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Relnuunshlps between cnpelm (Mnllolua villosus), common munes (Uta
aalgz), and Atlantic-puffins’ (Fratercula archea) were studied at Wxtless Bay,
Newfoundland, during the summiers of 1082 ta 1084, Capelin ogeufted inshore

from May to August, 6f‘nbundnnce penk dunng periods ot maximal tidal

. oscillations and mcrensmg ‘water tempemt\lres in late June and ea(y uly, From:

1908, to ‘1924, capelin abundance declined by an order of agnitude, but school
densities T

ained similar; - Capelin size varied by 30-40% seasonally, and up to
20% 'annm!‘.y, partly‘ﬂue to_temporal iati in age-class iti of

schogls.. Capelin dominated by welghc in difts (4842 Ttems identified) Jf murres
(adult:82, o3

Numbers .of cnpelin'in bird stomachs declined from 1982 to 1084, and were

season.\ll) c..rreln.ted with local capelin density; suggestmg slgmmdal (Type M)

porti of capelin in diets (I‘rom gizzard

. contents ot cb_ick meals) ‘yére nat correlated with seumny or annual vnnnuans‘m

[

¢ and chick:00.8% ) and puffins (78.8% and 93.2%), bk ju_vemlg cpd e
(Gadus merkua) and sandlance (Ammodytes dubius) were also important "p}'ﬂ)’u

local capelia density. Variations in size of prey eaten by birds g& ally—reflected-

l<natural variations in prdy size. Bird diet overlap was extremely high, and diet

diversities wére low (puffin > murre). Numbers and flock sizes of birds were«best

correlated with capelin abundance and density, respectively. Murres were best .

correlated with hlgher denuy capelin schools -in deeper offshore waters, and
I’urme:jrger, more ‘aggregated fiBcks-than puffins. . Both murrés_and, pAffins

| (Type ) aggregati ponses. to capelin density, with
murrea having. a significantly higher prey density threshold: Density thresholds

L vnned with. overall capelin density. Murres had a larger maximum foraging range

% ’opumal foraging and

than puffins, and fanges varied annually with capelin-abundance. Murre

puffin feeding ecology and behuvnour may be best explgx_ned within the can),exc of

between murres

‘theory.
and puffins may be largely due to their differing body sizes (l_nurrq > puffin).
Implications for population biology of the Atlantic-Alcidae are discussed.
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Chapt.er 1

& .~ INTRODUCTION .
The Prey: Cnpelln' %

Capelm (Mallnlun mlhmu) are’one of the most imporfan /),ebmponents of
the rood web in’ Newfoundland manne waters. Although otber similarly sized
forage" specxu in¢luding sandlance (Ammadytes app.) and juvemle cod (Gadus
\\ morhun) are wndely dnsmbneed and com:ih, none. appear to be as smgulsrly
+ imp abunda or \l} di

' Carscadden 1984)

as capzhn (Janganrd 1074
", At certain tlmes o’! year, capelin are lhe predommant prey of ced salmon’
(Salmo aulnr), and many other abundant fish species (Carscadden 1984). They
are.also important prey I_or seyer baleen whale nnd seal species (Mltéhell 1973,
1675, Sargéant uns)’h Virtually al

“the dominant seabirds in _" d
consume: capelm dunng ‘summer IBrown and Nettluhxp 1984).  Black-legged
kittiwakes (Rissa trxdncly!a). herrmg gulls (Larus argentatus), greater and sooty
shearwaters: (P\lj/mus gravis and P. griseus), a.nd, northern gannets. (Sula

"/
. bassanus) consume and feed their chicks (except shearwaters) varying proportions
of capelin (Maunder 1071, Piemtti 1079, Montevecchi and Porter 1980, Brown et
‘nl._ 1081, Brown and NeLtlahlp 1984). During thelr breedmg seasons, common
murres (Urm aalge) -and Atlantic puﬂms (Fralurcula arclica) are pnmculnrly

dependent cn ¢apelin (Nenleshxp 1072, Mahoney 1019, Brown and Nettleship .

- i084). e

Due to thelr importance as a forage and commercial- fish specm, much
r;s arch has been conducted on capelin in ‘Newfoundland and el.sewhere in the”
North Atlantic. However‘ most. studies have dealt with uspecu of- cap@lm biology -
relevnnt 6 commercml fisheries (e.g., stock sizes, recr\utment ‘muruhtyi
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val’numll'\nd capelin stocks dechined in the late 1970's (¢ ~|r~nnnh|v\\ 1 Kn
and concern has been cxpr(\\scd nlmut the effects of that decline nn“‘ﬂmd md\
- and salman populations (Reddin and Carscadden, 1081 Akenhiead ot al. 1082,
‘Brown and. Nettleship 1984). However, predator-prey . dynamics of capelin and -

their dominant predators have not been well-defined (Carscadden 1983).

Recently, moré nl.tenubn has focused on the role of enpulm as o forage

spmes (Carscadden 1083 1984, Brown and Nettleship 1984, l~urn|\s.\ and Barrett

.'.1985), and on itional (Hend et al. 1984, M chi and Piatt 1984) nml
" behavioural (Whllehcad 1981, Akenhead ¢t al: I982) aspects of capelin |n|pnrt'mt
to m:\n.ng p ‘ . S:mple imates of cnpelm P by_some prc(l:l(nr,s» i i

have been caleulated (Winters and Carscadden 1978, Brown and Neitleship 1984)

More sophisiiéatéd and perhaps more accurate ‘gstimates, of cnpriin “prcd’lliull

“ to Lcmpoml vamblhty in sxu, quahty, nnd Avmlnblhty of capeli
.-md Grotnes 1085), and on occanogrnphlc factors which “inl
dls(nbnnon, and density of capelin: schools These “data 'u-o 'll:n essential I'ur

mterprelmg Lhe béhaviour of capelin predators’ (Wlntuhch ln&l)

'I‘l\us, in.this study of the {Mdmg ecalogy and hchavmur of cnmmm: murres .

. :md Atlantic pul’l’ms, -emphasis was placcd on quantifying some aspects of cnpolln

. ecology important to pmdalors mdudmg . 5

! ~ 1, Physical chnractensucs( g lcnth weight, sex, age, :md maturity) of
capelin thropghout their inshore spawning period.-

“ 2 Chronology of capelin rr{val at, spawuin‘g period in, and post-

spawning departyre from, Yhe Witless Bay study area. 'y

3. Rclnuvu abundnnce, dnslly nnd dnsmhnuon of capelin
'\ggregnuons around the Witless Bay se'xhlrd colonicd: '

R AL lnl‘luence of ical - and : i itions - “on “the
« .- -abundarice and distribution of capelin. / " : >
S of

Data wc:c obtained from fishery collections
cand  measurements  of

capelin,, repeated

. hydroacoustic . stirveys.. around  seabird colonié

oceanographic conditions at sites in.and near Witless Bay.
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The Predators: Common Murres and Aﬁll;l;t_lt Puffins

) Com;rnoh murre and ‘Atlantic puffin diets have been reasanahlyf\veil-studied
in severd] areas of the North Atlantic. However, most studies have been on the
composmon :of teals fed to chicks rather.than on adult diets, md these may
differ algmf’cantly (Belopol'skii 1957, Cairns 1984) dult puffin diets are poorly Iy
known for any region (Bradstreet and Brown 1085). There have been few
concurrent studies of murre and puffin chick diets from a single study site (e.g.,
Harris and Wn.mless 1985), and none of-adult diets. "These data are essential for

interspecific com;;arisqns of - diet diversity, estimating dietary  overlap and

’ assessing the degree of i ecifi ition*for food (Schoener 1982, Diamﬂlﬁl
108y L e L .

Se'.\blrd diets can change markedly WIthln nnd between years, and there has «
been” much speculation nbnut how dlet composition may vary in relahon tor
potenml prey nb\mdnnce (eg, Vermeer 1980, Brown' and Nemahlp 1084,
Springer ét al. 1984). The !'uncnonah-elauonshlp between local abundance o!
‘prey . and occurfence in diets, -however, bas- never - been qunnmanvely
demonstrated [or any seabird specxes Furthermore, few studies’ have shown
whether temporal variability in chamcterlshcs of ,prey in d:ets (eg, age-class
composition, or size) is due to active selection’ on the psrt ol‘ seabirds ‘or to
- natural, bnckg:mnd variability .of prey (Croxall et l. 1985). Data gn diet .
variability (quantity and composition) in relallon to polentml pbey abundance are
required to demonstrate functional responses (Hollmg '1959), and may be useful in
"assessing intraspecific and mterspecmc cumpehuun (Schoener, 1982, Steenhor and
Kochert 1085). ¥ -

The dlstnbuhon of semblrds at sga hias recewed consldemble uttcnhoy,
bcgmnmg with’ opporlumshc surveys of ocea\mc bird: fauna (e.g., Wynne-Edwards
1035 ‘Tack 1081) nnd progressing to lhe system:mc cataloging of temporal and
spatial patterns of .seabird abundance in” different oceanographic regions (e.g.,
Brown et al. '1975). Genera\ reluubnshlps between dwersny, abundance, and
distribution or seablrds and, oceunogrnphy have been well deseribed (Ashmale
1671, Brown 1980 1085, Alnley and Boekelhelde 1983). Fm&scnle relmonshxps

‘e

/.

fr,
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between seabirds and their 'prey, however, are poorly hnown. #Although some

studies

‘have glearly shown that scabirds aggregate in productive areas (e.g.,
Brown 1980, Obst 1985), none have demonstrated significant spatial correlations
between predato:s and prey {Schneider and Piatt 1986). The aggregative response

of predators to prey is a furidamental ccological charactesistic of animals (Has:

) and May 1974, Taylor 1984) that has ot heen deseribed for any seabird s

Mmsuremenls of predator group size and dispersion in relation to prey des
and dl<pcrsnon are requlrcd to determine the form of nggn-m(n‘\- responses
(Hn.ssell and May 1974). ~ oF

Si mllnrly, selection of feeding Imblmt by -seabirds Ins been observed on' a
grass scale (o g., Brown 1980, 1085 Schnmdﬂr and Hunt IDSI), but has r'\rnly been',
qunnuﬁcd over small spntml scales (e.g, |Cairns 1984). Competition \unun'

habitats is npparontly common l)ct\\u.-n 'mnn specms which share food n‘\mlrrm

nd is most often m'uul'esu‘d as assymetric lnlur[urmcc competition fnr feeding

: \Q(Mm.m 1984)s Differential feeding habitat yse over $mal

atial seales, due

cither, to.sclection or i ific interference or both, has rarely

bccn dcmonclntcd Jor coc\lstmg ‘marine Innls [e.g., Cairns 1984, Goudie nnu) ,

In ‘this study; I.measured temporal ‘and spatial variations in the dict,

. distribution; and foraging behaviour of murres and puffm. at Witless Bay' J;y

qunnufymg ! N

1. Dmls of :\dult murres and’ puﬂ'ms l.hrungh “IL hr dmg season in each
 year of- stmlv Most ¢nta on murré and [ neals were

of murres and
ion, distribution

R 2. Smsonnl qnd nnnu'ﬂ varnhnlny in h-cdmg nggrognllo
v puffins. on’the ocean surface (ﬂock size and compo
i s and Inlmn nxc)

l)_at:; on,ﬂock slzcs, distribution, etc., were'collected -in synchrony “with

¥ hyz’imncousiig capefin. surveys - allowing for: analyses of spatial. relationships

between niurres’, puffins, and capeli

4he aggregative response of birds to capel
schouls, and: lcmpuml and. spunl overlap between species in use of feeding
habitat. Using diet and survey data, it was possible to: examine thy functional

response of birds to capelin and effects of variability in capelin characteristis and

bundance on bird diet ition. Diet data wére also used to contrast adult
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and chick diets, compare murre nndﬁ;uiﬁn diet diversity, estimate diet overlap

between species, and consider potential competitive interactions; all with regard

to sea.sonul and annual vanlhr(lty in capelm abundance. - .~

Predator-Prey I ctions: C ition and Coexi
:d’ members of the Alcidae

. Common murres and Atlanti¢ puffins are re

and coexist over most of their ranges in the North Atlantic (Nettleship and Evans
1085). They often breed at the same colonies and exhibit high overlap in ﬁse of
food resources (Pearson 1968, Bradstreet and Brown 1985), moderate temporal
GPeglap in colony attendance (Birkhead and Harris 1985), and possibly low
overlap in use of feeding habitat (Cody. 1973). Although there might be some
degree of competition between the species, the traditional view of this 'situation
“would be that overlap in use of one. or more critical r&o\lrces (food, time, space)
has been rediiced enough to permit coexistence (Hutchmsou 1959, MacArthur and
Levms 1967, Cody 1973, 1074). -

- In recent ems, however, atiempts to explaln competmve coexistence hnve
taken an exciting new direction. Whereas previous theory suggested ﬂmt
coexistence was wholly a function of spems overlap in resource utilization curves’
(MacArthur and Levins 1967), newer models suggest ‘that 1( species have

ificantly different, li

indefinitely—on resources that fluctuate due to depletion or “stochastic events
(Stewnrt and Levin 1973, K}ch 1974, Almstrong and McGehee 1976, 1980,
I\aplnn and Yorke 1077, Levms\mﬂl Butler 1080, reviewed by Abrams 1983).
Under this hypothesls, cogxistence ls possible ragardlcad of the degree ol' overlnp
in resource usé between compétitors (Abrams 1983): X

Y se;bird.

Food is ‘arguably the most i factor

(ank 1054, l/GB 1967, Ashmole 1963, Birkhead and Fumess 1985): Thns, itis

also likely to” be the most important resource shared by seublrds Relmonshlps
between the rate at which food can be exploited and food density (functional and

ggregati p have been thoroughly ined {e.g., Holling 1059 Ivlev
T1e8l, Hmel and May 1914) and are charnctemucnlly non-linear (hyperbollc or
" sigmoidal) for most animals (.Hollmg 1985, Murdoch and.Oaten 1975). The

e

 to mource density, they can coexist . '

4 
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relationship between. food density md latio 'gmth ( ical ) is
also typxcally ‘non-linear (Holhn; 1959, Readshaw WT.’! Eveleigh and Chant
1981b) Therefore, nccordmg to the above hypothesis, l'ood overlap between

seabird competitors could be high, but ll‘ they exhibited suffmently different

P I‘uiq’onal and numerical responses to prey density, they. could coexist mdeﬁmtely
on a shared food supply. e v
Functional and ggregati P to pr{densﬁty are manifestations of ’

¥ optimal foraging behaviour (Cook and Cockrell 1078). The benefit/cost tatio-for'.

feeding on a given prey i_ncreués hyperbolically (Type/TI) or i i 1} '(Type m) -

with prey density depending on the degree of aggregation of the prey and foraging
behaviour ‘of the predabor (Holling 1965, 1966, Murdoch and Oaten 1675, Hassell
et al. 1077 Cook aud Ceckrell 1978). For related, different- slzed predators leedmg
in a similat style on’the same prey, the blggest differences between them are i)

how much food ihey require daily for sxistence, and i) costs of foraging (Pykd et -
Cal 1917,_Werner and Mittelbach 198‘11); and both are functions of body ' si

(Pe.ters‘lbsal)‘ Thus, body size must bé fundament; | factar influencing functi

. o o 5 o
and aggregative responses to prey density and coexistence between predators. s -




Thul! Presentutlon

After pruennng data cnllected on capelin, murre and puffin- diets, aml
foraging behaviour, I.will discuss these results with regard to other studies, w
interpret them in light of competi‘tio‘n, predation, and Optil;lnl foraging: theory.. I
will attempt to demonstrate thmugh results” and ducusslon that. murres and

puffins exhibit differing " f ic i and. esparises to capahu’ density
_largely because of -their, differing body slzes, and that' mterspeclﬁc dlﬁerences in
diet, residence period, and habitat, use in Witless Bay, nre also functions of body

size - prey denslty requlrements E‘mally, I will revnew foraging “ecology and

behavlour of ‘other Atlantic alcids to see if patterns observeﬂ for murres wd
pu[l‘ms extend: llometneally to the rest of the“Atlantic A]cldae )
Despite, Khe fact that functi _‘ nnc_l ical” sés™ are i

-related (Holling 1959), they *have been trenbed l;rzely as sepnmte camponenls of ‘

" the predation process: few or no.. ... studies have been done to . .., understand ‘the

..dynamics of -an ini.era‘clive‘sysiem' (Eveleigh and Chgnt 1081&). Inf my final.
. discussion, I will draw upon 'publfshed ‘lilerature to see if population biology,in the
. Atlantic Alcidae nught be explained by: aspects of. thelchragmg behavmur, snd m_

pnrngulnr, by body size - prey densny relmons!ups s
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METHODS AND STUDY AREA
2.1. STUDY AREA ' 2w e X
The siudy was carried out around the Witless Bay Seabird Saucluury )

' (47°15' N, '52°46' W) located  on the eastern edge of the Avajon Peiinsula of -
Newloundisnd (Figurs 2:

. The sanctuary comprises’ three islands with a total

. “population’ of about 1.1 millién breeding seabirds, “including several species cl

= procellarids, g'?ls nnd alclds (Brown et al. 1975). e
Boat snrve{ s were. conducled around Gull and Green'Islands in Witless Bny

. wh\ch have a combmed -total of about 75,000 breeding. pairs of murres (>99”6

Uria aalge) and 74, 000 breeding pairs of Atlantic puffins: Greal lxland is located
10 km soithwest of Gull Island and kas \pproxi 2,800 pairs of es and

.

148,000 pairs of puffins breeding on- it.’ Coastal 'surveys extended as-far south ‘as*
Cape Broyle'(25 km) and o!l‘shcre surveys were run-30 km oﬂ‘shore I‘rom Green
Island into the Labrador Current Capelin collections were made at’! Lance Covn.-
near Cape Broyle (Figure 2-1). i %

" Marine wate
Netlleshlp and-Evans 1985)- and ares dommul‘.ed by the nearshore pranch of the
cold Labrador Current thnt fows south through the*Avalon Channel adjacent to

- the Avxl%n Penninsula (anure 21). annry and secondary production are

in the suldy area are classified as 'Low Aretic (Dunbar IDBB,

relatively high in'the Avalon Chanhel and nearshore where upwelling and. frontal

processes mix oxygen nnd nutrient nch Labrador Current water (Hollibaugh. and
Booth 1081).  © ¢ Z ¥ £

" A narrow ledge runs the length of the coast with the 50 m contour generally
less than 1 km from shore in the study area. East of Gull and Green islands, the
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ocean floor drops rapidly >150 m at 3-4 km offshore (Figure 2-1). These
dépths persist for more.than 40 km before rising up to the shallow Grand Bank,
‘the resulting trough forming the Avalon Chanpel. Nearshore o;:ean floor
topography is typically irregular with numerous iboah, ledges, and boulders:

The ocean climate in May-September is characterized (Banfield 1981) by
cold ocean temperatures (0-15° C at surface), moderate air temperatures (average
about 14° C), moderate rainfall (about 100 mm .'per month), frequent fog (20-40%
of days), and predominantly southwesterly winds (average 15-30 km/hr). Arctic
ppck-ice. may pel:sist until May, and “icebergs. until July-August (frequently

"g‘muuding‘ on inshore shoals). Tidal range is small (<2 m) and wave conditions

d ’

e owing to a of exposed coastline, _bathymelrié

typically
N features, and

‘winds. currents are largely influenced .

" by tides, seldom exceed 2 km/hr, and may run-north of south dependmg on the

ude cycle (Farmer 1981} \

2.2, SEABIRD AND CABELIN SURVEYS =~ - == ", .

General Methods

Boat surveys were conducted around.the sexbu'd colonies on Gull and Green
\Islands to record the abund ¢ and local distribution of schooling fish (pri ily
\ ae:an

. \c{:pelin), Atlantic puffins and common murres. Sirveys were conducted from
May/June to . August, 1982-1984 (see Appendix A). In 7082, surveys were
onducted ina 7 m open boat with a side-mounted Skipper 609 acoustic sounder.
ln "198&84, surveys were conducted in a 12 m longliner, the’ MV ‘Elsie G, -
equipped_with .2 Kelvm-Hughes acoustic soundgr (Mark 2, Model 5, 48 kc/s),

radar, and’ autopilot for .accurate positioning under ‘most conditions. © Before
tarting -each survey, date, time, type of survey, sea state, clu\ld cover, '
‘approximate wind speed and direction, visi |hty, and observers were noted on
.tape Tecorder. “Two observers “were usually present on each survey . and
observation duties were exchanged at 30 min intervals.” Most surVeys were begun g

between 0&00-0709 hr Newl‘oundlnnd Dayhght Tlme
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Each survey was initiated by marking the acoustic sounder echogram and
by starting a stop h for h ding (hr:mi of all bird and fish

observations on the survey. At each change of direction on the survey route, the

echogram was gnarked and the time recorded. The sounder and stopwatch were

both stopped/at hyd phic stations and tarted when thé survey resumed.
The echogrdm was marked and time recorded at the end of ‘each survey. All
puffins and murres observed in a 50 m radius semi-circle in front of and on either *
side of- the boat were recorded with details on exact time, species (puffin, murre),
activity (swimming on the water, flying and flight, direction) and nuﬁxber of
individuals (flock size). Except in 1982, all bird obsgrvations were made from
inside the boat. - Using these. general survey methods, four different types of -
sur‘&y;\v}ere conducted, each of which is described bels;w. '
Standard Surveys %

- Standardized boat surveys were conducted reﬁrly along 2-fixed !mnsect
route ‘around Gull and Green lslands, Witless Bay. The transect was desngned to
cover a variety of potential habitats including pelsglc offshore to deptlis of 120 m,
neritic inshore to lm than 10 m, medges, sround headlunds, and lslsnds

Surveys were long enough (30 km) to ‘gather adequate sputml mlarmanon, but

znsure repeated daily sampling. In 1082, ‘the ‘standard survey
made a full nrcult ol‘ Witless Bay and Gull Island (Figure 2-2). With the larger
boat in 1983-84,the standard xurvey royte was-expnnded Surveys began in Bny
Bulls Harbour, passed outslde “ofGull and Green Islands, and made circuits of

~~"both Mobile and Witless Bays (Biure 2-2). In-1982, surveys took about 2.5 hr. In
1083-1984, surveys usually required between 3.5-4 hr to complete, The capelin-

bird sobservations required about 120 min with about 30 min required for

‘hyd ," sampling; the remainder of time being in transit.
S Ce

24—Bo|n- Surveys

i
oS On two occasions, stnndard surveys were repeatedly conducted over a 24-hr

;ieiiod to examine di viour of birds and fish. A total of 8 surveys-were

-~ ;
conducted in 1983, 4 on 26-27 June and 4 on 5 July. No hydrographic sampling -

»
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Figure 2-2: Location m;ps showing: A) standard survey route -in 1082; B)

i h . standard-survey r;u!.e in 1083-1984; C) habitats in Witless Bay:
e ' ml)"inshmn' binsidebao l‘mlg;t‘hymeliic contour line, 2) ;I;ay' :

¥ be;wcen 30 and 70 m‘contqur,lsj "cl‘fs‘hore' greater lh‘unjﬁ m, .

4) .*ledge* atea between” Gull “and Green. Islands

here -
underwater lédges from both islands conyerge and depths Xﬂgp . %

from 30-70 m; and D) lc;ngslmre and offshore survey routes; ap

" * hydrographic CTD and aph stations 1-7. .
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- “was done, and surveys conducted ‘st night were done at reduced speed. The last
survey on 5 “July ended early because of extreme darkness (overcast, mo
moonlight). Bird observations were not recorded, under poor light conditions.
The route followed on 24—hr surveys was the same as the standard survey route
for 1983-1084. ) .

- Offshore Surveys ) 3

Offshore surveys conducted in 1084 originated on the east side of Green

“Island and Tan in'a straight line chst-southeast for about 30 km (2 hr) offshore

(Figure.2:2). Capelin and bird observations were Tot' recorded on the return

portion of the trip as this time was réserved for bird collections. Each trip lasted

about 4.5:5.0 hr.. No hydrographic samplmg was done on these surveys.

Ja"‘ N &

Coastal Surveyn :
Coastal (longshore) surveys to Cape Broyle, about .25 km south of Wltless
Bay,-were conducted in 1082 angl 1984. These surveys originated behiad thic north
end of Gull Island and ran parallel to the coastline at a distance of about 1 km
cast of Gull, Green and Great Islands, south to Cape Broyle Bay, and went into
the bay as far as:Lance Cove. The Féturn portion of the survey followed thé

costline west of the islands (Figure 2-2). Bird and sometimes capelin observations

were recorded for the entire trip which lasted about 4.5-5.0 br, with sbout 3 br of i

actiial survey time. Hydrographic ssmplmg was not conducted on coistal surveys.

H'YDROGRAPHY AND METEOROLOGY

i Hydx&;q.me data were co]lected using an  Applied Mlcrosystems
conducuvlty empemture-depth probe (CTD) ‘from the ‘Elsie G' at hydrop'aphlc
stations 1-2 in. 1083 .and ‘at stations 1.4 in 1084 |(Figure 2-2) ﬁdc}ltxonnl
temperature data  were ‘collected using three continuous recording Ryan
thermographs at shallow water (5:10"m) stations 57 in 1984 (Figure 2-2).

‘Thermographs were placed on* the bottom, or within 1 m of the bottom, by

SCUBA divers. Complete information on depths, locations, and sampling periods
of CTD ‘and th is given in A dix B. The CTD recorded
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salinity, temperature and depth at the surface:and at'each 10 m_interval to the
! bottom. Stations 1 and 2 were sampled on nearly every survey in.1989 and 1984,

;\'I}g) less protected.hydrograpbic stations, 3 and 4, were umplved on approximately

?éry second survey. Hydrographic data for stations 1-4 were. usually collected

etween 0615-1000 br.

To calibrate the CTD and monitor. its performance, surface temperature '

(read from a hand held mercury then"nomf_ter) and salinity (deterinin'ed by an

Autosal Salinometer; Guildline In: ) were recorded at station 2, usually on.

alternatmg surveys. In addition, bottom temperatures and sn.llmly samples werc
laken by a Nansen bottle aud erersmg thermometer.

v Additional hydrographlc data were obtained from the Depnrtment of
X-flshenu and ‘Oceans, St. John's, (S. Akenhead), for May-August, 1982:1984, fmm
ocean climate station 27 :v'vhich is_loated_about 4 km east of Cape Spear, and
about 35 km northeast of Witless. Bay (Figure 2-2) in 173 m of water (Akenhead

1083). We used hydrographic data {rom station 27 for depths between 0-125 m

smce !emperuture and salinity were nearly constant below-,125 m ‘and smce none
ol' the Witless Bay hydrographic stations (1-7) exceeded 125 m. A
Tidal information was extracted from Canadian. Tide and Current Tnbles
published annually by the Government of Canada, Fisheries aid Oceans Scientific
[nrormauon and Publications Branch, Ottawa. Predicted txd‘ !or the reference
port of St. John's were used for analyses. . ‘\\
. Meteora{opcal data lwmd speed and dm:cuon) from the nrpurt station at
St. John's btained from the Atmospheric Servn:e, St John's,

(J. Bursey) for the\onths May-September, 1982-1084.

2.4. CAPELIN LECTIONS ' - . . -.. L™

Capelin’wcre‘ collectd by 'a commercial AI"'\sher‘mhn lA. Daltpn) using a

" capelin trap located at Lance Cove, in Cape Broyle Bay (Figure 2-1),in June and

July, 1082-1084. - The trap was set perpendiculdr to, and ‘about 10-m:' from the *

shioreline in water 7 m deep. The trap fished from the surface to the bottom and
‘was desxgned and operated as described by Jnngnard (1974). Stretched mesh size
of the net Was 19.5 mm. ! o4
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Samples of approximately 200 capelin were collected, usually on alternating
days, between 0400-1000 hr. Capelin were selected from top, middle, and bottom
layers of fish in the boat to ensure selection was not biased by heavier fish sinking

' to the bott. om. Samples were frozen and later thawed for examination. -Each
sample was sorted to determine the sex.composition' aid proportion “of females
that were ovid and bspent A subsample of at least 15 males, 15 ovid and 15 spent
females were then selected for measurements-of total length (TL, mm) and welght =
(g). “The nEE'/composltlon of capelin from Lance Cove ‘were provided by
B. Nakashima (Fisheries and Oceans, St. John" s) ‘Water tempemture data were -’
collected by a thermogruph moored in 7 m of water beside the capelm trap in
1984 (station §).

. rd Addmonal ca;‘lehn collectlons were made in Wltless Bay in July, 1984 using

A\ a surface set gill-net with three panels of varying mesh size (195, 25.4, and 38.1

mm stretched), Collections ended when the net was destroyed by a whale,

2.5. SEABIRD AND CHICK MEAL COLLECTIONS ¢

The bycatch of ‘common murres and puffins in fishing nets_is-a ¢ommen
phenomenon in the study area (Piatt et al. 1984, Piatt and Nettleship 1087), atid |
large samples were obtained at fishing wharves during June and July of each year./ /
A total of 1494 net-drowned murres and 459 puffins were collected [or mtapsles

.and stom;\ch inati To 1 these collections, an dditional 31

murres and §3 pul‘l" ins were collected by shootmg around the colony in late May
to early June (murres) snd in August (pumns) in different years. All smmnch and
gizzard - contents were ldenhﬁed i possible, n-nmedmtely after collectmn. ®
Unidentified fish and otoliths were saved for later identification. Intact capelm
from stomachs were measured and, if undigested, weighed. :

A total of 95 common murre chick meals were collected on Gull Island by
Dr AE. Burger (Dep: of Biology, Memorial University of Newfoundland, .
St. John's) in 1982-84.- Chicks. of varying ages were collared with wire pipe

. cleaners so they could not swallow food delivered to them (Gaston and Nettleship
1981). After leaving chicks for 2-4 br, food items found in chick mouths or. on -



ledges near chicks were id

weighed and measured. Unidentified
were preserved for later exainination. In nddmon. vuual Gbservations were made
of 754 meals dehvered to chicks by tdul!.s in 1082:84. - Since there was no
significant difference in meal compositions as determined by observation or
collection (A.E. Burger, pers. comm.), these data were combined to caleulate
composition of chick diets.

A total of 514 puffin chick meals were obtained in 1982:84 by waiting for
incoming adults to deliver food to chitks in #heir burrows and then taking these
food items (Nettleship 1072) Food items were identified, weighed, measured, and - -
relurned to chicks. In 1982 all chick menls (n—325) were collected on Great
Island (D.N. Nettleship unpubl. data), In 1083, meats (n==63) were collected on

" Gull Island, except, for one sample (1=36) collected in’ late August on Great
Island. In"lOM all chick meals (n=90) were-collected on Gull Island. :
2.6. NET-BYCATCH SURVEYS
’ Surveys of murre and puffin by-catch in fishing gear were conducted in the
study .area from 1081-1084 (see Piatt et al. 1984 for detnils) A total of 14
fishermen from communities at varying dutances (up to 50 km) from Green Island
kept track of daily catches of birds in nlmon and cod gill-nets, with details on:
net type,-depths set, number and specle! caught, date and amount of fish caught.
Records were kxpi from mid-June to August in each ‘year. Bird catches in Witless
Bay were monitored. dally over* this_period by quanhl’ymg numbers of ‘birds
‘, brought to the commumty wharf by, different I'Lshmg crews. Addmonnl by-catch
dats, from other aress: (Cape 'St. Mary's, Baccalieu Island, Cape Freels, "Fogo
Island) were used for analysis of th/ frequency dmnhutmns of nnmber; of murres

and pulfins cuught in nets.
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2.7. DATA ANALYSES

Routine data handhng and basic statistical analyses (e.g, ANOVA, multiple

mears pari: g ) fons, X2 tests, tests of sngml’icance, ete.,)

were conducted using SAS and SPSS statistical ‘packages on a Digital Vax
computer. Spectral analysis\and lagged correlation analysis were conducted using
BMDP on VAX. G-tests were conduc&ed using a He}vletb-l’uckar\hnd caleulator
with statistical programs. %

2.7.1. Estimating Relative Abundance and R Density of Fish

Schools

The method used to quantify capelm school registrations on the echograms
is illustrated in Figure 2-3 (based on an actual data record). ,Each of the
echograms ‘was partitioned by time (1 min intervals of- transect time in 1082/84,
and ' 2 min intervals in '1983) and depth (’10 m intervals). Each survey leg was
time-partitioned separately based én the start and end. times of the leg. After

)
partitioning; the quantity of fish appearing in each block was graded visually on a

scale of 0 to 9. Even-very small registrations were given a grade of at least 1
since they might represént,signiﬁcant schools -that had been gr:azed by the
eciloscuvder beam (Forbes and Nakken 1072). At the other extre‘m’e, blocks that
were completely filled with heavy registrations were gwen a_grade of 9. This
method of visually grading echo recordings has been used prevrously to assess
relative yen.r-clnss strengths of O-group fishes in the Barents Sea and wnth trained

bl Yoo

observers can provide
(Forbes and Nakken 1972). Py .
Becnuse'enho signal strength attenuates with depth, abundance of deep fish

relative estij _of fish abund.

schools may have been undereshmued Time varied gain (TVG) :d;uscmenu
‘ were mnde to compepsate for thns effect (Forbes and Nakken 1972). Most capélin ;
schools were located within 30 m of the sur(ace. however, so signal attenuation *
likely bad little effect on overall’ capelin abundance. estimates. The  spread "of
acousti¢ signals with dépth tends to‘?vereszimate deep school dimensions, but this

.




Flgure 2-3: Tllustration of how acoustic cchog ® ded for
“of I'lsh abundance (note abundance scale is relative, sce tcxt for

details). -
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. calculated nbundance by the nnmber of “blocks containing ‘some fish (i'e.,

2
was adjusted for (Forbu and Nakken 1972) in caleulations of cnpelm school
volumes (Appendlx El).

Because fish abundance is propartional to the squared value of the intensity
of- registration on the echogram (Forbes and Nakken 1072), total abundance per
survey was’ calculated as the sum of all squared grades on, the echogram trace
(Figure 2-4). Estimates of mean abundance per_s:nrvey or per min were obtained
by dividing the total survey abundance g‘mdelby the number of, graded blocks'
.(inc]uding zeros) in the survey or min, respectively. Several more pa/rameters are
required to_calculate absolute ﬁst)i abundance from acoustic surveys. Because these
were not defermined, the men‘;xre of.ﬂuh abundance is rglitlve and not
absolute. \ .

Densxty of fish schools wns detbrmmed (Figure 2-4) by dmdmg the

bgrades > 0). This* was cnlculnted per survey ‘or‘per min by. dividing Lhe

abundance score by the number of >0 blocks per survey, or-per min, rupechvely

Again, because abundance Is a relative measure, the calculated. school

- densities are also relative. To sfpplll‘y pr_eunti:ﬂoi and dlii:uulon, the

térm "relative’ l’ nut used In thé following text but it should be noted.
that, \mleu speclncally atnted otherwlae, all. references to eapelln
nbnndance or denslty lmply relntlve and not absolute meuures. fAs
shown in Figure 2-4, abundance and 'denslty are not equwalent (although they are
corrglnled)

2.7.2. Meuur!ng,Wlnd Effects on Water Tempz‘r‘ucure

"Wind and water tempersture data: were analysed to determine if winds.
oriented in a cross-shore (onshore-offshore) or longshore direction were related to

fluctuations in water temperature (Csandy 1982). Tin effects of both cross-shore

_winds ( imatel t-west direction) and longshore winds (approxi )
«north-south direction) were exnmmed by testmg correlations between Wmci vectors
and water temperature. Cross-shore and longshore wind vectors: were derived
from the wind strees equation given by Roll (1985) and Csandy (1982):

i

~
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» Fl;\nre 2-4 Illuslrnllon of how fish nhundancc and denslty were del,crmmed
e *om gmdcd ch (mote .8 d /density sculés are
u.1-elaf.lv¢,~s«=e text for details). ' G 4‘
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ILLUSTRATION OF ABUNDANEE - vs. DENSITY
OF FISH SCHOOLS

WATER- _SCHOOL AREA TRACE INTEN‘SI_TY
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|
cross-shore wind vecm'?=[s’|[sin(di a))

longshore wind vector=[s?|[cos(d: 2)]

- where s=m.un daily wind speed, d=prevailing wind direction and"a==340 if
wd < 20 or a=-20 if wd > 20. The value of 'a’ is a simple correction factor to
put true wind direction in terms of its orientation to the east coast of the Avalon
Penninsula (about 20° off north-south axis). The above equations do not'yi:ld
absolute measures of wind stress as calculated by Roll (1965).but are proportional
to them.
¢

2.7.3. Measurtiig Spatial Variability

. Dependence of bird and . fish spatial v’arisbili}y (aggregation) on
measurement distance (frame size) was determined by computing variance-to-
mean ratios (I') over increasing frame sizes of each survey (Schneider and Duffy
1985, Schneider and Piatt 1986).-A plot, of I' versus frame s‘ize‘ reveals v;hich frame
“size yields the strongest evidence a! agg-regatmn (Plelon 1977). As frame size
increases, so will 1'until a frame size js.reached with dnmensmm close to that of.
the dimensions of the patch of birds or fuh (Pielou 1977, Schneider and -Duffy
1‘#85) Computations were based on frame size Intervals measured in
m]nntég of transect, which equates to distance traveled (‘nt!ont 250 'm
per min of transect, or 4 min/km).

