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Abstract
Refuelling by m igratory birds before  take-off on  long flights is generally  considered  a tw o -p h ase  process, with protein 
accum ula tion  p reced ing  rapid fat deposi tion .  The first ph ase  expresses th e  d e m a n d s  for a large d igestive  sys tem  for nutrient  
s to rage  after  shrinkage during  previous flights, th e  s econd  ph ase  t h e  d e m a n d s  for fat s tores  to  fuel th e  su b s e q u e n t  flight. At 
th e  last stag ing  site in no rthw ard  migration, this process m ay include express ion  o f  selection pressures b o th  en  route  to  and  
after arrival a t  th e  b reed ing  g rounds ,  which remains unascertained. Here w e  investigated  c h an g e s  in bod y  com pos it ion  
during refuelling o f  High Arctic b reed ing  red knots (Calidris canutus p iersm ai) in th e  northern  Yellow Sea, before  their  flight 
to  th e  tundra .  These red knots followed a th ree -p h ase  fuel deposi t ion  pa tte rn ,  with protein  being s to red  in th e  first and  last 
phases,  and  fat being d e p o s i te d  mainly in th e  second  phase .  Thus, th ey  did no t  shrink nutrit ional o rg an s  before  take-off, 
and  even  sh o w ed  hyper trophy  of th e  nutrit ional organs.  These  su g g e s t  th e  build u p  o f  s tra tegic  protein  s tores before  
d e p a r tu re  to  c o p e  with a protein  sh o r ta g e  u p o n  arrival on  th e  breed ing  g rounds .  Further com para t ive  s tudies  are w arran ted  
to  exam ine  th e  d e g re e  to  which th e  deposi tion  of s tores by m igrant  birds generally  reflects a ba lance  b e tw ee n  concurren t  
and  upcom ing  env ironm en ta l  selection pressures.
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Introduction

T o survive the long-distance m igrations betw een breeding and  
nonbreed ing  grounds, birds require large am ounts o f previously 
stored fuel in  the form  o f fat and  pro tein  [1,2]. Usually, long­
distance m igratory birds m ake one o r m ore refuelling stops [3]. 
T h e  H igh Arctic breeders am ong them  will face additional 
pressures in their need  to b ring  fuel stores to survive shortages 
upon arrival on  the b reed ing  grounds. For capital breeders, the 
fuel stores m ay also contribute to egg form ation [4 — 8], T h e  short 
duration  o f the H igh Arctic sum m er confronts these m igrants with 
the choice betw een the need to carry substantial stores to the 
Arctic and  the need to m inim ize costs o f refuelling, m aintenance 
and  transport [9].

T h e  trade-offs betw een the different requirem ents o f fuel 
deposition and  consum ption during  staging and  m igratory flights 
in shorebirds relate to a  considerable capacity to adjust the size o f 
organs an d  stores, i.e. phenotypic flexibility [10,11], W hen  storing 
fat (specialized deposits) and  pro tein  (mainly in the form  o f muscle)
[12,13] a t staging sites, such birds m ainly store p rotein  in the early 
phase an d  fat in the later phase o f a  fuel deposition trajectory 
[13 — 15]. In  the first phase, the organs consum ed during  the 
preceding flight are rebuilt, and  in the second phase, the flight- 
related organs (such as flight muscles and  heart) increase in mass 
while nutrition-related  organs (such as gizzard an d  leg muscles)

shrink before departu re  to decrease the b u rd en  for the next flight 
[13,15,16],

W hereas studies on  fuel deposition patterns have focused on 
selection pressures experienced eu route [13,15], it is now realized 
that “ upcom ing” selection pressures on  the b reed ing  grounds m ay 
be im portan t as well [17]. Because conditions on the tun d ra  (with 
respect to w eather and  food an d  activity patterns) are so different 
from  the coastal staging areas further south, an d  because Arctic 
sum m ers are so short, com parison betw een fuel deposition 
patterns before different kinds o f long flights (to different kinds 
o f receiving areas) should inform  us about the ways in which 
conditions in receiving areas influence organ dynam ics during  the 
previous storage phase [1,18],

