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Personality drives physiological 
adjustments and is not related to survival
Allert I. Bijleveld1, Georgina M assourakis1, A nnem arie  van der  Marei1, 
Anne Dekinga1, Bernard S p aans1, Jan  A. van Gils1 a n d  Theunis P ie rsm a1-2
d e p a r t m e n t  o f  M a rin e  E co lo gy , NIOZ Royal N e th e r la n d s  I n s t i tu te  fo r  S e a  R e sea rc h , 1 7 9 0  AB D en  B u rg ,
T h e  N e th e r la n d s
2 A n im al E co lo gy  G ro u p , C e n tre  fo r  E co logical a n d  E v o lu tio n a ry  S tu d ie s ,  U n iv e rsity  o f  G ro n in g e n , PO Box 1 1 1 0 3 , 
9 7 0 0  CC G ro n in g e n , T h e  N e th e r la n d s

The evolutionary function an d  m aintenance of variation  in  anim al personality  is 
still u n d er debate. V ariation in  the size of metabolic o rgans has recently been 
suggested  to  cause a n d  m aintain  variation in  personality. Here, w e exam ine 
tw o m ain  underly ing  notions: (i) tha t o rgan  sizes vary  consistently betw een 
ind iv iduals an d  cause consistent behavioural patterns, an d  (ii) tha t a  m ore 
exploratory personality  is associated w ith  reduced  survival. Exploratory behav­
iour of captive red  knots (Calidris canutus, a  m igran t shorebird) w as negatively 
rather than  positively correlated w ith  digestive o rgan  (gizzard) m ass, as w ell 
as w ith  bo d y  mass. In  an  experim ent, w e reciprocally reduced  a n d  increased 
ind iv idual g izzard  m asses a n d  found  tha t exploration scores w ere unaffected. 
W hether o r n o t these b ird s w ere resighted locally over the 19 m onths after 
release w as negatively correlated w ith  their exploration scores. M oreover, a 
long-term  m ark -recap tu re  effort on free-living red  knots w ith  know n g izzard  
m asses at capture confirm ed tha t local resighting probability  (an inverse 
m easure of exploratory behaviour) w as correlated w ith  g izzard  m ass w ithou t 
detrim ental effects on  survival. W e conclude tha t personality  drives physio­
logical adjustm ents, rather than  the o ther w ay  around , an d  suggest that 
physiological adjustm ents m itigate the survival costs of exploratory behaviour. 
O ur results show  tha t w e need  to reconsider hypotheses explaining personality  
variation  based  on  organ  sizes an d  differential survival.

1. Introduction
A nim als m odify  aspects o f the ir p h en o ty p e  in  response to  changes in  their 
env ironm en t (pheno typ ic  p lasticity  [1]). C hanges th a t are reversible w ith in  
an  in d iv id u a l's  lifetim e are k now n  as pheno typ ic  flexibility [2,3]. A n im al b e ­
h av io u r is a classic exam ple of pheno typ ic  flexibility, enabling  rap id  an d  
reversible responses to  changes in  env ironm enta l a n d  social context [4]. 
P erhaps som ew hat su rp ris ing ly , g iven behav iou ra l flexibility, in d iv idua ls  of 
m an y  species have  been  show n  to v a ry  consistently  in  the ir beh av io u r across 
contexts, y ie ld ing  the no tion  of 'an im al personalities ' (review ed in  [5]).

Personality refers to  a su ite of phenotypically  o r genetically correlated 
behavioural traits th a t are consistent over tim e or across contexts [5-8]. 
V ariation in  personality  is th o u g h t to  b e  shaped  b y  continuous interaction 
be tw een  genes an d  environm ent d u rin g  on togeny  [6,9-13]. In  recent years, con­
siderable p rogress has also been  m ad e  in  unders tand ing  personalities from  an  
evolutionary  perspective [14-16]. M ost of the adap tive  explanations involve 
betw een-ind iv idual variations in  state (e.g. physiological condition, health  an d  
o rgan  m asses), in  com bination w ith  positive feedback m echanism s m aintain ing 
these state variations [14,15,17]. The idea is th a t if the state of an  ind iv idual is 
m ore or less stable over tim e, then  state-dependent behav iour w ill also be  consist­
ent. H ow ever, few em pirical stud ies exist in  w hich  predictions from  such 
state-dependent personality  m odels have been  tested  [17].
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The sizes o f an  ind iv idual's metabolic o rgans (e.g. digestive 
organs, heart an d  liver) are though t to  be  slow -changing state 
variables tha t are causal to variation  in  personality  betw een indi­
v iduals [18-20]. This variation  is though t to  b e  m ain tained  b y  a 
positive feedback m echanism , w hereby individuals w ith  large 
m etabolic organs behave in  w ays that allow for the acquisition 
of enough  energy to sustain  them . For instance, such individuals 
m igh t need  to be  explorative, bo ld  a n d /o r  aggressive in order to 
gain  access to  the resources necessary for the m aintenance of 
their large organs. A t the sam e time, how ever, such behaviours 
are risky a n d  are assum ed to come attached w ith  survival costs 
[20,21]. Exploratory indiv iduals w o u ld  thus lead  a h igh -risk / 
high-gain lifestyle. For such behaviour to  be  evolutionarily 
stable, the associated survival costs are expected to  be  
com pensated  for b y  correlations w ith  particular life-history 
characteristics (e.g. grow th, age at m aturity  [22]), in  line w ith  
the 'pace-of-life' concept [20]. A ccording to the pace-of-life con­
cept, metabolic costs an d  personality  should  be  linked along a 
continuum  of s lo w /fast life-history strategies. H ow ever, there 
is, as yet, little evidence to  su p p o rt this theory  [23].

