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Abstract.  'We used a combination of modeling and field studies to determine the spring
migration strategy of Pectoral Sandpipers (Calidris melanotos). We developed a dynamic
programming model to predict patterns that should be detected along the migratory route
if Pectoral Sandpipers use a strategy of early arrival at the breeding grounds (time mini-
mization) or arrival at the breeding grounds with excess energy reserves (energy maxi-
mization). The predictions were then compared to data collected at stopover sites in the
mid-continent of North America and at the breeding grounds in Alaska over a 5-yr period
(1992-1996).

During spring migration to their Arctic breeding grounds, Pectorat Sandpipers stop
periodically to feed. The length-of-stay at such stopovers, for both time minimizers and
energy maximizers, was predicted to vary inversely with date and body fat, and to vary
directly with invertebrate abundance. We observed that: (1) length-of-stay was negatively
correlated with capture date in Missouri and Nebraska, but not in Texas; (2) length-of-stay
was not correlated with body fat at any site; and (3) length-of-stay was positively related
to invertebrate abundance at the Nebraska and Missouri sites. As the population moves
northward in the spring, three regional patterns are diagnostic of migration strategy. Length-
of-stay was predicted to be bimodal (energy maximizer) or constant (time minimizer) with
respect to latitude, but neither pattern was observed. The migration window, or period of
time during which spring migrants occur, was predicted to decrease with increasing latitude
for time minimizers, a pattern that was seen for both males and females. Body fat was
predicted to increase with latitude for energy maximizers, a pattern that was seen for females
but not males.

The evidence suggests that males and females differ in their spring migration strategies.
Both sexes attempt to arrive in the Arctic as early as possible after ice breakup in the
spring. Additionally, females gain significantly higher fat loads than males (up to 60%
body fat for females) during migration, and these energy reserves may later enhance female
reproductive success. However, females gained large fat loads only during 1993 and 1995,
which had above normal spring precipitation along the migration route. We believe that
the correlation between female body fat and precipitation reflects an abundance of high-
quality stopover habitat during wet springs. This view is supported by model sensitivity
analyses showing that the spacing and quality of stopover habitat can strongly influence
observed migration patterns. Our results suggest the need to focus additional research on
the landscape-level features of the flyway through which shorebirds migrate.

Key words: Calidris melanotos; dynamic programming; landscape; migration strategy; model;
Pectoral Sandpiper; shorebird; stopovers.

INTRODUCTION

Hypotheses about migration strategies of birds have
emphasized time of arrival and energy reserves as like-
ly correlates of survival and reproductive success. It
may be advantageous for a migrating bird to arrive on
the breeding grounds as early as possible to compete
for preferred breeding sites (Myers 19814, b, Oring
and Lank 1982) or to increase the time available to re-
nest if initial attempts fail (Reynolds et al. 1986). Con-
versely, it may be advantageous to accumulate energy
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reserves, even if this means arriving on the breeding
grounds later, because reserves can buffer uncertainties
during migration (Davidson and Evans 1988, Gud-
mundsson et al. 1991), allow an individual to withstand
periods of adverse weather during incubation (Mac-
Lean 1969), or meet the energetic demands of repro-
duction (Ricklefs 1974, Blem 1980). In addition, other
resources such as water (Yapp 1962, Biesel and Nach-
tigall 1987) or processes such as predation (Alerstam
and Lindstrom 1990) may also be important determi-
nants of migration strategies. Such single-resource hy-
potheses are useful constructs for research, but a mi-
grating bird’s survival and reproduction may actually
depend jointly on time of arrival, energy reserves, and
the availability of other resources during migration.
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Ecologists have generally approached the study of
migration strategies in two ways. Some have taken an
exploratory approach, searching for patterns that might
provide clues about migratory adaptation (e.g., Page
and Middleton 1972, Post and Browne 1976, Lank
1983, Dunn et al. 1988, Holmgren et al. 1993, Dins-
more 1994, Skagen and Knopf 1994, Lyons and Haig
1995, Iverson et al. 1996). Other have followed a more
hypothetico-deductive approach, using mathematical
models to predict migration patterns that should be
observed if a particular strategy has been adopted by
a species (e.g., Alerstam and Lindstré 1990, Gud-
mundsson et al. 1991, Lindstrém and Alerstam 1992,
Weber et al. 1994, Clark and Butler 1998, Weber et al.
1998a).

We used the latter approach to develop a computer
model of spring shorebird migration (Farmer and Wiens
1998) to formulate and test hypotheses in our study of
the affects of global change on migration stopover hab-
itat. Because we were interested in the effects of stop-
over spacing on migration patterns, we modeled mi-
gration through a two-dimensional landscape contain-
ing stopovers at specific north-south, east-west coor-
dinates. Additionally, we modeled latitudinal and
temporal gradients in temperature and photoperiod be-
cause these variables directly influence a shorebird’s
time-energy budget, migration schedule, physical state
and, ultimately, its fitness.

Models such as ours may be useful tools for ex-
ploring various “what-if”’ scenarios and for predicting
patterns that should be observed in the field for shore-
birds using different migration strategies. Our first ob-
jective in this paper was to use the model to generate
such predictions for three migration strategies: (1) early
arrival at the breeding grounds (time minimizer), (2)
arrival with excess energy reserves (energy maximiz-
er), and (3) random (no strategy). However, the value
of a modeling approach must be gauged in terms of
the insights it provides about reality. Accordingly, our
second objective was to compare model predictions to
field observations of Pectoral Sandpipers (Calidris me-
lanotos) made over a 5-yr period in the Great Plains
of North America. We compared observations to pat-
terns that were predicted to occur at individual stop-
overs (local) and across the flyway (regional), and our
third objective was to assess how the scale (local vs.
regional) affects one’s ability to make accurate infer-
ences about adaptive strategies.

STuDY SYSTEM

Pectoral Sandpipers migrate through the midconti-
nent of North America enroute from their wintering
grounds in the Neotropics to their breeding grounds in
the Arctic. During spring migration, Pectoral Sandpi-
pers pace themselves to arrive on the breeding grounds
within the small window of time when conditions are
suitable for successful reproduction. However, to com-
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plete migration successfully, they must stop periodi-
cally to replenish their energy reserves.

Pectoral Sandpipers feed in a variety of migration
habitats. They were ‘called the ‘“‘grass bird”” by Bent
(1927) because of their preference for wet, grassy areas,
but they also use wet fields, pastures, mudflats along
rivers and lakes, and moist-soil areas. Such stopover
habitats are widespread in the mid-continent of North
America; however, the abundance and distribution of
suitable habitat varies markedly within and among
years depending on the timing and amount of precip-
itation. Confronted by such landscape dynamics, Pec-
toral Sandpipers tend to be opportunistic in stopover
usage. They do not concentrate at a few, large stopover
sites but instead use many stopover sites and make
several feeding stops that are punctuated by short mi-
gratory hops, in the same manner reported for Semi-
palmated (C. pusilla) and White-rumped (C. fuscicol-
lis) Sandpipers (Skagen 1997).

