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Abstract
The failure o f animals to  fit all life-cycle stages in to an annual cycle could reduce the chances o f successful breeding. In 
some cases, non-optimal strategies w ill be adopted in order to maintain the life-cycle w ith in  the scope o f one year. We 
studied trade-offs made by a High Arctic m igrant shorebird, the red knot Calidris canutus islandica, between reproduction 
and w ing feather m olt carried ou t in the non-breeding period in the Dutch Wadden Sea. We compared primary molt 
duration between birds undertaking the full m igratory and breeding schedule w ith  birds that forego breeding because they 
are young or are maintained in captivity. Molt duration was ca. 71 days in breeding adults, which was achieved by an 
accelerated feather replacement strategy. Second-year birds and captive adults tookca. 22% and 27% longer, respectively. 
Second-year birds start m olt in late June, more than four weeks before captive adults, and almost seven weeks before adults 
that return from breeding in late July-August. Adults finish molt in October when steeply increasing therm ostatic costs and 
reductions in food availability occur. Primary m olt duration was longer in female than in male knots (all ages), which was 
accordance w ith  the somewhat larger body size o f females. Since fast grow th leads to  lower quality feathers, the speedy 
wing m olt shown by Arctic-breeding birds may represent a tim e constraint that is an unavoidable and routine cost o f 
reproduction. So far it was hypothesized that only birds over 1 kg would have d ifficu lty fitting  m olt w ith in  a year. Here we 
show that in birds an order o f m agnitude smaller, temporal imperatives may impose the adoption o f non-optim al life-cycle 
routines in the entire actively breeding population.
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Introduction

O rganism s have developed an  endless variety o f strategies to 
exploit w hat the m ost productive seasons offer and  to cope with 
w hat the harshest seasons dictate. Relatively m obile anim als have 
opportunities to use resources and  avoid environm ental stressors 
by strategically m oving across the seasonally changing landscapes 
[1,2]. Nevertheless, there  is one h a rd  boundary  condition for all: 
the length o f the year [3-5]. W hether sedentary o r m igratory, to 
cope w ith the seasonal changing environm ents, adult vertebrates 
each year go th rough  several consecutive life-cycle stages during 
w hich they adjust their m orphology, physiology an d  behavior 
[6,7]. T o  m axim ize reproductive opportunities, anim als will 
generally try to com plete all necessary seasonal activities within 
the period  o f a  year [5]. Small species w ith shorter life-cycle stages, 
o r anim als with fewer such stages pe r year, are predicted  to be 
relatively flexible in the tim ing o f these stages [4,7]. For some 
anim als, particularly  larger ones, it will take longer to com plete a 
full cycle o f life-history stages. This m ay also apply w hen m utually 
exclusive activities, such as b reeding and  m igration, a re  necessary 
or w hen m aintenance o f plum age or pelage (e.g. flight feather 
molt) requires dedicated tim e [4],

Som e b ird  species carry  out m olt a t the same tim e as o ther life­
cycle stages [7,8], M olt can also be in te rrup ted  and  spread over a

longer tim e [9], and  the rates and  extent o f m olt can be adjusted to 
individual circum stances [10,11], Birds that accelerate m olt incur 
costs in term s of increased daily energy costs for m olt, flight and  
therm oregulation, decreased flight abilities and  therefore increased 
p redation  danger, and  a  lower quality o f feathers grown, resulting 
in negative effects on e.g. pigm entation  or ornam ents, length, 
resistance to w ear, an d  insulation [10,12-21]. In  long-distance 
m igrant shorebirds, i.e. hab ita t specialists w ith tightly tim ed 
annual cycles [22,23], w ing m olt rarely overlaps with breeding, 
and  even m ore rarely w ith m igration [12,24], N o rth  tem perate 
w intering shorebirds have to com plete m olt before the onset o f 
severe w eather conditions in late au tu m n  [12,25] w hen they m ay 
be faced with tim e constraints on the com pletion of molt.

