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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

INGRID TULP' and HANS SCHEKKERMAN?
(Received 27 September 20006, accepted in revised form 28 June 2007)

ABSTRACT. Of 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 of Arctic areas. To predict the
consequences of climate change for reproduction in these birds, insight into arthropod phenology is essential. We investigated
weather-related and seasonal patterns in abundance of 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 of 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. At 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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RESUME. De toutes les zones climatiques de la Terre, ce sont les régions de 1’ Arctique qui ont enregistré le plus grand changement
climatique au cours des dernieres décennies. Les changements prévus, qui comprennent notamment I’augmentation continue des
températures et des précipitations de méme que la diminution de la couverture de neige, devraient avoir de grandes incidences
surla vie de 1’ Arctique. De grandes quantités d’oiseaux se reproduisent sur la toundra de I’ 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
modeles météorologiques et saisonniers dans les cas d’abondance d’arthropodes actifs a la surface pendant une période de quatre
ans dans la toundra du nord-ouest de Taimyr, en Sibérie. Les modeles statistiques qui en ont découlé ont permis de faire des
simulations rétrospectives de 1’abondance des arthropodes en fonction d’un ensemble de données météorologiques échelonnées
sur 33 ans, données qui avaient été recueillies dans cette méme 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 apres le 1 juin laisse croire que le bassin de recrues possibles d’arthropodes s’épuise dans le courant
de I’été. L’amplitude de la variation a court terme attribuable aux conditions atmosphériques €tait aussi considérable que la
variation saisonniére. Les dates de simulation rétrospective des périodes d’abondance de pointe chez les arthropodes ont avancé
pendant la période visée par 1’étude, se manifestant ainsi sept jours plus tdt 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 tot. Pour sa part, la durée générale de la période
comportant des probabilités de trouver suffisamment de nourriture est demeurée inchangée. Cela donne donc lieu a 1’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 I’ 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 1a d’un modele général pour I’ Arctique dans son ensemble. Afin
de déterminer la généralité de ce modele, notre démarche devrait également étre appliquée a d’autres emplacements.
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INTRODUCTION

Global warming is causing the permanent ice cover at the
North Pole to melt faster than was previously expected
(McBean, 2005; Meehl et al., 2005). According to the
Arctic Climate Impact Assessment (McBean, 2005), sea-
ice cover has decreased by 15% to 20% in the past 30 years.
Arctic tundra forms the northern fringes of the continents
bordering the Arctic seas. Given the great influence of sea
ice on the climate in Arctic areas, Arctic tundra is one of
the terrestrial ecosystems likely to be highly vulnerable to
climate change. The annual average temperature has in-
creased at almost twice the rate in the Arctic compared to
that in the rest of the world (Callaghan et al., 2005).
Generally, vegetation types, snow, and weather regimes
are expected to show extensive changes, and these changes
will be more pronounced in the Arctic than at temperate
latitudes (Callaghan et al., 2005). Climate models predict
that temperatures will increase (more so in winter than in
summer), precipitation will increase, and the duration of
snow cover will decrease (Kattsov and Killen, 2005;
McBean, 2005).

Arctic tundra areas are the breeding grounds for a great
number of migratory birds that spend the boreal winter in
temperate or tropical zones. The long daylight period,
sufficient food availability, and possibly a general scarcity
of parasites, pathogens, and predators, allow their off-
spring to survive and grow rapidly (Carey, 1986; Helmers
and Gratto-Trevor, 1996; Piersma, 1997; Lepage et al.,
1998; Andreev, 1999; Schekkerman et al., 2003). Birds
that feed on terrestrial invertebrates, such as shorebirds
and passerines (Custer and Pitelka, 1978), make up a
significant part of Arctic landbird communities (Chernov,
1985; Troy, 1996). The adults of several of these species
and the young of most depend mainly on surface-active
arthropods for food. Shorebird chicks feed for themselves
from their first day of life onward, taking arthropods from
the tundra surface while walking around attended by one
or two parents. Passerine chicks remain in the nest for at
least the first part of their pre-fledging period and are fed
arthropod prey by the parents.

In the Arctic, arthropods are active and lay their eggs in
the summer and spend the winter as eggs, larvae, (pre)pupae,
or in some cases as inactive adults (Chernov, 1978; Danks,
1981a, b; Downes, 1981). The latter two strategies in
particular can result in a highly synchronized emergence
of adults in the summer. Development is controlled by
cumulative temperature or temperature thresholds in many
species (Danks, 1999). The first arthropods emerge at the
onset of temperature rise and snowmelt. After emergence,
adult insects of many species devote their time mainly to
reproduction and die shortly afterwards. This results in a

characteristic short burst of adult arthropod abundance
(MacLean and Pitelka, 1971).

