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Has Prey Availability for Arctic Birds Advanced with Climate Change? 
Hindcasting the Abundance of Tundra Arthropods Using Weather and Seasonal Variation
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ABSTRACT. O f all climatic zones on earth, Arctic areas have experienced the greatest climate change in recent decades. Predicted 
changes, including a continuing rise in temperature and precipitation and a reduction in snow cover, are expected to have a large 
impact on Arctic life. Large numbers of birds breed on the Arctic tundra, and many of these, such as shorebirds and passerines, 
feed on arthropods. Their chicks depend on a short insect population outburst characteristic o f Arctic areas. To predict the 
consequences o f climate change for reproduction in these birds, insight into arthropod phenology is essential. We investigated 
weather-related and seasonal patterns in abundance o f surface-active arthropods during four years in the tundra of NW Taimyr, 
Siberia. The resulting statistical models were used to hindcast arthropod abundance on the basis of a 33-year weather dataset 
collected in the same area. Daily insect abundance was correlated closely with date, temperature, and, in some years, with wind 
and precipitation- An additional correlation with the number of degree-days accumulated after 1 June suggests that the pool of 
potential arthropod recruits is depleted in the course of the summer. The amplitude of short-term, weather-induced variation was 
as large as that of the seasonal variation. The hindcasted dates of peak arthropod abundance advanced during the study period, 
occurring seven days earlier in 2003 than in 1973. The timing o f the period during which birds have a reasonable probability of 
finding enough food to grow has changed as well, with the highest probabilities now occurring at earlier dates. A t the same time, 
the overall length of the period with probabilities of finding enough food has remained unchanged. The result is an advancement 
of the optimal breeding date for breeding birds. To take advantage of the new optimal breeding time, Arctic shorebirds and 
passerines must advance the start of breeding, and this change could affect the entire migratory schedule. Because our analyses 
are based on a single site, we cannot conclude that this is a general pattern for the entire Arctic. To investigate the generality of 
this pattern, our approach should be applied at other sites too.
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RÉSUMÉ. De toutes les zones climatiques de laTerre, ce sont les régions d e l’Arctique qui ont enregistréle plus grand changement 
climatique au cours des dernières décennies. Les changements prévus, qui comprennent notamment l ’augmentation continue des 
températures et des précipitations de même que la diminution de la couverture de neige, devraient avoir de grandes incidences 
sur la vie de l ’Arctique. De grandes quantités d’oiseaux se reproduisent sur la toundra de l’Arctique, et beaucoup d ’entre eux, tels 
que les oiseaux de rivage et les passériformes, se nourrissent d ’arthropodes. Leurs oisillons dépendent d’une courte affluence de 
population d ’insectes, ce qui est caractéristique des régions arctiques. Afin de prévoir les conséquences du changement climatique 
sur la reproduction de ces oiseaux, il faut absolument se familiariser avec la phénologie des arthropodes. Nous avons examiné les 
modèles météorologiques et saisonniers dans les cas d ’abondance d ’arthropodes actifs à la surface pendant une période de quatre 
ans dans la toundra du nord-ouest de Taimyr, en Sibérie. Les modèles statistiques qui en ont découlé ont permis de faire des 
simulations rétrospectives de l ’abondance des arthropodes en fonction d ’un ensemble de données météorologiques échelonnées 
sur 33 ans, données qui avaient été recueillies dans cette même région. L ’abondance des insectes au quotidien a été étroitement 
corrélée avec la date, la température et, pour certaines années, le vent et les précipitations. Une autre corrélation avec le nombre 
de degrés-jours accumulés après le 1er juin laisse croire que le bassin de recrues possibles d ’arthropodes s’épuise dans le courant 
de l’été. L’amplitude de la variation à court terme attribuable aux conditions atmosphériques était aussi considérable que la 
variation saisonnière. Les dates de simulation rétrospective des périodes d’abondance de pointe chez les arthropodes ont avancé 
pendant la période visée par l ’étude, se manifestant ainsi sept jours plus tôt en 2003 qu’en 1973. La répartition dans le temps de 
la période pendant laquelle les oiseaux ont une probabilité raisonnable de trouver suffisamment de nourriture pour grandir a 
également changé, les probabilités les plus fortes se manifestant maintenant plus tôt. Pour sa part, la durée générale de la période 
comportant des probabilités de trouver suffisamment de nourriture est demeurée inchangée. Cela donne donc lieu à l’avancement 
de la date optimale de reproduction pour les oiseaux nicheurs. Pour profiter de la nouvelle période de reproduction optimale, les 
oiseaux de rivage de l ’Arctique et les passériformes doivent faire avancer le début de la période de reproduction, ce qui veut dire 
que ce changement pourrait avoir des effets sur tout le calendrier de migration. Puisque nos analyses ne sont fondées que sur un 
seul emplacement, nous ne pouvons pas en conclure qu’il s ’agit là d ’un modèle général pour l’Arctique dans son ensemble. Afin 
de déterminer la généralité de ce modèle, notre démarche devrait également être appliquée à d’autres emplacements.
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Traduit pour la revue Arctic par Nicole Giguère.

INTRODUCTION

G lo b al w arm ing  is c au sin g  th e  p erm an en t ice  co v er a t the 
N orth  P o le  to  m e lt fa s te r  than  w as p rev iously  ex p ec ted  
(M cB ean , 2 0 0 5 ; M eeh l e t a l., 2005). A cco rd ing  to  the 
A rc tic  C lim a te  Im p a c t A sse ssm en t (M cB ean , 2 0 05 ), sea- 
ice  co v er has  d ec rea sed  b y  15%  to  20%  in  the p ast 30  years . 
A rc tic  tu n d ra  fo rm s th e  n o rth e rn  fringes o f the co n tin en ts  
b o rd erin g  th e  A rc tic  seas . G iven  the  g rea t in f lu en ce  o f  sea 
ice  on th e  c lim a te  in  A rc tic  areas , A rctic  tund ra  is one  o f 
th e  te rre s tria l e co sy s tem s  lik e ly  to  be  h igh ly  v u ln e rab le  to 
c lim a te  ch an g e . T h e  an n u a l av erag e  tem pera tu re  h a s  in ­
c reased  at a lm o s t tw ic e  th e  ra te  in  th e  A rc tic  co m p ared  to  
th a t in  the re s t  o f  th e  w o rld  (C allaghan  et al., 2005). 
G enera lly , v eg e ta tio n  ty p es , snow , and w eather reg im es 
are  ex p ec ted  to  sh o w  e x te n s iv e  changes, and these  changes 
w ill b e  m o re  p ro n o u n ced  in  th e  A rctic  than  a t tem p era te  
la titu d es (C a llag h an  e t al., 2 0 05 ). C lim ate  m odels p red ic t 
th a t tem p era tu res  w ill in c re a se  (m ore  so in w in te r th an  in 
sum m er), p re c ip ita tio n  w ill in c rease , and th e  d u ra tio n  o f  
snow  co v er w ill d ec rea se  (K attsov  and K ällen , 2005; 
M cB ean , 2005).

A rc tic  tu n d ra  a reas  a re  th e  b reed in g  g rounds fo r a g rea t 
n u m b er o f  m ig ra to ry  b ird s  th a t spend  th e  bo real w in te r in 
tem p e ra te  o r tro p ic a l zo n es . T he long  day lig h t period , 
su ffic ien t fo o d  av a ilab ility , and  p o ss ib ly  a g enera l sca rc ity  
o f  p a ra s ite s , p a th o g en s , and  p red a to rs , allow  th e ir  o ff­
sp rin g  to su rv iv e  and  g row  ra p id ly  (C arey, 1986; H elm ers 
and G ra tto -T rev o r, 1996; P ie rsm a , 1997; L epage  e t al., 
1998; A n d reev , 1999; S ch ek k erm an  e t al., 2 0 03 ). B irds 
th a t feed  on  te r re s tr ia l in v e rteb ra te s , such  as sh o reb ird s 
and  p asse rin es  (C u s te r an d  P ite lk a , 1978), m a k e  up a 
s ig n ifican t p a rt o f  A rc tic  la n d b ird  com m un ities (C hernov , 
1985; T roy , 1996). T h e  ad u lts  o f  severa l o f  th ese  spec ies 
and  th e  yo u n g  o f  m o s t d ep en d  m ain ly  on su rface -ac tiv e  
a rth ropods fo r  fo o d . S h o re b ird  ch icks feed  fo r them selves 
from  th e ir  f irs t  d ay  o f  life  o n w ard , tak ing  a rth ropods from  
th e  tund ra  su rface  w h ile  w a lk in g  around  a tten d ed  by  one 
or tw o pa ren ts . P a sse rin e  ch ick s  rem a in  in  th e  n e s t fo r at 
le a s t th e  f irs t  p a rt o f  th e ir  p re -fled g in g  p eriod  and  a re  fed 
a rth ropod  p re y  by  th e  p a re n ts .

