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General discussion:
Identifying the adaptive value of variation
in preen wax composition: approaches
for future studies

Jeroen Reneerkens
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In this thesis, the seasonal variation in preen wax composition in sandpipers
(Scolopacidae) has been studied. In this final chapter the main conclusions are
summarised, our findings are placed in the light of the current understanding of
functions and evolution of variation in preen wax composition and suggestions
for future research are made.

Key findings of this thesis

The main motive for the present study were the findings by Piersma et al. (1999)
that preen wax composition in sandpipers changes shortly before the start of the
breeding season from mixtures consisting of monoesters to mixtures consisting of
diester waxes only. The monoester and diester preen wax mixtures were chemi-
cally described in detail (Dekker et al. 2000; Sinninghe Damsté et al. 2000) after
which a nice opportunity arose to study intraspecific variation in preen wax com-
position in a biological context. Diesters and monoesters have a similar chem-
istry; both are mixtures of esters. Diesters are generally larger molecules that are
more viscous and less volatile. Based both on the timing of the shift and on the
physical aspects of monoester and diester waxes, Piersma et al. (1999) proposed
that the shift in preen wax composition from mono- to diesters may serve as an
individual quality signal; a ‘cosmetic’ produced for a short time during mate
choice. This hypothesis was primarily based on the timing of the shift that sug-
gested a quality signalling function during mate choice, as well as the exclusion
of unlikely explanations. As the shift to diester preen waxes is a shift to less
volatile components, instead of vice versa, a function as pheromones was ren-
dered unlikely. The increased viscosity of diesters compared with monoesters
would be a ‘handicap’ securing the honesty of the presumed sexually selected
trait (cf. Zahavi 1975, Piersma et al. 1999). 

In this thesis, the hypothesis of Piersma et al. (1999), as well as other hy-
potheses that may explain the seasonally changing preen wax secretions of red
knots, are investigated. The ‘avian make-up’ hypothesis implies two testable as-
sumptions, that are both addressed: (1) the production or application of diester
preen waxes entail higher costs to individual red knots than monoester preen
waxes, and therefore their use should be limited to the period of mate choice
when cosmetics are presumed to be functional only and (2) the shift from mono-
to diester preen waxes onto the plumage of red knots brings about a change in
plumage appearance that is visible to conspecifics. 

The higher viscosity of the diester preen waxes, especially in the prevailing
low temperatures of the High Arctic breeding grounds of red knots, is presumed
to cause diester waxes to be more difficult to apply during preening than the
usual monoesters, and can be considered a ‘time cost’ that guarantees the hon-
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esty of the signal (Piersma et al. 1999). Observations on captive red knots
showed that they spent only 2.9% of all preening bouts (7.2% of the daily time
budget) on applying preen waxes onto the feathers (Box A), a figure comparable
with the 3.1% of preening bouts involving wax application observed for
Swallows (Møller 1991). Even if the application of diesters would entail a dou-
bling of time compared with monoesters, it would still not entail high costs to
birds. What remains is the possibility that the cost is not a time cost, but an inter-
action between preening ability and wax type that may make some individuals
look particularly good, but not others.

A comparative study on preen wax composition in 19 sandpiper species
(chapter 2) revealed that secretion of diester waxes extended beyond the pre-
breeding period of mate choice. Diester preen waxes were also secreted during
the period of incubation (chapter 2), and more importantly, only by the incubat-
ing sex (chapter 3). This strongly suggests that diester preen waxes are particu-
larly important for birds during incubation. That in a sandpiper species such as
the ruff Philomachus pugnax, in which males invest a lot in sexually selected
plumage and behavioural traits (van Rhijn 1991, Lank & Dale 2001), it is the less
conspicuous females that secrete diester preen wax during the breeding season
rather than the male (chapters 2 and 3) suggests that selection pressures during
incubation prevail over those during mate choice.

When the latter possibility was tested using spectrophotometry, the shift in
preen wax composition did not appear to change the colouration of red knots’
plumages, also not in the ultraviolet part of the light spectrum that is visible to
birds but not to humans (chapter 5). Although the wax collected from the preen
gland looks yellowish to human investigators, and although diester waxes absorb
more ultraviolet light than monoesters, the removal of preen wax from the breast
feathers of red knots did not affect plumage reflection (chapter 5). Possibly, the
amount of preen wax on the plumage is too small to play a role in colouration.
This finding also excludes the hypothesis that a decrease in (ultraviolet) light re-
flectance with a shift to diester preen waxes, makes incubating birds less conspic-
uous to (aerial) predators (cf. Viitala et al. 1995), and that birds would be select-
ed on the basis of this trait during the period of mate choice (chapter 2).