The predicted increase in winter temperature is likely to
result in an increase in alternating periods of melting and
freezing in some areas (Callaghan et al., 2005). These
freeze-thaw cycles may reduce the winter survival of in-
sects, either by ice-crust formation leading to anoxic condi-
tions or by loss of cold-hardiness during an early melt period
followed by further freezing (Hodkinsonetal., 1998; Sinclair
et al., 2003; Hodkinson, 2005; Turnock and Fields, 2005).
With increasing summer temperatures, seasonal patterns of
arthropod emergence may be altered or disrupted, espe-
cially in species with highly seasonal life cycles (Hodkinson
et al., 1998). Changes in the phenology of summer emer-
gence may affect the life cycles of the arthropods them-
selves (in either positive or negative ways), but they will
also affect the seasonal pattern of food availability for birds
(and other invertebrate predators), and possibly the optimal
timing for breeding for these species. Such an effect is
expected if food abundance limits the period in which
successful breeding is possible. Many investigators have
pointed out the synchrony of hatching dates of Arctic
shorebirds and passerines with the local midsummer peak in
insect emergence (Hurd and Pitelka, 1954; Holmes, 1966a,
b; Schekkerman et al., 1998, 2003; Pearce-Higgins and
Yalden, 2004). Also, Schekkerman et al. (2003) have shown
that growth rate of shorebird chicks is correlated with short-
term variation in surface arthropod availability, and this
growth rate translates into chick survival. Similar correla-
tions between arthropod abundance and chick growth have
also been demonstrated in passerines (Hart et al., 2006),
although this relationship has not yet been investigated in
Arctic areas.

Arctic birds may have difficulties adapting to changes in
the timing of arthropod availability if they face constraints
(e.g., migration, snowmelt) or use timing cues that do not
match changes in the timing of food availability (Both et al.,
2005). Also, migrating birds may be unable to predict at
southerly latitudes (characterized by relatively small cli-
matic change) the start of the season thousands of kilome-
tres north. If birds cannot respond to changes in the timing
of prey abundance, this may affect their breeding success
and population size (Both et al., 2006). The seasonal pattern
of arthropod surface activity is thus a yardstick against
which to evaluate changes in phenology of animal groups
that depend on them (Visser and Both, 2005).

In this paper, we describe the variability in arthropod
abundance on the tundra surface during summer in relation
to date and weather conditions, on both short (within-
season) and long (between-year) time scales, on the basis of
four years of field data from one site in Arctic Siberia. From
a “food for birds” perspective, short-term relationships
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between arthropod abundance and weather are as important
as long-term seasonal patterns, because they greatly affect
the predictability of food abundance. Capitalizing on the
tight relationships observed between weather, date, and
arthropod abundance, we use the statistical model derived
from the field data to hindcast arthropod abundance, using
a 33-year weather dataset collected in the same area. The
hindcasted yearly abundance curves are then used to inves-
tigate interannual variability and time trends that may have
occurred in relation to climate change.

MATERIAL AND METHODS
Study Site

Data were collected during four summers (1996, 2000—
02) at Medusa Bay, 18 km south of Dikson on the Taimyr
Peninsula, Siberia (73°20'N 80°30'E). Field seasons ran
from early June to mid-August. (The 1996 expedition cov-
ered only the period 21 June—21 July and will be used for a
subset of the analyses only.) The opening date of the field
period in the other years was planned so that the observa-
tions of arthropod abundance started on the date when the
tundra emerged from under the snow. The study area was
situated in the Arctic tundra (cf. Chernov, 1985). Vegeta-
tion consisted of mosses, lichens, grasses and sedges, dwarf
willows Salix polaris, and various herbs generally not
higher than 20 cm, with a substantial proportion (up to 20%)
of bare soil surface. Patches of bare soil consisted of clay
patches with scattered stones (polygonal or spotted tundra;
Chernov, 1985). On slopes and plateaus on tops of hills (up
to 50 m above sea level), the vegetation was generally drier,
dominated by grasses, lichens, and dwarf shrubs. In the
marshy areas found in valleys, on the lower parts of slopes,
and sometimes on hilltops, extensive meadows of sedges
Carex spp. predominated. For a more detailed description of
the study area, see Schekkerman et al. (2004). Daylight was
continuous during the field period.

Weather

In 2001 and 2002, an automated weather station re-
corded air temperature, wind speed, wind direction, and
precipitation every 30 minutes at our study site. Air tem-
perature was recorded at 1 m above ground level in the
shade, while wind speed and direction were recorded at
10 m height. Precipitation was measured in mm/day. In
1996 and 2000, the automated weather station was not yet
in use, so only air temperature was measured in the study
area and stored in a TinyTag data logger at 30-minute
intervals. Data on all other variables (measured at two-
hourly intervals) were provided by the meteorological
station in Dikson, 18 km north of the study site.