2.7.4. Estl 1 s.;(.ou 1 C lation and Threshold:

. -7 The measured strength of bird association- with fish schools, can also be
sc;le-depmdeut (Schl{eider and Piatt 1086). Therefgre, relationships between bird -
and fish aggregations were studied at varying frame sizes. After ﬁreliminarf
examination it was apparent the relationship was non—lmear and often took the
form of a sigmoidal or aep function. Litérature review lndncnted that sigmoidal
aggregative responses were to be expected of - higher va;tebraten (eg., Holling
1985, Hasoell and May 1974). iThus, simiple linear correlation "as,gi_o!. a realistic
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way of analyzing bird, density as a function of fish density or the strength of

association. Non-linear regression models were an obvious .alternative, but i)

sigmoidal * ‘models require good prior esti of one ( or
inflection - point), "ii) like most fi eld data gathered for this purpose I(Gou-Cnstnrd
1970, Hassgll'et al-1977).data o\ztnmed in this study were too variable to warrant
making estimationsfor each case (ca. 70 surveys x3 species x8 frames=840 casés),
and iii) T was interested in locating and contrasting thresht;lds in murre and pulffin
response curves, not in estimating goodness ‘of fit.

Thus,, a.simple box model was used for determining “where thresholds
occurred in murre and puffin response curves and the strength of blrd-capelm
correlauons (gwen a box model). The model used was:

‘B=k,F if. F > Fp- e
3 _—k2F if FF'¢Fp ¢ 5

P where B_bud densxty, F=relative fish" denslty, F —tut thres’hold fish denmy .
and k) and k, are lhe mean densities of birds above and below the test threshold
Fp. An iterative procedure was used to efimmnie the location of T, the threshold
(inflection point), and least squares regression was used to estimate k, dnd k,.

o An ex.a}npl&oj\the.method used is shown in Figure 2:5 using a ‘near ideal
case with simulated data. For m‘y set of raw data where the relatft;;ship between

- v;mnbles Y (e.g., bird densnty) and X (e.g., fish density) appears to be sigmoidal

(Flgure 2:5 B), the relationship can be reduced to a simple box model by dummy
coding (0.1) of the independent variable (X),after selecting a test threshuld value
Xy (Figure 25 C). Simple linear regression of Y on X then yields an estimate 1)
of the dependence. ol‘Y on X Ihm analysis is per!ormed lternhvely for values of X'
(0 1,2,...X;), which generates an r? value for each test thrwhold value of X (Figure
'2:5 A). In the example shown in Figure 2-5, when the test threshold was set at
X;=2, the resulting % valiee of Y on X was 0.25; “.x'r=5: 12=0580; at X;=8,
r";—_c.xs‘ 1f the form of the relationship -is sigmoidal, 12 increases up to the real

breshold 3 1

and

) The highest,” most mgmﬁcnnl 2 value is
obmned when the test threshold aquals the real thmhold and this is” therefore
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Figure 2-5: Ilustraiion of how thresholds were located in signnqidal response o

curves-see text for _deli\lls).

- . ‘r“ .
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the best threshold estimate. The value of r2 at the real threshold yields the best
estimate of the dependence of Y. on X.

2 #
points available for threshold location analysis decreases:(e.g., grouping,a 120 min
survey into 12 min blocks gives only'l'o data points fot analysis). Forthis reason,
data ‘were grouped only up to a maximumn frame size of 16 min (about 4 km).

_ Because of the low number of data points at large frame sizes, it-is possible to
encouater 4 situation in threshold analysis where r2 does not reach 2 maximum
(significant) value’ and then dechne, but rather i mcreasea contmuously up to the

:"last data point, with the last. Iew i ressions being signil itant. In this

‘case, the real’ thrshold may ocecur before the last data point, but because there is
only one pomt ut’tga_ extreme end of the X coordmate, the threshold cannot be
Iocuud usrng this test. In my analysis, if the last two or more te:t thresholds

When data are grouped over increasing frame sizes, the number of data .’

y:elded the hlghesz ignificadt regreslpns, a was .\ to oceur

4

® bel‘ore the terminal data pomf s wet fa 8

Monte Carlo methods were hsed to
for. estimating correlations and Iocah,ng thresholds. Two surveys were chosen at
. 2 : "

random and an -Intefnational Math ics and Statistics Librazy ".‘

(GGPER) was nsed to genemte random permuta.nonsy reassign each: -1'min bird
count to anew locatlon along the, Cm\sect One hundred xuns were :onducted for
each survey and after each run, the iterative threshold locahon test was
rélative ish
density). For each lm threshold value, the * pmpcmon ‘of slgmncsnt to non-
“significant i . was calculated fo d ine the probability that &

[
significant regression could be obtained from rnndomlzed data This was

conducted for.appropriate values of the’ mdependent yanable

pared 'to the ility level associated with " the regression of the onxmal

\ data to deterimine if the significance levels obtmned with the F-statistic were

.vahd In total, 2400 compansons were made be!\veen randomized and original

E ¢
the-reliability of the above method.

data. Results indicated that F- stuhshcs ‘were generally conservmve, and therefore -

the F-test was med to esljmte probnbllllles of s|gmﬁcance
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To determine if a i effect could be d from randomized data,

the proporuon of randomized surveys yielding a ‘threshold, or a threshold with a

gressiop, was Four hundred runs were examined for.

thresholds. Because of the possibility that real thresholds could occur at extreme
values of the X co-ordinate, and thus not be loéated by the threshold test (see

-above), the randomized surveys were also ‘examined to determine the proportion

&3 . 5 %
with r values increasing up to a significant level at extreme test threshold values

of the X co-ordinate, and the proportion with 27or more consecutive significant. 2

values. . . ) %
;

The appareit strength aW form sof association between birds (e.g
nl?nndange, diets) and capelin may also depend on‘the temporal scale at which it
wis examined. Variabilily 'may' be smalt over short time frames (e.g., 1 day) if 3
there is some conelsuon between variable values on consecutive days. If there is
an underlymg cause for auto-correlation (e.g., tides), then variability may be best
observed when-the data’ are grouped over time scales (frame.sizes) appropriate to

the underlying cnﬁsgl factor (e.g., 1 week for half a tid’e’dycle), This is one way in

"7 which spectral analysis and time series analysis handle data. Unfortunately, both

these .analyses have certain data requirements that were not ‘met with the data
obtained fmm Witless Bay (e.g., mot egough data points,. inconsistent time
mtervals) and could not be applied here. However, the simple approach of

_grouping data over increasing time'frames, and then examining variability or

“ associations, was employed to help | fesolve biological patterns at Witless Bay. In.

cases where data being compnred were not always collected on the same day (e.g.,
diet collections vs. boat surveys), grouping the dnla into larger ume lrnmes also

served to mcrense data sets used for analyses of nssocmtnom



2.7.8. Estimating Temporal -and Spatial Ovérlap

Temporal and spatial overlap of murres and puffins in Witless Bay \were
estimated using Pianka's (1975) modified equation for calculating a overlap from
field data:

\where 2 and Pi aré the proportxons of the ith resource used by the Jth and
the kth species, respectively.
2.7.7. Diet Analysis -

“To calculate diet.'.'v.jompositio_n by ‘weight from n‘umli\ers of prey items, the
masses of prey items that could not be weighed were. extrapolated from measured

- lengths. .In the case of otoliths from bird gizzards, .total fish lengths were
éxtrnpolated from otolith lengths, and weights were extrapolated from these fish
'Lengths. (Adult'male and,femgle (ovid or spent) capelin wei;ﬁu were extrapolated
from lengths for each year using regression equations derived from snnual capelin
“trap .collecti Sandl (' mmod; dubius) and i capelin- length-

weight regressions were based on combined measur&nents of fish- collected. from
B chicks over all 3 yr. Juvenile cod (Gadus morhua) length-weight; and otolith
length-fish ‘length" regressions were based o cod coflected at Bellevue Beach,
i ‘Newfoundland, in 1983-1984 (D. Methve‘n, unpubl, data). Sandlance otolith
length-fish length regressions were based on fish collected from the Grand ‘Bank in
July, 1968 (data courtesy of J.8. Scott, Department of Fisheries and Oceans, New
Brnnswick). All regression equations used for analyses are found in"Appendix C.
from different pred (adult/chick
murre/pulfin, and trap) were made using ANOVA after the size distributions of ~

Analyses p[ capelin size

the individual sex/age classes were found to be normally distributed. Student-
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Neuman-Keuls (SNK) multiple range -tests were used to test the significance of
differénces in mean length and weight of capelin taken by different predators. To

d the ib of collection date to size variati the effect of year
and'samplmg peri6d (2 wk m!ervnls (0) from 1 June to 31 August) were examined
by calculgting pnrual sums_of squares and associated F-values in an analysis of
s\xze variancé as a function® of predator, year, pel'[od, and the corresponding
interactions. Sandlance and cod size frequency distributions were skewed and
therefore comparisons were made using Wilcoxon 2-way v.e‘st,s.

“To compare adull\murre and puffin feeding success on the data on o
, frequency of cnpelin in stomachs were reduced‘to a dichotomous compmi‘son of
either no capehn (D) or capelm presenz (1) and the proportion of murre stomnchs

2 thh capelm was compared lo the propoman of ‘puffin stomachs with cnpelm'

usmg a x? test. For each thhm-yenr comparison, only birds collected-on the same
days were" used in the a\mlyses Phi, (¢) coefficients were also Calculated. to
compare, foraging success. The ¢ coel’hclent is a measure of assocmuon between
proportlous and yields values between 0-1. Like x° values from which it is derived

(0—(x2/l\)‘/”, where N is_the number of cases), hlgh values of ¢ indicate low

- similarity (Brown 1983). - . L4

. To calculate diet overlap,] followed Diamond (1984) and used Horn's (1966)
modmed version of Morisita's | (1959) overlap index, C, which is pven by:

/ZZ :fv".,

i=] L

7

52

where g is the number of cdmzﬁon_prey categories in the two species being.

and z is the ,l ion of prey in category i taken by one predator

while y is the proportion of prey in category i taken by the other.
To test for significant differences in the proportion of different fish, or ‘of
dil‘ferel\’t.tapelin' age/sex classes in the hiets ;)f adult and chick birds, and capelin,
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from traps, G-tests of prey freqy istributions were p for each of the

following comparisons: Adult murre vs. adult puffin, adult #urre vs. murre chick,
adult puffin.vs. puffin chick. Onh' data collected over equivalent time periods

were used in each comparison, hence data sets for each comparison were different.
It sufficient conrcurrent,data were available in different years, then interactiont
terms involving year were also ::Iculsted; otherwise concurrent data from all
three years were grouped fur comparisons.
Diet diversity was calculated usix';g the Shannon-Weiner information
function (Diamond 1084): ’
s
H==3plogp;

i=1 ,

.
where H is the diversity index, and p; is the proportion of of the total prey
spectrum belomng to the Th category, and & is the '.otnl number of prey

categories in the diet , sample.

o
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Chapter 3 .

OCEANOGRAPHY AND CAPELIN
ECOLOGY

3.1. OCEANOGRAPHY ~

3,1.'1/. Annual Variation in Water Temperatures
/

Average seasonal 0-50 m water temperatures at Station 27 (offshore, Figure
2-1) and Gull Island (inshore) "were warmest in 1982, and became pr:)gressivcly i
colder in 1083 and 1084 (Figire 3-1). At Station 27, warmer water (>0°C).
extended deepdr and comparable isotherms generally formed earfier in 1982 than
in" 1083 or 1984 (Figure 3-2). A similar trenri was observed‘nenrshore at Gull Island
betobeeh 1083 and 1084.

This gel’xeral cooling trend of summer water temperatures. in the Avalon

Channel was likely due to the increased occurrence in sprin; of pack ice and

_icebergs in- eastern Newfoundland waters in 1083 and 1984. Pack ice was

_especially prolonged nearshore in 1984, and extensive ice-sheets were observed on

the first standard 'survey in May. Large icebergs were commonly observed being
carried south by the Labrador Current in the Avalon Channel. Small icebergs

frequently g ded inshore, ining in the study area until July in 1983 and
1984, ’
~
5 v
. Y




Figure 3-1: Mean 0-50 m water temperatures at Station 27 a‘nd Gull Island in
. i : '

.

1082 (2), 1983 (3) and 1084 (4).
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3.1.2. Seasonal Varlations in Water Temp Infl of Winds

Prevailing winds blow from the southwest during simmer at Witléss Bay.

Mod. to strong ly winds resuﬂed in Iar";e cross-shore and

longshore wind vectors. Northerly and easterly winds occurred infrequently and

were of shorter duration’and lower i The magnitude of long; re wind
vectors was si )

two of the three stations (Gull Island and Witless Bay wharf; Figure 3-3), whereas

d with water

over 1-3 ;iay lags at

cross-shore wind vectors were correlated over 1-4 day lags with only the Witless
Bay' wharf station. * Winds ‘were not significantly correlated with water
temperatures opn the same day at any of the three stations. Further signif}cant
wind-! ten;perature correlations appeared .éver longer periods of 20-24 days at seme
stations (Figure 3:3).: -

These data strongly suggest that over short time perLods. nearshure water
temperature ﬂuctuahons;occur .in.response to wind events. Fy}uatwns in water
temperature lag wind events by" 1-4 days because it takes time for ‘water mass -
2xchange o oceur in response to wind ‘stress. (Frank “and Leggett 1081, Csandy
1082). )

Water temperatures at Cape Broyle Bay, Witless Bay wharl‘ and Gull
Island were significantly correlated with each other over periods of a l‘ew dnys

(Figure 3-4), with highest correlations occurring on the same day. This indicates
s

that changes in.water occurred sy over the yhole region.

3.2. BIOLOGICAL CHARACTERJSTICS OF CAPELIN
. 8 N

3.2.1. Temporal Variation in Capelin Sex Ratlios

. The sex composition of capelin from trap collections vvairied annually .(.TabI:
3-1). "The overall proportion of female capelin decreased "gach year from 1:2.73
(male:female) in 1082, 1:1.59 in 1983,.to 1:1.02 in 1984 for a 3-yr average of L:1.56
(Table 3-1). Most female. capelin were ovi
each year from a low of 1:1. 78 (spent:ovid) in 1982, 1229 in 1083, to 1:2.75 in
i984 for  g-yr average of 12 25 (Table 3-1). '

the proportian of which in‘crensed‘ e



» ~ Figure 3-3: Lagged gorreladogs between longshore. wind vectors and
" nearshore water temperatures at Witlcss._ﬂ:fy'; Gape Broyle Bay,
““and Gull'Island in 1984. Significant c&;rrclnlions An- represented ¢

bysoliddots. . % "




T

CORRELATION COEFFICIEN

- 0.2

o
o

=0.2

o ©
o~

o
N

1
o o
N O

-0.4

-0:2F

41

T

°
N
°
o
°

- .
r e-o. o o ° Al
_' "o 2 oc oo =
o oo °e° o - ou o
P W A R N B o
SR S si--
” Cape Broyle |
o |y #
r o8
o 090® “o00
__________ L e
irte bt~ e -
[ . ~Witléss Bay
. - J

i L .
0 10 20 30
" LAG (DAYS)

¢



o .
A
: -
Figure 3-4: Lagghd ions between water &
i Witléss Bay, Cape Broyle“Bay, and Gull Island in 1984,
Significant correlations ate 'represented by solid dots. :
0
; ~
. v :
——
\ L.
5
N - . ’”
»
i »
" i
P
- ) o
: ) ;
. . 5



i CORRELATION COEFFICIENT’

¥ G4f. C. BROYLE LGS . ° . wirLessB.Laes 4 . -




- s K
(6°09) (z°z¥) (L°81) (0 8€) “
\ 9%°%:1 . 99 q 00FT 1Tl 099F L30T Toey 29" ¥861-2881 .
R (¥:29) (£°88) (1°¥1)  (9°L¥)
92211 Z0°1:1  9zlE 6c91 . 66TT  0WY 98¥T . L1 ¥B86l INrEZ
? . - 3 o3 unrez -
(3°19) (8°2¥) (L°81) (3°8€)
- 83721 L 69TTT g 999c  s9sz. et | sezz 1z €861 1122
i T . < g ©3 unrzz
- 4 -
.- (B7€L) (8'9¥%) (¥v'983) (8°92) # T
9L7TIT €LV g¥ET'  gI¥I - BOG Hig 0zg 3 z861 1°r ®
5 " sy, IR : °3 unrez
= = 3
~ ag:ids e ugrede) (®i0l PpyAp 3uedg - oreN serdues
Lteael * * 3o "oN o “oK .
orazy sefrEe4 jo “Of L § 5
. ‘PYAO ap “ds
4 toTwwe; 3 foEE ‘N :SU0FI¥AGIQQY -UFTeded T[¥i03 § = sesegiueswd

upreded 7o. 50F3TI X085 [[¥IeAo PUT ‘FeqEp UOFIIS[[0d ‘piaqm

up siequny

“¥861-2861 "Leg eyfoig edey

940) 9JuvT 3% pe3deyrod
T1-€ e19%yL

o




45

+ There were pronounced seasonal variations in sex ratios of capelin from trap

] 3 2
collections (Figure 3-5). Dominance by one sex for a few days was bften reversed

suddenly, or over a few days, to dominance by the vﬁ‘er sex. Despite variation
between m‘xd within years, two trends were apparent: The proporfion of male
capelin tended to increase in late J\,ly (except'in 1082 owing to i.ncbmple!e‘
sampling) =ad, except for the initial and final few-days of trap collections in 1983
and 4084, cvid females were usually more ‘abundant than ‘spent females (Figure
-35), - . ) L

A l‘o'ml of 180 capelin were collected with gill-ne\'.s set near the surface in
Witless Bay'in early July, 1084. No other fish species were taken in gill-nets. Most
cnpelm were !cmalcs (F/M=1.64), and most ot these wm ovid [ovxd/spent )

" 3iaa. Age Class Composition of Spawning Capelin =
o 7L "
There was a marked change in year-class comﬁuition of capelin collected at...
Lance Coye between 1082 and 198’4 (Figure 3-6). In 1082, the vast majority. of. -
. male and”female capelin were 3 yr- olds In 1983, 3 yr-olds s'.lll dommnted but

both 4 and.2 yr-old; were well represented, By 1984, female collechons were
comprised mostly of 3 and 4 yr-olds, ‘while 2 yr- olds declined, and 5 Ay -olds. ’
increased s} .smntmlly in number Males in 1084 were comprised mostly of ¥ ahd
- 3.yr-olds, and like {emales, S yr-olds Wwere more common than in 1983. Six yr-old
>cnpelm were rare, nppeanng only in femnle collections in 1982 and 1984.
. ~Collections in 1983 and 1984 mdlcated that older capeli
spawning grounds (Figure 3-6). Proportions of older fish (4 and § yr-olds). were

rrived first at the

" highest durm~ the e first two weeks of collemous, whereas proportlons of younger

fish (2 and 3 yr- olds) were-higher during the last. two weeks of spnwmng (data on 7|

this period in 1984 only). s




Figure 3-6:" Seasonal variation in sex composition of capelin from trap
collections at Lance Cove, Cape Broyle Bay, 1032-19841_
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3.2.3. C-pelln Size Dlstrlbutlons and Temponl Varlability in Size
Average Slxe of Capelin

The greatest source of variation in miean size of capelin from trap collections

was due to diﬂerencu in sex anc maturity ("I‘nbles 3-2 and 3-3). Averaged over 3

e, males were 22 mm longer, and 14 g heaviér than l’emales, and this marked

Q difference in-size was' significant in nII years (Tahle 3-2). Although differences
were sometimes marginal on a daily basls (see below), spent female capelin were,

on average, significantly longer ‘than ovid females (except in 1984), and weighed

” significantly less than ovid females in all years (Table 3-2).
+ .

Temporal Variability in Size of Capelin

Mean lengths and weights of capelin were also'a function af ‘the year and”
period of summer that trap collections were made (Table 3-3). A.f?r sex,\L

i collecuon period accounted for mist size variance i rt\pelln betaiise l‘\enn sizes
ge.nemlly Jecreased over each seaso (Flgures 37 an 3-8) Interactions betv(ecn

capelin class, year, and penod were relmvely unimportant. L ¥

When sexes, were nnnlyzed sepmtely, it appeared that mcst of the’ vnrmnce

in male size was'due to inter-year vmnbnhl.y, whereas moil of the vnnunceun

“ovid and spent female size was due to seasonal- variability, (Table 3-4).

The grentest decrease in mean wexghu of capelm occurred \during the hrst

two weeks of trap ccllecuons (Flgure 37)..  Seasonal decrense in weight-of . females
between first and last collechons was considerable, be?{g 31.4% in 1982 (note _
shorter samplmg period), 45 5% in 1983, and 46.8% in 1984. The mean weight of
Lo male capehn decnased 24.3% between ﬁrst and last collecnons in- 1982, 32.. 4% in l
o 1983 and 264% in 1984. )

e o . Decreases in mean lengths of capelm (Fxg\lre 3-8) were much less mArked
. than decreases in weighit. The last cc{l:ctmns of male capelm in ‘msa and 1084 °
were only 8.2% .and 3.4% shoner. respwely, than the ﬁm males collected

about one month’ esrlm The seasonal decrease in Iength was more pronounced
* for females, There was an 8.2% decrease in length bgtween the first and last
collections for female clpelinain 1982; 11.0% in 1983 and 15.4% in 1984."

o B
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Figure 3-7: Secasonal variation in mean wet weight of capelin from trgp-

collections at Lance Cove, Cape Broyle Bay, 1082-1084.
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Figure 3-8: Seasonal vmirﬁt’ion in mean total length of capélin from trap

“collections at Lance Cove, Cape Broyle Bay, 1082:1984.
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To test the signilicance of bet y di in_mean size of male,

-ovid and spent female capelin, only data:from the first two periods of colleétion

" (14, days) in each year were used for” comparison to. reducé bias from the
" incomplete 1982 collection [Tnble 35). In general, capelin were sl;mﬁcantlv*lnrger

i 1084 than in 1983; with 1082 males being larger than 1084 males, whereas 1082

. females were smaller or similar to 1984 femnles Males showed the greatest inter-

year dll’fennces in size, decrea.smg by 7. 5 g (nbout 20%) betwe:n 1082 and msa

3.2.4. Relations Between Water Tex
Characteristics .

b, Tide, and Cnpelln' d

Water temperatures ranged from 1.8 to 6.1°C, and averaged 4.2 + 1.2°C,

i uriﬁg the period (28 June to.28 Jul);) capelin were caught in traps at Lance Cove |

1984, Water temperature off the first day of capelin calcbes was 2.5°C., There

was ‘s significant positive correlation [n—-l7 = 059 p<0 001) between the

.proportion of male capelin prcsent each day and water tempemhlres nl. the me ’

site The proportion of male capelin in trap collections increased to >50% when
water tempcrntnm ‘were greater than about 4.5°C. There were no significant
ponelauons bel.ween water. temperatures and the proportion of females that were
ovu? or speat. It is not known whether inales or females were responding to water
temperatures because changes-ip sex proportions could have been effected by the
movements of either sex. o 5

‘There were no significant correlations belween sex proponions and daily

. tidal amplitude. There was some indication, however, that fluctuations in mean

weight of capelin were related to tidal rythyms. Mean weights of ovid and spent

female capelin were positively lated, with tidal oscillati in - 1984’ (ovid:
n=15, r=0.37, p<0.05; spent: n=15, r=0.42, p<0.01).



periods
sach  year
significan

‘using only dita
(first 14 days after.intial ‘collection in

tly

ovid and spent femals capalia

ted oy

or”

equivalent timg

underlining not

fferent (p>0.06) using SNK -ulupn

range test (i's range from 71 to

2‘2) .

Capelin . . Mean Length Mean Weight
“TIee4 1982 1983 1984. 1982. 1983
Nale 179.6 180.6 ° 169.9 "= 36.6 38.7  31.2
Female: | 4
ovid 167.4 151.6 -150.8
Spent 167.9 164.6 164.5
A g
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13.3. TEMPORAL VARIABILITY IN CAPELIN ABUNDANCE
AND DENSITY AT WITLESS BAY . o
a.h.i. Annnil Vlrlnbmty
There was an order of magnitude decline in relative capelin abundance
between 1982 and 1984 (Table 3-8). Differdnces between years are asily seén by
the r
3-9). ’I‘here was a marked increase in the number of empty blocks between years,

qf of block intensity grades in each year (Figure
pnrhcularly between 1982 and 1983 (note log stnle) There was also a pronounced
shift to the left in the frequency distributions of echogrnm block grades greater
than zero. The shifts in (nquency distributions b:tw:en\ 1982 1983 and 1983-1984
werg Both highly significant (Tab)e 37). o

The relative density of capelin schools recorded each year did not change as

markedly as school abundance (Table 3-6 and Figure 3-9). There was a grndual
increase in the frequency of low density grade 1 blocks from 1082 to''1984, but
between 1982 and 1983 there was actually an upward shift in the frequency of
very hlgh density schools.(grades 7-9). The shift to lower densities between 1983
and 1984 was more pronounced, although still not as dramatic as the downward
shift ‘in abundance (Figure 3-9). The differences in school density frequer;cy
distributions between years were statistically si'gni{icaug' (Table 3-7).

\
3.3.2. Seasonal Varlability -

. §

Echogibm registrations of pelagic schooling fish believed to be agpelin wére
reeorded’on all surveys in the Wltless Bay region from May/June to August, in
"1082- 7({_84 (Figure 3-10). Periods of high relative abundance occurred each year
between the last week of June and the third week of July (Figure 3-10). There
were two peaks of abundance in lOBG'(cn‘ia June nnd‘ 13 July) and only one peak
in 1084 (ca. 1 July). Relnnve hool density followed a very similar semonnl
pn?n to relative abundnnce (for|economy and owjng to their similarity, dens)ly
patferns are not shown). Cnpellln bundunce and density were mongly correlated
(r==0.74, p<0 00); all years combmed) ] .

N



+ / 5 - ) =
, /o . - " e )
©o(8TT0) vz (1270) 1Y (91°0) 67€ " (o d) susp uven
“'(z070) 1170 (30°0) 80 0170y &z (“s°®) sauvpunqw uvex
) P . : pepras syo0rq 4
191741 z9e’Ly nmn.m.. w07 x uUim — jo “om w301
Cows ‘Lrot . uy) esueasip Leasns qvior
“reee. ’ 990¥ vey ::-v. smia ?.L:: Traor
BT ’ .o . Yol : " ateasis 36 wenwuK
; -
~ - . 330333
vest €861 z861 3 "

‘(spodaeN 59s) eTeds eafieres Sufsm
®OX; PoavINSTED> Ka7suep puw edmepunqy
3% £17300p puv eduvpunqy ufredes ure

“f1uo sfeajns pivpuEas
‘¥861-286T~ UT fvg sse(ata
pue ‘910530 n.:..u “9- w erqeg




Figure 3-9:

) s 34 : ) N .
Frequency distributions of ecNbgram block intensity grades for

—~ ‘é,apclin npundance and density in Witless Bay, 1082-1084 (nole
capelin nb;xédance/density scales are ﬁl-tlve, see Methods).
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PERCENT FREQUENCY
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Fl;ure 3-10:- Selgonal lrends in cnpolm nbundmce at Wltlm Bay, 1082-1084. L4
No!e Lllut abundance scnle is relntlve, seé Methods .
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Perlods of high cnpelm abundance in Wltleu Bay coincided each year with
the durmon of capelin ‘catches in nearshore traps m at Lance Cove. Cape Broyle
Bay. Capelin were first sighted nearshore at Lance Cove on 16 June in 1982, on
21 June in 1083 and on 27 June in 1984, Based ;xpon these initial sightings and on
the duration of trap collections (Table 3-1); capelin were relatively-abundant at
Lance.Cove for at least 23 dnys in 1982 (16 June-8 Julv), 32 days in. 1983 (21
June-22 July)-and 32 days in 1984 (27 June-28 J’Illy) The 1082 period represents a’
minimum becansc traps were removed,from the water ‘when the commercial
capelin fishery ended on 8 July. In 1983 and 1984, however, one trap was leff in
the” water. for smnpllng purposes for at-least a week after the last catches of
capelm were made on” the indicated dates. Thus, the average penod “of capelm d

resldence inshore was about 4.5 weeks.

3.3.3. Di¢l Variability 4 o ) ; e

Rmﬁu of surveys conducted over 24-hr periods. on 26-27 June and 5 July,
1983 (Table 3-8), ‘indicate that capelin schools remain in the upper w‘ater column
throughout daylight (ca. 0500-2130. hr during ‘study period). On both sur¥eys:
(Table 3-8) conducted n;ar and after night-fall- (2030-2330 hrs.), capelin
abundance was considerably lower than on previous surveys conducted inte in the
day (1430-1800 hr). This may indicate that capelin schools disperse overnight. On
one survey; started about*pn hour before sunrise (26 June), capelin abyndance was
relatively low; increasing slightly on the next survey conducted in late morning.
Conversely, after the other early morning survey. (5 July), capelin”‘abundance

declined by late morning; remaining similar through the day (1025-1740 hr).
. 31

3.3.4. Relations B Water Temperature, Tlde, and Capelin
Abundance d

There appeared to be a weak relationship between water tempernzures, tidal

illati and fls ions' in capelin Peaks i n, capelin nbundnnce

oceurred mer wnter temperatures increased to over 4-8"0 in mld-June, 1083, and

. . |
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Figure ‘fll Relationship between ‘capelin nh‘umlance, tides and- \;mle:r‘ X
temperature al Witless: Bay, 1983-1084. Note that”capelin

r abundance scale is relative, sce Methods. 5 e .
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hte Jnne, 1984 (Figure a—n) Ejch per od ol‘ peuk capelin nbundmce in 1983 nnd

1984 was assoclatgd with a neap or xpnug nde and was preceded by an lncnue m .
wnt:x- teinperatufes’ (Figure 3-11). Tha trough ‘between ‘the two /penk _periods of™
abundance il 1983 was iated-with asing water femperatur anlt

TN

decreasing tidal oscillations. ~ —,

Ve
t‘h hdnl mnge in 1054 (n=25,
27, p<0.05). When only data rom periods of penk abundance (ca. mid-June

Abundance wagsignificantly correla!ed

3 “to mid- July) were included in the analyss correlations were -stronger for 1983

063, p<0.05). el L

ln,—lg 1,=0.38, P
* . There were 1o signi simple ¢

.08) and 1984 (n=12, r,

1 between dance and water

temperatures over the same time pehod ‘but spectral analysis revenled significant
-

® correlations over 3-5 day. time frames i in'both 1083 and. 1084. “As the data were

too limited to’ npply time-series annlysxs, the, relationship between dmly
* fluctuations in capelin abundance and water temperalure remains unclenr

However, it seems' reasonable to suggest that lhere is some minimum prelerred

Most capelin were recorded in bay and-ledge hgbitats ‘in 1082 (55%), 1983
(84%) and 1084 (50%). Given the small total area of ledge habitat (Figure 2-'.!),
the: proportions occurring there (Figure 3-12) indicate that the ledge was an !

"important area of concentration for capelin.

.

temperature (ca. 4-8°C) above whlch capelin -may océur‘m hngh abundance. (see
below also). oy e
j o s
'3.4; SPATIAL DISTRIBUTION OF CAPELIN
s AR A
3.4.1. Distribution of Gapelin In. Witless Bay )
L Habitats in the;tudy area were deﬁMon the basis of bird‘diving abilities -
and i:mo\mpomphy (see Methody, and Figure 2-2) as being: inshore (<30 m),
' bay (3070 m), ledg (30-70 T)’ and offshoré (>70 m). These categories are also )
“convenient for describing ‘the dutnb\moh ol‘ cnpelm(schools in the study area™. .
. (Figure 3-12). 2 ¢ #

B,
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Although the proportion of capelin foynd in mid-depth: habitats ‘change
little between years; there uhs a npotable shift :in sbundsnce ffom irishore to,
" offshore habitals between 1982 and 10 (P‘Agure\’f-m) This shift was' asgociatéd
with, decressmg water temperature: between .these years (Siis belnw) In 1983,

.. more cape n v;ere coricentrated inshore (24%) th;n ofrshore (11%), Awhereas in
tound offshore | (35%) thap,inshore (14%)

1084, more- bapelm we!

d Oﬂ‘uhére Dhtributlon of Capelhi

Ol!shore and Iongsbor urveys ror capehn.were conducted in May~Aug’ust
of 1984. Most capelin ‘were recorded wn.hm ‘about 5 km of ‘the. coast, |Ithough v
smnll "concentrations, occurred at least 1 20 km: offshore, (anure 3—13A) Much =
hngﬂer concentrations were found fear shore on the oumde (F:gureea-laﬁ),and
inside: F.gure 8-13C)- legs of the1 longshore survey route (Fxgure 2- 2) Peaks ol‘

capehn A‘\vz‘ on the longshore surveys g 1i ly occurred around the s%ﬂur

colony islands, promment headlands, and “in Cape Broyle, Mobxle, and W) es!

Bays.
Few capelm were found on. the offshore survey in late May, but sngmﬁcant i

g concentrnmns were encountered near the surface (<10 m) along most of the
of{shore survey route on 8 June (Table 3-9 and Figure:3-13). ‘?ume capeh were
still found o[l‘share in m1d~.h|ly, but most schools oceurred wnthm 5 km of the
coast By mid- August few capelin were recorded offshore. Longshore surveys

.. indicated that capelin were present nearshore from 14 June to 18 July, bemg most

abundant on. the 8 July survey.

343, Vertical Dlaeﬂbnﬂon of Capelin In the Water Col

Most capelin were recorde‘ri‘ in the upper 20 m of the water colurlin on
standard, l(;ngsbdre;.of(shore. and 24-br surveys in 1983 and 1984 (Tables 3-8, 3-9
and 3-10), but in. 1982 significant concentrations were found to depths of 50 m

s (Table 3-10.) Ninety-five percent of total capelin bit;mn_ss on standard surveys
 was estimated o occur above 60 m in 1082, 30 m in 1983 and 20 m in 1084,

2
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|
Although the~mn.xum| depth ut which enpelm were recorded varied- each '
year, they were, never observed below 100 m on any survey The maximum deptb
recorded l‘ol' capelin in 82 was 00-100 m, 80-90'm m 1083, and SO-BO m in 1084.