To study migration strategies in this system, we an-
alyzed data that were collected throughout the Great
Plains of North America by several investigators. Ad-
ditionally, we collected data at three stopover sites
(Farmer and Parent 1997) and on the breeding grounds
in Alaska (Fig. 1). The Anahuac, Texas site, located
~50 km northeast of Galveston, Texas, USA (29°40’
N, 94°30’ W), is one of the first stopovers used by
Pectoral Sandpipers when they arrive in North America
in the spring. This site is part of a tallgrass prairie
ecosystem that has been extensively converted to rice
fields, which are now the dominant landscape feature
and shorebird habitat. The Squaw Creek site, in north-
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west Missouri (40°10’ N, 95°15’ W), is near the phys-
iographic boundary between the southern plains and
the prairie pothole region to the north. This site, located
in the Missouri River floodplain, contains manmade
wetlands managed spécifically for waterfowl and
shorebirds, and agricultural ‘‘sheetwater” areas
(LaGrange and Dinsmore 1989) that are abundant dur-
ing periods of above normal precipitation. The Rain-
water Basin site, in southeastern Nebraska (40°30' N,
97°45" W), is at roughly the same latitude, but it con-
tains different wetland types than the Missouri site.
This rolling landscape once contained about 4000 de-
pressional wetlands; however, agricultural drainage
since the early 1900s has reduced the number to <400.
The Oliktok, Alaska site is on the breeding grounds in
the Kaparuk oil field, west of Prudhoe Bay, Alaska,
USA (70°20" N, 149°50’ W). The Arctic tundra in this
region contains many shallow lakes, drained lake ba-
sins, wetlands, and patterned ground-forms created by
frost heaving (Walker et al. 1980), and the variety of
wetland habitats attracts many species of nesting wa-
terfow] and shorebirds.

METHODS
Model development and prediction

Model concepts.—Here, we describe the general con-
ceptual framework for our modeling approach. Details
of the model structure are provided in Appendix A and
by Farmer and Wiens 1998.

In our model, individual female sandpipers begin
spring migration through North America at an initial
stopover on the Gulf Coast of Texas (29° N latitude)
with an initial state defined by two variables, energy
reserves and latitude (Fig. 2). At the start of each day
(t=1,2,3,...) abird makes a decision to (1) remain
at the current stopover or (2) initiate migration to one
of m — 1 more northerly stopover sites. This decision
depends on the bird’s current energy reserves, its cur-
rent latitude, and the date, t. For each decision, there
is a daily time budget comprised of time spent in mi-
gratory flight, feeding, and resting. Migratory flights
are initiated at sunset, and the time required to fly to
the next stopover is dependent on a bird’s flight speed.
After a migratory flight is terminated, the remaining
time is allocated to resting (during nonflight hours of
the night) and feeding (during daylight hours).

A bird’s daily energy budget is a function of its time
budget, habitat quality (i.e., rate of energy ingestion),
and the physical environment. While feeding, a bird
has a gross rate of energy gain, which may vary among
stopovers but is limited to a maximum value by phys-
iological constraints (Kirkwood 1983). A bird also in-
curs metabolic losses, the rate of which depends upon
whether it is feeding, resting, or migrating. The daily
balance between energy gains and losses is influenced
by ambient temperature and photoperiod. Ambient tem-
perature affects metabolic rates and may influence the
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rows represent the flow of time, measured in days. Dashed
lines represent feedbacks from latitude and time (¢) that affect
the time—energy budget. Reproductive fitness is determined
when the bird reaches the breeding grounds (70° N latitude),
subject to two constraints: energy reserves during migration
must have remained above a critical level (0 kJ), and the bird
must arrive-by 1 July.

availability of food and thus the gross rate of energy
gain. Photoperiod constrains the daily feeding time and,
thus, the daily energy gain. Temperature and photo-
period, in turn, are influenced by feedback from the
bird’s latitude.d and the date 1.

A bird’s state changes daily, depending on its time
and energy budgets. If the daily energy balance is pos-
itive, new energy reserves are stored as tissue; if neg-
ative, a shorebird catabolizes body tissue to make up
the difference. When a bird initiates a migratory flight,
the actual location of its next stopover is subject to
uncertainty because the location of suitable habitats is
not predictable from year to year.

A bird repeats this daily cycle until it reaches its
breeding grounds at 70° N latitude. During the trip, it
must not allow its energy reserves to drop to a critical
level (0 kJ), or it will die or otherwise be unable to
continue migration and reproduce during the current
year. Also, Arctic-nesting shorebirds must be present
on the breeding grounds within a specified window of
time (Holmes 1972, Piersma 1987) to reproduce suc-
cessfully. Pectoral Sandpiper females begin nesting as
early as 1 June (Pitelka 1959), but must begin by ~1
July or there will not be sufficient time for rearing
young before the onset of winter. Even for birds arriv-
ing within the proper time window, there may be wide
variation in expected reproductive success. By defi-
nition, time minimizers will have higher reproductive
success if they arrive early in the window, and energy
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maximizers will have higher reproduction if they arrive
with extra energy reserves.

There are several key assumptions in this migration
model: (1) a bird’s daily allocation of time to migratory
flight affects its migration schedule, (2) a bird’s mi-
gration schedule influences its energy reserves and time
of arrival on the breeding grounds, and (3) its energy
reserves and time of arrival on the breeding grounds
influence its expected reproductive success. Such link-
ages are the basis for selection and evolution of mi-
gration schedules, and for the predictions tested in this
paper.

Making predictions.—To develop predictions, we
first used a dynamic programming (Mangel and Clark
1988) version of our model to identify stopover deci-
sions that would maximize fitness of shorebirds begin-
ning at an initial stopover on the Gulf coast of Texas
(29° N latitude), between 1 April and 1 May, with en~
ergy reserves of ¢, and bound for breeding grounds
located at 70° N latitude (Appendix A, Farmer and
Wiens 1998). Each dynamic model run was conducted
for an ad hoc, one-dimensional flyway containing a
uniform stopover spacing and habitat quality. Stopover
spacing and habitat quality were systematically varied
in value to assess the sensitivity of optimal decisions
to changes in the landscape (Appendix B). We iden-
tified optimal stopover decisions for three different
strategies based on the following fitness relationships
(function ¢(e, 1) as used in Appendix A):

1. Time minimizers.—Females that arrived at the
breeding grounds by ! June had a relative fitness of
1.0. For arrival thereafter, fitness declined linearly to
0.1 for arrival on 1 July. Females arriving later than 1
July had a fitness of zero. Energy reserves did not affect
fitness so long as females maintained a minimum re-
serve (>20 kJ) during migration.

2. Energy maximizers.—Females with a high level
of reserves (=593 kJ; equivalent to 30% body fat) upon
arrival at the breeding grounds (or on 1 June, if they
arrived before that date) had a relative fitness of 1.0.
Fitness declined linearly with lower energy reserves to
a relative fitness of 0.1 for birds with 20 kJ of reserves.
Birds with <20 kJ were assigned a fitness of zero.
Arrival time did not affect fitness so long as females
arrived on or before 1 July.

3. Random (null).—Females made random time
budget decisions subject to only one constraint: they
could not choose to fly to stopovers beyond their flight
range (i.e., they did not make decisions resulting in the
exhaustion of energy reserves during flight).