T o  exam ine possible trade-offs betw een breeding and  m igra­
tion, an d  w ing molt, we investigated tim ing an d  duration  of 
p rim ary  m olt in red  knots Calidris canutus islandica in com parative 
and  experim ental ways. T hese birds b reed  on  the H igh Arctic 
tun d ra  in G reen land  and  C anada, and  m olt and  w inter in the 
D utch  W adden  Sea, the U K , and  the French Atlantic coast [26]. 
O u r study focused on  red  knots w intering in the D utch  W adden 
Sea. W e com pared  their perform ance with those o f birds not 
spending tim e on  breeding and  m igration. T hese include second- 
year birds that rem ain  in the W adden  Sea the whole sum m er 
[24,27] and  birds kept in captivity in ou tdoor aviaries. T h e  latter
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two categories were no t constrained in tim e or food, and  served as 
a  reference po in t against w hich actual m olt o f possibly time- 
pressed reproducing adults w ere com pared.

Materials and Methods

Ethics Statement
All handling o f the birds com plied w ith the D utch  F lora and  

Fauna  Law and  the D utch  Law on  Anim al Experim ents, and  was 
covered by the perm it D E C -N IO Z-08.01 issued by the A nim al 
Experim ents C om m ittee o f the R oyal N etherlands A cadem y of 
Sciences (DEC-KNAW ). M ist netting  o f the red  knots was 
supervised by  very experienced b ird  catchers, who also ringed 
the birds an d  m easured  their biom etry and  scored molt. T he birds 
were released as soon as possible. M olt scoring of the captive R ed  
K nots was p a r t o f  the caretaking routine an d  did therefore not 
impose any extra  discom fort on  the anim als. T h e  red  knots were 
b rough t into captivity for o ther purposes several years earlier.

Life Cycle Stages o f Red Knot Calidris canutus islandica
In  Ju n e , red  knots (subspecies islandica) b reed  a t the arctic tun d ra  

o f  G reen land  and  C anada. Both parents incubate the eggs, bu t 
after hatching, the females leave to p repare  for m igration to the 
w intering grounds in the D utch  W adden  Sea, the U K , and  the 
French A dantic  coast [26,28-31]. T h e  m ale cares for the young. 
W hen the young are independent, the males d epart to w intering 
grounds [31]. T he young d epart later an d  m igrate independent o f 
the adults. D ue to this asynchrony, and  because m ost b u t probably 
no t all birds fly directly to the w intering areas w ithout a  stopover 
[27], the arrival period  a t the w intering grounds is long (July- 
Septem ber), w ith first the adu lt females, then  the adult males and  
lastly the young arriving [31,32]. Adults start m olting flight and  
body feathers shortly after arrival [23,25,27,33]; the juveniles do 
no t m olt flight feathers. A t the end o f w inter, a  second period  of 
body m olt starts resulting in a  full rufous b reeding plum age in 
adults in early M ay [25]. D uring  this body molt, adults p repare  for 
spring m igration in early April, and  fly the first leg o f  m igration at 
the end  o f April [32]. After a  stopover a t Iceland or no rthern  
Norw ay, the knots reach  their b reeding grounds in late M ay /ea rly  
Ju n e  [28,32]. Second-years, i.e. birds bo rn  in the year before, 
rem ain  in the w intering area  during sum m er [25,27]. Flowever, 
we canno t exclude th a t a  few second-years m ay m igrate 
northw ards as far as the staging areas (to the best o f  our 
knowledge no second-year birds w ere ever recorded in the 
b reeding areas), nor can  we exclude th a t a  few adults m ay 
oversum m er in the W adden  Sea e.g. due to poor condition.

Free-living Birds
In  1998-2006, red  knots were caught w ith mist nets close to a 

high tide roost in the D utch  W adden  Sea (Richei, 53°16 'N  
5°08 'E , o r Sim onszand, 53°31 'N  6°23'E) during  N ew  M oon 
periods (dark nights) in Ju ly -O c to b er. After capture, they were 
banded  and  body mass (±1  g), general biom etry and  feather 
grow th scores determ ined. Prim ary  grow th was scored in the left 
wing from  0 (old prim ary) to 5 (new prim ary) conform ing with [9]. 
T h e  sum o f the feather grow th scores over all prim aries gives the 
prim ary  m olt score. Age (juvenile, second-year, o r adult) was 
determ ined from  plum age characteristics [34], A small blood 
sample was draw n from  the wing vein an d  stored in 95 % ethanol 
for m olecular sex determ ination  [35].

