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Foraging location quality as a predictor of fidelity to a diurnal site for

adult female American woodcock Scolopax minor

Kevin E. Doherty, David E. Andersen, Jed Meunier, Eileen Oppelt, R. Scott Lutz & John G. Bruggink

Quality of recently used foraging areas is likely an important predictor of fidelity to specific locations in the future. We
monitored movement and habitat use of 58 adult female American woodcock Scolopax minor at three study areas in

Minnesota,Wisconsin andMichigan, USA, during autumn 2002 and 2003, to assess the relationship between foraging
habitat use decisions and environmental conditions at previously used foraging locations.We assessed whether habitat
variableswhich related to food andweatherwere related to distance between locations on subsequent days of individual
woodcock that choose diurnal foraging locations when they return from night-time roosting locations. We predicted

that woodcock would return to foraging locations used on the previous day (i.e. shorter distances between daily
foraging locations) when environmental conditions on the prior day were favourable. Woodcock generally made short
(i.e. 48%, 50m and 91%, 400m) between-day movements, but also occasionally (; 7%) abandoned prior foraging

areas. The primary determinants of woodcock movements during autumn (prior to migration) were low local food
availability and potential for increased food availability elsewhere. The quality of foraging locations was an important
predictor of future foraging habitat use for woodcock, consistent with the hypothesis that woodcock movement

behaviour balances the risks associated with movement with the potential benefits of increased energy intake in new
foraging areas.
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Movement behaviour is influenced by natural

selection to optimize energy intake while minimiz-

ing exposure to factors that reduce survival (e.g.

predation; Krebs & Davies 1993). Moving from

familiar into unknown areas to increase potential

foraging opportunities could result in no energy

gain or increased predation risk. Environmental

cues, including food availability and ease of re-

source extraction, learned from a history of forag-

ing are likely important predictors of future for-

aging opportunities (Pyke 1983) and influence

choices associated with habitat use.
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American woodcock Scolopax minor (hereafter
woodcock) choose diurnal foraging habitat each
morning as they depart from the night-time roosting
fields to forage in denselywooded diurnal areaswith
moist soils (e.g. Krohn 1971, Morgenweck 1978).
Favourable experiences may result in short be-
tween-day movement distances of diurnal locations
if woodcock respond to recent environmental
conditions when choosing diurnal foraging loca-
tions. Furthermore, woodcock movements within
the same day are extremely short (i.e. 5 m median;
Hudgins et al. 1985, and 22 m on average; Godfrey
1974) compared to between-day movements (129 m
on average; Sepik & Derleth 1993), which makes
between-day movement distance a useful measure
of daily choice of foraging habitat. Several environ-
mental cues learned fromahistory of foraging could
influence whether woodcock return to the previous
day’s foraging location. First, 75% of the biomass
of woodcock diet is earthworms (summarized by
Keppie & Whiting 1994), and invertebrate avail-
ability may influence the movement patterns.
Woodcock are also believed to exhibit strong
preference for soil colour (Rabe et al. 1983b), which
may be a proximate cue related to prey availability.
Furthermore, weather conditions (e.g. maximum
andminimumdaily temperatures andprecipitation)
may directly influence movement patterns by in-
creasing or decreasing the energetic expense associ-
ated with movement and the availability of earth-
worms.Woodcock metabolic rates increase sharply
below 208C, which increases the risk of unprofitable
foraging decisions (Vander Haegen et al. 1994).

Our objective was to test the hypothesis that
woodcock movement and choice of diurnal
foraging habitat is affected by environmental
cues. To test this hypothesis, we monitored
movements of after-hatch-year (hereafter adult)
female woodcock prior to migration in the
western Great Lakes region, USA, and we tested
a priori predictions that woodcock would return
to foraging locations used on the previous day,
when environmental conditions on the previous
day were favourable. We restricted our analyses
to the adult female portion of the population
because the woodcock is a species of conservation
concern due to long-term declines in population
indices and because the woodcock has a promis-
cuous mating system making individual male
contributions to population growth low. We as-
sessed empirical support for hypotheses related to
between-day movements in a competing model-

selection framework (Burnham & Anderson
2002).