For each migration strategy, we then simulated the
migration of 200 females that: (1) arrived in Texas
between 1 April and 1 May, uniformly distributed over
the range of energy reserves observed at the Texas
study site, and (2) made optimal stopover decisions as
they migrated northward from Texas to the breeding
grounds. For each individual in the population, we re-
corded daily values of body fat and location, and com-
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puted residence time at each feeding stop. For the pop-
ulation, we computed the length of the migration win-
dow (the time span during which birds occurred) at
different latitudes. We then identified correlations be-
tween body fat, length-of-stay, date, latitude, stopover
quality, and the migration window that might be de-
tected in the field if one were studying such an optimal
population. Differences in the predicted correlations
were used to discriminate between the three migration
strategies

Data collection and analysis

We captured Pectoral Sandpipers in mist nets at stop-
overs in Texas (1992-1993), Missouri (1993-1996),
and Nebraska (1994). Pectoral Sandpipers exhibit sex-
ual dimorphism in body size, and flattened wing length
(? =140 mm; 3 > 140 mm) was used to determine
sex in the field (Johnsgard 1981).

Body fat.—We estimated body fat for individual
birds using regression models that incorporated body
measurements as independent variables. Several mea-
surements were made on each bird: mass (£0.01 g);
flattened wing length (=0.1 mm); exposed culmen
length (£0.1 mm); tarsus length (0.1 mm); and head-
bill length (+0.1 mm). Additionally, five replicate con-
ductivity (TOBEC) measurements (Castro et al. 1990)
were taken on each bird using an EM-SCAN, Model
SA-2 Small Animal Body Composition Analyzer (EM-
SCAN Inc., Springfield, Illinois). Soxhlet extraction
data were obtained from 42 birds (25 females, 17
males) collected in Texas and Missouri during the
spring of 1993. Fat was extracted using petroleum ether
in a modified Soxhlet apparatus (Wheaton Science
Products, Millville, New Jersey; Dobush et al. 1985).
Using estimated total fat as the dependent variable
(Morton et al. 1991), regression models were developed
with all combinations of body and TOBEC measure-
ments, first-order interaction terms, and quadratic mass.
Standard error of the estimate (SE) was used to select
the best models:

Females (N = 25; se = 1.988; R* = 0.96; P < 0.001):

L = ~1.854 — 0.095E + 0.005M? ¢))
Males (N = 17; se = 1.807; R? = 0.86; P < 0.001):
L = 2.407 — 0.079E + 0.003M? 2)

where L is estimated body fat (g); E is the mean of
TOBEC measurements; and M is total mass (g). Body
fat was also estimated for museum specimens with the
best models that included only M as an independent
variable:

Females (N = 25; sE = 2.311; R*> = 0.94; P < 0.001):
L = —=7.619 + 0.005M? 3)
Males (N = 17; s = 1.989; R? = 0.83; P < 0.001):
L = —1.831 + 0.002M2 “)
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Length-of-stay.—We estimated length-of-stay by at-
taching 1.5-g radio transmitters to 20 female sandpipers
per year at each stopover site. We attached radios to
about four females per week over a 5-wk period, and
we selected these females to span the observed range
of body fat. We monitored the daily movements of each
radio-tagged female while it was within 50 km of its
capture site (Farmer and Parent 1997). The length-of-
stay at a stopover was described by two statistics. Radio
time was measured as the elapsed time between radio
tagging and the time that a female’s radio signal was
last detected in the area. Residence time, the mean time
between arrival and departure from the study area, was
estimated using concepts from encounter sampling
(Otis et al. 1993). Using program DISTANCE (Laake
et al. 1994) we fitted a probability density function
(pdf) to the radio times for females that were tagged
at a given site. Residence time (and its 95% confidence
limits) was estimated by taking the inverse of f(0), the
y intercept of the empirical pdf. Likelihood ratios were
used to test for differences in residence time among
study areas and dates.

Stopover quality.—We compared the floodplain wet-
lands of Missouri to the depressional wetlands of Ne-
braska with respect to length-of-stay and habitat qual-
ity. The model defined habitat quality as the rate of
ingestion of metabolizable energy. However, we were
unable to measure ingestion rate directly, so instead
we used invertebrate abundance as a surrogate measure.
Core samples were taken at 5-m intervals along ran-
domly located, 25-m transects in wetland-edge micro-
habitats (moist soils and saturated soils with water
depths =2.5 cm) where Pectoral Sandpipers feed. To
reduce error due to previous bird-use having depleted
invertebrate populations (Helmers 1991), we sampled
only in habitats that had recently become available due
to decreasing water levels. We sampled early (25 April-
1 May) and late in migration (19-21 May), and from
multiple wetlands within each study area. We used a
10.2-cm diameter PVC core sampler with a depth of
10 cm. Cores were placed in plastic bags, kept on ice
in a cooler, and wet sieved through a number 30 stan-
dard test sieve. Organisms were separated from debris
and placed in vials with 80% ethyl alcohol. Preserved
organisms were sorted, identified, and counted by taxa.
Organisms were placed on aluminum drying pans,
dried in an oven at 70°C for 24 h, and then weighed
to the nearest 0.01 mg using a Mettler balance. Dif-
ferences in invertebrate abundance between sites were
assessed using a ¢ test.

Length of migration window.—The length of the mi-
gration window (i.e., the span of time Pectoral Sand-
pipers were present during spring migration) was es-
timated at different latitudes using a scatter plot of
capture/sighting date vs. latitude for all birds trapped
at our sites, collected by museums, or captured/sighted
by other investigators.

The length of the migration window at a given lat-
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TaBLE 1. Predicted patterns, expressed as signs of corre-
lations, that should be seen if Pectoral Sandpipers are time
minimizers or energy maximizers in their spring migration.

Time Energy

Correlation minimizers maximizers

Local Patterns
Length-of-stay vs. date - -

Length-of-stay vs. energy reserves -1 -1

Length-of-stay vs. ingestion + +
Regional patterns:

Migration window vs. latitude - 0

Length-of-stay vs. latitude 0 +%

Body fat vs. latitude 0 +

Note: Predicted correlations for random decisions (the null
model) are all zero.

T A negative relationship is predicted only early in the
spring.

} Bimodal length-of-stay; higher times at southern and
northern latitudinal extremes.

itude (*£1°) was estimated by the number of days
spanned by the central 95% of birds. To test whether
the length of the window varied with latitude, we de-
termined whether variance in dates was homogeneous
across latitude using Glejser’s (1969) test for heter-
oskedasticity. Because the data set contained records
from many years, we also tested for heteroskedasticity
within individual years.

Fitness relationships.—We captured nesting females
on the breeding grounds near Oliktok, Alaska, and mea-
sured body mass, flattened wing length, exposed cul-
men length, tarsus length, head-bill length, and TO-
BEC. Thereafter, we recaptured each female at ap-
proximately weekly intervals during incubation for ad-
ditional body mass and TOBEC measurements. The
series of body mass and TOBEC readings was used to
compute rates of change in mass and body fat during
the incubation period.

