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ABSTRACT

Background and objectives: Cancer is a disease that affects nearly all multicellular life, including the
broad and diverse taxa of Aves. While little is known about the factors that contribute to cancer risk across
Aves, life history trade-offs may explain some of this variability in cancer prevalence. We predict birds
with high investment in reproduction may have a higher likelihood of developing cancer. In this study, we
tested whether life history traits are associated with cancer prevalence in 108 species of birds.
Methodology: We obtained life history data from published databases and cancer data from 5,729 nec-
ropsies from 108 species of birds across 24 taxonomic orders from 25 different zoological facilities. We
performed phylogenetically controlled regression analyses between adult body mass, lifespan, incubation
length, clutch size, sexually dimorphic traits, and both neoplasia and malignancy prevalence. We also
compared the neoplasia and malignancy prevalence of female and male birds.

Results: Providing support for a life history trade-off between somatic maintenance and reproduction,
we found a positive relationship between clutch size and cancer prevalence across Aves. There was no
significant association with body mass, lifespan, incubation length, sexual dimorphism, and cancer.

© The Author(s) 2024. Published by Oxford University Press on behalf of the Foundation for Evolution, Medicine, and Public Health.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

G20z Aenuer go uo 1senb Aq 90200.2/S0L/1/ZL/eoe/ydwa/wod dno-olwepese)/:sdjy Woj popeojumoq


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-9999-8573
https://orcid.org/0000-0001-8563-1810
https://orcid.org/0000-0002-1917-2473
https://orcid.org/0000-0002-7990-2415
https://orcid.org/0000-0002-0745-7076
mailto:boddy@anth.ucsb.edu

106 | Kapsetaki et al.

Evolution, Medicine, and Public Health

Conclusions and implications: Life history theory presents an important framework for understanding differences in cancer defenses

across various species. These results suggest a trade-off between reproduction and somatic maintenance, where Aves with small clutch

sizes get less cancer.

Lay Summary Life history can help us understand cancer prevalence in birds. We examined potential life-history variables that may explain

the variance in cancer prevalence across birds and found that species with larger clutch size, but not sexual dimorphism, larger weight,

longer incubation length, or longer lifespan, have higher cancer prevalence.

KEYWORDS: aves; cancer; neoplasia; life history evolution; malignancy; tumors

INTRODUCTION

Nearly all multicellular organisms are susceptible to neoplastic
disease [1, 2]. Neoplasia is a disease of uncontrolled cell division
and growth, resulting ultimately in the formation of a tumor, as
well as invasion or metastasis in the case of malignant neoplasia
(a.k.a. cancer) [3]. Over the past few decades, cancer research
has focused on identifying different molecular pathways, hall-
marks, and control mechanisms of cancer—all with the ultimate
aim of improving cancer treatment [4, 5]. Understanding why
organisms differ in their ability to suppress cancer, as well as
how they respond to neoplastic expansion, is a central question
in comparative cancer research.

In general, life history trade-offs govern how organisms allo-
cate time and resources to fitness components such as growth,
self (or somatic)-maintenance, and reproduction [6, 7]. Somatic
maintenance can include tumor suppression mechanisms such
as cell cycle control and DNA damage repair. These trade-offs
may help explain the variation in cancer prevalence across spe-
cies. Larger and longer-lived species, due to their higher number
of cells and longer time over which they may acquire mutations,
are predicted to have much higher chances of developing can-
cer. However, paradoxically, this prediction is not supported by
observations. Larger and longer-lived mammalian species do not
have dramatically higher cancer prevalence or cancer risk than
smaller and shorter-lived mammalian species, an observation
that has come to be known as Peto’s Paradox [8—12]. This may
be because large and long-lived species that invest in somatic
maintenance over reproduction likely evolved enhanced mecha-
nisms to suppress or evade cancer [13]. Utilizing this life history
tradeoff approach can both give us insight into the basic biology
and origins of cancer and also provide opportunities to discover
either universal or novel mechanisms of cancer suppression that
could have clinical applications to humans. For example, previ-
ous results across vertebrates have shown that life history traits,
such as gestation length [14] and trophic levels [15, 16], but not
longevity, litter size, or body mass [14], are significantly correlated
with cancer prevalence across vertebrates. Within mammals, lit-
ter size [12, 17] and diet [11, 16], are significantly correlated with
cancer prevalence or cancer risk, but litter size, gestation length,
body mass, life expectancy, and lactation length are not signifi-
cantly correlated with cancer risk in univariate analyses [18].

