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Abstrror. Growing alimvial birds may expernence nuintional stress in the nest dne Lo sibling competition. loed restnciion. or
parasites. Nulntional stress may be detected through s eftect on nesling growth, atthongh genctic and matemal clfects may
interfere with s expresson A piore diteet way af estimating nuintional siress miay be Birough measurenienls of organisnic
sress in growing birds. Hetecophil/Tymphucyte ration (H/L) have been preposed s reliable physiological indicators of the
strese cesponse. Heat-shock protesn (HSP) synthesis s induced by animals so response to various siressory, making the
concentration of HSPx a3 smitsble measuee of organismic stresc In o study of growing pied Nycatehers (Ficedula hypoleuca).
we assessed WL (rom cell counts in blood smears andd Jevels of nwo HSPs, HSP6D and HIPT0, from she celd friction of
preripberal blood. H/L and (s level of 1ESP6) were wgnificuntly positively aszociated in nexdings of 13 days of age, while
the level of HSP70 was pot relaed (o the ather two measunes. Small wesilings with respect to tarsus {ength on duy 7 had
hipher levels of HSPGO and hugher HAL vialue, Beeod means of nestbng mass, tarxos length, and wing lengih shortly before
(ledging were neganvely related 1o both mean 1SPO0 devel and menn H/L mun. Brood vanances in body mass and wing
length o day 13 were posinvely a<socinted with mean HSP6G fevels but not wilth mean H/L values, Up to 805 of variation
s wonne tragrs was explained by strexs sidjcatons

Keywords: immune syxtem, life history. growth. sithing comipetition, covironmicnlal campanent, £12e. condition.

Résuntd : Lex gisillons nidweoles penvend subir dea stress ntntionncls lorsqu’ils sonl an nid en raison de fa comgliition cntre
les oisenx d'unc mdme nichée. d une dinunution de 1a disponibilité de nourmnise oy de parzsitex. Un stress nnsiionm! peut
&re décelé par ves ellets sar la conssance de 'orcllon. bien que son expression puisse £re ausquée par des Tactcars pénéhgues
ou maternels. I ext passilde o estimer de fagoa plus directe un stress nurinoened par Ja mesure du Stress que subissent des
oseaux en croissance. Lex mpports enise les leucocyics neutrophiles et des lymphoeytes (N/LY ont en effet dié proposes
comme mdicalewss phyxwlogiques (ables de réponse an siress. La synthtce des protéises assovices aux coops do chalenr
(HSPY est isduite cher les animaax e réponse A différents agents e streas! lear concentration pei doac senir de mesure du
strzss de I'organisnye. Nous avens évadué chez de jeunes pabemouches noirs (Ficedula hypolruca) 1 vappont ML & partir Je
b nunénstion cellulire de (rrus sanguing, ainsi que des mveaus de denx protéines HSP (HSPGD et HSP7, b partir de fractions
cellulaires de sang périphéngue. La relation entre Je rapport N/ et I concemtration de HSPGD éan poslizve ¢ sigmbcative
chez lex oisillons fgés de 11 jours. La concentrtion de HSPI0 n' était toulefois pas rebice i ces denx mesures. Chez Jes petits
oistllons (a4 qille &am déterminée puc Ja lopgoenc du kigse 3u 74 jour de vie), les copoemtrabons de HSPOD ef les mppons
N/ éiacenl ptus élevés que chez ley plus gsonds oisillons. Chez les mchides, bes moyennex de 1a masse corporelle, de la
lsngueur du tarse et de la fongucue de ) aile des oisilfons peu de temips avan jewr premier envol éiienl assaaidcs de fagon
négative aux moyennes des comtentrulions des protlines HSPSO 21 des rapports N/L. On o trouvd une relation positive entie
fes vananees de la masse corporelle et de Ia Yongueur de Vaile chier les nichdex au your 13 avee la moyenne dex conceatiations
de HSPAO, muus pas aver Ja moayenne des rapports NA.. Pris de 80 % de I3 vanation de cenains camekies A1l exphiquee par
dis indicateurs Ju siress,

Mens-clés | sysiéme inpunitaice. eyele vilul, crorsance, compéinon alre frifes of focues, compose envisinenelale,
Gnlle, condifion.