Im plicit in  th e  hypothesis tha t metabolic o rgan  sizes are 
causal to  personality  variation  is the fact tha t o rgan  sizes vary  
consistently betw een  individuals, allow ing for consistent behav­
iour to develop th roughou t an  ind iv idual's  life. O rgans are, 
how ever, notoriously  flexible in size, reflecting changes in 
ecological context [2,3,24]. Indeed, regardless of how  personal­
ities arise, it seem s likely tha t anim als w ith  different 
personalities w ill express a preference for different environ­
m ents (i.e. w ith  respect to food type, p redation  risk, etc. 
[15,25,26]), w h ich  m ay, in  tu rn , result in specific physiological 
adaptations. O ne could th u s argue tha t personality  variation  
causes consistent variation  in  o rgan  m orphology  and , conse­
quently, in  metabolic costs, ra ther th an  the o ther w ay  around.

In this study, w e exam ined tw o critical no tions underly ing 
the hypothesis of organ-size-driven personality  variation: 
(i) tha t variation  in  digestive o rgan  sizes cause consistent vari­
ation in  behaviour; an d  (ii) tha t large digestive organs and  
exploratory behaviour are associated w ith  reduced survival. 
O ur m odel species is the red  kno t Calidris canutus (Linnaeus, 
1758), a  long-distance m igrating shorebird, for w hich contextual 
flexibility in o rgan  m ass has been  extensively stud ied  [3,24,27]. 
O ur study  involved four steps. First, w e experim entally deter­
m ined  exploratory behaviour for new ly  cap tu red  red  knots 
an d  correlated this w ith  their digestive o rgan  m ass (i.e. the 
m uscular stomach, o r gizzard). W e also correlated exploratory 
behav iour w ith  bo d y  m ass, an d  predicted  tha t individuals 
w ith  large b o d y  m ass (i.e. large energy stores) w ou ld  
avoid risky behaviour an d  thus be  less explorative (sensu the 
m ass-dependent p redation  risk hypothesis [28]). Second, w e 
m an ipu la ted  g izzard  m ass in  o rder to  com pare the effect of a 
sm all an d  a large g izzard  on  exploratory behaviour w ith in  indi­
v iduals. Third, to test w hether the experim ental quantification of 
exploratory behav iour is representative of this behav iour in  the 
field, w e tagged  an d  released the experim ental b ird s w ith  
un ique com binations of colour-rings a n d  estim ated local resight­
ing  probability. W e p red icted  tha t explorative b ird s w o u ld  have 
a  low er local resighting probability  because they have larger 
spatial ranges th an  non-explorative b irds. Fourth, w e analysed 
survival a n d  resighting probability  for free-living red  knots, 
w ith  know n g izzard  m asses, on  the basis of a sustained m arking 
an d  resighting effort on  free-living b ird s  [29].

W e w ill show  that g izzard  m ass an d  bo d y  m ass (energy 
stores) w ere negatively correlated w ith  exploratory behav iour

betw een  indiv iduals, an d  th a t m an ipu lations of g izzard  |
m ass d id  n o t cause changes in  exploratory behaviour. M ore­
over, neither g izza rd  m ass n o r exploratory behav iour w as in 
any  w ay  correlated w ith  survival. W e conclude th a t personal­
ity  d rives the physiological adjustm ents. These results call for 
reconsideration of hypotheses explaining personality  variation  
o n  the basis of o rgan  sizes as w ell as differential survival.

2. Material and methods
(a) M o d e l  sp e c ie s
Red knots are long-distance migratory shorebirds that breed in 
the H igh Arctic and spend the rest of the year along more 
southerly shores w ith  extensive intertidal m udflats [30]. The sub­
species islandica, studied here, breeds on tundras in northern 
Greenland and northeast Canada, and w inters in northw estern 
Europe, including the W adden Sea [30]. D uring the non-breeding 
season, red knots roam  intertidal m udflats in large flocks in 
search of burrow ed hard-shelled bivalves [31]. D epending on 
the tides and w eather conditions, the availability of the foraging 
grounds varies tem porally and spatially, as does the abundance 
and quality of prey [32,33].

Bivalves of suitable sizes are swallowed w hole and crushed 
in their m uscular stomach, the gizzard [34], The size of the giz­
zard sets an  upper limit to the am ount of shell mass that can 
be processed and thus limits daily intake rates [35]. G izzard 
m ass is flexible w ithin individuals and changes in response to 
the ratio of flesh to shell m ass of their prey (prey quality) [36]. 
The lower this ratio, the larger the gizzard m ust be to  uphold 
energy intake rates. G izzard mass is correlated w ith  the mass 
of other digestive organs such as the intestines, liver and kidneys 
[27,37], Together, the digestive organs make up  18% of an indi­
v idual's lean mass, and are a determ ining factor for basal and 
resting metabolic rates [37,38].

Twenty-three red knots were caught betw een 17 and 20 March 
2010 in the Dutch W adden Sea (53°15' N, 5°15' E). A  blood sample 
w as taken for molecular sexing [39]. Birds were weighed and 
ringed on location, whereafter they were transported to the exper­
im ental shorebird facility at NIOZ (Texel, The Netherlands; 
53°00'12" N, 4°47'23" E). Birds were housed in aviaries m easuring
4 X 2 m  w ith a height of 2.5 m  and lined w ith w hite Trespa (Trespa 
International BV, Weert, The Netherlands). These aviaries 
provided running saltwater along a coated concrete surface, fresh­
w ater for drinking and bathing, and a stretch of sand covered in
5 cm w ater to resemble the knots' natural m udflat habitat. The 
birds were m aintained on a diet of protein-rich trout-feed pellets 
(Produits Trouw, Vervins, France).