Birds (taxonomic class Aves) represent a diverse vertebrate
taxon with considerable variation in life-history characteristics.
This diversity in life history traits and the particular ecologies of
birds suggests that they may differ from other vertebrates in the
factors that explain why some birds are more or less susceptible
to cancer.

Understanding cancer susceptibility among birds is currently
an active area of research. For instance, Meller et al. surveyed
free-living Eurasian birds post-mortem and found that, when
analyzing at least 20 individuals per species, larger body size
was correlated with tumor prevalence [19], while neither incu-
bation nor nestling time was correlated with tumor prevalence
[19]. These results suggest Peto’s observation that bigger species
do not get more cancer, is not true in the Aves. Recently, Bulls
et al. found that body mass and lifespan were not correlated
with neoplasia prevalence in birds, with sample sizes ranging
from 5 or 10 bird necropsies [20]. Separate studies have reported
neoplasms (benign and malignant tumors combined) in bird
species, either free-living or in human care [2, 21-26], but the
prevalence of malignancy itself using larger sample sizes has not
been measured before across bird species.

Beyond body mass and lifespan, there may also be a trade-
off between reproductive investments and somatic maintenance
[27], and therefore, cancer defenses. Birds can invest in repro-
duction in various formats, such as exaggerated morphological
traits (e.g. sexually dimorphic or dichromatic color) [28-31],
clutch size, and incubation length. Sexually dimorphic or dichro-
matic species with extreme phenotypes, such as large and color-
ful ornaments or weapons, may have an increased risk of cancer
[27]. However, there has not been a study investigating the rela-
tionship between reproductive or sexually selected traits and
cancer prevalence in birds.

To investigate the relationship between life history and can-
cer risk in birds, we expanded on previous life history studies in
birds by including a wider range of life history traits from trait-
rich life-history databases and compared these traits to cancer
prevalence data from veterinary records of 108 bird species
under managed care. This represents the second-largest study
of cancer prevalence across bird species [19]. We hypothesized
that the incredible diversity of life-history strategies observed
across the class Aves can explain taxonomic differences in cancer
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risk in birds, due to the evolutionary trade-offs between growth,
reproduction, and somatic maintenance. Specifically, we tested
whether malignancy prevalence or neoplasia prevalence is cor-
related with other avian traits such as incubation length, clutch
size, and degree of sexual dimorphism and dichromatism.
Lastly, species with the homogametic sex (e.g. XX females in
mammals and ZZ males in birds) tend to live longer [32] and it
has been proposed that the existence of two X chromosomes may
offer some cancer protection to humans [33]. Therefore, we also
tested whether male birds (ZZ sex chromosomes) have lower
cancer prevalence than female birds (ZW sex chromosomes).

METHODS

Cancer and life-history data

We obtained 5729 individual adult necropsy records for 108
bird species (representing 24 orders) under human care from
25 different institutions over 25 years. Necropsies are typi-
cally performed by a veterinarian or veterinary pathologist who
reviews each organ system. Through this process represen-
tative samples of each organ or representative samples of any
abnormality found are submitted for histopathology. Through
this process of necropsy and histopathology, the majority of
neoplasms would be found. The necropsy records in our data-
set were from Association of Zoos and Aquariums (AZA) institu-
tions [34], where animals that die are required to be necropsied.
We extracted the following data from these records: age at death
(1287 individuals, 51 species, 17 orders), malignancies and neo-
plasias reported (5729 individuals, 108 species, 24 orders), and
sex [34]. We measured malignancy (i.e. cancer) prevalence and
neoplasia prevalence (benign and malignant tumor) for each
species by dividing the total number of necropsies reporting
malignancies (or neoplasms) by the total number of necropsies
available for that species [35]; a measurement also used in pre-
vious studies [12, 16].

We assembled life-history variables from multiple published
resources, including AnAge [36] and the Amniote Life History
Database [37]. The collected life-history variables included spe-
cies averages of adult body mass (g), lifespan (months), incu-
bation length (months), clutch size (number of offspring per
brood) [36, 37], presence and degree of sexual plumage dichro-
matism (plumage brightness and plumage hue) [38], and sexual
size dimorphism (mass and tail size) [39].