The question why red knots and other sandpiper species nevertheless secrete
diester preen waxes already in the period that precedes incubation, during mate
choice, is discussed in chapter 4. The shift from mono- to diester preen waxes in
wild and captive red knots takes at least two weeks, up to a month. Apparently,
birds are not able to change preen wax composition rapidly. An endogenously
controlled annual rhythm in preen wax composition would ensure that the birds
start preen wax shifts in time and that the animals are fully prepared for incuba-
tion (chapter 3 and 4).
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Diester preen waxes in sandpipers thus appear to have no cosmetic or other-
wise visual function and are especially associated with the incidence of incuba-
tion: the hypothesis of Piersma et al. (1999) is falsified in more than one way. An
alternative functional explanation for the seasonal changes in preen wax compo-
sition in sandpipers from mono- to diester preen waxes were thus sought in eco-
logical circumstances during incubation. The Arctic conditions (low ambient tem-
peratures, high wind speeds, 24 hrs daylight etc), that most sandpipers experi-
ence during incubation, presumably played no role in shaping seasonal changes
in preen wax composition because several bird species that breed in temperate
regions, such as several sandpipers (chapter 2), oystercatchers Ostralegus
haematopus (Reneerkens et al. 2006), as well as female mallards Anas platyrhyn-
chos (Jacob et al. 1979, Kolattukudy et al. 1987) secrete monoesters during most
of the year and diesters during incubation as well. In this thesis two additional
possible selective forces that may have lead to the evolution of seasonal shifts in
preen wax composition in sandpipers were experimentally investigated: (1)
feather-degrading bacteria, and (2) mammalian, olfactory-searching predators. 

The plumage of birds harbours a variety of bacteria, many of which are able
to degrade feathers, such as Bacillus licheniformis, a common feather-degrading
bacterium amongst birds (Burtt & Ichida 1999, 2004) and may thus negatively
affect birds. Cristol et al. (2005) could, however, not find effects of experimental-
ly applied feather-degrading bacteria on plumages of captive passerines and con-
cluded that this may be caused by the absence of warm, moist environments in
which vegetative cells of feather-degrading bacteria become metabolically active
and degrade feathers rapidly (Burtt & Ichida 1999). The conditions in nest cups
of incubating shorebirds are relatively warm (ca. 36°C for an Arctic shorebird,
Creswell et al. 2004) and moist (Ar & Sidis 2002). Therefore, incubating shore-
birds are more likely to encounter metabolically active feather-degrading bacteria
than non-incubating shorebirds. It was hypothesised that diester preen waxes
provide a better protection against these bacteria than monoester waxes. The fact
that feathers of which mono- or diester preen wax was removed were degraded
at a higher rate (chapter 6), confirmed the results of previous studies (e.g.
Shawkey et al. 2003) that preen wax does inhibit growth of Bacillus licheni-
formis. We could, however, not find a different rate of feather degradation by
Bacillus licheniformis in media of breast feathers of red knots with natural
amounts of monoester waxes and diester waxes (chapter 6).

Sandpipers are ground-breeders. Hence, their clutches are not protected
against egg predators by physical barriers. In the open, sparsely vegetated habitat
of the High Arctic, where sandpipers such as sanderlings Calidris alba and red
knots Calidris canutus breed, it is also impossible for birds to hide their nests in
vegetation. Their cryptic plumage and silent behaviour reduce detection proba-
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bilities of the incubating birds by predators (van de Kam et al. 2004) and re-
searchers alike (Piersma et al. 2006). The most common predators of shorebird
eggs are mammals with an unusually well-developed sense of smell, such as
Arctic foxes Alopex lagopus. Therefore, visual camouflage only is not sufficient to
diminish or avoid detection by such predators. With a trained sniffer dog it was
experimentally examined whether the less volatile diester preen waxes that are
secreted during incubation, are more difficult to detect by a mammalian predator
than the usual monoester waxes. This appeared to be the case. If everything else
is equal and if Arctic foxes have a sense of smell that is similar to dogs, this sug-
gests that incubating sandpipers that apply monoesters onto their plumage can
be detected by olfactory-searching predators from a larger distance, and thus
have a larger chance of losing their clutch to a predator, than sandpipers that se-
crete diesters when nesting (chapter 7). Predation of clutches in rather short-
lived sandpipers that usually lay only a single clutch per year is a strong selection
pressure. Adaptations that result in a smaller predation risk will presumably be
strongly selectively favoured and we believe that the reduction of predation risk
by the application of diesters rather than monoesters has lead to the use of di-
ester preen waxes in incubating birds. 

