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Abstract

Timing of breeding ilCommon giillemots at Stora Karlsd, central Baltic Sea, is determinyetie

size of the sprat stock diMarch sea surface temperature. These fatigetherexplains64 % of the
inter-annual variationbased omlat from the 1970ths and 2000ths. However, in the recent years,
temperature seems less important, and | interpret this as guillemots are nowadays not physically
constrainedor breeding earlpecause of the increased Baltic Sea sprat stock. GuillemotsBaltie
Sea feedlmost exclusivelyn spratwhich hasa spawning period with larger intannual variation in
timing (several weeks) than guillemots1® days) Using survival datéor chicks ringed during the
2000thsmy results suggests that optimiahing of breedingor guillemots varies between yeaasd

is probably linked to spawning timing in sprats.

Keywords:Common gillemot, Uria aalge, Sprat, Sprattus sprattus, timing, match, mismatch, sea

surface temperature, Baltic Sea.

Introduction

Throuchout the planethiere is a growingwareness agcologicalconsequences of the global warming
(Walther et al 2002Parmesan & Yohe 2003, Root et al 20@himalsin the temperate zonesually
reproduceduring springasan evolutionary adaption for maxinmmg food requirement and thus
breeding outputliack 1968 and achange iranimalspring phenology is one widely documented
ecological effecof global warming Forchhammer et al 1998, Stenseth & Mysterud 2008ginally

intended as an explanation oférinnual variation in co@adus morhuaecruitment, Cushing (1969)



introduced the matemismatch hypothesisle hypothesized that thereas optimal timing forcod
spawningand variation irtiming mediated through climatgill sometimes mismatch food n@nd

and food supply resulting in failed recruitme®8ince introduction, the matahismatch hypothesis has
been used to describe variation in recruitment in various systems. In sysiamsfish-plankton
(Cushing 1990Platt et al 2003Beugrandet al2003), bivalve-plankton (Phillipart et al 20Q3cralz
bivalve (Strasser & Gunter 200 Daphniadiatom (Windler & Schindler 2004and seabirdish

(Durant et al 2005nteractionshave been observed to have underlying matidmatch dynamics

The perspectie of matchmismatch has recently been broadened to an explanation model for various
predatorprey interactions with a seasonal timing asp&hbfnas et al 200Durant et al 2007). In an
extended context, it states that a predathich depensimore or &ss on any specific foeglipply

with an intraannual variation in abundance, might be sensitivat@tionin the prey abundance peak
(Durant et al 200y In arapidly changing environmeng.g. as a result of the global warmitigg

ability of a predatoto adjusto a change in timing of prey abundance is a key feature to maintain
fitness Purant et al 200)7and many studies hapeoposed odocumented fithess drawbacks as a
result of mismatch, includingbroad spet r um of A pr e daranerat20054tlanicy s heep
puffin: Durantet al2005,American Robinlnouye et al 200Qpiedflycatcher:Both & Visser 2001,

Sanz et al 2003, Both et al 2Q@ue tit;Visser etal 1998 Thomas et al 2001, wiet moth:Visser &
Holleman 2001 However, therare also studies, which have documented a remarkable ability to
adjust breeding parametersa@ariable environment in order to maintain a match breeding with food
availability (.g.Cresswell & McCleery 20030verall, bird species araimphibianscurrerly show a
consistent trend towards earlier phenolog@yi¢k et al 1997, Forchhammer et al 198&nseth &
Mysterud 2002, but it is unclear whethehis is a sufficient adjustment to a changing environment.
Knowledge of vhich intrinsic and/or extrinsia@ttorsthatarebehindthe timing of breeding onséet a
prerequisite irassedsg how adaptable the predator is likely to be to a changing enviror{iReet et

al 2009.

The Baltic Sea is a brackish sea area which is relatively species poor and inhaxitseof marine

and freshwater organismB&ltngren & Hill 1997 Osterblom et al 2007). The Baltic Sea ecosystem has



duringthepast 100 years undergone large husimguced ecosystem changes through hunting of
seals, increased nutrient loading amensive ad fisheries (Osterblom et al 200The present state
of the Baltic Sea ist@racterized by a dominance pfat Sprattus sprattyswhich has been favored
by a small cod stocfOsterblom et al 20Q7and warmer winter climaté{acKenzie & Kdster 2004
The Baltic Sea spratockin 2006wasestimated t@lmost 200@housandons which is substantially
lower than in tle peak in thenid 1990ths (1995around 300@housandons) buts still about 10 times
greater therthetotal Baltic Seacod stock (2005about 20Ghousandons) (ICES 2004). Recent
analyses using 30 years of data have shown trophic cascades induced by cod fisheries down to
phytoplankton level (Casini et al 2008), proposing thatdown effects aresery important
constituting forces fofish stocks and zooplankton communitieshe Baltic Sea. Howevetlimate
variations through river runoffs, the inflow of saline water, sea temperatures and ice coverage
(Hanninen et al 2000) hawtsoseveral documented effects on the Baltic ecosygtéatiman et al
2003 Koster & McKenzie 2004which emphasizes that a future climate changelikély have

