Feather mites (Astigmata) avoid moulting wing  feathers of passerine birds
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The moult of birds  could greatly perturb the  life cycle of feather mites (Astigmata). These  mites live on the surface of  feathers and are  unlikely to  survive if they are  on  one  when it  is  moulted.  Therefore, we hypothesized that they would escape to  other feathers to  avoid this  risk of mortality. We  analysed the distribution of feather mites on  the  wings of 63 moulting individuals of 13 species  of passerine birds. We used  generalized linear mixed models to  test  whether the  distribution of feather mites depends on  the stage  of moult of feathers. Feather mites were  significantly less abundant on  the  next feather to  fall out than on  the  other feathers. This  ability to  escape seems  to be higher on  primaries and secondaries than on  tertials. At least  on  primaries, feather mites avoided not only the  next feather to be moulted but  also the  second one. For primaries and secondaries the  new  full-grown feathers harboured more feather mites than those still  growing. This  study shows that feather mites have an  escape behaviour from moulting wing  feathers in  passerine birds  that is consistent with a model of adaptive behaviour.
Feather  mites  (Astigmata) are  symbiotic arthropods  of birds  all over  the  world (Gaud & Atyeo  1996). They  live permanently on the  feather surface, feeding on feather oil and detritus contained within it  (Blanco  et  al.  2001). Gaud & Atyeo  (1996) and Dabert & Mironov (1999) also included in  ‘feather mites’  some species  living in  feather quills or on  the  skin  of birds. Here,  however, we use  the term ‘feather mites’  following prior ecological (e.g. Blanco et al. 1997;  Jovani et al., in  press)  rather than systematic studies (e.g.  Dabert & Mironov 1999). The  study of  the biology and behaviour of feather mites has  been largely neglected since  the  publication of a seminal monograph by   Dubinin  (1951). Some   studies have examined the distribution of feather mites on  the  wings of birds  (Choe
&  Kim   1989;    Wiles   et   al.   2000),  their  transmission between birds  (Blanco et al. 1997;  Jovani & Blanco 2000; Blanco & Fr´ias 2001;  Jovani et al., in press),  their feeding behaviour (Blanco et al. 2001), and factors shaping their prevalence and  abundance  (Blanco et  al.  1997;   Ro´ zsa
1997;   Blanco et  al.  1999;   Harper 1999;   Figuerola 2000; Jovani  &  Blanco 2000). However, even though  they represent the  majority of bird–mite associations (Proctor
& Owens 2000), more information is still  needed. An important topic that has  received little attention  is the effect  of the  moult of birds  on  the  behaviour and popu- lation dynamics of feather mites, even though moult may
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severely disrupt the  life  cycle  of  mites (Dubinin 1951). Since  feather mites have special temperature and humid- ity requirements and a poor locomotory ability when not on  feathers (Dubinin 1951), they are likely  to  die  if they fall out  on  a moulting feather.
Feather mites may   remain on   birds   as  a  by-product of  movements  among feathers for  reasons other than escaping  moulting  feathers.  Alternatively, they  could have developed an  adaptive escape behaviour from feathers close  to  falling out  (escape hypothesis). To  our knowledge,  only  Dubinin  (1951)  has   suggested, and McClure (1989) mentioned,  that  feather mites deviate from their regular pattern of distribution in the  moulting regions of the  wings of passerines. In a single experiment, with one  bird,  Dubinin (1951) found that a day  after  he cut  the  quill  of  a feather and allowed the  bird  to  fly to simulate the  vibration of a feather just  before it fell out, the  feather mites disappeared from that feather. However, although this  was an interesting approach it is not conclusive because a control group of  feathers (e.g.  the other wing), many more replicates and a statistical test are needed.
Passerines constitute an  ideal  group to  test  the  escape hypothesis. First,  feather mites found on  wing  surfaces (referred as ‘vane  mites’  in  Dabert & Mironov 1999)  are generally not found on  body feathers (Dabert & Mironov
1999;  Dubinin 1951), and are  thus more likely  to  show adaptive behaviour related to  the   moulting  pattern  of wing  feathers. Second, passerine moult is characterized by
Table 1. Number of birds sampled from each passerine species
Bird species
N
Robin, Erithacus rubecula
9
Blackbird, Turdus merula
2
Blackcap, Sylvia atricapilla
12
Firecrest,  Regulus ignicapillus
3
Long-tailed tit, Aegithalos caudatus
15
Short-toed treecreeper, Certhia brachydactyla
1
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Jay, Garrulus  glandarius
1
House sparrow, Passer domesticus
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	Tree sparrow, Passer montanus
	1
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Figure  1.  Number   of  feathers  moulting   (i.e.  just  fallen  out,

	Serin, Serinus serinus
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	Greenfinch, Carduelis chloris
Goldfinch, Carduelis carduelis
	9
1
	growing or full-grown feathers) for the sampled birds for primaries, secondaries and tertials.