"On a few surveys, enyehn yvere observed to be concentrated on. or very nenr the

bottom in so\me areas, px?umably a3 they were engnged spawning ;cnvmea
(Bakke and Bjorke m’lal% Usually, these schools - were_ encountered in shnllow

-

,pearshore areas where’ bottom depths. weré’ less Lhan 30 m, but some bottom

concentratiol we ¢ found at 50—60 m'in 1982. W

h Wll:er T npe) and t‘he-Spnthl 0
Diutribuelm\ol' Cnpelin 4 &

i :v‘/‘ln 108: werm‘est of the 3 years sludled (Flgure 3-1), capelin_were
recorded as\deep as oo-mo m; ‘although most concentrntlons were found above 40 .
m (Figure 3-14) In 198§} the next warmest year. (Figure 3-1), capelin- were most
abundanty! between 0-20 m and seldom oceurred below 40 m (Figure 3-14). In 198
‘the:coldegt of the three }ears (Figure 3-1), capelm were most ubundm between
0-10 m and were seldom Ju\torded below 30 m (Figure 3-14). ’

'; Thus, n geueral, xg\lrest coqeentrntlens of- capelin. occurred -between the

. surface and the 5°C imr ermh, The maxinium depth of the 5°C isotherm was i N
| 2030 m: in 1982-1983 and 10-15 m in -1984. The nverage maximuin depth of

| eapehn was usually near[the l'C isotherm, which occurred at ca, 40—50 m in 1082,

‘(. and 30-40 m in 1683 nnd 1084\ These' data strongly suggest that I'or he time -

" ] penod examined, cnpell have marked tempen\ture preferences whlch detérmine

their. distribution.in she ater colun\m e »




z Flguu 3-14: Reluhve nbundame of capelm (scnle 1-9) a(t 10 m depl.h mtervnls '_
in- relation l.o\wxl.l:r l,emperatllres at W’luess Bay, _msz-msq

Solid lines are dcpth oT 5°C ‘and l"C st therms at-“Gull lslnnd

Dnshcd lines are 5 and l’C |sotherms at’ Smx

(97 off-Cape

Spr:nr Dots mdxeatvno capehn deledled LR







3.5. SU'MMARY OF OCEANOGRAPHY AND CAPELX.N ~d,

ECOLOGY T B b

he;ﬁze "of-capelin” availapl to pr dators>varies lly and
'n'nnually with«variations in sex and age-class’ composition of schools,
spnwmng chronology,and g-rowth and matyration rates. . s

2 Seasonal vnnanons in |nshore capelin abundance are related to water"

v temperatures and tidal rythyms. The bulk of mature capelm biomass

appears inshore in.one-or two pulses between late’June and late July.
‘Tides may provide-a prox\rnate eue for inshore mlgrmon and. water
ten\perature may pmvnde the ultmfate cue for spawnmg R

3. The vemcal and eog'rkphw dlsmbutmn o! capelm is influenced by
- #tef temperatures; During the spawningperiodsmost capelin s
sbove the 5°C matherm throughout. the- day, and virtually nll cap
remain nbuve the 1°C isothetm.

Yuring thm spawning penod -adult chpelm concenzrate. neat ulands'
/ and, haadhnds, and wnth(in cm 5-10 ku} of shore, presumably .as they"
await t d for ding_on beaches or shallo
lnshore ureas j S fa

5. Whereas capehn —abundance may vary vndely between “and _wi
years,{e average densny of schoo]s is.much lesp vanable

6. Over the long .term, nearsh watér np ure infl d: by
e Labrador Current, pack ice, and icebergs, Whereas daily variations
in nearsliore water temperatures-are tightly ‘coupled with wind event:
These’ physlcal phenomega have a direct mﬂuence’on temporal and
i spntml pauerns of sb\lnd{uce =




‘FEEDING.ECOLOGY. OF ‘COMMON .
"T‘MURRES AND AlprN'gc -PUFKINS' :

g under—rep;esent d’ gUspenskl 56 Bndszreet 1980), Prey dehvered to c‘mcks.aw
usunﬂy mtact :md do. not sul’fer from a deca{npo!mon bias, but. chlck meal

i 1957, Hums N\

4. I STOMACH CONTENIS OF A.DULT MURRES AND. - 2
.~ PUFPINS; . * N

Capehn toun ] in* bnd stom/nchs were otten in very good cond;tmn Mosr. of
1€ birds collected for stomach ‘analyses were drowiled véry early each morping in
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beiwm-set cod gill-nets, probably while foraging m bottoniMor capelin
(Piatt and Nettleship 1985). This may explain why gtomxcontents were 50
. often fresh: Feeding birds were !llll‘nngl!d, drowned, _nnd cooled rapidly in the cold
.~ water (-1° to 5°C) found at depths of net-entanglément (mosi >20-m), resulting
“in preservation of stomach contents until nets were emptied and birds" were
examined later in the day.: S
Al birds were collected within the boundary of the. stadicd survey r%te 3
(F)g\lre 2-2), and therefore stomach contents suggest that capelm wére the only
abundant prey species in the immediate -area of the Bird colonies. Other prey
remains were commonly found in gizzards (below), but most o[‘these could have
been i) captured away from the study area; or ii) cept}ured locally, but later in the
previcus day (i.e., varying diurnal availability). Otherwise, intact non-capelin
g ‘specimens sho‘uld have been found more frequently in stomachs. . "
: . 4 . 5 .
‘452, Adult Meal Sizes' . .. a P

§ Because.stomachs were often full, it wad pos: vle to determine the full range ~

- of murre and pumn meal sizes (anure 4:1). These data were collecied over the
same time penod in 1982 when large samples of stomachs v:ontmmng food were .
avaiable (see'below). Muire stomach contents ranged in welght from 0 to '162 g,
with a median weight of 30 g. Puffifi stomach’contents ra‘nged,i‘u w‘leight from 0
to 51 g, with a median weight of 5 g Ign-oring-,;empty ‘stomachs, however,
median number of capelin found in murre and,pui‘ﬁn storﬁuhs in 1982 was two /

. and one, respectively, - and " their .averag\ weights were. 21.0 and 16.4° (-5
respectively, so normal meals stiould have been at least 42 and 16 g, respectively.
The disparity between obsetved ‘and estlmated weights must have been -due to
dxgestlon and was greater in pufflns (18:5) thnn mu)res (40:: 30), lndlcatmg lhat
digestion rates were faster in puffins. -This was pr%dnelable because miurres are
about twice the size of puffins, and therefore shonld havé Iower speclfc metnbollc
and digestion rates (Peters 1984). i N, e - 5

Based on’calculated meal mzes, pumns and murres, consumed about 38 end 3 :
"4.2%, respectively, of ‘their body *mass. in ‘a mormal meal,_a‘lthough blrds were
X S 3 il S
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88
capable of consummg far more on ch:swn Baaed on amnnus of total daily
requirements at Witless Bay (100 /and. 200 g/day for pul'ﬁns and mirres,
respectively; Brown and Nettleship 1984), pulfins ‘and murres should have fed at *

least six and five hmw a day, respectively, during the period examined in“1082.

\\ However, either species cauld have obtained their dmly quota il fn'2-3 meals if they
ate maimal rations at each meal, J ’\" - "
»

4.1.3. i“eeding Success in Dm‘e_rent Years .

quenéy of capelin fond. in both™"
murre and puffin stomachs from 1982 to 1983 and from 1983 to 1084 (Table 4-2;

Figure 4.2}, corresponding to the detrease in eapslia abundance between ‘these

v 5 \
‘There was a signifi decline in the f

years (Figure 3-8). For both species, the

of empty achs ir d
d markedly each year -(note log scale). In. murres, the J‘re‘quency of 'stomachs

containing Tive Of more capelin hovered around 1%,. increasing slightly between

1082 and 1983, and decreasing 'ig;in in 1984. Murre stomachs containing one or .
two capelin decreased stendnlv in frequency he!ween 1982 and 1984 In puffins; the

*"frequency of stomwhs cantmm g two-or more capelin declined markedly (rom—
71082 to 1984. There was 'no sxgmﬁcanz chnnge in'the frequency of capelin fotind‘in”
murre stomachs. between 19814082 but the 1981 sampln was comparanvely

small.

4.1.4. Campnrlson of Murre -and Pnfﬂn Feedlng Succeuu

To uke body size d)ﬂ‘erences into account and compare Ieedmg success
between species, the frequency-of capelin in g!mnachs wits reduced Mo 2"
- dichotomous comparison of cnpelm either absen'. or present and the proportion-of
murre stomachs with capelin was compared to the proportion of puffin stomachs
with capelin using only data I‘rom nme—day col]ecmns of both species. In, .1982,
there was a'small, but significant’ dlfl'erence between species in the proporhon of
stomnchs contammg capelin. (Table 4-3). In 1983 and’ 1984, "however, an
-~mcremngly greater ‘proportion ‘of murres had capelin m{thenr stomachs than ¢

puffins. B

-
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Table” 4-2. Compirison of the numbersiof capelin (amean,
. median and'saximum) found in'common murre snd Atluntic . . -
“puffin stomachs collected at Witlesg Bay, 1981-i984..-
Yurre oo o . Puffin
i 2 % )
mean med max KS* ° n' mean .med makJ
1:8 5t
: .
1.1 1 ?
1h0 0
1984 . -350 70.39 0 .
TOTAL 1442 '0.:97 f‘o -

© + Statistical compariso

“

(sse appendix K1 for, détai

frigwecyatetrinutions b
betveen yesirs nmade using Kolmogorov-Sairaoly (KS) t

ts
.fsignificant difference
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% Flﬁure,l-?:‘ Frequéncy distributions of the nurﬁbers of capelin fl;und in

common murre and Atlantic puffin stomachs in 1982-1984. Note
p: L) : 2 . ‘

3 " that lreg‘uéncy ‘scale is logarjthmic. - - S e
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A s
Although differential dlg@twn rates probnbly account fer som. of zhe g
. difference between spécies in Stomach contents (see above), this bias should have
" .been consistent between years. Phi (¢) coe{ﬁuenu (Tnble 4-3) indicate, howaver,
.that the diﬂ‘sr‘enbbe!ml species in feedmg success mcrensed between 1082 and
1983, and pmhcularly hereen 1083 nnd 1984, (note lhnt increasing ‘¢ values
mdlcate decreasing sxmllan&y in| propomons Brown 1983 nnd see Melhoda)
b | 2 ,<
415, sonal V: ! \‘ in Feeding Si : The F A
to Prey Benslty | ' C ’

the summers “of

The !reqnency of cn})llm in bu'd stomachg varied throu
1982 1084 (Fxgura 43), w:th peuks corresponding to peaks in ensxty of -capelin at

Witless Bay.. hg functiona] relationship between capelm il stomachs and local

capelin school density was ex‘amined for its form and slreugth of association usiiig
’ combined data fiom all 3 yéars of study." Examined over different: time lrnme ©
Jntervals (see Methods), thelhlghest and most a:gmﬁcnntbcorrelnnons for both
murres (r,=0.69, p<0.001) and puffins. (r =0.74, p<0. Ol) were lonnd when'“the
data ‘were grouped into S-da) blocks: The form, of the relnl)onshlp between food
intake and prey density appeared to be slgmoldql for both.species (Figire 4-4).
Both plotsexhibited '\nﬂec(‘mn‘ points as indicated by the threshold. location test
: (insei Figureﬁd— , see Methqu): This .suggests that both, murres snd Bum?\- i
hibited-Type jonal ‘ to prey density (Holling 1950): ‘The puffin

rzspcnse shiould be inter|

ed with caution, however, because n could become

byperbolic (Type. II), or the x‘ ection point might shift consldembly glong ‘the

prey density axis, with the addition'>f only a few more data points.

\
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Figure 4-3: SeaSomah(rends in mean numbers of capelin found - in bird

stomachs, 1982-1084,
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denslty (notn cupelm densn.y scale is relallve, ‘see - Methods)

Dal,a from 1082-84, combmed. Thmsllolds (xolld vemcal hnu]

’ dclermmed I'mm.ThreaImld ]oc
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42 OWmL DIET COMPdSITION OF ADULTS.AND
CHICKS ' o 2
4‘.2.1.'Num;ricll P_roporﬁbns’ of Different Prey in Adult Diets

Adult diets (Table -4 and Figure 4-5) were dominated by three fish species:
cnpf’lln cod (predominantly Gadus morhua and <1% Borcogadua saida), and

dl (p bly A dy dubius; Reay 1970). The-only other prey © . -

found “were squid béakg (Mlez illecebrosus) and unidentified: crusticean
_remains (see Appendix G for yedrly data). E
Adult murres consumgd predominantly capelin in all years (Figure 4-5). The'
.riumvc;'ical proportion -of capelin in murre diefs. increased each year from 49% in ;
‘.i982 to 68% ‘in-1984. The unﬁ:ghted average prop’mon was '60% (Table 44).

"Cod and sand! inted foF the rerihindef, averaging about 16% and 24%,

nspecnvely, of l.he totnl diet (Table 4«4) Cod' were markedly less I'requent_m'
1984 while the proportion of sandl: d’sub i h_etween 1982 and
bemg uea.rly the same between. 1983 and 1984, i

Conswtent with the increasé.in proportion ‘of tapelin ptoliths found in murre

‘gizzards be!:ween 1982 and 1983, ther’e was. a slgnlﬁcant upward shift .in- the, i
‘" frequency distribution of ¢apelin otoliths per gizzatd between 1982-1083 (although’
\"l.'his could have been;partially due‘m the smn‘ll number of.gizzard samples in
L 1982). No significant “shift in frequencies was observed between 1983-1984 (Table .
* '4-5), despite an’incréase in_the propomon cl' capelm in”the diet. Frequency
dxstnbuuons of sandlnuce and cod . otollths per gizzard shifted significantly _
downward and upward respechvely, between 1982 and 1983, but there were no ~
dift in f istributions between 1083 and 1984, although  the
“median ‘and maximum numbers of cod ot.ohths per glzzard were consldernbly
. .lovIer in,1984 (Table 4-5).
. The numerical proportion o[ capehn in sdull puffin diets mnged l‘rom 28%"

Cin 1982 to 58% in 1984 (Figure 3-5), The unweighted average capelin proportion
© was 41% (Table 4-4). Cod were host numercus in 1082 (58%) and 1983 (56%); "

.whereas segdianée‘(37%):replued cod (3%) as the most common alternative to
- v »
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Figure 4-5: Numerical proportions of different prey in d.iets‘ol' nd\lli and chick

common murres and Allantm pul'fms at Witless Bay, 1982-1984 i

'Othcr' catcgory compnses squnl tor puflfibs, and umdenur ied
:rustacenns for mirres. *
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Table 4-5.

Compjrison »'6f the numbsrs of capelin, ¢od,

and

sandlance otoliths found in common murre and Atlllbic pu{“.n
glzzards at Witless Bay, 1982-1984.
\

Otolith Aear Murre Ruffin
X L i
KS* n#s mean nmed max KS* 1 - mean med max
Capelin 1982 76 2.7 1 22 28 1.3 1 s !
y reey
2.8 2 24 76 2.0 2 6
% NS b o
e 1984 434 2.7 2 . 25 170 1.9 26|
TOTAL 971 2.7 2 25 181 1.8 - 't e |
% : |
. 5 w # \
5 Cod -y ~ 1982 30 1.8 2 3 59 3.4 -3 8,
vere . .
1988 147 2.6 2 29 e c.3.9 3 120
T . NS . {
1984 A7 2.2 1 13 L N
* TOTAL 224 2.3 1 29 180 " '3.4 7 2 12 i
% E d \
Sand- - 1082 50-#°3.6 @ 2. 18 4 1.3 2
lance b . 'H :
* 1983 136 3.0 -2, 1% 16 2.6 2 6 .
_ NS e p ‘
1984 - 140 2.6 2 13 108 3.1 3 11 *
TOTAL 326 2.8 ‘2 18 1270 2,97 "2 11

i - s e
+ Statistical comparisons of frequency distributions between

7 yours nade using Kolmogorov-Sairnov tests (
Significant difference
NS Dot significant; s p<0.06

for details).
indicated:
#% p<0.01;

«es pc0.001;

svae p<0.0001.
*+ Total number of otoliths found in gizzards.

o appendix K2
b-n en years .
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upelm in 1984. Proportions of ‘other’ prey (Ilrgely squld) were:simall in 1982, and
negligible in 1983 and 1084. i

. As with murres; the’ !requency dxstnblmon of capelin owllths per. puffin’
glzurd shifted upward between 1982 and 1983, ‘but there was no si mﬁcnnt
“diffe in frequency distrib; ions betvmen 1083 and 1084 (Table 45).:A ollke
mlu'res, thv—frequency distribution of cod otoliths per puffin gmnrti shifted *
. upward ‘from 1982 to 1083, but did not change significantly be(ween/ 1083 ‘and

% e

1984, although the median and ‘r‘nay""num' “numbers of cod otoli!hs per« g'kz‘inrd

declined substantially in-1984. C ding to the i d i

sandlance in ‘the puffin's- diet, there was a slgmﬁcant upward shlfl’ﬂ 'Nz
: ‘frequency distribution of sandlance, otoliths per gmard between-1983 and 1084. '

4.2.2. Comparison of Adult Mifre n‘nd Plll'ﬂn Diets ‘

X To compare adult, diets within and between yem, only data lrom murres
and pulﬁns collected over the same time periods i m 1983 and 1084 wele n‘hnlyzed
using a G-test of (requencles (see’ Appendnx X\S) Analysis revealed a h:ghly
significant interaction between predator and prey speclas (dl .,35—00 8; -
p<0.0001), which indicates there were marked differences’ hetween l.he dmts of

- murres and puffins. Most différences were due to greater. cnnsumpuon by puﬂm )
of cod in 1983, and sandlance in 1084 (F|gure 4-5). The interaction between bird
mdependent of year tGl 735=12:5, p<0. 0001) i
There was also 3 highly signi (’i ant mtersctlon between prey proportions and year
(G 7gs=116.1, p<0 0001), i{ndlcatmg that there were m:u'ked between-year

and prey frequencies was 1o

differences in prey proponlons mdependent of selechon by the two - predntms §
; % it the djsappesrance of.cod from’the diéts of both bird.species

in 1984; ani corresponding incredse: i proportions of capelin-and sandlince K

:<(Figure es). B )

\ 4 T




‘2.3, Cmpmm of Adult and Chick Diets

The primary dxfl’erence between adult dnd chlck*dlets,was that adults took
~ more cod and sandlance, whereas chicks were alwnys fed n hxgher‘ propor'.lon of)
. capelin (Figure 4-5 and Table 4-6). For murre chxck.s elingwere by far the
most |mponant prey fed to chicks-in all years, w:th only sankce oceurring in®

‘any ‘abundance ‘as an alternative prey. Puffin clncks were maintaingd on a
. predominantly cgpelin diet also, but in 1082 and 1983, juvenile cod constittted a
 -significant pmporuon of the dlet (Flgure 45). *

" To test the slgnlfcance of differences between ‘adult and chick dle's, only
data collected over ‘equivalent time penods were analyzed usmg a G-test of
frequencies (see Appendices K6. and K8). Temparally overlappmg adult-chick

N collecnﬂns were made in: 1983 and 1984 for mnrres, but onlx in 1983 for puffins.
[ 4 ¥ w ll"or murres, there was a highly significant dlﬂ‘e[ence between adult and chick
: i dlets (G, l,.m._lSl'I p<0. 0001), which was independent of year (G‘ 1270=3.0,
& p>0 05). Prey proportlons also chnnged slgmﬁcantly ‘between years
g (G”.,.lo—534 p<0.0001), mdependent »of adult-chick- selecuon For purﬁns.
there ‘was also_a highly- signifi icant dntferenee between adult and chlck diets

(Gyz0=185, p<0001) e R . ¢

LT 424, Propartlons of Different Sex,/Age Cla.sues or Capelln in Adult
Diets ; * g

- - <3

’kThere is cor ernble armhon -n size and wet welght energy content of
different sex/age ciasg- of c@el (Montevecchi and Platt 1984 this study), It is
therefore of interest to consider diet composmon with respect to capelin alone.

In genenl adult murres and puffins fed mostly on ovid female capelin
(Table 4-1) in all years, (Fxgure 4-6) Mutres nlwnys consumed 4 slightly higher
proparnon of ovid females, and .a much hngher proportion of males, than did
“puffins. - Neither species corsumed "man‘y immaturé capelin. Both species

: - arkedly”different proportions of adult male and female capelin than

found in trap collections. As the. ratio of males to’ females increased in trap

i . 5 N
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Flgure 4 ﬂ Numencal pm?rtlons of dlﬂ’erent capelin age/sex classes in dn:ts

.of udult nnd chick common milrres nnzi Allanuc puffins nt
- Witless Bny, 10821984, -
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X
collections n\ m 1082 to 1984, the male-l’emsle ratio decreased in adult murre:
dlets‘(Fxgun 4-8). X
To test the signil of these diff in capelin ition, only data ©

collécted over equivalent time beri:{ds were used in a G-test of frequenci'es (see
Appendices K10 and .K,ll)‘_ The nurber of identifiable capelin in puffin stomachs

was small in 1083 and 1984, so the data were bined over 3 yr for

with murre diet. Analysis indicated there was a hi;iwly significant between-species
difference in the composition of capelin in diets (G3'5m=433, p<0.0001). Trap
collections \ﬁereA relative\ly brief in 1982, so comparison of adult bird “diets
(éxcluding immature capelin) Withft-rap collections included only data from 1983
and 1984. Analysis indi d highly significant bet diffgrences in
proportions of &irrgreiaz capelin sex-classes taken (G““%,'-——IGOA, p<0.0001). )

4. 2.5. Comparison of Capelin Age/Sex Classes in Diets of Adnlts xnd
" Chicks

T@ biggest - difference belween capelm in_ the diets of adult and chu:k»
ol"-ale capelin taken by. nd\llts, and the
e higlier proportion of ‘immature capelin fed to chicks (Flgure_4-6). A G-test of

murres was in the higher propom

* frequencies using oi;ly data.collected over equivalent time perincis in 1982, 1083,

and “1984 (see Appendix K7) indicated that these ferences weré highly
_ significant (Gam'—m 1; p<o0. 0001), and only slightly dependenz on year of

. : ¥ collestion (Gﬂ 1136=10.3, p<0. 05) There was also a highly significalit interaction

between capelin sex/age class_ proportlon; and year (Gg ) 35=117.9, p<0.0001),
-which was independent of aduit-chick selet‘:lionls'l'his inter-annual variation in the

. proportions of dilferfnt classes of capelin is also indicated from trap collections,

P * .. For pulffins, adult diets differed from chicks mostly in the higher proportions
—)/\ EER of immature and spent female capelin fed to chicks (Fi‘g\\ueﬁ-i}). The difference in

_ spent_female, proportions .was largely an artifact of sampling, }ioweve‘r, bééause‘

9 4mosl adults were collected .in July, wherens chlck meals were collected mostly in

<ipd

Augnst when remnle m\pelm ins are '1 ively rare (T ’

) ms) Compnnng only dnta from temporally overlnypmg collections (all years

. " 5" )
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s Tablet 4-7. Percent wet welght composition of adult
- s and chick common murre and Atlantic puffin diats
. at Witless Bay, 1982-1984. .
s et "
Fish Murre Puffin s ooy
PRI . Adult~" Chick Adult Chick - N
capelin 82.7 90.8° © 78,7 3.2
) o . cod ST 7.6 L 0.2 2.4 1.3 . . -
¢ . Sandlance 9.7 . 8.0 . 14.2 8.3 g
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& Figure 4-7: Percent. wet weight composition of a!dl'l_". an’d.chick comlinon

- murre and Atlantic purrm dmtg at Witless Bny, 1082- 1984
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. Table 4-8. Percent vet

ight composition of sdult ... .
L d

and chick commop murre and Atlantic puffin capelin

diets at Witless Bay, 1982-1984.

Capelin Xurre

Puffin

Adult  Chick

Adult €hick

-
e - = =
' Adult femalle
Total 167.1 84.9 93.9 79.0,
2 ovid 61.3 62.0 80.3 12.2
- g » -
spent 5.8 22.9 13.6 , 66.8
Adult male ' 31's 10.1 5.2 - 13.3
; . ature 1.1 4.9 0.8 7.7
v X,
) A
9 .
\, ’
v e
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" Flgnre 4-8: WuL wmgllt propuruons of dlﬂerenl. capelin nga/sex clmes in diets
ot adult and " chick common murres’ and Al.lanuo puffins at
7’ "‘ g Witless Bay, 1082-1084, &
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4.3. SEASONAL VARIATION IN'DIETS AND RELATION TO
CAPELIN DENSITY AT WITLESS BAY

4.3.1/Seasonal Variation in Adult And Chu:k Diets

There- was a greM. deal of seasonal vsrxabllxty in dlets of ndult murres and
puﬂ'ms (Fxgnn 49). Although this variability was sometimes reﬂected in chick
- diets (e.g:, compare adult murres and murre chicks before 1 July, 1984, or adult
puffins and pulfin chicks after I August, 1983), qgck diets were generally less

variable than those of adults (Figure 4-10). This sugigests that-when capelin were

relatively scarce, adults: consumed a greater variety of prey themselves while,

maintaining chicks on a capelin diet whenever possible: .

4.3:2; p

s ol V in Diet C ition in Relation to Local |
Capelin School Density ’ ’ d !
A.{ for capelin ‘in stomachs, the strength of correlation between capeiin
density in Witless Bay and the proportion of capelin in overall diets was exam\iﬁed
. over increasing time frameintervals usmg combined data from all years- (see
Melhods) No significant correlations were found at any time flame mzerval Ior
* either murres or pulfins. This lack of correlanon is, not surpnsmg. however,
" because even when capelin were not Iocn]ly nbundant, b]rds could have flown out
of the study aréa to. obtain capelin elsewhere. Thus, the”seasonal patterns’ of
capelin p ions in'total diets as d i "»'[rom gizzards (Figure 4-9) qliﬂ"ered

from the patterns™of capelin frequencies”in bird stomachs (Figure 4-3), except
during periods of high relative capelin density in Witless Bay.



Figure A-Uﬁemnn] variation in dicls of adult common ‘murres and Allantic

puffins at Witless Bay, 1082-1984: - ”
- 2
& .
2y ,
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4.4 SIZE DISTRIBUTIONS OF PREY CONSUMED BY
MURRES AND PUFFINS

4.4.1. Prey Length Distributions S

The mean_lengths of capelin’ (all sex/age classes combined) taken by

* different *predators® (adult and chick murres and puffins, and trnps) varied

consn‘lerably (Table 4-9). However, such a comparison-is simplistic because overall
mean lengths depend on the proportions of dnl’felm::apéll\ex/uge classes in the
diet of each predator. Ahalyzed (ANOVA) by sex]age classes, there were

bet: dator - ditt

p length

“male

(F3 10ps=107, p<0.0001), ovid female (F4 ma_m P<00001), and spent’

female capelin (F, =10.1, ,p<00001, hul. not» of immature capelin
4,1020

(F, m_l 5, .p>005) However, most of the variance’ was due to. differences -

between trap-caught and bird-caught capelin, and 3 multiple means comparison

° 1StudenbVeﬁmaﬁ-Kenle (SNK) test) revealed no sigaificant ‘differences in mean

lengths of-ovid or-spent females, males, or immature enpelm consumed by adult or
chick murres or pulfins (Table 4-9) s s

A comparison of intact otoliths from murre and puffin gnmrds revealed no

i betw

in capelin utollth lengthsga either 1983 or

1984 (Table 4-10). There were also no significant betweeu-speeles differences in

£

Iengths of -sandlatice otoliths I'ronwult birds (Tnble 4-10), or in lengths of’

snndlance Ied to chicks (Wllco‘(on test, z=1.7, df=45, p>005) Cod otoliths

removed from murre gizzards, however, were significantly bigger than dod otoliths

fronr:puffins in both years. No comparisons were made -between Iengths of cod

and sandlance from chicks versus'adults- becnuse these fish lengths were ‘estimated

in different ways (measured iength vs. exuapolauon from otoliths, see Methods)
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" Table 4-10. Betwewn-species comparison (Wilcoxon test) of
capelin, sandlance, and cod otolith lengths from common murre
. and ‘Atlantic puffin gizzards collected at Witless Bay, 1083-
1984. P

Otolith Year N Nean length z Prob.

v Murre Puffin Murre Puffin

Capelin 1983 41 11 2.27"

2.36 0.6 " Ns 0.53
1984 | 4 20 2.76 ' 2.66. ~0.3 NS 0.77
TOTAL 85 31 2.63  2.86. 0.9 NS 0.38
. Sandlance 1083 .35 ° . .2 2,31 2.35 . 0.6
© 1984. a8 81 2.30 © 2.39 -1.8
TOTAL = 73 . 83 2.30.° 2.39 -i.1
2 cod 1983 . 16 75 3.63  1.84 4.7
1984 70 © 113 4.38  1.44  11.0
TOTAL 86 138, 3,98  1.48. 12.5
» -
. ,'




4.4.2. Prey Welgh‘t Distributions [

The between-species patterns observed for 4ny kengths did ‘ot change
much when weights rather than lengths were considered \(Tnble 41 aﬂ(@@
411). Adult birds took heavier gale and ovid female ca elin than they fed to

Z chicks. Murres took heavier ovid female capelin th n did xpurf ins. No significant

between-predator differences were detected in _e' of spent female or

immature capelin.” Sandlance fed to murre chicks iere sngmf’cantly heavier than
those fed to puffin chicks (Wilcoxon test, z=2.3, df==45, p<0.05) The weights of
cod consumed by adult murres pro ic ed the greatest‘ contrast in diet with pur[ins,
with hurres takmg juvenile cod greater than 50 g m\we:ght whereas pul'f‘ms only
¢unsllmed cod wmghmg less than 10 g (Fxgure 4-11).

wy
4.4.3. Varlation in Capelin Size ;wlth"l‘lme of Sﬁmpllng
A N [ -

;\. Some of the apparent differences in size of cnp;ﬂn consumgd b‘y diffel

predators could' havembeen due to differences in s;‘r}yplin”g times and natural °

temporal «fariation in size of capelin (see Figures 37 land 38). The effect of

. sampling period was examined by _calculating the pal\tlﬂl variance in capelin
lengths and weights due to predamr, year, period of ‘col lection ("-w‘k’mtervnls),
ard the interactions between these variables, after the effects of other sources of
variance were removed (%&bles 4-12 and 4-13). \ :

After the effects of year and snmphng period were r#mov\ed there were still

nifi between-p1 edstor in bath _lengths and weights of male and
"Bid female capelin; b/vnot of. spent ‘female or ‘immatir| cdpelin. Male capelin
lengths did not vary significantly with ‘year or collection period, but weights did
vary. slgm{mntly with period. Lengths and welghts of -ovid and spent female
capelin, and lmmrmn-e capelin, varied significantly . with year and collection

period, Mnny 2- and- 3—way interactions belween predato 3 year, a.nd penod were

also si;

dicati tlm th mbles were 1ot ing ependent of each other.
" In general, most of the variance in:male and ovid femn.l capelin size was due to
predator selection; in spent female: size waa due'to year 4 -and callectmn period;,snd

in immature size was due to yenrly vumtluns
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Figure 4-11: Wet weight frequency distributions of prey collected from adult
; . ’
and chick common murres and Atlantic puffins at Witless Bay,
1982-1084. TR : :
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Table 4-12. Contribution of predator class
(adilt/cbick, murre/puffin, and capelin cnp).
year, and period” (2 waeks) to.variance
length of sll capelin collected in 1982~ 1984
(unbalanced ANOVA partisl suxs of squares

analysis).
Capelin Source of a1 F prob.

class variance " :

Adult ° Predator (Pr) 3 4.69 <0.01
. male Year 2 1.38 NS
' Period 4 0.865 NS - £
Pr o+ Year i 118 NS 5
Pr s Pariod 2 1.4 NS
Pr s Year » Poriod 6 . 2.52 <0.05
Adult  Predator (Pry” - 4 8166 . <0.0001
' female, Year " 2 3.98 <0.08 ‘
' (ovid) . Period .6 4.34 <0.001
Pr ¢ Year 7 2.99  <0.01
Pf ¢+ Period 6 1.38 NS
: Pr.¢ Year # Period 8°. 3.82 ' <0.001
Adult  Predator (Pr) 4 .2.26 NS
fimale Year 2 4.22, <0:06
(spent) Period 4 4.02" <b.01
Pr.+ Year 5. 3.58. <0.01
Pr s Peripd ~ P 4 ©1.80 NS
: Pr s Year * Period 8 .3.23  <0.01 3
¥ i Ia-y Predaitor (Pr) 2 0.21 Ns
L4 maturq Year - .2 12,70 <0.0001
. PeTiod .8 3142 . <0.01: 2
Pr s Year 1 1511 Ns
. Pr ¢ Period 1 Le2.1t * Ns " ;
P Pr ¢ Year s Period ' 6 7.46 <0.0001 v i
; e . 7
. .




Table 4-

year, and period

13, Contribution

of

i

predator clag
(adult/chick, murre/puffin, and caspelin trap),

(2 veeks) to variance in

eight of all capelin collected in 1982-1984

(unbalanced ANOVA partial suas of Bqy

120

_analysis). B
Capelin Source of 4t F prob
class  vayiance 7
Adult  Predator (Pr) 3 <0.0001
aale Year 2 LH
/ , Period « 4 €0.05
Pi + Yéar 4 NS Y
o Pr + Period 2 NS 3
Pr,* Year.* -Period 6 <0014 T
: Predstor (Pr) ~ 4 16.73  <0.0001
* © Year * 2 0.04 NS © g
Period 5 .4.13  <0.001
u: Pr o+ Year® 7 1.68 NS
‘Pr + Period 6 0.99 & NS
Pr s Year ¢ Period 8 3.96 <0.0001 *
.
Adult' Predator (Pr) 4 o0.88 NS
feaale Year 2  5.94 -<0.01° L
(spent) Period " 4 4.02  <0.01
Pr & Year 5 2.41  <0.06
Pr s Pariod 4 1,07 NS
Pr + Year s Period 8 2.88  <0.01 -
o : e
Ia- ‘Predator (PF) 2 0.99 NS
mature Year 2 12.23  <0.0001
. Period’ 5 _3.78  <0.01
iy £ Pr .+ Year .1,13.31 "<0.001
: Pr s Period 1- 0.00 NS B
Pr » Year &+ Period 6 11,27 <0,.0001 4
s 7
“ u
, -
. .
' »
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4.5. OVERLAP' AND DIVERSITY OF MURRE AND PUFFIN
DIETS :

4.5.1. Diet Overlap : [ 3
: \

Based on numbers of :prey items, overlap in total and just capelin diets of

adults ‘increased from 1982-1984 (Table -1—14), averaging  0.88 and 095
respectively, over all years, Overlap between total.and capelln pomons of chick
diets was always higher than heﬁneen adults, with average vnlues of 0.95 and
0.99, respectively, over all years. '
Calculated on a wet welght basis, overlap in total or capelin diets between
adults or chicks was extremely high and snmllar in -all yeam, h!vlng an overall

value of 0.99 for -all compnnsons

4.5. 2 Dlat Diversity . . Lo

Thgre were no clear'trends in diet dlverslty between years (Table 4-15) The

diversity of adult murre diets decreased from 1982 to 1984, whereas the diversity
of murre chick diets increased over. the same period: On a-numerical basis, adult
puffin diet diversity was relatively similar in different years, whereas chick diet

diversity varied considerably. On a \yeigh{ basis, both adult and chick puffins

-

hibited. iderabl iability-in diet diversity
Within species, it was élear that ehick dists were always less diverse than
ndult diets, except in the case of puffins in*1083. Between species, murres and
puftins alternated in terris of which species had the moré diverse diet within any.
given year. This was observed for both ‘adults snd chicks., When all three years

were considered in ‘total, however, puffin diet dlverslty was conslderably ‘higher ..
“than murre., dlet diversity. The. reason puffins had a higher total ‘diversity score

“than in any mdlvldunl year is because sandlance almost totally replaced cod i in -

1084.as the most common alternate prey to capelin (Flgure 4-5) Adult murre
dlversny scores 'were quite :onsutent from year-to-year, And the tofal dwersnny
score was similar to scores I’rom individual years, reflecting a generally smble

pnuem of prey selection over all years (Fxgure -1-5)

X,
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Table 4-14. Calculated overlap (C) betveen commoi aurre
and Atlantic puffin diets at Witless Bay, 1982-1984.

"C based Yoar “All prey c.;.-uﬂ.
o Adults Chicks Adults Chicks
Number 1982 0.65 0.95 _ 0.92 ETEN
1983 0.78 0.82.° . 0.98 0.99
1984 0.96 0.98 .00 UL e
 TOTAL 0.68 0.95 096 0.99
; i oo
Wetght 1982 - 0. 0.99 0.8% 0,98 i )
16;5 “o. 0.99 0,97 0.98
\ : 1984 0.97 0.97 ‘0,98 ' 0.99
g s .
) .+ TtomaL o.e9  0.99 ¢ oies-. 0.99 :
‘ : e W,
7
\ . .
. L 5
s ; »
. v’ 2 \ 2 =
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i
, .
/ . = Table 4-16. Diversity indices (H) calculated from digts of 4
sdult and chick common murres and Atlantic puffins lb N
" whel Bay, 1932-1084. g .
) H based Year - Comsion Nurre Atlantic Puffin
by 4 i
Adult  _Chick Adult  Chick
Wumber 1982 - 0.45 . 0.09 0.30 0.34
- - 1983 - 0.40 0.16 0.39 0.486
1984 0.35 0.22 0.38 0.14
. TOTAL - .0.41 - 0.17 L 0.50 0.35 , '
oy w #
P : N Lo® v .
Weight . 1982 . - 0.26 0.07" 0.385 814
) a0 Tt 1983 0.26 0.14. 0.20 0.23
1984 . 0.23 " 0.22 ©0.28 0.02
ToTAL 0.25 0.15 0:30 0.13 '




4.6. SUMMARY OF MURRE AND PUFFIN FEEDING

-

©

©

@

-3

-

o

©

. Proportions, of diffefent sex/age classes eaten by birds differs

ECOLOGY

. Capelin dominated diets of adult-and chick- common murres and

Atlantic pumns Sandlance and cod were also important prey.