Weather data (daily averages of temperature and wind
speed) from Dikson for the years 1973 -2005 were obtained
through the National Climatic Data Center, National

Oceanic and Atmospheric Administration (www.ncdc.
noaa.gov). Given the strong effect of sunshine on the activ-
ity of arthropods (Danks, 2004), temperature measured at
ground level with a black sphere (a small, hollow metal ball,
painted black, with a thermistor inside) may be a better
predictor than air temperature. Although we measured black
sphere temperatures in 2000—02, we chose to use air tem-
perature in the analyses, because that was the only tempera-
ture variable available for the long-term dataset. Because air
temperature and black sphere temperature were closely
correlated (r = 0.94), this choice did not strongly influence
our results.

Arthropod Abundance

The abundance of surface-active arthropods was moni-
tored using pitfall traps. Two lines of five (1996) or ten
(other years) white plastic jars (11 cm in diameter, 10 cm
deep) were placed along two line transects at intervals of
5-10 m, one in moderately dry polygonal tundra, the other
in low-lying, relatively wet, sedge-dominated marsh tun-
dra, the same two tundra types that shorebird broods fre-
quented. The two lines were ca 100 m apart. The pitfalls
were filled with 1 -2 cm formaldehyde solution (4%) and a
drop of detergent to reduce the surface tension. The traps
were emptied every evening around 2300, and samples were
sorted and measured immediately or on the next day. Ar-
thropods were sorted into classes or orders—Araneae (spi-
ders), Collembola (springtails), Coleoptera (beetles), Diptera
(flies and midges), Hymenoptera (wasps), Crustacea (crus-
taceans), and Acarina (mites)—and Diptera and Coleoptera
were separated into families if possible. Springtails and
mites were excluded from the analysis, because we consid-
ered them to be too small to be energetically valuable for
shorebird and passerine chicks, and their contribution to the
total biomass sampled was small. Body length of each
arthropod was measured to 0.5 mm for animals smaller than
5 mm, and to 1 mm for animals larger than 5 mm. Arthropod
dry mass was calculated using the length—dry mass relation-
ships given for different orders in Rogers et al. (1977) and
Schekkerman (1997). For orders for which no specific
relationship could be found, a general relationship for ar-
thropods was used (Rogers et al., 1976).

The method of pitfall trapping used in this study does
not measure absolute abundance of arthropods, but rather
a combination of their abundance and surface activity.
However, for our purpose of measuring season and weather-
induced variation in arthropod availability for birds, this
method served well. Several studies have shown a positive
correlation between growth of Arctic shorebird chicks and
arthropod catches in 5-10 pitfalls. Schekkerman et al.
(2003) found that this correlation remained after effects of
temperature, wind, and rainfall on the growth rate of red
knot Calidris canutus chicks had been controlled statisti-
cally. Conversely, including weather variables did not
improve the fit of a model that already contained the
number of arthropods caught in five pitfalls. This result



would only be expected if food availability for chicks were
indeed reduced on days with poor pitfall catches. We
found similar correlations between pitfall catches and
growth rate of chicks of dunlin Calidris alpina and little
stint Calidris minuta at our study site during this study. In
cold weather, total abundance of arthropods may be the
same as on warmer days, but since the arthropods are
inactive, it is likely harder for chicks to find them. Al-
though pitfall traps catch only crawling and low-flying
insects, this is not a problem given the relative scarcity of
high-flying insects in our study area and the fact that
shorebird chicks feed only on the ground. Results from a
comparative study, in which we used modified white
(Malaise) traps equipped with vertical screens to catch
insects in flight on top of pitfalls, showed little difference
in species composition and catch magnitude from those of
the catch made by pitfall traps only (Tulp et al., 1998). It
might be argued that a sample size of ten pitfall traps is
small. However, variation between traps is minute com-
pared to the day-to-day variation in numbers caught. So
the patterns of weather and seasonal effects on arthropod
abundance would not be different if the number of traps
had been larger.

Statistical Analyses

Log-linear regression (McCullagh and Nelder, 1989)
was used to analyze the effects of season and weather
variables on arthropod availability. To allow for over-
dispersion in the abundance data, a dispersion parameter
was estimated in these regressions. Because size of arthro-
pods did not show a normal distribution, log-linear regres-
sion models were also used for the analyses of body-size
patterns. Variables tested in models to describe the arthro-
pod abundance included date, mean temperature, cumula-
tive mean temperature (accumulated mean daily
temperature since the day of snowmelt, treating subzero
temperatures as 0 since arthropod activity does not vary
once temperatures drop to 0°C or below), mean wind
speed, quadratic terms of the four preceding parameters
(to allow for nonlinear relationships), the occurrence of
precipitation (absent/present on the sampling day) and the
amount of precipitation (mm/day).