For nesting females, each egg in the clutch was
weighed and its length (L) and breadth (B) measured
to the nearest 0.1 mm with vernier calipers. Egg volume
(V) was estimated with Hoyt’s (1979) equation (V =
K,-LB?) assuming a value of 0.450 for the coefficient
K,, based on egg measurements from other Charadri-
iforms (Galbraith 1988, Grant 1990). On the first visit
to a nest, we floated the eggs to estimate likely hatch
date (Alberico 1995). We visited nests on the hatch
date and weighed the dried chicks to the nearest 0.1 g
using a Pesola scale. During one trip to a nest, we
attached a 1.5-g radio transmitter to the female. Sub-
sequently, we used the radio signal to locate females
and obtain daily check counts for estimating chick sur-
vivorship.

RESULTS

Model predictions

We identified six patterns that were diagnostic of a
bird’s migration strategy and that could be reliably
measured in our field study (Table 1). The three local
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patterns were generally similar for time minimizers and
energy maximizers, although there were some differ-
ences (e.g., the negative relationship between length-
of-stay and date was much stronger, and perhaps more
easily detectable in the field for time minimizers than
for energy maximizers). Therefore, the local patterns
were useful only to test for nonrandomness. However,
the three regional patterns (migration window, length-
of-stay, and energy reserves vs. latitude) that were pre-
dicted differ and provide one with a much stronger
ability to distinguish between time and energy strate-
gies.

Some of the patterns were predicted to occur only
under certain circumstances. Length-of-stay was pre-
dicted to vary inversely with energy reserves, but only
early in migration. After ~1 May at latitude 40° N, a
bird’s body fat has little effect on its predicted length-
of-stay because at that time an Arctic-breeding bird
must put a high priority on flying to the breeding
grounds or it will miss the time window for successful
reproduction. Length-of-stay for energy maximizers
was predicted to be relatively high at lower (=30° N)
and at higher (=60° N) latitudes because such an al-
location of time would allow birds to gain extra fat just
before arrival at the breeding grounds. This bimodal
pattern was predicted in landscapes wherein stopovers
were assumed to be of equal habitat quality, however,
and such an assumption may not be an appropriate
approximation of reality.

Apart from the above, the model predictions are gen-
erally robust with regard to model parameters. How-
ever, a sensitivity analysis, varying stopover spacing,
stopover quality, and other model parameters (Appen-
dix B), shows that in landscapes with closely spaced
stopovers of high quality, the predicted local patterns
might not be observed even if birds were behaving
optimally. In such rich landscapes there might be little
selection on stopover decisions because birds could
follow a wide range of migration schedules and still
maximize their fitness. Furthermore, in limiting land-
scapes, with widely spaced stopovers, poor quality
stopovers, or high uncertainty, the adaptive response
for both time and energy strategists, is to gain body
fat early in migration. In such a landscape, the predicted
regional patterns may be similar for time minimizers
and energy maximizers.

Observations at a local scale

Length-of-stay vs. date.—Length-of-stay estimates
were based on 110 females that were radio-tagged in
Texas (n = 36), Missouri (n = 54), and Nebraska (n
= 20). Mean radio time {(and 95% confidence limits)
in Texas was 2.5 d (0.7-5.7 d), in Missouri was 5.8 d
(4.6-7.0 d), and in Nebraska was 8.5 d (5.7-11.2 d).
Radio time was not significantly correlated with cap-
ture date in Texas (r = 0.15, P = 0.38), but it was
negatively correlated with capture date in Missouri (r
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= —0.39, P = 0.004) and in Nebraska (r = —0.86, P
< 0.001) (Fig. 3).

Mean residence time (and 95% confidence limits)
was 4.5 d (3.8-5.4 d) in Texas, 11.5 d (10.8-12.5 d)
in Missouri, and 14.2 d (10.2-19.7 d) in Nebraska. To
test whether residence time varied with date. Missouri
and Nebraska females were partitioned into early and
late subgroups delineated by the median capture date
for females at that site. In both Missouri and Nebraska,
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rival date for time-minimizing females at 40° N latitude in a
flyway with stopovers spaced at 1000 km. Contours of pre-
dicted residence time (dashed lines) are overlaid with field
data on body fat and capture date of female Pectoral Sand-
pipers in Missouri and Nebraska (solid circles).

the mean residence time for early females was signif-
icantly higher (likelihood ratio test, P < 0.001) than
for late females (12.8 d vs. 6.8 d in Missouri, 21.3 d
vs. 9.2 d in Nebraska). Thus, at two of three sites both
radio time and residence time varied inversely with
date, as predicted by the model.

Length-of-stay vs. body fat.—After the effects of date
were taken into account, body fat did not explain any
of the remaining variation in radio time in Texas (P =
0.98), Missouri (P = 0.45), or Nebraska (P = 0.81).
However, a relationship between length-of-stay and fat
was most likely to be detected only early in the season.
To illustrate this, predicted residence times were over-
laid with data points representing the capture date and
body fat of females from Nebraska and Missouri (Fig.
4). Early in the season, when residence time was pre-
dicted to be most sensitive to differences in body fat,
only lean birds were captured. Later in the season, cap-
tured birds exhibited a wider range of body fat but
residence time was not predicted to be sensitive to
changes in body fat at that time. Thus, the spread of
our data was not sufficient to test for this pattern.

Length-of-stay vs. stopover quality.—We collected
89 cores from three wetlands in Missouri and 90 cores
from five wetlands in Nebraska. The density of organ-
isms was significantly higher in Nebraska (X =
5508/m?, sD = 5576) than in Missouri (X = 1414/m?,
SD = 2807) (separate variance ¢ test, P < 0.001). Bio-
mass was also higher in Nebraska samples (X = 1457
mg/m?, sD = 3194) than in Missouri (X = 769 mg/m?,
SD = 1696) (separate variance t test, P = 0.024). Ne-
braska and Missouri samples contained similar inver-
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tebrate taxa, although Nebraska samples were domi-
nated by midge larvae (Chironomidae; 97% of indi-
viduals, 58% of biomass), and Missouri samples were
dominated by Tubifex worms (Tubificidae; 74% of in-
dividuals, 68% of biomass). The gross energy content
of Chironomids (McCauley and Tsumura 1974) is sim-
ilar to that of Annelids (Golley 1961) and Oligochaetes
(Griffiths 1977), and Castro et al. (1989) found that
assimilation efficiency by birds was ~75% for many
invertebrates. Moreover, shorebirds are opportunistic
feeders during migration (Baldassare and Fischer 1984,
Skagen and Oman 1996). Therefore, it seems likely
that the wetlands we sampled in Nebraska provided a
greater food base than did those in Missouri.

During 1994, when the invertebrate data were col-
lected, radio time was significantly greater in Nebraska
(X = 8.5d, sD = 1.4) than in Missouri (X = 5.3 d, sp
= 0.97) (pooled variance ¢ test, P = 0.05). Also, mean
residence time in 1994 was significantly higher in Ne-
braska (14.2 d) than in Missouri (9.4 d) (likelihood
ratio test; P = 0.006). Thus, the rank order of the two
sites determined by length-of-stay was the same as that
for invertebrate abundance. Although the sample size
is small, this pattern is consistent with model predic-
tions for both time and energy strategies (Table 1).