Material and methods

Study areas

We captured and radio-marked woodcock on three
study areas (east-central Minnesota, north-central
Wisconsin and the Upper Peninsula of Michigan,
USA) in the western Great Lakes region during late
summer and early autumn 2002 and 2003. We
selected study areas with high woodcock densities
and in which vegetation and land management
practiceswere similar.Our study area in east-central
Minnesota included portions of the 15,672-haMille
Lacs Wildlife Management Area (MLWMA) and
the adjacent 1,166-ha Four Brooks Wildlife Man-
agement Area (FBWMA). Vegetation communities
in our Minnesota study area included early regen-
erating aspen Populus tremuloides and P. grandi-
dentata and lowland habitats dominated by alder
Alnus spp., willow Salix spp., and bur oak Quercus
macrocarpa. Our north-central Wisconsin study
area was within the Lincoln County Forest and
Tomahawk Timberlands industrial forest and was
characterized by rolling terrain with boggy wet
basins. Northern mesic forests comprised most
forest cover with sugar maple Acer saccharum
dominating the better-drained soils and red maple
Acer rubrum dominating the more mesic sites. Wet
basins were dominated by spruce-fir Picea-Abies on
wet mineral soils and spruce-tamarack Picea-Larix
on wet organic soils. Our Michigan study area was
in the Copper County State Forest in Dickinson
County in Michigan’s Upper Peninsula and we
primarily concentrated field work in the eastern half
of the 25,728-ha Dickinson Woodcock Research
Unit. Upland forest habitats were dominated by
aspen, red maple and paper birch Betula papyrifera.
Dominant species in coniferous forests were balsam
fir Abies balsamea and black spruce P. mariana. In
addition, alder dominated many moist lowland
areas. Woodcock hunting was allowed on a portion
of each of our study areas (see Andersen et al., in
press, for a description of hunting pressure on a
portion of the Minnesota study area subsequent to
this movement study).

Capture and radio-marking

We captured woodcock in the Minnesota, Wiscon-
sin and Michigan study areas beginning on 24
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August 2002 and 18 August 2003. We identified

capture sites by observing potential roosting areas

at dusk, and subsequently placedmist nets (Sheldon

1960) in areaswherewoodcockwere observed flying

to roost and spot-lighted roosting fields (Rieffen-

berger & Kletzly1967, McAuley et al. 1993). We

used wing plumage characteristics to classify age

(hatch year, ’HY’; and after hatch year ’AHY’ or
’adult’) and gender (male or female) of captured

birds (Martin 1964) and bill length as an additional

means of determining gender (Mendall & Aldous

1943). We attached radio-transmitters weighing

approximately 4.4 g (, 3% of body weight) to

woodcock using all-weather livestock tag cement in

conjunction with a single-loop wire harness using

the techniques ofMcAuley et al. (1993).We released

woodcock at capture locations following transmit-

ter attachment.

Radio-tracking

We randomly selected a subsample (N¼ 15 in each

of the study areas in 2002 and N¼18 in each of the

study areas in 2003) of adult female woodcock from

all radio-marked adult female woodcock in each

study area in each year in early September (7 Sep-

tember 2002 and 8 September 2003). We relocated

woodcock from the ground once per day (during

daylight hours) 5-7 times/week using hand-held

antennas and portable receivers by searching for

signals from roads and determining direction(s) to

the source of the signal from � 1 receiving lo-

cation(s). We then estimated a general location for

the source of the signal, and walked to that general

location by homing on the signal. We determined

estimated locations of woodcock without flushing

them using a hand-held Global Position System

(GPS) unit (GarminGPS 76,Garmin International,

Olathe, Kansas; use of trade names does not imply

endorsement by the U.S. Geological Survey) and

walking around the source of the signal. If we were

unable to locate woodcock on the ground for

multiple days, we located them via fixed-wing

aircraft approximately weekly, using standard

aerial-telemetry methods. Once woodcock were

located from the air, we located them subsequently

from the ground to obtain precise locations and

measure foraging-location variables.Wemonitored

woodcock until mortality occurred or until wood-

cock migrated from our study areas (median

departure date was in early November with 95%

of woodcock leaving our study areas by mid-

November; Meunier et al. 2008), which we defined

as occurring after the last date that we detected a

woodcock’s radio signal followed by failure to

detect a signal during three consecutive aerial

telemetry flights. We searched from the air out to

approximately 10 km from a woodcock’s last

known location.