	Bullfinch, Pyrrhula pyrrhula
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a sequential replacement of all wing  feathers (Jenni & Winkler 1994), allowing us to  describe differences in  the distribution of  mites depending on  the   moult stage  of each  feather. Finally, passerines usually renew their wing feathers  once  a  year,   with  intervals of  about  7  days between  loss   of  successive feathers  (Jenni  &  Winkler
1994). Since  adjacent feathers grown in the  same  moult cycle   have  almost  the   same   age,   age-related  aspects of  feather quality are  not  expected to   influence mite abundance between them.
Our  aims  were:  (1) to  test  the  escape hypothesis; (2) to examine to  what extent feather mites are capable of detecting that a feather is close to falling out, both within and among wing   feather groups; and (3)  to  study the colonization process of the  new  feathers by mites.
METHODS 
We captured passerine birds  during four  consecutive moulting seasons (1997–2000) by  means of mist  nets in four  Spanish localities: La  Muntada (41°97’N,  02°13’E), a  wet   pine  forest   dominated  by   Iberian  Scots   pines, Pinus sylvestris; Delta  del Llobregat (41°20’N, 02°05’E), a wetland with marsh vegetation; La  Escribana (37°17’N,
6°01’W),  an orange grove;   and San  Mart´in de  la  Vega (40°13’N, 3°35’W), an agricultural area, mainly devoted to maize, Zea  mays.   Birds  were  individually marked with aluminium rings   for  further  identification.  Only birds with detectable feather mites on  the  flight feathers of the right wing   that were  undertaking  summer moult  were used. We  counted feather mites on  each  feather, that is, primaries (PP), secondaries (SS) and tertials (TT), by extending and exposing the   wing   against the   daylight (Blanco et  al.  1997;  Jovani & Blanco 2000). The  moult stage   (i.e.   new,  old   or   growing)  of  each   feather  was recorded. We used  a total of 63 birds  belonging to 13 passerine species   (Table  1),  which harboured a  total of
2837  feather mites. The  study was  done under a ringing licence  from  the   Servei   de   Proteccio´  i  Gestio´  de   la Fauna, Departament de Medi  Ambient, Generalitat de Catalunya.
All the  species  studied follow the  same  sequence of complete  summer  moult  (Jenni &  Winkler  1994),  so

we  were  unlikely to  introduce a bias  by  combining the
data set.  None the  less, to  control for potential non- independence of our  data, the  species  of bird  was  intro- duced as a random variable in the  statistical analyses (see below), and each  individual bird  was sampled only once. Furthermore, no  evident bias  would be  introduced by  a skewed distribution  of  moulting stages,  since  they were equally represented among the  birds  sampled (Fig. 1). The outermost primary was  not used  since  no  feather mites were  found on  this  feather in  any  of the  birds.
We  extracted the   order of  moult  from the   detailed scheme provided by Jenni & Winkler (1994, page  13).  In brief,  PP are  moulted from the  innermost to  the  outer- most feather, and vice  versa   for  SS. The  central TT  is usually the  first to be moulted, followed by the  other two, although it  is more variable in  order and in  their initial time (Jenni & Winkler 1994, page  16).  A feather was classified as the  ‘next to be moulted’ when the  preceding feather in  the   order of  moult had already fallen out, independently of  the   growing  stage   of  the   preceding feather.
Statistical Analysis