Seasonal variation in preen wax composition is likely the outcome of season-
ally changing balances between costs and benefits of chemically different preen
wax secretions. Natural selection is expected to select against costly traits if there
are no benefits involved that outweigh the costs of such traits. The benefits of the
use of diesters during incubation are presumably a reduction of egg predation.
The costs associated with the use of diesters, relative to monoesters, still need to
be established and have not been found in this thesis.

Understanding variation in preen wax composition

The scientific debate about the function of avian preen gland secretions is cen-
turies old (see chapter 1, Elder 1954), yet, the controversy, or confusion, is still
paramount. In fact, we have barely begun to formulate hypotheses and to test as-
sumptions and predictions underlying seasonal and interspecific variation in
preen wax composition. This thesis is a step in that direction. For red knots, and
sandpipers in general, we now understand more about the selection pressures
which play a role in the seasonal variation in preen wax composition, and which
do not. 

The research also makes clear that the question “What is the function of the
preen gland of birds?” should include specifications about species, life history
stage and sex. It is possible that age of individual birds also plays a role;
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Kolatukuddy et al. (1991) showed that preen wax composition of mallard duck-
lings changes as soon as they replace the down with their first adult feathers.
Most studies so far have not taken these aspects into account and function(s) of
preen gland secretions were studied on different bird species, while chemical com-
position of the gland secretions was often unknown or not accounted for. Because
of the great variation both within and between species, in the composition of
preen gland secretions, it will be hard if not impossible, to find a general function
of preen wax if such a general function would exist at all. For example, based on
the results obtained on red knots of the study in chapter 5 one might conclude
that preen wax has no function in plumage coloration of birds. However, it is
known that greater hornbills Buceros bucornis dye their plumage with preen wax
(Kemp 2001). Another example is the penetrating smell of preen gland secretions
of hoopoes Upupa epops and red-billed woodhoopoes Phoeniculus purpureus that
has an important function in repelling vertebrate nest predators (Law-Brown
2001, Martin-Platero et al. 2006), while in contrast to this, red knots might expe-
rience less nest predation by applying a less volatile preen wax mixture onto their
feathers during incubation (chapter 7). It is the combination of chemistry,
physics and evolutionary biology that will yield a greater understanding of causes
and function of the large variation in avian preen wax chemistry. Below caveats
in all relevant research fields are pinpointed and discussed and suggestions are
done for an approach in which several research fields are integrated.

Understanding variation in preen waxes: a general explorative
approach

Advanced organic chemistry is necessary to properly identify and describe the
variation in chemical compounds secreted by preen glands. Complete descriptions
of preen wax composition will help to generate valuable hypotheses that can be
tested by evolutionary biologists. Chemical techniques have improved much over
the last decades. While most chemical studies on preen wax have been performed
on the hydrolysed products of the secretions, at present it is possible to study the
intact components more easily (Dekker et al. 2000, Sinninghe Damsté et al. 2000,
Burger et al. 2004), which increases our knowledge of preen wax compositions.
Only few studies, have included volatile components of preen gland secretions
(see Soini et al. submitted manuscript, for an exception), whereas such volatile
components are known to be important in bird communication and chemical de-
fense (e.g. Hagelin et al. 2003, Douglas et al. 2005a,b). Also, little is still known
about the biochemical pathways of preen wax production (Jacob 1976).

Proper chemical analyses of preen wax composition of more bird species of
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different ages, sexes and body conditions and in different habitats and seasons
may result in more testable hypotheses about functional aspects of variation in
preen wax within and between species. Recently, seasonal variation in preen wax
composition, like those in sandpipers, have also been described in some passer-
ines (Haribal et al. 2005), but specific hypotheses that could explain the seasonal
variation were not provided.

