 36
genera for which leukocyte data were available. I used baseline
leukocyte values published in the International Species Informa-
tion System (ISIS; Reference Ranges for Physiological Values in
Captive Wildlife, 2002, Apple Valley, Minnesota Zoological
Garden, MN, USA) as a measure of immunity. ISIS is a dataset
of baseline haematological reference values taken from healthy
captive animals from zoos and other housing institutions. Species
mean values represent averages of data pooled from different
member institutions (i.e. locations), and for both males and
females. To investigate quality of the dataset I used coefficients of
variation (CV) of total leukocyte counts. CV’s were less than 1
(0.33-0.75) for all cases except for one (1.22) and so were taken to
represent consistent counts across individuals and member
institutions. Inclusion of the single species with high CV did not
affect the results and so it was included in the analysis.

Plasma leukocyte counts increase for various reasons including
in response to immunological challenge. However, ISIS data are
collected only from generally healthy individuals to be used as part
of a Complete Blood Count to assess sickness when monitoring
captive animals. As such, counts from captive animals are likely
less variable and may better reflect evolutionarily derived
investment than measures from wild specimens.

One species was excluded from my analysis because it
represented an extremely unique life history. Nestor notabilis is
flightless, polygynous, and known to consume carrion. Flightless-
ness likely liberates energy for other physiological process such as
immunity, and because it is ground-dwelling it is also likely
constrained in the expression of bright plumage, which in this
species is dull, despite facing high levels of sexual selection.
Furthermore, increased disease transmission from scavenging
carcasses may result in selection on immunity not related to
sexual selection.
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Life-history Traits

Lifespan estimates (n=56 for which leukocyte data were
available) were taken from Brouwer et al. [45]. These estimates
are the longest reported lifespans (years) for captive parrots, which
can be interpreted as maximum potential lifespan (MLSP) for the
species. Birds typically remain reproductively active until death
[48], and intrinsic mortality in captivity reflects rates of intrinsic
mortality in the wild [49]. For these reasons, traits associated with
investment in longevity, such as immunity, are likely to relate to
MLSP.

Life history traits were gathered though literature searches:
body mass (g) was averaged over several sources ([46], [47], as well
as from ISIS itself), sexual size dimorphism [50] and social group
size [47,50] was categorically defined as: small (2-14 birds),
medium (15-50 birds), medium-large (50-200) and large (>200).
All other life history traits (see table 1) were averaged across
sources where possible [46], [47], [51] except for a small number
of species where additional sources were needed [52], [53]. Sexual
size dimorphism and dichromatism were categorized as absent,
minimal or present. Diet was defined as: granivorous, frugivorous,
generalist/omnivore and nectar feeding based on the majority
composition of the diet. Habitat was categorized as either open,
semi-open or closed and geographic region was based on the
majority of the species natural range (grouped as America, Africa,
Asia, Indonesia/Papua New Guinea/Malaysia and Australia). Life
history traits are reported for wild individuals except for body
mass.

Coloration

Several elements of plumage coloration and exaggeration of
physical traits were ranked by five independent observers from
painted colour plates [50]. Each species was scored from 1-5 (low
to high) based on: 1) Brightness - overall brightness of the plumage;
ii) Contrast - the overall impression of the degree of contrasting
plumage traits, iii) Complexity - the complexity of appearance
including the number of colours and complexity of colour patterns
including non-feather colour traits such as pigmented skin and
feather adornments such as crests; iv) Non-background - the
relative amount of non-background coloration could be suggestive
of the strength of selection on traits that may not be otherwise
bright or complex; v) The amount of Red/Orange/Yellow used in
plumage traits. Where species were sexually dichromatic, observ-
ers were instructed to assess only male plumage coloration.