The models were built starting with an empty model and
testing weather variables after entering date and date? (to
allow for a curvilinear pattern). To test the independence
of date and weather effects, weather variables were also
entered first, after which date and date? were added to the
model.

We also considered the possibility that each summer the
stock of arthropod larvae, (pre)-pupae or imagines that
could potentially emerge on the surface becomes depleted.
The number of larvae reaching an adequate developmental
stage at the end of the previous summer determines this
stock. Because of the clear positive effect of temperature
on arthropod surface activity and emergence, the cumula-
tive temperature since the date of snowmelt is correlated
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with the number of arthropods already emerged since that
date (Hodkinson et al., 1996). Therefore, depletion of this
stock of potential recruits will become apparent in a
negative effect of cumulative temperature on surface ar-
thropod activity after current weather and date have been
statistically accounted for. If the possible effect of deple-
tion is tested in single-year analyses, depletion effects
become confounded with the seasonal pattern; the effects
of date and depletion can therefore be distinguished only
in a multi-year analysis.

To test for differences in phenology between the two
habitats sampled, we used a loglinear model with dry mass
in the two series as the dependent variable and date and
date? as predictor variables. If interaction terms date.habitat
or date’.habitat were significant, the phenology was con-
sidered to be different in the two habitats.

RESULTS

Seasonal and Weather-Related Variation in Surface-Active
Arthropod Abundance

The two habitats generally yielded the same patterns,
although in most years biomass was slightly larger in the
wetseries. In1996 and 2000, phenologies were similar in the
two trap lines, butin 2001 arthropod abundance peaked two
days earlier in the wet series (date.habitat p = 0.651,
date.habitat’ p = 0.006) while in 2002, arthropod abundance
peaked five days later in the wet series, date.habitat p =
0.463, date.habitat® p = 0.028). The correlation between the
daily catches in the two transects was high (1996: r = 0.79,
2000: r =0.84, 2001: r = 0.63, 2002: r = 0.77). Because of
the similar patterns found in both series, dry mass values are
combined throughout the following analyses.

In three of the four sampling years, the seasonal pattern
of total dry mass of arthropods caught in pitfall traps
showed a maximum in July (Fig. 1). In 2000, surface
arthropod biomass continued to increase until the end of
the study period in August. The day-to-day variations were
explained largely by weather conditions. As date and
weather are partly correlated, it is difficult to distinguish
between these effects. After adding date + date?, weather
variables (precipitation in 1996; temperature, wind speed
and precipitation in 2000; temperature, temperature® and
precipitation in 2001; and temperature and temperature? in
2002) significantly improved the models that described
patterns in total dry mass (Table 1). Total explained devi-
ances varied between years from 42% to 89%. The lower
explanatory power of the model for 1996 is caused by the
shorter time series and smaller variation in weather data.
In three out of four years, entering date+date® after the
weather variables instead of before resulted in the same set
of significant variables. Only in 2002 were date and date?
no longer significant. Hence most years had both aunimodal
seasonal pattern with a midsummer maximum and addi-
tional variation caused by weather. The amplitude of this
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FIG. 1. Seasonal changes in numbers and dry mass of arthropods and mean air
temperature in 1996 and 2000-02.

short-term variation was as large as that of the seasonal
effect (Fig. 1).

Seasonal Variation in Size of Arthropods

In all years, average body length of arthropods in-
creased with season (Fig. 2, date and date® p < 0.01 for all
years). Because the body length of insects that have reached
their adult phase usually remains stable, the seasonal cline
in size must be caused by a trend in the size of emerging
arthropods, i.e., small individuals or species emerging
earlier than larger ones. Because the various insect fami-
lies showed relatively small within-group variation in
size, the main cause of variation was the phenology of
different families. The change in average size is explained

predominantly by the emergence of the largest-sized fam-
ily, crane flies or Tipulidae (Diptera, Fig. 3). Because of
their slow locomotion, large size, and partial winglessness,
tipulids are likely to be an important prey for chicks
(Holmes and Pitelka, 1968; Pearce-Higgins and Yalden,
2004). They emerged in a relatively short and peaked
period (Fig. 3). The maximum contribution of crane flies
to total biomass on a day was 86%.

Modeling the Peak in Arthropod Abundance

The measurements of arthropod abundance in relation
to weather and date were used to model seasonal patterns
in arthropod abundance for a period of 33 years (1973—
2005). Over this period, mean temperature in June—Au-
gust increased significantly in the study area (0.05°C
annually). This increase was the result of a temperature
rise in July and August, but not in June (Fig. 4).