Introduction

Nestlings are exposcd 10 variable conditions with
respect to autntion during gsowth, which may be reflected
in their levels of physiological suress (Hoi-Lenner ¢r al.,
2001). Asceraining food restriction through morphological
meastrements or body mass at a certain stage of develop-
meil may incorporate geneic oo maternmal effects, which ane
nal direcly refated o nutcitional condition during the
growth period (Mcrila. 1996). Physiological and nonde-
structive swtress indicitors may be uxed to determine nutni-
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nonal stress in growing organisms. Among the mast widely
used are several micasunes derdved feony samples of periph-
eral blood. Feod restriction can have intportant inplicalions
for lcucocyte production and circolation in domesiic poultry
(Maxwell, 1993). Thw heterophilllymphocyte ratio (H/L) ix
widely accepled as o reliable and accurate physiological
indicator of stress (Maxwell & Rabentson, 1998). Tis rele-
vance for studics of nutrirional stress in wild populations
has recently been explored (Horak. Ots & Murmiigi, 199%:
Otg, Murumigi & Horak, 1998). Heat shock proteing
(HSPx), also called stress proteins, ane evolutionarity highly
conserved molecules that help cells in recovering from



stress siluations by correcting musconligurations in protein
structires (Morimaoto. 19913, Although therial stress wis
the initsal focux of sludics on HSP function (Coleman,
Heckathomn & Hallberg, 19935: Krebs & Feder 1997), dis-
ease (Garbe, 1992), inflammation (Macaria, 1995), and pol-
Jution (Delmax er al.. 1996) also can induce inereased HSP
production. Recently, HSP levels fiave been used 10 evalu-
ate the stress inflicted by parasites (Merino e ol..1998:
2001) and pollution (Eeva ef a)., 2000) on nestling birds.

Here we have tried 10 compare both indicators of physi-
oJogical shiess in a sample of pied flyeatcher (Ficedula
hypoleuco Pallas) broods. The first issue raised is whetler
stress-mediated changes in leucocyte production and circu-
Iation are related (o siress prolein synthesis. To our knowl-
edge, this information js not available for any species,
althovgh an immunological challenge ted to increases in the
concentration of sifexs profeins in piglets (McComb &
Spurlock, 1997). A significant association between H/L and
HSP concenlrations would rejnforee the use of both stress
indicarors for field studies of arpanismic stress.

The second issue is whelher stress indicators are related
{o patterns of pesuing growth. Merino ¢f al. (1998) detected
a significant association betweecn HSP levels and wing
length in nestling bouse martias (Delichos urbica LY.
Nestling mass and morphology are the product of the com-
pleX imeraction of genelic, malernal, and environmantal
elfects (Merilil. 1997) and are not independemt measurcs of
nulritional stress. Epvironmental variation is normally
increased by stress condjtions in birds (Hoffmann & Meriki,
L1999). U stress imposed by food restriclion is imporam jo
determining growtl. the genetic potemial of organisims will
not be reached under poor nutrition (Alatalo. Gustasson &
Lundherg. 1990; Gebhardt-Henrich & van Noordwijk.
1991) Thus. a strong associalion of stress indicalors with
nestling morphology may reflect a reduced evolutionary
polential of certain traits.

A third question relates 10 the impact of food restriclion
on {ood allocation among siblings by parents. On top of
stress directly effecied by [ood restriction, sibling colpeti-
ton ity wduce xtress through enfosced begging activity or
movements leading to stralegic posilioning in the ncs
(Ramos Feradndez ¢r al., 2000; Brzek & Konarzewski,
2001). Increased compelition may lead to a more unequal
foud distribution among siblings, thereby increasing viri-
ance in growth patterns (Nofez de 1a Mora. Drummond &
Wingficld, 1596). The association of increased stress with
incrensed vardance in nesting trails may reveal the impor-
tance of sibling competition in determining intra-bsood
growth patiemns,