Immunity, Sexual Selection and Pace-of-Life

Phylogeny

Phylogenetic hypotheses for parrots are relatively well estab-
lished for higher taxonomic levels however species specific trees
are either not available for a broad range of species or suffer
discordances among studies. I used the phylogeny outlined by
Mayr [54] which is derived from Wright ¢t al. [55]) and includes
modifications by other authors [56], [57]. This phylogeny
encompasses all genera present in this study with the exception
of Psitteuteles. Previous studies were informative [57], [58] but not
effective for precisely placing Psitteuteles in my phylogeny so 1
determined the position of Psitteuteles relative to Charmosyna, Lorius,
Chalcopterus, Pseudeos, Eos and Trichoglossus by reconstructing the
clade using a bayesian Markov Chain Monte Carlo approach
implemented in MrBayes [59]. Cytochrome b sequences were
obtained from Genbank [60] and aligned in BioEdit [61] resulting
in a shared sequence 853 bp in length. I used a general time
reversible Bayesian model run for 10,000 generations and sampled
every 10 generations following a burn in of 2000 generations. The
resulting tree structure placed Psitfeuteles in its present position in
the phylogeny (electronic supplementary material, figure S1) with
a posterior probability of 100%.

The phylogeny was further modified to resolve species
relationships for the speciose clades for which I had immunological
data for by appending known phylogenies for Chalcopsitta [62],
Amazona [63] and Cacatua [64]. Since no phylogeny exists for Ara, 1
constructed one from a 430 bp shared fragment of the ribosomal
RNA 16 s gene (clectronic supplementary material, figure S2)
following the same Bayesian procedure used for Psitteuteles but
using a burn in of 1600 generations.

Statistical Analyses

All statistical analyses were done using R 2.11 [65]. I assessed
model fit using AIC values corrected for small samples sizes [66]
derived from phylogenetically informed Generalized Least
Squares (PGLS) regression models using the R packages nlme
[67] and Ape [68]. From the parameters measured I identified 5
models comprising a sexual selection model, a pace-of-life model,
residual pace-of-life (accounting for body mass), an ecological
model and a global model (table 1). For each statistical model I
compared the fit of two evolutionary models. PGLS A transforms
branch lengths by optimizing their length based on trait evolution
determined by the phylogeny [69]. The A parameter varies
between 0 (phylogenetic independence) and 1 (phylogenetic

Table 1. Life history parameters incorporated into five models used to explain leukocyte concentration.

Sexual Selection Pace-of-Life

Residual Pace-of-Life Ecological Global

Plumage Brightness Y
Sexual Dichromatism Y
Sexual Size Dimorphism Y
Incubation Period

Clutch Size

Longevity

Log[Mass]

Diet

Region

Habitat

Flock Size

< < =< =<
< < < < < < < =< =< < =<

< < =< =<

doi:10.1371/journal.pone.0053066.t001
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dependence). The Ornstein-Uhlenbeck process applies a similar
branch length transformation however assumes a constraint on
trait evolution [70]. Results from these models were similar and
did not influence their interpretation, and so all results given are
from PGLS A models. T used the first principal component of all
plumage variables as a measure of plumage exaggeration (table 2).
I used phylogenetic PC [71] scores obtained using the A method
because using PC scores derived using A and brownian motion
models did not influence the interpretation of the results.

Results

The ISIS dataset included 66 species of parrot ranging from 3—
119 individuals per species (median: 12 individuals per species).
Across species, heterophils comprised 53% of all leukocytes
followed by lymphocytes (37%), monocytes (5%), eosinophils
(3%) and basophils (2%). Initial investigation revealed two outliers
(>3.6 standard deviations) for total leukocyte counts. The cause of
this was extremely high heterophil counts (4.5 and 5.5 standard
deviations above mean counts). These outliers had a strong effect
on subsequent models and were identified as highly influential
based on Cook’s distance values derived from residual-leverage
plots. These two species were two of three species from the genus
Chaleopsitta. The third species also had very high leukocyte counts
but were within the range expected for all species. However, its
high leukocytes were again driven by extremely high heterophil
counts (3.4 standard deviations). Because all members of
Chaleopsitta in this study show these extreme counts they appear
to be evolutionarily derived but it is not clear what aspect of their
life history accounts for selection for such high counts. Because of
the influence of these extreme data points all three were excluded
from analyses involving heterophils, and the former two were
excluded from analyses of leukocytes.

