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                             The origin of feather holes: a word of caution      

    Csongor I.     V á g á si            

  C. I. V á g á si (csvagasi@gmail.com), Evolutionary Ecology Group, Hungarian Dept of Biology and Ecology, Babe ş -Bolyai Univ., Clinicilor street 
5 – 7, RO-400006 Cluj Napoca, Romania. Also at: MTA-DE  ‘ Lend ü let ’  Behavioural Ecology Research Group, Dept of Evolutionary Zoology, 
Univ. of Debrecen, Egyetem t é r 1, HU-4032 Debrecen, Hungary.                               

 Antagonistic processes between parasites and their hosts are hallmarks of evolutionary ecology. A group of parasites 
is adapted to feed on feather keratin. In doing so, they infl ict a variety of costs on avian hosts by causing feathers to 
degrade faster. Feather holes represent a class of feather damage that is attributed to the chewing bites of Phthirapteran 
lice. Consequently, hole counts were used as an approximation of lice infestation intensity when studying bird – lice 
interaction. Here, I express some reservations regarding this practice. I survey the literature concerning feather holes 
and the state of the hole – lice concept, highlight some uncertainties regarding its reliability, off er possible alternative 
explanations for the origin of holes, and suggest directions for future investigations. I conclude that the origin of holes 
is still unknown, and so a prudent approach is desirable when interpreting the relationship between avian phenotype or 
fi tness and lice infestation inferred from hole counts.   

    Parasitic organisms (including pathogens) represent one 
of the most powerful selection forces (Schmid-Hempel 
2011). Birds interact with numerous parasites, of which a 
substantial share consists of plumage-dwelling species 
ranging from bacteria through fungi to arthropods. Some 
can harm the plumage of hosts (keratinolytic bacteria, 
syringicolous mites, feather lice). One mode of allegedly 
parasite-induced feather damage is represented by feather 
holes, which are small, apparently round defects in fl ight 
feathers (remiges, rectrices) that denote sections of barbs 
where barbules are missing (Fig. 1). 

 Avian ecologists and evolutionists who strive to 
understand host – parasite dynamics may rely on simplistic 
measures (soft traits) to approximate biological traits that 
are more diffi  cult to measure (hard traits). However, the 
use of such simplifi cation can be a fl awed endeavour if 
not substantiated critically. One such case is that of the 
occurrence of feather holes that are attributed to the 
feather-grazing activity of chewing lice (Phthiraptera: 
Amblycera, Ischnocera) based on a correlative study by 
M ø ller (1991). Based on this correlation, several later 
studies used the feather hole count as a substitute soft 
trait to infer louse infestation intensity, the hard trait 
(Supplementary material Appendix 1, Table A1). 

 Here, I address the proximate cause of feather holes, 
which remains little understood, by 1) reviewing the litera-
ture on the correlates of lice infestation inferred from 
hole counts, 2) presenting the pros and cons of three 
alternative hypotheses about the origin of feather holes, and 
3) recommending possible avenues for future study.  

 Lice infestation inferred from hole counts 

 Th e literature dealing with feather holes as an indicator 
of either lice parasitaemia or simply feather quality 
(35 studies) is summarised in the Supplementary material 
Appendix 1, Table A1. Th ese studies focused on morphol-
ogy, condition, sexual selection, host – parasite coevolution 
(e.g. host physiology) and fi tness; and the barn swallow 
 Hirundo rustica  was the best-studied organism. Although 
the sign of certain associations is inconsistent across 
studies (e.g. with morphology, condition, physiology), well-
established relationships are also emerging: 1) common 
environment does not explain the number of holes, while 
genetic relatedness does. 2) Juvenile birds have larger hole 
loads than adult (except senescent) birds. 3) Th e expression 
of sexual traits is inversely related to the number of holes. 
4) Reproductive or survival performance is lower when the 
incidence of feather holes is high.   

 Causative agent of feather holes 

 Th e lice origin of holes was routinely reiterated in avian 
ecology despite the lack of compelling experimental evidence 
to support this assumption, a shortcoming raised nearly a 
decade ago by Pap et   al. (2005). Later, some were cautious 
about the lice origin of feather holes (Pap et   al. 2007, 
Vas et   al. 2008, M ø ller 2010) and Clayton et   al. (2010) 
cast some doubt on this as well. V á g á si et   al. (2011) pre-
sented data for the fi rst time that did not corroborate 
the hypothesis regarding the lice origin of holes and off ered 
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two alternative hypotheses delineated based on the causative 
agents: 1) feather-degrading bacteria, and 2) feather fault 
or breakage. Below, I describe the evidence for and against 
each of the three hypotheses.   