H ere  we analyse fuel storage in a  subspecies o f red  knot (Calidris 
canutus piersmai) in the n o rth ern  Yellow Sea, C hina, before a 
nonstop flight to b reed ing  grounds in the N ew  Siberian Arctic 
[19 — 21]. D uring northw ard  m igration, the knots m ake a nonstop 
flight o f over 5000 km  from  the nonbreed ing  grounds in A ustralia 
to the staging sites along the Yellow Sea; after fuel deposition at 
these sites, they fly m ore th an  4000 km  to their b reeding grounds
[21.22]. D eparting  from  northern  Yellow Sea to the b reeding 
grounds in late M ay to com m ence breed ing  in early o r m id-June
[21.22], the knots experience serious tim e constraints. Pressures en 
route an d  on the b reed ing  grounds m ay jo in tly  affect the fuel
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Figure 1. Body mass (mean ±  SD) of red knots (Calidris canutus piersmai) captured on different dates. A total of 486 birds were sampled 
in 2008-2012 on the coast o f the north Yellow Sea during northward migration. The solid line indicates least-square linear regression of total birds 
and the dashed lines indicate the linear regression of the females (red) and the males (blue). 
doi:10.1371/journal.pone.0062551.g001

deposition during  their final stopover. W e discuss the patterns o f 
tem poral change in the organs and  stores in a  com parative context 
to identify selection pressures during  m igration.

M aterials and  M ethods

Ethics Statement
Perm ission o f fieldwork was granted  by  the Forest D epartm ent 

o f Flebei Province. All w ork was approved by Institute o f 
Biodiversity Science, Fudan University. Birds were handled  and 
released soon after capture. Body feather sam pling had  little 
influence on the birds and  m ajority  o f  the sacrificed birds were 
euthanized  after capture injury. All efforts were m ade to m inim ize 
the suffering and  sacrifice.

Experiment Protocol
R ed knots were cap tured  with clap nets [23] at L uannan  

(118.22 E, 39.07 N), in n o rthern  Bohai Bay, C hina, during  their 
northw ard  m igration from  2008 to 2012. This is the largest known 
staging site in eastern Asia for red  knots in the East Asian- 
A ustralasian Flyway, w here at least 50%  o f the piersmai knots make 
a stop [22]. Birds were cap tured  from  early M ay to early Ju n e .

T h e  piersmai knots were distinguished from  the partially  co­
occurring rogersi knots on the basis o f  plum age colour and  p a ttem  
[19,22,24], Body mass was determ ined (to the nearest 0.1 g), and 
lengths o f wing (to the nearest 1 mm), bill, head  w ith bill, and  
tarsus were m easured (to the nearest 0.1 mm) with stopped rulers 
and  vernier calipers soon after birds were caught. W e pulled 2 -3  
body feathers from  each b ird  in 2008 and  2009. D N A  was 
extracted from  the pulp o f feathers and  m olecular techniques were 
used to sex the birds [25].

A  total o f  32 carcasses were used in body  com position 
analysis. T he carcasses were individually sealed in airtight 
plastic bags and  stored at —20“C before they were transported  
to the laboratory  in Shanghai and  dissected for body 
com position analysis. Before dissection, wing tracings were 
taken from  16 random ly selected individuals for the determ i­
nation  o f wing area  and  aspect ratio; for the rem aining birds,

w ing span was m easured to determ ine wing a rea  [26,27]. T he 
dissection procedure followed that in Royal N etherlands 
Institute for Sea R esearch (NIOZ) [2,13], T h e  flight muscles 
(including musculus pectoralis and  musculus supracoracoideus), leg 
muscles, gizzard, and  o ther body  parts were separated and 
w eighed ( ±  1 mg) w ith an  analytical balance for the de term ina­
tion o f fresh mass. T h e  dry  mass o f  each pa rt was weighed after 
drying at 60 C to constant weight. Fat was extracted from  each 
p a rt in a Soxhlet apparatus using petro leum -ether (boiling poin t 
range 30-60  C) as the solvent, and  the fat-free dry mass for 
each p a rt was m easured  after drying again at 60 C. T h e  total 
fat mass was calculated as the sum o f fat mass extracted  from  
all body parts.