Data filtering

We only included bird species for which we had at least 20 nec-
ropsies in our analysis. For analyses comparing female and
male malignancy prevalence or neoplasia prevalence, as well as

sex bias regressions, we used species with at least 10 necropsy
records per sex. We present the neoplasia and malignancy preva-
lence of 108 bird species [35]. We excluded chickens (Gallus gallus)
from the analyses because as a largely domesticated agricultural
species, they have been selected for egg-laying and frequently
develop ovarian cancer [40]. We only included chickens (Gallus
gallus) in Supplementary Table S1 and in the Supplementary Fig.
10 illustration of normalized frequency of the species’ age at
death as a percentage of the species lifespan.

We excluded all infant data from our dataset because (i) the
low prevalence of age-related diseases, such as cancer, in infants
would likely bias the neoplasia prevalence data towards lower
values and (ii) cancers in infants are medically different than
adult cancers [41]. We defined infancy as a record’s age that is
smaller or equal to that species’ age of infancy (or the average
of male and female maturity). In cases of no records of infancy
age, the record was considered an infant if it contained any of
the following words: infant, juvenile, immature, adolescent,
hatchling, subadult, neonate, newborn, offspring, and fledgling.
We performed correlations between clutch size and neoplasia or
cancer prevalence with and without removing domesticated and
semi-domesticated species [42-51] (dataset [35]:). When com-
paring female and male malignancy prevalence and neoplasia
prevalence, we removed all cases of reproductive cancer in order
to minimize any effects of controlled reproduction in managed
environments on our results.

Ancestral state reconstruction phylogenies

Bird neoplasia and cancer prevalence may be driven by various
different evolutionary forces. In order to find which evolutionary
force is predominant in shaping these traits, we reconstructed
ancestral state phylogenies. Utilizing TimeTree.org, and input-
ting the species of our dataset, we built a phylogeny that details
the lineages of our bird species. With this, we used the Geiger
and Phytools packages in R to create two ancestral state recon-
struction phylogenies. These reconstructions provided estimates
of neoplasia and malignancy prevalence across our bird species
as well as their ancestors. In our reconstructions, we utilized a
Markov Chain Monte Carlo (MCMC) to fit our data and estimate
the best model of evolution. In order to determine the model of
drift/selection that best fits our data, we compared Ornstein—
Uhlenbeck (OU) to Brownian motion, to Early Burst models of
evolution using Akaike information criterion comparisons to
determine the best fit.

Statistical analyses

We performed all statistical analyses in R version 4.0.5 [52]. We
prepared figures using the data visualization software ggplot2
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[53] and generated summary statistics in dplyr [54]. We tested
whether the P-values passed the false discovery rate (FDR) cor-
rection in each of these 25 analyses (Supplementary Table S2A).
To evaluate the robustness of our results, we carried out a sub-
sampling analysis (Supplementary material: Supplementary sub-
sampling results).

Life-history analyses

In order to test if a life history trait is statistically significantly
associated with neoplasia or malignancy prevalence, we used
phylogenetically controlled regressions. We performed all phy-
logenetic analyses using the R packages ape, Phytools, Geiger,
Tidyverse, and Caper [55-59] using phylogenetic generalized
least squares (PGLS) regressions to take into account the phy-
logenetic non-independence among species [60] and weight-
ing analyses by 1/(square root of the number of necropsies per
species) following Revell [57]. We uploaded our list of species
to TimeTree (Timetree.org) and used the resulting phylogenetic
tree for our phylogenetic regressions. Given that all life history
trait data were not available for all species in the dataset, each
phylogenetic regression had a different number of species. Thus,
to perform each phylogenetic regression we pruned the above
tree using the setdiff and keep.tip/drop.tip functions in R. We
performed Grubbs’ and Rosner’s tests to identify and remove
significant outliers in the PGLS analyses. We performed univar-
jate and multivariate PGLS analyses excluding the significant
outliers, and separate univariate PGLS analyses including the
significant outliers. We ran the former to test if our results were
mainly driven by species with extreme values. We also tested
all analyses for the presence of any significant heteroscedastic-
ity (Fligner—Killeen test), and if present, we mention this in our
results. Because the malignancy and neoplasia prevalence data
in our analysis is proportional, we transformed the neoplasia and
malignancy prevalence by using an arcsine-square-root prior to
running phylogenetic regressions and paired samples statistical
tests. We used the ‘rr2’ package to obtain the R2 values of the
phylogenetic regressions. For visualization purposes, however,
we display the data and regression lines in the figures using the
non-arcsine-square-root-transformed data.