profound effects on the Baltic Ecosystamwell(MacKenzie et al 2007

Common gillemotsUria aalge(hereafter: guillemots) are lofiyed sedirds with
delayed maturity and low annual breeding outBetbirds arealthough they breed on laah
integrated part of the marine ecosystem ean thus act as valuable indicators of the state ciethe
(Cairns 1987Furness & Camphuysen 19%iatt @ al 2007. In the Baltic Sea, guillemot breeding
ecology has been shownlie affected by a change in th@at stock, through a decline in chick
weights in parallel with a decline in sprat energy content (Osterblom et al 200@)edméngenergy
contentin spratis in turn a result of mincreased sprat stock due to less predation from thefishexd
cod stock and climatmduced changes in the zooplankton commurgiiiman et al 2005Casiniet
al 2006 Osterblom et al 2007Guillemot in the BalticSeafeeds almost exclusively aprat(Hedgren
1976 Lyngs& Durinck 1998 which has a seasonal dependent distribution pattern (Aro .1988¢e
guillemotsare likely to be sensitive ®change irspratintra-annualspatiotemporatlistribution
following thereasoningutlined by Durant et al (2007) of both spatial and temporal dimensions in

matchmismatch dynamics



In guillemots,breeding is highly synchronizeti¢dgren & Linnman 1979Vanless &
Harris 1988, Hatchwell 1991) and many studies have dodaeheeasonal declinesgnowth rate and
breeding succeshkighlighting the importance dhe timing paranter. Reasons proposéaor this
declinehave beemleterioration of foodjuality (Hedgren& Linnman1979), age and/or experience
differences amonthe breeding bird§Hedgren 19808 r ¢ nni ¢ h 6 § deGarést & Gastoo t s
1996 Hipfner et al 199Pandincreasegredation pressungith lower bird density at breeding sites
(Birkhead 1977)In the life history of seabirdpre-breeding survival is ofteconsideredisa less
important parametehan e.g. adult survival but can nevertheless account for a large amount of the
inter-annual variation in recruitment (Harris et al 200P)stfledging survival las been linked to
timing of breedingn Isle of May,Scotland (Harris et &007),but studies performed in the Baltic Sea
have so far not described any covariates that could describe the individcahort level variatiom
survival(Hedgren 1981, Kadin 20073lthoughseatemperatur¢he preceding witer has been

proposed as one factor (Kadin 2007)

Perrins (197Pproposed that the timing of breedingoindsis determined by the time
the female has gathered enough energy to form an egg and thus initiate breedingnstamts
hypothesisLaterstudies have stated that energy might not be as important as any specific compound
needed for the embryo in the egg, e.g. protdisuston et al 1995)0n the other handome
experimental studies with supplementary feeding of the adultaddittle or no effect oreither
laying date Bolton et al 1992Arnold 1999 or breeding succeshldger et al 1997 which indicates
thatall species and/or populationshifds are nophysicallyconstrainedit the moment of egg
production bumight insteadise ties to breedt an optimal timing, which is whenaximumfood
requirement are matchasbximumwith food supply énticipation hypothesjd.ack 1954. Whether
guillemots use cues to match energy requirements for optimal breeding timing or if they are §mited b

physical constraints isnknown (Frederiksen et al 200dnd in this thesis | will test both hypotheses.

In one offew studies performed regardifagtorsdetermining the inteannual
variation in timing of breedinm seabirdsFrederiksen (et al 2004found apositivecorrelation

between guillemot timing of breedirmmd North Atlantic Oscillation (NAO) indeX.he NAO index



describeghe pressuranomaliedbetween Gibraltar and Iceland, whesitive values indicateigh

winter temperatures and frequevesterly windsvhereas negative values describe coldlassl windy
conditions(Hurrell 1995. In the Blacklegged KittiwakeRissa tridachtylaiming of breeding was also
positively correlated with NAO index, whereas European stredacrocorax astotelis which isless
dispersed during winters was more dependent on local sea surface tempEnatuiaterpreted their

results as those birds use large scale weather events and sea temperatures, respectively, as cues for

breedng at ultimate timing(Frederksen et al 2004)

Methods

Studies at breeding ledges

The colony of Stora Karlso locatedn t he centr al B a | (tigi 13 In 80684999 57 A1 7 6 |
and 20052007 timing of breedig was studied on a daily basdisringMay-July (i.e. the whole

breeding seasondn a number of breeding ledgesbetween 3 and)6Dates foratching and

fledging ona total 0f293 (annual number 481) chickswere analyzed to assess whether thes

inter-annual variation in chickedgingage.The brooding period wassumed not to vary between

years.