(b) M e a s u r in g  o r g a n  m a s s
Gizzard mass was measured by A.D. using an ultrasound scanner 
(model Aquilla, Pie Medical Benelux, Maastricht, The Netherlands) 
as described by Dekinga et al. [36]. Two sets of measurements of 
gizzard w idth and height (cm) were taken at each measurement 
session. Gizzard w idth  and height were averaged per individual, 
and gizzard mass (g) was derived as —1.09 +  3.78 x w idth  x 
height (r =  0.92, p < 0.01; this regression w as obtained w ith fresh 
gizzard masses from dead individuals). Gizzard mass was 
measured 1 day after capture (which w as taken to be reflective of 
a birds' organ mass while free-living), and also 1 day before each 
treatment of the gizzard mass manipulation experiment.

(c) Exp lora to ry  b e h a v i o u r
We tested exploratory behaviour in a novel 'exploration arena' 
m easuring 7 x 7 m  w ith  a height of 3 m  ('novel environm ent' 
test [5]). The exploration arena had  walls lined w ith  w hite
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Trespa and w as filled w ith  a layer of 30 cm seawater on top  of a 
50 cm deep layer of sand. Filled w ith  only w et sand, w e posi­
tioned five familiar trays ( l x l  m, 20 cm deep) above the water 
surface for the b irds to explore. The trays were placed approxi­
mately 90 cm from the w alls and acted as foraging patches, 
such that the degree to w hich b irds explored w ithin and betw een 
patches w ould  reflect their propensity to  explore while searching 
for food. To further motivate the b irds to  search for food during 
the trials, familiar bu t em pty feeders were placed at the centre of 
each patch. In order to induce standard hunger levels betw een 
birds, they were deprived of food for 2 h  prior to  the experiment, 
periods w ithout food that knots are accustomed to  naturally as 
they cannot feed around high tide.

Each trial consisted of a b ird  being retrieved from its aviary, 
w eighed to  the nearest 1 g and first introduced into a familiar 
aviary adjacent to  the exploration arena to  rest for a m inim um  
of 5 min. This aviary led into the exploration arena through a 
sliding door that could be remotely opened and closed via a 
pulley mechanism. After this door w as opened, the b ird  was 
gently pushed into the exploration arena. Trials lasted 30 min. 
We tested tw o to  eight random ly selected birds each day betw een 
8 and 11 June 2010, several m onths after capture. The procedure 
w as repeated betw een 21 and 24 June 2010.

All trials w ere recorded on video and later analysed w ith 
O bserver XT software (v. 10.1, N oldus Information Technology), 
allowing accurate estimation of tim e budgets. O ur ethogram  
included 'searching for food', 'resting', 'preening ' and 'flying'. 
We also scored the patch on w hich the b ird  w as located at any 
given time. The logit of the fraction of total tim e spent in 
search of food w as positively correlated w ith  the log-transformed 
num ber of patch visits (r =  0.63, p < 0.01). Hereafter, w e will use 
the fraction of total tim e spent in search for food as the m easure 
of exploratory behaviour.

(d) S e p a ra t in g  e f fec ts  o f  b o d y  m a s s  a n d  e n e r g y  s to re s  
o n  e x p lo ra to ry  b e h a v i o u r

M any species show a relationship between structural size and body 
mass. For red knots, however, the principal component from the 
lengths of w ing (mm), tarsus (mm) and head to bill (mm) explained 
only 16% of variation in body mass w ithin the sexes (electronic 
supplem entary material, appendix SI). In order to  investigate 
correlations between exploratory behaviour and body mass, we 
analysed these variables in a bivariate mixed-effects m odel w ith 
individual identity as random  factor (equations 7a and 7b in 
[40]). These analyses allowed us to  decompose the phenotypic 
(co)variance and calculate correlation coefficients of exploratory 
behaviour w ith body mass between and within individuals. 
Between-individual and within-individual processes operate in 
conjunction, and their separation can provide insight into the 
origin and maintenance of personality variation. Significant corre­
lations between individuals w ould indicate that behaviour and 
body mass w ould take shape by  gene-environm ent interactions 
during ontogeny, whereas significant w ithin-individual corre­
lations w ould give hints about more proximate mechanisms. For 
example, a negative w ithin-individual correlation could indicate 
that a reduction in body mass ('hunger') motivates an individual 
to explore more. A n in-depth discussion on the causes and conse­
quences of between- and w ithin-individual correlations can be 
found elsewhere [40].

(e) Gizzard m a s s  t r e a t m e n t
G izzard mass w as m anipulated by varying the quality (shell con­
tent) of the food [35,36], so that w e could m easure exploratory 
behaviour (as described previously) of the same individuals 
w ith  a large and a small gizzard. To induce a relatively large giz­
zard , w e offered closed b lue mussels Mytilus edulis that were

swallowed whole. To induce small gizzards, w e offered only 
the flesh of the blue mussel, thus rem oving the need for shell 
crushing, w hile keeping the digestible parts identical.

The 23 knots were divided into tw o groups of 11 and 12 indi­
v iduals, respectively. One group started w ith  the large gizzard 
m ass treatm ent followed by the small gizzard m ass treatm ent, 
w hile the other group w as sim ultaneously exposed to the tw o 
treatm ents in reversed order (a crossover design to avoid con­
founding effects of time). In captivity, it takes about a week for 
a b ird 's  gizzard mass to m atch its diet [36]. We allowed at 
least three weeks for the birds to  increase gizzard m ass after a 
diet switch. Trials were conducted betw een 21 December 2010 
and 21 January 2011, after w hich the b irds were returned to a 
diet of trout-feed pellets.