In  the A rc tic , a rth ro p o d s  a re  a c tiv e  and lay  th e ir  e g g s  in 
the sum m er and  spend  the w in te r as eggs, larvae, (p re)pupae, 
o r in  som e c a se s  as in a c tiv e  ad u lts  (C hernov , 1978; D anks, 
1981a, b ; D o w n es , 1981). T h e  la tte r  tw o  stra teg ie s  in 
p a rticu la r can  re s u lt in  a h ig h ly  synch ron ized  em erg en ce  
of adu lts in  th e  su m m er. D ev e lo p m e n t is co n tro lled  by 
cum ula tive  te m p e ra tu re  o r  tem p era tu re  th resho ld s in  m any 
spec ies (D an k s, 1999). T h e  firs t a rth ropods em erg e  at the 
on se t o f  tem p e ra tu re  r ise  an d  snow m elt. A fte r em erg en ce , 
ad u lt in sec ts  o f  m an y  sp e c ie s  d ev o te  the ir tim e m a in ly  to 
rep ro d u c tio n  and  d ie  sh o r tly  a fte rw ard s. T h is re su lts  in  a

c h a ra c te ris tic  sh o rt b u r s t  o f  a d u lt a rth ro p o d  abundance  
(M acL ean  and P ite lk a , 1971).

T he p red ic ted  in c rea se  in  w in te r tem pera tu re  is lik e ly  to 
re su lt in  an increase  in  a lte rn a tin g  periods o f  m elting  and 
freez in g  in  som e a reas  (C allaghan  e t al., 2005). T hese 
freeze-thaw  cycles m ay  red u ce  th e  w in te r su rv ival o f  in ­
sec ts , e ith e r b y  ic e -c ru s t fo rm a tio n  lead ing  to  anox ic  co n d i­
tions or b y  loss o f  co ld -h a rd in ess  d u ring  an early  m e lt period 
fo llow ed  by further fre ez in g  (H odkinson  e ta l., 1998; S inclair 
e t al., 2003; H o d k in so n , 2005 ; T u m o c k  and F ie ld s, 2005). 
W ith  increasing  su m m er tem p era tu res , seasonal pa tte rn s o f 
a rth ro p o d  em ergence  m a y  be a lte red  o r  d isrup ted , espe­
c ia lly  in species w ith  h ig h ly  seasona l life  cycles (H odkinson  
e t  al., 1998). C hanges in th e  phen o lo g y  o f  su m m er em er­
g en ce  m ay a ffec t th e  life  cycles o f  th e  a rth ropods them ­
se lves (in e ither p o s itiv e  o r  negative  w ays), b u t they  will 
a lso  a ffec t th e  seasona l p a tte m  o f  food  ava ilab ility  fo r b irds 
(an d  o ther inverteb ra te  p red a to rs) , and possib ly  th e  optim al 
tim ing  fo r b reed ing  fo r these  spec ies. Such an e ffec t is 
ex p ec ted  i f  food  ab u n d an ce  lim its th e  period  in  w hich 
su ccessfu l b reed ing  is  po ss ib le . M any  investiga to rs  have 
p o in ted  ou t th e  sy n ch ro n y  o f h a tch ing  dates o f A rctic  
sho reb ird s  and passerines w ith  the loca l m idsum m er p eak  in 
in se c t em ergence  (H urd  and  P ite lka , 1954; H o lm es, 1966a, 
b; S chekkerm an  e t a l., 1998, 2003; P earce-H igg in s and 
Y alden , 2004). A lso , S ch ek k erm an  e t al. (2003) h av e  show n 
th a t grow th  ra te  o f  sh o reb ird  ch icks is co rre la ted  w ith  short­
te rm  varia tion  in  su rface  arth ropod  availab ility , and this 
g row th  ra te  transla tes in to  ch ick  su rv ival. S im ilar co rre la ­
tio n s  b e tw een  a rth ropod  abundance  and ch ick  g row th  have 
a lso  been  d em onstra ted  in  passerines (H art e t al., 2006), 
a lthough  th is re la tio n sh ip  has n o t y e t been inves tiga ted  in 
A rc tic  areas.

A rctic  b irds m ay h av e  d ifficu lties adap ting  to  changes in 
th e  tim ing  o f  arth ropod  availab ility  i f  they  face  constrain ts 
(e .g ., m ig ra tion , sn o w m elt) or u se  tim ing  cues tha t do not 
m a tch  changes in  th e  tim in g  o f food  availab ility  (B oth  et al., 
200 5 ). A lso , m ig ra ting  b ird s m ay  be  unab le  to  p red ic t at 
so u th erly  la titudes (charac te rized  b y  re la tive ly  sm all c li­
m a tic  change) the s ta rt o f  th e  season thousands o f  k ilom e­
tre s  no rth . I f  b irds c an n o t respond  to changes in the  tim ing 
o f  p rey  abundance, th is  m ay  affect the ir b reed ing  success 
and  p opu la tion  size (B oth  e t al., 2006). T he seasonal pattern  
o f  a rth ropod  su rface  ac tiv ity  is thus a  y ard s tick  against 
w h ich  to  ev a lua te  changes in pheno logy  o f  an im al groups 
th a t dep en d  on them  (V isse r and B oth , 2005).

In  th is paper, w e d escrib e  the variab ility  in  arthropod 
abundance  on the  tund ra  su rface  during  sum m er in  re la tion  
to  date  and  w eather cond itions, on b o th  sh o rt (w ith in- 
season ) and long  (betw een-year) tim e scales, on th e  basis o f 
fo u r  years o f  fie ld  data from  one s ite  in  A rc tic  S iberia . F rom  
a “food  fo r b ird s” perspective , short-term  re la tionsh ips
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b etw een  arthropod abundance  and w ea th e r are as im portan t 
as long -term  seasonal patterns, because  th ey  g rea tly  affect 
th e  p red ic tab ility  o f  food  abundance. C ap ita liz ing  on the 
tig h t re lationsh ips observed  betw een  w eather, date , and 
a rth ropod  abundance, w e u se  th e  s ta tis tica l m odel derived 
fro m  the field  d a ta  to h indcast a rth ropod  abundance , using 
a  33-year w eather da tase t co llec ted  in th e  sam e area. The 
h indcas ted  yearly  abundance  curves are then  u sed  to  inves­
tig a te  in terannual variab ility  and tim e trends th a t m ay have 
o ccu rred  in re la tion  to  clim ate change.