Ringing of chicks and measuring timing of breeding

Guillemot chicks were ringed whiftedging (i.e jumping from their breeding ledgeis JuneJuly
20002007 Ringing started within a few days after the first chitgdgedand ended whenyear
specific quota was reached, varying between 500 and g8t@0n =9982 In the beginning of the
fledgingseasos, few chicks in combination with higtatchingeffort implied that the absolute
majority of the chicks wergnged;hence fledging onset was measured with high accuBstyween
1972 and 1977 all fledging chicks were ringed and in parallel coiHestjren 1979S. Hedgren
unpublished dategnd there wasrealmost perfect correlatiorebwveen these two timing measures

(linear regressiorfinumber chicksounted = finumber chicks ringei 1.14 +4.14 P<0.001,



R?=0.993. Hence, ringinghereafter: fledgingirequencyworked asa good measure @fequencyof

fledging.

A consistentntra-annual pattern of fledging frequenayas shown bydedgren {979.
In hisdatasetspanning over the yeat9721977, a strong correlation was found betwdendate of
fledging onset (firsday with over 100 chicks fledgipgnd median fledging dafgnear regression,
fimedianfledgingd = fi100 fledgingd * 0.91+ 5.57, P©.001, R?*=0.987).The 100 fledging date

(hereafter: fledging dateyere useds timing measure iall analyses.

Estimating minimum survival

Re-sightings of ringed individuals were made at breeding ledgeadjadent areas imé¢ colony(a

total of 484 hin 20022007). All observed individualérom threedifferentobservation dtemes were
usedin the analysis (n 2095)which impliesthat observation effort and methodology were not
constant betweeyears. This should not leadaoy bias in calculating differences within cohorts but
any resulting differences between cohorts should be treated with caution. For a detailed method
description, see Kadin (2007). Ringcoverief birds reported to be alive after Marci'3tie year
following their birth was also included in the analysis (n = 233). Those data was received from the
Bird Ringing Center, Swedish Museum of Natural History. iMim survival rates werealculated as

number of chicks survived / number of chicks ringed.

Potential biases in measuring timing of fledging

Some potential biases need to be mentioned about the method of obtaining a comparative measure of
fledging date. In 1974 thguillemotpopulationat Stora Karls@vas estimated to 6400 pairs based on a
combinatia of counts of adult birds at breeding ledges, fledging chicks and eggs and chicks at
breeding ledges (Hedgren 1975). In a recent count of individuals resting at the sea surface at the
colony during prebreeding season in 2005 the number of breeding wassstimated to 6068500

pairs (Hedgren & Kolehmainen 2006) which indicates a-tngn stable population, although the

methodologies are not fully comparable. Other authors have estimated the population to have



increased to between 8000 and 10000 paitise late 1990ths, yet without any described methodology
(Olsson et al 2000). In conclusion, there is no evidence that any major change in the size of the
breeding population has occurred, andeast there is no indicatiai along-termdecline.A

hypothetical population increase of up to 30 % (as indicated by recent estimates) would have slightly
advancedhe first day of 10@ledgingchicks compared to theopulationmedian fledging dateébut the

uncertaintyand inconclusivenegs the estimations nk&s it impossible to take into account.

Another potential bias is coupled to a change in the appearance of the beach where the
fledged chicks are caugt8ince 1970ths landslideas lead to a larger amount of limestone boulders at
the beachmaking chicksslightly more difficult to catch in the 2000ths than in the 1970ths. ddnisd
potentially delay the date when 100 chicks first was caught compared to the median fledging date but
a major catckeffort in the beginning of the season in recent yearsasylidompensatinfpr that
decl i ne i n c handdstherdioceassumdd somaot dccouny for amgjorbiases irfinding

a comparative measure on fledging date

Complementary data

Dataon sea surface temperatures was extracted ft& Oceanogrphic Databaselhe sea iea
used in all anall®sarsd whe A 455HifiyiddvhizhdsAhs Ikely feeding
area for the Stora Karlso guillemots during-preeding seasoiMonthly meansea surface

temperatures (SSTvere calculatedor Januaryi April and Decembeior each year.