Correlations among the five leukocyte types were generally low.
The strongest relationships were between heterophils and eosin-
ophils (r=0.29, P=0.02) and between lymphocytes and mono-
cytes (r=0.36, P=0.004), which represents natural groupings of
granulocytic and non-granulocytic leukocytes. All cell types
increased with total leukocyte count, but the strength of the
relationship was proportional to the abundance of the cell type.

Species with more exaggerated plumage traits had higher
leukocyte counts (table 3). This was especially the case for overall
brightness and the extent of red, orange and yellow based
plumage, and to a lesser extent the degree of contrast. On the
other hand, aspects complexity, including the amount of non-
background coloration was not related to leukocytes. Among
leukocyte types, heterophils, lymphocytes and basophils were
positively related to plumage colour but eosinophils and mono-
cytes were not related (table 3).

Table 2. Eigenvectors for plumage traits from a
phylogenetically informed PCA.

Plumage Trait PC1
Brightness 0.82
Contrast 0.85
Complexity 0.70
Non-background 0.80
Non-green 0.51
Red/Orange/Yellow 0.88

doi:10.1371/journal.pone.0053066.t002
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Table 3. The relationship between aspects of leukocytes and
plumage coloration from bivariate analyses.

Predictor Trait n i AlCc t P
Total PC Plumage 64 005™" 31058 267 0.01
Leukocytes
Red/Orange/Yellow 64 0.04™" 30346 361 <0.001
Brightness 64 0.04™" 30356 332 0.002
Contrast 64 0.02"" 30973 204 0.05
Complexity 64 017" 31181 091 037
Non-background 64 0.18™" 31781 105 030
Non-green 64 017" 31858 124 022
Heterophils  PC Plumage 63 041" 25956 222 0.03
Lymphocytes PC Plumage 64 050" 23577 238 0.02
Eosinophils ~ PC Plumage 63 0.02™" —264 —024 081
Monocytes  PC Plumage 64 018™" 1119 —020 0.84
Basophils PC Plumage 64 0.10™" —84.52 224 0.03

In general, species with more elaborate, but not more complex, plumage had
higher leukocyte counts. L values were tested against null models (A=0,
complete phylogenetic independence) or phylogenetic dependence (L=1)
using likelihood ratio tests. Significant differences from 0 (first position) and 1
(second position) are denoted by *. Eosinophil counts were not available for
one species. See Results for sample size explanations otherwise.
doi:10.1371/journal.pone.0053066.t003

Some data were not available for all species and so the
comparison of models presented in table 1 were done on a reduced
dataset (n =45). The sexual selection model performed the best of
all models (table 4). PC plumage colour (t=3.09, P=0.004) was
positively related to leukocyte count whereas sexual dichromatism
was negatively related (t = —3.28, P=0.002). The degree of sexual
size dimorphism was not related to leukocytes. The remaining
models achieved relatively little support. Individual variables
included in those models were poor predictors of leukocyte counts
with a couple of exceptions. In the ecological model, species
associating in larger flocks had fewer leukocytes (t=—2.38,
P=0.02; all other variables P>0.17). Generally, pace-of-life
models performed poorly but the length of the incubation period
was positively related to leukocytes (residual pace-of-life model:
t=2.30, P=10.03; pace-of-life model: t=2.45, P=0.02; all other
variables P>0.66 for both models). Plumage colour (t=3.03,
P =0.005) was the only variable that remained significant in the in
the global model although flock size (t=—1.79, P=0.08) and
incubation period (t=1.79, P=0.08) approached significance.