Methods

The study was conducted it 1999 in a deciduous (orest
of Pyrennean oak (Quercus pyrenaica Willd.) at 1,200 m
a.a.l. in the vicinity of La Granja, Segovia province, central
Spain (40" 48" N, 4° 01" w). A stndy of a population breed-
g in nestboxes in this area has been eonducted sipee 1991
{Sanz & Moreno, 2000). Nestboxes (125 mm x 117 mm
bottom asea) are cleaned cvery year after the breeding sca-
son. Every year, the nestboxes are checked for sccopation
by pied flycatchers, and the dates of cluteh initistion. clutch
sizes. and number of Nedged young are determyined.
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The pied flycuicher )= a small (12-13 g) hole-nesting
passerine of Eoropean woodlands. It is a summer visitor
that adapts readily to breeding in artificia) nestboxes. Egg
laying in the population being studicd typically beging in
Iate May, and clutch sizes range from 2 1o § eggs. with a
mode of 6 egps (mean 5.73). The female incubates alone
and receives past of her food from her mate. Young are
brooded by the female only up o 1he age of 7 davs (Sanz &
Moreno. 1995). Both sexes feed the young, (Moreno ¢t al.,
1993). Young fledge within 14-16 days of hatching. This
oceurs in the second hall of Jupe in our study wrea, There
are no second clutehes in our study population.

A samiple of 22 nests were vsed for the study of nuld-
tional stress. On day 7 (hatching day = day 0). ihe tassus
lenglh of chicks (defined as distance between joints) was
nieasured with a digital caliper 1o the nearest 0.01 mm
(except in 4 broods). und their mass was obtzined with a
Pesola spring balance (0.1 g). All chicks were ringed with
numbered aluminivm bands (DGCN bands, ringing permit
by regional authoritics). On day [3, all sarviving chicks
were again measured and weighed in the same manper.
Wing length was measured with a stopped ruler to ic near-
est mm (Svensson, 1984). Blood was sampled from the
brachial vein into heparinized capilliry tubes (o vse for
smcars and for centrifugation for HSP analyses.

Leucoeytes fom the basis of the bnmune system, and
their main function is protection against foreign pathsgens.
Lymphocytes and heterophils are the most sbundant 1ypes
of leucocytes in avian blood (Campbell, 1995). Heterophils
are bactericidal phagocytising cells that enter Ussues during
the inflamnatory response (Maxwell & Robertson, 1998).
They are non-specific immune cells, in contrast to the high-
ly specilic sesponse of lymphocytes (Jurd, 1994). Davison.
Rowell and Rea (1983) and Gross und Sicgel (1983)
descnbed a ratio calculated from the proportions of het-
erophils and lymphocytes peesent in the circulidion of
domestic fowl as a measure of stress. The WL mtio has now
become widely accepied as a reliable and accurate physi-
ological indicator of Ui stress response (Maxwell &
Roberison. 1998). To cstimate H/L, a blood smear was
obtained from the brachial vein of chicks. A drop of blood
wias smicared on individually marked microscope slides, air-
dried, fixed tn absolute ethanol. and stained with Giemsa.
Slides were examined under microscope to estimate the pro-
portions of different types of levcocytes. Examination was
arrested when 100 leucocyles. excluding thrombacytes, had
been found under 1.000x magnification wilh oil immersion
(thrombocyies normally present an irregular, ugeregated
disteibution). Fields with similac densities of erithrocytes
were seanned for all individuale, H/L wis estimated from
the numbers ol heterophils and lymphocytes per 100 Jeuco-
tytes obtained in these counts. Granulocytes were double-
checked for identfication osing 1,000% wagnification. The
heteropbil/lymphacyte (H/L) ratio has been vsed as an
index of stress (Gross & Siegel, 1983: Maxwel), 1993) and
has shown a low mreasurement error in fiefd situations (Ots,
Murumiigi & Horak, 1998). Given the presence of try-
panosomes in periphieral blood of pied flycatcher nestings
(Merino, Potti & Morcno. (996) and e effect of hiemalo-
zoit on HSP levels (Merino e al., 2002), blood sroears were
sereened for ypanosonies with a 200x objective. Ta con-
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irol €or poscilsle nonrandom distribulon of parusites, half of
cach smear wag enprely seanped. Thus, iu most cases more
than 200 tiedds were scamted (aboul 15 mimotes smear!),
No ingruenhrocyic hamilozoa wese delected in this of pre-
vious stedies of pied flycatcher nestlings (Merino & Potti,
1995). We considered broods to be infected by 1ey-
pancsomes when ot least one nestling was infecied (see
Merino, Poii & Moreno, 1996 for rationalce).