Data on sprat abundance astdck sizevas derived from th&CES Stock Assessment
Summary databagéCES 2007a). Abundance estimates and stock size were derived from XSA
analyses. Man weightvas extractedrom the 200Baltic Fisheries Assessment Working Group

(WGBFAS) report(table 7.7XICES 2001).



Results

Timing of breeding of guillemots at Stora Karlso
Age at fledging and timing of breeding are listed in tabléhick age at fledginan short term

perspective wasot different between the years with available data (1989, 20082007, ANOVA,
F4200=1,78, P=0.13R However, according to published data from studies during the 19(T&is 1,
from Hedgren & Linnman 1979guillemot chicks arslightly older at fledging the 1998007 than in
the 1970ths, probably as a compensation for decreased growdis eatesult of lower energy content
in sprat (Osterblons: Olsson 2002, Enekst 2003).There was a strong tendency towards earlier
timing in the 200ths compared to 1970ths but the difference was not significant (Méuitney test,

U=60.0, P adjusted for ties = 0.058).

Long-term d eterminants of timing of breeding

Multiple regression analysis with timing as dependent and different sprat populatiarepens, sea
surface temperature and NAO indexindependent variablesvealed that both fiskand temperature
parameters are important for timing of breedimguillemots Usi ng fAbest subsets r
procedure in Minitab 15 (Minitab inc.) and modelection based or’R,; sprat weight at age 4 was
the strongest predictor of timing of breeglimterestingly with a positiveign which implies that
guillemots breed late in years with sprats in good physical condition-dnteral variation in sprat
energy content inegativelydensity dependent (Casieti al2006) and sprat energy contenlikely a
confounding variableshereagherealdeterminant for timing of breeding is spedtundancer
biomass, which bothlsowere signifcant predictors wit a negativesign, i.e. early breeding in years
with high abundance and biomass in sphdter consideringspratweightat age 4 as a honsense
parameter, the model with the highe$t,R0.64) was when sprat total biomass and Maezh surface
temperatug were includedtable 2 figure 23). The parameter valuésply that for every degree
Celsius in increased wateEmperature, guillemots breed 2lays earlier and for evetymillion tons

more sprat guillemots bre@&dr days earlier.



The 1970ths versus the 2000ths

When analyzing the multiple regression model obtained by the procedure above, the relsmuals
clear noarandom pattern, in the 1970thsakrepositive whereas in the 2000ths all but @rere
negative which indicate auto-correlated resiuals(Bowerman et a2005 (fig. 2b). In this case
however the residual plot rather indicatedlifference between the two time periods in the study
Figure 3a) and b show the correlation of timing of breedingrsus sea surface temperatamne sprat
stock sizerespectively, where the two panels represents the two time periods in the study. The figure
indicates that a change in the dependence has occurted 1970ths bothpratstock sizeand sea
surface temperature was important for timing okdiegwhereas in the 2000ths spsabck size

seems to be the only determinate of igenual timing of breedind here is no sign of any lorigrm
increase in water temperature in this dataset that could have moved guillemot breeding timing to a
threshatl level; both mean and varianeeealmost equalhe two time perioddHowever, the sprat

stock has increaseaihce the 1970thsyhich could have uncoupled possible constraints in adult

condition.

Consequenceson post-fledging survival of timing of breedin g

To test whether there was a timing dependencestflpdging surviva) linear regression analysis

was used.This analytical method was used because other authors have documented a linear decrease
in postfledging survival, probably linked to differees in parental quality among earnd late

breeding individuals (Harris et al 2007). When ringing dates with less than 20 individuals was
excluded from the analysis, surviddcreasewith timing offledging in all 7 years (fig. when data

from ring-recoveries and observation studies was included in the andlysixlude that the decrease

is significant because all years shows a negative regression slope with time, although they are not

independently Signiﬁcant (lEgative slope— P positive slope— 0-5, I:,7 negative slopes™ 0-57 = 00078)

In a complementary analysis, get comparable results with Hedgren (198m)y ring
recoveries wereased The consistent declining trend in surviualrelation to timingof fledging then
disappeared (fig.)5some yeargvenshowed a increasing survival with timing of fledgifidis

finding was unexpected and indicates that there might be a differeecegrationratesor age



dependent behavior (colony attendance,-pairding, prospecting behavior etc.) beem early and

late chicks, i.e. early chicks have been eithere frequently attending to their natal colonyrmre

visible than late onesAlthough the sample size are being reduced in the latter analysis, ring recoveries
constitute nespatialor behavoral bias as might be present in observation stualiése colonyand the

results on timingdependent survival are thus likely more reliable.