Clearly, the preceding observations made at individ-
ual stopovers are inconsistent with random decision
making, but we cannot distinguish between time min-
imizers and energy maximizers—both are supported by
the field observations. What do the regional patterns
suggest?

Observations at the regional scale

Length of the migration window vs. latitude.—We
plotted capture/sighting date vs. latitude for our data
(n = 548 birds), museum data (n = 47 birds), and data
from other investigators (n = 1504) (Fig. 5a). Based
on these data, the length of the migration window, as
measured by variance of date, decreased at higher lat-
itudes (Glejser’s test; P < 0.001).

However, these data were collected over multiple
years and the longer migration window at lower lati-
tudes may simply reflect greater year-to-year variation
in arrival dates at those latitudes. We analyzed the data
separately for each of 14 yr (1981 through 1994 in-
clusive) during which there were sufficient observa-
tions to span at least 20° of latitude. There was sig-
nificant heteroskedasticity each year (Glejser’s test, P
= 0.05). Moreover, there was little interannual varia-
tion; the median capture/sighting dates at 29° and 40° N
varied <7 d over the 14-yr period. Thus, the latitu-
dinal decrease of the migration window (Fig. 5a) cannot
be attributed to between-year effects, but instead re-
flects within-year effects consistent with model pre-
dictions.

Some data points from other investigators repre-
sented more than one bird sighted on that date and
latitude, and many of these points represented birds of
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unknown sex. When considering only data points rep-
resenting individuals, the migration window varied
with latitude as follows: in Texas (29° N), the central
95% of individuals were observed over a 32-d period;
in Missouri and Nebraska (40° N), the central 95% of
individuals were observed in 25 and 23 d, respectively;
and at 55° N, the central 95% window decreased to
~14 d.

When known-sex individuals were considered, we
found two trends. First, the migration window for fe-
males decreased with increasing latitude (n = 540,
Glejser’s test, P < 0.001) (Fig. 5b), as did the window
for males (n = 164, Glejser’s test, P = 0.05) (Fig. 5¢).
These results coincide with the pattern predicted for
time selection (Table 1). Additionally, we also found
that the differences among sexes in the mean capture/
sighting date decreased with increasing latitude, as
measured by testing for differences between the slopes
of their respective regressions (weighted least squares,
P = 0.002) (Figs. 5b, c). The decrease in the time lag
between the sexes provides additional evidence that
Pectoral Sandpipers are time minimizers.

Length-of-stay vs. latitude.—Based on our model,
length-of-stay is predicted to be constant with latitude
for the null and time minimizer cases. Energy maxi-
mizers, however, are predicted to have a bimodal pat-
tern: relatively long length-of-stay at southern (i.e.,
Texas) and northern ends of the flyway, and a shorter
length-of-stay at mid-latitudes (i.e., Missouri/Nebras-
ka). Neither of these patterns was observed. Mean radio
time in Texas (2.5 d) was significantly shorter than in

Missouri (5.8 d) and Nebraska (8.5 d). Moreover, mean
residence time in Texas (4.5 d, 95% c1 of 3.8-5.4 d)
was significantly shorter than in Missouri (11.5 d, 95%
cr of 10.8-12.5 d) or in Nebraska (14.2 d, 95% ci of
10.2-19.7 d)

Body fat vs. latitude.—We estimated body fat for 533
birds (416 females, 117 males) captured in our study
and 296 birds (245 females, 51 males) from museum
collections and other investigators (Fig. 6). Data from
both sources suggest the same trend. In Texas (29° N,
*5°), males and females were relatively lean, although
males (X = 13.7%, sp = 3.2) were significantly fatter
than females (X = 10.2%, sp = 8.9) (separate variance
t test, P = 0.002). However, by latitude 40° N (£5°)
females doubled their fat reserves (X = 20.4%, sp =
11.6), and were significantly fatter than males (X =
16.6%, so = 4.7) (P < 0.001). Females remained sig-
nificantly higher in body fat between 40° N and the
breeding grounds. Moreover, between 40° N and the
breeding grounds many females exceeded 40% body
fat (and some exceeded 50%), but males rarely ex-
ceeded 25% body fat. Thus, females increased their fat
reserves quickly as they moved north and reached peak
body fat by ~40° N.

Females were also more variable in body fat than
were males. The relatively high variance among fe-
males had both within-year and between-year com-
ponents. There were significant within-year variations
in the body fat of females arriving at the Missouri site.
The earliest arriving females at that latitude were al-
ways lean, averaging ~10% body fat. Females arriving
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museums and other investigators.

late in the season had as much as 60% body fat (Fig.
4), but this did not occur in all study years. During the
4-yr period (1993-1996), we measured significant year-
to-year variation in female body fat in Missouri. In
1993 and 1995, late arrivals averaged ~50% fat (all
1993 and 1995 females, X = 31%). However, in 1994
and 1996, females were relatively lean (all 1994 and
1996 females, X = 12%) throughout the season. Over
the 4-yr period, female body fat was correlated with
January-May precipitation (r = 0.80), as measured at
63 weather stations distributed uniformly between 29°
and 40° N latitude (Farmer 1997). Museum birds that
were collected in the Great Plains between 1981 and
1994 showed a marginally significant relationship (P
= 0.055) between female body fat and spring precip-
itation, providing additional evidence of a linkage be-
tween precipitation and female body condition.

Observations on the breeding grounds

We made repeated fat measurements from 1 to 14 d
apart (X = 7.8 d) during the period 9 June to 16 July
1992 on 16 incubating females. Incubating females
were highly variable in the rate of change in body fat,
ranging from —1.73 g/d to +0.91 g/d. The mean value,
—0.077 g/d, was not significantly different from zero
(¢ test, P = 0.51). The mean rate of change in lean
mass (—0.114 g/d) was also not significantly different
from zero (¢ test, P = 0.10).

Latitude vs. body fat for all females and males. Solid circles are our data; open circles are data obtained from

We obtained fat measurements on 53 females with
four-egg clutches during egg laying and incubation.
Female body fat ranged from 6.25 to 23.9% (X =
16.9%), and mean egg volume per clutch varied from
9.89 to 13.17 cm® (X = 11.77 cm?). There was a sig-
nificant relationship between a female’s body fat and
egg volume (P = 0.027). We obtained body-mass mea-
surements on chicks from seven of these nests. The
mean chick weight per brood varied from 7.82 to 9.20
g (X = 8.60 g) and was positively related to mean egg
volume (r = 7, P < 0.001). Our sample size on daily
chick counts was too small to draw conclusions about
chick survivorship.