In order to account for variation in m agnitude of gizzard 
mass change, as well as to decompose the (co)variance into the 
between- and w ithin-individual components, we analysed 
exploratory behaviour and gizzard mass in a bivariate mixed- 
effects m odel w ith individual identity as a random  effect [40]. 
We did not include the initial gizzard mass measurements in 
this analysis, as there w as no corresponding measure of explora­
tory behaviour at that time. The effect of the order in which 
birds received the gizzard m anipulation w as not significant 
(—0.19, 95% Cl (—1.23; 0.77)), and for simplification we removed 
it from the final model. In order to test w hether individuals varied 
consistently in gizzard mass between treatments, we calculated 
'consistency repeatability' from standardized gizzard mass [41].

( f )  F ree-liv ing  e x p lo ra to ry  b e h a v i o u r  o f  e x p e r i m e n t a l  
b irds

In August 2011, after the experiments had been completed, all 
birds (except for tw o that had died) were released into the wild 
(53°15/ N, 5°15' E). A  week before their release, the birds were 
fed blue mussels and tagged w ith unique colour-coded ring com­
binations placed around their legs allowing for individual 
identification in the w ild [29]. Resightings of these individuals up 
to March 2013 allowed us to estimate their free-living exploratory 
space use.

(g )  L o n g - t e r m  r e s ig h t in g  a n a ly s e s  o f  f ree - l iv ing  b ird s
Between 1998 and 2003, 402 islandica knots were captured and 
prom ptly released in the Dutch W adden Sea after their gizzard 
mass had  been m easured, and they had been tagged w ith 
unique colour-coded combinations of rings. Resightings of these 
birds in the Dutch W adden Sea (n = 1068) were analysed over 
the period from capture up  to March 2013 to  estimate 'apparent 
survival' and resighting probability. Note that apparent survival 
includes true survival as well as perm anent emigration, which 
cannot be separated [42], In order to correct for food-type- and 
season-induced variation in gizzard mass betw een and within 
years [35], we zero-centred gizzard mass for each catching event 
(n = 16) [43],

(h) Data a n a ly s e s
For each captive individual, exploratory behaviour w as measured 
on four occasions: tw o replicates during the first quantification of 
exploratory behaviour, and tw o replicates during the gizzard 
mass manipulation. Fraction of time spent searching in the 
exploration arena (exploratory behaviour) w as logit-transformed 
to  conform to norm ality assumptions. Repeatability R  in explora­
tory behaviour w as calculated as the between-individual variance 
divided by  the total phenotypic variance; that is, the sum  of 
between- and w ithin-individual (residual) variance. Variance 
components were extracted from a univariate mixed-effects 
m odel w ith individual identity as a random  effect. Confidence
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Figure 1. S ta n d a rd iz e d  m a jo r  ax is  re g re s s io n s  (a)  b e tw e e n  th e  firs t m e a s u re  o f  e x p lo ra to ry  b e h a v io u r  a n d  th e  s e c o n d , a s  w ell a s  (6) g iz z a rd  m a ss . G izzard  m a s s  w a s  
m e a s u re d  s h o r tly  a f te r  c a p tu re ,  a n d  is th e re fo re  re p re s e n ta tiv e  fo r  th is  o rg a n  m a s s  in  th e  w ild . E xp lo ra to ry  b e h a v io u r  w a s  m e a s u re d  a s  th e  f ra c tio n  o f  t im e  s p e n t  
se a rc h in g  a n d  w a s  lo g it- t r a n s fo rm e d .

intervals and significance were calculated w ith parametric boot­
strapping [41]. We initially included sex as a fixed effect, bu t we 
removed this from the final m odel as exploratory behaviour did 
not significantly differ betw een males and females (0.3 s.e. 0.6). 
In order to  truly capture the effect of a 'novel' environment, we 
correlated gizzard mass at capture to exploratory behaviour 
from the first replicate. Because our purpose w as not to  predict 
exploratory behaviour from gizzard mass, bu t only to  summarize 
their relationship, we used standardized major axis analyses [44],

A pparent survival and resighting probabilities were calcu­
lated from resighting histories of free-living individuals using 
the statistical software MARK [42], O ur candidate m odel set 
included m odels w ith  fixed or residual gizzard-m ass-dependent 
apparent survival and resighting probability. To account for vari­
ation in apparent survival and resighting probability betw een 
years, we additionally included m odels w ith  tim e-dependent 
apparent survival and resighting probability in our candidate 
m odel set (i.e. year as factor w ith  15 levels). For m odel selection 
and inference, w e used Akaike's information criterion corrected 
for small sam ple size (AICc). In order to test for violations of 
the assum ptions underlying m ark-recap tu re  analyses, we per­
formed a goodness-of-fit test of the global m odel w ithout 
covariates, including tim e effects on apparent survival and 
resighting probability, using the program  U-CARE [45]. These 
results indicated that our m odel fitted the data adequately 
0tf51) =  60.7, p = 0.17).

Data analyses were carried out in R v. 2.15.1 [46] w ith the 
packages 'RMark' for m ark-recapture [47], 'rptR ' for univariate 
mixed-effects repeatability [41], 'sm atr' for standardized major axis 
[48] and 'MCMCglmm' for bivariate mixed-effects analyses [49].