We obtained ; 88% of locations without

flushing woodcock, thus minimizing our influence

on their movements. However, because we did

not flush woodcock, our estimated woodcock

locations were influenced by several sources of

error, including error in estimating locations

based on our telemetry procedures, and error

associated with deriving GPS coordinates. We

estimated the distance between estimated and true

woodcock locations by repeatedly (N ¼ 50) lo-

cating a transmitter placed in woodcock habitat,

following our field monitoring protocol in a blind

trial to bound these errors. We then used the

Jennrich-Turner home-range estimator (Jennrich

& Turner 1969) to estimate the 95% error ellipse

radius of these points (28.6 m), which represented

the distance from estimated to true woodcock

locations plus GPS error. We also recorded 50

GPS locations of the same fixed transmitter and

again used the Jennrich-Turner home-range

estimator to derive the radius of the 95% error

ellipse associated with deriving GPS coordinates

to account for GPS error. The radius of the 95%

error polygon for our estimate of transmitter

locations was 13.68 m when we removed GPS

error, which represented the maximum distance

between estimated and true woodcock locations.

Finally, to estimate minimum distance between

estimated and true woodcock locations, we

intentionally flushed 10 adult female woodcock

and paced the distance from the location of the

observer when the bird flushed to the location

from where the bird flushed (0¼ 2.2 m, SE¼ 0.3).

Woodcock were between two and 14 m from the

estimated locations where we measured foraging-

location variables, based on these estimates.

We calculated the distance between daily esti-

mated locations on subsequent days (response

variable) using the animal movement extension

(Hooge & Eichenlaub 1997) in ArcView 3.3. We

structured each individual woodcock locational

data set by date and transformed location points

for each woodcock into a segmented line file to

measure the length between location points.
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Foraging location variables

We quantified habitat characteristics at woodcock
foraging locations in a random direction ; 2-14 m
(estimated minimum and maximum distance be-
tween estimated and true woodcock foraging
locations) from radio-equipped woodcock. We
measured earthworm biomass within a 353 35 cm
square plot at the estimated woodcock location.We
removed vegetation and ground litter inside this
plot to facilitate collection of surfacing earthworms
and poured 1.25 l of oriental hot mustard solution
onto the ground and collected all earthworms that
surfaced during a 5-minute period (Paulson &
Bowers 2002). We calculated ash-free dry mass (to
the nearest 0.0001 g) for each earthworm sample.

We quantified soil colour and soil porosity at
estimated woodcock foraging locations. We sepa-
rated soil colour into six categories (2.5-1, 3-1, 4-1,
5-1, 6-1 and 8-1) based on the Munsell soil colour
chart 7.5YR (Munsell 2000) and recorded the
closest match to soil colour. We also collected a
9.8-cm diameter by 6.8-cm deep soil core at the
surface 1 m in a random direction from the esti-
mated woodcock location to measure soil porosity.
Wewere careful not to compact soil when collecting
soil samples so as not to artificially inflate bulk
density (Blake & Hartge 1986). We estimated soil
porosity by dividing the bulk density of the samples
by the density of quartz (2.65 g/cm3; Danielson &
Sutherland 1986).

We recorded daily high and low temperatures
(8C) at stations in or adjacent to study areas with
automated digital thermometers to incorporate
weather variables into movement models. We
located weather stations in study areas in open
areas to match temperature and precipitation
registration conditions at public weathers stations
adjacent to our study areas. We recorded precipi-
tation (in cm) in the previous 24-hour period daily at
09:00 with rain gauges located centrally at study
sites.

Movement predictions

We created 14 models a priori to evaluate testable
predictions of the relationship between environ-
mental variables and movement to test the hypoth-
eses that woodcock incorporate experience with
recently used foraging locations and environmental
cues into movement behaviour. We predicted that
woodcock wouldmake shortermovements between
subsequent daily locations and return to previously
used foraging locations when environmental con-

ditions on the prior day were favourable, because
returning to familiar cover affords incorporation of
previous site-specific environmental cues related to
food availability. Weather conditions may also in-
fluence energy requirements and resource availabil-
ity. Therefore, we identified predictor variables that
were related to two major classes of models; food
and weather, based on published literature and our
experiencewithwoodcockmovement in a 2001 pilot
study.