CapiYlaries were centrifuged for 10 minutes ar 12,000
r.p.m. lexs an 2 hours after co)iection in the Oeld. Afer
centrifugation. cellular and plasma componenss were sepa-
rated and immcdiulely frozen. We analyzed thie cellvias pari
of blood in search of heat shock proteins by means of a
Westen blot. This technique ss usually and correstly emp-
loyed for deteciion and quantification of HSPs (Hotehkiss ¢/
ol 1993 Flanagan e ol.. 1995. Knowlion ¢f al. 1998:
Merno ¢f al.. 1998; Mantypez e ol.. 1999). Blood cells were
homngenized in 0.2 mL disdlled waier by a sonicatar. Tius
homogenate was centnifuged at 14,000 r.pan. for 20 minules
al 4°C. The supematant was colleced. snd the protein con-
centration determined (Bradford. Bio-Rad). Samples
(100 pg well’! for HSP70 and 150 pg well'! for HSP60)
were separated by sodium dodecyl sojpbate polyacrylamide
ged clectrophoresis (SDS-PAGE). Electrophonesis and clec-
troblotting were done according v Laemh (1970) and
Towbin. Stachelin, and Gordon (1979), respectively. Blots
were tesled with anlisera vsing as pnvayy monoclonal anti-
bodies anti-HSP70 (1/5.000. clone BRM 22, Sigma) and
ann-HSP&0 (1/1,000. clone LK1, Sigma). The use of these
anlibodies in the studied species is validated becanse two
immunoreactive bands with the appropriate molecalar
weights of around 60 and 70 kIDa were obiained by using
western blot. The peroxidase—cunjugated secondary anti-
body (Anu-mouse specific for Fe reging, Sigma) wax used
at 1/6.000 ditution. Densitomelric guantification of immuno-
reaclivity was obtained wath an image analyser (Quantity
One. Biorad). HSP levels were expressed as arbitrary unils
of optical densily per arca (0.D. area'!). Prior o this study,
experiments were carricd oul 10 demonsirate linearity of
immunoblot results at the conditions to be vsed. Evaluation
of lest resolts on pied flycateher blood samples by regres-
sion analysis revealed in alt cases o high correlation
(r > 0.95) between observed immuno-reactivity and amound
of protein applied in the test In order to minimise differ-
ences between blots, all samples were processed and ana-
lyzed at the same time. Previous experinents showed low
variation in the value obtsined for the same sivmples being
run oo diffevent gels by using this method (Fy 5 = LA,
p = 0.44; J. Martincz, unpubl. dala).

When relating stress to growth, brood means were ana-
lyzed. These tests are accordingly conservative. H/L ratios

have been logasithmically transfonued (o obtain noamal dis-
Irihulions.

Results

Mean H/L of nestdings was (.45 £ 0.49 (n = 78
nesilings. range 0.05-3.0). This level is very similar to chat
of adults in this populaton (Moreno ¢ ad., 2002). Levels of
HSP6O and H/L ratios of individual nestlings were xignifi-
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cantly posilively carrelated (Figoee 1). The sarpe was Irue
fos mean brood values (ry = 0.66, p = 0.002). ‘The Jevel of
HSP70 was not related to HSP6Q level or to H/L values
(» > 0.10). Trypanosomes were detected i only 1hree
nestlings of three diffesent broods. There were no signifi-
canl differences beiween. the three infected broods and the
rest with respect o levels of eithes HSPGO (F (¢ = 0.79.
P =0.39) or HSP70 (F| 1, = 1.10. p = 0.31).

The nican level of HSPGO wiis megatively coryelated
with mean larsus length on day 7 (), = 0.61, p = 0.008), but
inot with mean mass (p > 0.10). The xiume was tue for mean
H/L (tarsus length: r); = 0.83. p < 0.001). The mean level of
HSPGD was negatively comrelated with mean nesting miuss,
tacsus length. and wing length on day 13 (Figure 2). The
same was true for mean H/L (Figuee 3). The mean level of
HSPE0 was positively correlated with SD in nestling mass
and wing length on day 13 (Figure 4). Thix was not the case
for mean HA. (p > 0.10). The regression modcels explained
between 20% and 80% of variation in nestling morpholog)-
cal lraits,