Data from all four years were used to fit one model
describing arthropod biomass with the same variables
used in the analysis for separate years, including year as an
extra factor, but excluding precipitation, because data
were not available for the 33-year period. Year, date, (plus
quadratic term), temperature, cumulative temperature (plus
quadratic term), and wind all significantly contributed to
the model (Table 2) and together explained 74% of the
total deviance. Restricting this analysis to tipulids yielded
a similar model (but without wind and the cumulative
effect of temperature) and explained 54% of the deviance.

For the years in which arthropod abundance was meas-
ured, the fitted model closely matched the actual values,
both for total arthropods and for tipulids only (correlations
for all arthropods between 0.70 and 0.90, for tipulids 0.71
and 0.88, Fig. 5). Using this model, we then estimated
abundance of arthropods (and tipulids separately) for the
years 1973 -2005 on the basis of the measured weather
data. Because year effects cannot be extrapolated outside
the sampling period, we used the average of the year
effects for the four sampling years in our predictions. The
year effect determines variation in overall population level
between years, but not the seasonal patterns within years,
which is our main interest.

Dates of peak occurrence in every year were determined
by fitting a second-order polynomial (date + date?) to the
predicted arthropod abundance (log-transformed) and cal-
culating the date on which the first derivative of each year
model equaled zero. In 1973-2005, peak dates ranged
between 8 and 31 July and occurred most often on 17 July
and 20 July (each date in four years) (median peak date =
19 July, Fig. 6). Over the 33-year period, the peak date
advanced, on average, by 0.2 (SE = 0.07) days per year,
resulting in a total advancement of 7 days (F,, =5.75,
p =0.02, R>=0.16, Fig. 7). The average deviation of the
modeled peak date from the long-term average, corrected
for the long-term trend, was *+ 4 days (range 0—10 days).

For chicks it may be more important to encounter a food
supply sufficient for growth than to hit the actual peak in
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TABLE 1. Analysis of seasonal trend in total dry mass of arthropods (per 20 traps per day) including weather variables at Medusa Bay in
1996, 2000, 2001, and 2002. The null model includes only the constant, the final model includes all significant parameters shown. The
parameters tested were date (day number since 1 June), mean temperature (in °C), cumulative mean temperature since 1 June, mean wind
speed (wind in mes™) plus quadratic terms and precipitation (in mm per day). In all cases precipitation gave a better fit as a continuous
variable than as a categorical variable. If date? was significant but date was not, both were included in the model.

Year Model df Change in Deviance p Coefficient SE
1996 constant -1.0600 2.1400
null model 30 8936.0
final model 3 3751.0
date 1 0.7 0.953 0.4430 0.1210
date? 1 2931.0 <0.001 - 0.0063 0.0017
precipitation 1 820.0 0.050 0.0566 0.0259
2000 constant 2.0030 0.5960
null model 53 8056.9
final model 5 7210.2
date 1 5713.8 <0.001 0.1239 0.0253
date? 1 203.6 0.001 -0.0011 0.0003
temperature 1 770.3 < 0.001 0.1118 0.0160
wind 1 415.1 <0.001 -0.0974 0.0276
precipitation 1 107.5 0.015 - 0.9500 0.4100
2001 constant 1.9280 0.4560
null model 60 3831.0
final model 5 2593.0
date 1 51.8 <0.001 0.1144 0.0213
date? 1 1436.8 <0.001 -0.0016 0.0003
temperature 1 687.0 < 0.001 0.2716 0.0697
temperature? 1 181.0 0.006 -0.0102 0.0037
precipitation 1 236.2 0.002 -0.1386 0.0466
2002 constant 3.0820 0.7060
null model 54 4159.0
final model 4 3285.3
date 1 271.4 <0.001 0.0201 0.0342
date? 1 645.2 <0.001 -0.0002 0.0004
temperature 1 2263.9 <0.001 0.0095 0.0788
temperature? 1 104.9 0.016 0.0099 0.0040

abundance. Red knot chicks were able to grow normally
only when arthropod biomass caught in pitfalls exceeded
approximately 200 mg per 20 traps per day, and the chicks’
growth was severely retarded when arthropod biomass
dropped to levels below 100 mg per 20 traps per day
(Schekkerman et al., 2003). Choosing 200 mg as a general
approximation of a food situation that allows sufficient
growth for chicks, we calculated the probability that this
level was reached in the model predictions for each date in
the period 1973 -2005. This probability seldom exceeded
40% (Fig. 6, lower panel), indicating that even at the
height of the insect season, days with adverse feeding
conditions are common. The probability that arthropod
biomass caught was greater than 100 mg exceeded 50%
continuously in the period 10 July to 9 August.