Data Analysis
Birds deposit bo th  fat and  protein  (mainly in the form  o f 

muscle) during  staging [13,15,28], T o  understand the dynamics 
o f  fat and  pro tein  storage during staging, we used generalized 
linear models to evaluate the relationship betw een body 
com position (total fat mass, total lean dry  mass (TDM), and 
T D M  o f flight muscles, gizzards, leg muscles, and  “o ther 
nu trien t organs”) and  body  mass. T h e  first principle com ponent 
o f  standardized T D M  o f liver, intestine, pancreas, and  kidney 
was calculated to represent change o f “o ther nu trien t organs” as 
a whole. W e used body mass ra th e r than  capture date as the 
independent variable for two reasons. First, changes in body 
com position are closely related to changes in body mass [12,29]. 
Second, body mass greatly varied am ong individuals on the 
same day (Fig. 1), indicating lack o f synchronization; body  mass 
appears a be tte r indicator o f state than  capture date. In  addition 
to body mass, the models included body  size (as the first 
p rincipal com ponent o f structural body size m easurem ents o f 
w ing length, head+bill length, and  tarsus length) and  sex as 
independent variables.

Second-order-corrected Akaike’s inform ation criterion (AICc) 
[30] was used to select the best models am ong the candidate 
models (see T able SI). Results indicated that body mass, and  the 
square and  cube o f body mass, were always involved in the best
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Figure 2. Regression analyses of the relationship between  
body components and body mass of piersmai red knots. Fuel 
deposition models are described with body mass as the independent 
variable and different body components as dependent variables, 
including fat mass (A), total lean dry mass (B), lean dry mass of flight 
muscles (C), gizzard (D), other nutrient organs (E) and leg muscles (F). 
Each point represents data from an individual bird. Significant 
regressions are presented with solid lines and insignificant regressions 
with dashed lines. The regression models were selected according to 
AICc in Table SI. The regression equations are listed in Table S3. 
doi:10.1371/journal.pone.0062551.g002

models (except for the m odel o f leg muscles, see T able SI). W e 
therefore investigated the fuel deposition patterns as a  function o f 
body mass with piecewise linear models th rough  the Nonlinear 
Regression Analysis Program (Advanced G U I version) [31],

T he deviation betw een the average body  mass o f the heaviest 
five knots from  the last dates and  lightest five knots from  the early 
dates that we cap tured  was taken as “ total body mass increase” 
during  the entire refuelling phase [1], W e calculated the fuel 
com position o f birds according to the piecewise fuel deposition 
models. T he percentages o f body mass gain represented by  fat and 
L D M  w ere then  calculated.

W e used Flight P rogram  (Version 1.22) [27] to estim ate the 
rem aining fuel stores (fat and  flight muscles) o f  knots arriving at 
the b reeding grounds. This m odel gives conservative estimates 
for the birds because it does not take into account the 
environm ental factors, such as wind assistance, leading to 
reduced flight costs. T he flight distance from  staging sites to 
b reeding grounds was calculated by  Flight as 4400 km  for the 
birds according to  their geographical coordinates [19]. T he 
flight muscle mass was calculated as the fresh muscle mass 
m inus the mass o f  fat extracted. T he mass o f  indigested food in 
the alim entary  tract mass was excluded from  the total body 
mass because the birds’ guts would be em ptied soon after take­
off. T h e  values o f  variables used in the sim ulation for the flight 
are listed in T able  S2. T h e  average body mass o f  birds captured  
during  the last week o f staging (after 25 May) was considered as 
the body mass o f departing  birds [22]. Birds w ith a body  mass 
less th an  the estim ated m inim um  body  mass needed for a 
nonstop flight to the b reed ing  grounds were excluded from  
calculations o f  the m ean  predic ted  body mass o f  departing  
birds. W e also estim ated body  com position o f the departing  
birds from  ou r piecewise m odels. W e further predic ted  the fuel 
stores o f  these birds on arrival at the b reeding grounds using 
Flight P rogram  [27].