.Although murre and pumn “diet composition differed- significantly,

there was a high degree of overlap in all years.

2

. Diet diversity was low at Witless Bay, and, puffins had more diverse

diets than murres.

. Adultediets were more diverse than chick diets.

background proportions avmlable in their habitat. This ‘may have

resulted from differential préy availability in.the water column, ol‘

active selection of most profitable prey, or both.

.. On average, murres ate larger prey than. puffins, but this was l'nostly

because murres ate a higher proportion of large sex/nge classes of fish
rulher lhnn because they selepted lnrge-s)zed fish- ol' a given class.

.Murre and pumn stomach'rcontents reflected seasonal and nnnual

capelin abundance ‘trends, and provided evidence for competition and
Type I {unchonal responses to capelm density. .

.- Murre and puffin gizzard contents reﬂected.seasonnl variations in local
irds and capelin co-occurred at Witless

capelin abundance only ¥}
Bay, and chick meals-never di

. Annual variations in- diet composltmn’ did “not reflect an order of -
magnitude change in capelin nbundance between years, nor provnde 4
-evidencg for competition:

when capelin abundance was highest.

. Most " tempornl variability in bmlogncal chnrnctensncx of. prey eaten ‘zy

birds was a result of natural, background variability ‘in - prey
characteristics.

. Murres and puffins ate more of the most energy~nch capelin sex cluses *
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Chapter 5 -

& FORAGING BEHAVIOUR OF
« N | :'MURRES AND PUFFINS

5.1. TEMPORAL RELATIONSH]][S BETWEEN BIRDS AND
CAPELIN St

6.1.1. Seasonal Patterns in Abund 5 -

* In"all years; comm n murres and Atlantic - pumns occnrred in very low

abundnnce on the water amund their breeding colonies in May and early June

(Fxgures 51, and 52). Durlug this same period tlie- colonies were very ‘active ©

because mosl. breeders are usually_in attendance. at -the islands by late May

(Nettleship 1972,-Mahoney '1079): Flights of birds to and'from the islands ‘were

heavy on-all early surveys, and presumably blrds were foraging at, distances

. gremer than nbout 10 km from - the islands (le, outslde ‘the standard survey
route) X

- The-first survey in 1984 on 9 May was remarkable for the large numbers of

murres found between Green ‘and Great ‘Islands in one great raft on the water

estir;med at more than 100,000 birds. On this survey, pack ice extended offshore

Tor "about 150 km from the enstsrn edge of the survey route. ‘The high

concentration' of murres might therefore have resulted .from a lack of offshore

foraging ares, or'it may "have. been & "pre-breeding aggregation of birds which .

) gathered on the water- en.masse before going to their ledges (Tuck 1961). This
unusual survey was removed hom anaiyses of bird/capelin relanonshxpa !

: The abundance of murres and puffins in the survey area increased shnrply
in late'June of each year (Flgures 5-1 and.5-2) corresponding to an increase in

«



Figure 6-1: Secasonal abundance of common murres swimminlf on the water.
. o : .

during standard surveys .around ihe Witless Bay isla‘n(ls',
g < g

ob;ervéd.

1082.1084. Dots indicate survey conducted, -but no birds
N :
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Figure 5-2: §easox_ml abundance of Aflantic puffins swimming on the water
> «

during standard surveys around the Witless Bay islands,
1982:1984. Dols indicate survey. conducted, but -go birds

observed.
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abundance of capelin around the islands (Figure 3-10). After this .time. murres and
puffins exhibited quite different seasonal patterns of abundance. M:me

. abundance fluctuated in much the same way cupelin did, showingrone peak in

1982 and 1984, and two peaks in 1983 Murres, llke capelin, were very scnrce after

mid- to late July in each year. Mune chicks and adults usually” go to sea and,~

leave the area by late July (Tuck 1961, Mahoney 1979), nccountmg for the lack of

murres in August, L s

Althogh pulﬁns were also very abundant in lateYJune and July, their

pattern of abundance did. not correspond as well as .the murres' to capelin

palterns Puffi 53 as, or mbre, abundant around: the islands in

August 2s tﬁey were-in JulY even though capelm were relatively scarce m August
of each year. s . .

The ratio of murres to puffms yaried through each season, But dnrmg peak

* - months of. abundance (J\l‘fne-]uly]. 'munes, usually outnumbered puffins by more
.than2.or'3 to 1 (Figures 5:1 and 5-2). Because transect width was narrow and

- most birds were easily identified to species with the naked eye, the between-

specles difference in abundance was probably ‘fot biased much by dd‘rerentml
vnslbﬂnty (murres > puﬂms) except, perh:\ps, under rough sea :ondlhons “when

puffins may have been under-counted.

bet\vgen‘ years; Being 0.4, 0.32, and 0.44, m‘?pB?, 1983, and 1984, Tespectively,

< Bl 2. Teinporal Correlation of Birds with C.pelln .

The temporal correlation between bird and cupehn abundnnce on’ different
days wag significant Lp(D.Ol.-0.00DI) oyer;all time. frames gxamined (1-10 days,
see Methods). Both rhuffes and .puffins wére most strongly correlated with capelin
when the dnta‘were groupzd over §-day frame mes Murres were more stmngly‘ ’
correlated with capelm than' puffins af all frame sizes examined. .

Us\ng data from all standard surveys (except 9 May, 1984, see above) <
grouped over 5-day frnm, murre density* was mgml'!cantly corre_lutgd with

f




Flgurc 55 ‘Temporal correlauon between bxrds nnd capelm denslty on

individual slanda{d survcys at . Witless Bay, 1082-1984 (note,

over 5-day time fn‘mu: Atlantic puffin-capelin correlatiohs using
e

s 3
all survey data.(middle), “and data: from “inshore .portions of |

surveys only (}Igl}t)! Insets show results of threshold location test .~

. (sce Methods, and note that capelin densily scale expanded for
_inshors puffins in 1084),+ with s‘ig‘n‘lﬁcnn{e‘ of maximum 1

indicated (* p<0.05). -

capelin _d.eqs_lly scale’is rehtlv_e, see Methods). Data g'rouped
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capelin density in all three years (Figure 5-3). Correlations were higher in 1982
and 1983 O.h_:{n in 1084, the year of lowest capelin abundance. There was a
Lhresl;o1d in lh; temporal aggregative response of ‘murres to ca]ﬁelin in 1982 at a
relative capelin dénsity of about 4.0 (see mse! Figure §-3). If‘the h:gh terminal
data point in the 1083 response curve were excluded a threshold would occur at a
relative capelin density of about 3.5. Th&e was 1o apparent threshold in 1984,
but lhere were few days of high cnpelm density ‘with which to establish.the form
of Lhe relationship.

No significant correlation was found in any year between puffin and capelin

o ensnty. although density thresholds were observed m each year (at a relahve

capelin dedsn.y of 2.5 in both’ l98" and 1gs4, see lnset.s m Figure 5-3). Spatlal

analysis (below) suggested. that ‘puffins were restricted more to inshore habitat,

and when only data from inshore pomons of surveys were used puffins were
] hlghly correlated: with capelin in all three. years (Figure 5-3). Thresholds were”
observed at relative capelin’ ’densmes 01\35 in \IDSZ, and 0.9 i in 1984 (see insets,
Figure 5-3). Although analysis suggesled\a threshold for mshore puffins in 1984,

the low number of high_ density ppmts ds any ingful interp

No threshold was detected i in 1983, though most pufﬁns were lound when relauve
:npelm density exceeded 2.0 (Flg\nre 5-3).

!5.2. SPATIAL RELATIONSHIPS BETWEEN BIRDS AND
CAPELIN

'5.2.1. Fine-scale Association of Birds with Gapelin

Some of the 1982 hydrcncoust\c echograms were selected Ior quality of
capelin m\ces and a few capelin aggregations in shallow and deep water were
carefully mensured to unmatc‘{chool volumes (su Appendx.x E). In con]uncllon
with bird obsérvations, these data reveal fi ine-sc le associations between blrds'nnd
capelin '(Figure 5-4).Several features of this| and other 1082 surveys were
frequently observed in 1983 and 1981 also: i




i‘lgure 5-4: Standard survey showing common murre, Atllmli‘e ﬁl’ﬁn, and
5 . * .
capelin abundance along the survey route. Note dilfering ‘scales

for murre and puffin abundance, and that capelin abundance

”scfile is relative, sec Methods). =

N
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" 1. The patters of total bird dlstnbutlon was generally similar, to. the
pattern of capelin distribution.

-

2. Murres and puffins were spatmlly segngated with’ varmble, low
) overlap between species in different habitats. e

Aggregations of . birds and capelm occurred over spatial scales of
approximately 2-4 km (8-18 min of survey). - L4
Conelahons between capeﬁn and bird aggregntlons were not perlect
on either ‘large or small ‘spatial scales. Note. the relnhvely low
abundance of murres over the hlge capelin - aggregation between
00-100 min. .

>

When some of the capelin schools and aggregations recorded on the above

“survey yvere measured in detanl using. methods described by Forbes and Nakken

‘(197"), the fine-scale assnc(anon hetween birds and cnpehn was revealed (Table

5-1) Between minutes 3-10, 24 capelin ‘schools wefe found with an estimated

mean . volume of aﬂﬂ/m, 4and an estxmnted total volume of 9,575 m®. The '

minimim and maximum school depths were 0.3 and 16.7 m, respectively. The
total number of. capelin in the aggrégntion was estimated at 150,000 individuals
(assuming mead fish density of 15.7 + 15% ; Zaferman 1973), yielding a total
biomass of 3.8 mt (assuming mean capelin weigh& of 25.3 g). Ditails -of capelin
school dimensions in this and.other aggregations in 1982 are given in Appendix

. E. Only puffins were found feeding on this aggregation, and in geneinl the

-on thisyag;

pumber of puffins at the surface was proportional to the volume of capehn schools.

below the surhct/lthough the correlation was not exact on a mmug&by-mmute
basis.. .

“Between minutes 37-49, 58 capelin schools were foudd with an estinfiated
mean volume of 680 ma, and a total volume of 39,452 m3. The minimum and
maximum_school depths recorded were 0.3 and 42.4 m, respectively. The total
number of capelin jn the aggregation iwas. estimated at 619, 000 individuals,
yielding a tptal biomass of 15.7 mt. Both marres and puﬂms were found feeding

gegntmn, although there was a marked division between the areas
occupied by the two species. Murres were found mostly over large schools with
biomass concentrated bétween 10-30 m;. whereas puffins were over shallower

¢
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Table 6-1. Fine-scale common murre and Atlantic puffin as-"
sociation with selected capelin aggregations, July 13, 1982.

Wgute No. of Estisateds MNean No. of No. of *
schools  “school depth puffins murres
. ‘ volume (m)ss ~
(a%)
3. 2 672 o [
. 4 4 599 30 [
5 .. . 3 2213 100 L0
8 . 4 2220 » 76 o
- 7 4 2085 110, [
8 2 781 L. 125 ? 0
.9 L4 " 475 L6 -0
- o 1 661 i -3 0 ;
ar 7% 350 0 3.5 oy
38 < 8- 3698 (] *as!
a9 4 222 1 T4
40 12 1686 B 70
41 5 2840 ° 190
42 T 9026 o ¥ 300
; & 43 5 723 . ° 201
44 2 88 25 1
45 +8 7694 2 85. NN
- 46 3 12,386 160 18"
wn AT 2 620° 41 T2
. 48 2 264 78 2
49 1 18 ¢l 26 ¢ .

3 i

2 = . 4 .Total volu
E for details). '
g 38 +v MeanTdepth veighted Yy volums. »

‘of sllischools in. aggregation {se
/
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+and capelin. s .

w

schools concentrated between 2-15 m@ga’m, murre md puffin’ abundance was.
generally highest over capelin schools with large /volumes, but the relntlonshlp was
not exact on 8 mmute-by-mmnle basis,

5.2.2. Scale-Dependent. Aggregation and C _ ; N

Bifd and capelin aggregation intensities (I') were estimiated usix;g hrim‘ce- :

. PR " 4 w: k# " <
. to-mean ratios. Aggregation intensity and bird-capelin correlations were examined

to determine the effect of messurement scale on I and r2 (see Mechods, Schneider

and Duffy 1985, Schnelder and Piatt 1986)..For most snrveys, murre (86%, n="63

* surveys), puffin (76%, n=="70), and ¢apelin (88,::, 0=T73) aggregation interisity -

increased with frame size (e.g., Figre §- 5), yielding significantly higher.values of
1 at spatial scales of 0.5-12.0 km (2-48'min of survey). In;miost cases (eg., Figure
5-5), I jncreased quickly over small time frame_intervals, reached ‘a pl’nl’.enu_’ or '’
;;eak' alter 2-4 km (EIB min), and ‘in'many cases (62%, n==208), decteased again"-

at large time frame intervals {&-16 km). Maximal ¥ values, which mdlmte the " -

scale of aggreguuons (Pxelou 1077, Schneider and- Piatt: msal zenernlly oecurred

& bétween 2- 4 kmi (8-16 rnm) for puffins, nnd belwezn 2.6 km (8-21 mln) for murres

o

. On: snost, surveys, Murres (68% =63 surveys) and pnmns (54%; n—70}

* were ugmﬁcmﬂy correlated with cnpelm at some, mqst\y minimum, (rame s\‘ze x

Correlati became significantly higher with i g frame size in only '35%

" “and 21% of all murre and pumn surveys, resptchvely (e.g survey.26, Figure 5-5).

On many surveys, the strength of correlation d\d‘ not increase slgmﬁenntly with
‘frame size, in spite of an \n::rense in ¥ with frame size {e:g, survey 14 Flgure 5-5):
Tn on'y,ﬁ% and 77 of murre and puffin surveys, nspecuvely. dld r decr‘nse

slgnincancly with increasing frame size. -




Flgure 55 Smle dent

and of common murres,

YA'.lannc pul‘hns. and ‘capelin, . Closcd cnrclns Ior measure of

aggregnhon mtensnly md)cau.- slgmhcanlly higher l values Lhnn .

.obsv:rvcd at mlmmum frame slze (lested by Mnnte Carln

(annlysls) Clo!ed elrcles or

aL ininimum l‘mme size mdmteg
signilicant. cormla.hun, at 'other rmme slzes closed circles mdmnle
,thnl r was s|gn|hca{7?\hlgher than lhat calculnled al mmnmlm

v l'rame axze (!.esl.ed by Monte Carlo anulysls)
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- 5.3 2. Estimating Prey Denslty Threshclds . e

" wete: statistically. sigdificant (Table 5-2). Some plots had very few (or one) high

« % ©o1s0

5.3. THE AGGREGATIVE RESPONSE OF BIRDS TO
‘CAPELIN.

Seale-d dent A .
5.3.1. g

Because fine-scale correlation between birds and capelin wis never perfect, .
plots of bird versus capelin density at mlmmum Irame sizes gave the lmpressmn
that large numbers of blrds occurred in areas with relatively low capelin densities

(see 2 or4 mid frame sizes, Figure 5-8). However, when data were grouped over

spatml scnlcsnppmpnm to the scale of blrd/capehn aggregauons (sec above)

sputlal variance was "' d (Pielou 1977, Schneider and Piatt 1986) and in
many cases the form of the aggregative response of birds to capelin became
sigmoidal, with apparent thresholds to prey density (8 or A6 min ffame sizes,
Figure 5-6). Becailse i) aggregatlon intensity (I') tended to _Plateau or peak after

- grouping into frame ‘sizes greater than about 8 min (2 km, see above). ii) th

number of points available for ing an aggregative response d es with

intreasing frame size (Figure 5-6), and i) most seabird.surveys“use 10 min’

- observation periods (e.g., Brown et al. 1975), an intermediate frame size of 10'min
> o7 i

(2.5 km) was_used to compare threshglds between species-and survéys. At a 10
Y 4

min frame 'size many. plots e in-the aggregative response of

+ ‘birds to capelin (Figurés 5-6 and 5-7, Table 5-2).This indicates that murres and

puffing. exhibit Type III nggregahve responses to prey density (Hassell and May
107-1)

*" Using the ‘threshold location test (see Meth ds), many plots exhibited simple

ie, 8

(r*) between bird and capelin density

occurred; somewhere in"the middle of the plot, but not all of these correlations
density data. points, makmg threshold locnuon difficult or impossible. In some
cases, maxlmum xlgml” icant r2 values mere ohtmned when'a terminal high denslty
data pomt was regressed against all the other points. : o }

Tk
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Flgnre 5-7: Aggregative response of common murres and Al.lnnuc puffins to .

capelm dens:ty on four surveys at Witless Bay, 1083 For each -,

. date and’ blrd species; the ‘aj g;egat}va response is shown in the

lowe} panel, with the estén:ate«i threshold ind{cnlcd by a solid
line. Upper panels show.the' results of threshold lopttion tests,

e

‘wil.h_ % values in 40 a i ot the estimated
< S oo Co e
hreshold, and decreasing . thereafter. Solid circles indicate.
(p<0.05) regréssioi iated with test thresholds
" (see Methods)..» . ‘ g
L 4 . —_
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To estimate the probability of finding a i) simple threshold, ii) a threshold
with a significant rr‘va!ue associated with it, or iii) any significant regression (i.e.,
a2 siéniﬁcnni 1% value whether it occurred in the middle or at the end of a plot),
Monte Carlo tests were conducted to see how frequently these events occurred
using randomized survey data plots (Table 5-3). Monte Carlo re§ults indicated
that:

1) there was s high probability of finding a simple threshold within a plot by

“"chance alone. The pmpomon of real survey plots with simple thresholds (T.'Lble

e

5-2) was about the same as the: proportmn of randomized plots with simple
‘thresholds (Table §-3). Therefdre, simple thresholds were not reliable for
indicafing the presence of thresholds in bird-capelin density plots.

2) there ‘was a low probabxmy (p<0.06-0.09) of finding a threshold with a
significant r* value associated with it (Table 5-3). Many more of the actual survey
plots in 1983 anl 1984 had thresholds with significant r¥'s than would be expected
by chance, though none- were found in 1982 (Table 5-2). Although not as
definitive as desired (i.e, p<0.05), this criteria was reasonably - reliable- for
indicating thresholds. L . .

3) the probability of finding at least one significant maximum 2 value
anywhere in a plot quite high at 13-17% (Table5-3). However, the probability

that at least two' signi T ions would occur

y in a plot of
randomized data was quite low, nnd usually less than or equal to 5% (Table 5-3).
A much greater proportion of achml survey plots exhibited two or more
consecutive.significant regressions than would b®expected by chance (Table 5-2).
Consecutive significant regressions are a useful criteria for locating thresholds
because' 1) consecutive regression coelficients (r*'s) should be high and significant
in the vicinity of a definitive threshold (see Figure 2-5), and ii) they may indicate
if a threshold occurs at terminal points in survey plots, whereas (1) and (2) ‘above ’
can not (see Methods). : ’

In summary, thresholds in bird versus capelin density plots were estimated
to occur where i) a maximum r® was encountered in, the middle of a plot ii) a

* was d in the middle of a plot, or iii) two
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Table 5-3. Nonte Carlo tests: probability of finding
thresholds and significant regressions when conducting ~" .
i + © threghold location tests on randomized survey plou of .
/ ©. .. bird versus capelin density. * . ’
@ % Probability of ) Nurre Puffin .
. obtaining #: -
. A [ A B
Ry - ¥
Staple 0.58 0.82
threshold Y * -
Threshold with : 0.99 0.08 "
.significant r? . s Lo .
£ 21 significant r’k 0.16  .0.16" 0.13 0.17
) 22 consecutive 0.02  0.03 0.07 " 0.08
.significant r's
: 4 o
+ - Based on 100 runs ‘on §¥oidifferent surveys (A,B) rur'
‘each species (conducted at 10 min fr size).
v : - ] .
. + N 5 .
* " ’
4 s g .
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consecutive significaht % values were encountered anywhere in a plot. For each

survey, the best criterion possible was used to.estimate the location of thresholds

for comparison of murre and pulﬁn ponses (below). i d thresholds, r?
valnes, and :xgmhcance levels for all murre and puffin plots are given in Appendix
L.

_seem low, particularly in 1084, there is no reason to expect that more should have
Beun detectéd. Data-required to demonstrata -aggregative responses to prey density
are difficult to obtain from field studies and, notably variable (Goss-Custard 1970).

Also, the aggregative response was clearly scale-dependent but for simplicity, .

F ==
thresholds were estimated at one frarhe size only (10 min)* Finally, resolving
thresholds in aggregative response curves requires an adequate number of data
points below and above the threshold (Hassell and May-1974). . Not all surveys

offered many high density points for analysis, particularly in 1984 when capelin

* were abundint on only a few surveys. Furthermdre, the density of puffins “

. sometimes appeared to be suppressed at high capelin densities (e.g.; Figure 5 6)

and this made it more dlmcult to estimate where thresholds occurred.

5.3.3. Comparison of Mutre and Puffin Prey Demlty Thresholds

For interspecific comparisons of prey desity thresholds, surveys.were -

partitioned inio three data sets according to the criteria ahove: i) all sufvey date,

ii) only shrv-.-_vs exhibiting thresholds with significant r*s, and iii) oniy surveys
‘ exhibiting two or more consecutive significant regressions (which includes 73%

and 80% of murre and puffin plots, respecnvely, “meeting criteria (ii) above, as

well as plots where significant maximal I vnluea‘cuned at - terminal “data

points). -
On individual surveys, estimated murre (prey density) thresholds were

usually higher than puffin thresholds (Appendix L). Using grouped data, mean,

murre thresholds were higher than méan puffin thresholds in all years, although
the differedce was significant only in 1983, or when the data were combined over
years (Table 5-4). Murre and pul‘rin'thresholda both decreased from 1982 to 1984

\

Although the proportion of bird-capelin plots with reliable thresholds might -

A
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corresponding to' the decline ‘in capelin abundance between these years (Table
3-8). .Using only data where both murres and puffins exhibited thresholds with
significant 2 ,s on the same surveys (only 4 surveys in 3 years), the mean murre
threshold was higher than the mean puffin threshold although lhc difference was
not statistically sxzmrcnnt (Table 5—4) Using only survey data where both murre
and puffin plots exhibited two or more consecutive significant regressions, mnrres
had a significantly hnghm" threshold than puffios (Table 5-4). Thus, it appears that
the threshold capelin density at which “murres aggregate is higher than the
threshold density at which puffins aggregate. s )
Because it was not known what effect measurement scale would have on
estimation and comparison of thresholds, they were estimated at varying frame
sizes for all 1083 surveys. At every frame size, the estimated mean murre
_ threshold was greater than the mean puffin threshold (Table 5-5), althouéh the
difference was not significant at frame'sizes of 12 and 16 min. Lower 'sig'niijcnnce
st large frame sizes probably occurred because grouping the data inito increasing
blocks lowered mean bird and capelin density values and simultaneously reduced
the number of data points available for analysis, gl;ereby reducing the sensitivity

of the.test for significance.

" 5.3.4. Threshold Variability:in Relation to Overall Capelin Density
' ®

. Significant positive correlations were found between . estimated murre and
. puffin prey density thresholds and -overall capelin density at Witless Bay in each
year (c‘(ccp( for puffins in 1982), and when data from ‘all years were combined
(Table 5-8, Figure 5-8). Strong correlations were found between prey. density
thresholds and overall cnpelin density regardless of which selected data set’ was
* used (Table 5-6). These rcsulls suggest that aggregation thresholds changed dmly
depending on the overall densny of capelin -nmund the colomes ("L 4
Using all survey data, the absolute diference between estimated murre and -
. puffin thresholds was also significantly correlated with capelin density in 1983,
and for all years co;ubincd (Figure 5-8 and Table 5-6). Int‘crspecific threshold

 differences were strongly correlated with capelin density in all selected data sets,



Table 6-5. 'Effect of . fraine size on
bird capelin-densipy threskolds (Thr) using sll survey

data in 1983 for aurmes (

2)-and puffine (n=36). °

L estimates of mean,

‘Frame - .Murrs Futfin te L prob. <
size i : " N
Thr - TTar 3 st
7 7.4 (1.8) 3.2 PRCERET I T
P Rt 3 (0.3) 2.7 <0.02
8 7.9 (1.7 2.8 (0.4) ~3‘4'l +€0.002
10 6.9 L(e) > 3.4, (003) 2.1 - <0.08
12 . 6.6 (1.4) 3.8 7(0.4) | 2,004 NS (0.06)
16 4.9 (0.9) 3.0 (0.4) 2.0 NS (0.06)

v

-

the hypothesis that the

the mean pu

Value.of t computed.for paired comparisons under
an murre thr

shold minus
fin threshold =0, :

181




l.hresholdl, and the’ dlﬂennce between l,hresholds, versus capehn ’

density (note capelin density scale is-relative, see Melhods).

Spcnrmsn rank: correlations calculnfe\d using data from all

surveys combmed (opeu nnd closed circles) or using only plots
~

exlubmng l.hresholds with sign cant regressluns uwcmted with -

them (closed cuclcil lel’erence plot usmg\sll data. RANK

common m'nrre- open ;nd closed

C%RRELATIONS 3

)
cir€les:r]

Ablantic puffin .- -open and closed circlesr,; 0.7.’1, p<0.

closed circles  only:r

0.89, p<0.001; = murre-puffin

'dil,ference: =0.33, p<0.05;
. . b
B a0
A . . .
..o . . -
4 : . '
o . v et
! g LT J
N g . o
o i g Fe

0.82, p<0 0001, closcd circles only:r, ,=0.58, p<0.05; - »
ggé s
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although the fon was signi for the ive signifi
data set onl{ (Table 5-6). These results suggest that as ovnrall capehn denslty

holds i

mun-e d more rapxdly than puffin thresholds, and so
. the difference between thresholds widened. Conversely, as ovemll capelm denslty

. fell, murre and pufﬁn prey densn.y thresholds converged

] X e . o
5.4. FORAGING HABITAT SELECTION AND SPATIAL %
OVERLAP OF MURRES AND PUFFINS Ctew
o P
@ x ‘Defining habitats ‘ g

It-appear that puffins dive regularly to depths of :m m and less commonly to
/ 60 m, whereds common murres regularly forage to depths of 70-m and less
frequently to 180 m [Pmu and Nettleship 1085): Therel‘ore, thése npproxlmnte

"

depths were used to deﬁne habitats around the islands as: 'inshore' <30’ m, 'bny
b 30-70 m, and 'offshore’ >70 m. ‘n addmon, one aréa between Gull and Green .
: sIslands where ledges from both islands extended underwater towards each.other -

Seerncd to be an area where capelia and birds ¢oncentrated. Wafer depths in the | ..
ledge“aren ranged from 30:70 m like 'hay’ habitat, but because of its unusual

< Topography and importance, the 'ledge’ was considered as a separate habitat in

_ the following discussions (see Methods, and Figure 2-2).** &
s . s 3 ¥ ¥ " i
\' '5.4.1. Foraging Habitat Use 3. o s !
. i
L """ h‘ost murres were found. in deeper waters in “bay, ledge, and olfshure ’ A

hn.bltats (Flgure 5-9). During the penqd that capelin” were purhculn(ly ‘abundant

. in each year (late June to late July), the pattern of habnat use Wwas quite variable
.+ with daily shifting of murrés between habitats (P_‘;;ure 5-). There was a general 3

* ‘shift of murres {rdminshore and bay habitats to.ledge and-offshore habitn‘ts from

o 1982 to 1984 correspnndmg to.a umxlnr sluu in cnpehn between these years ' g
(Flgure&lz) s it . -
“In contrast to murres, most puffins oqcupled mshore and bny hnbltnts in nII

years (Figure 5-. m;. Like murTes, pulfins shifted betwegn habitats on a daily bnsls,



Y

e 5-9: Distribution of common’ murres on the watei

different habitats
1082-1084 (adjusted for survey effort.in cach -

habitat). Closed circles indicate survey conducted but fewer than "’
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Plgure E-lD Dlsmbuuon of Atlantic )wﬂms on the:water in different, h'llnlnu

sl. Witless' Bay, 1982- 1084 (ndjnsted for survey effort in, encl\

-habllatj Closed clrcbs indicate aurvoy conductcd but fcwcr tlnm .

. 10 birds observed. ) 7_ M
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~again reflecting the movement of enpélin aréund the study area. There was also a

‘v

géneral. shift of pufﬂns I'rdm inshore - nnd bny hmhlﬂo ‘ledge and offshore .
huhftau between 1082 ’nnd 1984, alt}:oﬂgh lhe propbrt\on of: yusﬁna, occupym
oﬂshorg habl:al increased only slightly (Figure 510). - =

5.4.2. Correlui}on' Between Bh-ds and Capelin In Different Habitats

. Gombining all survey- data collected in 1982 m\lnes were significantl,
correlated with capelin in all habltnts, but the strength and .gmhct.\nce of . [
o from mshore m offshore habitats (Figure 5-11 and Table

5-7). Only 4% of all murres were {outid inshore (Table 5-7). In 1982, pumns wete *

significantly. corrélated with capelin only in the inshore hnBitnt with 56% nnd

36% of-ail p\lﬂ“ﬂe being foun mshore ‘nnd b&{y habitats, respechve]y (Figure E

ESty and Table 5 7). The correlntmn b ween murres andyuffins in 1982, whlch u{—
.. a measure -of spatial overlup w(lhm habltnts was SIg'mhcnnt only in the inshore:
habitat. Although large numbers of murrés and pnfﬁns co-occupied -bay habita
(Table i spntml correlation between bu'ds wmhm that habj t‘ﬁs exlrem
" ‘low and non-slgmﬁcaﬁt . RS < ’

Similar trends were observed in “1083-and 1984 (Flgure 5-11 and Table 5-7), ——
Murres were ‘best, conelated wnr.h capelin in ledge and bay habltau, while puffins

correlations inre:

.-

 were best correlated with capehn in inshore and bay habitats, - Wltbm-hnbl!nt -
; spaua,orrelanon between ‘murres and pumns was hnghest mshore m l983 and «
extremely low and non-significant in all hahltats in 1034 -5 Z
The net effect of this Yilferential dlstnbuuon of birds-between I;'anm was !
.the eq\iitable exploitation of capelin ‘biomass in “all habitats. Figure 5-12
. illustrates the overall distribution (corrected for effort) of, capelm, murres and
pufﬁns in dxﬂerent habitats from Bay Bulls to Mobile Bgy in 1983 usmg combmed
data from all surveys Murres were most densely concentraled in mid- to deep..
" waters of Mobile and- W:tleks Bays, whereas puffins were more widely distributed

over all hubnnts, and: in partisglar, occupied shallow;water mshon} nreu

neglected by murres. Similar trends' were observed in 1082 and 198

N
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F!gure 5—12 Dlslnbuhun of bn-ds and cnpehmm dlll'cre t hablu& in 1083
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.-, B.4.3. Spatial Overlap between Murres and Ruffine _ L B .y

analysis ,jw;\s quite low in all years and”dependint on the fia

measured (nhove) To standardize ¢ compmsons of spatial ovcrlnp with éstimates of

u-mporal nnd food. overlap, spatial ‘overlap was culculatud uslngﬂ’lunkma(l(ﬂS) 7 |

Lindex of a overlap (see Methods). o q
"

on all’ Sufveys. . Overlap values ranged from 0.00 to 0.21. Average overlap’ was -

atial a Guerlap hetwoen murres and pulfins was véry low in l years and 7

significantly lower, in 1984' (mean a=0.07540.01),. the year of lowest capclin /

abui ‘amce, than ip\1983 (mean; a-—o 14:40.01; t-test adjusted for heterogencity.of - o 3

= fien simple correla Jns between murres and capelin in different hab:lals

'werm..n,m*md for mdlvldual\surveys in 1083, h\ghly slgmhcmﬂ. ar(elauons were
.. T¥équen

gmﬁcantly correlated with’ c.lpclm most “frequently in ledg¢ and i

t’shom _
habitats and Were significantly corrglated With" capelin offshore only ‘after’most

o / mums |had departed from the study ‘area.in late July (Figure 5-13). The number

of nogaiivgrcorrélitions btween pulfiny and capglin increased 1#8m inshore (7 of

/ " 28.suryeys) to offshore (14 of 26 surveys) habitats. Spatial correlation’ between

es| ind puffins was ‘highest. and most frequently significant in ledge and

inshore, habitats,. and the highest numbcr of ncgatwc torrclnlmns occurred in
ol'rshori habitat (11 of 23)

AN e

e ] P \“ ‘ ,"*j‘ ,.;»




,ndmdm :umysf wmw Bay, 1983 (cnleulal.ed utmg _/

imum fmmn_: ﬂl"s)’ Closed  circles indicate !Ignlrlcnlll
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“The trends obsepeed-In 1983 were also observed in 1082 and 1984 (Table-
58)"To 1082, pulfins were slgmﬁzantly' correlated @¢h—eapelin inshore more
frequently th#smurres, snd Vice-versa~for bay, ledge, aid offshore habTiats.
S:gmn;an_t “spatial correlatjon between . murres and puffins occurred most
fréquently «in inshore andfledge habitats. In 1884, murres were significantly
corfelated with- capelin more frequéntly than puffins in all habitats. Again,
slgmﬁcant spatial correlation between rhurres and puffins occurred most

{roqucnny in inshore and ledge habitats.

a.: .5 w{mounl mumﬁm between Murres #nd Puffins

’H
Between 1-7-Julf, 1985, some Sbosrvations were made on mires and pulfing

in mixed flocks at Witless Bay to determine if there were any ‘behavioural":

mze?cuons which might coitribute to the spafial segreigétion of, these species in

lhe study ared. Observajions were mnde on mixed flocks.of birds from’ Lhe east. "

/sn?re of Gull Island (Figure 2-2). Bird detisities ‘in these mixed flocks were ofhen
quite-high (e.g, 1—Lq,huds/m’f~md mirres-and puffins enccllntered cich-other

regularly as they milled about on the water's surface,

Several behaviour patterns were reyeated regularly When furrednd

pu{hns encountered each other head-on, one .almost invariably made an " sbrubt e

lel‘t/nghz turn to avoid contact With the’ other-(daferénce). WhenFoth turned

“the i was considered ‘neutral; A-similar behaviour was
observed When one species swam up directly behind the other. Sometimes, -the.
effort involved in getting out of the way was 5o vigorous-that the defering bitd
rose. oft the watér with wing-flapping and scrambled ff to one side (induced
serambling). On_ rare occasions, an_approaching- bird would igorously ‘attack
" another bird, usually by, bbing, at the hedd with its bill; and sometimes biting
the neck. @ e

The frequency of these behivioii ‘wara. soted. orgidboR 14 hours of

" observation on four different days.Because eficounters réquired that birds be in

close cgintact, most interactions Were obscrved over short time périods’ when bird;
d- betw X-

densities.on the water were high.* Of 189 docur
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. 'n common murres and Atlantic puffins while N
- - svinaing on the water.
: +* TBehaviour Doainaht Species Neutral
§ . encounter " *
5 Murr Puffin
. o ’ . s -
Deference when 80 6 . T
neetiag head-on B, R . .
.. - Deference when * ' .88 1 B 19° i
. vapproached from ' <
7 ‘behind 3 N - We o
<7 Iadueed 14 1 T, :
scrasbling 3 . 5 W L g
S Kvtack vith 2 1 = i
4 3 ccl{n-cr. .
. 4 . — 2 . . . "
3 Total (%) 154 (a1) -9 (8) . 26 (14) s 2
SN < i * » - .
4 - % ; . o, =
¢ ) s 3 : -
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and puffiss (Table 5-0), 81% resulted in puffins deferring to murres, only 5%
resulted in murres deferring to puffins, and 14% of encounters were ¢considered
neutral. Thm}gh not, quantified, deference behaviour of puffins agpenrcd to be
most, vigorous when murres were encountered in groups. .