DiscusSION
Pectoral sandpiper migration strategy

Comparison of field observations to the model pre-
dictions clearly indicates that Pectoral Sandpipers em-
ploy a nonrandom migration strategy. Four of six pre-
dicted patterns indicative of optimal decision making
were observed in the field. Furthermore, males and
females differ in their strategies during spring migra-
tion. Females display migratory patterns suggesting
that they are both time minimizers (decreasing migra-
tion window with increasing latitude) and energy max-
imizers (increasing fat reserves with increasing lati-
tude). Males, on average, do not gain mass, have a
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decreasing migration window with increasing latitude,
and thus appear to be strictly time minimizers in spring
migration. Differences among males and females ob-
served in recent migration studies of Semipalmated
Sandpipers (C. pusilla) (Lyons and Haig 1995) and
Western Sandpipers (C. mauri) (Warnock and Bishop
1998) suggest a similar differentiation of strategies.

Our results are consistent with the breeding system
of Pectoral Sandpipers. Males arrive on the breeding
grounds first, establish territories, and attempt to mate
with females that enter their territory (Pitelka et al.
1974). In such a system, males benefit by arriving as
early as possible to compete for the best breeding sites
(Myers 1981aq, b, Oring and Lank 1982). Males take
no part in incubation, however, and this places addi-
tional energetic burdens on the female to maintain both
her clutch and her own body condition. Therefore, a
female’s expected reproduction may be enhanced by
having extra energy reserves upon arrival at the breed-
ing grounds.

There are two alternative hypotheses relating a fe-
male’s energy reserves to her expected reproductive
success. First, females may increase their fat reserves
during migration to provide a buffer during incubation
(MacLean 1969). Our data did not support this hy-
pothesis; 16 incubating females showed no significant
decline in either body fat or lean mass during incu-
bation. However, our data were collected during one
year (1992) that had normal weather, and energy re-
serves may be most critical to incubating females dur-
ing abnormally cold periods such as described by Pi-
telka (1959) for one of his study years. Second, females
may increase their fat reserves during migration be-
cause such reserves may enhance their production of
fledglings. The data showed that fatter females pro-
duced larger eggs and that larger eggs produced larger
hatchlings. We were unable to determine if larger
chicks had higher survivorship; however, other studies
have shown a positive relationship between egg size
and chick survivorship in Charadriiforms (Galbraith
1988, Grant 1990). Therefore, there appears to be an
opportunity for fecundity selection, and females may
increase their fat reserves during migration to enhance
their reproductive success through linkages between fat
reserves, egg size, and chick viability.

On the other hand, model analyses identified two
other explanations for the increase in female body fat
that have little to do with fecundity selection. First,
females may increase their fat reserves as a hedge
against environmental uncertainty during migration
(Davidson and Evans 1988, Gudmundsson et al. 1991).
If environmental uncertainty were the motivation for
increased lipid reserves, however, one would expect
males to show this response because they migrate ear-
lier than females and stand a greater chance of en-
countering unseasonable weather. But males do not sig-
nificantly increase their body fat as they migrate north-
ward, suggesting that environmental uncertainty is not

SHOREBIRD MIGRATION

2575

a valid explanation for the pattern seen in females.
Second, late-migrating females may be fatter simply
because that is an adaptive response to a lower quality
landscape than was available to the males earlier in
migration. We cannot rule out this explanation, but we
would expect that, as spring progresses, wetlands
would become more productive of invertebrates, not
less so. However, such increases in wetland quality may
be offset by decreases in the number of ephemeral wet-
lands as the weather becomes warmer in late spring.

Based on the collective evidence, it seems that the
migration strategy of female Pectoral Sandpipers is to
arrive on the breeding grounds as early as possible and,
if possible, to arrive with excess energy reserves. A
female’s top priority is early arrival on the breeding
grounds; to accomplish this, females migrate at a con-
sistent average rate from year to year. Our analyses
showed that the median capture/sighting dates at 29°
and 40° N varied <7 d over the period 1981-1994.
Moreover, it seems likely that females attempt to main-
tain this consistent rate of migration independent of the
habitat conditions, or their perception of the conditions,
any single year.

However, females also increase their energy reserves
as they move north, if habitat conditions in a given
year allow it. During 1993-1996, we measured signif-
icant year-to-year variation in female body fat in Mis-
souri. We suspect that this interannual variation in body
fat was related to stopover habitat south of the Missouri
site, which was likely more abundant in years of above-
normal spring precipitation (LaGrange and Dinsmore
1989). During wet springs, when there are abundant,
high-quality habitats in the flyway, females find more
stopover options, perhaps spend less time searching for
food, and as a consequence, have a higher average rate
of energy gain as they move northward through the
plains. In good habitat years, females arrive on the
breeding grounds early and they also obtain a fitness
bonus by arriving with additional energy reserves.

The scale of observation and inference

Our modeling results lead to the conclusion that
one’s ability to discriminate between alternate migra-
tion strategies depends on the scale of observation. The
predicted local patterns concerning length-of-stay vs.
date and energy reserves have been investigated by
many migration studies. However, our modeling results
(Table 1) show that these patterns do not discriminate
between time minimizers and energy maximizers and,
if detected in the field, provide evidence only that stop-
over behavior is nonrandom. Local patterns lack di-
agnostic power because the expected fitness of Arctic-
nesting migrants, as we defined it, is a function of both
time and energy. Time minimizers must acquire energy
reserves to buffer uncertainties and avoid exhaustion
and death during migration, and energy maximizers
must still arrive on the breeding grounds within narrow
tight time constraints to reproduce successfully. Fur-
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thermore, the time-window constraint for Arctic breed-
ing can have an overriding influence on a bird’s time-
budget decisions. Late in spring and south of the breed-
ing grounds, a female’s highest priority, regardless of
her strategy, must be on migratory flight, or this year’s
reproductive opportunity will be lost.

Additionally, even if birds are making optimal stop-
over decisions, the local patterns may not be detected
in the field. First, the inverse relationship between
length-of-stay and body fat was predicted to occur only
early in migration. The early spring arrivals at our study
sites were relatively lean, however, and the spread of
the data was not sufficient to detect a relationship. Later
arrivals spanned a range of body fat, and included some
individuals with very high fat loads, but our model
predicted no relationship between body fat and length-
of-stay during that period. Studies of other shorebird
species have reported similar dynamics in body fat at
stopover sites (e.g., Dunn et al. 1988, Lyons and Haig
1995). Thus, it may be no coincidence that a relation-
ship between body fat and length-of-stay has been de-
tected in only one recent migration study (Skagen and
Knopf 1994). Second, in relatively rich landscapes,
length-of-stay patterns at individual stopovers can be
highly variable among individuals because a wide
range of schedules is possible without loss of fitness
(Appendix B). In such situations, shorebirds could ap-
pear to be following multiple individual strategies
(Iverson et al. 1996) or to be more random and op-
portunistic (Skagen and Knopf 1994) even if all were
following a single, optimal strategy.

The predicted regional patterns (Table 1) reflect the
cumulative results of decisions made at several stop-
overs and apparently provide more diagnostic power.
However, these patterns are not infallible indicators of
adaptive strategies. It seems to be a truism that making
of broadscale predictions requires simplifying assump-
tions about fine-scale phenomena, but such assump-
tions may be so simplistic that the credibility of the
predictions is undermined. In our study, the predicted
bimodal pattern of length-of-stay vs. latitude for energy
maximizers is based on a modeled landscape with stop-
overs of uniform quality, an assumption that is unlikely
to be correct. Even if fine-scale assumptions were cor-
rect, however, sensitivity analyses (Appendix B)
showed that similar regional patterns can develop from
entirely different processes; there are at least four hy-
potheses that could explain a latitudinal increase of fat
reserves. Consequently, detecting one of the regional
patterns in the field does not necessarily confirm that
migrating birds attempt to maximize fitness as assumed
in a model.