Results
D uring  their stage in the N orth  Yellow Sea, the knots m ore than  

doubled their body mass, increasing from  less than  100 g to  m ore 
than  200 g (Fig. 1). T h e  average body  mass o f the lightest five birds 
was 9 0 .3 ± 2 .5  g (n = 5) and  that o f  the heaviest five was 
211.1 ± 6 .2  g (n = 5). Regression o f body com position against body 
mass indicated that fuel deposition took place in three phases 
(Fig. 2A, 2B, T able S3). In  the first phase (body m ass< ab o u t 
135 g), bo th  fat and  L D M  increased steadily. In  the second phase 
(body mass about 135-175 g), the ra te  o f  fat storage rapidly 
increased while L D M  did not significantly change. In  the th ird  
phase (body m ass> ab o u t 175 g), the rate o f  fat storage slowed 
while the L D M  increased again. Overall, the fat and  protein 
accum ulation were staggered, with pro tein  storage occurring in 
the first and  the th ird  phase and  rap id  fat storage in the second 
phase (Fig. 2A, 2B, T able S3). Fat deposition contributed  34, 100, 
and  40%  to the increase in body  mass in the first, second, and 
th ird  phase, respectively. Across the entire refueling period, fat
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mass increased from  4.8 to 84.8 g and  fat deposition contributed  
66.2%  to the increase in body mass, while L D M  increased from  
21.2 to 32.2 g and  dry  p ro tein  deposition contributed  9.1% to the 
increase in body  mass, the rest being the w ater that comes w ith dry 
protein.

T h e  L D M  o f flight muscles changed in p roportion  to total 
L D M , the three phases again being evident (Fig. 2C, T able S3). 
G izzards also showed a three-phase change (Fig. 2D, T able S3). 
A lthough gizzard L D M  decreased in the second phase, it 
increased again in the th ird  phase and  attained the highest value 
w hen body mass reached the m axim um . T h e  average standard­
ized L D M  o f o ther nutrition-related  organs changed in a similar 
three-phase way as gizzard L D M  (Fig. 2E, T able S3). In  contrast, 
the L D M  o f leg muscles increased th roughout the staging period 
(Fig. 2F).

T here  were sexual differences in fuel deposition o f the knots. 
T h e  body  mass o f  departing  females (captured after 25 May, 
187.1 ± 1 4 .9  g, n  = 38) was significantly h igher than  that o f  the 
males (172 .8± 7 .6  g, n  = 36) (t = 5.22, d f  = 72, PC 0.001 , Fig. 1). 
Females deposited m ore fat (males: 67.4 g, females: 75.2 g) and 
m ore pro tein  (males: 26.6 g L D M , females: 28.3 g LDM ) than  
males. Regression analysis also indicated sex differences in fat and 
flight m uscle mass changes (sex rem ained as a factor in the best 
model) and  lean dry  mass change (sex was kept in the alternative 
model). T h ere  was no significant difference in the nu trien t organ 
masses betw een the males and  the females during  fuel deposition 
(Table SI).

M odelling the fuel consum ption o f the knots during  m igratory 
flight indicated that birds would be able to make it to the breeding 
grounds on the N ew  Siberian Islands if  they would achieve 
departu re  body  mass values above 158 g (Fig. 3). 75% o f the knots 
we cap tured  during  the last week o f staging (after 25 May) weighed 
over 158 g, and  the average body  mass was 1 7 8 .7 ± 1 1 .3 g  
(n = 189). This departing  weight would lead to  a residual body 
mass o f  109 g at the breeding grounds, with a  fat content o f  23.3 g 
o r 21.4%  o f total body mass and  fresh flight m uscle mass o f 18.7 g 
o r 17.2% o f total body  mass (Fig. 3).

Discussion
Unlike previously observed refuelling patterns o f  long-distance 

m igratory birds [13,14,32], the knots displayed a three-phase 
refuelling in which additional pro tein  was stored in the th ird  
phase. T h e  increase o f  L D M  in the first refuelling phase could 
reflect the restoration o f organs and  tissues consum ed during  the 
long-distance m igratory flight from  nonbreed ing  to staging sites
[2,13], This restoration o f organs and  tissues is a prerequisite to 
rap id  fat deposition in the second phase. Because the m aintenance 
o f m etabolically active tissues consum es fuel [33,34], the 
hypertrophy o f muscles and  o ther organs before take-off would 
decrease the self-m aintenance costs during  stopover. T h e  L D M  for 
the flight muscles, which is the m ajor com ponent o f p ro tein  in 
birds, rem ains stable until the last fueling phase, w hen it increases 
rapidly. T h e  staggering o f fat and  pro tein  deposition during  these 
refuelling phases suggests a conflict betw een rap id  deposition o f 
different fuel types.