5.5. FLOCKING BEHAVIOUR OF MURRES AND PUFFINS
5:6.1, Surface Flocking Behaviour .
lndividugl flock sizes were re;orded on all surveys. Flocks of greater than 15
birds were usually estimated to the nearest multiple of five (20, 25,'30, etc.) when
flocks were numerous. Murres generally formed: larger flocks than puffins (Figure
5;14), and the mean or median size of murre flocks was about twice that of puffin
flocks ‘(-Tghla 5-10) The between-species- difference in flock size frequency
?ns highly si __ 1t in all years ined (Table 5-11): ? ;

- There was a significant shn‘t In flock size frequency dl?ibutions between
years (T bles 5-10-and 5-14) Murre ﬂuek sizes -shifted upward slighty between
-1982 a.nd "1083, while pu[fln flock sizes shmed slightly downward ‘Between 1083 |
and 1984, murre flock sizes shnl‘ted slightly downward, while pnmn ﬂock Slzes‘

- shifted slightly upwnrd

Whereas’ the-i

ab\mdance o[ blrds on surveys declmed substantm]ly
‘between years (Figurés 5-1 and S~2, Table 5-10), correspondmg to an order of
‘iagnitude decline in the abundance of capelm (Table :ﬁ}rﬂw analyses of. flock

' size characteristics suggest that, despite beifig statistically significant,. there was

relatively little variation in murre and puffin flock :izés between yéats. This

pnrallels the findings on ca()elm school densities which suggest that compured o
1

“in capelm bund variation in.average denshy of schools was

v



| distributions at Witless Bay, 1982-1084. (n=number of flocks

—— =
observed; note logarithmic scalé). -

L

.

e .
Figure b5-14: Common murre and Atlantic puffin flock size frequency
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Table 6-10. Comaon murre

and Atlastic puffin flock

characteristics at, Witless Bay, 1982-1984.
'y -
Sfecies  Year No. of No. of Flock characteristicss
lloeks birds
mesn (s.e.) med Q3
Murre . -
al982 477 T 7318 16.3  (4.3) 2 8
1083 1732 - \1\255:; c7.3 (0. 2. ‘L
5 §
% 1984 1041 8110 7.8 (1.1) 2 &
P Total 3250 27986 8.6 (0.8) 2 B
o 40707 . 4.4 G0.3), 1
1432 3772, 2.8 (0.2). 1w -2
‘3.9 (0.2) 1.3
12

(0.1)

ned= medisn, Q3=

third quartile

185




l:ov-snirqev tests of common murre

Puffin flock size frequency digtributions

Year(s)

Signitf-
icsnce

82-83

83-84 ‘2708"

82783

83-84 2626

40001

0001 -

L0001
L0001
L0001

L0001 *




* formation than eapelin density. " s

“'puffin catches (Table 5-13). If catches were mdlcauvb of underwater "flos

IR7
6.6.2. Seasonal Trends in Flock Sizes and Relation to Capelin

Seasonal trends in

of bird flocks (Figure 5-15) were similar to trends in
bird and capelin abundance (Figures 5-1, 5-2 and 3-10). In general, bird flock size

was strongly correlated with bird nbundmnce!/(’l’ah]c 5-12). This parallds the

finding that capelin abundance and density were well /éommed .

Murre flock size was beué{ correlated with ¢apelin density than capelin

abundance in 1083, 1984, and overall, but s was better correlated with abundance -

in 1982. Puffin flock size was better correlated with capelin density, in 1982-and.

1983, but.was negatively correlated with capelin density and abundance in 1084.
In general then, bird flock sizes were only weakly related to capelin’ trends

and more strongly related to overall bird ‘abundance. This suggests that intra-

specifio-bchavioural intefactions are at least as, or more, irhportant, in flock

5.5. 3., Underwater 'Flocking® Behnvmur

) From 1980-1084 319 and 1299 incidents m\olvmg glll net cntchcs of 13"6 3
- puffins and 22,013 murres, respectively, were recorded around soveral different’

seabird coloni

in castern N dland. Frequency distributions of the number

“of-birds éaught per incident revealed that rurres i&cre caught #n greater numbers

underwater than puffins (Figure 5-16). This difference was observed in all ygars,
:\ 5

and on average, catches of murfes underwater were about 2-4 times greaeér than:

! sizes;

then like surface flocks, underwater !flock’ sizes of mllrles were 6onslstently larger
|

While the total abundance (catch/net-day of - el‘forl) of birds undmwn‘tcr

varied by an order. of magnitude between different years (LQ80-1984), the dcnsp.y

»

than puffins. _

of birds underwater (cateh/incident) changed relatively little between years. This -

parallels the obscrvation (above) that abundance of surface flocks varied greatly

. between years, while :\vemgo flock sizes were rclatwo]y ‘similar. |
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_ Figure~g-16: Frequency distributions of-the number of common murres ani~
w m Atlantic puffins caughlz in fishing nets per qcatch' incidént

(n=number of catch incidents): - . ¥
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E o~ '5.0. MUR.RE AND RUFFIN FORAGING RANGES . - .
’ X 8. l“i‘ou;\ng ?.mges hdlnted by Boat Surveys LR .

ln Both 1982 and” 198»1 l‘bur exleuded surveys were conduc‘ed parallel to the . *
shorelme (Flgure 2-2) on similar dates -each -summer (Seg Appendxx K)'to
de!ermlnt Ioragmg ran&s of " murres and puﬂ”ns from Witless Bay._ These &

. - Whgshore sirveys consistgd of an oqulde 16g, which ran south from Gull Island to | )
Ca})‘e Broyle (30 km‘) o the outside {east).of the PH4 colonies; and an inside \eg

- which raninside (west) of'the, bird islands from Cape_ Broyle to Gull Island (30

Km) thhln afew km/o( shore (Flgure 2-2). Since foraging raffges and areas o( hlrj 3 ~

ot entral u)n are ¢ of mterest here (mzher than’ seasonal lrend!), the surveys were-

- comblned to get ‘mean bird abundances along- each survey ]eg (Fxgures 517 nnd

i 3 )
. -

F3

{ s o 30 km, but nany qr these may have, come lmm ’
he -large populanon Ol Gre:st Island. On The oul.slde leg, peaks in Abuhd:mce
o m'ed around Gull Islnnd (O-a km); Southeast, of Great Island (15-20 km), and
in’ Cape Broyle Bay (25—30 km). On Lhe inside leg, peaks_tended_ to occur around

fine; rein the ntrations of cnpehn arotind -



Figure 5-17: Digtribution of ‘common murres on thezwater diring offshore

(n=1) and longshore (n=4) surveys in 1982 and 1084.
& / . et w
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Flgure 6-18: Dlstnlmhon or Atlantic puffins on the water during offshore

. (n—4) and Iongshore (n—4) surveys in 1082 and 1984.
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- In 1984, four-extended surveys (30 km) were conducted perpendicular to the
coastline (Figure 2-2) to examine fhe distribution of birds offshoge. Most murres
and puffins were encountered within 10 km of Green Island (Figures 5-17 and
5-18), ing ‘the general
(Figure 313). %

-
5.6.2. Foraging Ranges Indicated by Net-catch Surveys

of capelin during summer

When the catch per effort of murres nd puffins in fishing nets set south of g

‘the Witless Bay colonies in 1981-1984 was plotted against distance from Green
Island, several trends became apparent (Figure 5-19):
1) The (log) -catch of murres decreased steadily with distance from their

major breeding colotiy at Green Island. Puffin catches were usually greater at 10

km south of Green lslnml corresponding to the large puffin population Tound on‘ .

nearby Great Island*From there on, pulfin catches also, déclined with distance. . |
2) Murres were caught at gréater distances than; puffins. in- each year |
Shdieating they have ¥ larger maximum foraging range. Murres were regularly. |
“caught at 30-0°' km from Green Island, although the vast majority were taken
“Within 20 km. Puffins were regularly caiight at 20-30 km from Green Island (10-20
from Great Island), although most were caught within 20 km.of Green Island (10 |
km of Great Island). - T o
“3) Cntch\at distance of huzh murres and puffins varied between years, |
apparently i response to annual vatiations in capelin. abundance. In 1982, the |
year of. greatest capelin abundance, most murres and puffins were caught within |
10 Kin of Green and Great Islands. As capelia abundance declined-in 1983 and -
1984, foraging ranges apparenﬂy increased to 20-50 km. Although there are no |
data for capelin abundance at Witless Bay in 1081, it was's year of low'capelin |
in eastern d (Miller 1985) and .puffins had difficultly
provisioning chicks (Brown and Nettleship 1984). Accordingly, birds wers ¢ foraging
up to 30-50.km of Green-Island in 1981. L

i

o |

These data provide information on ‘foraging rangey.only during the time |

that capelin were abundant nearshore. Before and after capelin were abundant. in |
the study area, birds must have been foraging offshore at greater distances.

T .ot ' 5 |

B ‘



Figure 5-19: Catch per effort of common mutres and Atlnnl‘\‘c

distance from'Green Island, lﬂél-lﬂsd. "

puffins with
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' 5.7. SUMMARY OF MURRE AND pumN FORAGING
“ . BEHAVIOUR

1. There wds a strong temporal correlation between bird ‘and capelii

. abundance at Witless Bay. X .
2. Marres foraged locally only d\lrmg permds of peak local eapelm
abundance whereas pulffins were also Incally nbundnnl for ca. one

... month after the penk capehn period. .

“a. Birds and’capelin were aggregated over spatial sc‘?es of 26 km.
intensity, bird-capelin correlations, and _aggregative
- responses werescale-dependent, ) %

4. Murres and puffins exhibited sxgmold.:\l Type Il gggregntwe responses
.to capelin density. .

Holds ro} aggregation

J " 5. Murres exhibited -bigher apelin, density thy
=0 “ - than puffins.

relation to overall - cnpe]m density pt Witless Bny

7. Spatial overlap between murres ahd puffins was vesy o through each

season in all years: There was evidence for assymetric interference
ey competition between miurres and pufins for feedmg sites around their
colonies (murre>puffin). -~ i

8. The' pattern .of combined total abundance and distribution of murrs
.and puffins closely matched the pattern of total capelin ubundunce
and dlslnbuhon in all habltats

o ~ 9. Murres formed- larger, more aggregated feedm flocks than puffins.
Average l’lock sizes and cnpelm school densities*varied little compared
to variations in I'lock and school mbundnnct a

8 10. Murres exlnbn.ed larger maximum lomgmg ranges than purrms, and
ranges for both species varied with overgll cnpelm,nbundance bétween
N _years. 5 95 "
' o .

. 6. Murre and pul’fm densny thresholds for aggreg.ﬁou vnmd dmly in
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Nt s  « -. DISCUSSION
6.1. CAPELIN BIGLOGY, BEHAVIOUR, AND DISTRIBUTION

v ur.l.x. Biologlcal Chavacteristics of Capelin' N

3 e - 2
P . Observations in this study of marked daily variations in-the sex ratio of
. cgpelin at, j sites, and the pre of fnale capelin toward the end

Faoof the spawning’ period,” havé previously been noted inshore (Templéman 1948,-
Atkmsnnmm:uscndd:\wm) nnd offshore on th&’lthmﬁb Shoal (w mters and

\
Campbell 1974 Cnrscndden lﬂ‘lB)r These variations’probably occur bebn\lse males

remain near spawmngsltes thm\lghout the spawning period, and lnrge numbers of

mc.(lbund males remiain inshore after spawning, whe;eas females penodncally move ',

%% e T inandgut 0fspnwmngsltes en masse. (Templemnn 1048). .

thales and the ratio

., Overall;. female. capelin .were: more numerous thi

=5 nvernged ahout 1.6:1, respechve]y, over all vears, Slm ly, males domirated i

catches of Soulhe;\sl Shoal prEhn from 1957-1959 (51-71%%), whereas females-
" dominated from 1970-1973 (51-62%, Winters and Campbell': 1074). However,
™ differential sex ratios may reult from sex-selective fishing techniques_because

* capelin segregate by sex at spawning grounds offshore, with females being more

pelagic and ‘males miore demersal (Baake-and B{orke 1973, Wihter; and Campbell
1074, Sastre and Gjosaeter 1975), and inshore, where males remain nearbeaches -

while females reside nearshore’in discrete schools (Templeman 1948). Cap

collections in all years of thisstudy, however, were made with the sare trap’set -

in the same location. “Thus, besides natural variation in relative abundance of
different sexes, there is no obvigus—explanation for the annual differences in

overall sex ratios observed in this study.

~
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_There were marked changes in year-class composition of capelin schools
from 1982 to 1984, owing to recruitment of a strong 1979 year-class to the
spawning population in 1982 (Miller et al. 1982), and domusnce of this cohort in
subsequent years. Thus in 1982, the majority of capelin were 3 yr-olds; in 10
yr-olds 'were well represented; and by 1984/ 4 and some 5 yr-old capelin

dominated catches. Marked inter-y iability in y 1 ition is not -

\ unusual for short-lived species like capelin [Cuscadden 1978, Bakanev, and

Ermolchev 1932). il

On average, male capelin 22 mm longer and 14 g heayier than females. This
marked sexual size dimorphism is a well-khown characteristic of capelin
(Templeman 198, Jangaard 1074). The observed seasggal trends of decreasing
mean length (up to 159%) and mean weight (up to 479%) of capelin, most of which
occurred d\lrm; the’ first two weeks of spawning, have also been noted in other
studies (Templéman 1948, Winters aud Campbell 1974, Nakashima 1983). Sevegal
factars coptribute to'this séasonal decline in size. Mean lengths decrease beciuse
older fish tend to spawn first (Templeman 1948, ‘this study), and because among
fish of - the s» e
maturing ‘individuals’ (Winters and Campbell 1974). ‘Mean ,weights-at-length

e year-class; fast-growing fish spawn before slow:-growing,  later

decrease because of egg and milt deposition, and feduced feeding activity during
spawning (Winrers and Campbell 1974).

There were also signil b year di in sizes of capelin (up
to 20% in weight). Inter-year size variability occurs because of differences in age-
- #1335 composition of schools between years, Jfut also because of annual variations.
in growth rates (Winters aMm ‘Carscadden gt al. 1981).- Thus,
although capelin in 1084 comprised a high proportionsof 4-5 yr-olds, mean sizes

were similar to those in 1982 when 3 yr-olds dominated, ot
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u.xl. : Abu; and D n of Capelin

Registrations on acoustic sounder echograms indicated capelin were present
at Witless Ba-y during all months of study (May-August). Seasonal pe;ks in
abundance occurred between late June and late July in each yeaf. Terfpfeman
(1948) and Whitehead (1981) also.reported capelin were most abupdant inshore on
the east coast during this period. Templeman (1948) noted capelin may reside
inshore as late as September in some years and locations. -

It is not known whether all echogram traces were of capelin schools, but

. evidence suggests capelin were the most abundant schooling fish-recorded jnshore.-

Echogram traces assumed to'be capelin were typical of small, pelagic schooling
fish and were easily distinguished from plankton or larger fish like mature cod
(Forbes and Nakken 1072, Whitehead 1981). Echogram traces were similar to
those reported by "Atkinson' and Carscadden: (1979) -and' Whitehead (1981) for

_capelin"schools observed '‘nearshore’ in Trinity and- Congeption - Bays,

Newfoundland. Only capelin were caught in the'sampling gill-net at Witless Bay

" and in ‘the. trap at Cape Broyle: Capelin. occurred in stomachs of locally caught

cod from mid-May to late August in 'some yeirs, with peak numbers in cod
iy 2 5
inciding with i capelin abund: peaks (D.. Methven and I. Piatt,

unpubl. -data): Sandlance, juvénile ‘cod,” and: squid were ravely found in_cod

stomachs. Similarly, stomachs of locally collected miurres and puffins cuntmned

= almost excluswely capelin. Capelm ‘were observed bemg captured by seabirds at

sea, swlm\'mng around fishing wharves, spawmng on beaches from Witless Bay to

Cape Broyle in June and- July, and swi in dispersed schools (|
moribund males) in late sy

e Gther hand, juvenile cod reside nearshore in eastern Newfoundlind...
U
(Lenr et al. 1980, D. Methven unpubl. data) and'schools were obnrved near the

wh:u-r in, Bay. Bulls in 1983 and 1984. Furth ) bird gizzards

“ otoliths of juvemle cod and sandlapce and adult blrds deured these prey to

" chicks. This indicates these - -species were available within fomfmg rangé of they’
colonies (cl <80 km). anlly, mature herring and mackerel were occasionally,
caught in locally set traps in August. Thus, it is likely that some echogram traces
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were of fish other than capélin but these were probably insigniﬁcnnt compuredvto
the number-of capelin traces. '
Capelin abundance at Witless Bay was ’Wenkly correlated wuh the
magnitude of tidal oscillations. Similarly, peak periods of capelin spawning at
) Bryant's Cove, Con’cepﬁon Bay, occurred during periods of mnximnll tidal .
oscillations in 1978 and 1970 (Frank and Leggett 1981). Templeman (1948) also B
: found that capelinat Holyrood, Conception Bay, and Grand Beach, Fortune Bay,
usually spawned during yeriuds of maximal tidal oscillations, although he
“attributed this to an indirect effect of tidal exchange on nearshore water
_ temperatures. Both Templeman (1948) and Frank and Leggeh’_t (1981) observed
that beach spawning: a]mosralways occurred on an ebbing tide. Periods of
- maximal tidal oscillations may be preferred for spawning So that eggs can be -
deposited as far up on the beach as possible. .Egg densities are highest and
hnchmg hmes aré shortest in the high t{de zone (Frank and Leggett 1981).

Wa.zer tempera ure appeared to be an important environmental factor

2 e +,  affecting: capelin at Witless Bay. Qapelu: did not appear in abundance until the

’ ‘ uppmter célumn (< 30m) vias warmer than ca, 5°C, and. most capelin schools
occurred above the 5°C 1sotheli ‘throughout summer. Virtually all capelin were
obser\*ed above the l°C mtherm (<50 m). Capelin were concentrated near. the »
surface.on all surveys, regnrdless of date or time of day. This contrasts With
capelin jehaviour outside spawning periods, when diel vertical migrations (dbwn

«_ in da; /;bl, u’p in dark) are nérmal (Bakanev and Ermolthev 1982 Miller and

)&dden 1979).  These “observations cofroborate “studies in ‘the Gulf of St.

Lawr

; where most spawning capelin ions were found above the 0°C

"ii‘othgrm, ie., at depths above ca. 50 m (Bailey et al. 1077). Similarly, Atkinson

e and Cars}:adde(l (1079) fouiid o relationship between time of day and depth of
. capeliu'pau{niﬁg schools in Trinity and. (’)‘onception Bays. They suggested that ™
capelin s¢hool depths and den;itiés were related to water-temperatures. Although
: . some loosely=scattered schools were fqund as deep as_110 m, greater snd denser
\J concentrations usually occurred above 50 m.
—
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‘ Witer temperntutes were progrdswely colder from 1982 to 1984 and

thermoclines developed later and were shallower each successive year. Vertieal
capelin school distribution followed: !hu same pattern, with considerable capelin-
‘biomass oceurring to depths of 60 m m 1982 but most biomass occurring above
30°and 20 m in 1983 and 1984, respectively. Similarly, capelin schools around _

Bacealieu Island, Newfoundland, were abundant at depths to 50 m in 1077, but  *
B " virtually all capelin bmmass'was found above 30 m in 1978 ana 1979 (Whitehead e
A F .o1881). .. B F L P 2 =

Major physical factors lnﬂuencmg water temperatures_ were -pack ice,
lcebergs, and’ winds, Wate;s ad]acent to: the east coast of Newfoundland are
domma!ed by an mshore branch ol thé Labrador Current that flows smnhr

" . through the Avalon Channel In the spnngs ol 1983 and pameula:ly 1984, hezvy o

: pack ice eXtended on‘shore from the»nonheast and east coasts of l\ewfoundlnnd
B - - until about May of each year: In 1984, heavy. pack ice. was” present only, one mile

£ east of Gull lsland on the fifst ; §urvey on 9 May. Icebergs were observed dnf!mg
/in 1983 and 1984, many sma]l 1ceberg 2
a3+ Bulls, Wltless and Mobile Bays:, The”

" continuous- presence of pack ice and icebes

" -south up.to late July'fn each, yedr,

% gmunded and.remained for weeks in.

nearshore can have a direct e'fl'ect L TR

sea-surface water temperatures (Farmer 1981), and undoubtedly contributed to
the cold water temperatures oBser‘;ed -at Witlesé :Bay in 1983 and+1084.

a "On & smaller time scale, winds markedly infiienced neatshore, water
temperatures at’ Witless_ Bay.--The strength and direction of winds ;wé;e

ificant], lated with pearshore water There was a 1-3 day

o lag between wind events and changes in water temperature, ho\:ever, becaiise it

takes time ‘for.wf\ter -ma;s's’"exchange to decur in response to wind stress (Csandy

~ '1982). Temperature ﬂulc_!uations were bégg,gr correlated with longshore than cross-:

", shore winds, probably because Ekman Tlow of surface water occurs petpendicular 5
rp;d to the right of wind- ﬂéw (Csandy 1982). These results- snppo;t Templeman‘s
4:1!( and Leggett s (1981, 1982) observations
that wind events 1 l’lugmi nearshore  water | | temperatures. The strong,

(1966) ‘hypothesis and ‘corroborate

b

jon. inv wat tempers Wltl\u,s Bay and Cape Broyle also




208 -

supports the suggestion of Leggett ét al. (19841‘)'1‘@ wind events may regulate
3 i

water p aad th el iological events .over large
- geographic areas. )

Based on-offshore, Iongshore, ahd szandhrd surveys, it appenred that cnpulm
concentrated around islands ‘and nenr.coutal beadlands. It may be thut ’
ﬁupugrnphlcally induted upwellmg curren:s‘;turhulent eddies crented Invoumble T
habitat- for l‘eedmg (although leedmg scnvny is much ;_uﬂced in spnwmng
cnpelm, Jangaard 1974), or they creuted hydrodyna‘hlc traps (Borovkov and
Kovalyov 1977)." WhateveF~ the cause, it was clear that some areas leg., the

'Ledge and &n area down-current from Grgen lslnm were consl!tenltly ocoupied .

by capelin and associated predator; Ol‘fshore surveys were Jimited, but mdlcxﬁed

" that during the main period of inshore capelin abundanée, few s
Pl ‘)ngreganons oceurred farther.than ca. 5-10 kpn from the coast.

ificant capelm :
5 o Sl.’mdurd surveys indicated an order of magnitude declme in cnpelm g
riite K abundnnse at Witless Bay .between 1982 and: 1084 The decreqse in lbnndnnce

between 1982 and- 1983 was consisten’t with Department of Fisheries and Ocenns ;
(DFO St. John' s, NF) b rdr dstic survey-based esti of 6ffshore cnpelm-
abiindance in those years (\/[lller 1985). chever, DFO; surveys indicated that #®

offshore capelin abundance increased between 1983 and wéx whereas Witless Bay
surveys indicated a large'decline inshore. Observations of predator abundance and
“behaviour corroborate the 1084, Witless Bay capelin abindance estimates. The
_ total abundance of murres in the study are; decreased s‘ubstﬂminliy between 1983,
and’1984. The seasonal* pattern of murre abubdance, -which was closely resembled. |
capelin abundance patteras in 1982 and 1983, was also very similar fo the c;pelm.
abundance pattern in 1984, showing only one major peak around’ 1 July.

. - Similarly, abund vo'f; back whales ‘abd ateh-per-effort of cod in gill-nets .
" declined substantially in the study area bétween 1983 and 1084, and both_ these
A predntors also exhibited segfnal pesks in abundance around 1 July}fl Eh and 7.
D. Methveu uupnbl data). ’

“ The dnscrepency between Wntless Bay cupelm abundnuce estimates nnd
R % | those of DFO in, 1984 may be relazed to. cold water temperatures experienced

‘
g
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nearshore in that year. Migration of capelin from overwintering sites to spawning
grounds is known to be strongly influenced by water temperatures (Devold et al.
1072, Carscadden 1978, Luka 1679). Growth and maturation rates of capelin also
vary with water temperature, being slower in cold water (Winters and Campbell

" 1074). Thus, it is-possible that many ‘capelin did not spawn at Witless Bay in 1084
owing to cold water temperatures, moving instead to other inshore Where
water temperatures were warmer or remaining offshore until the following year.
Another explanation for the-discrepency is that most offshore capelin examined by

"DFO in 1984 were 1 and 2 yr-old fish, none ot few of which, respectiPty, achieve
sexual maturity and lherel‘ore would not be expected to occur at mshore spawnmg
grounds (Templeman 1948, Miller 1085).

. .Although capelin abundance varied by an order of magnitude between 1982

and 1084, there was relatively little variatiod in average density of capelin schools.

Indeed, school densities increased slightly between 1082 and 1083 despite a large

decline in abundance, possibly because the ‘shallower 5° isotherm caised a denser _
packing of ‘schools i in the upper-water layer. These observations emphasize the

. distinction between nbundnnce and densnty, and point to the role of behavmur in
maintaining séhool size and structure (Pitcher and Partridge 1979, Pitcher 1980).

MUR(RE AND PUFFIN DIET COMPOSITION

The diets of adult and chick common- murres’ (Kaftanovskii 1038,
_Uspenski 1956, Belopol'skii 1057, Madsen 1957, Tuck 1961, Swartz’1064, Pearson
1968, Scott 1973, Ogi and Tsujita 1073, 1977, Wiens and Scott 1975, Birkhead
1976, Hedgren 1976, Baltz and Morejohn 1077, Mahoney 1079, Krasnow ‘and
. S[xnger 1082, Baird et al. 1983, Bradstreet 1983, Matthews 1083,’S;mger 1983,
Blake 1984, Schneider and Hunt 1084, Springer et al. 1984, Harris.and Wanless
1985, Birkhead and Nettleship .1987c) and Atlantic puffins (Belopol'skii 1957,
Myrberget 1962, Pearson 1068, Nettleship 1972, Corkhill 1973,  Asheroft 1976,
Harris 1970, 1978, 1884, Harris and Hislop 1078, Hudson 1979, le 1081, Blrkhead
‘and Nettleship 1982, Bradstreet 1983, Brown and Neitleship 1984, Anker-Nilssén
1984, Hislop and Harris 1985, Barrett et al. 1986) have been extensively smdled ln
“the Atlantic and Pacific (murres only).
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It ismot the objective of this discussion to review all these studies, especially
since two reviews of reports available up to 1083 have recently been published
(Harris 1984, Bradstreet and Brown 1985). Rather, I will focus on the main
findings of -this study, supplement Harris' and Bradstreet and Brown's reviews
where appropriate, and discuss some aspects of murfe and puffin diets which have
not previously been considered in detail. %
6.2.1. Overall Murre and Puffin Diet Composition

*  Diets of murres and puffins at Witless Bay were typical of these species,

. \
being comprised mostly of. pelagic schooling fish (Bradstreet ani&::“ 1085).
Capelin domiﬂn;ed adult, (82.7% and 78:8% of murre and pulffin, Pespectively)

- and chick (90.8%' and 93.2%, respectively) diets Qy)welght Sandlance and |
juvenile Atlantic cod comprised most of the remmdeﬁ Out of 3574 adult and.’

1268 chick. prey items identified, only enght differentfi rgh species (or genera) were

observed, with squid and a few uni d er ibuting to overall

dxversnl:y These observations are consistent with prevxous reports of . capelin-.
dominated common murre (Tuck 1961, Maboney 1979, Bitkhead and Nettleship
1987¢) and puffin’ (Nettleship 1972, Brown and Nettleship' 1081) diets in
Newfoundland and southern Labrador. . S

Murres and puffins have more variad diets in other regions. In Britain, sprat
(Sprattus sprattus) and sandlance dominate murre and puffia’ diets, but several

od and rockling species are-also eaten and over 35 species fish species have been

recorded in diets (Harris and Hislép 1078, Hatris and Wariless 1085, 1086). Off-

Otegon, pacific sandlance (A. hezapterus), juvenile .rockfish (Sebastes spp.) and

(Microgadus- prozimus) are taken most frequently. by common murres

1083). Diet diversity is very high (>35 fish and invertebrate species)
and on avebage, no prey composes more >25% of the-diet (by number). Similarly
in the Gulf of Alaska, capelin (30% by volume) comprises most of the fish.(81%)
diet of common murres, and ‘ca. ten crustacéan'species make up most (18%) of the
remainder (Sanger 1083). . v
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In contrast, diet diversity is low in some regions. The diet of common
murres at St. Paul Island in the Bering Sea is composed mostly of walleye pollock
(Theragra chalc;;gramma) and capelin (>980% by number or volume, Schneider
and Hunt 1084). Cod (56%; B. saida and Eleginus gracilis) and sandlance (27%)
dominate corr;mnn murre diet (by volume) in northwest Alaska (Springer et al.
1984). In nporthern Norway, p‘xffins consume capelin and sandlanc’e almost
exclusively (by weight), but diversity increases and composition changes markedly
at southern colonies (Anker-Nilssen 1084, Barrett et al. 1986).

Thus it appenr.s that murre.and puffin diet composition largely reflects
potential prey diversity in different ocennogrnpl{ic ‘regions. ‘T;e— a;ove’regions
exhibiting low diet diversity (including Newfoundland) are part of high/low arctic
ecosystems and are strongly influenced by ice-cover and waters of arctic origi\ni,
whereas the_other regions dre boreal in nature. This probably accounts for
differences in biological diversity moré than any other factor (Dunbar 1968,
“Ashmole’1071, Springer et al. 1084). Similar rglheionships between diet diversity,
oce:mogropb)"', and geography thave been observed for other seabirds in' polar,

* temperate, and tropical regions (Belopol'skii 1957, Ogi and Tsujita 1973, 1977,
Ogi 1980, Crotall and Prince 1980, Harrison et al. 1083, Diamond 1984, Brown
1085, Gaston 1985n, Croxall et al. 1985).

Selection of Diﬂ‘erent Sex/Age Classes of Capelin

Soluctioh of specific:exs or-sgesolassensol eapslin wis ‘s nolabls:featurs of
capelin predation by murres and puffins at Witless Bay.. Mature female capelm
were eaten by birds in higher proportions relative to their’ proportxons in trap
collections, and more”ovid than spent females were eaten. In contrast, cod
(n=1001 examined) at Witle¥s Bay .ate 2 higher vproportion of male capelin,
averaging 8855 (by weight) in 1982-1984 (D. Methven and J. Piatt, unpubl.(lata).
Passive selection by different predators may result from i) differential availability
of male and female cnpelin in the water column (see page 203), ii) differential

i
ability oI predators to swnlluw larger male capelm (cod>murre>pul’l"n Swennen

and Dulven 1977), and iii) di i [orngln; iour of £ Murres

dive deeper-than puffins. (Piatt and Nettleship 1985) and cod feed demersally

N
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(Templeman 1966). These factors do not explaii selection of ovid over spent

female capelin. However, ovid females have a higher wet weight- energy dénsity

than spent females (‘Montovorchi and Piatt 1984), and hence should be actively
selected if both are available at the same foraging cost (Pyke et al. 1977,
Monteveechi and Piatt 1984). Similarly, males might be actively selected because
of their larger size and hence, higher total encrgy content (Montevecchi and Piatt
1984). )
Sex-selective penguin and seal predation on krill (Euphausia superba) has
been observed in the Antarctic (Croxall. and Pilcher 1984, Croxall et al. 1985).
" Croxall et al. (4985) drew several conclusions which aptly summarize the Witless
Bay sifuation (ro‘i- krill, also read capelin): i) krill schools cx_hibil scns('m‘nl and
regional variations in sex ratios; ii) different predators may tgke krill -in ratios
simifar lg, or markedly dil‘_fvrcnl. from, background ratios; iii) energy densities of
_female’krill can incregse substantially during maturation yiclding an encrgy bonus
to predators; nnd‘iv) predation on ,krill “during their breeding season, and
_particularly on one sex, may Imv«\: a greater impact on k_rfil]-pupulntiun dynamics
than would be deduced simply from comparison of lood‘rcquirou‘\cms and stock
size,

8.2.2. Comparison of Murre and Puffin Diets

Diet Diversity
Considered over all years by number or weight of prey consumed, puffins -
(11 =0.50 or 0.30, respectively) had a more' diverse diet than murres (11 =0.41 or ~

‘or two fish species at

0.25) at Witless Bay. Adult murres usually feed on only

any one time and p!ncE(Belupol'skii 1957, Matthews 1983, Bradstreet and Brown
’ 1985), whercas “adult puffins consume more non-fish--prey  like 'u\mphipmlu,
i 1057, Bradstrect 1983, Harris 1084,

Bradstreet and Brown 1985). In other st\illjcs where ,gflms of both species were

guphnlsiids, and polychactes (Belopol

sampled at the same time and place, puffins had l;lf;rc diverse diets than murres
(Belopol'skii 1957, Bradstreet 1983). . o, &
‘
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Chick diet diversity at Witless Bay was Jow and variable between years
[ll{=().00-0,46 by number). Puffin chick diets were more diverse than murre chick
diets in two of three years, and over all years combined (I1=0.35 and 0.17,

~“respectively). Many studies indicate that puffins normally feed chicks a wider
speetrum of food types l[mn murres (Nettleship 1972, Corkhijll 1973, Birkhead
1976, Harris and Hislop 1978, .Mahoney 197, Anker-Nilssen 1984, Brown and
Nettleship 1984, Harris 1084, Harris and Wanless 1985). Where both speeies were
studied at the same time and place, puffin chick diets were more diverse than
mure chick diets in two of Lhwnrs, and over all years combined (H =0.38
and 0.23, respectively; calculated from Harris and Wanless 1986).

A Because i) murres and puffins have simlar foraging styles (pursuit divers), ii)
they have cquivalent constraints in_ their shared environment (e.g., wind and sea
conditigns), ‘and iii) small prey are more common than large prey (Peters. 1983),
then murres should be more sLonophnglc than' puffins because fewcr prey ty; pes
will be worth foraging on by murres because of their larger size and higher total -

food demands (Pyke et al. 1977, Werner and Mittelbach 1981).

Diet Overlap : . .

Overlap between adult murre and puffin diets at Witless Ba‘y was high in all
years whether calculated on a numerical (C= 0.65:0.96, overal]l C=0.88) or
weight basis (C=0.97-0.09, overall C=0.99). In two other studics where adult
murre and. puffin diets could be qualitatively compared, they also overlapped
extensively (Belopol'skii 1057, Bradstreet 1983).

Chick dict overlap was liigher than adult diet overlap in all years (overall
C=0.95 and 0.99 by number and weight, rc;pcclivcly). Harris and Wanless (1986)
reported much lower diet overlap between murre and puffin chicks at the Isle of
May (C=0.13-0.21 by weight) but these were .calculau:d using different length |
classes of sandlance as prey categories (see Diamond 1984). Calculated with the
same prey categories used in this study, overlap over all years combined was 0.90.

Dict overlap of murres and puffins with ,olher.predalors at Witless ﬁay is
probiably: high. Kittiwakes and herring gulls (Larus argenlatus) are abundant at

.Witless Bay and capelin may cémprise 30-40% of- their summer diets (Maunder
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1971, Pierotti 1979, Brown and Nettleship 1984). Atlantic cod are the dominant
fish predators of capelin at Witless Bay, and capelin were the most common prey
eaten by cod in.1981-1084, comprising 76% (by weight) of their dicts in summer,
1984 (D. Methven and J. Piatt unpubl. data). Humpback and minke

“(Bale bund.

) whale at Witless Bay was strongly
correlated with capelin abundance in 1982-1984 (J. Piatt, unpubl. data), and both
species probably fed extensively on capelin (Mitchell 1973, 1075, Whitchead 1981).

High diet ove’rlnp'bmweon seabird species with similar foraging stylés has
been observed at colonies in high/low aretic (Belopol'skii 1957, Ainley and Sanger
1970, Krasnow and Sanger 1982, Sanger 1983), boreal (Pedrson 1968, Crawford
and Shelton, 1978, Fumc;‘s and Barrett 1985), and tropical w:ltms‘(/\shllmlu and
Ashmole 1967, Harrison et al. 1983, Diamond 1§B4) High dicl. overlap betweén

seabirds and marine mammals hns been documented in' the: Antarctic (Croxall et
- .al. 1985).