We used  generalized linear mixed models (GLMMs,  see Littell  et al. 1996)  to test  whether the  number of mites on a given wing  feather depends on  its moult stage.  GLMMs are a useful extension of traditional GLMs (McCullagh & Nelder 1983), because they allow  the  incorporation of independent  variables as  random effects   to  control for potential sources of pseudoreplication (e.g. Herrera 2000; Serrano et  al.  2001). Random effects  provide covariance parameters needed  when  observations are  grouped in clusters, and when repeated measurements are  taken in the  same  unit. As several individuals of the  same  species were sampled, and feather mites were counted in all right wing  feathers of  all  individuals, we  included species  of bird   and bird   individual identity as  random factors in the  macro GLIMMIX  of  SAS to  account for  possible nonindependence of our  observations (Littell  et al. 1996; Allison  1999). An additional and useful benefit of random effects   is  that they allow   us  to  make inferences about significant fixed  effects  that can  be  generalized to  other bird  species  and individuals, and not only to the  data set analysed.
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Table 2. GLMMs for explaining the distribution of feather mites on feathers at different stages of moult
Effect
Estimate
SE
1.0
0.5
0


Primaries


Secondaries


Tertials


Total

Primaries
Intercept 
− 4.9749 
0.9126
New feathers
2.8218 
0.9161
Old feathers
3.2741 
0.9185
Next feather to fall out 
0.0000 
—
Secondaries
Intercept 
− 3.6199 
1.1820
Feathers not next to fall out 
2.0459 
1.1858
Next feather to fall out 
0.0000 
—
Tertials
Group of feathers
Figure 2. Ratio of the number of observed/expected feather mites found on the next feathers to fall out. Only those birds with a feather next to fall out on the analysed group of feathers were used.
We used  a binomial distribution of errors and a logistic link  function, testing for significance of each  variable by using F tests.  Instead of  using the  proportion of  feather mites  on   a  given  feather,  we  modelled  the   response variable as the  number of feather mites on  each  feather, with the  total number of  feather mites in  the  analysed group of  feathers as a binomial denominator. By doing so,   we   did   not  lose   information  on   the   number  of feather mites from which the  proportion was  estimated (Crawley 1993). Macro GLIMMIX  automatically adjusts for  overdispersion (Littell  et al. 1996). All tests  were  two tailed.
RESULTS 
The   number of  mites on   the   next  feather to  fall  out versus  on  all  feathers was  8/1167 (0.69%) in PP,  3/115 (2.61%) in SS and 103/253 (40.71%) in TT (Fig. 2).  The GLMM    analyses   showed   that    feather   mites   were more abundant on  new  or  old  PP not ready to  fall  out than on  the  next PP to  fall out  (F2,470 = 11.32, P<0.0001). The   same   but   nonsignificant trend  was  found for   SS (F1,204 = 2.98,  P = 0.086), but  not TT (F2,33 = 0.79,  P = 0.464; Table  2).
A second set of GLMMs allowed us to examine to what extent feather mites escape from the  moulting region of the  wing. Among old PP, mites were less abundant on the two  feathers next to  fall  out  than on  the  remaining old feathers (F2,199 = 13.59, P<0.0001;  Table  3).  Low  sample sizes  prevented us  testing the   same   hypothesis  for  SS and TT.
To  analyse how  feather  mites  recolonize the   newly grown feathers, we compared their occurrence on  grow- ing  and  full-grown feathers. For  both PP  and SS, new full-grown feathers had more mites than growing feathers (PP:  F1,244 = 43.55,  P<0.0001;   SS:  F1,44 = 5.33,   P= 0.026; Table  4).  For  TT, the   small sample size,  owing to  their short moulting period (Jenni & Winkler 1994), prevented us from performing this  analysis.


Since a set of preliminary GLMMs showed similar parameter esti- mates beween old and new secondaries (F1,203 = 0.10, P = 0.75) and tertials (F1,33 = 0.01, P = 0.925), we grouped these two levels.
Table 3. GLMM for explaining the number of feather mites on old primaries
Effect
Estimate
SE
Intercept 
− 1.5194 
0.1048
Next feather to fall out 
− 3.4564 
0.8670
Second feather to fall out 
− 1.1115 
0.3160
Remaining old primaries
0.0000 
—
Since parameter estimates of the third feather to fall out and the rest did not differ significantly (F1,198 = 3.05, P = 0.082), we grouped these levels.
Table 4. GLMMs for explaining the recolonization process of new- grown feathers
Effect
Estimate
SE
Primaries
Intercept 
− 1.4231 
0.2918
Growing feathers
− 1.4180 
0.2149
Full-grown feathers
0.0000 
—
Secondaries
	Intercept
	− 0.7498
	0.3303