From  mid-July onw ard, two subspecies o f  red  knot occur in the 
D utch  W adden  Sea: C. c. islandica w hich overwinters an d  molts 
there, and  C. c. canutus w hich fuels up to m igrate fu rther to west 
Africa w here they overw inter [28,36]. A lthough the two subspecies

differ in body size [29,37], the large overlap precludes the use o f 
body size to distinguish subspecies. Flowever, as second-year and  
adult islandica knots m olt flight feathers on the W adden  Sea [25,32] 
and  canutus knots do not, birds in active p rim ary  m olt were 
assum ed to be o f C. c. islandica. T here  w ere a  few outliers with 
atypical m olt patterns and  suspended m olt in  the da ta  set (22 adult 
males, 26 adult females, 4 second-year m ales an d  4 second-year 
females). Including the outliers in the analysis did no t significantly 
change the results, b u t because we are interested in the typical 
p rim ary  m olt pa tte rn  o f the average red  knot, we nevertheless 
deleted them . Final sam ple sizes were 522 adult males, 758 adult 
females, 258 second-year males, an d  319 second-year females.

Captive Birds
In  2009, 32 adult C. c. islandica knots (21 males and  11 females) 

were housed in groups o f 8 birds in open ou tdoor aviaries a t the 
Royal N etherlands Institute for Sea R esearch (NIOZ) (53°00 'N  
4°47'E ). R ed  knots were fed ad libitum tro u t pellets (Trouvit Classic 
2P, Skretting, Flendrix SpA, Italy; composition: crude protein  
45% , carbohydrate  21% , crude fat 16%, crude ash 9% , lysin 3%, 
indigestible fibres 2% , phosphorus 1%). For details o f the housing 
conditions see [38]. T h e  birds experienced the local light-dark 
cycle an d  am bient tem peratures and  under these conditions C. c. 
islandica knots m aintain  natural seasonal cycles in body mass, molt, 
and  physiological characteristics such as corticosterone [39,40]. 
M any red  knots have been  kept a t our facility on  the trou t diet for 
over 18 years w ithout health  o r m olt problem s, nor have they 
shown changes in the annual cycles o f body mass and  m olt. T he 
birds were exam ined weekly, weighed (±1  g), an d  prim ary  m olt 
was recorded.

T h e  knots were cap tured  in the D utch  and  G erm an  W adden 
Sea in the period  1994 to 2004. T o  investigate if  long-term  
captivity affected prim ary  molt, we exam ined also prim ary  m olt in 
the first year in w hich they w ent th rough  a com plete m olt cycle in 
captivity (usually the year after the year o f capture) in relation to 
m olt in 2009. D a ta  on  17 o f 32 knots o f 2009 (13 males and  4 
females) were available for this analysis.

Primary Molt Analysis o f Free-living Birds
W e analyzed the p rim ary  m olt p a tte rn  using the m odels o f [41] 

and  [42]. T hese give estimates o f  m olt duration  and  average start 
date (from w hich average end date can be calculated) and  also the 
standard  deviation of the start date, and  require an  index o f m olt 
increasing linearly w ith time. Tw o of the five m olt situations 
considered by  [41] and  [42] w ere used in this study. Type 2 
applied to second-year birds as all were p resent in the study area  
before any m olt started. Type 4, for situations w here some birds 
start m olt before all birds are present, applied to adults. A m olt 
index [41] w hich increased linearly with tim e was obtained using 
feather grow th scores an d  relative masses o f each prim ary  (from 
[43], see T ables S I, S2, S3, and  S4, Fig. SI).

Fem ale knots are heavier and  larger than  males (e.g. [29,37]) 
resulting in m ore feather mass to replace [44], w hich m ay affect 
m olt duration  and  tim ing (replacing m ore feather mass m ay take 
m ore tim e [44]). T herefore we checked if sexes and  age classes 
differed in body dimensions. Because w ing length m ay vary due to 
feather w ear, only birds th a t h ad  com pleted wing m olt were 
included. Fem ale red  knots were indeed heavier and  larger (except 
for tarsus length) th an  males, b u t w ing length and  other body size 
characteristics did no t differ betw een age classes o f the same sex 
(Table S5).