Food hypotheses

We hypothesized that woodcock would return to
areas with a high earthworm abundance and
predicted that earthworm biomass per unit area
would be negatively related to distance between
subsequent daily locations. Earthworm abundance
varies spatially and temporally and therefore may
influence woodcock movement patterns. Earth-
worm abundance may be influenced by several
factors, including soil moisture (e.g. Straw et al.
1994), soil temperature (a decrease in abundance at
, 58 or . 258; Reynolds et al. 1977, Rabe et al.
1983b), and vegetation (Reynolds et al. 1977,
Keppie & Whiting 1994).
We hypothesized that soil characteristics were an

important predictor of food availability and thus,
overall quality of foraging locations. We predicted
that soil colours that were darker would be as-
sociated with shorter distances between daily lo-
cations because captive woodcock exhibited strong
selection for dark soil colours in captive trials (Rabe
et al. 1983a). Soil colourmay serve as a cue related to
food availability, as moist soils are generally darker
than dry soils. Our rationale for including this
variable was that not all soils are covered by litter,
and we wanted to test experimental trial results in
the field. The final model variable that we included,
which were related to food, was soil porosity. Soil
porosity influences soil moisture retention, which
influences earthworm availability (Rabe et al.
1983b, Straw et al. 1994) and soil conditions that
affect foraging success. We hypothesized that there
would be a threshold at which moisture was suf-
ficient to support foraging for earthworms.

Weather hypotheses

Wehypothesized that precipitationwould stimulate
movement because we observed longmovements by
woodcock following rain events in 2001 in Minne-
sota, and therefore we included the previous day’s
precipitation in movement models. We included
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daily low temperature because low temperatures
affect woodcock energetic requirements and may
affect foraging abilities (Bell 1991). Woodcock
metabolic demands increase at lower temperatures
(Vander Haegen et al. 1994), but woodcock could
respond to increased metabolic demands by either
increasing movement to increase foraging opportu-
nities or decreasing movements to conserve energy
(Cartar & Dill 1990, Caraco et al. 1990).

Interactions

We limited our models to include three first-order
interactions. First, we included an interaction be-
tween rainfall and soil porosity because rainfall
influences soil moisture. We postulated that rainfall
improved foraging condition more in porous soils
than in less porous soils because highly porous soils
that were previously too dry for woodcock to forage
in successfully would likely become more favour-
able, stimulating movements into new areas. Sec-
ond, we allowed for an interaction between earth-
worm abundance and temperature because earth-
worms become less available as a function of
temperature; this interaction was equally likely to
stimulate or inhibit woodcock movement (Cartar &
Dill 1990, Caraco et al. 1990). Third, we allowed for
an interaction between soil colour and rainfall,
because increased soil moisture (following rainfall)
results in darker soil colour.

Statistical analyses

We analyzed data from all adult female woodcock
in our random subsample with . 20 between-day
movements (N ¼ 58). Woodcock were located
between 20 and 46 times during our study with an
average of 31 locations per bird. We had a balanced
study with each individual woodcock accounting
for only 1.0-2.5% of the cumulative locations.
Because sequential locations can be serially-corre-
lated and therefore habitat characteristicsmeasured
for the samewoodcock closer in time aremore likely
to be correlated thanmeasuresmore distant in time,
we modeled the appropriate covariance structure
that best represented the data in SAS PROC
MIXED (Littell et al. 1996, 1998). We used the
REPEATEDstatement inPROCMIXEDtomodel
the covariation within individual woodcock, which
accounted for the violation of independence of the
observations (Littell et al. 1998). We used the
RANDOM statement to model the variation
among woodcock, which accounted for heteroge-
neity of variances from individualwoodcock (Littell