Modeling optimal timing
Knowing that timing of spawning in sprat is normally distributed (Kraus & Koster 20¢d rould

also expect a normally distributed survival function in glestging guillemots, assuming a link
between timing in sprat spawning and guillemot breeding. A large timing overlap will result in high
survival and vice vers@he survival ratefrom the analysis dyg including ringrecoveries weresed

in ayearspecificnormal distribution functiomodel

) 1 (o
flx,p,0) =——e ' 2o@
oy 27T
Where ¢ and U, t he mean and standar d-walghtedi at i on,
|l east squares analysi s, using ASolver o function

of the analysis is presented in fig. 5 where the optiimahg = mean value is the peak of the curve.

Discussion

Timing of breeding in Guillemots at Stora Karlso

Although there is no high resolution data on timing of spawning of sprat in the Baltic Sea, the timing
of breeding of guillemot at Stora Karlgégglaying in early May and chick fledging in late June/early
July) seems tanore or lesgoincide with the sprat spawning period in the Gotland deeption

indicated in fig. 1)which according to sampling of eggs, ichtyoplankton and adult in spawning
condtion during research trips performed 19P@99starts in April, peaks in Junkily and end in

August (STORE 2000Factors proposed in determining timiogspawning in grat is sea
temperaturearasiova 200Rand spratteck size (Kraus & Kdster 200.1The differencen

temperature regimeetween Bornholm deep and Gotland deep is the likely reason to an observed
10



difference in sprat timing of spawning between the ar8a©RE 200D According to observations at
i Ho b ub5F A&dTDAN5@dcaed in fig 1)in April-June 2003large amounts of alcids (both
razorbills and guillemots) are observed daily during foraging toipgiouslyheadingn the direction

of thesprat spawning grounds the Gotland deep (Martinsson 2004).

Timing of breeding z a result of a constraint or an optimal decision?

There aranany longterm studies which have correlated seabird tinaing reproductive succegsth

sea temperature (or climate indices linked to sea temperétueelyiksen et al 200Hedd et al 2002,
Ramos eal 2002, Gjedrum et al 200Rpth et al 2005Barbraud & Weimerskirch 2006, Mer et al
2006 but thepictureseems tde more complex than the large amount of studies linking global
warming and phenology in terrestrial and tempeoate communitiege.g Crick et al 1997,
Forchammer et al 1998, Cotton 2008ctually, the majority of studies amocumenting delajin
breedingiming, often followed by reduced breeding success, as a result of increasing sea
temperatures (North Pacific: Hedd et al 2002dBjm et al 2003, Roth et al 2005, Indian Ocean:
Ramos et al 2002, Antarctic Ocean: Barbraud & Weimerskirch 2006). The only exddptibis the
North Seaand NorthAtlantic wherea negative correlatiobetween timing of breedirgnd sea
temperaturén seabirds havbeenreported (Frederiksen et al 20@kheenwood 2007, Mgller et al
20089. In this study, breeding timing was negatively correlated with sea temperature, in accordance
with the North Seaand North Atlantic studies. A probable reason behediifference found

between this study from thgaltic Seaandthe majority of studies performed in the open sea areas in
the references aboys that the Baltic Sea shows less variable oceanographic conditikely, a
temperature increase in the Bal8ea directly affetse.g. onset and intensity of fish spawning
(Karasiova 2002, Koster & McKenzie 2004), wheradasmperature increaseapen marine systems
may lead to unpredicted ecosystem chamggss a result of a change in lower trophic lespedcies
compositioneading toless favorable seabird feeding conditi¢agy. Hedd et al 2002, Roth et al

2005)

Besidetemperaturel, canalsoshow that abundance of tgeu i | | @incipdl @rey,

sprat, is a significant predictor of timing of breedimpis finding has a potential amswetthe

11



guestions whether timing of breeding in seabisds result ophysicalconstraints or optimal

decisionsi.e. theconstraint hypothesigersus thenticipation hypothesi€On one hand, a high

abundance of sprauring winter may lead to guillemots in better physical condition which in turn

may alow them to breed early, if it preferabl€constraint hypothesjsData on adult condition

during winter could answer the question whether guillemots are depressettlition during harsh
condition (cold weather, small sprat stod®n the other handf, spra spawning onset is used asugec

for initiate breeding, guillemots are likely detecting an absolute number rather than a proportion of the
total stock. During gars with a large sprat stock, this absolute number is reached earlier which signals
guillemot breeding onséanticipationhypothesis Analogue to the discussed reasons to the
dependence on sprat abundance, temperature could theoretically fit in hyjbaotthesed_ow winter