In  some free-living adults, prim ary  m olt was relatively advanced 
com pared to the m ajority  o f adults, while in some second-years 
p rim ary  m olt was delayed (Fig. S3). Possibly, the advanced adults
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had  left the b reeding grounds very early, e.g. after clutch failure 
due to p redation  [45], o r had  not m igrated bu t over-sum m ered in 
the W adden  Sea. T h e  delayed second-years m ay have m igrated to 
the stopover site, or age was not correctly determ ined. Since we 
were interested in  the general pa tte rn , we excluded these birds 
from  the analysis.

Primary Molt Analysis o f Captive Birds
Because m olt o f  captive birds was scored on  a  weekly basis, we 

had  to adjust procedures to obtain com parable m olt m odel 
param eters. T h e  da ta  are o f  T ype 2 [41], bu t using the m odel 
failed, possibly because sample size was relative small for this 
m odel, and  because the da ta  were organized on a  weekly basis. 
Instead, results o f linear regression o f m olt indices against tim e for 
actively m olting birds were used to give individual estimates o f 
m olt duration , start an d  end date. R -squared  values were high, 
averaging 0.987 (±0 .020  SD) over the 32 individuals; samples 
ranged  from  9 to 15 observations pe r individual. A com parison of 
the body sizes o f captive an d  free-living birds was impossible 
because in captive birds m easurem ents were not m ade w hen the 
m olt da ta  were gathered.

D ura tion  o f captivity had  no effect on  the p rim ary  m olt 
param eters; estim ated m olt start an d  end date, an d  m olt duration  
did not differ betw een the first m olt in captivity and  m olt in 2009 
(Table S6, sexes pooled, A N O V A , F 1 47 = 1.035, P  = 0.314, and  
F i , 4 7  = 0.028, P  = 0.869, for duration  and  start date, respectively). 
T h e  da ta  on  first m olt an d  2009 m olt were not pooled to avoid 
problem s with repeated  m easures in about h a lf o f the individuals. 
W e used the 2009 group because that group gave the largest 
sample.

Statistics
W e used Ju lian  day Ja n u a ry  1 is day 1) as tim e scale in the 

analyses an d  tables, bu t depicted calendar date in the graphs. T he 
prim ary  m olt param eters o f the free-living knots w ere estim ated 
with the R  package m oult (available from  the C om prehensive R  
Archive Network, C R A N , at url h ttp ://c ran .r-p ro jec t.o rg / 
package = m oult; [46]). For free-living knots, we tested for 
differences betw een age categories w ithin sex, and  betw een males 
and  females w ithin age category, by  m odeling a series o f models 
that estim ated a  com bination of the variables (duration, start date 
and  SD of start date) separately for age category o r sex and  
calculating AI C values. W e followed this procedure  because the R  
package m oult does not allow a  com parison o f nested groups. T he 
best models were selected on  basis o f AIC-values: best m odels had  
the lowest AIC and  differed in A IC  by less th an  2. In  addition, 
Akaike’s weight («>;) was calculated for the m odels. Statistical 
com parisons with the captive birds were no t possible because 
different m ethods were necessary to estim ate m olt param eters in 
the two groups. M olt m odel results a re  presented  as m eans ±  
asym ptotic standard  errors for free-living birds and  as m eans ±  SE 
for captive birds. Individual p rim ary  m odel results are presented  as 
m eans ±  asym ptotic standard  errors. O th e r da ta  are presented  as 
m eans ± S E . An A N O V A  with post hoc T ukey analysis (PASW 
Statistics 18.0.3) was used to determ ine differences betw een m eans 
o f groups.