Discussion

Stress ndicators 1 be vsed in field studies should be
nondestructive, easy to obvuin, and reliable. The H/L ratio
Ias been shown to be a reliabie stress indicator ju (ield xtud-
ics (Ots, Murumigi & Horak, 1998). Merino et al. (1998)
rave xhown the levels of HSPAO 1o refleat the incidence of
al least some <tressors found in the wild. Here we show that
both indicators are significantly related, sirengthening the
validity of their nse for [uture field stedies. The kevel of
HSP70. which has been vsed in other studies of stress in
witd birds (Merino ¢f al.. 1999; Ecva et of., 2000). did not
corre)ate with the other two. This suggests that HSP70 is a
poorer indicator of surexs in birds, at leass ia the range of
tissues and stressors {esled. Both suress responsces may be
triggered by clevated levels of siress hormones, which are
triggered by malnutrion in bronds (Kitaysky ¢ al., 1999).
Laboratory studies have detected 1hiat immunolagical chal-
lenges increase the concentration of specific stress profeins
in sonye lissues (McComb & Spurtock, 1997), indicating
that there is & link between the immune response and suwess
protein synthesis. The mechanistic basis for this link remaing
to be unravelted by physiologisis and immunologists.
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Fiuume 2. Corretuions berween mean HSPGO luvel md nican nestling
mass (ry, = 0,64, p = 0.001). mean 1arsus length {r = 0.43. p = 0.044},
and mean wing lenglh (7 =0.69, p < 0.001) on day 13.

Nestlng growth showed a very close associauon with
sieess indicators. By day 7 of life, vndersized nestlings
already had clcar symiptoms of stress wilh respect 1o both
wdicators. Shonly betore fledging, the it of aestling mass
and morphalogy o both H/L und HSPGO level was impres-
sive. HSP70 again revealed itself as 20 unsuitable indicator
of nutsitional stress. H/L was clearly the index best explatn-
ing variation 1n mass and size. recommending i (or (uwire
studies of nuuritional srress. Tarsos leagih was Use measure
least responsive to stress, sugpesiing that i is more 0vdepen-
dent of environmental variation and more canalized by heri-
{able faclors (but sce Moreno, Porii & Merno, 1997). This
has been shown in other studies of passcrines (Boag & van
Noordwijk, 1987; Meril3 & Gustafsson. 1993). The mosi
stress-sensitive measure, wing length, has been shown 1o be
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FIGURE 3. Correlalions betwren menn tansforrmed H/L and moan
nestling muss (ry, = 0.8 p < N.001), mean 1amsus leagth (ry = 0.62.
p = 0.003), and meaa wing length (rag = 0.89, pr < 0.001) on uy 11

a good estimale of nuiritional condiiion in nextling birds
{Nowicki ¢t al.. 2000). The Fact diar up 10 80% of variation
in nesthing waits is explained by sone stress indicator is
clear evidence that Ihere is huge environmental variation
affeciing growth patterns. Heritability of fitness-related
raits Jike mass and wing lengih may become ingignificant
{aced with such a massive impact of physiological stress,
presumably rclated 1o nutrition (Alatalo, Gustafsson &
Lundberg, 1990: Hoffmann & Meritia, 1999). This predic-
tion is valid only under the assumpiion hat steess affects alt
individuals simitarly. Although proper cross-(astering
experiments are needed 1o axceriain the heritability of mor-
phological traits {Meritd, 1997). detecting s(ress-related
vaniation may give a vseful hint aboune (he potential for
selection in natoral populaiions.
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in nesthing mass {7y, = B 78, p < 0.00}) and in acxtling wing Jength
(ryy =065, p=0.001) on day 13.

The two stress indicators explained best different
aspects of malnutrition in broods. While H/L showed strong
associalions with brood means. the leve) of HSP6) was a
much better predictor of variance within broods. So.
althongh both may reflcel food resiriction, H/L nay be
related 1o the effects of nutriion per se, while HSP6O would
reflect the suwress imposed by usymmetric sibling competi-
tion. Sibling competirion may inflict other suesses besides
the purcly nuiritional ones. Begging, although not especially
energetically costly (Soler ef al, 1999), may induce siress
mediated by corticosterone (Nuftez de 1a Mora, Dmmmond
& Wingfield. 1996; Kitaysky, Wingfield & Piau, 2001).
Activities related to adopling strategic positions in the pest
may also be stressful. especially for the smullest sibhings
(Brzek & Konarzewsid, 2001). These compelitive activities
would be reflected in increased size asymmetry in broods.
Mecrino ¢t al. (1998) also detected associations between
increased HSP6O Jevels and greates vartance within broois.
The link between competitive stress and HSP60 synthesis
remains 10 be explored further.
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