M ATERIAL AND METHODS

S tu d y  Site

D ata  w ere co llec ted  during fo u r sum m ers (1996 , 2 0 0 0 -  
02) a t  M edusa B ay, 18 km  south o f  D ikson  on the T aim yr 
P en in su la , S iberia  (73°20 'N  80°30 'E ). F ie ld  seasons ran 
from  early  June to  m id -A ugust. (T he 1996 exped ition  cov­
e red  only  the period  21 J u n e -2 1  Ju ly  and  w ill b e  u sed  fo r a 
su b se t o f the analyses only.) T he open ing  da te  o f  the field  
p e rio d  in  the o ther years w as p lan n ed  so th a t th e  observa­
tions o f  arthropod abundance started  on  th e  date  w hen the 
tu n d ra  em erged from  under th e  snow . T h e  study  area was 
situ a ted  in  the A rctic  tund ra  (cf. C hernov , 1985). V egeta­
tion  consisted  o f m osses, lichens, g rasses and  sedges, dw arf 
w illow s Salix p o la r is , and various h e rb s  genera lly  no t 
h ig h e r than 20 cm , w ith  a substan tia l p ro p o rtio n  (up to  20% ) 
o f  b a re  soil surface. P atches o f  b are  soil consisted  o f  c lay  
p a tch es w ith  scattered  stones (po lygonal o r spo tted  tundra; 
C hernov , 1985). O n slopes and p la teaus on tops o f  h ills (up 
to  50 m  above sea  leve l), the vegeta tion  w as genera lly  drier, 
dom ina ted  by grasses, lichens, and d w a rf shrubs. In the 
m arshy  areas found  in  valleys, on  the  lo w er parts  o f  slopes, 
an d  som etim es on  h illtops, ex tens ive  m eadow s o f  sedges 
C arex  spp. p redom inated . F or a  m ore d e ta iled  descrip tion  o f 
th e  study  area, see  S chekkerm an  e t al. (2004). D ay lig h t w as 
con tinuous during  th e  fie ld  period.

W eather

In  2001 and 2002 , an au to m ated  w e a th e r  s ta tio n  re ­
co rd e d  a ir tem pera tu re , w in d  speed , w in d  d irec tio n , and 
p rec ip ita tio n  ev ery  30  m in u tes  a t o u r s tu d y  site . A ir  tem ­
pe ra tu re  w as reco rd ed  at 1 m  above g ro u n d  leve l in  the 
sh ad e , w h ile  w ind  sp eed  and  d irec tion  w ere  reco rd ed  at 
10 m  height. P rec ip ita tio n  w as m easu red  in m m /day . In 
1996 and 2000 , the  au to m ated  w ea th e r s ta tio n  w as n o t y e t 
in  u se , so only  a ir  tem p e ra tu re  w as m easu red  in  th e  study 
a re a  and stored  in a T in y T ag  d a ta  lo g g e r  a t 30 -m inu te  
in te rv a ls . D ata  on all o th e r v a riab le s  (m easu red  a t tw o- 
h o u rly  in te rva ls) w ere  p ro v id ed  b y  th e  m eteo ro lo g ica l 
s ta tio n  in  D ikson , 18 k m  n o rth  o f  th e  s tu d y  site .

W eather data (daily  averages o f  tem p era tu re  and wind 
speed ) from  D ikson fo r the years 1 9 7 3 -2 0 0 5  w ere obtained 
th ro u g h  the N a tio n a l C lim a tic  D a ta  C en te r, N atio n a l

O cean ic  and  A tm o sp h eric  A dm in istra tio n  (w w w .n cd c . 
noaa.gov). G iven th e  s trong  e ffec t o f  sunsh ine on the ac tiv ­
ity  o f  a rth ropods (D anks, 2 0 04 ), tem pera tu re  m easu red  at 
ground  leve l w ith  a b lack  sphere  (a sm all, ho llow  m eta l ball, 
p a in ted  b lack , w ith  a th e rm is to r inside) m ay  be  a be tte r 
p red ic to r th an  a ir tem pera tu re . A lthough  w e m easured  b lack  
sphere tem pera tu res in 2 0 0 0 -0 2 ,  w e chose to  u se  a ir tem ­
pera tu re  in  th e  analyses, b ecau se  th a t was the  only  tem pera­
ture variab le  ava ilab le  fo r th e  long-term  dataset. B ecause  air 
tem pera tu re  an d  b lack  sphere  tem pera tu re  w ere closely  
co rre la ted  (r =  0 .94 ), th is ch o ice  did no t strong ly  in fluence  
our resu lts .

A rthropod  A bundance

T he abundance  o f  su rface-ac tive  arth ropods w as m on i­
tored using  p itfa ll traps. T w o  lines o f  five  (1996) o r ten 
(o ther years) w h ite  p lastic  ja rs  (11 cm  in  d iam eter, 10 cm  
deep) w ere p lace d  along tw o lin e  transects a t in tervals o f 
5 - 1 0  m , one  in  m odera te ly  dry  po lygonal tundra, th e  o ther 
in  low -ly ing , re la tiv e ly  w et, sedge-dom ina ted  m arsh  tun ­
dra, th e  sam e tw o  tundra types th a t shoreb ird  b roods fre­
quented . T he tw o  lines w ere ca 100 m apart. T he p itfalls 
w ere filled  w ith  1 -  2 cm  fo rm aldehyde  so lu tion  (4% ) and a 
drop o f  de tergen t to reduce  th e  su rface tension . T he traps 
w ere em ptied  every  evening a round  2300 , and sam ples w ere 
sorted  and m easu red  im m ed ia te ly  o r  on the nex t day . A r­
thropods w ere so rted  in to  c lasses o r  orders— A raneae  (sp i­
ders), C ollem bola (springtails), C oleoptera  (beetles), D iptera 
(flies and m idges), H ym enop tera  (w asps), C rustacea (crus­
taceans), and A carina  (m ites)— and  D ip tera  and C o leoptera  
w ere separa ted  in to  fam ilies i f  possib le . S p ring ta ils  and 
m ites w ere excluded  from  the analy sis, because  w e co n sid ­
ered  them  to  b e  too sm all to be  energetica lly  valuab le  fo r 
shoreb ird  and p asserin e  chicks, and  the ir con tribu tion  to  the 
to ta l b iom ass sam pled  was sm all. B ody leng th  o f  each 
arth ropod  w as m easu red  to 0.5 m m  fo r anim als sm alle r than 
5 m m , and to 1 m m  fo r anim als la rg e r  than  5 m m . A rthropod  
dry  m ass w as ca lcu la ted  using th e  le n g th -d ry  m ass re la tion ­
ships g iven fo r  d iffe ren t orders in  R ogers e t al. (1977) and 
Schekkerm an (1997). For o rders fo r w hich no specific 
re la tionsh ip  cou ld  be found, a g en era l re la tionsh ip  fo r ar­
thropods w as u sed  (R ogers e t al., 1976).

T he m e th o d  o f  p itfa ll trap p in g  u sed  in  th is study  does 
n o t m easu re  ab so lu te  abundance  o f  a rth ropods, b u t ra th e r 
a co m b in a tio n  o f  th e ir  abundance  and su rface  ac tiv ity . 
H ow ever, fo r o u r pu rpose  o f m easuring  season and w eather- 
induced  v a ria tio n  in arth ropod  av a ilab ility  fo r b ird s , this 
m eth o d  se rv ed  w ell. Several s tu d ie s  have  show n a positive  
co rre la tio n  b e tw een  grow th  o f  A rc tic  sho reb ird  ch icks and 
arth ro p o d  ca tch es  in  5 - 1 0  p itfa lls . S chekkerm an  e t al. 
(2003 ) fo und  th a t  th is  co rre la tio n  rem ain ed  a fte r  e ffec ts  o f  
tem pera tu re , w ind , and  ra in fa ll on  th e  g row th  ra te  o f  red  
k n o t C alid ris  ca n u tu s  chicks h a d  b een  co n tro lled  s ta tis ti­
ca lly . C o n v erse ly , includ ing  w ea th e r v a riab les  d id  no t 
im prove  th e  f i t  o f  a  m odel th a t a lready  co n ta in ed  the 
n um ber o f  a rth ro p o d s caught in  f iv e  p itfa lls . T h is re su lt