Results

W e pred icted  that w ing m olt in b reed ing  adults w ould be time- 
constrained due to a  trade-off betw een breeding and  m igration. 
T h e  nonbreeding over-sum m ering second-years an d  captive 
adults, not faced with this trade-off, w ould be predicted  to use 
m ore tim e to m olt than  the reproductively active adults. Consistent

with these expectations wing m olt duration  was shortest in  free- 
living adults, ca. 71 days, and  longer - a n d  m utually com parable— 
in second-years an d  captive adults, varying from  81 to 93 days 
(Fig. 1C). For bo th  free-living males and  females, the best m odels 
were the m odels that estim ated all m olt param eters separately per 
age class, as indicated by  the lowest AIC for these m odels (Table 1). 
H ence m olt duration  differed significantly betw een adults and  
second-years. M olt duration  was ca. 22%  longer in second-years 
th an  in free-living adults, and  ca. 27%  longer in captive adults. In 
the Supporting  Inform ation  is shown how the differences in molt 
d uration  w ere established by  presenting the individual prim ary  
m olt durations for all groups (Fig. S2).

As shown by the m odel com parison (Table 1), no t only 
duration , bu t also tim ing o f w ing m olt differed betw een groups. 
Second-years were the first to start m olt (ca. 21 June), m ore than  
four weeks before the captive adults, and  alm ost seven weeks 
before free-living adults started in early August (Fig. 1 A, see Table 
S6 for details). Adults com pleted m olt at com parable dates, m id- to
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Figure 1. Primary m olt start and end date (A, B), and molt 
duration (C), in free-living and captive red knots. Symbols: closed 
symbols, males; open  symbols, fem ales. Group abbreviations: SYM, 
second-year males; SYF, second-year females; FAdM, free-living adult 
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Table 1 . Comparison o f m olt parameters between ages 
(w ithin sex) or sex (w ithin age) in free-living adult and second- 
year red knots.

M od el A AlCj W\

free-living males

duration, start date, and S D start date separately 0.0 1.0

start date and SD start date separately 11.7 0.0

duration separately 539.0 0.0

adults and second-years combined 1084.2 0.0

free-living females

duration, start date, and S D start date separately 0.0 1.0

start date and SD start date separately 48.0 0.0

duration separately 558.9 0.0

adult and second-years combined 1174.4 0.0

free-living adults

start date and SD start date separately 0.0 0.63

duration, start date, and S D start date separately 1.1 0.37

duration separately 78.2 0.00

males and females combined 142.8 0.00

free-living second-years

duration, start date, and S D start date separately 0.0 0.99

start date and SD start date separately 9.5 0.01

duration separately 27.1 0.00

males and females combined 29.4 0.00

Best models (underlined) were selected using AlCs. Models are equally plausible 
when the difference from the best model, ÀAIQ, is smaller than 2. w¡ is the 
Aka ike weight for model i. 
doi:10.1371 /journal.pone.0053890.t001

late O ctober, independently  o f living conditions (Fig. IB). Second- 
years com pleted m olt a  m onth  earlier.

M olt param eters differed betw een sexes in second-years as 
indicated by the lowest AIC for the m odel th a t estim ated all 
param eters separately for males an d  females (Table 1, aq = 0.99). 
In  free-living adults, two m odels w ere equally plausible, one that 
estim ated start date and  SD of start date separately for the sexes 
and  one that estim ated all param eters separately (ay = 0.63 and  
ay = 0.37, respectively). T h e  m odel estim ating start date an d  SD of 
start date separately was 1.7 times (0.63/0.37) m ore likely th an  the 
m odel estim ating all param eters separately. In  free-living adults 
and  second-years, females started m olt before males an d  m olted 
longer th an  males (Fig. 1). A lthough captive females also tended to 
take longer to m olt th an  captive males, this difference was not 
significant (ANOVA, F t 3O = 4.014, P  = 0.054). S tart date did also 
not differ betw een the sexes in captive adults (ANOVA, 
F i,3 o = 0.055, P =  0.817). C om bining sexes we checked if m olt 
param eters differed betw een aviaries, w hich was not the case 
(ANOVA, duration , start and  end date, all P> 0 .4 ).