Sex difference analyses

There may be a trade-off between sexual selection and cancer
defenses. To test for this, we quantified the degree of sexual
dimorphism, as an indirect measure of sexual selection, in seven
biometric variables [plumage brightness, plumage hue, mass
(g), and tail size (g)] as the natural log of the male biometric
variable divided by the natural log of the female biometric vari-
able. We then used PGLS to test for associations of those sex
differences with cancer prevalence. We also compared male

malignancy prevalence or neoplasia prevalence versus female
malignancy prevalence or neoplasia prevalence. The denomina-
tors in the case of the male malignancy prevalence or neoplasia
prevalence are the total number of necropsied males, whereas
the denominators in the case of the female malignancy preva-
lence or neoplasia prevalence are the total number of necrop-
sied females. The distribution of the sex differences in cancer
(i.efemale malignancy prevalence minus male malignancy
prevalence’, ‘female neoplasia prevalence minus male neoplasia
prevalence’) had significant outliers. Therefore, we compared
malignancy prevalence and neoplasia prevalence between males
and females using the non-parametric paired-samples sign test.

RESULTS

To assess whether selection, rather than other evolutionary
forces such as random genetic drift, can explain neoplasia and
cancer prevalence across bird species, we reconstructed ances-
tral state phylogenies using the OU, Brownian, and Early Burst
models of phenotype evolution. We found that the OU model
best fit our cancer and neoplasia prevalence data and phylog-
eny (Fig. 1). These results suggest that stabilizing selection has
played an important role in the evolution of neoplasia and cancer
prevalence in birds (Fig. 1).

To test for trade-offs between life history traits and cancer
defenses, we performed correlations between life history traits,
such as body mass, lifespan and incubation length, versus neo-
plasia and cancer prevalence. Because many life history traits
are correlated (Supplementary Fig. S11), we tested a series of
multivariable regression models to control for those correla-
tions. We performed a PGLS univariate analysis where body
mass times lifespan was the independent variable, a PGLS
bivariate analysis where both incubation length and body mass
were the independent variables, and a PGLS multivariate anal-
ysis where incubation length, body mass, and clutch size were
the independent variables. We found no significant association
between body mass and neoplasia prevalence (75 species; 3124
necropsies) or malignancy prevalence (67 species; an analysis
which had a different number of significant outlier species that
we removed; 2786 necropsies) (Fig. 2; Supplementary Fig. S1;
Supp lementary Table S2A). Second, there was no significant
association between lifespan and neoplasia prevalence (51 spe-
cies; 2665 necropsies) or malignancy prevalence (45 species;
2383 necropsies) (Fig. 3; Supp lementary Fig. 2; Supp lementary
Table 2A). Third, there was no significant correlation between
body mass times lifespan (an estimate of the total number of
cell divisions in an animal) and neoplasia prevalence (36 spe-
cies; 1829 necropsies) or malignancy prevalence (34 species;
1328 necropsies) (Supp lementary Fig. 3A; Supp lementary Fig.
3B: Supp lementary Table 2A). Fourth, there was no significant
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Figure 1. Neoplasia prevalence (A) and malignancy prevalence (B) across bird species in our dataset. These ancestral state reconstruction phylogenies are
presented with the Ornstein-Uhlenbeck (OU) model; the model that best fits our data and phylogeny. The outer labels show the orders that the species belong
to. We used a minimum of five species per order to avoid overlap in the labels. The color of the branches indicates the relative neoplasia prevalence (A) and

malignancy prevalence (B) in each branch

association between incubation length, when controlling for 1665 necropsies). The above PGLS analyses do not have signif-

species body mass, and malignancy prevalence (Supp lemen- icant outliers. However, even when we included significant out-
tary Table 2A; 31 species and 1699 necropsies). Fifth, there was liers in the univariate PGLS analyses, incubation length, body
no significant association between incubation length, when mass, lifespan, and body mass times lifespan were still not sig-

controlling for both body mass and clutch size, and malignancy nificantly correlated with neoplasia or malignancy prevalence
prevalence (Fig. 4; Supp lementary Table S2A; 30 species and (Supp lementary Fig. S12-14, 17-18).
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prevalence.