 Hypothesis 1: the chewing lice origin of feather 
holes 

 Th is hypothesis suggests that chewing lice bite holes in 
the vanes of pennaceous fl ight feathers (M ø ller 1991; 
Fig. 2A). Th is claim arguably rests on the observation that 
feather lice feed on feather keratin of plumulaceous body 
feathers (Clayton 1990).  

 Pros 
 First, there is a positive correlation between the number 
of holes and the abundance of Amblyceran lice (M ø ller 
1991). Second, the frequency distributions of lice and 
holes among host individuals have a similar shape (M ø ller 
1991) and, in populations in which hosts breed colonially, 
the frequency distribution of holes is less skewed (Pap et   al. 
2005, Vas et   al. 2008). Th ird, lice prefer staying on white 
rectrix spots, which are claimed to be more easily damaged 
by them, and holes are more frequent on these feather 
parts (Kose et   al. 1999). Fourth, holes are associated with 
the infestation by  Brueelia  spp. lice (Ischnocera) in com-
parisons of sister avian taxa (Vas et   al. 2008).   

 Cons 
 Th ese associations, however, do not substantiate the 
hypothesis clearly, as they are all correlative. Th e major con-
cerns identifi ed can be structured according to the following 
subheadings. 

  Identity of damaging lice taxa . Recently, Ischnoceran 
lice were proposed in general and the  Brueelia  genus in par-
ticular as hole-makers (Vas et   al. 2008). Th e Ischnoceran 
fraction of the lice removed by M ø ller (1991) with 
chloroform vapour is unknown, and the denominated 
Amblyceran species was later discarded as a potential 

delinquent (Vas et   al. 2008). As suggested by Clayton 
et   al. (2010), it would be informative to repeat the studies 
describing the lice – hole abundance correlation found 
by M ø ller (1991) and feather preference of lice showed by 
Kose et   al. (1999) with the new candidate genus. 

  Sample size, host populations and species . First, the 
hole – lice association was based on a small sample size 
(DF    �    18, p    �    0.01) and assessed for a single barn swallow 
population (M ø ller 1991). Given the aggregated frequency 

  Figure 1.     Feather holes of house martin  Delichon urbica  feathers. (A) Some holes are positioned along light fault bars (white section marks) 
and are elongated quasi horizontally; (B) the denuded portions of barbs are frequently bent (see also D); (C) feather with several holes; 
(D) close-up view of the damaged barbs and barbules (bb) on a scanning electron micrograph; (E) – (G) crop details of damaged barbs 
(marked with arrows on D) with multiple signs of fractures, micro-cracks and surface damages.  

  Figure 2.     Putative scenarios of the causation of feather holes. 
(A)  ‘ Cause – eff ect ’  scenario: the conventional wisdom that lice 
chew the holes; (B)  ‘ mediator scenario ’ : parasites aff ect the  ‘ state ’  
of hosts, which in turn infl uences feather quality (cf. arrowheads 
with C); (C)  ‘ false co-variation scenario ’ : a third-party variable is 
related to both lice infestation and feather damages, but through 
independent routes (e.g.  ‘ good-quality ’  birds better withstand 
a parasite attack and grow higher quality feathers that are e.g. 
less holey); (D)  ‘ current state-of-the-art ’ : compression of previous 
scenarios. Th is scenario represents our current knowledge and 
it is so intricate because a) the cause is unknown and might be 
multiple (1, 2, 3) and b) causes 1 and 2 might be related directly 
(black numbers) or through co-variation (type B or C, grey num-
bers). Note that cause 3 aff ects directly the damage of feathers.  
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distribution of parasites, small sample sizes can be 
problematic and increase the probability of overlooking 
indirect relationships (Booth et   al. 1993, Jovani and Tella 
2006). Second, hole count as substitute for lice abundance 
was later adopted for many other swallow populations and 
other avian hosts (Supplementary material Appendix 1, 
Table A1) without verifying the hole – lice correlation. 
However, diff erences among host population and species 
might well exist at the level of both parties (parasite identity, 
infestation level and host defence, condition). It is also 
possible that the causative agent diff ers in space or among 
hosts (hypotheses 2 and 3). 