Inferences based on observations at either the local
or regional scale of observation have their own limi-
tations. Therefore, much can be gained by integrating
observations of migratory populations over a wide
range of stopover latitudes as exemplified by recent
studies of Western Sandpiper (Calidris mauri) migra-
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tion (Iverson et al. 1996, Warnock and Bishop 1998),
and by looking also for regional patterns across the
same flyway.

Models and reality

No model, whether residing in someone’s mind or
represented by computer code, is a perfect copy of
reality. In the present study, our model is based on
simplifying assumptions. Some parameter values are
rough estimates, and potentially influential variables
(e.g., predation) are excluded due to a lack of data.
Further, some of the field data, collected from numerous
sources over many years, bear only indirectly on the
predicted patterns. Recognizing such imperfections, an
early reviewer of this paper went so far as to recom-
mend that we throw out the model and let the field data
stand on their own. But field data do not stand alone.
They are interpretable only in the light of some concept,
or model, of the system being studied.

The dynamic programming model helped us to for-
mulate a self-consistent set of testable hypotheses and
to identify limits to the validity of these hypotheses.
Model analyses led to the insight that diagnostic pat-
terns (Table 1) might be detected only at selected times,
places, or under certain landscape conditions (Wiens
and Farmer 1996, Farmer and Wiens 1998). This in-
sight, to a degree, undermines the strength of our study
conclusions because, as with most migration studies,
we also lacked specific knowledge about landscape
conditions. On the other hand, the insight that hetero-
geneous environments might affect one’s ability to de-
tect and to interpret migratory patterns is valuable be-
cause it identifies a focus for future research. Our re-
sults suggest, for example, that the interplay between
fat deposition, stopover spacing and quality, and re-
gional precipitation merits explicit research effort.

A formal model can have the added benefit that it
allows one to incorporate newly gained information
that, in turn, leads to new insights. In this regard, dy-
namic programming seems particularly suited to the
study of migration. A key process in migration is the
exchange of energy between a bird and its environment.
The rate of exchange varies temporally and spatially
and, consequently, a bird’s net energy balance depends
on where and when it chooses to stop and feed during
migration. But its choices are constrained because stop-
over habitats occur only at discrete locations. Thus, the
interaction of stopover location (and stopover quality)
with environmental gradients influences a bird’s sur-
vival and reproduction. Dynamic programming can be
used to model the complex interactions among these
factors and can be a useful tool to help guide research
on the landscape-level features of the flyway through
which shorebirds migrate.
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APPENDIX A
DyNAMIC PROGRAMMING MODEL

State variables.—A female shorebird’s state during spring
migration is defined by its energy reserves e and latitude d,
which are constrained as follows:

20°N =d=70°N

O kJ] = ¢ = 1580 kIJ. (A1)

Spring migration through North America begins at a stopover
in coastal Texas at 29° N. A bird’s flight path may zigzag
through the landscape as it moves between stopovers, but
breeding cannot occur until it reaches the breeding grounds,
at 70° N latitude. A theoretical maximum fat load for birds
the size of Pectoral Sandpipers is ~120% (Hedenstrom and
Alerstam 1992). However, the data show that migrating Pec-
toral Sandpipers rarely exceed 60%, therefore we set the up-
per limit slightly above this observed value, at 80% body fat
(=1580 kJ), so as not to constrain model predictions.
Decision variable.—Flying time is the single decision

variable. Daily, a bird chooses from among m options: (1)
remain at the current stopover or (2) initiate migration to one
of m — 1 stopovers at an equal or greater latitude and within
the bird’s flight range. This decision is allowed to depend on
the bird’s current energy reserves e, its current latitude d, and
the date #.

Time and energy budgets.—For a possible decision, there
is a unique daily time budget, computed with the following
assumptions. The total required flight time (z,,) is estimated
assuming a flight (ground) speed of 50 km/h and is divided
into two portions: the number of whole days and the re-
maining time on the last day of flight (e.g., a 36-h flight is
comprised of one whole day and a remaining 12 h on day 2).
Then the following assumptions are used to compute the time
budget: (1) migratory flights begin at sunset (Evans 1968,
Grimes 1974, Richardson 1979); (2) resting occurs during
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nonflight hours of the night; and (3) feeding occurs only
during daylight (A. Farmer, unpublished data):

a) if remaining time > NIGHT,
t, =0

=24 -1,
b) or, if remaining time < NIGHT,
t, = NIGHT - ¢,

t, = DAY (A2)

where ¢, is feeding time (h), ¢, is resting time (h), NIGHT is
the number of nighttime hours, and DAY (equal to 24 —
NIGHT) is the photoperiod, estimated with an algorithm from
McCabe et al. (1985). For each time budget there is a cor-
responding energy budget, which is a function of the bird’s
daily ingestion rate, its metabolic rates while feeding, resting,
and flying. Farmer and Wiens (1998) give equations used to
compute the daily energy budget.

Change of state.—A bird’s state changes daily depending
on its time and energy budgets. When the daily energy budget
is positive, the new energy is stored as tissue (39 kJ/g of lipid,
18 kJ/g of protein) with an assimilation efficiency p = 0.75
(Ricklefs 1974). New energy reserves are not necessarily con-
verted to fat. Up to 30% of mass gain by migrating shorebirds
may be protein (Lindstrém and Piersma 1992). However, the
assumed proportion of lipid in the energy reserve has little
effect on model results (Farmer and Wiens 1998). When the
energy budget is negative, tissue is catabolized, but some of
the energy stored in tissue is lost as the heat increment of
feeding; thus p = 0.85.

If a bird initiates a migratory flight, the location of the next
stopover is subject to uncertainty. When a migratory flight
begins, a bird sets out for a particular destination that will
be found with probability X, but will not be found with prob-
ability (1 — X). If the destination stopover is not found, the
next most northerly stopover will be found with probability
M1 — A), the next one beyond that with probability A(1 —
N)% etc. (a geometric distribution, p(i) = A(1 — MY, The
parameter \ incorporates two sources of uncertainty: habitat
dynamics (individual stopovers may not be available in all
years) and navigational error.

Fitness relationships.—A female’s fitness is operationally
defined as an index of the number of young fledged during
the current year. A female will not reproduce during the cur-
rent year if energy reserves during migration drop to the
critical level (0 kJ). The window of arrival time for successful
breeding is assumed to be | June through 1 July. A female
can arrive on the breeding grounds earlier than 1 June, but
must survive until that date to initiate a nest. However, it
must arrive on the breeding grounds and initiate nesting by
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1 luly, or its fitness will be zero because there will not be
sufficient time for rearing young before the onset of winter.
Within these time constraints, reproductive fitness is defined
by the function ¢(e, 1), which generally may vary with arrival
time, energy reserves, or both (Clark and Butler 1998). How-
ever, to obtain unambiguous predictions for time minimiza-
tion and energy maximization, we assumed in this paper that
the function ¢ was a univariate function of either time or
energy reserves, as defined in the Methods section.