To evaluate possible long-term changes in the timing of
the total period when birds have a reasonable probability
of finding enough food to grow, we analyzed probabilities
that biomass exceeds 100 or 200 mg/day/20 traps, sepa-
rately for three consecutive 11-year periods: 1973-83,
1984-94, and 1995-2005. The general pattern derived
from this comparison is that days with enough food supply
for chicks to grow have moved to earlier in the year. For
the 200 mg limit, the first period (1973-83) differed

significantly from the last period (1995-2005, Kolgo-
morov-Smirnov test x*> = 6.28, p = 0.043), but not from the
second period, nor was there a difference between the
second and third periods. For the 100 mg limit, the first
period differed from the last period (x*> = 8.70, p = 0.013)
and the last two periods differed as well (}> = 6.28,
p =0.043). The number of days in June, July, and August
with a probability of a minimum of 100 mg has increased
significantly in the 33 years (F , = 16.63, p < 0.001,
R? = 0.35). The length of the season (number of days
between the first and the last date with probabilities that
arthropod mass caught exceeds 100 mg) has remained
unchanged (limit: F,, = 0.42, p = 0.52). Similar results
were found when using the 200 mg limit: (increase in
number of days: F, , = 6.44, p = 0.016, R?=0.17; length
of season: F,, =0.26, p = 0.61)

DISCUSSION
Patterns in Arthropod Abundance

In this paper we used total catches of arthropods in pitfalls,
summed over many taxa, as a measure of food availability to
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FIG. 2. Mean size and standard deviation of arthropods per day in 1996 and
2000-02. The curves represent the fitted loglinear regression lines.

tundra insectivores. Arctic shorebird diets comprise a wide
range of arthropod taxa (Holmes and Pitelka, 1968); there-
fore, these totals are likely to provide a useful index of food
availability, although bird species may show some differ-
ences in the relative share of various arthropod taxa.

We have shown that the variation in the activity and
abundance of surface-active tundra arthropods is explained
to a large extent by date and weather. Superimposed on a
unimodal seasonal pattern were strong influences of tem-
perature, wind, and precipitation. Similar close correlations
with weather have been observed in other studies in both
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FIG. 4. Mean temperature in June, July, and August in the period 1973 -2005.
The line is the linear regression of mean temperature in the three months
(F,,,=17.8,p=0.008).

1,31

temperate and Arctic areas (MacLean and Pitelka, 1971;
Goulson et al., 2005). The reduction in arthropod mass
caught in pitfall traps during cold weather can be explained
by mortality, reduced emergence in response to adverse
weather, and areduction in activity, or some combination of
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TABLE 2. Results of 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 mes™), plus all quadratic

terms.
Response Variable Model Change in Deviance df p Coefficient SE
total dry mass/ null model 43956 200
20 traps/day final model 32328 6
year 19708 3 < 0.001
1996 0 0
2000 -1.317 0.129
2001 -1.770 0.303
2002 -2.197 0.195
constant 4.942 0.576
date 2051 1 < 0.001 0.0320 0.0298
date? 2044 1 <0.001 -0.000399 0.000332
temperature 7486 1 < 0.001 0.1306 0.0133
cumulative temperature 253 1 0.043 0.00816 0.00536
cumulative temperature? 535 1 0.003 -0.00002710 0.00000944
wind speed 249 1 0.044 -0.0383 0.0191
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FIG. 5. Comparisons between model predictions and actual dry mass caught in
the pitfall traps in 2000, 2001, and 2002. (Data for 1996 are not presented here
because the field season was not complete. ) Correlations between model outcomes
and measured values for total arthropods are 0.90 for 2000, 0.70 for 2001, and
0.90 for 2002. Comparable figures for tipulids are 0.76, 0.72, and 0.89.

these factors. In cold conditions, arthropods seek thermally
favourable sites and retreat into the moss layer or soil, thus
becoming less available to birds (Danks, 2004).

The significant contribution of cumulative temperature
(plus its quadratic term) to the fit of the models already
containing date and weather variables indicates that the
total number of arthropods ready to emerge can become
depleted over the season. This contributes to the peaked
seasonal pattern of arthropod availability for birds and
causes food availability to decline well before declining
temperatures reach a threshold that would reduce develop-
mental rates and survival of surface-active arthropods.

FIG. 6. Frequency distribution of the occurrence of peak dates in arthropod
abundance (upper graph, bars) in the period 1973-2005. Arrows indicate the
peak dates for the years 2000, 2001, and 2002. (1996 is omitted because the field
data do not cover the whole period.) The lower graph represents the probability
that total dry mass caught in pitfall traps exceeds the limit of 100 or 200 mg/day/
20 traps in the period 1973—-2005. The triangles indicate median dates, and the
bars show the central 90% of the distribution.