* size because: i) murkes can swullow larger fish than puffins (Swennen yn

' Prey Size Selection

- On average, murres at Witless Bay: ate larger- prey than puffins, but they .
did ‘this by selecting larger sex/age classes of fish rather than by sclecting larger
individuals of a given sex/age class. Puffins ate higher proportions of. larval and
juvenile capelin, cod, and sandlance. Murres ate few larval fish, lirger juvenile
cod, and a Inw}cr proportion of male capelin.

It has been widely reported that prey size is corrclaled wnth prcdnlar body
size (Peters 1984). This is also generally true for seabirds (Ashmole and Ashmole
“1967, Pearson 1068, Harrison et al. 1983, Diamond 1984). Other. studies have
" demonstrated that murres select larger prey than puffins (Pearson. 1968, llnrm

and Wanless 1086). *Size-sclection’-appears ‘to be largely ‘a consequence of body .

en

1977), and ii) murres have higher maintenence and foraging. costs-dfie to their
: ~ ;

larger ‘size (Werner and Mittelbach 1981, ﬂ{ters' 1984). Thds, small fish that

might satisfy puffin requirements may not orth pursuit and capture by

murres because foraging costs outweigh benefits (Rgyoma 1970, Krebs et.al. 1977,
Mittelbach 1981, Werner and Mittlelbach 1081).




Mapholggical constraints thay ‘also influence size selection of fish for chick
meals. Murres can usually carry only one prey and thus would profit most by
pringing only large*prey back to chicks. Multiple-prey loading puffins, on the
other hand, mny'cnrry one. large prey or many small ones at similar cost
depending on available proy(dcnsitics and costs' of foraging (Orians and Pearson

1977, Montevecchi and Piatt 1084).

. Comparison of Adult and Chick Diets

There have been few comparisons of adult and chick seabird. diets.
Belopol'skii (1957) found razorbill and puffin chicks were fed- exclusively fish,
whereas adult. diets comprised 9‘7‘% and 87% fish, .respeclivglj, with crustaceans,
po]yclmetcs/ and other invertcbrates comprisisng the remainder. Of the fish
portion of diets, sandlance were more fr;q\ienvin chick mreals than in ad\ill _tﬁets.
Similarly, Gaston and Nettleship (1981) found that thick-billed miurres Ted chicks
almost’ exclusively fish (mos',ly ‘B. amdn), wh)le adults consumed a Iarge number
of-crustaceans as well: Cmms (1984) also ‘observed marked dlfl'ercnces between

. dicts of adult-apd thick black gulllcmnts Chicks were led flsh (99.8%), of which
most (01.7%) Were blennies, whereas adults consumed a w1der variety of fish
(including ca. 30-35% B. ,saida and 30% blennies, by % oqcurrcncc) and,
crustaceans (ca. 55% by occurrence). .

At Witless Bay, murre’ and puffin chicks were fed higher proportians of
capelin, and lower proportions of cod, sandlance and other prey, than were-eaten
by adults. During the peak period of capelin abuQ.dm_.ce (mid-June to late July),
chicks were fed mostly ovid female capelin despite marked seqs;nnl variations in

capelin abundance and sex ratios, and in adult diets. It is likely that capelin

(particularly ovid females) were preferentially fed to chicks because of their size”

and high nutritive value (Montevecchi and Piatt _1084)4 A_s‘ccniral place foragers,
murres and puffins would profit most by consuming lower quality prey at sea and
bringing larger, more nutritious prey back to chicks{Orians and Pearson 1077
Gaston and Ncllleshxp 1081, Harris lﬂij
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6.3. TEMPORAL DIET VARIATION IN RELATION TO
CAPELIN ABUNDANCE E g

«

* 8.3.1. Stomach Contents

5 e

As overall capelin nbundance.at Witless Bay d!clined'betwgen 1982 and
1984, the frequency of capelin in murre and puffin stomachs decreased
accordingly. This parallels observations of Gaston and Noble (198-‘) and Springer
et al. (1984) on inter-year variability in stomach contents‘ of thick-billed murres, -
and supports their suggestion that this variability, resulted from annual
fluctuations in local prey, abundance.

If capelin we;-e -always so abundant that competition never occ\lrred (Lack
10686), then hlrds should have faréd equn.ily well in all years- at cnplurmg capelin, .
but they dlql not This ‘may indicate. that intraspecific compclmon for cnpelm ’
oceurred at Witless Bay. Alternatively, foraging may have been more z;llﬂ”cult
when capelii were scarce irrespective of bird density. .

Proportions of murre b

capelin were always greater than

proi:ortians of puffin stomachs with capelin (dllfenng digestion rates?), and this -

difference was greatest when capelin were least abundant. This suggests there

may have been interspecific competition fof capelin, with”murres being the e

superior competitor (which is likel} ‘from morphological considerations,

Stettenheim 1659, Bédard 1969). Al‘teruntively, mutres may be better adapted

than puffins for foraging at low prey densities, although morphological and

ecological considerations suggest othérwise (Bédard 1069 this study).

Functional Ré:pnnue to Capelin Density A \
Numbers of capelin in bird stomachs varied with capelin- density at Witless

Bay. The form of the relationshi d to be sigmoidal for murres and

pulfibs, suggesting Type III functional responses to, prey density (Holling 1959).

The functional response is essentially a manifestation of optimal foraging

behaviour (Cook and Cockrell 1978, and .see page 253) and has. been well .
described for various insects (Utida 1958, Hassell and- May 1974, Hassell et al. -
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1977, Eveleigh and Chant 1981a), crustaceans (Hassell et al. 1978), fish (Ivlev
1961, Heller and Milinski 1979), Birds (Goss-Custard 1970, 1977c; Smith and

?/Dawkins 1971, Wood and Hand 1985), and mammals (Holling 1050).- Type II

functional responses amgynost common among higher vertebrates.(Holling 1965),

and are probably more widespread than the literature would indicate (Hassell et

© al. 1977).

8.3.2. Diet Composition

Although seabird diet composition is often ‘reported to reflect local prey
abundance (e.g., Belopol'skii 1957, Vermeer 1980, Krnsuo;v and Sanger_‘ 1982,
Brown and Nettleship 1084, Harris 1984, Springer et al 1084, ?g and.
Westrheim 1984), murre and puffin diet composition did Dot refitct annual
varmtmns in overall capelin abundance at Witless Bay. Several posslble l‘accors,
aloneor together, may explain these results: - .

! 1) Although capelin abundance at- Witless Bay varied by an o’rder of
magnitude between years, the total amount of capelm wnhm colony foraging”
range may have always been adequate to meet food demands Buds may -have
compensated for~low. local capelin abundance by feeding farther from colonies (for

which there is good evidence, see page-230), thereby mainfaining similar diets if

« all years, In cther words, there may be some critical level of sustained prey

abundance within "the whole fpragin'g zone, sbove which birds. can maintain
preferred diets, and below which birds fust increasingly rely on alternate prey (if
available), or ex)ier_ience a food shértage. It is probable that capelin abundance
fell below critical levels for puffins at Witless Bay in.1981 (Brown and Nettleship
1084). ' '

' 2)‘A]r.emate prey ‘may have beeﬁ so-locally rare that birds had to forage

‘Iargely on capelin_ in all years (Brown and 'Nettleship 1984). Circumstantial

cvidénce (bird't‘nd ¢od stomach contents, fish collections,” etc., see page 205)

supports this hypothesis. Sandlance are Ace in the deep Avalon Channel and.
. . . . «
_nearshore. They prefer sindy substrate on the shallow Grand ‘Bank, about. 80 km

east of Witless Bay (Reay 1970, Winters 1983). Juvenile cod reside inshore in
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" most bays of eastern Newfoundland (Lear et al. 1980, D. Methven unpub{ data), )
but nothing is known of their abundance or availability.

3) The proportion of capelin in diets probably does not s Tl
absolute abundance of capelin, but on capelin sbundance. relative to other prey
species. Many studies have demonstrated- that prey selection by predators is a ,
function of the relative densities of complementary prey (e.g., Ivlev 1961, Goss-
Custard 1977b,c, Rapport 1980). .

‘Bird dlel compositiona153 did not reflect the composman of capelin in trap
collections. The proportion of,/! /male capelin in bird (particularly adult murre)
diets decreased while the propoftion of males in tra;} collections increased between
‘1982 and 1984. Similarly, birds ‘ate more spent female capelin while spent:ovid
proportions in traps decseased between years. Possible explanations include:

1) Male capelin. may have shifted, iils'hore between 1982 and 1984, thereby:
being less available to birds near/offshore, and relatively more abundant in beach
trap collections. Similarly, proportions of spent to ovid females in traps may not
have reflected availability to birds. !

2) Considerable evidence indicates that as density of the most prdlitnble
prey falls, less profitable prey are included more frequently in predator diets
(Ivlev 1961, Krebs et al. 1977, Pyke et alg 1977). If they “could be caight and
swallowed as easily as females, male capeﬁould be more profitable because of

their larger size (Montevecchi and Piatt 1984). Sxmllm"lyr 6vid females should be
more profitable }pﬁ spent females because of their hlgher ‘wet weight energy
density (Montevecchi and Piatt 1984] Thus, optimal fomgmg theory Would have
correctly predicted that birds wonld consume less males, and less ovid than spent
I’emales, as overall capelin abundance -declingd between 1982 and 1984. Similarly,
propomons (by weight) of male capelifi eaten by cod also decreased from 82% to
81% to §3% in 1982, 1983, and 1084, respectively (D, Methven- and J. Piatt,
unpubl. data). 2 :

« Despite problems of interpretation, some studies have clenrly shown thn.t
seabird diet composmon\ can change marKedly in response to long-term variations

in prey abundnnce (Hams 1984, Furness 1984 Burger and Cooper 1984, Hislop

‘ﬁ
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and Harris 1085, Montevecchi et al. 1988). This is especially evident from
extreme cases where forage fish stocks declined substantially owing to overfishing
andfor poor recruitment. In these instances, marked changes in seabird diet”

composition were usually accompanied by lower chick feeding rates, smallei meal

~sizes, and reduced breed_ing success (Tschantz 1978, Vermeer et al. 1979, Lid 1981,

Brown and Nettleship 1984, Burger'and Cooper 1984).

Variability in Prey Characteristics =
Temporal variations in biological characteristics of capelin eaten by birds at
Witless Bay were due in large part to ;{atuml, background variations, which in

turn, were i d by envi 1 conditi Other recent studies have also

demonstrated that temporal variations in sex aid- age-class composition of prey,

1 diti Yedl h

influence

schools, and of prey
eaten by seabirds (e.g., Harris 1084, Springer et al’"1984, Verm:er and‘Wéstrheim» ’
Jas4). 'Ver); comprehenswe data are thus necessary to conclude that differences
between seasons, sites, sexes and species reflect. dny more than differences in what
pred’atnrs encollnter, because of the timing of foraging or the locauon of foraging

arenq.' (Croxall et al. 1085).

Diversity. and Overlap

Competition tbeory predicts that diets of competitors should dwerslfy and
diverge during "lean* (Schoener 1982) or “crunch® (Wiens 1917) periods. In
contrast, bird diet diversities d d pelin abund declined at-Witless

Bay between 1982 and 1084, and murre and puffin diet overlap increased..”

Either interspecific competi!i&h did not oceur at Witless Bay, of conditions

were never *lean® enough, or at least one i ing the hypothesis -

that alternate prey were available in suitable densities - may not be valid,

" Invoking competition theory to explain diet trends in- the absence of data on all

important prey is probably inappropriate (Steenhof and Kochert 1085). In this

study, diet ition "can be i in the context of simple
forugmg\, theory wnhout implicating i pecifi etition as a di
Tactor® (Stﬁnhof and Kochert 1985).
»
»
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8.4. FORAGING BEHAVIOUR

6.4.1. Temporal Relationship between Birds and Capelin

Murre and puffin abundance at Witless Bay was significantly correlated
with local capelin abundance in each season of study. Murre numbers were always
better correlated than puffin numbers with capelin abundance. However, murres
and puffins have different breeding schedules and ‘this affected the strength of
temporal correlations with capelin.

Both murres and puffins at Witless Bay normally batch chicks in late June
(Nettleship 1972, Mahoney 1979) as capelin appear inshore .(Templemfm 1648, this
study). Murrg,.chicks go to sea about 19-25 days after hatching and because
breeding is well synchronized, most murres ieave; the colony within -4-5 weeks.
after mid-hatching (Mahoney 1979, Harris and Birkhead 1085, Piatt and McLagan
'1§87). In " contrast, puffins take about a month longer ‘to Aledge chicks in,
Newroundlan(i and ﬂedgink is-less synchronized (45-80. days, Nettleship 1072). ’
Thus, the chick‘rearing period of penk l'ood demand by murres (Wiens and Scott
1975, Furness 1978) at Witless Bay conespends well with penods of peak c;\pehn
abundance around the colonies (ca. 4 weeks, see page 60), whereas pulfin:food
demands _extend well beyond this period. - Similar interspecific differences in o,
breeding chronology and usé of temporally variable food resources have been
observed in many ma’riilta/(Belopol'skii 1957, Birkhead and Harris 1985, Croxall
1985) and terreslnal (e.g., MacArthur 1958, Terbough and Dmmand 1970, Folse
1982, Femsmger et al 1985) bird communities. -~

The convennonal view'is that timing ol' repmductlon evolves to coincide
with peak food avmlabnhty for’ provisioning chicks: (Laek 1054 1067, Bnrkhend
1977b, Croxall 1984, Birkhead and.Harris 1985). The emphasls on chlcks
somewhat misleading, however, because only about' 5% of total food! biomass '
taken by mur%and pul‘ﬁns during breedingis fed to chicks (Brown and
Nettleship ' 1984)." The bulk of energy requirev:!» for reproduction goes towards

fueling adult foraging activities (Gaston 1985b). Thus, adult foraging and food

requireménts may impose the greatest constraints on evolution of breeding

~
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schedulgs, and may best accon‘nt for intersp!eciﬁc differences in  breeding
sirategies. . I
Data collected in this study suggest that murres have higher prey density
thresholds 8 forsging than puffins (see page 322). On a daily basis, murres
require nearly twice as, much food as puffins, Thus, the murres’ breeding strategy
may have evolved because adults couldJnot provi.%ion thémaelves after departure
of a local high density food supply. If adult rather than chick constraints have
been the key fa®tor shaping evolution, it is less parbdo)&icnl'thnt murres evolved to
be the most proficient (living) alcid at underwateér foraging (Stettenheim 1959,
Piatt and Nettlesliip',mss),‘ but never evolved better” methods of provisioning
chicks, e.g,, multiple Préy deliveries. There would be little adaptive value in being
~able to ;:nvry several prey to chicks under low' prey density conditions if adults
could ot sistain themselves at the:same time. ; b= =

AT R s O 3 i s 1N )

L On 'the other hand, puffins have lower prey " dexsity Vhresholds for foraging,
th adults can forage simultaneously, and they are r‘Vultiple prey loaders. Thus,
adult puffins can continue to forage successfully for themselves and feed chicks for

some time after a peak in prey abundance around their colonies. Interestingly,
puffin chick growth is subject to negative-feedback d

of food supply (Nettleship 1072, Hudson 1983) which effectively extends the chick-
i
rearing period and reduces daily chick and adult energy requirements. Thus,

taboli

control ind

pulfin energy demand -is spread over a longer period, lresuwliing in a higher net
‘total cost of production, but lower daily expenditures. ‘

. P <
8.4.2. SpatlaT Relationship between Birds and Ca[Telln

Scale-d d 3 and
ggreg:

Studies of “seabird distribution -in relation to ocelnogrsphic features (e.g:,

fronts, ice-edges, etc.) have repeatedly demonstrated timc seabirds aggregate in

areas of high productivity (Bradstreet 1980, Brown msp, Schnejger 1982, Briggs-

et al. 1084, Cairns 1084, Bradstreet and Brown' 1085, ‘Haney 1986). However,
spatial relationships between seabirds and their prey are podrly known (Schneider
and Piatt 1086).: In marine systems, biological amd physical processes combine to

b %

3 £
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impart’ spatial structure to plankton and fish ¢ommuliitiey (Platt 1W72 Steelc
1974), and seabird aggregations reflect the scale at which these procmu oceur
(Schneider 1082, Schueider and Duffy 1085).

At Witless Bay, aggregation initensity of birds and capelin on mbst. surveys

increased significantly with measurement scale, peaking at scales nng{hg from
0.25 to 12.0 km. Most. patch chord lnngths ranged between 2-8 km. Séabird patch 4
chord lengths of 12-44 ke have been reported elsewhere (Schoeider 1982, Briggs -
at al. 1984, Woodby 1984), imt owing to methods of data collectlon. patches
smaller than 12 km could ot be resolved (Schneider and Piati 1086).

Because seabirds aggregate over a range of spatial: scxlestpresumnbly
reflecting the scale of prey-pggregations (Schaeider and.Duffy lDSS],‘nny analysis
of seabird distribution in relation to fheir prey should examine the_effect of scale
on spatial correlauou: (Schueider and Piatt 1986) In this study, birds’ ﬂere(

slgmfncsntly correlated with capelin on more than halfof all survays before effects -

of scale were exammed Spaml correlations increased to hlghzr, slgmﬁcnnt levels
with increased frame size on about, one-!hlrd of all surveys, and on more than half
<0 all surveys exhibiting significat lations' bef le analysis. No other
studies (e.g., Woodby 1984, Obst 1085, Safina and Burger - 1085) have found
Significant spatial correlations between seabirds and théir p'rey, though they might

h:we if scale effects had been considered (Schnveide‘r and Piatt 1088).

Aggre;ntive response to-prey denait’ a ’ ~
Animals searching for food spend more time where ropd' is plentiful, and ths

behaviour forms the basis of the aggregative rgsponse (Hassell und May 1974). It-

has been suggested that most vertebrates should exhibit sxgmmdnl (Type m)’

" aggregative uspnnses to prey density (Hollmg 1068, Murddch and Osten 1074, <

-Hassell et al. 1977) In the only study of a vertebrate population Toraging under
natural conditions, ,Gnss—Custnrd (1070; 1077c) showed . that the aggregative
response of redshank (Tringa lolanus) to prey denslb.y was sigmoidal.

In 't‘his study, the ngg-regnzive response.of birds to capelin’ was examined over

d\fferent sized areas (rrame sizes) because jation was clearly scale-dep
(see nbove) lee aggregation intensity and spatial correlations, nggreg:mve

2
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regponses were scaie—de;;endent and the form of the response was best revealed at
measurement scales of 2-8.km. Both murres and'puffins often exhibited sigmoidal -
(Type III) aggregative responses to capelin demi!}Q'. Moreover, murres had a higher
capelin density threshold for aggregation than puffins, and this was reflected in
their flocking behaviour (murres formed denser flocks than pulfins, see page-228).

. Finally, the threshold capelin density above which murres and puffins aggregated

was not fixed, but cﬁuged daily in relation to overall capelin density. Tl;;se

features of murre and puffin {oragmg behaviour | may be explained within the

" context- of optimal foragmg theory by considering effects of i) body sxze, and ii)

experience, on foraging behaviour.

The effect of body size on foraging hehnviour
Holling (1965) showed that simple Ioragmg behavlour could be modeled by
the equation: q * : . :
N/T < aD / (1+abD) . . .
where N=total- number of. prey. cnptured T=total time spent hunting,

~f1 instantaneous rate of discovery, D—denslty of. prey, and h=handling time of

. prey P’lﬁned ngamst prey density, the fate of food. intake (N/T) may be a

hyperbohc (Tﬁe 1) or. sigmoidal (Type I) function depending on the degree of
prey aggregahon (Cook and Cockrell 1078), hunger state of the predator (Holling
1965, 1066), presence of alternate prey (Holhng 1965, Murdoch and Oaten 1975),
~or] lcnmlng‘ahh!y‘of*theﬁndm (Hollmg—msern 18 likely that veﬂ"brﬂm'y'
ezhibil cither Jorm of the reaponae depending on the r:amiutlam and prey with
whick it is measured. (Holhng 1965, 1968, Murdoch and Oaten 1975). . %
The principal feature of. Holling’s 'disc! equation, and many ,subeequent
models of foraging behaviour (e.g., Royoma 1971, Werner and Hall 1974, Murdoch
and Oaten 1075, Hassell et al 1977, Cook and Cockrell 1978, Werner and
Mlttelbnch 1081) is that:
N/T a D/(1+D) .
i.e., the potential rate of food intake (N/T) is a non-linear function of prey

density. This simple, physical between prey dispersion and. capture{

rate appears to be_an invariable law (Ivlev 1981). Above all else, predators are
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constrained in their foraging by how often they encounter prey (Lotka 1025,
Ivlev 1961). Coexisting predators are faced with equivhlent constraints arising
from the dispersion of shared prey. Thus, the most lmportm‘t distinction
‘between coexisting predators wlth similar foraging styles and shared
prey is N, ,, the total amount of rood required for daily existence. N

tot: tot

is a sum product of food £eq ired for 24-hr i and costs of

foraging, and both are functions of body slze (Calder 1983, Peters 1983,
Werner and Mittelbach 1981).

Murres and puffins at Witless Bay feed in a similar manner on the same
1 conditions. Thus, i itic diff

in foraging efficiency should be small relative to Nm (Werner 1974, Kooyman et

prey and ‘under the same envi;

al. 1082, Nagy et al. 1984a). To maximize N, /T (the basic premise of optimal
foraging theory), murres and puffins can only adjust D or T, because N, , is o
relatively constant function of body size and T, time spent foraging. ;, Murres
require about twice as much food as puffins (Brown and Nettleship 1984). Thus,
murres can only obtain their daily ration in the same time (T) as puffins if they

forage at about 2[D/(1+D)] the prey d»ln‘sity’nt which puffins forage. In fact,

murres may actually spend less time fordging than pulfins (Pearson 1968) even'

though murres forage at greater distances (see page 230). If so, then they must

forage on higher densities of the same prey.

a small i

Under low prey density
of prey patch densitits would yield a large difference in rate of food mtske As
prey density increases, the r§£e at which prey can be captured levels off. Thus,
under high prey density c‘ouditions, a larger difference-in prey patch densities

would be required for murres to obtain their daily ration in the same time as

pulfins. In this study, the difference between murre and puffin thresholds did *

increase significantly with increasing capelin denmy at Witless Bay.
As prey density (D) varies, murres and ‘puffins may adjust time spent
foraging (T) to obtain daily rations. Time available -for foraging is limited,

however, and there must be some. lower prey density limit (critical density). below

which neither speciescan obtain their daily rations. \Because murres require twice

erence in choice



the ‘daily ration of pulfins, they should have a higher crilical prey density

threshold than puffins, and this should influence breeding strategies fsee page .

220). -
During the chick-rearing period, murres and puffins may ’normaﬁy' spend
only 10-40% of their day foraging (Pearson 1968, Cairns et al. 1987). This
suggests they have’ considerable flexibility in dealing with prey fluctuations.
Indeed, much evidence indicates that murres and puffins rarely have difficulty
foraging or rearing chicks (Bradstreet aad Brown 1085, Harris and Birkhead
1985). This suggests that critical prey density thresholds are rarely encountered
under natural conditions’over a time scale-of years or perhaps even decades.

An alternative explanation for differing prey density thresholds may.be that
pulfing were-excluded by murres from high density prey patches. There is
evidence that interference competition occurred at Wltlevay (see page 227).
‘However, this would not: explain why i) the interspecific threshold difference

increased- with increasing capehn densny, i) pumns continued to {orage on'low ~

: densxty prey aggregations in “the nbseqce of murres (see page 227), or m) murres

formed denser feeding flocks than puffins (see page 228).
Therefore, I believe the interspecific difference in prey density thre’h‘olds
may result from specles-speclhc responses to food..density and dlsperslon

Similarly, Davidson (1977a) concluded from her careful study of coexisting ant

& species that different foraging behaviours ®"appear to represent evolu‘t?onary

” responses to resource di‘{persion and are nof simply maintained by high déﬁsity

specialists aggressively excluding other species from richer resource patches®.

ln summnry, murres and puffins differ i in ‘their responses to prey denslty

The hct thm they &hlbl!ed Type I aggregative responses is not aurpnslng-

(Holling 1965, 1966), nor is the fact that they responded at different prey densities

. (Holling 1959, Eveleigh and Chant 1981a). In a recent experimental study,

I B._Duﬂping (pers: comm.) also found that three coexisting bird speciés (towhees

bthal hibi B vaakiald:

Pipilo fuscus, P.‘aberti, and -P. eryth d differing
to food density. I believe that interspecific differences in prey density thresholds

promotes ¢oexistence, and I explore this in more detail below (see page 232).



The effect of experience on foraging behaviour

Most models of f6Taging behaviour assume that foragers change behaviour
at threshold levels of foraging success (e.g., MacArthur and Pianka 1968, Murdoch,
and Oaten 1974, Charnov l§1ﬁ, Hassell et al. 1977, Krebs 1078, Oaten 1977,
Green 1980, Iwasa et al. 1081). In typical experimental studies (e.g., Krebs et al.
1074, Smith and Sweatman 1974, Werner and Hall 1974, Zach sud Falls 1976a,
Lima 1983), animals are presented with two or three foraging situations (diet
items or habitat pg@hes), and allowed to choose between them. These type of
experiments provide valuable insight into foraging behaviour, but thresholds are
never actually measured. In this study ofa natural system, thresholds observed to
ch;mge from survey to survey in relation to overall capelin density. Such
‘behaviour is preditted by many models.

Charnov (1978) developed a Marginal Value Theorem (MVT) - which
pred\cted that a predator should lenve a patch when the l‘arag‘mg success rate in
thnt pateh drops below the nvemge capture rate in a Imb.m This average
capture rate is the threslold ‘marginal value' which the-organism must obtain to
continue foragmg in the ongmnl patch. Thus, as the distribution and density of
prey pntches vary, so should the threshold murgmnl value'.”

More recent for:{ging models include experience and memory in the Iornking
decision-miaking equation. The role of previous experience in Torngihg has
Eenerally been neglected by ecologists (Kamil 1983, Pyke 1084, Kagel et al. 1086),
and this has undoubfedly conmbnted to some apparent [failures of optimal
foraging predlcuons {}g, Smith and Swentman 1974, chh and Falls 1976a,
1976b, 1976¢, Lima 1983). .

*Foraging by Expectation (FBE) models also assume that behaviour changes
at threshold levels of foraging success. The threshold is based on the success ¥ate
expenenced during ;ecent foraging. An “animal should switch pnlches, when it
current success rate drops beélow what it has come to expect’ (Ollason 1080 Iwadsa
et al. 1981, Lima 1983). Similarly, Green (1980) developed the concept of a ‘
*Bayesian bird* which assesses -patch quality from both @ priori expectations and
from recent capture rates to decide whether to switch patches: Iwasa et al. (1981)



g T E 207
also concluded that foragers employing Bayesian statistical decision theory would,
as a minimum, only need to keep track of the number of prey taken in a patch
and the total tine spent foraging to estimate the availability of unexploited prey
in a random search situation®

All these models include the concept of assessment based on experience, and
all would predict the behaviour of murres and puffins observed in this study. The

application of Bayesian probability theory to thodels of foraging behaviour

appears promising, and has been in modeling other forms of animal

behnviou{'(&g‘, mating decisions, Hunte et al. 1985).

8.4.3. Habitat use and spatial overlap N

Much evidence indicates that murres and pul'fl’ns selected: different feeding
areas around their colopies, and that murres excluded puffins from feeding in

some sltes, but puffins did not exclude murres:

. Measured by an index of « overlap or by correlation analysis, fine-scale
spatial overlap of murres and puffins. was-very low through each
season in all years. - N

©

As total cnpelm abundance declined between 1982 nnd 1984, species
overlap in‘pse of habitats increased.

. Murres and pnflihs aggregated over the same capelin schools inshore
(high spatial overlap), but were spatially segregated in other habitats.

o

. Capelin schools wete generally larger and denser in deep-water'bay
ahd offshore habitats. Murres were spatially correlated with capelin in
all (especially deep-water) habitats, whereas puffins were conswtently
correlated with capelin only in shallow inshore habitat.

IS

o

. Puffins were signiricantly correlated with capelin in offshore habitat
only after murres‘departed from the study area in late July.

-3

. Puffin abundance in the study area increased -to highest levels in
August, ie., al‘ter*murres departed in late July.

Puffins usually deferred-to miurres when individuals met while
swimming on the sea surface. . &

‘N
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These observations are consistent with a hypothe

that murrestand puffins
were competing for feeding areas around their colonies, and that murres excluded
puffins from-some sites. Interference competition is common between bird specics
exploiting abundant shared food resources (Carpenter 1978, Edington and
Edington 1983, Maurer 1984), and it is reasonable that murres should dominate
because of their larger body size (Morse 1074, Schoener 1983). Assymetric
interference competition is the most common form of competition observed in
field studics {Conneli 1983, Schoener 1083, Maurer 1084).

Alternatively, puffins may have preferentially fed in shallower inshore
waters because of their more limited diving ability (Piatt and Nettleship 1985),
and their ability to exploit lower density prey aggregations.

Whether interference compeuuokoccurrcd or whether. puffins and murres

" sclected different feeding 'sites on the basis ‘of prey dummcs, or both, the end

result was that capelin biomass was equitably exploited in all habitats. The

pattern of bined total abund: and¢distribution’ of murres and_puffins was

remarkably similar.to the pattern of total capelin abundance and distribution. in
cach habitat.

8.4.4. Flocking behaviour

Where the two specics reside in similar abundances, comufon murres oceur
in higher densities at sea than Atlantic puffins (Brown et al. 1675, Blake et al.
1984). [n the northeast Pacific, murres have a greater tendency to flock than all
other alcids and most other seabirds (Porter and Sealy 1981).

At Witless Bay, three important characteristics of bird flocks were observed:
i) murres formed significantly larger ‘feeding flocks than .pu[fins, ii) murre flocks
were -more aggregated than puffin flocks, and iii) whereas éapclm and bird
abundance varied by an order of mngmtudc between years, cnpelm school
densities and bird flock sizes remained relatively constant.

Spatial dislributio{(group size and dispersion) is one of the least variable

. ecological characteristics of a species. Unlike rates of reproduction, growth, and
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mortality, which may vary more between generations within a species than
between species, spatial distribution may vary little within species under a wide
variety of conditions (Taylor 1984). Although modified by biological and physical
environments, spatial distribution is maintained by behaviour in most animals,
and much of this behaviour is conserved genetically (Taylor 1984).

Coexisting predators . often range from those that are behaviouraily
conslrained 1o 'forage widely' in_groups for dense. prey concentrations to ihose
that “sit and_wait' in isolation for dispersed prey (Davidson 1977a, Iluey and
Pianka 1981, Nagy et al. 1084b). The conservative nature of foraging style is
evident bécause animals rigidly maintain their foraging style even in situations
where it. would be clearly advantageous (over the short term) to switch styles
@idson 1977a, Nagy et al. 1084b). Murres and pul‘lir_m would both fall into the
'furﬁie\widcly‘ category of predators as they. both -forage in dense, widely-

searching groups on schooling pelagic fish. However, murres and puffins occupy

different positions in this continuym of behaviours as murres forage in denser
[locks on denser fish schools. ’ ’
I believe-that, the marked difference ‘in flocking behaviour between mirres

b . d

and puffing results from al jon to prey .dispersi For many

animals, it can'be shown both empirically and mathematically that high density
aggregations are rarer than low. density aggregations. (Hassell and May 1074,
Murdoch and Oaten 1975). This is certainly true for capelin (Zaferman 1973, this
study).  Predators choosing (or constrained) to forage on high density prey

patches must therelt ggregate more than pred foraging. on low density

pnlches To  tope with this phyaual conslrmnt nmmals forced (e.g., by increasing
food demnnds through i mcreasmg body snze) o forage on high density prey should
evolve behavioural trailg conducive to group living, i.e., become more social.
* Natural selection must operate to balance prey density requirements (body size)

and social behaviour. Accordingly, rurres not only flock in higher densities, they

also breed in higher densities (no./m?) than puffins at, thelr colonies (Harris 1084, .

Birkhead 1085).
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The idea that sociality is a function of [Bod‘ dispersion is not-new ‘(Lack’
1954, Wynne-Edwards 1962, Crook 1965). I am merely refining the argument ‘i)y
suggesting that for coezisting predalors with similar foraging styles and pre‘y
types, one might be able to predict sociality entirely on the: bsis of body
size/prey density constraints. Indeed, for a diverse group of animal I‘axﬁiliss there
is a strong positive correlation between group size ﬂ‘}d body size (protozoa, Taylor )
1978; n&ts, Davidson 1977b; seaducks, Goudie 1984; terns, Erwin 1078; be;eulcrs.
Fry 1972, 1984; kangaroos, Kaufmann 1974; deer,{Clutton-Brock et al. 1080; ~
antelope, Jarman 1974; carnivores, Kruuk 1975, Bekoff et al. 1084; primates,
Clutton-Brock nnd Harvey 1077, Ripley 1984). This does not\mply that. other
factors (e.g., predator defense, increased fond/searchmg emclency\m Birkhead
1085) do not contribute to the evolution of sociality. But like Davidson (10775),
suggest that these may repreunl beneficial consequentes of sucmhty rather than

explanations for its existence, -

RTTUT R inierpretation of the relationship between body

size and group 'size. However, it may be that in territorial animals, body size is

. correlated with local density (as opposed to 'group' size). For example, M;u:Arthur
(1958) found that of five sympatric warbler species with high food .overlnp and
fixed ‘térritories, the largest species (bay-breasted Dendroica castanea and cape
may warblers D. tigrina) had higher food den;aity requirements and occurred in
higher Mmz) than the smaller warbler species (e.g., blackburnian D.
fusca, and myrtle warblers D. coronata). ‘The rank order of maximal densities

, matched the rank order of body sizes. ' |

6.4.5. Foraging ranges

Most murres and puffins foraged within 20 (range:0-60) and 10 (range:0-40)
}m, respectively, of their breeding colonies during periods of chick-rearing and
peak capelin nbundance at Witless Bay in 1981-1984. From time budget studies
at Great' Island in 1085, Cairns et al. _(198:) esm'naud median murre foraging

. ranges of ca. 38 and 5 km for incubating and chick: ing birds, respectively.

These estimated foraging ranges for the Witless Bay colonies are similar to ranges )
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reported from other colonies (Bradstreet and Brown 1985). For example,
Bradstreet (1983) found most murres and puffins foraged within 20 apd 10
(range:0-50) km, respectively, of the Gannet Islands, Labrador. At Skomer Island,
Wales, most murres and puffins foraged within 10 and 5 km, respectively, of the
colony (Corkhill 1973, Birkhead 1976).

Like group size, mterspeclﬁc differences in foraging range may be explalned
by differences in prey density requirements and body. size. A large predator
seeking high density prey patches must, on average, range fafther because high
density patches are m{er than low density patches (see above). Furthermore, a
large predator can go rnrtber on fuel reserves because”of loyv'ér specific metabolic
rates, and need not feed as often as small predators eating similar prey (Calder

V"1983 Peteérs .1083). ‘'Like group size, foraging range is strongly correlated wﬁ
“ body size in many animal families (ants, Davidson 1977; raptors, Newton 1984;
“‘terns, Erwin 1978; bee—enters Fry 1972, 1984; antelope, Jarman m14, ¢arnivores,
‘Kruuk 1975;. primates, Cl\lbwn-Brock and Harvey 1977), .and within larger

: taXonomic groups (luurés, Turner et al. 1969; birds, Schoener 1968; mammals,
Harestad and Bunnell l§7gf Lindstedt et al 1986; for review see Peters 1983).

Murre and puffin foraging ranges changed markedly between years, being

" shortest in years of Ahigh capelin abundance and longest in years of low capelin

ehundance ?Srmllarly, estimated murre and pufﬁn prey density thresholds were
hlgl\esz in years of hlgh capelin abundance and lowest in years of low capelin

" B bund This is consistent with a hypothesis that i ifi ition for

food or feeding sites occurred around the Witless Bay colonies (Ashmole 1963).