Discussion

Stronger Sexual Selection has both a positive and
negative effect on Immune Investment

Plumage colour was positively related to leukocyte counts and
was the strongest single variable predicting leukocyte counts in any
model. Similarly, the sexual selection model performed better than
the pace-of-life and ecological models. Although I was not able to
compare infection rates in this study, others have shown that
brighter species tend to have higher rates of infection ([17], [25],
[72], but see [73]). These findings reinforce the idea that selection
for brighter, more immuno-competent individuals within species
results in greater species level immune investment. Moreover,
bearing these elaborate traits does not result in a cost imposed on
the immune system as could result from an immuno-competence

handicap type mechanism [14].
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Table 4. Performance of selected models explaining total
leukocyte counts.

Evidence
Model A K AlCc AAICc LAAICc AICclWW Ratio
Sexual —0.16™" 3 207.387 0.000 1.000 0.991 1.000
Selection
Ecological —0.16™" 4 216877 9490 0009 0009 115.033
Pace-of- 0.24"™" 3 222955 15568 0.000  0.000 2402.103
Life
Residual  0.25™" 4 236316 28929 0.000 0.000 1913739.990
POL
Global 0.15"" 11 239387 32000 0.000 0.000 8887621.288

Models were run with a subset of species (n=45) for which all data were
available.
doi:10.1371/journal.pone.0053066.t004

By contrast, immune investment was lower in species with
marked sexual dichromatism. This is consistent with studies
showing greater mortality in dichromatic species [11], but is
contrary to studies demonstrating a positive relationship between
dichromatism and spleen size [74], [75]. Cavity nesting, which
occurs in all parrots in some form [46], liberates incubating
females from selection on crypsis and so sexual dichromatism is
less frequent in cavity nesting species [76]. This means that
expression of plumage coloration can be similar in males and
females with species brightness reflecting selection for, but not
constraint on, plumage coloration. Sexual dichromatism more
frequently occurs due to selection for reduced ornamentation in
one sex [77]. Yet, there is no obvious cause for dichromatism in
the species of parrots in my sample. Female crypsis should occur in
species where nests are more exposed but dichromatic species in
this study do not use more open nesting hollows versus cavities nor
is there an interaction with plumage brightness.

Sexual size dimorphism was not related to leukocytes. However,
size dimorphism may not be an accurate measure if it is more
detectable in larger species. If this is the case, it would result in
biased estimates of the degree of dimorphism when grouping birds
across a large range of body sizes. I addressed this by analyzing
those species less than 120 g, and separately only large bodied
species (>415 g), and there was still no effect of sexual size
dimorphism on leukocytes in either case. In most birds, sexual size
dimorphism results from divergent sex roles [78], but parrots are
largely monogamous, with males feeding females throughout the
incubation period. This likely explains why sexual size dimorphism
is limited in parrots, with fewer than 40% of the species in this
study exhibiting some level of size dimorphism.

It would be insightful to understand the interplay between
sexual size dimorphism, sexual dichromatism and plumage
coloration. However, it is clear that as a measure of the intensity
of sexual selection, sexual size dimorphism does not explain
investment in the immune system in parrots.

Taken together, leukocyte counts were positively related to
overall plumage expression, yet negatively related to the degree of
sexual dichromatism. Thus, absolute trait expression and the
degree of difference in trait expression between the sexes had
opposing effects on immunity. Costs associated with bearing
elaborate SSC’s, such as reduced immunity and/or higher
mortality across species, may not be a function of the trait per
sé but rather behaviours associated with large sexual dimorphisms
since sexual dimorphisms result from different selective trajectories
for males and females [18]. For example, higher costs in more
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dimorphic species [9], [10], [11], [44] may stem from behaviours
associated with more elaborate sexual traits and divergent
behaviours such as courtship, territoriality, or other energetic
trade-offs independent of specific costs of the traits being
measured.

Longevity, Pace-of-life and Immunity

Both longevity and residual longevity proved to be surprisingly
poor predictors of investment in immunity. Lifespan and
immunity are expected to be positively related either because a
competent immune system enables long life, or because species
with genetically determined long lives preferentially invest in
immunity to achieve their maximum lifespan potential. In the few
cases where lifespan has been used in comparative studies, it was
not related to cell-mediated immunity in birds [21], but was
related to leukocyte counts in mammals, although the result was
limited to females [44]. As expected though, longevity was
predictably correlated with pace-of-life traits (incubation period
r=0.41, P=0.005; clutch size r=—0.38, P=0.009) and the
relationship between body size and longevity was strong (r=0.52,
P<0.001) and consistent with what is typically reported in birds
[79], [80].