http://www.ncdc
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w o u ld  only  be  ex p ec ted  i f  food  av a ilab ility  fo r ch icks w ere 
in d e e d  red u ced  on  days w ith  p o o r p itfa ll ca tches. W e 
fo u n d  s im ila r co rre la tio n s  b e tw een  p itfa ll  ca tches and 
g ro w th  ra te  o f  ch ick s  o f  dun lin  C a lid r is  a lp ina  and  little  
s t in t C alid ris  m in u ta  at o u r s tu d y  s ite  d u ring  th is study . In 
c o ld  w eather, to ta l ab u n d an ce  o f  a rth ro p o d s  m ay  be  the 
sam e  as on  w arm er d ays, b u t s in ce  th e  a rth ro p o d s a re  
in ac tiv e , it  is lik e ly  h a rd e r fo r ch ick s  to  find  th em . A l­
th o u g h  p itfa ll trap s  ca tch  on ly  c raw lin g  and lo w -fly in g  
in sec ts , th is is n o t a p rob lem  g iven  th e  re la tiv e  scarc ity  o f  
h ig h -fly in g  in sec ts  in  ou r s tu d y  a rea  and  the fa c t th a t 
sh o reb ird  ch icks feed  on ly  on  the g ro u n d . R esu lts  from  a 
c o m p a ra tiv e  study , in  w h ich  w e u sed  m o d ified  w hite  
(M ala ise ) trap s  eq u ip p ed  w ith  v e rtic a l sc reens to  ca tch  
in se c ts  in f lig h t on  top o f  p itfa lls , sh o w ed  little  d iffe ren ce  
in  spec ies co m p o s itio n  and ca tch  m ag n itu d e  from  those  o f  
th e  ca tch  m ade  by p itfa ll trap s on ly  (T u lp  e t al., 1998). It 
m ig h t be  arg u ed  th a t a  sam p le  s ize  o f  ten  p itfa ll traps is 
sm a ll. H o w ever, v a ria tio n  b e tw een  trap s  is m inu te  com ­
p a re d  to  the d ay -to -d ay  v a ria tio n  in  num bers  caugh t. So 
th e  p a tte rn s  o f  w ea th e r and  sea so n a l e ffec ts  on  a rth ro p o d  
ab u n d an ce  w o u ld  n o t be  d iffe ren t i f  th e  n u m b er o f  traps 
h ad  b een  la rg er.

S ta tis tica l A nalyses

L o g -lin ea r reg re ss io n  (M cC u llag h  and  N eid er, 1989) 
w as u sed  to  an a ly ze  th e  e ffec ts  o f  seaso n  and w ea ther 
v a riab le s  on a rth ro p o d  av a ilab ility . T o  a llow  fo r  over- 
d isp ersio n  in  th e  ab u n d an ce  da ta , a  d isp ersio n  p a ram ete r 
w as e s tim a ted  in  th ese  reg ress io n s . B ecau se  size  o f  a rth ro ­
p o d s  d id  n o t show  a n o rm al d is tr ib u tio n , lo g -lin ea r re g re s ­
s io n  m odels w ere  a lso  u sed  fo r th e  ana ly ses o f  b o d y -s ize  
p a tte rn s . V ariab les tes ted  in m o d e ls  to  d esc r ib e  th e  a r th ro ­
p o d  abundance  in c lu d ed  d a te , m ean  tem p era tu re , cu m u la ­
t i v e  m e a n  te m p e r a tu r e  ( a c c u m u la t e d  m e a n  d a i ly  
tem p e ra tu re  since  the  d ay  o f  sn o w m elt, tre a tin g  subzero  
tem p era tu res  as 0 s in ce  a rth ro p o d  ac tiv ity  does n o t vary  
o n ce  tem p era tu res  d rop  to  0°C  o r  b e lo w ), m ean  w ind 
speed , quad ra tic  te rm s o f  the  fo u r p reced in g  param eters  
(to  a llow  fo r n o n lin ea r re la tio n sh ip s ), th e  occu rren ce  o f 
p rec ip ita tio n  (a b sen t/p re sen t on  th e  sam p lin g  day) and th e  
a m o u n t o f p rec ip ita tio n  (m m /day ).

T h e  m odels w ere  b u ilt s ta rtin g  w ith  an  em p ty  m o d e l and 
te s tin g  w ea ther v a riab le s  a fte r  e n te r in g  d a te  and d a te 2 (to 
a llow  fo r a c u rv ilin ea r p a tte rn ) . T o  te s t th e  in d ep en d en ce  
o f  da te  and w ea th e r e ffec ts , w ea th e r v ariab les  w ere  a lso  
en te red  first, a f te r  w h ich  date  and  d a te 2 w ere  added  to  the 
m odel.

W e  also  co n sid e red  th e  p o ss ib ility  th a t each  su m m er the 
s to c k  o f  a rth ro p o d  la rv ae , (p re )-p u p ae  o r im ag in es th a t 
co u ld  p o ten tia lly  em erg e  on the  su rface  becom es dep le ted . 
T h e  n u m b er o f  la rv a e  reach in g  an ad eq u a te  d ev e lopm en ta l 
s tag e  a t the end  o f  th e  p rev io u s  su m m er de te rm in es th is 
sto ck . B ecause  o f  th e  c le a r  p o s itiv e  e ffe c t o f  tem p era tu re  
on  a rth ro p o d  su rface  ac tiv ity  and  em erg en ce , th e  cu m u la ­
tiv e  tem p era tu re  s in ce  th e  date  o f  sn o w m elt is co rre la ted

w ith  th e  n u m b er o f  a r th ro p o d s  a lre a d y  em erg ed  since  tha t 
da te  (H odk inson  e t  a l . ,  1996). T h e re fo re , d ep le tio n  o f this 
stock  o f  p o ten tia l re c ru its  w ill b eco m e  ap p a ren t in  a 
neg a tiv e  e ffe c t o f  c u m u la tiv e  te m p e ra tu re  on  su rface  a r­
th ro p o d  ac tiv ity  a f te r  c u rre n t w e a th e r  and  d a te  h av e  been 
sta tis tica lly  a c c o u n te d  fo r . If  th e  p o ss ib le  e ffec t o f  d ep le ­
tion  is te s ted  in s in g le -y e a r  an a ly se s , d ep le tio n  effec ts 
becom e co n fo u n d ed  w ith  th e  sea so n a l p a tte rn ; th e  effec ts 
o f  d a te  and d ep le tio n  can  th e re fo re  be  d is tin g u ish e d  only 
in  a m u lti-y ea r a n a ly s is .

T o te s t fo r  d if fe re n c e s  in  p h e n o lo g y  b e tw een  th e  two 
h ab ita ts  sam p led , w e u se d  a lo g lin e a r  m odel w ith  dry  m ass 
in  th e  tw o se rie s  as th e  d ep e n d e n t v a riab le  and  d a te  and 
d ate2 as p red ic to r v a ria b le s . I f  in te rac tio n  term s d a te .hab ita t 
o r d a te2.h ab ita t w e re  s ig n if ic a n t, th e  p h en o lo g y  w as con ­
sid e red  to  b e  d if fe re n t in  th e  tw o  hab ita ts .

RESULTS

Seasonal a n d  W ea ther-R e la ted  V aria tion  in Surface-A ctive  
A rthropod  A bundance

T he tw o hab ita ts  g en e ra lly  y ie ld ed  the  sam e patterns, 
a lthough  in  m ost y e a rs  b iom ass w as sligh tly  la rg e r in the 
w et series. I n i  996  an d  2 0 0 0 , phen o lo g ies  w ere  sim ila r in the 
tw o trap  lin es, b u t in  2001  arth ropod  abundance  p eaked  tw o 
days ea rlie r in th e  w e t se ries (d a te .h ab ita t p  = 0 .651, 
d a te .hab ita t2p  =  0 .0 0 6 ) w h ile  in 2002 , arth ropod  abundance 
peaked  five  days la te r  in  th e  w e t series, da te .h ab ita t p  = 
0 .463, da te .h ab ita t2/» =  0 .028). T he co rre la tion  b e tw een  the 
daily  ca tches in  th e  tw o  tran sects w as h igh  (1996: r  =  0.79, 
2000: r  =  0 .84 , 2001 : r  =  0 .63 , 2002: r  =  0 .77). B ecause  of 
th e  sim ilar pa tte rn s  fo u n d  in  both  se ries, d ry  m ass va lues are 
com bined  th ro u g h o u t the  fo llow ing  analyses.