Capelin school abundance varied, but distribution remained similar between

years. Thus, it is unlikely that range variation resulted simply from shifts in

capelin distribution. . ® )
Ashmole (1963) and Lack (1956) sted that if i pecifi p

for food does occurred at seabird co]omes, it would be manifested in depressed

chick. growth, fledgmg, and fegdmg rates. Based on this type of evidence, it
appears thht intraspecific comﬁetition for food does occur at large seabird cplonies
(Gaston et al. 1983, Furness and Birkhead 1984, Birkhead and Furness 1985,
Hunt et al. 1986) '
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Despite an order of magnitude variation  capeln abundanee at Witless)

Bay between years, however, there was no widvng? of marked variations in murre
and puffin breeding success (A.E. Burger and D.N. Nettleship, pers. comm.).
However, Burger (pers. comm.) found that murres spent progressively more time
obtaining food from 1082 to 1984, which cmroborutns my observations on foraging *
ranges. Thus, for murres at Ieast, breeding success |n:\y not be a good barometer
of competition or food stress except under extreme conditions. * Increased search
effort would increase stress associated with reproduction (Siegel 1978, Drent and
Daan 1980), thereby reducing fitness, but might otherwise not visibly affect

breeding performance.

6.5. SYNTHESIS

The purpose of the following discussion is to-address the question of how
common murres and Atlantic’ puffins, two sympatric members of the Alcidae, .
coexist temporally .and spatially on a shared food fesource. I will focus on’
relationships between body size, foraging ccology, yand population biology. and
consider whether these' relationships: extend. allonﬁﬁr‘l?ﬂ]y to all members of the
Atlantic Alcidae.




s \\"\ 0.6.1 The Differential Use of Resqurces by Murres and Puffins

It is widely accepted tha‘ animal i isp d by di ial use
of resources, and that there is a limit to how similar coexisting species can be and
still coexist (MacArthur and Levins 1967, Abrams 1983). E;ologists almost,
inyariably find that coexisting species exhibit limited overlap in one or more
resource dimensions (Rianka 1978). This was certainly true for murges and
pulfins at Witless Bay. Of the three critical resources shared by these birds, there
was high overlap in use of food resources, moderate temporal overlap and low
spatial overlap. To summarize:

1) Food overlap was high, but reduced because murres took some larger, ﬁsil
than puffins. Interspecific differences in size selection y be ‘a double
consequence of body size: murres can eat bigg® fish than puffins, and because

murres have a higher metabolic demand; they should eat bigger fish. Marres were

more stenophagic than pul’l‘inﬁ,\a‘;ﬁd diets were less variable This may also be a
cqnsequence of ‘body size becaiise fewer prey will suhsfy energetlc demands of a

%

: large predator. [

2) Temporal overlap in ‘use of -food and space was mndernte, and was a

function of murre and puffin breedms schedules. T speculated that because they

have high critical prey density thresholds owing to their hrgé size, murres have

evolved to rear chicks only during peak periods of prey density. With lower
" critical prey den'sity'thresbolds because of their smaller size, puffins can rear

chicks over a longer period.

3) Spatial overlap was istently’ low. I speculated that spatial di
of murres and puffins at Witless Bn; was a function of body size because murres,
being larger, had to,feéd on higher density prey Aggregntioﬁs, than puffins. As a

consequence of thi
aggregated), and
limited by myni@:trnc interference competition.

Thus; overlap in all di i as ‘well as | sp

differences in breeding strategy, group size and for; ;ln; ‘range; could all

_be functions of body size. If so, then the patterns of ®ource.use observed for

murres fed at higher specific densjties (larger group size, more
d farther for food. Spatial overlap was' probably also
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murres and puffins should extend allometrically to other members of the Atlantic
Alcidae. This will be cons‘iderec!\ in the following discussions. Information on
characteristics of common murres (ca. 975 g), Atlantic puffins (ca. 475 g) and
other Atlantic alcids were obtained from numérous sources, most of J ich have
recently been reviewed in The Atlantic Alcidae by Nettleship and Bi]'!(}wnd

(1985).

8.5.2. Body Size and Resbrce Use In the Atlantic Alcidae

‘Black guillemots (Cepphus grylle) are the smallest (ca. 400 g) of the fish-
eating Atlantic aleids. The black gmllemot *prey spectrum is wider than that of
the other Atlantic alcids®, they "tend ta forage closer to tMeir breedmg sites than
do the other alcids® (e.g., <5 km), and they tend to feed more on dispersed,

territorial, benthi¢ fish, and less on dense pelagic schooling fish than other alcids,

(Cairns ‘1984, ‘Bradstreet and Brown 1985). Black guillemots are the least
gregarious of the alcids, and.forage individually or in small groups, especially in

southern parts of their rsx;ge where they overlap extensively with other alcids

(Cairns 1984, Harris and Birkhead 1085). Black guillemots have a slightly shorter®

chick-rearing period than puffins (which they are similar to in weight), but have

the longest period of more or less constant residence at breeding sites of afl the .

aleids (Harris and Birkhead ‘985)‘ Thus, in-every respect,.black guillemots exhibit
characteristics consistent with their small body size.

Razorbills (Alca lvrdabare intermediate in size (cu 700 g) between puffins
and common’ murres. Their ecolagy is poorly known, however, and this limits
mterpretauon Like murrés and puffins with which they coexist, uz&'rﬁlls feed
lnrgely on dense schools of pelagic schooling fish, and diets are more varied than
in common murres; and possibly less vaned than-in puffins (Bmd/streez and Brown
1985).- Foraging ranges: are poorly documen}ed, but best estimates range from
10-15 kin (Bradstreet snd Brown 1085), ie.

iy ‘intermedinlg. between common_murres
and p,ufﬁizs. Nothing is known about foraging group size, but if it parallels

breeding density (which is true for murres and puffiis), then razorbills are less
_ gregarious than common murres but more gregarioys than puffins (Tuck 1981,

Y
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Nettleship 1972, Birkhead 1985). The razorbill's incubation and chick-rearing
period is similar to the common murre's, being much shorter than the puffin's
(Harris and Birkhsad 1085). Finally, razorbills have morphol:)gicn.lly intermediate_
adaptations allowing them to carry more prey to chicks than murres, but less
than puffins (Bradstreet and Brown 1085). )
Thick-billed murres (Uria lomvia) have been well stndi;:d and provi:ie an
interesting compirison with comion murres. Of all Atlantic alcids, thick-billed”
and common murres are most closely related,sand most similar in form and body
size (cgmmons (ca. 950 g) being dlightly larger than thick-bills (ca. 900 g) where
.they co-occur, eg., Birkhead and Nettleship 19873) Although thick-billed and

common murres overlap in their distribution, the vast majority are segregnud

. info arctic and boreal zones, respectively; which suggests they are too similar to
coexist.” Adult thick-billed murres feed on pelagic schoolmg fish, bub ‘usuglly have
more diverse diets than common murres as they consyme modre mvertebntes and
benthic fishes (Bradstreet and Brown 1985), Where™thick meal composition ‘of
both species has beén examined in ox;e location, however; common. murre chicks
had slightly more diverse diets than thick-billed murre chicks (Kaftanovskii 1938,..
Furness and Barret 1985, Birkhead and Nettleship 1087c). But in all these studies,
common murre chickgneal collections outnumbered thick-billed murre chifk meals

by an ord;r of magnitude and therefore it is likely that the full Tange of thick- *

billed murre prey-items was not observed. Furth ore, adults, and parti ly

thlck billed adults, consume a greater varlely of prey than !l:ey feed. lhelr chicks
(Gaston and Neuleshlp 1981 this study). Thick- ‘billed murres may forage more‘
than *100; km from colomes in the high' arctic, but thu does not contradiét my
thesis becnuse (Bmdsheet and Brown 1885): i) zhe largest forng'mg ranges
reported are from observations early in the breedmg season and ranges contract
(e.g., from 80 to 30 km in orfe case) during the chick-rearing per:iqd, ii) there are
several reports of thick-billed murres foraging within 20 km of their colonies and
large ranges may be exceptional and/or associated only with large colonies, shd
iii) where tl;e two species have been studied at one locniion, estimated foraging
ranges were similar (10-11 km, North Norway, Furness and Barrett 1985) or
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common mutres louged cnnsldernbly fsrther than thick-| bllled murres (medn!is

47 vs 41 km, and 58 vs. 30 km, in 1982 md 1983, respectively, at the Gannet .
lslnnds, Labrador. Cslculated from BirkBiead and Nettleship 1987c). There ase no
compmsble data on [orag-mg group size of thnck-bllled murres, but they do.! leeﬂ in

dense aggregations like common murres (Gaston and Nettleshlp 1981)" If foraging.

densmm parallel breeding densities, then thick-bills are sllgh.tly less gregarious

t}iap comm’oﬂn murres (Birkhead 1977a, Harris and Birkhead 1985,Birkhead and

Vettleship 1087b). Incubation and’ chick-reafing periods of thick-billed and

common muyrres are very similar (Harris and Birkhead 1085), and where each

specles occurs allopatnca]ly, common murres have slightly shorter chick-rearing

§ T B penods Where the two species were studied at one location, thick-billed murres
~ had a Jonger (Belopol* sku 1957) or shorter (Birkhead and Nettleship~1987b) chick-

rearing penod than cormrpn murres.”Thus in most r’espects, thick-billed murres .
% - *differ shghtly from common‘murres in ways consxstent thh thelr sIlngy smaller.

ok 3 : budy slze
On first mspechon, the last, member of the Atlantic Alcxdu appears wuuy
inconsistent with my thesis. “Dovekies (Alle alle) are the smyallest (ca. lBﬂ g) of the
alcids, yet are as stenophngxc as common murres, forage at great distances (up to
100 kmi); form dense feeding aggregations, and are highly gregnnous at calomes
. (Bradstreet and Brown 1985). Their breeding period is similar to those of murres’

and razorbills;-but-shorter than those of black gu1ller!|ots and puffins (Harris and
‘Birkhead 1985). In fact, this appﬂrent exception provides Support for my thesis

which has been that, the ecology and”behaviour of related, coexisting’ predators

4 with shared food resources may be largely explained by diffexences in body size. T e
The emphasis on food type is ing‘g%ﬁant. as the dovekie, which is almost ‘?nlirely
plwk:lvorous, lllustmtee' ’

The predictions I.have mnde about ‘body size - foraging relationships” nre
built.on a cost/benefjt analysis of foraging. For different. animals feeding on the
. . same prey, thié most important prey variable is density snd the most lmportnnt

s . predator variable is size. When different prey types are compnred however, prey
) k fo_gize and energy content, as well as predator tougmg costs bgc‘ome important




: 237

bolic demands,

variables in the cost/benefit analysis. With their high total 1
ieal adaptions for a piscivogous life-style (Bédard 1969) it appears

and mor
unlikely that any of thé piscivorous alcids could subsist solely on North Atlantic

woplankton.  In  contrast, dovekies are well-adapted for :subsisténce on
7ooplankton (Bédard 1060). What we know of their béhavioural ccology suggests
that Dovekies assume the same céological role on zooplankton that common

murres do on schooling fish. «

. The above speci

variability in etologicni relationships in different gcographic regions.  For

cxnnplc black guillemots tend to bé mote socml at, .colonies where Lhey breed

'ﬂcnc than at large, mixed alcid colonies (Harns and ‘Birkhead 1985). Total .

abundance of birds may influence diets and foraging behaviour because in large,
mixed colonies both intra- and interspecific competition probably reduces the
number of prey options birds have, and may strongly influence foriging ranges
and spatial overlap in foraging habitats. Fyrthermore, ‘results ‘of, this study
suggest that feeding flock size is strongly correlated with overall bird abundance
and thus, may vary considcmbly“fcr bitds in the centre rathef than the pcriphury
of their arcas of abundance (cg, tazorbills in -Iceland vs. Newl’aundland
respectively): T . L s
Alihough ' I ‘do bcllcve that” available data supports my s}nggesuon ol‘ an

allometric relationship between body size and foraging ecology in-the pISClYOrOUS

* aleids, the above discussions and conclusions should 'be viewed as a framework: for

. devalopmg lcslnblc hypotheses rather than as my 'conclusive’ ‘evidence that such

relnuonxhnps exist. . N " g

6.5.3. Implications for Population. Ecology * s

Theoretical considerations
Until recently, predation and competition wege modelled wparale!y using
similar cqunuonq Following the leads of Lolkx (1925) and “Volterra (1926),

pmhuon was modelled using tions in which-predator-populafi doﬁslty was

discussions are simplistic bocause of the enormous
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1963, Hutchinson 1978, Pianka 1978). However, Soloman (1949) and Holling
(1959) pointed out that predation has two components: functional and numerical
responses to prey density. Thus, population dynamics (numerical response) are
related to feeding behaviour (functional response). Furthermore, both responses
are non-linear functions of prey density for most animals (Holling 1950, 1965,
Readshaw 1979). : &

Compelition has been modelled using modified predator-prey equations
(Pianka 1978) where: changes in, pppulation density of competitor A nr‘c equated
to growth of population A (dcnsit:f times growth rate 'r') minus an intraspecific
competition term (a function of carrying capacity 'K' of A) and T interspecific

competition term (a function of the density of itor B timy

a,
an index of similarity_bétweon #mpetitors A and B). This type of competition

" “equation, and accompanying predictions, has played a prominent role in modern

ccalogy (Hutchi 1978). Because’ it has generally been assumed that gru\ulli‘"’

rate and carrying capacity lcrms are cons}nnts, ‘most research has foeused on”a

« ‘the competition wel’hcwnt (Pianki 1973) The usual; mumpunn' Ahat @ i

tilization ecurves'

wholly afunction of specics overlap it their ‘reseurc
(M.m/mlmr and Levins 1967).
“that no\two specles can cocxnst if they”. pccupy exaclly the same niche (
- 1934), z\nd the "pfinciple f | b
which, % sl thore' » limit o _how Iarge a can be for :pecwn o coexist

‘Gause's cxclu on principle’

ises from the notion

Gause

ng similurity’ is a corollary of Ga

(M:chrlhur and'Levins 1967). i .
There are serious flaws in the compbhnon cquations. They- do not account

‘for syslnms where predation ~or ic envi g perturbations are
domi forces influenci lation densities (Simberloff 1982). Indeed, the

equatioiis do not even contain a predation component. More importantly, the

assumption that growth rate and carrying capacity terms are constant is clearly

not true (Pianka 1978): both vary with environmental conditions, and both are

functions of predator and prey population densities. (Utida 1057, Huffaker 1058,

Holling 1959, Eveleigh and Chant 1081b, 1982a,¢,f).
..

nciple *
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I competition and  predation equations ~are combined, however, i
competitors erhibit different non-linear responses lo resource (prey) density,
then, infinite coexistence of two or more competitors' limited by one resource is
possible if resource ﬂuclu:\lmm oceur pecause of stochastic events or deplcuon by
competitors.  (Utida 1058 Stewart and Levin 1973, Koch 1974, Armstrong and
McGehee 1976, 1980, l\’p]:m and Yorke 1977, Levins 1976, Butler 1080, for a
review see Abrams 1983).

The workings of these coexistence models can be summarized for a sinfple
system with low initial densities of one prey and two competing predators with
*low’ and 'high level responses to prey density:

1) As prey density increases, il eventually passes a threshold level required
for maximal growth of.the 'low density’ predator population (rm“k“”). As the 'low
density’ predator population grows, it increasingly affects the prey population
through predation and itself through intraspecific competition.

" 2) As prey density increases furthet, it eventually passes a, threshold level
requiréd for maximal growth of the 'high d\ensity‘ predator population [rm“hi‘h).
For slnl)i]ily.rmm"‘i‘h 55 rm“""‘.\\ With growth, the "high. density’ preda’tor
population increasingly affects the prey population through predation, the 'low
density’ predator population. through interspecific carﬁpetition. and il; [ through
llllm\pv:(‘lﬁc competition. )

3) Eventually, predators may outstrip prey production and the prey
pnpulahon crashes; followed by. crashes in the 'high density’ and then 'low
d(‘lml,) . predator populations because of strong intra- and interspecific
competition for'a how rare resource. If this occurs, or if prey a‘nd then, predator

crash due to stochastic events, the cycle repeats itself at ('1').

In this scenario, the competitive advantage first goes to the 'low density’
prndnlor,’ then 4o 'high density' predator, and with a crash-in prey, it reverts back
to the 'low dcniny predatur In theory, the infinite coexistence of two or more
competitors on one prey is possible ngurdleu of {he degree of a overlap bétween
competitors. This is an apparent contradiction of |Gause’s exclusion principle and
the principle of limiting similarity in its usuab form (Utida 1958, Koch 1974,
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Armstrong and McGehee 1078, Abrams 1983). Instead, 1 appears there is 2 limit

to how similar resource density th can be for petitive \ to
occur (Abrams 1983). For eunphmy, 1 will refer to this as the RDT (resource

density threshold) model for conxistence.

Experimental evidence

There have been no specific tests of the RDT model for coexjstence,

However, a few experimental studies prgvide strong evidence to-support it. Utids
(1958) studied the fecundity and .long-term population dynamics of two related

wasps preying entirely on one food source. Holling (1959) studied functional and

numerical responses of larval saivflies by uu{[’e'smau rodents. Eveleigh and Chant

(1981a,b,c, 1082a,bcde,fg) conducted a ‘detailed study of predation by two

related mites on a single prey; examining functional and nimericai fesponses

fecundity, mortality, and feeding behaviour at varying predator and prey densil
In summary, all investigators found ecach study animal exh’ihih-d a suite of

traits for optimal performance over a specific range of prey densities. Optimal

densitics differed between the animals being compared. Funetional and numerical *

. . . < . I 9 .
responses were nonlinear in all cases. Maximal' fecundity and mortality rates
were higher in "high density’ predators than in 'low density’ predators, and non-

linear functions of prey density in both types of predator.

Population biology of the Atlantic Alcidae
Al
I have speculated that prey density requiréments are largely a function of

body size for Atlantic aleids. If population ‘d'ynnmics are related to prey density,

as suggested by RDT models and cxperimental evi
dynaniics should also be related.to body size. Four points are germane tor this
argument: ' " - W

1) Because high density prey offer the gréatest rate of encrgy extraction

from the environment, any predator-feeding on high prey density should be able

to marshal more energy for reproduction than any coexisting predator febding on |

low dpnsny prey. led measurcments of furagmg enurgcurs support this™

contention (Nagy et al. 1984b). s

ence, then alcid population
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2) Large animals have lower specific migabolie rates than small animals

(Peters 1983) and therefore a Migher proportion of energy and mass assimilated
from food can be channeled into reproduction. 3

3) Predators l‘mvdmg in dense aggregations engender a high risk of starvation
and mortality from competition and/or stochastic events. If mortality is density-
dependent, which it appears to be for higher vertebrates at least (Fowler 1981),
then aggregated predators shiould have a higher mortality rate than dispersed .
predators sharipg resources in the same environment. .

4) Higher reproduction and mortality rates: result in faster and Jarger
population fluctuations. ) :

Thus, I would predict that like the ‘high density’ predators of Utida (1958),
Holling (1959) and Eveleigh and Chant (l98!b.»lQB2e,f.g), common murres should
exhibit: i) higher breeding success .and recruitmenty ii) higher naturai mortality,
and iii) faster and Inrger population ﬂuctua!:ions than any other Atlantic alcids,
and -lln} these hl‘e—luswry parameters shonld be scaled to body size in the
remaining pucl\'orous alcids. Brcedmg success. recruitment, absolute and rclauvc
mortality, and populition fluctuations of -Atlantic alcids have been documented
for natural populations in a large numhcr'ol’\shnrl and long-term studies (l!u‘dson
1085, Harris and Birkhead 1985).

Tt Asin my assessment of foraging b(xour, the following discussion of alcid
popu]nnon parameters. must fe uodered in light of the enormous varin‘bility in
.’ll(’ld ccology in dlffcrent geograpluc reglons.\lndeed alclds are poor sub}ecls for
testing hypotheses a‘lmut popnlnuon dynamics becausc of their long llle-spans

! variety of ecosystems they occupy, and the variety of mortality racu)rs/mﬂnencmg
populations in different regions.  Furtherrfiore, it ‘is difficult to examine or
statisically. test allgmetric trends within familis because of the low ;lnmber of.
family mc_mbm available for establishing trends. Nonetheless, the following
k for future iderations. Dovekies have been

provides a
excluded from this analysis because so little is known about lﬂeir\populntian e
biology. For convenience, species names have been gbbrevinwd: common murre
CM, thick-billed murre TM, razorbill RZ, Atlantic puffin AP, and-black guillemot
BG. 8 B
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Absolute mortality rates for the best-studied aleids conform to predictions
with CM > RZ > AP {Hudson 1985).” Very few thick-billed murre “and black
guillemot mortility rates are available so dittle can be concluded about theset
species. These differences in absolute mortality are also reflected in estimtes of
relative alcid mortality.” The magnitude of common murre moriality fram oi
pollution, gill-nets, and starvation i wsually grester than razorbill martality,
which i turki, usually exceeds puffin mortality (Piatt and Nettleship 1987, Piatt
ot al. 1084, 1085, Evans and Nettleship 1085). Large "wrecks' involving tens or
even hundreds of thousands .of common’ murres are not unusual (Tuck 1961,
Bailey 'and Davenport 1072), but rarer for razorbills, more so for puffins uhrm
1984) and unknown'for black guillemots.

Comp_;{rmg brecdmg suceess, at least three species conform to predictions:
CM > R% > AP (Harris and Birkhead 1985). Thick-billed murre breeding success
is lower than predicted but *this may be biased by reports of cxceptionally Jow

breeding suceess in' the arctic owing to weather or ice conditions rather than

ological constraints (Birkhead and Nettfeship -1981). In- terms of breeding
success, black guillemots provide an exception to predictions. They are unique

* among Allantic alcids because they normally have a two-egg clutch. Breeding
success varies widely between regions (0.28-1.60 chicks/pair). In some regions,
they exhibit the lowest breeding success among alcids, whereas in-other regions
"they okhibit the highest success rate (Harris and Birkhead 1985). Predation is
greater an black guillernots than other alcids (Harris ‘and Birkhead 1985) and
despite their high breeding success, recruilm@ijs\vﬁury low (sce below). Thus,
increased clutoh size and fledging succegs may be an evolutionary response to
breeding and posb-ﬂedgmg predation pressure (Harris and Bukhuad 1985) thnt
over-rides other constraints. u: .
‘The predicted pattern for recruitment is observed in that'the thrce largest

aleids (CM, TM, RZ) usually. exhibit h.ghcr,recmumenl rates, than puﬂms and
, black gml]cmots and- for¢these small alcids: AP > BG (Hudson 1985). However,
recruitment in the lnrge alcids does not conform to predictions because available
studies suggest that TM > RZ > CM. Razorbill estimates can he distegarded for
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* slarvation or

now, however, bicause only two widely disparate values (16.2%, 18.0%) are

available, the higher of which is based on a very low number (9) of band returns.
lowever, the reversal of thick-billed and common murre recruitment rates
deserves discussion. In all cases it is important to consider that band reurn rates
may better reflect the rate at whichi birds return to natal colonies than actual
recruitment rates (Hudson 1985, Birkhead pers. comm.).

One’ could argue that averaging recruitment cstimates from different

banding studies with widely varying numbers of band returns (e.g., from 32 to 319

in common ‘murres, Hudson 1985) gives undue emphasis to less reliable estimates.
»

- If recruitment values compiled by Hudson (1985) were averaged by weighting for

total_band returns, then m.ea'n comrion aﬁd l._hic)(-billed murre recruitment rates
would be 34.6% and 33.9%, respectively, which fits the rank order predicted.
Similar weighting of mean puffin and black guillemot recruitment estimates would
yield values of 20.8% and 26.4%, respectively; -thus still fitting predictions: The
low recruitment ,rate 'estimated for black ‘guillemots is interesting because it
cannot he reconciled with estimates of yer&gh adult mortality rates (Hudson
1085). If both were correct, black guillemots would be extinct. Recruitment rate

eslimates are bnscd on a large number (1136) of band recoveries from several |

dll‘l’erent mgxons (Petersen 1981, Hndson 1985) Thus, it scems likely ‘that‘adult
black guillemot mortality esti iled by Hudson [lGSS) are maccumte or

unrepresentative of normal adult mortality rates in this species.

Myfi-nﬂi, diction was-that populati ions should be more extreme

/ p
in large alcids because high breeding success and recruitment under optimal

"{ondil,ions should result in r/aﬂd population growth, whereas high moftality from

events (includi de sources of lity) should
lead to rapid population decli‘nés, With lower recruitment and mortality raigge
smaller alcids should not respond to optimal conditions aquuickly, but should not
suffér “from henvy mortality dunng 'lean’ periods either, and so popu]auon
fuctuations shou]d be less extreme. I view this prediction as a’ valunble test of my

thesis becnuse it mwrpomles predictions about breeding success, recruitment and

mortality, but provides an i of these p
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Tiudson (16485) compiled data on aleid population changes which *were
chosen to represent the best estimates available taken over a time span of sevoral
years, from wherever possible, large colonics in different areas of the Atlantic®.
Based on absolute changes in numbers (total=1.24 million birds) and time spans
covered (total=661 yr), Hudson calculated rates of change (% per annum) for

cach specics at several colonies. I further reduged these to average valu

ing
absolute values of negative changes since we are interested in the magnitude and
not the direction of population fluctuations.
These data strongly support my thesis as the magnitude of population
fluctuations e mostly in the order predicted from body size with CM (0.1
pa) > TM (6.8%) > [RZ (4.6%) < AP (6.0%)] > BG(3.4%). Only razorbills
and puffins did not fall in the order predicted with respect to each -other.
g However, it is still improbable (p<0.025) that the rank order of alcid population

. P .
variability would so closely match (r,=0.90, df=3, t=3.58) the ogdet predicted..

“from body size. considerations.

' and 'K’ selectlon

I am suggesting that for piscivarous Atlantic aleids, large, body st is

associated with: i) patchy, less predictable food supplies; ii) higher prey (resource)

threshold:

density iii) greater - aggregation intensity (larger group sizes); iv).

greater {interfernce) competitive- ability; ' v) higher mortality ratés (shorter life-

span); vi) higher maximal reproduction rates (r, ); vu) higher "mass-spec ic.

productivity; and v

fasteg and larger i c v , small
body size is associated with Spposing R
In other words, I am suggesting that large alcids exhibit r-selected traits,
whereas small alcids exhibit K-selected traits. This is contrary to what would be
. predicted from the theory of-r-K selection as proposed by MacArbhur and Wilso
(1967) and Pianka (1970). They argued that selection for fitness in unpredictable
environmentd should favour small body size, rapid reproduction rates, high

productivity, etc., whereas selection for predictable environments should favour
- L

‘targe body sizé, stable population dynamics, low reproduction rates, high

competitive ability, ete. Only the suggestion'that larger animals should have
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Iy
higher, competitive ability 1s consistent with my rnnrlu‘.\'lun.\ about the Atlantic
Aleidac. )

Attempts to relate ‘body size to population parameters within large
taxonomic groups have been instructive (e.g., body size acobunts for 68-75% of
the covariation in life-history traits of mammals, Stearns 1983), but have revealed
little aboug selective pressures on naturally coexisting animals (Taylor 1978). It
has becofne increasingly clear that within' taxa which, as a group, have been
labeled s r- and K-type animals, there exist a full range of species exhibiting r- or
K-type traits (Stubbs 1877, Taylor 1978). 1 know of at least three other studies
which offer evidence that within groups of coezisting animals, larger specics
exhibit r-selected traits whereas smaller species exhibit K-selected traits.

1) Not only did all of MacAtthur's Dendroicd warblers exhibit high/low
density foraging characteristics expected from their body sizes (sec page 228), but
the largest spicies (cape' may and bay-breasted warblers) had the largest clutgh
sizes, ‘most dramatic population fluctuationis, and’ were clearly adapted for
sience on' a highly unpredictable, but¢ periodically dense, food supply
(MacArthur 1058). Smaller *specics, (c/g., myrtle dnd black-throaied . green

_ warblers) exhibited opposing traits.

2) Taylor (1978), specifically tested the! theory of r-K sclection on a grap of
~eleven coexisting ‘bactivorous ciliates. Contrary to expectations, he found that,
 species designated as ists by their fast population growth rates were large
"'and aggregated, whireds species- designated as K-strategists with slow growth

. rates were smail and dispersed. Furthermore, Legner (in Taylor 1978) found large-
r-strafists dominated whenfood supplics were enriched, whereas small K-
strategists only flourished in non-enriched environments. '

3) Steriberger and Gilbert (1985) examined population growth in eight

_ coexisting specics of planktonic rotifers.Their study provides strong support, for
iy thesis as,they quantified relationships between rotifer body size, food density

Ids, and maximal duction rates. To quote: *The food goncentrations

for which population growth rate was zero (the threshold food level) varied by. a

factor of 17 among. specics. The log of threshold foodyg ion was positively



antly related to the log of body

and sign

s. Similarly, a strong positive log-
log relationship was found between rolifey body mass and the food concentration
/2); this food

concentration varied by a factor of 35 between species. There, was a positive

supporting onc-half the maximum population growth rate (r .,

relationship between rotifer body mass~and j{nxmmm population growth rate.
Because the smllleﬂl species have the lowest threshold food levels and

the food levels necessary for them to attain r, /2 are lowest, they

appear well
appear to be restricted to food-rich enviropments but may thrive there

because of their high rep: ial.* (my

. These conclusions may appear to contridict standard r-K theory, but I
believe they only represent 3 differcnt interpretation’of the allometric relationship
between body sizé and reprodustive capdeity. Tt has been shown (Piters 1983)

that for a vnm.'ty of taxa, r, . is scaled with body mass Lo the power of -about

‘max
025 1aw-° "5) Shrews unquestionably -produce a greater” number of offspring
cach year than elephants. But consideréd on a weight specific’ ba:us, large. animals
“are much' more pxoducnue Jor their size. than small animals (r,. aw""'
- Blueweiss et al. 1978 Peters” 1983), In_comparing shrews © c]cphanls wluch
differ in size by suvcra]-drdcrs of magnitude and use 'different resourges over,
vastly different time scales, such an mtnrprclauon is ecologically mcamnglcss But

for coexisting ‘animals with body sizes that vary within an order of magnitude, *

this means that Inrge species- can produce more from an cq\uvalent qummly of the

same food than small species. If large species also exploit higher density prey

£ it seems counter-intuitive to suggest they should have a lower
reproductive capacity than small, low density’ species .

.1 believe there.is a need to re-examine r-K theory as it applies to feeding
guilds of coexisting gnimuls. It has been widely observed in nl]nmetric‘sludin:s that

corrglations between life history parameters and- body size within large taxonomic

““groups ‘are .weakenett by within-family vnnnblhty (Pc'.ers mes) Perhaps selection

operates in opposing directions within and between familics: ‘or habitath.

d to living in food-p Large species
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6.5.4. Another Way to Promote Dll'l‘ering Prey Density Thresholds and
Coexistence

Up to this point, | have emphasjzed the relationship between predator body

size and prey density thresholds and considered the implications of this

lationship for animal coexi It is prey density thresholds, however, and

not body size that appears to be the key to promoting coexistence because
differing in body sizé is not the only way to maintain differenl prey density
thregholds. The significance of body size is that it detérmines metabolic demands
and hence food density thresholds (Stemberger an;i Gilbert 1985). Two equal-sized
predators can: have different lolal metabolic demands and hence different food
density thresholds if they adopt radically gif ferent foraging stralegies. ’
For example, Nagy et al. (1984b) and Huey et al: (1084) found that the 'sit
and wait' predatory- lizard Eremias lis li (33 g)is }l< iologically and
behaviourally constrained to forage at low prey densities. It spends 4355 of its day

foraging with a total daily metabolic demand of 6544 KJ/day; “of which 202 KJ

(54%) is expended on fopaging. The near-cqual mass (38 g) 'widely foraging'
lizard E. lugubris feéds mostly on ‘high density prey aggregations, :spends only.
11% of its.day fnmg.in_g, and has a higher total metabolic demand (800 KJ/day),
af which most (589 KJ, or 74%) results from its expensive foragifg mode.

Thus, despite the fact these eqnaf—sized, sympa‘lric lizards have nearly
identical standard and specific metabolic rates (Nagy et al. 1984b), liney have
maxkedly different total mclabalic demands, and hénce, different food densit‘y
thresholds because of their different foraglng bchavmurs In this case; the lizards -
fed on different’ prey types with dlﬂercnl aggrcgallvc properties instead of
different densities of .the same prey as in the case of murres and pul'fms But in

b rachold i tained

are

cither case, di 1 prey density

In ‘other communities, it appears that both 'widely foraging' and 4sit and
wait' type predators with equal body masses coexist as well as predators with
differing. body. masses and similar foraging styles (Schoener 1071, Davidson
1977a,b, Huey ‘and annkn 1981, Nngy ot nl 1984b): Davidson's (-1977 a,b) study

h

of I’ornglng in ant ities is particularly illuminating:
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*Analysis of the species composition of 10 local ant commumties (Davidson 1977 a)

lar worker  body sizes could coexist if they

revenjed that species with
employed differeat foraging strategies, while species that were alike in both body
size and foraging behaviour never coexisted, but acted as ccological replacements
for one another. In addition, both foraging strategios were represcated in all 1wo-
species communities.® (Davidson 19775). ! ’

In the Atlantic alcid community, there do not appear to be any 'sit and
wait! cquivalents. It may be that for piscivorous alcids, prey are too patchily
distributed and/or ephemeral to support the kind of 'sit and wait’ lype predators
found in terrestrial communities. This may have been fortuitous, however, -

because it simplified my ion of r ips between body size,

foraging ccology, and population dynamics in the i\ﬂmic Alcidae.

6.6.5. Concluding Remarks

The body size distribition of coexisting specics has long been of ‘interest to
ceologists. Hutchinson (1059) proposed that divergence in body size between _
competitors ‘would proceed until differences in size exceeded some miinimum
required for coexisterice. He tentatively proposed 1.3 as the éittical size difference,
This proposal contributed to a shift away from the Gause-Volterra concept of

“towards questions of limiting similarity (MacArthur aiid

Levins 1067). This led t6 a large number of studies that sought to cxplnm

coexistence and communily” structure as being mediated by competition, and
permitted by differences in niche overiap.

I propose that for the piscivorous Atlantic alcids, coexistence is permitted

bécause cﬂch species is adapted for existence on dlh’crent prey densities, largely

because of differences in body size. Between-species overlap in_use of. resources

{food, time, space) may be lngely a function of body size - prey density

requi and if so, i i ition may be unimportant in mediating
cockistence (Abrams 1083). Atlantic alcids exhibit a'suite of body sizes; foraging
behaviours, and life-hstory traits which age characteristic, of the prey Uensities to
which they are adapted. As a.group, they use a_full spectrum of available prey




T » “ R 249

densities. This maxumzes efficiency of energy /biomass flow  between  trophic

Tevels, provides a mechanism for regulation of prey populations (Holling
5 ¥ L 4
1050). 5

Predator-prey equations which set competifig gredator population growth

rates as non-lincar functions of prey density (RDT models, Abrams 1083) provide

a plausible model for coexistence of the Atlantic Alcidae. Interspecific differences”

in prey density thresholds, which may result largely from body size differences-in
Atlantic alcids, but which may also be maintained by differences in foraging
behaviour in other feeding guilds, could provide the basis for a new synthesis of

population ccology: One that i predati ition, and optimal
p

foraging theories, and suggests new interpretations of life-history and social

h Dif ial resource thresholds among isting species may also

provide the best explanalion’ for the observed diversity, stability and structure of

ccosystems (Steele 1974, Davidson 1977b, Tilman 1077, 1985, Stemberger and.

"Gilbert 1985). . : d

/ i
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Appendix D1, Culpnnl“
Byach trap'at Caps Broy!

Yoo

Total Wale -
o,

Total oria

v
1962 192 520 (26.0) 1422 (73.2)

(63.9) Bl (38.1)

. 4 /
B Buse 2208 10.5) 3681 (BLE) 28 Q0B 113 (30.6)

18 aus s 10 100 G62M) 1100 (73.2) 440 (2

Tl 1.0 4301 GR.0) 6722 (01.0) 4865 (80.3) 2087 (30.7)
5 (82.4), " (e8.0) s1.1)

od man percestages. . . "

naix 0 %on

A ostion by
beach trap at Cape Broyle, Ne

_ .
1gh¢ of i

10821
Yar Total | Wale T Femls
T s Ry
2 Speat
'
% 2., § 0. § © mo. ¥+ mo. %%

520 (41.9) 1422 (¢

we2 10 12) , S086T.T) 614 (32.8)

SeB6 225 (57.0). 3861°(43.0) 2648 (T4 1113 (36.3)
1000, 3125 1488 (82.0)° 1630 (07.8) 110 ] @ 0.