Discussion

Prim ary  m olt duration  o f adult red  knots in the W adden  Sea 
was similar to adult C. c. islandica in Scotland (77 days; [47]), bu t 
m uch shorter th an  in adult C. c. canutus knots in South Africa (95 
days; [47]). Prim ary  m olt duration  of second-years and  captive 
adults resem bled however m ore that o f the C. c. canutus th an  o f the 
Scottish free-living adult C. c. islandica. T h e  sexual differences in 
m olt param eters are in accord  w ith body size differences and

behavioral differences. Fem ale knots are som ewhat larger than  
males (Table S5; [29,37]) and  therefore have m ore feather mass to 
replace. A longer p rim ary  m olt duration  in females (Fig. 1) is thus 
not unexpected. As in m any A rctic-breeding shorebirds, female 
and  m ale knots bo th  incubate the eggs, bu t only males care for the 
young. A dult females leave the b reeding grounds earlier than  
males an d  arrive earlier in the w intering areas [28-30], Stable 
isotope da ta  indicate that knots start m olt ca. 4 days after arrival in 
the D utch  W adden  Sea [27], an d  adult females are thus expected 
to start m olt earlier th an  adult males (Fig. 1). T h a t the average 
difference in start date (6 days) is smaller th an  the young-caring 
period  (17-18 days; [31]) m ay be because o f earlier departu re  o f 
males th a t lose their clutch o r brood, or w here unable to find a 
m ate [45].

Prim ary m olt duration  was m uch  shorter (ca. 22%) in free-living 
adults than  in the non-breeding second-years. T his is also the case, 
w ith a  similar percentage, in no rth  tem perate w intering grey 
plovers Pluvialis squatarola [48], w hich are slightly larger th an  red 
knots an d  have a com parable tim ing of m olt and  o ther life-cycle 
stages, including the skipping of b reeding in their second year o f 
life. Interestingly, w hen adult red  knots were brought into 
captivity, m olt duration  increased to equal that o f second-years 
(Fig. 1). T h e  short m olt duration  in free-living adults, their ability 
to slow progression o f m olt w hen brought into captivity, and  the 
rap id  onset o f  m olt after arrival in the W adden  Sea [27] suggest 
that m olt is seriously tim e-constrained in free-living north- 
tem perate w intering adult red knots. T his tim e constraint m ay 
well relate to (1) a  restriction on  the onset o f  m olt because adults 
do no t arrive before late Ju ly  in the W adden  Sea an d  do no t molt 
prim aries or body feathers during  breeding or in transit, and  (2) a 
restriction on  the tim e during  w hich m olt needs to be  com pleted 
because o f increases in therm ostatic costs and  storm y w eather in 
the course o f the year. Indeed, second-years finished m olt well 
before O ctober, w hen therm oregulatory  costs started to increase 
rapidly (Fig. 2). Free-living adults started m olt w hen therm oreg­
ulatory costs were still low, bu t these showed a  steep increase 
during  the last p a rt o f m olt. Precipitation, not included in the 
calculation o f cost-levels, also increased from  m id-O ctober 
onwards, thus adding to the pressures later in the year. Adult 
m olt was finished well before therm oregulatory  costs had  reached 
m axim al w inter levels. An im portan t additional reason for adult 
knots to com plete m olt before therm ostatic costs have increased 
too m uch  is that their w inter plum age provides bette r insulation 
th an  their sum m er plum age [38,49],