In  th ree  o f  th e  fo u r  sam p lin g  y ears , th e  sea so n a l pa tte rn  
o f  to ta l d ry  m ass o f  a rth ro p o d s cau g h t in  p itfa ll traps 
show ed  a m ax im u m  in Ju ly  (F ig . 1). In  2000 , surface 
a rth ro p o d  b io m ass c o n tin u e d  to  in c re a se  u n til th e  end  of 
th e  study  p e rio d  in A u g u s t. T he d ay -to -d ay  v a ria tio n s  w ere 
e x p la in ed  la rg e ly  b y  w ea th e r co n d itio n s . A s d a te  and 
w ea ther are p a rtly  co rre la te d , i t  is d if f icu lt to  d is tin g u ish  
b e tw een  th e se  e ffec ts . A fte r add ing  date  + d a te2, w eather 
variab le s  (p re c ip ita tio n  in  1996; tem p era tu re , w in d  speed 
and  p re c ip ita tio n  in  2 0 0 0 ; tem p era tu re , te m p e ra tu re 2 and 
p rec ip ita tio n  in  2 0 0 1 ; and  tem p era tu re  and  tem p e ra tu re2 in 
2002) s ig n ific an tly  im p ro v ed  the m o d e ls  th a t d escribed  
p a tte rn s in to ta l d ry  m ass  (T ab le  1). T o ta l ex p la in ed  d év i­
an ces v a ried  b e tw een  yea rs  from  42%  to  89% . T h e  low er 
ex p lan a to ry  p o w er o f  the  m odel fo r 1996 is c au sed  by  the 
sh o rte r  tim e series and  sm alle r v a ria tio n  in  w ea th e r data. 
In  th ree  o u t o f  fo u r  y ea rs , en te ring  d a te+ d a te2 a fte r  the 
w ea th e r v a riab le s  in s tead  o f  befo re  re su lte d  in th e  sam e set 
o f  s ig n ific a n t v ariab les . O nly  in 20 0 2  w ere  date  and  d a te2 
no longer sign ifican t. H ence m ost years had  bo th  a  un im odal 
seaso n a l p a tte rn  w ith  a m idsum m er m ax im um  and  add i­
tio n a l v a ria tio n  cau sed  b y  w eather. T he am p litu d e  o f  this
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F IG . 1. S easonal ch an g es  in  num bers and  d ry  m ass o f  arth ropods and  m ean  a ir 
te m p era tu re  in  1996 and  2 0 0 0 -0 2 .

sh o rt-te rm  v a ria tio n  w as as la rg e  as th a t o f  th e  seasonal 
e ffec t (F ig . 1).

Seasona l Variation in Size o f  A rthropods

In  a ll y ears , av erag e  bo d y  len g th  o f  a rth ropods in ­
c re a se d  w ith  seaso n  (F ig . 2 , d a te  and d a te2/? <  0.01 fo r  all 
y ea rs ). B ecau se  th e  b o d y  len g th  o f  insects th a t h av e  reached  
th e ir  ad u lt p h ase  u su a lly  rem a in s  stab le , th e  sea so n a l c line 
in  s ize  m u s t b e  cau sed  b y  a tren d  in  the s ize  o f  em erg ing  
a rth ro p o d s , i .e ., sm a ll in d iv id u a ls  o r sp ec ie s  em erg ing  
e a rl ie r  than  la rg e r  ones. B ecau se  the v arious in se c t fam i­
lie s  sh o w ed  re la tiv e ly  sm a ll w ith in -g ro u p  v a ria tio n  in 
s ize , th e  m ain  cau se  o f  v a ria tio n  w as th e  p h en o lo g y  o f  
d if fe re n t fam ilie s . T h e  ch ange  in average  s ize  is exp la ined

p red o m in an tly  by  th e  em erg en ce  o f  th e  la rg e s t-s iz ed  fam ­
ily , c ra n e  Oies or T ip u lid ae  (D ip te ra , F ig . 3). B ecause  o f 
th e ir  slow  locom otion , la rge  size, and  p a rtia l w ing lessness , 
tip u lid s  are  lik e ly  to  be  an im p o rtan t p re y  fo r ch icks 
(H o lm es and P ite lk a , 1968; P ea rce -H ig g in s  and Y alden ,
2 0 04 ). T hey  em erged  in  a re la tiv e ly  sh o rt and p eaked  
p e rio d  (F ig . 3). T he m ax im um  co n tr ib u tio n  o f  crane  flies 
to  to ta l b iom ass on a day w as 86% .

M odeling  the P eak in  A rthropod  A bundance

T h e  m easu rem en ts  o f  a rth ropod  ab u n d an ce  in  re la tion  
to  w ea th e r and  date  w ere  u sed  to m o d e l seasona l p a tte rn s  
in  a rth ro p o d  abundance  fo r a  p e rio d  o f  33 yea rs  (1 973—
2005). O ver th is  p eriod , m ean  tem p era tu re  in  J u n e - A u ­
g u st in c reased  s ig n ifican tly  in  the  study  area  (0 .0 5 °C 
an n u a lly ). T h is in c rea se  w as the  re su lt o f  a  tem pera tu re  
r ise  in  Ju ly  and  A ugust, b u t n o t in  Ju n e  (F ig . 4).

D a ta  from  all fo u r  years w ere  u se d  to  f i t  one m odel 
d esc rib in g  a rth ro p o d  b iom ass w ith  the  sam e variab le s  
u sed  in  th e  analysis fo r  separa te  y ears , in c lu d in g  y ear as an 
ex tra  fac to r, b u t ex c lud ing  p rec ip ita tio n , b ecau se  data  
w ere  n o t ava ilab le  fo r the 3 3 -year p eriod . Y ear, date , (p lus 
q u ad ra tic  term ), tem pera tu re , cu m u la tive  tem pera tu re  (plus 
q u ad ra tic  te rm ), and  w ind all s ig n ific an tly  co n tr ib u ted  to 
th e  m odel (T ab le  2) and  to g e th e r ex p la in ed  74%  o f th e  
to ta l dev iance . R estric tin g  th is an a ly s is  to  tip u lid s  y ie ld ed  
a s im ila r m odel (b u t w ithou t w in d  and  th e  cum ula tive  
e ffec t o f  tem p era tu re ) and exp la in ed  54%  o f  th e  dev iance .

F o r th e  years in w hich  a rth ropod  ab u n d an ce  w as m e a s­
ured , th e  fitted  m o d e l c lose ly  m a tch ed  th e  ac tu a l va lues , 
b o th  fo r to ta l a rth ropods and fo r tip u lid s  on ly  (co rre la tions 
fo r  a ll a rth ropods b e tw een  0 .70  and 0 .90 , fo r tip u lid s  0.71 
and  0 .88 , F ig . 5). U sing  th is m o d el, w e th en  e stim ated  
ab u n d an ce  o f  a rth ropods (and tip u lid s  separa te ly ) fo r the 
yea rs  1 9 7 3 -2 0 0 5  on the basis o f  th e  m easu red  w ea ther 
da ta . B ecause  y ea r effec ts  canno t be  ex trap o la ted  ou ts id e  
th e  sam p ling  p e rio d , w e used  th e  av erag e  o f  th e  y ear 
e ffec ts  fo r the  fo u r sam pling  y ears  in  ou r p red ic tio n s . T he 
y ea r e ffec t de te rm ines v a ria tion  in overa ll po p u la tio n  leve l 
b e tw een  y ears , b u t n o t the seasona l pa tte rn s  w ith in  y ears , 
w h ich  is ou r m ain  in terest.