Total 11,023 4301 (63.1) 6722 (48.9) 4856’ C74. e) 2087 m 0
GLO 8.4

* Percent of total fem
o Uae

-
1a uun-ma trown




Append

ix El.

Charscteristics of capelin school

pth weighted by voluma.

large aggregation at Witless\Bay, 3 July 1982.
¥ <
School Height - Width % Volume ¥+ Depth
—_— (n) (a) (a%) (=)
1 B 2.1 13.4 46 1.07
2 13,0 4.9 743 .- 104 8
3 2.8 7.8 45 T .
1 ¢ 1.0 8.8 7 0.3 .
6 9.0 5.7 362 ® a5 .
6 10.4 12.7 1078 +5.2
e Y
9.0 3k 216 4.5
3.5 7.3 70 1.2
8.3 0.8 o a7 . ‘8.2
6.3 40458 o saar € hhmaelt
4.2 T e N .
120 G 5 ‘ 65 0.7 o N
s 13 &3 17.3 . 60 1.0 .
14 10.4 _ o3 26 10.4 "
nean 6.8 11.2 805 [T .
Vidth corractod for uunau— bean vidth at depth (Forbes
. . . and Nakken 1972)) &
*¢ Volume = 3.14 h® v/4 (Forbes and Nakken 1912). b
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. © Appendix B2, n@uuu. of some capslin schools aad > %
sggroptto fees Bay, 1002, ;
Sehool ) wsd T 5
agsrintion Op i .
. s charsctartatis T W 3 Kl
» Fo et TR M e @
L ’7 T Ag surface length () 432 m ;
T S nia. dipth (w) 10 14 ,
T s mxdpt @ 183 ne w1 oaa \ '
" ; ' S'mean depth S’Q 1 2.7 "
4 S moxt betght (a) Tow 1.2 .
L n it o e ik Ge3 T 74 .
) 5 sona roluas G a8 oz
Mt ° Ag total v;lm (&) 11.}12 .
; Yoo thantiAg Gaode. wm s - -
e . NELR
/" ) Lo ¢
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Appendix 3. nn---nz- murre and puffin sssocistion with
capelin schools, 3 July 1982. .
Ninute No. of Total Mean . No. of No'.of
schools - “school depth - puffins murres
s * volume (a) s . .
- Y
a3 1.0 0 O
44 10.4 3 1
45 P 1.4 -7 0
46 2 0:3 11 0
47 . 4.9 a5 0
48 C 4.2 19 0
49 " 8.3 76 2’
50 1.4, 32 0.
61’ i.o 3 0
52 10.4 0o . 0
ts
74 3 11.9 1 1
.75 0 14.0 a8 ]
76 5- 18.9 18 N
77 5 27.4 2 50
78 7 22.0 [ . 5
79 5 . 32.0 ‘o 21
80 i1, 9043 4 32.6 [ 6"
81 "R e, tosos—) 1304 ) ! f

+ Mein depth weighted by volume.

sy




Appendix Fi. Freq Y of ocqurrence of different preg it
in common murre and Atlantfc puffin stomschs at Witless Bay,
1982-1984. ' :

i “Mufre - Puffin
Prey items N i
" ‘Inn L] ﬁ‘_% ne % freq.
Total no. of stomachs 1368 496,
examined . i
0vid female capelin 290 21.4 112 22.8
Spent female capelin 45 3.3 14 2.8
Mature male ‘capelin : 171 12.6 4 0.8
Inmature capelin 32 2.4 10 i 20
Unidentified capelin - 197 14.5 (A7 11.85
Cod (spp. * 2 0.1~ 0 0.0
San nce (spp.) 1 <0. 1 ] 0.0
Unidentified fish - . 120 v, 8.8 63 . 10.7
Fish vertebrate, - 451 33:2 137 27.86
Crustaceans 3 #1 <001 1) 2.2
< 'squid e . 2 C 0.1 0. 0.0

P _qn.‘b-xjt stomachs containing item .
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. Kppendix F2. Number and percént of totsl different prey ite
found in commod murre and Atlantic puffin stomachs at Witless

Bay, 1981. . i
3 -
: Nurre Puffin
. <Prey iteas P
-~1 n/(s. % no. no. % no.
[ - -
| 3 : !
Total no. af stomachs . 84 )
exaained
Total no. of items ' 139 100.0 s =
+ Ovid female capelin - 38 26.2 - -
Spent feaale capelin 0 0:0 - -
" Mature male cipelin . S a1 29.5 = 7
.. lamature capelin 22 16.8 - -
Unidentified capelin 2 37 26.6 - ‘-
Cod (spp.) . 0 0.0 - -
Sandlance .(spp.) ° 0 0.0, - e
Unidentifi ish 2 1.4 - -
Crustacesns” } 0 0.0 - - .
Squid * i 2 1.4 - - P
3 —
ldentifisble capelin 98 100.0 - - .
; Nature female (total) . 35 36.7 - co- .-
. . Ovid femals 35 36,7 - -
“Spentifemale A o . ..0,0 = =
" - 41 4.8 - - :
Immature . L 22 22.4° o - -
ey Beow . g %
: § . {
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Appendix'F3. Number and percent. total of different prey items
found in comfion murre nnd Atlantic puffin stomachs at Witle

Bay, 1982. -

‘. 285

Prey items

Bo.

Total:no. of stomachs
: examined

Total no. of iteas
Ovid female capelin
Spent female capelim
Mature male capelin
Imnrature capelin
Unidentified ca llln &
Cod (spp.)

Sandlance (spp.)
Unidentified fish
Crustacaans

. Squid

Identifiable capelin |
Mature famale (total)
0vid female
Spept female
malo —— ——
Inaature )

Fo




o

v

26 - =
ercent of total different prey items

=S - N Y
AppendixiF4. Humber and
n stomachs at Witless

found in coamon murre and Atlantic puffi

Bay, 1983 . . -
. I : ; = .
l T . Murre Putfin -
Prey itens 3 @
no ] no. % no.
Totsl no. of stosachs ( 363 LR C ¥
examined . ®
Total noyp of itens 441 100.0 69 100%.0
Ovid female capelin * 161 36.6. 17 24.6
Spent female capelin 8 4.8 [} 8.7
Mature male capelin 32 v, 7.8 2 2.9
. Immature capelin .20 4.5 177 1.4
Unidentified capelin 158 35.8 10 7 14.5
Cod (app+)- g 2 0.5 0 0.0
Sandlance -(spp.) 5 08 0 0.0
<. Unidentified fish 58 13.2 23 33.3
© Crustaceans . - 4 0.2 10 7 14.5
_Squid o , (B 0.0 ] 0.0
.Identifiable capelin 26 100.0
Uature female (total) i23.  .48.5
Ovid female 17 1 65.4
Spent female [ 23,1 e
“*Nature male - 2 (G A
Ianature . 1 ‘3.8 .
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. Appendix Fs\ Number and percent of total different pr )
found in :o;lon aurre and Atlantic puffin stom

i 8 Bay, 1984. -~ 2
. Hurre ] Puffin
- . Prly}‘\\l : . s .
N I v
’ Total no. of |stomachs . 380 > . 151
. . examined B
4 - Total no: of \i.bc s . 160 100.0 33 100.0
. 0vid Jemale clapelin -80 50.0 - EE) 36.4
spent¥fenale capelin 17 10.6 5 18.2
Hature male capelin Lo 18 9.4 A 3.0
Iamature-capelin . [ .0 0 0.0
Unidentified capelin ', 32 26°.0 2 81
cod (spp.) 0”0 o - 0.0
) sandiance (spp.) 0.0 ) Q.0
. + " Unigehtified fish 1o.0 11 335 -
i Crdstacesns . - 0.0 "« 1 3.0 "
R & Squid. i cl0.0 0 0.0 -
B T , T
- Identifiable capelin 112 100.0 Y | 100,0 .
Mature female (total) 97 86.6 .18 94.7 o
0vid fem 1-\ K 80 . 71.4 12 : a:.z/
Spent fewale 17 182 6 31.6
@ Mature-male ( L1 13.4 5.3
Ismature \ ; 0 0.0 0.0 - /
ol ol




Appendix Gi.
in common myrre
1982-1984.

Frcqn-ncy of occurrence of different prey ite
and Atlantic puffin’'gizzards ah Witless Ba,

[ -
3 ¥ ~ Murre ¥ Puffin
" Prey items R E
§ ns K freq. ne & /fréq. -
ki 2 » ' _-". /
{otalf no. of gizzards 889 209 —
efanined . é N
apelin otoliths X 335 24,7 127/ .42.6°
od (3pp.) otoliths -47 [ 5 17.4
Sandlance (spp.) otoliths 118 8.0 46 3.0
- Unidentified otoliths 68 4.7 7 5.7
. Otolith fragaeats - 78 5.4 26 8.4
Fish vertebrate 461 31.4 172 57.6.
Squid boaks | | 0 0.0 7 2.3
l:ruu(?":L\ 4 0,3 [ 0.0
Pébbles . 138 9.4 83, 27.8°
% Al

*'n = number of gizzards containing item.

Appendix G2. Numbér-xmi percent of total different prey items’
\&lu common mufre and Atlantic puffin giziards at Witless,

982 .

. .~ Murre. =Puffin
Prey iteas .
: [ % no no. % no.
- 0 3
Total no. ot gizzlr 186 ;a2
examined v 8 i
Total no. iteams - 190 104
Total no. identified' 1686 100.0 ~toy 100.0
food items . i
Capelin otoliths . 78 48.7 28 27.8
Cod ‘(spp.) otoliths 30 19,2 59 58.4
~ Ssndlance (spp.) otoliths 50 32.1 4 a0
Unidentified otoliths » [} = 2 -
Squid beaks . e ) 0.0 - 10 9.9
Crustaceans ' [ 0.0 0 0.0
Pedbbles « . 28" s 12 - =

* not included for calculation of percent

. N

total itenms.
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Appendix G3. Number and pertent tota] of different prey items

found in comacn murre and Atlantic puffin gizzards Yitle .
Bay, 1983. 5 k’
s
Hurre Putfin -
Proy it =
no. X no. no. % no. S
S i} i ’
Total no. of gizzards * 383 ~ e . .
examined . .
Total no. itess B 942 X 265 ;
Total no. identified 744 100.0 202 100.0 '
© food iteams JURNY .
. Capelin otoliths 461 62.0 78 a7.
"y - Cod (spp.) otoliths 147 19.8 111 66.0
Sandlance (spp.) otoliths 138 18.3 15 7.4
. Unidentified otoliths: = 112 " s - 18 -
o4 Squid beaks . [ 0.0 ] 0.0
+ Crustaceans P e oA 0, 0.0 ] 0.0
Pebbles »._ 86 - : 15 R

4 n6t included - 'for cdlculation of percent” total iteas:
Appendix’ G4, Number and percent total of different prey items

found in common murre andrAtlantic puffin gizzards.at Witless
Bay, 1984. \ # e &

e ’.
- i fo—— "
durre © purtdn
Prey it a %
. - no. % no. T o. ¥ no. :
‘ T —
FRN Total ino. of gizzards 350 161 . .
X exanined ; ) -
“Total fo. itess . 960 4T . -
Total no. identified 626 293 100..0
s X food\itens
. Capelin ‘otoliths 434 i 58.0
¥ L Cod (spp.) otoliths . 47 10 3.4
- . * Sandlance (spp.) otoliths . 140 108 36.9 &
Unidentifisd otoliths + 232 92 - g
Squid beaks . o 5 1.7 ;
Crustaceans’ me " > . 4 0 0.0
- .. Pebbles = ¥ 103 - 86 “

3

s not included for calculation of percent total ite

e T A




Appendix Hi. Nuaber and percent of total different prey items
delivered to comion murrs.aad Atlaatic puffim chicks at Gull
sngaréat Islangs, Nevfoundlsnd, 1982.

Murre q}’\lllln

Prey ite
no.* + % no. no. ‘% no. .
Total no: of chick 134 (29) 100.0 ~ 3256
_ meil.items. - = E . "
..Capelin . 129 (27) 96.7 225
dod (spp.). 0.(0) " 0.0 80
Sandlsnce (spp.) 2 ( 2) 2.8 20
Total other i 3(0) 1.8 o
Other: : ” >
snchnuu . 3¢ 0) 1.8
»xaunu-ur capelin " 4000 (27) [100.0 225
Total mature femsle 2 .. .61, 97
Condition. Known: . . .| i : - a8
17
28
°
119

ick meal;deliv-
om collared chicks,
n propértions ob-
combined to obtala

; percéntages. . -
4 Pafcentages extrapolated ronti proportions of feiales
spauning conditfon ras’knorn to the. nuaber of

obsd : .




,Sn’. ot total different prey ite
nd Atlantic puf“n chicks at Gull
lc'fo\lndllnd, 1983.

vl . N
3 =g NurTe Pu(“n.“' s
g . % no. \ ‘no. Jepo. - ’
: .
1 266%(36) 100.0 99 100:0
cmeal dtems . .
“Capelin’ ,; . 24;(:0) nno 54 645
cod (spp: “ % W (1) 0. 28 28.3
[N SindIance (lpp SR 17 (4 ‘s + 18 16.2 "
‘ Total other. . 6.1 1) 2 2 2.0
Other:iy = % A ' % -
1 < 8 C1) . of R,
& PR I
' 1 “w 1.0
g 202 (30) A
JTotal wature female .. 180 (29)

5 .Condition knovs:
0vid femile -
i " Spentfemale-

148 (28)

certes-and (in parenthe
There were,no sighificant differencs
served by the two msthods and n-.‘n-

etrden prngorklun
ere combined to o

#+ Percontage
vhere,the

lnlning condition vas.knovn €£o the nulh.r of
o5 Dhl‘r\lld
cinen u-nﬂn.a as Radiated, snuny,
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. Appendix H3. Number and percent of total different prey ite

delivered to comson murre and Atlantic puffin chicks at Gull’
and Grest Islands, Newfoundland, 1984.

5 B Hurre . Puffin_
. Prey it s . =
@ i £z mo.* % no. no. % no.
. Tutal no. of chick ' 1352 (30).  100.0 90 © 100.0
meal items s
‘Clp.lin 291 (24) 82.5 .84 1 93.3
Cod (spp.) o (1) 0.3 3 3.3
Slndl:nc- (-pp ) 67 (- 8) 16.2 ¢ 2 2.3
Total other 4 C0 1.0 1 Lad
\& Other: * .
. . Stichaeidds ‘4 (o) - 1.0 .
it Aspidophorol : 1 1.1
nopteryg

, Identifiable capelin 206 (23) 100.0 ° .84, 1000

. Total afture femile 161 (17) 73.7 - 64 76,95

o Condition kagwn T140 (17) . 64 i
% Ovid female S111 (18) 59.6%% 5. 6.0
! Spent female 29 (1) 13,2+ 59, 70.2%¢

Mature mal 10 ( 2) 5.3 5 . 8.0
i Immature - . B T4 (9) 21.1 16 - 17.9

¢ Mumbers based on visual observations of chick meal deliv-
“eries and (in parentheses) on collectioas from collared chicks:
e no significant differences bet: n proportions ob-
thods ‘and results were combined to obtain

the totwl percentage .
*+ Porcentages extrapclated from the proportions of females
vhere the spavning condition vas kno¥n'to the number of ) 3
miture females observed. | .

e




Appendix I1. Percemt veight cpmposition of adult
and chick coamon murre and Abllntic puffin diets
3t Witless Bay, Nf1d., 1982.

a

Fish B Murre [ Pytfin

» Adult  Chick - AduTt | Pnick

‘Capelin 81.0 96.6 73.9 o168
" Cod 5.8 0.0 sk 1.9
Yy B T
Sandlance ~ 13.2 2.2 4.5 6.4

Other . 0.0 1.4, R L [

Appendix 12. r-run nuhv. celpos(binn of adult’
and chick common murre and Atlantic puitin diats:

st Witless Bay,. Nfld., 198a.
Flen o, Wurre - x
T TAdult ¢ cRick
Capelin = .81.9 92,0 a'ft‘7. a,al’a'
Cad. s 9.9 0.2 f l.é 2'6
“Sandlance 8.2 6.3 s 18.7
otner Y700 g - 0.0 <o.f
e -

e




. and chick common

Appendix I3. Percent veight composition of adult s
it nd Atlantic puffinediets

urr
at Witless Bay, Nfld., 1084. N

Fish - Wurrs Putfin
Adult  Chick _ Adult  Chick
85.1 83.0 74.5 99.3
8 6.5 0.2 0.2 0.1 "
Sandlance . 8.4 16.1 23.8

Other

and chick co
diets at Witl

on murre and Atlantic puffin capelin
s Bay, Nfld., 1982.

: , .
Cepelin TMurre ; “Puftin.
. TRaln  cmiek Adult  Chick
Adult femald e . ) &
" Total UBLLS' 774 ¢ . 98.7  68is
ovid 4.7 97.3 28\ v
‘Spest 4.2. T1.4 40.0
Adult male *  46.5 16.7 00 128 .
Imaature 16 1:3 190
- T . g
N e
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Appendix I6. Percent ight Jol osition of adult
and chick .common murre and Atlantic puffin capelin »
diets at Witless Bay, Nfld., 1983.

. Capelin Murre ¥ Puffin

~, Adult  Chick” Adult  Chick

Adult female
I3

Total 72.6 93.5 89.1 81.8

)
owid 70.8"  60.9 72.5 9.8
Spent 1.8 32.6 16.8 72.2
Adult male 24.7 4.8 10.2 17.2
Iasature T i3 R 1.0

. Kppéndix I6. Percent welght composition of adult
B © and chick comaon murre and Atlantic puffin capelin
diets at !It;lua Bay, Nfld. 1951'

. i ] c.pv.un Hurre Putfin
i : - Adult . Chick ©Adult  Chick .
B b
2 Adult female i
i “Total | a7.2 ! 95.8 82.8
’ ovid 86.9 70.2 -72.2 5.8
@ f KA
s Spent 10.; 14.3 1 23.4
Adult male 22.8 9.6 4.4
w .. lmmature 0.0 5.9 0.0
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Appendix ~J1. Number and n.lengths ( and standard
error) of fish collected from comwmon murre and Atlantic
Puffin sdulte (Ad) snd chicks (Ch). and capelin traps,
at the '&Ll Bay study area in 1082, - W

Fish - Trap Murre 7 Puftin
*/ %, Ad ch Ad ch
L2 3
- Capelin: %
Total w 483 188 26 27 203
168 144 136 136 113
0.8 2.1 3.1 3.0 2.3 N
0vid female n 180 89 15 25 50
mean 147 143 136 . 138 137 v.
B.0. 1.1 1.7 2.8 3.3 1.7
Spent female n 171 22 [] 2 40 e
154 140 143 139 138} :
. 1.0 2.6 3.6 - 2.1 |
. |
Nale ( ABE 50, - io |
179 177 - L 166.|"
0.9 ol - - 5.5 | *
lazature - 27 2 - 93 \
- 92 96 - 82 |
- 2.1 = 1.7 | %
.
= 143 |
- 1.4 |
. |.
63
- 42 | .
- 0.8 .|
| .
|
|
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Appendi'x J2. Number and mean lengths and standard
error) of fish collected.from commoa murre and Atlantic
Puffin adults (Ad) and chicks (Ch), and capelin traps,

st the Witl Bay study area in 1083, ‘
n\-a Trap Murre Puttin
- Ad T.ch Ad ch
Capelin: * ;
Total . ° a At5038 .32 27 7 . B4
aean 167 140 133 ° 13 148
0.4, 4.3 3.2 34 . 24
0vid female 843 19+ 11 2 o 4
149 143 139 141 156
0.6 2.2 4.2 4.0 8.3
Spent famale 499 o, - e = g 43
161 . - = 136 133. 145 "
0.6 . - 2.8 D44 L7
¥ale 661 8 .- . 5
169 . 163 - o e 163
0.5 3.7 - - 4.2
Imnature L - 5" 2y . e 2
. - 94 90 - 106
- 7.2 S - 14.5
Sandlance n - 2% 15
: - 140 . 149
. - - 16.6
cod n - 26+ 2.
ean: = 5 82 - - 40, 30
i o, - - 5.7 - 0.9 8.5
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Appendix J3. Number and

o lengths (

b

and standard

error) of fish collected from ¢ommon murre and Atlantic

‘Puffin adults

(Ad) and chicks (Ch),

st the Witless Bay study area in 1084.

and capelin traps,

Fish Trap Murre Puffin
. *d Cb x4
/ &
Capelin: oy
P ;
Total B 656 5 11 2 82
: 163 132 147 164 147 .
0.7 9.6 3.8 1 2.8
242 3 10 1
154 123 ° 145 163 144
0:9 8.8 . 3.6 - .3
. a
189 . i 1 - 58
161 125 166 - 156
1.2 - - - 1.9
Hale AT S 1 1 1 - 1 8
. 178 165. - 185" 180 4
= 0.6 - - - T
Innature n - - - - 15
d mean - - - - 110
s.ens - - - - 3.6
Sandlance 0 = 38+ 3 81+ 10
] Bean - 136 171 142 59
8. - t 2.8 10.9 1.7 3.0
- 113+ 3
- 38 41
- 0.8 6.2
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Appendix J4'. Number and

209

an veight (g, And standard

error) of fish collected from common murTe and Atlantic

Puffin adult
at the Witl

(Ad) and chicks (Ch), and capelin traps,
Bay study area, 1982,

Fish . E Trap Murre Puffin

Ad . - ch Ad <h
Capelin: . i
Total - n ‘483 188 26 27 ) 20%
24.4 21.0  '13.0 16.4 7.8
0.5 40 %0.8 1.0 0.4
ovid t o 180 89 . 1% 26 80
% mesn.  20.7 19.8  14.5 16.8  11.8
s.e. * 0.5 0.7 0.7 1.1 0.5
‘Spent fiendle b © a7 22 [] 2. %0
E - me 17.6 13.7 - 12.6 11.9 9.9
- 0.3 0.7 0.9 - 0.5
Male ® . 132 g0 - - 10
meban  38.4 36.0 .- - 20.7
B.e. 0.6 0.7 - - i.9
"Iamature n -4 .27 - 2 = 93
@mean - 3.3 3.5 & 2.4
3.e - 0.2 - - 0.1
- ;

‘Sandlance . » = = 7+ 1 - 12
mesn - 6.6 5.0 - 8.0
5.0, - 0.6 - - 1.1
- - 63
- - 0.80
- - 0.08
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‘Appendix J6. Nuamber and mead veight (and standard
error) of fish collected from common murre and Atlantic

Puffin adults (Ad) and chicks (Ch), and capelin traps,
t Jthe Witless Bay study ares, 1983.

__LFrem Trap Murre Putfin
Ad Ch Ad ch
™~ .
Capelin: >
Total 1602 32 27 7 64
21.5°  17.4  12.0 41.5 11.3
0.2 1.8 8 -""‘ .6
07id femade 1 542 19 11 2 4
: ¢ mean  18.9 - 17.2  14.6 16.3  14.4 y
8.0 0.2 0.8 1.0 - 1.3
Spent female n 499 - 14 5 43 :
" an 14.6 - 11.2 9.6 10.1
0. 0.9 0.5
Male > 6
- 20,5 - -
. - 2.0
Iamature - 2
L E - Tt
Sandlance 23 15
7.0 9.3 \
1.9
Cod « 26% 725
0.60 0.69
0.04 , 0.13

* Extripolated from otolith lengths.
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Kppendix J&. Number and =

ight (g. and standard

error) of fish collected from common murre and Atlantic
Puffin sdults (Ad) and chicks (Ch), and capelin traps

\

at the Witl

Bay study ares; 1984,

+ Extrapolated from otolith lengths.

Fish Trap Nurre Puffin

Ad ch Ad ch
Capelin:
Total 611 5 1 2 82,
. 16.9 -11.4 20.9  11.2
2.5 1.6 1.8 0.5
3
3 0 1

12.9 10.8 19.3 &12.7

1.7 1.7 - 0.
Spent female -n . 147 L 1 - 58
mean 14.3 17.4 17.5. - 12.1
s.0. 4. - - 0.4

k.u n 239 1 h FUR
2 34.4. - 26.9 22.6° 18.5

’ s.e. 4 - - 2.1
ture @y o - - 16
% mean - - - %
5.8, ¢ - - - 0.4
Sandlance n - 38 5 81e 10
- B # 6.8 13.2 7.4 3.0
8 & 0.3 2.2 0.2 1.8
Cod ’ n - T 70 1130 3
mean - 16.6 0.49  0.37
8.0, - 1.9 0.06 0.17

-
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neyear ditg
rre aad Atlaatic patfin

. 1

Faftia
Jrob. 2o cames Z prob.
Iacludiog sapty
stomachs 5
1081 ¢ 1082 ™ Lo xS - - -
1082 ¢ 1083 1008 3.5 0.0000 345 3.9 <0.0001
1083 ¢ 1084 708 2.8 <0001 287 1.2 <0.0001
ey R
“ stonschs 5 5
1081 o 1082 2 12 o - - -
1002 « 198 st 27 .00t 18 0.5
1083 < tose 27 7 <0000t ® 0
-
) i z




1x 12, Xolsogorov-Sai ot b
AHfhevEe (R 00 St gt STk roeia
45 coman ere 130 AMLAANLS ptsa”sion

Witless Bay, 108241084
Yar - To. cun T P,
Including enpty . X
- stomnche
1982 L) 2.8 €0.0001 .+
" 1088 a0 2.1 <0.0001
1084 01 1.1 ¥s (0.18) .
TOTAL. 1801 N B 40,0001
Excluding eapty P i
stoxachs
1002 b7 aT. w00
1903 A 23 .00}
) o T 1088 W, " L w0
. ToraL 688 4 <0001
0
. Appondix X3. 5 of

" the nusders of capelia, cod, 4 eaadiasce oviivns fousd in
Narre aad Atlaatic paftin gizmrds st VitlesqBay, 192-1984.

i
Conson

Conparison/ Warre Fottin
ogdleeE .
: ™, T prov. T prev.
~.
1008 64 <0.0000 M5 2.1
1008 L7 <0.01 M5 0.3
1008 2.0 <0.0000 M5 1§
10830 1984 .
capelta 708 ¥ 0.0 307 ¥s 0.00
sasdlusce - 708 ¥ 0.00 267 .01
. 5005 207 s 0.72
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Appendix K4. Kolmogorov-Smirnov test of bet
Thecies differences in the number of capelir
sandlance, .and cod otoliths found ih’co on murre

snd Ablantic puffin gizzards from ¥itless Bay,
1982-1984. 5
Year Otolith type Ho. cises z Prob.
1982 capelin 884 . 0.7 NS 0.78
sandlance s €8s L0.1 NS 0.99
‘cod 884 0.6 NS 0.88
2 . £y
. 1983 “capelin’ 469 1.4 <0.05
Yen, sandlance 469 ‘0.7 NS 0.66
~cod % 469 0.9 NS 0.36
1984 “capelin 501 0.9 NS 0.41
° “sandlance 501 1.3 NS Q.08
cod 501 0.1. - NS 0.99
TOTAL  capelin. - 1884, 1.4 NS 0,07
ks "- 'sandlance 1854 0.3 NS 0.99
cod P 1864 0.8 NS 0.560
"Appendix K5: G-test of the 1ruquuncy o
capelin, cod, and sandlance in the ot
adult murres and .puffins, 1983-1984 (737 prey

itens only from birds collected over the.same

time period at Witless Bay). .

Source G “df . prob. -
< "

Bird species (BS) 67.23 1 i

Fish speci (Fs)  246.11 2

Yoar . 0.18 1
BS ¢ Year 16%s0 1

BS » Fs g ' 90.56 2 <0.0001

FS * Year 116,13 2< €0.0001

BS * rsba Year 12,64 | <0.0001”
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capelin, cod, snd-sandlance in the dists of

adult and chick murres, 1983-1984 (‘1172 pre

ite only from Resls con-cud ‘over v.h
time period at Witless Bay). . ’
Source T 6 - af prony

! 2 [T .
Myrre class (¥O)7’ 23.91 1 5
Fish npuci-‘n (FS)  1067.43 2
Year ot 13,700 1
¥C * Year - c0.31 " 1 b 4
NC * FS ‘151'51.5! 2 (O.QOD'I
FS + Yedr N I IR TR TIT!
3 2 Ns (0.1

UC » F&» Year ! - 2.98

RS ¢

Appendix K7. G-test of the frequency of adult.

ovit and spent femals,

at Witless Ely)

¢

and ‘immature
capelin in the diep of adult and chick -
murres, 1982-19084 (1142 capelin only from
meals ‘collected over the sime time period

Source B at Trob .
“Murre class (¥C) 0.90 1 .
c.p.un'cuu‘(.cc) .515.52 3 = L
Yoar . TR

VKQ *+ Year 214.19 2 N '.~
He . cV\ ‘112,08 3 @.0001
o x Year \11.95“ 6 <d.0001

« 5 X i o
Mg+ 0O s vear - 71033+ 8 <008
;
s & ¥




Appendix K8.:G-test of n- freqhency of adult
male, ovid and spent ' and immature

.capelin in the diet of ldlllt and chick

puffins, data from 1982-1983 combined (171
capelin from meals collected over tke same
time period at-Witless Bay).

Source [ a1 prob.

\

Puffin class (PC) 78.23
Capelin class (cCC) 73.72
PC s+ CC : 7.74 ° 8 - 20,06
- X . = 3

Appendix K9. G-t of the frequency of
capelin, cod, and sandlagce in the diet of
sdult and chick puffins, 1983 (206 prey items
from meals collected over the same time =
period at ‘Witless -Bay). . :

TSourcs G 4t prob.
Puffin clags (PC) 31.90 -1
_Fistl specien (FS) ' .115.697 2
PC + FS 16,64 2 <0.001 oy
7 B
(-
y - .
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" Appendix K10. G-test of the frequency of

sdult male, ovid and spent female capelin in
the diet of adult murres and puffins, and
from the capelin trap: data from 1983-1984
combined (9527 capelin from collections over
the same time period at Witless Bay).

Source 3 at prob.

Source 16874.60 2
Capelin class (CC)  1338.00 2

B
Source * CC 169.43 &

,Appendix Kil. G-test of the frequancy of
cadult male

ovid and spent femsle, and .
iomature capelin in the diet of adult murces
and puffins, data from 1982-1984 combined
(623 capelip from birds collected over the

same time.at Witless Bay).

* Source G "dtf |, prob.
Bird speci (Bs) 208.90 ° 1
Capelin class (CC)  292.33 3 A
BS + CC 43.89 3

<0;0001 .
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Appendix L1. Estimated capelin density thresholds,
correlations, and significance of correlations
for common murres on all surveys at Witless Bay.
Year Survey Estimated r2? Signif- Ss Tes
Number Threshold icance

1982 06 22.00 0.38 r<0.01 Y N
1982 06 4.00 0.13 >0.06 N N
1982 07 3.00 0.14 >0.05 N N
1983 01 2.50 0.10 >0.06 NN
1983 03 1.00 0.22 - >0.05 N N
1983 04 1.00 0.21 >0.06 N N
1983 05 1.28 0.52 <0.01 Ny
1983 06 1.78 0.47 >0.06 NN
1983 07 13.00 0.85 <0.0001 Y Y
1983 o8 3.285 0.66 <0.006 Y Y
1983 09- 16.00 0.94 <0.0001 Y N
1983 10 .8.00 0.63 <0.001 - Y Y
1983 13 6.00 0.99 <0.0001 Y N
1983 14 . 2.00 0.46 <0.01 Y
1983 18 4,60 0.68 . <0,0006 Y Y
1983 16 7.00 0.83_<0.0001 Y . N
1983 17 3.00 0.16" 50.06 NN
1983 ' 18 7.00 0.95 <0.0001 Y ° N
1983 19 27.00° . 0.84 <0.0001 Y N
1983 20 . 4.00 0.43 <0.03 Y Y
1983 21 3.00 1,0.99 <0.0001 Y b 2
1983 22 4.00 0.35.>0.06 N N
1983 23 1.00 0.19 >0.06 NN
1983 24 2.76 0.48- <0.01 Y
1983 25 16.00 0.84 <0.001 k4 N
1983 26 9.00 0.66 <0.0012 Y Y
1983 27 45.00, 0.65 <0.0006 Y N
1983 28 11.00 0.95 <0.0001 Y . N
1983 30 4.00 0.22 0.05 ]
1983 31 13.00 0.75 <0.0003 Y N
1983 32 2.50 _0.16 >0.05 N N
1983 33 2.50 0.61 <0 ; N
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»
Appendix Li continued. (Nurre thresholds). =g
Year Survey Estimated  r? Signif- Se Tes
Number Threshold icance

1983 34 1.00° 0.16 »0.06 ]
1983 35 2.00 0.18  >0.06 NooR
1983 37 2.00 0.07 >0.06 L]
1984 01 0.26 50,06 oo
1984 . 02 0.76 50.06 L]
1984 06 0.30 >0.08 ]
1984 06 0.76 <0.04 [
1984 07 - 0.30 50.06 Noow
1984 08 . 0.10 >0.06 N
1984 09 0.30 50.06 Koo
1984 . 10 20.60 50,06 N
1984 11 1.20 <0.038 Y W
1084 12 0.40°7 30,06 N N,
1984 13 4.50 <0.045 N Y
1984 16 1.00 <0.0001 Y Y
1984 - 16 4 1.00 >0.06 LI
1984 17 6.00 €0.0001 Y W
1984 18 1.00 <0.037 Y Y
1984 19 .~ 1.00 “0.0001 Y W
1984 20 0.26 >0.06 L
1984 22 0.60 <0.02 ]
1984 23 1.20 €0.01 I ]
1984 . 24 0.10 >0.06 ]
1984 25, §.00 >0.06 Now
1984 26 0.60 <0,049 N Y
1984 Coer 0.720 50.06 N N
1984 29 0:40 30,05 Ko
1984 30 0.40 €0.047 Y N
1984 32 0.20 >0.06 NN

+ Indicates whether (Y = N = no) two or more
significant¥consecutive correlations vere ob-
served in threshold test (see methods).

Indicates whether (Y = yes, N = no) a threshold
with signifdcant r? vas observed in threshold .
test ( ethods). °
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Appendix L2 Estiasted capelin density thresholds,
correlations, and significance of correlations for
Atlantic puffins on all surveys st Witless Bay.

Year Survey Estimated r? Signif- S+ T
Number Threshold fcance
1982 06 7.00 0.10 >0.06 N N
1982 06 -2.00 0.10 >0.06 NN
1982 o7 4.00 0.31 >0.06 N N
1982 jo9 1.00 0.49 <0.025 Y 'N
naz\ 10 4.00 0.35 >0.06 KON
1083 01 2.00 0.08 >0.06 N N
1983 0 3.60 0.44 <o0.01 N T
1983 04 1.60 0.07,2>0.06 L} N
1983 06 2.00 0.04 ON.06 N N
1983 :06 7.00 0.18 >0.06 L] N
1983 07 . 5.00 0.21 >0.06 [
1983 08 1.50 0.20 >0.06 NN
1983 09 16.00 ~ 0.61 <0.007 Y ' N
1983 10 o 2.00 0.10 >0.05 NN
1983 13 . 3.00 0.39  <0.045 Y N
1983 14 9.00 ' 0.14 >0.06 Ko N
1983 16 2.50 0.44 <0.01 YN
1983, 16" 3.00 0.24 >0.06 L] N
1983 . 2.00 0.17 >0.06 L] N
1983 18 2.00 011 >0.06 NN
1983 19 - 6.00 | 0:33 <0.04 T\ X
1983 20 . 4.00 * 0.4;‘ <0.03 Y y 4
1983 21 5.50 0.40 <0.03 M N
1983 - 22 5.00 0.71 <0.001 Y Y
1983 23 3.00 0.87 <0.0002 K N
"1983 24 4.50 0.64° <0.002 Y Y
1983 25 1.00 0.06 >0.06 NN
1983 - 26 5.00 0.59 <0.003 K Y
1983 27 27.00  .0.14 >0.06 NN
1983 28 6.00 0.38 <0.04 Y b 4
1983 30 3.00 0.16 >0.06 K N
1983 | 31 2.00 0.73 '<0.0004 Y N
1.00 0.22° >0.06 NN

1983 32
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