Weather, date, and depletion effects together explained
a major part of the total variation in arthropod abundance
over our sampling years (Table 2). This good fit allowed us
to hindcast within-year patterns in surface arthropod activ-
ity over a long period in the past with some confidence. In
the absence of long-term data sets on actual measured
arthropod abundances, this exercise provides insights into
the variability in timing of food availability for Arctic
insectivores.

The peaks in arthropod abundance fell on 23 July in
2000, 8 July in 2001, and 12 July in 2002. Compared to the
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FIG. 7. Predicted timing of the annual peak in arthropod abundance in 1973 -
2005.

33-year period of weather data, 2001 and 2002 were
among the years with the earliest peaks in temperature and
hence arthropod abundance, but 2000 showed one of the
latest peaks (Fig. 6). The occurrence of these extremes
within the observation period means that over 75% of all
years fell within the range captured during our study.

As a consequence of the large variation characteristic of
Arctic weather (Myers and Pitelka, 1979) and its strong
effects on arthropod activity, the predictability of the timing
of food availability for Arctic-breeding birds in any single
year is rather poor (Fig. 8). In our 33-year set, the average
deviation of the modeled peak date from the long-term
average corrected for the long-term trend was four days.

For chick growth, the exact timing of the peak itself is
less important than the occurrence of enough days with
sufficient food availability during their growth period.
Several consecutive days with adverse weather and low
food levels can severely reduce chick survival
(Schekkerman et al., 1998, 2003). Our modeling indicated
that over the past decades not only has the date of peak
occurrence become earlier, but also the range of dates with
a good probability for the birds to find sufficient food for
normal growth. A potential problem with this second
measure of the timing of food availability for birds is that
it involves an absolute estimate of arthropod availability
(<or>1000r200 mg) and not only a within-year compari-
son of abundance like in the modeling of peak dates.
Because our model cannot predict variation between years
in overall levels of arthropod abundance, using instead the
average of the four observation years, it cannot predict the
probability of finding enough food with the same confi-
dence as the peak date of abundance. However, variation
in overall insect abundance between years is more likely to
affect the mean level of the calculated probabilities than
their distribution over dates. Therefore, we interpret the
advancement of the probability distributions towards ear-
lier dates as a strong indication that the period with suffi-
cient food availability for reproduction has indeed
advanced. The questions remain whether southern arthro-
pod species will migrate north, and when, and whether this
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FIG. 8. The probability that total dry mass caught in pitfall traps exceeds the
limit of 100 and 200 mg/day/20 traps in three periods: 1973-83, 1984-94, and
1995-2005. The triangles indicate median dates; the bars, the central 90% of
the distribution.

migration will affect the total amount of arthropod produc-
tivity. Of course, there is no substitute for actual measure-
ments, so we urge researchers to set up long-term
monitoring of arthropod abundance patterns in the Arctic
and to study the underlying mechanisms generating those
patterns. Also, the pattern detected in our study area might
not be a general one for the Arctic. To evaluate how our
site in Taimyr compares to others in this respect, our
approach should be applied to other sites as well.

Repercussions of an Earlier Peak in Arthropod Abundance
for Birds

Breeding success in birds depends to a large extent on
food availability for the chicks (Lack, 1968; Lindholm et
al., 1994; Pearce-Higgins and Yalden, 2004). In shorebirds,



breeding is ideally timed so that chicks hatch during or just
before the peak in food availability (Hurd and Pitelka,
1954; Holmes, 19664, b; Schekkerman et al., 1998, 2003).
Given the strong seasonality in chick growth and survival
(Schekkerman et al., 1998; Tulp and Schekkerman, 2001)
and the relationship between surface arthropod abundance
and chick growth (Schekkerman et al., 2003), the
synchronicity of Arctic shorebird breeding with the sea-
sonal peak in food supply may be crucial to successful
reproduction. In our study period, the timing of peak
arthropod abundance varied greatly between years, and
even during the peak period, food abundance was highly
unpredictable because of strong day-to-day variations in
weather. Shorebirds in our study area and elsewhere in the
Arctic seem to deal with this uncertainty by starting to
breed as early as possible after the snow melts
(Schekkerman et al., 2004; Meltofte et al., 2007). In this
way, they maximize the probability that chicks hatch when
food peaks. The risk that this strategy would result in the
eggs hatching too early is very small because arthropod
abundance starts to build up immediately after snowmelt.
In years with an early snowmelt, such as 2000, the period
between the start of the first nest and the last nest is much
longer than in years with late snowmelt, such as 2002
(Schekkerman et al., 2004). This difference results from
the fact that the last nests were initiated no later than 15
July in all years, indicating that the opportunities for
successful reproduction decline or are abruptly truncated
later in the season. Studies on breeding phenology in
Arctic passerines also show that territories are established
during snowmelt, and that chicks fledge when food is most
abundant (Seastedt and MacLean, 1979).