sea temperature will likely depress adult conditibaynt et al 2006but temperature could also be a
reliable cue for timing in the marine exystem (Frederiksen et al 2QPBoth having a direct effect on

seabirds and an indireetfect through trigging@nset inlower trophic levels

Comparing guillemot timing with another Stora Karlsd breeding alcid, razéibdl
torda, could potentially shed some light on the underlying mechanisms behind timing of breeding.
Diving depth of guiemots and razorbills in Newfoundland, Canada have been examined from
drowned birds in fishing gear, and the study revealed that razorbills are able to dive down to 120
meters and guillemots to 180 meters (Piatt & Nettleship 1985). Guillemots (n=1224&)edc
frequently down to 80 meters whereas the small sample size of razorbills (n=9) made it impossible to
draw any general conclusiorRiétt & Nettleship 1986 A comparative study between the two species
in north Norway in 1989 (Barrett & Furness 1980hcluded that razorbills dive less deep than
guillemots (median 25.4 and 45.4 meters, respectively) and that razorbills have a preference for
smaller prey compared to guillemots. Razorbills studied in southern Baltic Sea performed the most of
their divesin the depth interval between 5 and 10 meters and very rarely dived deeper than 40 meters
(Benvenuti et al 2001 but no comparative studies lealveen performed on guillemo#ts. Stora
Karlso, mzorbills breedtwo tothree weeks lategd. Sundberg & H. Qsrblom unpublishegdndthey

also feedmainly on sprain the Baltic Sea (Lyngs 20013prat is hypothesizedspecially in cold

12



winters to bedistributed at the bottom of the Baltic Sea deep basidstart spawmear the bottom
in April (STORE 2000 In line of the argument that the Baltic Sea alcids are constrained to breed
earlier becausef insufficient adult condition, the shallediving razorbills must waitintil May-June
to breed with the background thfe spratspatidemporal distributionOn the other handyldersprats
spawn earlier thapoungones Torstensen 1998yhichis another potential explanation the earlier

breeding of guillemotsompared to razorbillsather supportinghe anticipationhypothesis

Long-term changes in the dynami cs behind timing of breeding
The dynamics behind breeding onset seems to have changed, comparing the 1970ths and the 2000ths.

Where the size of the sprat stock are roughly equally important now and then, temperature which alone
accounted foB9 % percenif the variation in the 1970thdid not describe any of the variation in the

data in the 2000ths.

In aninvestigationof spawning timing of sprat between three time periods in the
Gdansk deep, 1941055, 19681977 and 1994999 abundance of eggs and & May compared to
July was higher in the late 1990ths than in 22687 which indicates a shift towards earlier spawning
(Karasiova 2002)Kraus & Koster (2001) analyzed surveys performed between 1996 anch1&b9
three spawning areas of sprat in Badtic Seaand concluded that timing of spawning those years was
not temperature dependent, but negatively correlated with sprat stookisizie implies that
spawning was early in years with a large sprat sfolkis could be an explanation to why geitiots
breed early during years with a large sprat stock irrespective of any possible dependence on adult
winter condition.The interannual variation ipeaktiming in spratreported from Kraus & Koster
(2001)is muchlarger tharthe measured timing variah in the breeding guillemot{span:several
weeks during 4tudy years compared to 10 days over of 35 year period in guillewtttd) indicates
that there is a low probability of a true matoh mismatchpetween thgpeaksprat spawningnd

guillemotbreeding Rathe there is more or less overlap of spatiotemporal distribution

Schultz (1991) revieed studiesnvestigating factors behind timing bfeeding in

animals with focus on physical constraints. The conclusion was that physical consitagunhfor

13



much of the interand intraannual variation in timing among wild populations, but there are
sometimes possible to find a saturation level where physical constraints does not account for the
breeding timing variatiofSchultz 1991)In summary thiss a combination of theonstraintand
anticipationhypotheses, which could fit in very well to the observed timing dynamics in guillemots at
Stora Karlsé. In the 1970ths, thpratstockwas comparatively low which in years with low sea
temperature, constined guillemots physically to breed early. In the 2000ths, the larger sprat stock has
favored guillemowinter condition, reaching saturation point, which allosithe birds to adjust

breeding timindully according to environmental cues, i.e. timingpfat spawning. Using fish data

with the highest possiblemporal and spatiaésolution, sprat abundee estimated from May

acoustic survey in Baltic Sea subdivisionrZBisouthern Baltic Sea including west and east from
Gotland data from ICES 2007bhillustrates how strong this dependempear to have been in recent

years(fig 6, linearregression, R= 0.872, P = 0.006

A possible link between timing and post -fledging behavior
Kadin (2007)studied behavior of immature guillemots of known age &dbfng weight andound