T h ere  m ay yet be o ther factors. T h e  gap in the wing during  
m olt has negative effects on flight abilities and  flight costs [50] .The 
larger the gap, the larger this effect will be [50], an d  the m ore 
vulnerable will the birds be to p redation  [51]. T he increasing 
precipitation, w ind speed an d  considerably stronger w ind gusts in 
au tum n m ay add  to the negative effects o f m olt on  flight ability 
and  costs. H ow ever, birds could com pensate for these effects with 
a  decrease in body mass and  an  increase in pectoral muscle mass 
[50,52], ju st as captive knots decreased body mass while 
m aintain ing  stable pectoral muscle mass w hen exposed to rap to r 
models [53]. Free-living adult knots w ould have com pleted m olt in 
the first five prim aries before the num ber o f peregrines Falco 
peregrinus in the D utch  W adden  Sea started to increase steeply from 
ca. 15 in Septem ber to ca. 45 in O ctober ([54]; Fig. 2), and  
probably  relied on  their p redation  avoidance tactics during  the 
rem ainder o f p rim ary  m olt [55-57]. Second-year birds were close 
to finishing m olt at that tim e. N ote also that the preferred  and  
m ost profitable foods o f knots becom e scarcer in Septem ber when 
knots tend  to switch from  bivalves to the less profitable m udsnail, 
Hydrobia alvea [56,58],
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Figure 2. The average tem poral distribution of prim ary m olt in 
free-living adult and second-year red knots, and captive adult 
red knots (sexes combined, grey blocks). The dashed vertical grey 
lines indicate w hen the  knots had com pleted  grow th of primary 5. Also 
p lo tted  are th e  estim ated  weekly m aintenance costs for a red knot 
living in the  W adden Sea, calculated using the  m odel of [63] (equation 
5; using m udflat conductances) from daily wind, am bien t tem pera tu re  
and solar radiation data  ob tained  over the  sam e period as th e  m olt data 
(1998-2006; data from th e  Royal Netherlands Meteorological Institute 
(KNMI) w ea th ers ta tio n  a t Hoorn on the  island Terschelling in the  Dutch 
W adden Sea, 52°23'N 5°21'E). Note th a t basal and therm oregulatory 
costs are included in m aintenance costs, bu t molt costs (feather 
synthesis and increased therm oregulation) are not. M aintenance costs 
are indicated with circles; open  circles indicate the  period during which 
adult red knots are m igrating or in th e  breeding areas [63], In addition, 
daylength in the  W adden Sea is given (solid line, right Y-axis, da ta  from 
KNMI, 2006). Arrows indicate the  start o f the  rapid increase in num ber 
of peregrines in th e  W adden Sea (P; [54]), and w hen the  d iet of free- 
living knots changes from shellfish to  less profitable m udsnails (D; 
[56,58]).
doi:10.1371/journal.pone.0053890.g002

Flight feather quality is likely to be  very im portan t to a  long­
distance m igrant th a t makes non-stop flights o f m any  thousands of 
kilom eters [23,28], T h e  ubiquitous finding that fast growth, i.e. 
relative short m olt duration, leads to lower quality feathers [13— 
21,59-62] (but note that in the sedentary house sparrow, Passer 
domesticus, this effect was condition dependent [19]) that deteriorate 
m ore betw een m olts [16-18], implies th a t the speedy w ing m olt 
carried  out by northerly  w intering knots represents a  cost o f 
reproduction. This trade-off m ay drive the tim ing o f m olt in adults 
in such a  way that the endpoint is as late as possible, so that 
accum ulated  feather w ear during  northw ard  an d  post-breeding 
southw ard m igration is as small as possible to m inim ize the 
increase in flight costs due to feather wear. This m ay explain why 
captive adults tim ed m olt such that the endpoint coincided with 
that o f  free-living adults and  not o f second-years.

T h a t reproduction  affects m olt and  vice versa has been  shown 
before. Generally, reproductive activities tend  to delay m olt, e.g. 
resulting in reduced lean  tissue mass during  the pre-m igratory 
period  [59], a  lower insulation [21], o r a  decrease in feather 
quality [62]. Interestingly, the carry-over effects on  m olt were only 
found in late (or experim entally delayed) breeders: i.e., some birds 
m anaged to escape the tim ing effect. H ere  we have an  exam ple 
w here all individual northerly  w intering m igrating red  knots are 
caught betw een a rock (the b reeding season in the H igh Arctic and  
the tim e needed to travel there  and  back) and  a  h a rd  place (steeply 
deteriora ting  environm ental conditions in the course o f autum n), 
simply by  having a  life-history that involves a  m igration towards 
and  from  H igh Arctic b reed ing  locations. T h e  general finding that

fast grow th leads to lower quality feathers implies that the speedy 
wing m olt shown by birds that have reproduced  in  the H igh Arctic 
represents an  unavoidable and  routine cost o f  reproduction.