Across the period 19732005, both the peaks in arthro-
pod abundance and the dates with reasonable probabilities
of encountering enough food for chicks become earlier,
while the length of the period with sufficient food avail-
ability has not changed (Fig. 7). How can birds respond to
these changes?

Birds use different cues to determine the onset of breed-
ing. Direct measures of food abundance may not be reli-
able because gonad development and egg laying take place
well before the arthropod peak. If cues that trigger the start
of breeding are related to climate change in the same way
as the insect peak, birds would be able to track these
changes. If, however, the cues used are not correlated with
the timing of the insect peak, an advancement of the period
of food availability may resultin poor timing of reproduc-
tion. The breeding phenology of Arctic shorebirds has
been shown to be correlated with interannual variation in
the timing of snowmelt, with a smaller additional effect of
temperature during the pre-laying period (Green et al.,
1977; Meltofte, 1985; Holmgren et al., 2001). An early
start of breeding for these ground-nesting birds is only
possible if there is enough snow-free area. If the timing of
snowmelt has advanced less than the seven days of the
arthropod peak advance over the past 33 years, the length
of the season suitable for breeding would have shortened
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over this period. Although long-term data on the date of
snowmelt in the study area are not available, there are
several indications that the onset of snowmelt has ad-
vanced generally in northern Eurasia and other Arctic
areas (Dye, 2002; Stone et al., 2002; Dye and Tucker,
2003; Walsh, 2005). However, given the high geographi-
cal variability in the Arctic, long-term local data on snow
cover are needed to evaluate whether these two develop-
ments keep pace with each other.

Possibilities to Advance Timing of Breeding by Adjusting
Migration Schedules

Most Arctic-breeding birds are seasonal migrants that
winter at great distances from their breeding areas. Be-
cause the period between arrival on the breeding grounds
and breeding is generally short (Schekkerman et al., 2004;
Meltofte et al., 2007), an earlier onset of breeding is
possible only if birds arrive earlier. That can be achieved
by an earlier departure from the wintering grounds, an
increase in migration speed, or a shortening of migration
distance (Coppack and Both, 2002). A long-distance mi-
grant songbird, the pied flycatcher Ficedula hypoleuca,
tended to arrive from tropical Africa and breed earlier,
although not early enough to track the advancing peak in
food supply (Both and Visser, 2001; Coppack and Both,
2002; Both et al., 2005). This mismatch has already re-
sulted in a significant decrease of the population (Both et
al., 2006). Some factor apparently prevents an earlier
arrival on the breeding grounds.

The start of spring migration in long-distance migrant
birds is induced by an internal clock, synchronized with
changes in day length (Gwinner, 1996). Although acceler-
ating migration in response to increasing temperatures even
in non-breeding areas and along the route has been shown in
pied flycatchers (Ahola et al., 2004) and in a study of 20
migrant landbirds (Cotton, 2003), changes in the breeding
areas may not be perceivable or predictable by birds before
their arrival (Visser et al., 2004). This may apply especially
to the many species of shorebirds that cover the distance
from their intertidal non-breeding and stopover areas to the
northern breeding sites in just a few long, non-stop flights
(Henningsson and Alerstam, 2005). The species that make
their final jump from latitudes close to their breeding sites,
as some shorebird species along the Pacific Flyway do
(B. McCaffery pers. comm. 2006), will be less affected. In
the long term, adjustment could take place through selection
for earlier arriving birds, although this is likely to occur at
a slower rate than the advancement of seasonality (Both and
Visser, 2001; Coppack and Both, 2002; Both et al., 2005).
Evidence for the latter mechanism has already been found in
long-distance migratory songbirds that are leaving Africa
earlier (Jonzen et al., 2006). Such selection is conceivable
unless speeding up migration is constrained by dependence
on prey that is only available for a limited period of time in
specific stopover areas, a phenomenon known for a few
shorebird-prey combinations (Zwarts, 1990; Zwarts and
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Blomert, 1990; Baker et al., 2004). In theory, at critical
stopovers, the availability of time-constrained resource
flushes (food resources available only temporarily), if they
are temperature-dependent, could also occur earlier in re-
sponse to climate change. Their advancement might miti-
gate some of the costs of changing migration schedules. To
date, very few studies have been published on long-term
trends in timing of arrival and breeding of Arctic shorebirds
and passerines. Determining whether Arctic shorebird
populations will be able to adapt to a changing phenology of
their food resources and what the effect of such changes will
be on reproductive output will require long-term observa-
tion programs.
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