  Lack of experimental support . Correlations cannot 
distinguish between cause and eff ect. A third-party trait 
(e.g. condition) can mediate the co-variation between the 
two parameters under investigation (V á g á si et   al. 2011; 
Fig. 2B) or even co-vary simultaneously with both leading 
to a false correlation between the two (Fig. 2C). Th ese 
cases imply the decoupling of the cause (lice) from eff ect 
(holes). If mediators such as condition play a role, the direc-
tion of correlation between two traits tells little owing to a 
 ‘ big house, big car ’  paradox (van Noordwijk and de Jong 
1986). Th is uncertainty is inherent in the discussions of 
several papers in which condition is identifi ed as a potential 
confounder. 

 Free-living barn swallows treated with a general insecti-
cide (pyrethrin) did not diff er from controls in terms 
of changes in hole load in one month (P. L. Pap pers. 
comm., n    �    24, p    �    0.93). However, the absolute break-
through would be to test experimentally whether feather 
lice puncture holes directly or their eff ect is manifested indi-
rectly (Fig. 2A – C). If lice chew the holes, loss of feather 
mass and temporal increase in hole counts is predicted for 
intact feathers (in vitro) or birds (in vivo) experimentally 
infested by lice. Such experimentation might gain insight 
also into the pace at which holes are created. Sometimes the 
abundance of holes is relatively stable over time (M ø ller 
1991, V á g á si et   al. 2011). Th e apparent temporal pauses 
in hole count accrual is surprising because Ischnoceran lice 
cannot cease feeding on feathers, their sole carbon source. 

  How to eat fl ight feathers?  Ischnoceran lice damage 
only the thin barbule fi laments of the plumulaceous part of 
down feathers, but never those at distal pennaceous part 
(Clayton 1990) due to the physical constraint imposed by 
mandible size (Bush et   al. 2006, Bush and Malenke 2008). 
Given that the best current candidate lice  Brueelia  spp. 
are slender-bodied Ischnocerans, it seems unlikely that they 
have mandibles robust enough to masticate the barbules 
(and sometimes the barbs) of fl ight feathers (Fig. 1). Finally, 
chewing lice do not hesitate to eat almost entirely the downy 
barbules that they are capable to graze (Clayton 1990); 
hence, small feather punctures demand an explanation. 

  Host defence mechanisms.  It has been suggested that 
white feathers are more susceptible to lice chewing 
(Kose and M ø ller 1999, Kose et   al. 1999) because they are 
devoid of melanin pigments that endow feathers with 
strength (Bonser 1995). Although lice prefer to stay on 
white feather spots in vitro, lice-related damage was not 
assessed (Kose et   al. 1999). Moreover, lice do not harm 
white feathers any more severely than black feathers (Bush 

et   al. 2006), and plumage colouration does not explain the 
load of holes or lice (Moreno-Rueda 2005, Bush et   al. 
2006). Uropygial gland secretions were supposed to serve 
lice-deterrent function because birds with larger glands 
harbour fewer holes (Moreno-Rueda 2010). However, the 
accessibility of gland oils did not protect hosts from lice in 
vivo (Moyer et   al. 2003) and the size of the uropygial gland 
was not associated with the number of Ischnoceran genera 
(M ø ller et   al. 2010).    

 Hypothesis 2: feather holes induced by keratinolytic 
parasites 

 Th is hypothesis holds that keratinolytic parasites induce the 
formation of feather holes (V á g á si et   al. 2011; Fig. 2D), 
which stems from the fact that feather-degrading bacteria 
(FDB) evolved proteolytic keratinase enzymes that catalyze 
the process of hydrolytic break-down of the keratin 
(Gunderson 2008).  

 Pros 
 First, the activity of FDB initiates scratches and fractures 
of the keratin cortex (Shawkey et   al. 2007), and both FDB 
and fungi can digest feather barbules in vitro (Cristol 
et   al. 2005, Gunderson 2008, Ruiz-Rodr í guez et   al. 2009, 
Lingham-Soliar et   al. 2010), though not so in vivo (at least 
the  Bacillus licheniformis ; Cristol et   al. 2005). Unlike in the 
case of chewing lice, these eff ects are independent of 
feather tract (body or fl ight feather) or outer structure 
(plumulaceous or pennaceous). Furthermore, the distribu-
tion of FDB among hosts is aggregated like that of holes. 

 Second, fungi can lyse the keratin membrane of bat 
wings and initially create holes (Voigt 2013). In agreement 
with this, the abundance of FDB is strongly and positively 
correlated with feather hole burden in house sparrows 
 Passer domesticus  even after controlling for possible mediat-
ing variables like condition (A. F ü l ö p, G.  Á . Czirj á k, P. L. 
Pap and C. I. V á g á si unpubl., DF    �    121, p    �    0.007). 