Interestingly, H edenstrom  [4], on  the basis o f a  review o f body 
size scaling relationships o f different annual cycle com ponents, 
predicted  that only in birds reaching masses o f several kilograms, a 

i. year w ould be  too short to include breeding, molt, an d  m igration.
—■ T h a t large birds encounter problem s with the tim ing o f m olt is also
oi dem onstra ted  by  [45], who show th a t m olt becom es incom plete in

birds over 1 kg that m aintain  flight during  m olt. T o  this we can 
now add  that even in birds an  o rder o f m agnitude smaller, 
tem poral im peratives impose the adoption  of non-optim al life­
cycle routines in the entire actively b reed ing  population.

Supporting Information

Figure SI The cumulative proportion o f feather m ass 
grown (PFMG) during molt in free-living adult and 
second-year red knots, and captive adult red knots, 
determined via the individual primary m odels. T h e  data  
were pooled for the sexes because m olt m odels could not be  fitted 
for prim aries 1 and  7 in captive females. For second-years we had  
no or insufficient da ta  for prim aries 1-5 (Table S3). Since a t the 
end o f m olt PF M G  equals 1, the PF M G  grown by prim aries 1-5 
could be determ ined and  added  to the p roportion  o f feather mass 
grown obtained from  the know n prim aries. For w ant o f data, we 
excluded the first 10 days o f available data  from  the graph. T he 
thick lines show cum ulative PF M G  curves (solid, free-living adults; 
dashed, captive adults; dash-dot, second-years). T h e  th in  lines 
correspond to uniform  grow th rates. For second-years this is the 
estim ated uniform  grow th rate calculated using the m ean start 
date obtained from  the general m olt models an d  end date from  the 
individual p rim ary  models. T h e  horizontal grey lines indicate the 
quartiles o f PF M G  and  their durations for free-living adults 
(continuous arrows) an d  captive adults (dashed arrows). In  all 
groups PF M G  increased sufficiently linearly w ith tim e to m ake 
them  good indices o f m olt progression.
(TIF)

Figure S2 Molt duration o f individual primaries versus 
relative primary feather m ass for free-living adult and 
second-year knots (solid lines) and captive adult red 
knots (dashed lines). E ach point on  each curve corresponds to 
an  individual p rim ary  as relative prim ary  mass increases with 
increasing prim ary  num ber. For adult captive females, the models 
d id not converse to a  significant solution for prim aries 1 and  7. For 
second-years we had  insufficient data  o f ac tive m olt for prim aries 1— 
5 (Table S3) an d  da ta  for the sexes w ere pooled. Closed symbols, 
males; open symbols, females; grey symbols, second-years; circle, 
T ype 2 model; square, Type 4 m odel. T he inset graph shows the 
num ber o f sim ultaneously growing prim aries (mean ±  SE) for each 
prim ary  in m olt for the average free-living adult knot.
(TIF)

Figure S3 The relationship between the proportion of 
primary feather m ass grown and time o f the year for 
free-living adult and second-year red knots, and captive 
adult red knots. Left panels, males, closed symbols; right panels, 
females, open symbols. Solid lines represent the general molt 
models, dashed lines give the 95% confidence intervals.
(TIF)

Information SI Extra Information for Tables SI, S2, S3,
and S4 and Figures SI and S2. D escription o f the Results o f 
the Individual Prim ary  M olt Analyses.
(DO CX)
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Table SI Estimates (with asymptotic standard errors) 
o f individual primary models o f Types 2 and 4 for free- 
living adult male red knots.
(DO CX)

Table S2 Estimates (with asymptotic standard errors) 
o f individual primary models o f Types 2 and 4 for free- 
living adult female red knots.
(DO CX)

Table S3 Estimates (with asymptotic standard errors) 
o f individual primary models o f Types 2 and 4 for free- 
living second-year red knots (sexes combined).
(DO CX)

Table S4 Estimates (with asymptotic standard errors) 
o f individual primary models o f Types 2 and 4 for
captive adult male and female red knots.
(DO CX)

Table S5 Body m ass and body size characteristics of 
free-living second-year and adult red knots that had 
completed primary molt.
(DO CX)
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