that birds that weighted less at fledging matured earlier than chicks of normal fledging Wisight
behavior of immature birds was clearly atgpendent (Kadin 2007 this analysis data indicates

that early fledged chicks we observed at the colony with a higher probability than late chicks,
irrespective of any difference in survival. This implikatthetiming of fledging parametemight
containsome information, e.g. @hick quality aspect, whichater turns out in a diérencein post
fledging behaviarKnowing thatexperiencegbarents are generally breeding early (e.g Sydeman et al
1991, Hipfner 1997, Hipfner et al 199%nold et al 2003 this is certainly not impossibl®eeper
analyses of behavior of late versus yaHhicks could answer the question whether timing in any way
affects recruitment and behavior of immature guillemransl whether this should be incorporated in
e.g.survivalestimation modelsThis is crucially important in guillemots whose behavior s
detection probability is clearly age dependéndifferencein emigration rates between early and late
chicks could be another explanation to theesteed difference idetectionjt might bepossible to

examine through a dper analysis ofing recovery data.

14



An indication of m atch-mismatch dynamics in post-fledging survival

Guillemotshavea so calledntermediatdledgingstrategy, i.e. the male parent esctintschick to the
sea(Sealy 1973 andthe birds breeding at Stora Karlate known towim southwards after fledging
(Olsson et al 1999This strategy haseen described as a traolt between mortality androwth;

while in the watethe chances to gain energy increasasdhick mortality increases too (Ydenberg

1989. Recent studieat Sbra Karlsé have shown markader-annualvariation in duratiorof

foraging trips during chick rearing (Osterblom & Olsson 2002, Enekvist 2003, Kylberg 2006) which is
probaly linked tointer-annual variation ifiood availability (unpublished dat&fter fledging the

chick and the paremtremore spatially restricted an@riation inlocal fish abundance would then

have an even more direct effectfonaging efficiencyand thus chick growth ratand possibly also

chick survival. Thevariation in fish abndance between yeamould intuitively (in combination with

other possible factors) result in an effects in average survival between cahdfish spatiotemporal
distribution within yearsvould result intiming-dependent variation within cohortshichis analogue

to a novel model for recruitment incorporating both abundaamg timing aspects (Durant et al

2005) To examine variation in survival between cohorts, detailed modeling must be performed which
wasout of the scoop for this study. Howeyeihen analyzindhe modeled yeaspecific optimal

timing, indicated as the mean of the normal distribution curves in tegriperaturén Marchthe

preceding wintedescribed a substantial part of the variatfao 7). In years with low winter
temperaturelate chicks had higher survival and high winter temperature favored early cHieks.is

no time seriesf timing of sprat spawningyut winter sea temperatuiis likely one influencing factor
(Karasiova 2002)l interpret this finding as an indicatiafi breeding in some years is laterd some
yearsis earlierthanoptimal which impliesthat this result is basically a measurdeshporalmismatch
between sprat spawning and guillemot timing in the Baltic Sea. A ramtratKraus & Koster

(2001)did notfound any correlation between spawning timing and temperature when analyzing data
from a few years in the late 1990ths but proposed that timing of spawning derives from the size of the
sprat stock (a density dependent mechanism). However, these pearsharacterized of extremely

large interannual variations in the stock size congghto recent years (ICES 2G)7
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A glimpse into the future

There is presently a lot of concernemological consequencestbe globalchangewhere fisheries

and globalwarming are likely the most influencirig marine systems (Cury et al 2008he main

driver of change in fish stocks in the Baltic Sea is certainly fisheries (Casini et al 2006, 2008) and
variation in fish stocks have documented effects on breedingmails (Osterblom et al 2006).
According to this study, variation in fish communities does also have effects on guillemots in terms of
timing of breeding and po$iedgingsurvival. In a futurescenario for the Baltic Sea, MacKenzie et al
(2007) proposed #t a species like sprdar whichthe Baltic Sea constitutes the northern limit of its
distribution area, will be favored by increasing temperatures. Furthermore, cod will suffer from even
lower salinities which could possibly stabilize the present ctigeminated ecosystem of the Baltic
Sea (MacKenzie et al 2007). In that broad sense, guillemots are not facing any direct risks with lost
forage base, but the dynamics in all aspects of the breeding biology must be better understood to
assess populationstainability. In a shorter timframe, there are plans total reduction othe sprat
stockattempting tdncrease zooplankton abundance and possibly also cod abunBeskeegierket