3. Results
(a) Explora to ry  b e h a v io u r
O u r first set of experim ents revealed  th a t exp loratory  b eh av ­
iou r w as  repeatab le  (R  =  0.67, 95% C l (0.38; 0.85), p <  0.01; 
figure la), a n d  th a t it w as negatively  correlated  w ith  g izza rd  
m ass a t cap tu re  (in tercept =  5.3, 95% C l (3.0; 7.6), 
slope =  -0 .7 2 , 95% C l ( -1 .0 6 ; -0 .5 0 ) , r =  -0 .5 2 , p =  0.01; 
figure lb). W ith in  ind iv iduals, a  reduction  in  b o d y  m ass 
(energy stores) d id  n o t m otivate  b ird s  to  explore m ore, as 
th e  w ith in -in d iv id u a l correlation  of exploratory  b ehav iou r 
w ith  b o d y  m ass w as non-sign ifican t (r =  0.13, 95% C l 
( — 0.35; 0.44); figure 2). There w as, how ever, a  significant

S - 3 -

150110 130 170 190
body mass (g)

Figure 2. B e tw e e n -  a n d  w ith in - in d iv id u a l c o rre la t io n s  o f  b o d y  m a s s  w ith  
e x p lo ra to ry  b e h a v io u r . T he c lo se d  circles re p re s e n t  a n  in d iv id u a l's  a v e ra g e  
b o d y  m a s s  a n d  e x p lo ra to ry  b e h a v io u r  o f  th e  f i rs t tw o  e x p lo ra t io n  tr ia ls . 
T he  lin e  re p re s e n ts  th e  b e tw e e n - in d iv id u a l  s ta n d a rd iz e d  m a jo r  ax is  re g res s io n  
a s  e s t im a te d  fro m  th e  b iv a r ia te  m ix e d -e ffe c ts  m o d e l. T he  o p e n  c ircles d e p ic t  
a n  in d iv id u a l 's  b o d y  m a s s  a n d  e x p lo ra to ry  b e h a v io u r  a t  e a ch  tr ia l. E xp lo ra to ry  
b e h a v io u r  w a s  m e a s u re d  a s  th e  f ra c tio n  o f  t im e  s p e n t  s e a rc h in g  a n d  w a s  
lo g it- t r a n s fo rm e d .

a n d  negative b e tw een -ind iv idua l correlation of exploratory  
beh av io u r w ith  b o d y  m ass (r =  — 0.84, 95% C l ( — 0.96; 
— 0.45); figure 2). Body m ass d u rin g  these trials w as corre­
la ted  w ith  b o d y  m ass a t cap ture, ind icating  th a t b o d y  m ass 
in  cap tiv ity  reflects b o d y  m ass w h ile  liv ing free (r =  0.59, 
95% C l (0.24; 0.81), t21=  3.4, p <  0.01).

(b) Gizzard m a s s  t r e a t m e n t
M anipulating  g izzard  m ass resulted in  an  average g izzard  m ass 
difference of 4.6 g  betw een  treatm ents (s.e. 0.6, ANOVA: F144 =  
66.7, p <  0.01; figure 3a). A n  ind iv idual's  exploratory behaviour 
d id  n o t change in  response to  the m an ipulation  of g izzard  mass, 
as evidenced b y  a lack of w ith in-ind iv idual correlation of 
exploratory behav iour w ith  m an ipu la ted  g izzard  m ass 
(r =  —0.20, 95% C l (—0.50; 0.11); figure 3b). Between ind iv id­
uals, the correlation of exploratory behav iour w ith  
m an ipu la ted  g izzard  m ass d id  n o t differ significantly from
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Figure 3. G izzard  m a s s  a n d  e x p lo ra to ry  b e h a v io u r  a s  a  re s u lt  o f  th e  g iz z a rd  
m a s s  m a n ip u la t io n . D ifferen t p a n e ls  r e p r e s e n t  (a) g iz z a rd  m a s s  a s  fu n c tio n  o f  
t r e a tm e n t  lev e l, (6) e x p lo ra to ry  b e h a v io u r  a s  a  fu n c t io n  o f  m a n ip u la te d  
g iz z a rd  m a s s  a n d  (c) e x p lo ra to ry  b e h a v io u r  a s  a  fu n c tio n  o f  t r e a tm e n t  
leve l. T re a tm e n t level re fers  to  th e  sm a ll g iz z a rd  (S) o r  la rg e  g iz z a rd  t r e a t ­
m e n t  (L). E xp lo ra to ry  b e h a v io u r  w a s  m e a s u re d  a s  th e  f ra c tio n  o f  t im e  
s p e n t  se a rc h in g  a n d  w a s  lo g i t- t r a n s fo rm e d . W e a n a ly s e d  th e  e ffe c t o f  th e  
g iz z a rd  m a s s  t r e a tm e n t  o n  e x p lo ra to ry  b e h a v io u r  in  a  b iv a r ia te  m ix e d -e ffe c ts  
m o d e l to  a c c o m m o d a te  th e  d if fe re n c e s  in  m a g n i tu d e  o f  g iz z a rd  m a s s  c h a n g e  
b e tw e e n  in d iv id u a ls . Lines c o n n e c t in d iv id u a ls  b e tw e e n  t r e a tm e n t  levels. 
C losed  circles in  p a n e l (6) re p re s e n t  in d iv id u a ls  t h a t  firs t re c e iv e d  th e  la rg e  
a n d  th e n  th e  sm a ll g iz z a rd  m a s s  t r e a tm e n t ;  o p e n  circles re p re s e n t  
in d iv id u a ls  t h a t  w e re  s im u lta n e o u s ly  g iv e n  th e  re v e rse  t r e a tm e n t  o rd e r .