D a tes  o f  peak  occurrence  in ev ery  y ea r w ere  de te rm ined  
by  fittin g  a seco n d -o rd e r po ly n o m ia l (da te  +  date2) to the 
p re d ic te d  a rth ropod  abundance  (lo g -tran sfo rm ed ) and  ca l­
cu la tin g  the d a te  on  w hich the firs t d e riv a tiv e  o f  each  y ear 
m o d e l eq u a led  zero . In  1 9 7 3 -2 0 0 5 , peak  dates ranged  
be tw een  8 and  31 Ju ly  and occu rred  m o s t o ften  on 17 Ju ly  
and  20 Ju ly  (each  d a te  in four y ears) (m ed ian  p eak  d a te  = 
19 Ju ly , F ig . 6). O v er the 3 3 -year p e rio d , th e  p eak  date 
advanced , on average , by  0 .2  (SE  =  0 .07 ) days p e r y ear, 
re su ltin g  in a to ta l advancem en t o f  7 days (F 131 = 5 .75, 
p  =  0 .0 2 , R 2 = 0.16, F ig . 7). T he av e rag e  d ev ia tio n  o f  the 
m o d e led  p eak  date  from  the lo n g -te rm  average , co rrec ted  
fo r th e  lo n g -te rm  tren d , w as ±  4  days (range  0 - 1 0  days).

F or ch icks it  m ay  be  m ore im p o rtan t to en co u n te r a  food  
su p p ly  su ffic ien t fo r grow th than to  h it th e  actual p eak  in
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TABLE 2. Results o f  loglinear regression of weather and seasonal related variables on arthropod dry mass, used to model arthropod 
abundance in 1973-2005. The null model includes only the constant; the final model includes all significant parameters shown. The 
parameters tested included date, temperature (in °C), cumulative temperature since 1 June, and wind speed (wind in m*s‘‘), plus all quadratic 
terms.

R esp o n se  V ariab le M odel C han g e  in  D ev iance d f P C o effic ien t SE

to ta l dry  m a ss / n u ll m odel 43956 200
20  trap s/d ay fina l m odel 32328 6

yea r 19708 3 < 0 .0 0 1
1996 0 0
2000 -1 .317 0 .129
2001 -1 .770 0.303
2002 -2 .197 0 .195
con stan t 4 .942 0 .576
date 2051 1 < 0 .001 0 .0320 0 .0298
d a te 2 2044 1 < 0 .0 0 1 -0 .0 0 0 3 9 9 0 .000332
tem pera tu re 7486 1 <  0.001 0 .1306 0 .0133
cu m u la tiv e  tem pera tu re 253 1 0.043 0 .00816 0 .00536
cu m u la tiv e  tem pera tu re2 535 1 0.003 -0 .00002710 0 .00000944
w ind  speed 249 1 0.044 -0 .0383 0.0191
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F IG . 5. C om parisons be tw een  m odel predictions and  actual dry  m ass caugh t in 
th e  p itfa ll trap s  in  2000 , 2001 , and  2002. (D ata  fo r 1996 are no t p resen ted  here  
because  the fi e ld  season  w as  not com plete.) C orrelations betw een  m odel outcom es 
and m easu red  values fo r  total arth ropods are 0 .90  fo r 2000 , 0 .70 fo r 2001 , and 
0 .90  fo r 2002 . C o m p arab le  figures fo r tipu lids are 0 .7 6 ,0 .7 2 , and 0.89.

th ese  fac to rs. In  co ld  cond itions, a rth ropods seek  th erm ally  
fav o u rab le  sites an d  re tre a t in to  the m oss lay e r o r so il, thus 
b ecom ing  less  av a ilab le  to b irds (D anks, 2004).

T h e  s ig n if ic a n t c o n tr ib u tio n  o f  cu m u la tiv e  tem p era tu re  
(p lu s its  q u a d ra tic  te rm ) to  th e  f i t  o f  th e  m odels a lread y  
c o n ta in in g  d a te  a n d  w ea th e r v a riab les  in d ica te s  th a t th e  
to ta l n u m b er o f  a rth ro p o d s  read y  to  e m erg e  can  b e c o m e  
d ep le ted  o v e r th e  season . T h is co n tr ib u te s  to  th e  p eak ed  
sea so n a l p a tte rn  o f  a rth ro p o d  av a ila b ility  fo r b ird s  and  
cau ses fo o d  av a ila b ility  to  dec lin e  w ell b e fo re  d ec lin in g  
tem p e ra tu re s  re a c h  a th resh o ld  th a t w o u ld  re d u c e  d e v e lo p ­
m en ta l ra te s  and  su rv iv a l o f  su rface -ac tiv e  a rth ro p o d s.
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F IG . 6. F requency  d is tribu tion  o f  the occu rren ce  o f  p ea k  dates  in  arth ropod  
ab u n d a n ce  (u p p er g raph , b a rs )  in the p erio d  1 9 7 3 -2 0 0 5 . A rrow s in d ica te  the 
p e a k  dates  fo r th e  years 2 0 0 0 ,2 0 0 1 , and 2 002 . ( 1996 is om itted  b ec a u se  th e  fie ld  
da ta  do no t co v e r th e  w ho le  p e rio d .)  T he lo w e r g raph  rep resen ts  th e  p robab ility  
tha t to ta l dry  m ass caugh t in  p itfa ll traps exceeds the lim it o f  100 o r  200  m g /d ay / 
20  traps in  the period  1 9 7 3 -2 0 0 5 . T h e  triang le s  in d ica te  m ed ian  d a te s , and  the 
b a rs  show  the cen tra l 90%  o f  th e  d istribu tion .

W eath e r, date , and  d ep le tio n  e ffec ts  to g e th e r ex p la in ed  
a  m a jo r p a r t o f  th e  to ta l v a ria tion  in  a rth ro p o d  ab u n d an ce  
o v e r o u r sam p ling  yea rs  (T ab le  2). T h is go o d  f i t  a llo w ed  us 
to  h in d c a s t w ith in -y ea r p a tte rn s  in su rface a rth ro p o d  ac tiv ­
ity  o v e r a long  p e rio d  in  th e  p a s t w ith  som e c o n fid en ce . In 
th e  ab sen ce  o f  lo n g -te rm  d a ta  sets on  ac tu a l m easu red  
a rth ro p o d  ab undances, th is ex e rc ise  p rov ides in s ig h ts  in to  
th e  v a ria b ility  in  tim in g  o f  fo o d  av a ilab ility  fo r  A rctic  
in sec tiv o re s .

T h e  peaks in a rth ro p o d  abundance  fe ll on  23  Ju ly  in 
20 0 0 , 8 Ju ly  in  2001 , and  12 Ju ly  in  2002 . C o m p ared  to  the
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F IG . 7 . P red ic ted  tim ing  o f  th e  annua l p ea k  in arth ropod  abundance  in  1973- 
2005 .

3 3 -y ea r period  o f  w ea th e r da ta , 2001 and 2 0 0 2  w ere 
am ong the years w ith  th e  e a r lie s t peaks in  tem p era tu re  and 
h ence  arth ropod  ab u n d an ce , b u t 2000  show ed  one  o f  the 
la te s t peaks (F ig . 6). T he o ccu rren ce  o f  th ese  ex trem es 
w ith in  th e  o b serva tion  p e rio d  m eans th a t over 75%  of a ll 
yea rs  fe ll w ith in  the  ran g e  cap tu red  du rin g  o u r study .

A s a consequence  o f  the la rg e  varia tion  characteristic  o f 
A rctic  w eather (M yers and P ite lka , 1979) and its  strong 
effec ts on arth ropod  ac tiv ity , the p red ic tab ility  o f  the tim ing 
o f  food availab ility  fo r A rc tic -b reed ing  b irds in any single 
year is ra ther p oo r (F ig . 8). In  ou r 33 -year set, the average 
dev iation  o f the m odeled  p eak  date  from  the long-term  
average correc ted  fo r the lo n g -te rm  tren d  was four days.