Understanding possible functions of different chemical compounds starts
with understanding the physical properties of the different compounds. A nice
example of an experiment to the mechanical properties of waxes in an ecological
context is given by Buchwald et al. (2006), who studied yield stress, yield strain,
stiffness and resilience of wax of different bee (sub)species. Studies in which the
functional (physical and/or biological) aspects of different avian preen wax com-
positions are tested are rare. Measurements of physical properties such as volatili-
ty, viscosity, melting points, light absorbance and reflectance, water repellence
(cf. Patel et al. 2001 and Kulkarni & Sawant 2002) of different preen gland secre-
tions, especially in interaction with the surfaces they are applied onto, would in-
crease our understanding of the variation in preen wax compounds and generate
biological hypotheses. The physical aspects of separate preen wax compounds are
presumably dependent on other compounds in preen wax mixtures. Therefore,
physical properties of both isolated compounds and of complete preen wax mix-
tures should be studied. Some of these physical aspects have been studied in the
context of this thesis on mono- and diester preen wax mixtures of red knots, but
this approach could be extended to many more preen wax mixtures of many
species.

Preen waxes are products of living animals and variation in preen wax com-
position is the result of evolution by natural selection. The balance of costs and
benefits of different preen wax mixtures - which is related to their chemical and
physical aspects- determines the evolutionary process. Identification and meas-
urements of these costs and benefits is a task for evolutionary biologists. Below
three approaches for biological research are proposed that might bring us further
in understanding variation in preen wax composition.

The fate of preen wax on the plumage: a descriptive approach

Better knowledge of the fate of preen waxes, once smeared onto the feathers,
represent the kind of basic knowledge necessary to better understand preen
waxes. Still a lot can be learnt about the fate of preen wax on feathers. For exam-
ple, it is unknown whether preen wax is equally spread over all body parts and
whether the wax forms a closed layer or small wax droplets on the feathers. Such
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information is necessary to understand how waterproofing or anti-parasitic as-
pects of preen waxes would work, if such effects would exist at all. It has been
suggested that preen wax penetrates into the shafts and barbs of feathers
(Rutschke 1960), but verification of this suggestion is necessary. The relative,
quantitative and qualitative, roles of integumental lipids and preen waxes de-
serves research attention (Stettenheim 2000) too, for example in the context of
water repellence. 

Investigating the turnover rate of preen waxes on the plumage is important
as it will tell us whether changes in composition of preen wax produced by the
preen gland is in correspondence with wax composition on the feathers. In a
small study in which preen wax was simultaneously sampled from feathers and
the preen gland, in captive red knots in spring, when they changed from mono-
to diester preen waxes, confirmed a close correspondence between produced wax
composition and composition of waxes on the feathers (M. Dekker unpubl. data).
It is also unclear how stable preen waxes are, once smeared onto the plumage.
This is likely dependent on the chemical composition of the waxes. Unsaturated
waxes are likely less stable than saturated wax esters due to oxidation. Sweeney
et al. (2004) found that although wax esters were still present in plumages of
museum specimens of more than hundred years old, that these were mainly es-
ters of saturated fatty acids and particularly lacked esters based on unsaturated
fatty acids, presumably due to oxidation during the years of storage (Sweeney et
al. 2004). Although these data show that preen waxes do not last on plumages
forever, they are likely to stay on feathers for a longer period than the life span of
most birds. Natural selection might act on the low stability of preen wax consist-
ing of unsaturated fatty acids, and be the reason why preen waxes of most birds
hardly contain unsaturated fatty acids. There are more chemical properties than
saturation only, that determine the stability of preen wax (e.g. branchiness of the
carbon chains) and properly designed experiments are needed to learn more
about the stability of preen wax on feathers. 

Feather mites, that probably do not occur on museum specimens, may con-
sume preen wax (Blanco et al. 2001). Given the presumed stability of preen
waxes, one might wonder what Blanco et al. (2001) meant when they stated that
feather mites may be beneficial to birds as they may “remove old oil”. Galván &
Sanz (2006) showed that there is a positive correlation between feather mite
load and the size of the preen gland of great tits Parus major, suggesting that
plumicolous feather mites are ectosymbionts that use preen wax as their main
food source. 

More research is necessary on the interaction between preen wax and ec-
tosymbionts. The huge variety in ectosymbionts may (partially) explain the varia-
tion in preen wax composition (Haribal et al. 2005). One might consider diet
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studies on feather mites, using stable isotopes as markers and tracers of their
food chain (e.g. Herman et al. 2000). Several experiments are possible using dif-
ferent feather mite species and different (labelled) preen waxes, that may resolve
hypotheses concerning co-evolution between ectosymbionts and preen wax com-
position of the host species.