 Th ird, contrary to lice, defence by means of melanin 
pigments (Burtt and Ichida 2004, Gunderson et   al. 2008) 
and uropygial gland secretions (Shawkey et   al. 2003, 
Gunderson 2008, but see Czirj á k et   al. 2013) might 
succeed against FDB. Lice load is not infl uenced by 
surgical gland removal, yet feathers become more damaged 
in birds without glands (Moyer et   al. 2003). Th e above 
results might explain the correlation between holes and 
colouration and gland size (see hypothesis 1) by putting 
FDB in the role of parasite instead of chewing lice 
(Fig. 2D). 

 Fourth, FDB are potentially more pervasive 
among birds than  Brueelia  spp. lice are (Burtt and Ichida 
1999, Johnson et   al. 2002, Gunderson 2008). Moreover, 
bacteria with proteolytic capacity were found in soil 
and water (Saag et   al. 2011a). Th ese biological traits of 
bacteria might fi ll the large gap found between  Brueelia  
spp. lice and hole prevalence (V á g á si et   al. 2011). Th ey 
might also explain why some water- or diving birds, such 
as the dipper  Cinclus cinclus , bear holes (100% prevalence, 
C. I. V á g á si and P. L. Pap pers. obs.) despite lacking 
 Brueelia  spp. at all (Price et   al. 2003).   
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of feathers (Murphy et   al. 1989; Fig. 1B, D). Holes are fre-
quently in line with light fault bars (sensu Sarasola and 
Jovani 2006; Fig. 1A; pers. obs. on several species). Th e 
presence of fault bars predicts higher hole load in great 
tits (V á g á si et   al. 2011), and there is a very strong correla-
tion between the number of fault bars and feather holes in 
house sparrows (A. F ü l ö p, G.  Á . Czirj á k, P. L. Pap and 
C. I. V á g á si unpubl., n    �    155, p    �    0.003). Finally, 
Jovani and Diaz-Real (2012) found that fault bars of white 
storks  Ciconia ciconia , especially in juveniles, are highly 
concentrated close to the tip of the feather, just as feather 
holes are in the case of great tits (V á g á si et   al. 2011). Th e 
fault spot scenario implies that feather holes are created 
in situ during feather growth and not subsequently, 
which might explain the temporal consistency of hole 
numbers in certain barn swallow populations (M ø ller 
1991) and in great tits (V á g á si et   al. 2011). 

 Alternatively or in combination with the fault spot 
notion, feather muscle constriction or other perturbations 
of feather growth could cause small-scale defects where the 
feather vane is unperceivably weaker immediately after 
moult. Later, however, feathers could more easily fail at 
such places owing to intense usage. Failure could arise 
from small scratches of the cortex, which can initiate crack 
propagation and ultimately lead feathers to succumb 
structurally under cyclic load (Bonser 1995) or due to fric-
tion against abrasive surfaces. It might be that the parts 
where holes emerge are more prone to scratch initiation, 
mainly if feather structure is locally compromised, and 
these scratches cause fractures to limited numbers of bar-
bules that result in a spot-like breakage (Fig. 1D – G). In 
concert with this, feather holes are much concentrated 
close to the tip of the feather, where buckling is the most 
powerful (V á g á si et   al. 2011). Furthermore, feather damage 
propagation (wear, breakage) is also more likely at sections 
where the keratin matrix is poor in or devoid of melanin 
pigments (Bonser 1995). Experimental exposure of feathers 
with non-visible faults but having either healthy or locally 
weak structures to numerous bending cycles in a fatigue 
apparatus (V á g á si 2013) could be a promising test. Th is 
alternative scenario extends the timing of formation of 
holes to the period after feather growth. Th is could explain 
the increase of holes over time in some barn swallow 
populations (Vas et   al. 2008), which is a notorious aerial 
species and long-distant migrant (i.e. fl ight feathers bend 
frequently and extremely), but not in the great tit (V á g á si 
et   al. 2011), which is an arboreal non-migratory species that 
presumable fl ies considerably less. 

 Second, fault bars and spots are acknowledged as being 
caused by stress (Bortolotti et   al. 2009, Jovani and Diaz-Real 
2012). Given the ubiquity of stress stimuli, this might 
explain the pervasiveness of holes among avian species in 
general and among hosts that are free of  Brueelia  spp. lice 
(e.g. great and blue tit  Cyanistes caeruleus , dipper) or FDB. 