F o r ch ick  g row th , th e  ex ac t tim ing  o f  the p eak  itse lf  is 
less im p o rtan t th an  th e  o ccu rren ce  o f  enough  days w ith 
su ffic ien t food  av a ilab ility  d u ring  th e ir  g row th  period. 
Severa l co n secu tiv e  days w ith  adverse  w ea ther and  low  
fo o d  le v e ls  c a n  s e v e r e ly  r e d u c e  c h ic k  s u r v iv a l  
(S chekkerm an  e t al., 1998, 2 0 0 3 ). O ur m odeling  in d ica ted  
th a t o v e r the p a s t decades n o t on ly  has th e  date  o f  peak 
occurrence  b eco m e  ea rlie r , b u t a lso  th e  ran g e  o f d a tes  w ith 
a good  p ro b ab ility  fo r the b ird s  to  find  su ffic ien t fo o d  fo r 
n o rm al g row th . A  p o te n tia l p ro b lem  w ith  th is  second  
m easu re  o f  th e  tim in g  o f  fo o d  a v a ilab ility  fo r b ird s  is tha t 
it in v o lv es an ab so lu te  e s tim a te  o f  a rth ro p o d  ava ilab ility  
(<  o r  >  100 o r 200  m g) and n o t on ly  a  w ith in -y ear co m p ari­
son  o f  abundance  lik e  in  th e  m o d e lin g  o f  peak  dates. 
B ecause  our m o d e l c an n o t p re d ic t v a ria tio n  betw een  years 
in  overa ll leve ls  o f  a rth ro p o d  ab u n d an ce , using  in s tead  the 
average  o f  th e  fo u r  o b se rv a tio n  y ears , it  c an n o t p re d ic t the 
p ro b ab ility  o f  fin d in g  enough  food  w ith  th e  sam e con fi­
dence  as the peak  d a te  o f  ab u n d an ce . H o w ever, v aria tion  
in overa ll in sec t ab u n d an ce  b e tw een  y ears  is m ore  lik e ly  to  
a ffec t the m ean  leve l o f  th e  ca lc u la ted  p ro b ab ilitie s  than 
th e ir  d is trib u tio n  o v e r da tes . T h ere fo re , w e in te rp re t the 
advancem en t o f  the p ro b a b ility  d is tr ib u tio n s  to w ard s  e a r­
lie r  dates as a  s trong  in d ica tio n  th a t the p e rio d  w ith  su ffi­
c ie n t fo o d  a v a ila b il i ty  fo r  re p ro d u c tio n  has in d e e d  
advanced . T he q u es tio n s  re m a in  w h e th e r sou thern  a rth ro ­
pod  species w ill m ig ra te  n o rth , and  w hen , and  w h eth er this

D >100 mg 
B >200 mg

1973-1983

0.6

0.4

0.2

s? 0-0

1984-1994
« 0.8

S  0.0

F IG . 8. T h e  probab ility  tha t to ta l dry m ass cau g h t in p itfa ll traps exceeds the 
lim it o f  100 and 200  m g /d ay /2 0  traps in th ree periods: 1 9 7 3 - 8 3 ,1 9 8 4 - 9 4 , and 
1 9 9 5 -2 0 0 5 . T he triang les in d ica te  m edian  dates; the bars , the central 90%  o f  
th e  d istribu tion .

m ig ra tio n  w ill a ffec t the  to ta l am o u n t o f  a rth ropod  p ro d u c­
tiv ity . O f course , th e re  is no su b s titu te  fo r actual m easu re­
m e n ts , so  w e u rg e  re s e a rc h e rs  to  se t up  lo n g - te rm  
m o n ito r in g  o f  a rth ro p o d  abundance  p a tte rn s  in  the A rctic  
and  to  study  the  underly in g  m ech an ism s genera ting  those  
p a tte rn s . A lso , th e  p a tte rn  d e tec ted  in  o u r study  area m igh t 
n o t be  a genera l one  fo r the A rc tic . T o  ev a lua te  how  ou r 
s ite  in  T a im y r com pares to o th e rs  in th is respec t, our 
app roach  shou ld  be  app lied  to  o th e r s ite s  as w ell.

R epercussions o f  an  E arlier P ea k  in A rth ropod  A bundance  
fo r  B irds

B reed ing  su ccess  in  birds d ep en d s  to a la rg e  ex ten t on 
fo o d  av a ilab ility  fo r  th e  chicks (L ack , 1968; L indho lm  et 
a l., 1994; P earce-H igg in s and Y alden , 2004). In  shoreb irds,



PREY A V A ILA B ILITY  FOR ARCTIC BIRDS • 57

b reed in g  is id e a lly  tim ed  so  th a t ch ick s  ha tch  d u ring  o r  ju s t 
befo re  th e  peak  in food  av a ilab ility  (H urd  and P ite lka , 
1954; H o lm es, 1966a, b; S ch ek k erm an  e t al., 1998, 2003). 
G iven  th e  stro n g  seaso n a lity  in  ch ic k  g row th  and su rv iv a l 
(S chekkerm an  e t a l., 1998; T u lp  and S ch ek k erm an , 2001) 
and  th e  re la tio n sh ip  betw een  su rface  a rth ro p o d  ab u n d an ce  
a n d  c h ic k  g ro w th  (S c h e k k e rm a n  e t a l., 2 0 0 3 ) , th e  
sy n ch ro n ic ity  o f  A rctic  sh o reb ird  b reed in g  w ith  th e  sea ­
so n a l p eak  in  food  supp ly  m ay  b e  c ru c ia l to  su ccessfu l 
rep ro d u c tio n . In  o u r study  p e rio d , the tim ing  o f  peak 
a rth ropod  ab u n d an ce  varied  g rea tly  b e tw een  y ears , and 
even  du rin g  th e  peak  p eriod , food  ab u n d an ce  w as h igh ly  
u n p red ic tab le  b ecau se  o f  stro n g  d ay -to -d ay  v a ria tio n s  in 
w eather. S h o reb ird s  in  o u r study  a rea  and  e lsew h ere  in  the 
A rc tic  seem  to  deal w ith  th is u n ce rta in ty  by  s ta rtin g  to 
b re e d  a s  e a r ly  as p o s s ib le  a f t e r  th e  sn o w  m e l ts  
(S chekkerm an  e t al., 2004 ; M e lto fte  e t a l., 2007). In  th is 
w ay, th ey  m ax im ize  the p ro b ab ility  th a t ch icks h a tch  w hen 
fo o d  peaks. T h e  risk  th a t th is  s tra teg y  w ou ld  re su lt in the 
eggs h a tch in g  too  early  is  v e ry  sm a ll b ecau se  a rth ro p o d  
ab u n d an ce  s ta rts  to  bu ild  up im m ed ia te ly  afte r snow m elt. 
In  yea rs  w ith  an early  sn o w m elt, su ch  as 2000 , th e  period  
b e tw een  th e  s ta rt o f  the f irs t n e s t and  th e  la s t n est is m uch  
longer than  in  yea rs  w ith  la te  sn o w m elt, such  as 2002 
(S ch ek k erm an  e t al., 2004). T h is  d if fe ren ce  re su lts  from  
th e  fac t th a t th e  la s t nests w ere  in itia te d  no  la te r  th an  15 
Ju ly  in  a ll y ea rs , in d ica tin g  th a t the  o p p o rtu n itie s  fo r 
su ccessfu l rep ro d u c tio n  d ec lin e  o r a re  ab ru p tly  tru n ca ted  
la te r  in th e  season . S tud ies  on b reed in g  p h e n o lo g y  in 
A rctic  p asse rin es  a lso  show  th a t te r r ito r ie s  a re  e stab lish ed  
du rin g  sn o w m elt, and th a t ch ick s  f le d g e  w hen  food  is m ost 
ab undan t (S ea s ted t and M acL ean , 1979).

A cross  th e  p e rio d  1 9 7 3 -2 0 0 5 , b o th  th e  peaks in  a rth ro ­
po d  ab u n d an ce  and  th e  da tes  w ith  rea so n ab le  p ro b ab ilitie s  
o f  en co u n te rin g  enough fo o d  fo r ch ick s  beco m e  ea rlie r , 
w h ile  th e  len g th  o f  the p e rio d  w ith  su ffic ien t fo o d  av a il­
ab ility  has n o t ch an g ed  (F ig . 7). H ow  can b ird s  re sp o n d  to 
th ese  changes?