	Growing feathers
	− 3.5474
	1.5368

	Full-grown feathers
	0.0000
	—


Finally, covariance components associated with the random effects   were  very  close  to  zero  in  all  GLMMs, except for  the  analysis to  test  how feather mites recolo- nized new-grown feathers, although it was not significant (covariance parameter estimate = 0.554; Z = 1.45,  P = 0.147). This  shows that individual and species  variation in  the analyses was negligible.
DISCUSSION 
To our  knowledge, this  is the  first  study using a rigorous statistical  analysis to   show that  feather  mites have  a
behaviour consistent with a model of adaptive behaviour. This  escape behaviour  of  mites among  feathers allows them to escape from feathers ready to fall out  during the complete moult of  passerine birds, an  event that would otherwise result in their deaths. Our  analyses also suggest that  the   observed behaviour  could  also   be   found in other passerine species  with a similar pattern of complete moult (Jenni & Winkler 1994), since  results were  consist- ent   across   the   63  individuals of  the   13  species   of  bird examined.
Our   study shows that  the   feather  mites’   ability to escape from the  next feather to  fall  out  depends on  the feather group. Mites  were  most efficient at escaping from PP,  less  so  from SS, and they seemed unable to  avoid moulting TT. However, because the  order of moult of TT is  more haphazard than that of  PP  or  SS the   apparent inability of feather mites to escape from the  next tertial to be moulted could be the  consequence of our  inability to predict correctly the  real  order of moult of TT. Dubinin (1951) found that he  could induce the  feather mites of a single bird  to move out  of a single feather made to vibrate by  making a  cut   on   the   quill, and  he   proposed that feather mites could use  the  vibration of the  feather next to  fall  out   as  a  cue  to  escape from moulting  feathers (vibration hypothesis). An alternative explanation is that feather mites detect the  altered airflow produced by  the gap   created  by   the   fall   of   the   neighbouring  feather (window hypothesis).  A decreasing gradient  of  flexion from PP to  TT during the  flight of  the  bird  is expected, that is, the  more distal the  feather, the  greater its velocity during  flapping  flight.  Therefore, our   results  seem   to support the   vibration hypothesis and not the   window hypothesis, since   feather mites were  better at  escaping from those feathers that were  predicted to  vibrate at  a high rate  before they fell out. Our  results also suggest that feather mites not only avoid the  next feather to  fall out, but  also  the  feather destined to  fall  out  after  that. This could be  explained by  the   mites searching for  a  more durable environment (more days  before being moulted), or by these feathers having already started to  vibrate, inducing the  escape behaviour of mites.
Full-grown feathers  had  more  mites  than   growing feathers, which may  be explained in  three ways.  First,  it could be  a  space   constraint on  the   number of  feather mites. However, this  seems  improbable since  TT of some bird  species  harbour many more feather mites than PP or SS (Wiles   et  al.  2000;   our   study), even though  TT are usually much smaller than PP and SS in  passerine birds. Second, some time may  be  needed to  colonize the  new- grown feathers, but  this  also seems  unlikely since  feather mites move rapidly among feathers, which are close together,  especially when  the   wing   is  folded. Third, a peculiarity of the  feathers in the  first stages  of growth (e.g. when the  correct spacing between barbs has  not been attained) could delay  colonization by mites.
In conclusion, our  results show for the  first time that a large  part of the  variation in the  number of feather mites present on a given feather of a moulting passerine may  be predicted by  its  moulting stage,  and that their distribu- tion is based on  an  escape behaviour from feathers soon to be moulted. It would be interesting to repeat our  study

in  species  of bird  with other strategies of moult, such as simultaneous moult of  all  wing  feathers or  gradual but slow moult. Additional work  is needed to understand the proximal cues  used  by  feather mites to  avoid moulting feathers. To  distinguish between the   vibration and the window hypotheses one  could develop the  experimental approach suggested by  Dubinin (1951) in  nonmoulting birds  (i.e. where there are no  windows created by already moulted feathers), using one  wing  as a control of the experimental treatment done in  the  other. It seems  logi- cal  that the   escape behaviour  of  feather  mites  could reduce the   effect  of  the   complete moult on  their mor- tality. However, other moult-induced effects   on  the behaviour or population dynamics of feather mites need further study, such as whether oviposition ceases  during the    moulting   season  (already  suggested  by   Dubinin
1951)  or  females avoid laying eggs  on  feathers soon to fall out.
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