Dynamic programming equation.—We denote the expected
future fitness of a bird with reserves e at latitude d on date
t by F(e, d, 1), and assume that the bird will maximize its
fitness by making the proper choice from the decision space
m of possible migratory flights on date r. The first possible
decision is to stay at the current stopover, in which case A =
1 because there is no uncertainty inherent to this decision.
Each of the other possible decisions involves flight to a new
stopover site, and we assume that a bird would find this des-
tination stopover at latitude d, with probability A, in which
case it would have ¢, energy reserves and a future fitness of
F(ey, dy, t + 1). The destination would not be found, however,
with probability 1 — \. In this case, a bird would continue
flying until it found the ith more northerly stopover at latitude
d; with probability A(1 — \). Upon finding a suitable stopover
at d,, it would have remaining energy reserves of ¢, and a
future fitness of F(e, d,, t + 1). Combining these expectations
of future fitness across n + 1 stopovers, we obtain the dy-
namic programming equation:

Fle, d, 0
max [(1 ~ B,)
X (NFeg, dy, 1+ 1)+ N(1 — N)F(e,,d,,t + 1)
+ N1 — N)?F(ey, dy, t + 1) + -
= + M1 = MrFe,, d,, t + D]}

if d < 70°, t = 1 July
ble, D if d = 70°, t =1 July
0 . if d < 70°, t> 1 July (A.3)

where max,, implies the maximum over the decision space m
of migratory destinations that are reachable from the current
stopover. The parameter B, is the probability of predation
mortality on date ¢. Conceptually, the value of B, might vary
spatially, temporally, by habitat type, by activity, or as a
function of the bird’s state. However, no data were found to
support the assignment of probabilities for any of these hy-
potheses. Thus, we assigned 8, a value of zero in all model
runs and include it here only for completeness.

APPENDIX B
SENSITIVITY ANALYSIS

Model predictions are influenced by changes in two land-
scape parameters, stopover spacing and stopover quality (i.e.,
ingestion rate). To investigate these influences, we system-
atically varied stopover spacing (from 50 to 250, 500, 1000,
1250, and 1666 km) and ingestion rate (from 0.6 to 1.0 times
Kirkwood’s [1983] maximum rate, in 0.01 steps) while hold-
ing uncertainty constant (A = 1.0). At each combination of
stopover spacing and ingestion rate we (1) ran the dynamic
programming model to solve for optimal time budgets, (2)
conducted a forward simulation of birds at 29° N latitude
with 15% body fat on 1 April, and (3) plotted their expected
reproductive fitness in that particular landscape.

These model analyses delineate three types of landscapes

with respect to fitness (Fig. B1) (Farmer and Wiens 1998).
In “rich” landscapes, optimally behaving shorebirds could
achieve maximum fitness (W = 1.0) by following many dif-
ferent time budgets. In these landscapes, there may be little
selective advantage in following any particular time budget
and patterns observed in the field might be quite variable
even if shorebirds were acting optimally. As stopovers are
spaced farther apart or reduced in quality, the landscape even-
tually becomes *‘limiting”’. In such a landscape, usually there
is a unique, optimal time budget; however, even if a shorebird
follows this time budget, the highest fitness it can achieve (0
< W < 1) is lower than that attainable in a rich landscape.
As stopover spacing increases or ingestion rate decreases even
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Fic. Bl. Fitness (W) is a function of stopover spacing
and ingestion rate. Landscapes are either “Rich” (W = 1);
“Limited” (0 < W < 1); or “Poor” (W = 0). Dashed lines
indicate the extent that the fitness surfaces would shift (—0.03
units for time minimizers, —0.025 units for energy maxi-
mizers) if the flying metabolic rate were 10% less than the
assumed value (Farmer and Wiens 1998).

more, the landscape becomes ““poor” and no longer provides
resources sufficient for a bird to complete migration (W =
0).

The effective richness of a landscape is influenced not only
by stopover spacing and quality, but also by parameters that
influence a shorebird’s energy balance as it moves through
that landscape (Farmer and Wiens 1998). Generally, varying
any model parameter causes the fitness surface to shift lat-
erally to the left or to the right, parallel to the x-axis as shown
for a 10% decrease in flying metabolic rate in Fig. B1. How-
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ever, changing the value of uncertainty (\) has a different
effect (this action also causes the fitness surface to rotate with
respect to the axes) because the consequences of uncertainty
are more severe in landscapes with widely spaced stopover
sites. For example, reducing the value of \ from 1.0 to 0.9
shifts the fitness contours ~0.01 units to the right at a stopover
spacing of 50 km, but >0.05 units to the right at a stopover
spacing of 750 km. The fitness surface would also be affected
by incorporating other variables into the model. For example,
we did not include wind speed and direction in our model,
although tailwinds can be important aid to migrating birds
(Butler et al. 1997). In the mid-continent of North America,
however, Skagen and Knopf (1994) found no patterns of de-
parture vs. wind direction and speed, and our radio telemetry
data show no patterns for Pectoral Sandpipers, although such
patterns could be complex and difficult to detect (Weber et
al. 1998b). Pectoral Sandpipers likely encounter both tail-
winds and headwinds during migration that, on average, mod-
ify the effective richness of the landscape to an unknown
extent. Moreover, wind and other model parameters are ad-
ditive in their effects; e.g., a 10% increase in flying metab-
olism would be offset by a 10% increase in the assumed flying
(ground) speed, and thus have little effect on the fitness sur-
face (Fig. B1). Thus, the effective richness of a landscape is
determined by the collective, net effect of all parameters.
Of course, we did not know the actual stopover spacing or
stopover quality during our study, nor did we know the mag-
nitude and direction of errors in our parameter estimates.
Therefore, we had no way of knowing which type of land-
scape was being studied in any given year: rich, limiting, or
poor (Fig. B1). In lieu of having such knowledge, our study

. was more susceptible to potential errors of inference because

some of the diagnostic patterns (Table 1) are predicted to
occur only in certain landscape conditions. In rich landscapes
associated with a range of optimal decisions, the local patterns
(Table 1) are predicted only for some of the time budgets that
individuals might follow (an exception is length-of-stay vs.
date, which is predicted to show a negative relationship over
a wide range of landscape conditions). Consequently, inter-
pretation of local patterns is particularly susceptible to in-
creased odds of making Type I errors because optimal be-
havior can be quite variable and difficult to detect in very
rich landscapes. In very limiting landscapes the predicted
regional patterns may be more similar for time minimizers
and energy maximizers than Table 1 indicates. In particular,
time minimizers may increase fat reserves early in migration
(and at lower latitudes), similar to the prediction for energy
maximizers, to buffer low quality or uncertain conditions that
lie ahead (Farmer and Wiens 1998). Thus, interpretation of
observed regional patterns is particularly susceptible to Type
IT errors, especially for latitudinal increases in energy re-
serves, which can occur for reasons that have little to do with
fitness as we define it.
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