Species with larger clutch sizes had significantly higher malig-
nancy prevalence (PGLS: P-value =0.003; R2=0.16, Fig. 5; 56
species and 2454 necropsies). This correlation was not signifi-
cant after applying FDR corrections for multiple testing (FDR-
corrected P-value =0.08), nor after controlling for species body
mass (FDR-corrected P-value=0.11) (Supp lementary Table
S2A). The correlation between clutch size and malignancy prev-
alence was not significant after removing domesticated and
semi-domesticated species (PGLS: P-value =0.38; 41 species
and 1765 necropsies; Supp lementary Table S2A; Supp lementary
Fig. S6B). Clutch size was not significantly correlated with neo-
plasia prevalence Supp lementary Table S2A; Supp lementary Fig.
S5; Supp lementary Fig. S6A; 47-58 species, 1979-2955 necrop-
sies). The above clutch size PGLS analyses did not include signif-
icant outliers. When including significant outliers in the analyses
(Supp lementary Fig. S12-18), larger clutch size is still correlated
with malignancy prevalence (Supp lementary Fig. ST6B). This is
true when including domesticated and semi-domesticated spe-
cies (Supp lementary Fig. S16B; PGLS, P-value =0.001) as well
as when excluding domesticated and semi-domesticated spe-
cies (Supp lementary Fig. S17B; PGLS P-value = 0.004). When

including significant outliers in the analyses, neoplasia preva-
lence positively correlated with clutch size (Supp lementary Fig.
S16A; PGLS P-value = 0.03).

To test whether older animals had more cancer than
younger animals, we compared the age of animals that had
or did not have cancer when they died. We found that animals
with a diagnosis of cancer at death were not older on average
than animals with a diagnosis of no cancer at death (in 1287
individuals from 51 species; for which we had age data) (Supp
lementary Fig. S10).

To test for trade-offs between sexual dimorphism or dichro-
matism and cancer defenses, we looked for correlations
between sexually dimorphic and dichromatic traits versus
neoplasia and malignancy prevalence. Sexually dimorphic or
dichromatic species with extreme phenotypes, such as large
and colorful ornaments or weapons, may have an increased
risk of cancer We found no significant associations between
neoplasia or malignancy prevalence and several sexually
dimorphic and dichromatic traits (Supp lementary Fig. S7;
Supp lementary Table 2A). Also, in the 31 species for which we
had at least 10 female and 10 male necropsies, there was no
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significant difference in neoplasia or malignancy prevalence
between females and males (Supp lementary Fig. S8; Supp
lementary Fig. S9; Supp lementary Table S2A).

DISCUSSION

We hypothesized that the variation in species trade-offs between
investment in reproduction versus somatic maintenance can
explain some of the variation in cancer prevalence across bird
species. We found that species with larger clutch sizes had more
cancer in our dataset. The discovery adds to a growing evidence
that links reproductive strategies to disease susceptibility in ani-
mals. However, other life-history traits that we tested, such as
body mass, incubation length, lifespan, sexual size dimorphism,
or sexual dichromatism, were not correlated with avian cancer
prevalence, nor was there a significant difference in cancer or
neoplasia prevalence between male and female birds.

We also found that cancer susceptibility in birds appears to
have evolved under stabilizing selection with occasional shifts
to different stable values. These results suggest that cancer
prevalence and clutch size are correlated due to similar under-
lying selective pressures that are relatively stable, though they

may shift with sudden changes in the ecologies of the birds.
What those pressures were remains an open question for future
research.

Significant relationship between clutch size and cancer prev-
alence

Our results are consistent with previous findings in mammals
that larger litter size is associated with cancer prevalence [12,
17]. Larger clutch size is correlated with malignancy prevalence
across 56 bird species; a result that persisted in the major-
ity (=86%) of repetitions of these analyses using 40 randomly
chosen bird species from our dataset (Supplementary material:
Supplementary subsampling results). Many of the life-history
traits described in this article, such as body mass, number of
offspring produced per brood, incubation time, and longevity,
are tightly linked with each other [61-65] (Supplementary Fig.
S11). We found that clutch size explained a statistically signif-
icant portion (14-17%) of the variation in cancer prevalence
when significant outliers were included in the analyses regard-
less of whether domesticated or semi-domesticated species
were excluded. When significant outliers were excluded, clutch
size also explained a statistically significant portion (16%) of the
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variation in cancer prevalence, though when excluding domesti-
cated species from the analysis malignancy prevalence was not
correlated with clutch size.

Incubation length is not associated with cancer in birds
Incubation length is not correlated with cancer prevalence
in birds even after controlling for body mass and clutch size.
However, gestation or incubation length is negatively correlated
with malignancy prevalence when controlling for variation in
body mass across vertebrates [14].