et al. 1998). The random effects factor was the
subsample of individual woodcock that was ran-
domly chosen from all radio-marked adult female
woodcock captured as part of a larger survival
study.Wemodeled other factors as fixed effects.We
used maximum likelihood methods to fit a mixed-
effects (both randomandfixed effects) general linear
model using SAS PROC MIXED. We chose the
covariate structure ar(1) using information-theo-
retic methods (Akaike 1973, Burnham & Anderson
2002) and used this structure in all mixed modeling.
We used Akaike’s Information Criterion adjust-

ed for small sample size (AICc) to rank competing
models (Akaike 1973, Burnham &Anderson 2002).
We used AICc values computed in PROC MIXED
to identify the model with the highest rank (i.e.
minimum AICc value) and DAICc values to
calculate the likelihood of the model given the data.
We used likelihood estimates from Burnham &
Anderson (2002:74) to calculate Akaike weights
(wi), which can be interpreted as the "weight of
evidence in favor of model i being the actual
Kullback-Leibler (K-L) best model for the situation
at hand given that one of the R models must be the
K-L best model of that set of models" (Burnham &
Anderson 2002:75).
We conducted a variance-components analysis

(Littell et al. 1996) to assess how much variation
among individual woodcock was explained by the
best approximating model(s). We used maximum
likelihood covariance parameter estimates from
SAS PROC MIXED for the DAICc best model(s)
and the intercept-only model to compute the
amount of process variation explained by our for-
aging location habitat variables:

process variation explained ¼ ðo’ð:Þ - o’aÞ=o’ð:Þ ð1Þ

where o’(.)¼the variance component estimate for the
intercept-only model and o’a¼ the variance compo-
nent estimate for the DAICc best a priori model.
We constructed the same set of models (N¼ 14)

with study area and year as blocking factors and
assessed whether model selection or Akaike weights
changed, to test whether pooling data across the
three study areas was appropriate. We also con-
ducted the same analysis that we performed on the
full data set on a subset of the data that incorporated
only local movements that were , 500 m. We ar-
bitrarily defined local movements as movements of
, 500 m between subsequent locations using the
distributionof allmovement distances (Fig. 1) as the
basis of our definition. We did this because wood-
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cock occasionally make relatively long between-day
movements, and we wanted to test the sensitivity of
the models to these relatively long movements. We
compared results from this analysis to results of
analyses of the full data set. We used the best ap-
proximating model to estimate and compare
regression coefficients and standard errors; all other
results are reported as means 6 SE.

Results

We obtained . 20 estimates of between-day move-
ments for 58 adult female American woodcock (Ta-
ble 1). Woodcock were generally located on porous
soils (0 porosity ¼ 0.77 6 0.01) that contained
earthworms (0¼0.077 6 0.004 g ash free dry mass;
see Table 1). Woodcock almost always returned to
the vicinity of the previous day’s foraging area, but
also made longer movements and abandoned prior
foraging areas 7% of the time. The majority (91%)
of distances between subsequent daily locations was
, 400 m, with 48% of movements , 50 m (see Fig.
1). The median distance between subsequent daily
locations of adult female woodcock was 52.0 m, but
was highly variable (coefficient of variation¼ 2.2).

Low temperature (T), rain (R), earthworm bio-
mass (W), soil porosity (P), and the interaction be-
tween rain and porosity (R*P) were important
predictors of woodcockmovement (wi¼0.77; Table
2). Inclusion of study area and year as blocking
factors did not affect the relative ranking of models
or substantially change Akaike weights. Including
study area andyear as blocking factors increased the
amount of variation inmovement among individual
woodcock explained by environmental factors from

Figure. 1. Distance between subsequent-day locations (N¼1,786)
for radio-marked female after-hatch-year American woodcock
(N¼ 58) during autumn 2002 and 2003 in Minnesota, Wisconsin
and Michigan, USA.

Table 1. Foraging location and study area characteristics for 58 after-hatch-year female American woodcock (with N . 20 estimates of
distance between subsequent-day foraging locations) in Minnesota, Wisconsin and Michigan during autumn 2002 and 2003.

Study area and yeara Statistic
Low temp.