zero either (r =  —0.40, 95% C l (—0.90; 0.69); figure 3c). The 
absence of this correlation com pared w ith  the negative 
betw een-ind iv idual correlation w e found  w h en  the b ird s w ere 
living free suggests tha t g izzard  m ass is n o t determ ined  by  indi­
v idua l 'design ' constraints (e.g. genetic architecture an d  body  
size), b u t regulated  b y  diet. Indeed, m an ipu lated  g izzard  m ass 
(w hen d ie t w as controlled for) w as n o t repeatable (Inconsistency =
0.22, 95% C l (0.00; 0.55), p =  1.00). By contrast, exploratory be­
hav iour in  the g izzard  m anipu lation  trials w as repeatable 
(R =  0.56, 95% C l (0.22; 0.79)), also w ith  respect to the first 
m easure of exploratory behav iour six m on ths before (R  =  0.54, 
95% C l (0.21; 0.77), p <  0.01). Surprisingly, how ever, explora­
to ry  behav iour w as n o  longer significantly correlated w ith  
g izzard  m ass a t capture. N onetheless, the estim ated values for 
intercept (7.3) a n d  slope (—0.89) w ere w ith in  the 95% confidence 
intervals ((3.9; 10.6), p =  0.24; an d  (—1.38; —0.57), p =  0.34, 
respectively) o f those estim ated from  the correlation betw een 
the first m easures of exploratory behav iour an d  g izzard  m ass 
a t capture.

(c) F ree-liv ing  e x p lo ra to ry  b e h a v i o u r  o f  e x p e r i m e n t a l  
b irds

O ut of 21 experim ental b ird s that w ere released in  the w ild, 
10 w ere resighted in  the period  betw een release an d  M arch 
2013. In line w ith  ou r experim ental results, free-living exploratory 
indiv iduals w ith  sm all g izzards h a d  a low er resighting p rob­
ability than  non-exploratory indiv iduals w ith  large gizzards. 
Birds tha t w ere no t resighted h ad  significantly h igher exploratory 
behaviour scores (1.1 s.e. 0.4, ANOVA: F1/19 =  7.2, p =  0.01;
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Figure 4. (a) E xp lo ra to ry  b e h a v io u r  a n d  (6) g iz z a rd  m a s s  fo r  re d  k n o ts  t h a t  
w e re , a n d  w e re  n o t ,  re s ig h te d  in th e  D u tch  W a d d e n  S ea  in th e  p e rio d  
b e tw e e n  b e in g  re le a s e d  (A u g u s t 2 0 1 1 ) a n d  M arch  2 0 1 3 . E xp lo ra to ry  b e h a v ­
io u r w a s  m e a s u re d  a s  th e  fra c tio n  o f  t im e  s p e n t  se a rc h in g  in th e  firs t 
m e a s u re m e n t  o f  e x p lo ra t io n  a n d  w a s  lo g i t- t r a n s fo rm e d .

figure 4a) and  sm aller g izzard  m asses (—1.5 s.e. 0.6, ANOVA: 
f  1,19 =  6-0/ P =  0.02; figure 4b) than  b ird s tha t w ere resighted.

(d) L o n g - t e r m  re s ig h t in g  a n a ly s e s  o f  f ree - l iv ing  b irds
B ased o n  th e  analysis of o u r long-term  resigh ting  efforts an d  
in  line w ith  o u r in d ep en d en t experim ental results, w e  found  
th a t exp loratory  beh av io u r an d  g izza rd  m ass w ere negatively  
correlated  in  th e  field  as w ell. The logit of resigh ting  p ro b ­
ability  increased  b y  0.13 (95% C l (0.02; 0.24)) p e r g ram  of 
residual g izza rd  m ass (figure 5a; electronic su p p lem en tary  
m aterial, tab les S I a n d  S2), m ean ing  b ird s  w ith  sm all g iz­
za rd s  w ere  less often  resigh ted  in  the D utch  W adden  Sea 
th an  those w ith  large g izzards. Sim ilarly, the  average g izza rd  
m ass of in d iv idua ls  th a t w ere  resigh ted  ou ts ide  th e  D utch  
W ad d en  Sea w ith in  a  year after cap tu re  w as  low er th an  
th a t o f in d iv idua ls  th a t w ere  resigh ted  in  the D utch  
W ad d en  Sea on ly  ( — 0.80 s.e. 0.37, F1/10s =  4.7, p =  0.03, 
figure 5b). W e d id  n o t find  an  effect o f g izza rd  m ass on  
ap p a ren t su rv ival, w h ich  averaged  0.82 (95% C l (0.79; 0.84); 
electronic su p p lem en tary  m aterial, tab les SI a n d  S2), 
suggesting  th a t ne ither large m etabolic m achinery  no r 
exploratory  beh av io u r are associated  w ith  low er survival.

4. Discussion
C onsisten t varia tion  in  (m etabolic) o rgan  m ass h as  been  
h y p o th es ized  to cause varia tion  in  personality  tra its [18-20]. 
In  th is study , w e exam ined  tw o  critical no tions u n d e r­
ly ing th is  hypo thesis. In stead  of th e  hy p o th es ized  positive 
b e tw een -ind iv idua l correlation, w e  fo u n d  th a t exploratory
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Figure 5. R esig h ting  an a ly sis  o f  free-liv in g  red  k n o ts  w ith  k n o w n  g izza rd  m a ss . 
(a) A p p a re n t survival a n d  re s ig h tin g  p ro b ab ility  in th e  D utch W a d d e n  S ea  a s  a 
fu n c tio n  o f  res idual g iz z a rd  m a ss  a t  c a p tu re , a n d  (6) a v e ra g e  res idual g izza rd  
m a ss  fo r  b ird s  re s ig h te d  in th e  D utch W a d d e n  S ea  o n ly  a n d  th o s e  e lsew h ere  
w ith in  1 y e a r a f te r  c a p tu re . T hose k n o ts  th a t  w e re  re s ig h te d  o u ts id e  th e  D utch 
W a d d e n  Sea w ith in  a  y e a r a fte r  c a p tu re  w e re  re s ig h te d  in E ng land  o r  G erm any  
(se e  in s e t o f  p a n e l (6)).