 Studies have only recently uncovered the causes of 
fault bars (Murphy et   al. 1989), the relationship between 
fault bars and stress (Bortolotti et   al. 2009), and the 
fi ne-scale details of their formation (Jovani and Diaz-Real 
2012). However, questions regarding the causes and forma-
tion of feather holes and the relationship between stress and 
feather holes remain unanswered, which makes feather holes 

 Cons 
 First, the abundance of holes did not increase during 
the annual cycle in great tits  Parus major  (V á g á si et   al. 2011). 
Active mostly in the canopy, great tits are less exposed to 
FDB (Burtt and Ichida 1999, Saag et   al. 2011b). Model 
organisms with higher exposure to FDB would better suit a 
longitudinal study of damage accumulation and FDB load 
based on repeated measures of the same individuals. 

 Second, little is known about whether FDB disrupt 
the keratin matrix under natural conditions and about 
the keratinolytic potential of diff erent bacteria strains 
(Gunderson 2008). For instance, FDB had no eff ect on 
feather deterioration in vivo, but only in vitro (Cristol et   al. 
2005). Finally, FDB degrade feathers to dust within 
one week of in vitro inoculation (Gunderson et   al. 2008), 
hence the small size of feather holes does not correspond to 
the keratinolytic potential of FDB. 

 Experimental manipulation of the FDB load and the 
bird ’ s capability to coat the plumage with uropygial gland 
oils (i.e. birds are allowed or not to coat their plumage) could 
give insights into the infl uence of FDB on hole numbers. 
Taking advantage of modern phylogenetic comparisons, 
testing the interspecifi c correlation between bacteria and 
hole load would also be a good test of this hypothesis.    

 Hypothesis 3: feather holes as fault spots or minor 
breaks 

 Th is hypothesis posits that feather holes depend entirely 
on feather structure, not parasites. Specifi cally, holes are 
either short fault bars (i.e. fault spots, sensu Murphy et   al. 
1989) developed during feather synthesis or minor breaks 
that are initiated after feather growth where the vane is 
locally compromised by e.g. disturbed moult process, weak 
inner structure or scratch initiation (V á g á si et   al. 2011). 
In contrast with the previous two hypotheses, where an 
indirect (i.e. mediated) link between the parasitic agent 
and holes are also plausible, this hypothesis assumes a direct 
link by default: compromised feather structure gives rise to 
holes (Fig. 2D).  

 Pros 
 First, the appearance of fault bars on scanning electron 
micrographs (Murphy et   al. 1989) is remarkably similar 
to that of holes (Fig. 1D – G). Several pieces of evidence 
make this comparison reasonable. Murphy et   al. (1989) 
found that sometimes fault spots form instead of fault 
bars. Th ey argued that the constriction of feather muscles 
could squeeze the soft shaft of unpinned feather and, in 
essence, fault spots could result from local muscle constric-
tion and fault bars from circumferential muscle constric-
tion. Accordingly, fault bars are at an angle slightly 
inclined towards the base of the feather (i.e. proximal end, 
calamus), which corresponds with the helical development 
of feathers and fault bar simulations (Prum 1999, Prum 
and Williamson 2001). In other words, fault bars are 
defect isochrones. Interestingly, holes are usually elongated 
(i.e. multiple adjacent barbs defected) and the axis of 
this elongation is at an angle to the rachis similar to that of 
fault bars (Fig. 1A, C). Barbs of both fault bars and feather 
holes are bent or buckled, showing signs of possible squeeze 



435

Appendix 1, Table A1) is unfounded. A specifi c example is 
parasite-mediated sexual selection: the choosy sex diff erenti-
ates partners based on honest signalling of lice resistance, in 
this case inferred from hole counts. If it turns out that 
FDB are responsible for holes instead of lice, the theoretical 
framework does not change, but if holes have a non-
parasitic origin then we leave the boundary of parasite-
mediated sexual selection. 

 Recording a substitute of lice infestation is an undue 
simplifi cation when lice, including  Brueelia  spp., can be 
counted directly and reliably e.g. by visual examination 
(Koop and Clayton 2013). Phthirapterists who study bird – 
lice interactions avoid simplistic measures and record lice 
infestation rate per se (Booth et   al. 1993) because even this 
practice can be deceiving (Moyer et   al. 2002). I urge the 
use of such protocols, even though they are more time-
consuming, when host – lice co-evolution is studied. 
Nevertheless, counting holes could still provide valuable 
information about feather quality (Pap et   al. 2007, V á g á si 
et   al. 2011). 
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