B irds u se  d iffe ren t cues to  d e te rm in e  th e  o n se t o f  b re e d ­
ing . D irec t m easu res  o f  food  ab u n d an ce  m ay  n o t b e  re li­
a b le  because  g onad  d ev e lo p m en t and eg g  lay in g  ta k e  p lace  
w ell b e fo re  th e  a rth ropod  peak . I f  cu es  th a t tr ig g e r th e  start 
o f  b reed in g  a re  re la te d  to  c lim a te  c h an g e  in  the sam e w ay 
as the in se c t peak , b ird s w o u ld  b e  ab le  to  tra c k  these 
ch an g es. If, h o w ev er, th e  cues u sed  a re  n o t co rre la ted  w ith 
th e  tim in g  o f  th e  in sec t peak , an ad v an cem en t o f  the  period  
o f  food  a v a ilab ility  m ay re su lt in  p o o r tim in g  o f  re p ro d u c ­
tio n . T h e  b reed in g  p h en o lo g y  o f  A rc tic  sh o reb ird s has 
b een  show n to  b e  co rre la ted  w ith  in te ra n n u a l v a ria tio n  in  
th e  tim ing  o f  snow m elt, w ith  a sm a lle r  add itio n a l e ffe c t o f 
tem p era tu re  d u rin g  the  p re - lay in g  p e rio d  (G reen  e t al., 
1977; M e lto fte , 1985; H o lm g ren  e t a l., 200 1 ). A n  early  
s ta rt o f  b reed in g  fo r th ese  g ro u n d -n es tin g  b ird s is  only  
p o ss ib le  if  th e re  is en ough  sn o w -free  area . I f  the tim in g  o f 
sn o w m elt has advanced  le ss  th an  th e  sev en  days o f  the 
a rth ropod  p eak  advance  o v e r  th e  p a s t 33 y ears , th e  leng th  
o f  th e  season  su itab le  fo r b reed in g  w o u ld  hav e  sh o rten ed

o v er th is  period . A lth o u g h  lo n g - te rm  d a ta  on  the date  o f  
sn o w m elt in  th e  s tu d y  a rea  a re  no t av a ilab le , th e re  are  
severa l in d ica tio n s  th a t  th e  o n se t o f  sn o w m elt has ad ­
v anced  g en era lly  in  n o r th e rn  E u ra s ia  and  o ther A rctic  
areas (D ye, 2002; S to n e  e t a l., 2002; D y e  and T ucker, 
2003; W alsh , 2005). H o w e v e r, g iv en  the  h ig h  geo g rap h i­
ca l v a riab ility  in the  A rc t ic ,  lo n g -te rm  loca l da ta  on  snow  
co v er a re  n eeded  to  e v a lu a te  w h e th e r th e se  tw o d ev e lo p ­
m en ts k eep  p ace  w ith  e a c h  o th e r.

P ossib ilities to A d va n ce  T im ing o f  B reeding by A djusting  
M igration Schedules

M o st A rc tic -b re e d in g  b ird s  a re  seasona l m ig ran ts  th a t 
w in te r at g rea t d is ta n c e s  from  th e ir  b reed in g  areas. B e­
cau se  th e  p e rio d  b e tw e e n  a rriv a l on th e  b reed in g  g rounds 
and  b reed in g  is g e n e ra lly  sh o rt (S ch ek k erm an  e t a l., 2004; 
M elto fte  e t  al., 2 0 0 7 ) , an  ea rlie r  o n se t o f  b reed in g  is 
p o ss ib le  o n ly  if  b ird s  a r r iv e  ea rlie r . T h a t can  be  ach ieved  
b y  an e a rlie r  d e p a rtu re  from  th e  w in te rin g  g rounds , an 
in c rea se  in  m ig ra tio n  sp e e d , or a sh o rten in g  o f  m ig ra tion  
d is tan ce  (C o p p ack  a n d  B o th , 2002). A  lo n g -d is tan ce  m i­
g ran t so n g b ird , th e  p ie d  fly c a tc h e r  F iced u la  h y p o leu c a , 
tended  to  a rr iv e  fro m  tro p ica l A frica  and b reed  earlie r, 
a lth o u g h  n o t early  e n o u g h  to  tra c k  th e  advancing  p eak  in 
food  supp ly  (B oth  an d  V isse r, 2 0 0 1 ; C o p p ack  and  B oth , 
2002; B o th  e t al., 2 0 0 5 ). T h is m ism atch  has a lready  re ­
su lted  in a  s ig n ific an t d e c re a se  o f  th e  po p u la tio n  (B o th  e t 
al., 200 6 ). Som e fa c to r  ap p aren tly  p rev en ts  an earlie r 
arriva l on th e  b reed in g  g ro u n d s .

T he s ta rt o f  spring  m ig ra tio n  in  long -d istance  m ig ran t 
b irds is induced  b y  an  in te rn a l c lock , synchron ized  w ith 
changes in  day  leng th  (G w inner, 1996). A lthough  acce le r­
ating  m igra tion  in re sp o n se  to increasing  tem pera tu res even 
in non-b reed ing  areas and  a long  th e  rou te  has been  show n in 
p ied  flyca tchers  (A h o la  e t al., 2004) and in a study o f  20 
m ig ran t landb irds (C o tto n , 2003), changes in  the breed ing  
areas m ay  n o t be  p e rc e iv a b le  o r p red ic tab le  b y  b irds before 
the ir arrival (V isser e t al., 2004). T his m ay  apply  especially  
to th e  m any species o f  shoreb irds th a t co v er the d istance 
from  the ir in tertida l non -b reed ing  and s topover areas to the 
northern  breed ing  sites in ju s t  a  few  long , non-stop  flights 
(H enn ingsson  and A le rs tam , 2005). T he species th a t m ake 
the ir fina l ju m p  from  la titu d es  close to  the ir b reed ing  sites, 
as som e sho reb ird  sp ec ie s  along th e  P acific  F lyw ay do 
(B. M cC affe ry  pers . co m m . 2006), w ill b e  less affected . In 
the lo n g  te rm , ad ju s tm en t co u ld  take  p lace  through selection  
fo r e a rlie r a rriv ing  b irds, a lthough  th is is likely  to  occur at 
a slow er rate  than th e  advancem en t o f  seasonality  (B oth  and 
V isser, 2001; C oppack  an d  B oth , 2002; B oth  e t al., 2005). 
E v idence  fo r the la tte r m echan ism  has a lready  been fo und  in 
long -d istance  m ig ra to ry  songb irds th a t are  leav ing  A frica  
ea rlie r (Jonzen  e t al., 200 6 ). Such se lec tion  is conceivab le  
un less speed ing  up m ig ra tio n  is constra ined  by dependence 
on prey  th a t is only  av a ilab le  for a lim ited  period  o f  tim e in 
specific  s topover areas , a  phenom enon know n fo r a few  
sho reb ird -p rey  co m bina tions (Z w arts, 1990; Z w arts and
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B lom ert, 1990; B ak er e t al., 2004). In  theory, at c ritical 
stopovers, th e  ava ilab ility  o f  tim e-constra ined  resource  
flu sh es  (food  resou rces available only  tem porarily ), i f  they 
are  tem pera tu re-dependen t, could  also occur ea rlie r in  re ­
sp o n se  to  c lim ate  change. T he ir advancem ent m igh t m iti­
ga te  som e o f  the costs  o f  changing m igration  schedu les. T o 
date , very  few  stud ies have been pub lished  on long-term  
trends in tim in g  o f  a rriv a l and breed ing  o f  A rctic  shoreb irds 
and  p asserin es . D e te rm in ing  w h eth er A rc tic  sh o reb ird  
p o p u la tions w ill be  able to  adapt to  a changing pheno logy  of 
th e ir  food  resources and w hat the effect o f  such changes w ill 
b e  on rep roduc tive  o u tpu t w ill requ ire  long-term  ob serv a­
tion  p rogram s.
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