Evidence for Peto’s paradox in birds

Our findings show no significant correlation between neoplasia
or malignancy prevalence and body mass and lifespan in birds,
supporting Peto’s paradox [66]; the lack of relationship between
body mass and neoplasia prevalence is in contrast to the obser-
vation of a positive correlation between body size and tumor
prevalence in free-living birds [19]. Bulls et al. [20] found no
significant correlation between neoplasia prevalence and body
mass or lifespan in birds but found a significant negative correla-
tion between cancer prevalence and lifespan in birds when using
a threshold of =10 necropsies per species. The discrepancies

between our study, that of Bulls et al. [20] and Mgller et al. [19],
may be due to the different number of individuals sampled per
species (=20 necropsies per species in our study, =5 and =10
necropsies in the correlations between life history traits and neo-
plasia or cancer prevalence in Bulls et al. [20] versus =3 records
per species in Mgller et al. [19]), the different species of birds
analyzed (108 managed bird species from multiple institutions,
204 species [20] versus 238 free-living bird species in Denmark
[19]), or body mass collected from the literature [20] (this
study) versus mostly measured with a precision balance [19].
Unfortunately, only six species of birds are common in Meller
et al’s [19] and this study’s dataset, limiting our ability to com-
pare cancer prevalence in wild versus managed birds. In general,
patterns of tumor incidence or neoplasia prevalence were con-
sistent between these free-living birds and populations managed
under human care (Supplementary Table S3).

By analyzing the distribution of the age at which birds died,
we found that birds with a diagnosis of cancer at death were not
older than birds with no cancer found at death. This was also
found in a larger taxonomic group (the sauropsids) that included
birds [14]. This may be explained by the observation that long-
lived birds have coevolved pathways that increase longevity in
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part through decreasing cancer rates [67, 68]. The fact that eryth-
rocyte telomeres of long-lived birds shorten at a slower pace than
erythrocyte telomeres of shorter-lived birds [69] may provide an
additional mechanistic explanation for the lower than expected
cancer prevalence in long-lived birds.

No relationship between sexual dimorphism or dichromatism
and cancer prevalence

We found no significant difference in cancer or neoplasia preva-
lence in relation to sexual dimorphism and dichromatism. This
means that sexually dimorphic birds who spend time and energy
in creating colorful plumage or larger body parts do not seem
to pay a cost in terms of cancer susceptibility. It is possible that
the birds in our study did not experience such trade-offs because
under human care they may have high energy budgets that
allow them to invest both in sexually selected traits as well as in
somatic maintenance in the form of cancer suppression.

Do female birds have higher cancer prevalence than male
birds?

Cancer rates in most other species, including humans, are biased
toward males [33]. Current theory hypothesizes that males, with

a hemizygous sex chromosome, may be vulnerable to recessive
cancer risk alleles on the X chromosome and that the double X
chromosome found in females may offer some cancer protec-
tion against those recessive alleles [33]. In alighment with the
two-X chromosome theory of cancer protection, previous work
has shown that female birds (ZW) have more neoplasms than
male birds (ZZ), but this was not validated statistically with sex-
specific neoplasia prevalence [2]. We found that females do not
have significantly different neoplasia prevalence or malignancy
prevalence than male birds. This suggests that the sex chromo-
some hemizygosity of female birds does not increase their can-
cer risk. It is possible that female birds may get more cancer
than males, but the effect size of hemizygosity is too small to be
detected by a study of our size. So the lack of a statistically signif-
icant difference in our study may not be conclusive. It just puts
in doubt the hemizygosity hypothesis for sex bias in cancer risk.

Future directions

Future work investigating both the ultimate and proximate
causes of cancer in birds would help us both understand cancer
better and protect birds. What are the links between the num-
ber of oncogenes and tumor-suppressors across bird species
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and the Ornstein—-Uhlenbeck model of stabilizing selection and
random changes in bird cancer prevalence? Why are large clutch
sizes a risk factor for cancer in birds? Several ecological factors
may also be driving many of the cancers in birds in our dataset.
Future studies would also benefit from knowledge of the rela-
tionships between distinct cancer types and life history in birds.
Hormonal variation, the mechanisms that protect birds from
radiation-induced DNA damage [70], as well as the molecular
associations between unpredictable environments and fast life
history strategies (e.g. production of more offspring) explaining
cancer susceptibility across species would need to be found.

SUPPLEMENTARY DATA

Supplementary data is available at EMPH online.
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