beh av io u r w as negatively correlated  w ith  d igestive o rgan  
(g izzard ) m ass. To exam ine the causality  of th is correlation, 
w e  m an ip u la ted  g izza rd  m ass an d  fo u n d  th a t an  in d iv id u a l's  
exp loratory  beh av io u r w as unaffected. This led  u s  to  reject 
th e  hypo thesis th a t varia tion  in  d igestive o rgan  size causes 
consistent exp loratory  beh av io u r w ith in  ind iv iduals. For 
free-living knots, w e also show ed  th a t exploratory  b ehav iou r 
w as negatively  correlated  w ith  g izza rd  m ass betw een  
ind iv iduals, a n d  th a t n e ither factor w as  associated  w ith  
low er surv ival. C onsisten t varia tion  in  exploratory  behav iour, 
o r som e correlated  variab le , seem s to  cause varia tion  in  
d igestive o rg an  m ass.

(a) An ec o lo g y  o f  e x p lo ra to ry  b e h a v i o u r
C onsisten t differences in  exploratory  beh av io u r are  fo u n d  in  
m an y  differen t o rgan ism s [5]. U sually , exploratory  b ehav iou r 
is m easu red  in  s tan d ard ized  experim ents o u ts ide  an  in d iv id ­
u a l's  regu la r env ironm ent, w h ich  can b e  prob lem atic  for the

in te rp re ta tion  of the tra it u n d e r  investigation  [50]. To avoid

quality  of p rey  tha t it consum ed over the p rev ious few 
w eeks [36]. E xperim ental exploration scores w ere negatively 
correlated w ith  g izzard  m ass in  the w ild , suggesting  that 
exploratory behav iour is correlated w ith  p rey  type  betw een  
indiv iduals, either directly o r indirectly (e.g. th rough  increased 
access to areas w here  h igh-quality  p rey  are available). F urther­
m ore, the positive betw een-ind iv idual correlation of resighting 
p robability  w ith  residual g izza rd  m ass a t cap ture  w as presen t 
in  all years (1998-2013) after cap ture  (betw een 1998 a n d  2003). 
The tem poral consistency of th is correlation suggests th a t an  
ind iv idual's  exploratory behav iour is consistent over tim e 
a n d  th a t g izza rd  m ass is indeed  behaviourally  regulated.

O ne could  arg u e  th a t the b e tw een -ind iv idua l correlation 
of exploratory  beh av io u r w ith  g izza rd  m ass h a s  been  
fo rm ed  b y  the in teraction  be tw een  genetic m echanism s (e.g. 
coevolution , p le io tropy  a n d  linkage d isequilib rium ) an d  
env ironm enta l m echan ism s (e.g. p e rm an en t env ironm enta l 
correlations) [40]. The lack of repeatab ility  in  an  in d iv id u a l's  
g izza rd  m ass be tw een  the sm all an d  large g izza rd  m ass trea t­
m ent, how ever, does n o t su p p o r t such  an  argum en t. G izzard  
m ass m igh t still be  regu la ted  b y  an  u n d erly ing  u n k n o w n  
process (e.g. p rey  preference) th a t itself is correlated  w ith  
exploratory  behav iour. A  p articu la rly  in teresting  m echanism  
that, in theory , cou ld  b e  capable of generating  th e  observed  
correlation  betw een  exploratory  beh av io u r an d  g izza rd  
m ass d u rin g  on togeny  [14,17] is a  positive feedback 
m echan ism  b e tw een  g izza rd  m ass an d  p rey  quality .

In  the W ad d en  Sea, p rey  quality  is inversely  re la ted  to 
p rey  density  [33], a n d  the spatia l exten t w here  h igh-quality  
p rey  are available is lim ited  [32]. Because of a  d igestive con­
strain t, in d iv idua ls  w ith  sm all g izza rd s can  only  achieve 
sufficiently h igh  in take rates on  a  d ie t o f h igh -quality  prey  
(i.e. there  is a  positive feedback betw een  g izza rd  m ass an d  
p rey  type) [33-35]. A s h igh-quality  p rey  is less ab u n d an t 
th an  low -quality  prey, it w as  p rev iously  th o u g h t th a t b ird s  
w ith  sm all g izza rd s w o u ld  have  an  increased starvation  
d an g er com pared  w ith  b ird s  w ith  large g izza rd s [54]. W e 
h ave now  show n  th a t there  is n o  su rv iva l cost for hav in g  a 
sm all g izzard , w h ich  is a t o d d s  w ith  th is notion . Possibly, 
th e  increased starvation  risk  of hav in g  a  sm all g izza rd  can 
b e  com pensated  for b y  being  explorative, thereby  allow ing 
th e  d iscovery  of h igh-quality  prey.
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Figure 6. H y p o th e s iz e d  p o s itiv e  fe e d b a c k  lo o p  c a p a b le  o f  m a in ta in in g  v a ria tio n  in e x p lo ra to ry  b e h a v io u r  b e tw e e n  re d  k n o ts . T he  c o n s e q u e n c e  o f  e x p lo ra to ry  
b e h a v io u r  is in c re a se d  p re d a tio n  d a n g e r ,  to  w h ic h  re d  k n o ts  re s p o n d  p h y s io lo g ic a lly  by  h a v in g  lo w e r e n e rg y  s to re s . Low e n e rg y  s to re s  in c re a se  s ta rv a tio n  
d a n g e r ,  w h ic h  re q u ire s  e x p lo ra to ry  b e h a v io u r  t h a t  c o n s e q u e n tly  e n a b le s  th e  d isco v ery  o f  h ig h -q u a li ty  p rey . D igestive  o rg a n  m a s s  w ill b e  sm a ll a s  a  p hysio lo g ical 
re s p o n s e  t o  c o n s u m in g  h ig h - q u a l i ty  p rey , w h ic h  in tu r n  re q u ire s  e x p lo ra to ry  b e h a v io u r  e n a b lin g  th e  d iscovery  o f  sp a rs e ly  d is tr ib u te d  h ig h - q u a li ty  p rey , b e c a u s e  b ird s  
w ith  sm a ll g iz z a rd s  c a n  o n ly  a c h ie v e  a  su ffic ien t in ta k e  ra te  o n  h ig h - q u a li ty  prey .