One aspect of preen waxes that should also be taken into account, and that
has been ignored in this thesis, is quantitative variation in preen wax production.
Bhattacharyya and Chowdhury (1995) showed that the preen glands of red-vented
Bulbuls Pycnonotus cafer are substantially heavier and contain more lipids during
the breeding season than in the non-breeding season. It is possible that the amount
of preen wax applied onto feathers also changes seasonally in (some) birds.

The evolution of preen wax composition: a general, hypothesis-
generating approach

In numerous studies, Jacob and co-workers have compared preen wax composi-
tion of many bird species for taxonomical purposes (e.g. Jacob & Poltz 1973,
Jacob & Grimmer 1975, Jacob 1978, Jacob 1981 Jacob & Ziswiler 1982,
Hoerschelmann & Jacob 1992, Jacob & Hoerschelmann 1993). In several of
these studies, the relatedness of different bird species was based on the variation
in species-specific preen wax composition, an approach which was called ‘chemo-
taxonomy’. These chemical studies have provided detailed descriptions of species-
specific preen wax compositions. However, they do not reveal much about the se-
lective forces that have caused the inter- and intraspecific diversity in preen wax
composition. It is also questionable how useful taxonomy is that is based on a sin-
gle phenotypic trait that is likely subject of specific, directional selection pressures.
Another problem with such ‘chemotaxonomy’ is that preen wax composition -at
least in sandpipers- is an example of phenotypic flexibility (Piersma & Drent
2003) in which genotypes (individuals) express different phenotypes during an
annual cycle (chapters 2, 3 and 4). If preen wax of different sandpiper species is
sampled in different seasons, this will cause flaws in the taxonomy.

Biologically more interesting than the compilation of a ‘chemotaxonomy’
based on preen wax composition, is to search for ecological factors that may have
lead to the diversity in preen wax composition. A general approach to try to pin-
point such selection processes is to map preen wax chemistry, or physical aspects
of complete preen wax secretions, onto phylogenetic reconstructions and search
for general patterns. For example, one might investigate whether birds in aquatic
environments have distinctly different preen wax compositions than non-aquatic
birds and whether the phylogenetic similarities are stronger than ecological simi-
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larities. In box B, we attempted to use interspecific similarities between preen
wax compositions to draw conclusions about the (time scales of) selection pres-
sures that act on them. Although I think this is a useful method the analysis in
box B, that contained only six species, was rather limited. The analysis, using
many more different species, could indicate how evolutionary conservative cer-
tain preen wax compounds are, whether certain compounds occur more often in
certain clades, or in different species among clades that share a certain ecological
niche. It is intriguing, for example, that lapwings Vanellus vanellus, a species that
shares habitats with black-tailed godwits Limosa limosa, at least during reproduc-
tion, show no seasonal variation in preen wax composition (Box C). One might
infer from this that selection pressures causing changes in preen wax composition
are not very strong (cf. Sweeney et al. 2004). The fact that male buff-breasted
sandpipers Tryngites subruficollis and some individual male curlew sandpipers
Calidris ferruginea, that do not incubate, still produce (small amounts of) diester
preen waxes suggests that it is an evolutionary remnant from periods when males
and females shared incubation in these species (Borowik & McLennan 1999) and
that the costs of maintaining the biochemical and physiological machinery to
produce diesters is not particularly high (chapter 3). 

Costs and benefits of preen wax mixtures; experimental approaches

Although we think that diester preen waxes might be beneficial to diminish pre-
dation risk of offspring (chapter 7), it is still unclear why diesters are not secreted
year-round. In other words, it still needs to be investigated which costs are in-
volved in the use of diester preen waxes relative to monoesters waxes in non-
breeding conditions. Experiments such as reported in chapter 5, 6 and 7, in
which the functional aspects of different preen wax mixtures are investigated,
may show that monoesters perform better than diesters. Thus far, no evidence
exists for advantages of the use of mono- rather above diesters. It would be
recommendable to involve both distinct monoester types (‘A’ and ‘B’, chapters 3
and 4) secreted during an annual cycle in such studies. Such an experimental ap-
proach is also useful in interspecific comparisons.

In addition to differences in functional aspects of different preen wax secre-
tions, diesters also may be more energetically costly to produce than monoesters.
As shown before there are no indications that there are substantial consequences
for time budgets of birds in the application of preen wax, as it costs only little
time to apply preen wax onto feathers. Ideally, it would be possible to manipulate
preen wax composition in live birds and investigate energetical, functional and
survival consequences. 
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