Some have argued that MLSP is not as biologically relevant as
longevity in the wild ([81], but see [49]) possibly because specific
traits, such as those associated with pace-of-life, are likely the
proximate determinants of trade-offs with other life history traits,
with shorter MLSP simply being a by-product of increased
emphasis on reproduction. In the present study, pace-of-life
models received relatively little empirical support based on AIC
values, however, incubation period was positively related to
leukocyte counts. This result is consistent with pace-of-life studies,
which frequently show relationships between immune investment
and incubation period but not with other pace-of-life traits, such as
clutch size [21], [23], [24].

Species with long incubation periods typically have young that
take longer to fledge and generally slower developmental rates.
Longer developmental periods in the nest inherently expose
offspring to an increased risk of nest-born parasites, something that
could be especially problematic for cavity nesting species that tend
to reuse nest sites. Alternatively, slow development may delay
maturation of the acquired immune response which increases
selection on innate aspects of immunity [39]. This may be the case
because among the pace-of-life variables used in the present study,
only incubation period was related to leukocyte counts. On the
other hand, increased maternal antibody transfer does not seem
adequate to offset the delayed maturation of the acquired immune
system 1n slow paced species [82], although it has been suggested
that persistence of these antibodies might be greater in species with
slower pace-of-life [83].

More gregarious species have fewer leukocytes

Generally, the ecological model did not explain immune
investment. However, I found that parrot species that form larger
flocks have fewer leukocytes. This seems counterintuitive since the
risk of infection should increase at higher densities [26] and in
support of this, immune investment is often higher among animals
in larger groups [27], [28], [29]. Yet several studies, including this
one, report the opposite pattern (e.g., [24], [84]), which has led to
the hypothesis that in large groups, individuals may benefit from a
host dilution effect [85], [86]. This may be an appropriate
explanation for parrots because flocks are often temporally or
spatially ephemeral [46] which may limit the ability for vectors to
track host aggregations.
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A note on Red-, Orange- and Yellow-based Coloration in
Parrots

Most plumage traits were positively correlated amongst
themselves but brightness, contrast and red/orange/yellow were
the most important variables comprising the first principal
component of plumage colour (table 2). Not surprisingly, the
degree of red, orange and yellow coloration was strongly related to
leukocyte count. Unlike in passerines where these colours are
produced by dietary carotenoids, in parrots the colours result from
a less studied class of non-dietary pigments called the psittacoful-
vins [87]. The present study evidences a link between the immune
system and psittacofulvins. Psittacofulvin-derived plumage traits
have been shown to be condition dependent [88], and psittaco-
fulvins themselves have antioxidant properties [89], [90], and so
likely signal similar physiological information to carotenoid-based
traits. However, it is noteworthy that parrots use psittacolfulvins in
lieu of carotenoids despite having adequate plasma carotenoid
levels [91]. Understanding the relative costs and the contributions
to physiological processes of these two pigments is an interesting
avenue for future research.

The complexity of the immune system cannot be adequately
described using a single measure, and because of this the results
from this study should be considered accordingly. Inconsistencies
across comparative studies can be attributed, in part, to individual
immune measures being related to life history traits in unique
ways. I used leukocyte counts as a means of assessing immune
mvestment. Although this measure has been considered unreliable
for wild species [92], circulating leukocytes are regularly used to
assess health and immunocompetence in both captive animals and
humans.

Conclusion

The current comparative study adds to our knowledge of the
role the immune system plays in the relationship between plumage
brightness and parasite loads. Arguably, high parasite loads in
brighter species could be the result of poor investment in
immunity, perhaps as a consequence of investment in costly
SSC’s or other aspects of reproduction. By contrast, the results
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