(b) Exp lora to ry  b e h a v io u r ,  su rv iva l  a n d  b o d y  m a s s
The evolu tionary  o rig in  an d  m ain tenance  of pheno typ ic  v a ri­
a tion  in  an im al personality  is in tensely  d eba ted  [15,17,55,56]. 
Recent w o rk  suggests th a t personality  varia tion  am ong  in d i­
v id u a ls  cou ld  reflect varia tion  in  ad ap tiv e  specialization  to  a 
p articu la r life-history stra tegy  (the 'pace-of-life' concept [20]). 
E xplorative in d iv idua ls  are likely to  incur costs associated  
w ith  m ovem ent th a t m ay  reduce  su rv iva l (e.g. th ro u g h  
increased  m etabolic costs a n d  h ig h er p red a tio n  dan g er 
th ro u g h  increased exposure [21,27]). F rom  a life-history stra t­
egy perspective, these su rv iva l costs are  expected  to  be  
com pensated  for b y  increased g row th , age  a t m a tu rity  an d  
rep roduc tion  if exploratory  b ehav iou r is to  b e  evolutionarily  
stable (a h ig h -risk /h ig h -g a in  lifestyle [20,22]). E m pirical evi­
dence th a t there are su rv iva l costs to  exp loratory  behav iour, 
how ever, is equivocal [57]. O ur resu lts d o  n o t p rov ide  any  
evidence th a t exploratory  beh av io u r is associated  w ith  
reduced  surv ival.

O ther than  th rough  adaptive specialization to  a particular 
life-history strategy, costs of an  ind iv idual's personality  could 
be  reduced th rough  correlations w ith  o ther traits such as body  
m ass [4,12]. For instance, exploratory b lackbirds Turdus merilla 
com pensated  for increased flight costs an d  p redation  danger 
by  carrying sm aller energy stores th an  m ore sedentary  ind iv id­
uals, albeit at the cost of increased starvation danger [58]. 
Similarly, w e found  a  negative correlation of bo d y  m ass w ith  
exploratory behaviour betw een  individuals. Red knots show  
relatively sm all variations in  structural size [59], an d  the 
observed m ass differences betw een  exploratory an d  non- 
exploratory b ird s  (m axim um  of 79 g) are too large to  be 
accounted for by  differences in o rgan  m ass only [37]. M oreover, 
in  an  experim ental setting, red  knots have been  show n to 
actively reduce b o d y  m ass in  the presence of p redators [60], 
allow ing better escape behav iour from  predators [61]. Birds 
w ith  sm all energy stores could com pensate for their increased 
risk o f starvation b y  searching for h igher-quality  prey. Indeed, 
in  o u r study, lighter b ird s w ere m ore explorative. This effectively 
creates tw o positive feedback loops (figure 6): one betw een 
exploratory behaviour, p redation  danger an d  energy stores, 
an d  ano ther betw een exploratory behaviour, p rey  quality  and  
digestive organ m ass. A lthough in  ou r short-term  laboratory 
study  w ith  fully m ature  b ird s w e d id  n o t find  a w ith in-indiv id­
ual correlation betw een  exploratory behaviour an d  g izzard  
m ass, n o r b o d y  m ass, in  the field the situation  is expected to

be  different for tw o reasons. First, in  the m ore dem and ing  life­
style of the w ild , exploration for the sparsely d istribu ted  high- 
quality  prey is required  for ind iv iduals w ith  sm all g izzards 
an d  energy stores, w hich are digestively constrained [33-35]. 
Fikewise, having sm all energy stores w ill increase the risk o f star­
vation, an d  thus require b ird s to be  m ore explorative and  
increase the probability  of finding (high-quality) prey. Second, 
w e im agine tha t such feedback loops are especially im portan t 
d u ring  ontogeny (either or n o t in interaction w ith  genetic d ispo­
sitions), after w hich  behaviour could  becom e fixed to  som e 
extent (i.e. consistent). Small differences in  any  of the variables 
in  the hypothesized  feedback loops could lead  to lasting 
betw een-individual differences. For example, if, b y  chance, a 
young  an d  learning ind iv idual experiences an  unsuccessful fora­
g ing bout, an d  consequently  low  energy stores, it w ill be  
p rom p ted  to explore m ore, facing h igher p redation  risk, an d  
thus enforcing m aintenance of low er energy stores [28]. A t the 
sam e tim e, exploratory behaviour allow s access to  high-quality  
prey, w herefore b ird s  w ill acquire sm all gizzards, thus enforcing 
exploratory behaviour (figure 6). The challenge is to p inpo in t 
w hether, an d  at w h a t tim e d u ring  ontogeny, consistent variation 
in  behaviour an d  physiology w ill start to occur. For such inves­
tigations, w e need  to  u nders tand  the key state variables involved 
in  the trajectory tow ards exploratory or non-exploratory person­
alities. W e propose tha t the causal fram ew ork sketched in  figure 
6 could be  the w orking hypothesis u p o n  w hich to  bu ild  further 
em pirical and  theoretical w ork.

All experiments were carried out under DEC protocol NIOZ 10.01 
and according to Dutch law.
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