2008. Which effects on fistseabird dynamics this will have is cerlgiimportant to monitgrat

relevant spatial and temporal scales

Match-mismatch in an extended ecosystem context in the Baltic Sea

To assess how sensitive guillemots are to changing timing dynamics in the Baltic Sea, sprat is the
obvious component to éois on. It appears that the variation in timing is more pronounced in sprat
than guillemots which is consistent with findings from other marine systems from where the match
mismatch hypothesis once where derivedghing 1969, 1990although e.g. cod e Baltic Sea
during the late 1990thshiftedits spawning season with a magnitude of approximately 2 months
likely as a result ch change in the aggmposition of the stockower size at agand low sea
temperaturegWieland et al 2000 A permanentlsft towards earlier or later spawning in sprat leading
to more frequently mismatched guillemot breeding seasons would probably result in increased
mortality, but it is presently unknown whether mismatch leads to increased mortality or if sprat

abundanceroother factors (e.g. winteveathey aremore importantHowever, the dynamics behind
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timing of the sprat spawning season is unknown and it is therefore presently impossible to build
reliablescenarios on possible changésemperature and fish communilangesAnalogue with the

above discussed timing aspects of the breeding biology in birds, there are likely some kind of physical
constraints associated with water temperature and ice coverage, especially because the Baltic Sea is
around the northern liiof sprat distribution area (e.g. McKenzie & Késter 2004). But compared to
birds in general, the intemnual variation in sprat physical condition varies enormdiGSES 2007b)

which is mainly a result of intrapecific competition (Casini et al 2008hich is likely interacting

with sea temperature in constraining spawning, whigm@wn to bean energycosting procesm

fishes(e.g. Kjesbu 1994Slotte 1999 For example, Kjesbu (1994) reported a delay in spawning

timing in 810 days for Atlantic atd as an effect of 1°C decreased sea temperdturthermore, there

could also be anfect of changes in timing related to agemposition of the stock, because older
individuals are earlier aralsolikely able to spawn several batches compared to youndeiduals

(Alheit 1988).However, beyond age 4, sprat weight is fairly constant oveclagses (ICES 2007b).

Bottomrup dynamics through variation in plankton communities are also contributing to
variation in sprat condition and stock sid{Iman et al 2003 Kdster & McKenzie 2004 and
possibly also timing of spawnintn fjords in Denmark, local eutrophication have advanced the spring
bloom and consequently also zooplankton spawning, leading to advanced laying datéstarns,
irrespective bwarming spring temperaturelligller et al 200Y. However, i the Baltic Seahe
general view is that the timing of the spring bloom is not coupled to nutrient concentiatitios

physical properties such as water stratification and sunlight.

Conclugsons

The results presented in this study indicate that guillemots use sprat abundance as a cue for breeding at
the right time. Sprats are likely gathering at spawning aedsnitiate spawningyhich signals

breeding onset. In the 1970ths, in years \dth sea temperature in combination with low sprat stock

might have constrained guillemots to breed even earlier but this seems not to be case presently.
Different years showed different patterns in survival in relation to timing, which was likely due to

same amount of mismatch with sprat abundance; cold winters probably delayed sprat spawning which
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favored late guillemot chicks whereas early chicks were favored breeding seasons following warm
winters.Future studies should look at the importance of matgmatch dynamics in spragabird
dynamics in the Baltic Sea and its importance for understanding consequences of fisheries and climate

change on marine ecosystems.
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Tables and figures

fledging chick age
year date” at fledging™*
1972 June 29th
1973 June 24th
1974 June 25th 19,6
1975 June 30th 19,0
1976 July 1st 19,1
1977 July 4th 20,7
1998 21
1999 21,5
2000 June 26th
2001 June 25th
2002 June 25th
2003 June 27th
2004 June 21st
2005 June 23rd 21
2006 June 24th 20,3
2007 June 25th 21

+ based on first day of 100 fledging chicks, see text.
+++ 1974-1977 from Hedgren & Linnman (1979)

table 1. Data on timing of fledging and chick age at fledging for guillemots at
Stora Karlso.

March Sea surface temperature (°C) Biomass of sprats (million tons) R? R%aj
Koefficient Standard error type lll P Koefficient Standard error type Il P
-2,568 1,11 0,048 -8,413 2,464 0,011 0,717 0,636

table 2. Multiple regression model for timing of breeding of guillemots at Stora Karlsé 1972-1977 and 2000-2007.
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Fig 1. Bl ack arrow indicates the study colony Stora Karls° (57A176N,
18A086E, see text). Bl ack box i ndi enperatues whdreecalaulatedaandwyrieyeboxe mont hl y s e
indicates central Gotland deep, as defined by McKenzie & Késter (2004).
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