T he knots deposited large am ounts o f  fuel at the last staging site 
in the no rth  Yellow Sea during  the m igration to the breeding 
grounds. D uring  the com plete refuelling episode, their lean dry 
mass increased 51.8%  and  fat mass increased 16.7 times from  the 
initial values at arrival. A lthough overload o f fuel a t staging sites 
has been reported  before in the Arctic breeders [4,35,36] , the fuel 
deposition, especially the pro tein  deposition, o f  piersmai knots is 
greater than  in similar stages in o ther birds [1]. M odelling o f the 
flight fuel consum ption indicates that m ost birds stored m uch 
m ore than  needed for a nonstop flight to  the b reeding grounds. 
C onsequently, the knot at least partially  exhibits a  capital breeding 
strategy, enabling reproduction  to partially  depend on energy and 
nu trien t stores [36], O n  the b reeding grounds, requirem ents differ 
betw een the sexes as only the females need to produce the fat and 
pro tein  that goes into the four eggs. T his m ay  explain w hy female 
knots deposited m ore protein  before take-off than  males.

Previous studies have indicated that birds shrink digestive 
organs and  leg muscles before non-stop and  long-distance flights 
for the p resum ed purpose o f decreasing the mass burden  
[13,15,37]. T h e  knots, w ho will m ake a non-stop flight o f  over
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4000 km  after staging a t the no rth  Yellow Sea, however, ra ther 
showed hypertrophy of the n u trien t organs before departu re  along 
with the gains in  leg m usculature. This suggests th a t upon  arrival 
on  the tu n d ra  this protein, a n d /o r  the organs in w hich the protein  
is stored, are needed. In  addition, arriving w ith suitably sized 
organs and  tissues reduces the requ irem ent for physical restoration 
[17]. Thus, in this case the benefits o f m aintain ing  internal organs 
m ay outweigh the benefits o f a  decrease in flight cost. Note th a t the 
gizzard o f piersmai knots (4 .59± 0 .84  g, n  = 32, fresh mass) is 
smaller th an  th a t a t o ther staging sites (7.95-8.17 g) [38], 
reflecting the high quality o f prey  encountered  in n o rthern  Bohai 
Bay (Yang et al. MS).

W hereas m ost previous studies reporting  fuel deposition and  
phenotypic flexibility o f long-distance m igratory birds have 
em phasized the function o f en route selection pressures [13,15], 
the three-phase fuel deposition and  the hypertrophy o f the 
nutrition-related  organs p re-departu re  suggests th a t com positional 
changes on staging areas reflect selection to bo th  the ensuing 
flights and  the conditions and  requirem ents a t the nex t destination. 
In  the p resent case there  is evidence for a  seasonal carry-over effect 
[39], em phasizing th a t different phases in  the life cycle o f 
m igratory birds a re  intim ately connected  [18,40,41],

Supporting Inform ation
Table SI Regression models for predicting fuel deposi­
tion o f p ie r s m a i  red knots at final staging sites in the 
north Yellow Sea during northward migration. D ependent 
variables w ere fat mass, total lean  dry mass, lean dry mass o f flight 
muscles, gizzard, leg muscles, standardized lean  dry mass o f o ther 
nu trien t organs and  fresh mass o f flight muscles. M odels were 
com pared w ith the second-order-corrected Akaike’s inform ation 
criterion (AICc, B urnham  and  A nderson 2002). M  = body mass (g), 
G  = gender (male vs. female, dum m y coded, m ale = 1 and  
female = 0), S = structural size (first principal com ponents o f wing 
length, head+bill length, an d  Tarsus length), K =  num ber o f 
estim able param eters, Wi = m odel weight. M odels are ranked 
according to the ascending sequence o f A IC c values. O nly  the first
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