(8C)
Precipitation

(cm)
Ash-free

dry mass (g)
Porosity
of soil

Distance
(m)

Minnesota 2002 (N ¼ 11) Min -9.0 0.0 0.00 0.60 2.0

Max 16.3 1.8 0.53 0.92 1887.9

x̄ (SD) b or median 1.3 0.0 0.09 (0.11) 0.76 (0.07) 46.8

Minnesota 2003 (N ¼ 16) Min -17.7 0.0 0.00 0.59 0.6

Max 17.5 1.8 0.84 1.00 2880.4

x̄ (SD) b or median 2.7 0.0 0.09 (0.12) 0.79 (0.08) 51.8

Wisconsin 2002 (N ¼ 5) Min -17.7 0.0 0.00 na 4.0

Max 16.7 2.7 1.42 na 2197.6

x̄ (SD) b or median 0.6 0.1 0.11 (0.25) na 80.9

Wisconsin 2003 (N ¼ 14) Min -17.8 0.0 0.00 0.60 1.4

Max 17.2 3.3 1.92 0.97 3806.6

x̄ (SD) b or median 3.8 0.0 0.07 (0.19) 0.82 (0.07) 49.3

Michigan 2002 (N ¼ 3) Min -7.2 0.0 0.00 0.59 4.2

Max 14.4 1.7 0.84 0.95 2175.7

x̄ (SD) b or median 1.1 0.0 0.10 (0.18) 0.73 (0.10) 40.7

Michigan 2003 (N ¼ 9) Min -9.3 0.0 0.00 0.47 1.4

Max 15.9 21.3 1.13 0.96 2283.1

x̄ (SD) b or median 0.7 0.0 0.03 (0.08) 0.71 (0.11) 59.9

a N ¼ number of adult female woodcock with . 20 locations used to calculate descriptive statistics of environmental variables and
movements. Range of the number of locations per individual was 20 - 45/year.

b Numbers presented without (SD) are median of sample.
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21 to 72% based on our variance-components anal-
ysis. Incorporating study area increased explanato-
ry power by 6%, suggesting that movement be-
haviours among study areas were similar. Adding
year as a blocking factor increased the process vari-
ation explained by 44%.

High earthworm biomass was related to shorter
movement distances (Table 3). Woodcock that re-
located to more distant foraging locations between
days left areas where earthworm biomass (0.051 6

0.008 g) was about 62% of that in foraging areas to
which woodcock returned (0.079 6 0.004 g). In-
creasing daily low temperatures were positively re-
lated to movement distances (see Table 3). Of
movements to more distant foraging locations 2 =

3

occurred when the daily low temperature was above
the median low temperature of 2.48C. Soil porosity

was positively related to movement to more distant
foraging locations (see Table 3); approximately 2 =

3 of
movements . 500 m occurred when porosity values
were greater than themedian porosity value of 0.77.
Rain also stimulated woodcockmovement with a;

2-fold increase in the amount of rain on the previous
day when woodcock moved to more distant
foraging locations (0.85 6 0.22 cm rain vs 0.44 6

0.04 cm rain). The interaction between rain and
porosity had the strongest positive relationship to
movement to more distant foraging locations of
adult female woodcock. We found no evidence that
woodcock movement was related to soil colour.
For models of woodcock movements between

foraging locations of , 500 m, the best-supported
models were similar to those for all movements. The
rank of the top two models switched, indicating a
decrease in the importance of the interaction
between rainfall and porosity to shorter-distance
movements between daily foraging locations. In
contrast to the analysis of all movements, the best-
supported model of movements , 500 m explained
only 4% of the variation among woodcock. For the
best-supported model, SE estimates for all param-
eters were larger than the associated regression
coefficient estimate except for T (regression estimate
0.68 6 0.28), which still had a positive association
with movement.

Discussion

Whether woodcock returned to a foraging area or
moved to more distant foraging locations in late
summer and early autumnwas related to conditions
at their previous foraging location. Parameter es-
timates of the effects of environmental conditions
from the best approximating models coincided with

Table 2. Best-supported models (N¼ 5 of 14 a priori models) and intercept-only model describing the relationship of foraging location
quality to the distance between subsequent-day locations of after-hatch-year female American woodcock (N¼58) in central Minnesota,
centralWisconsin and theUpper Peninsula ofMichigan during autumn 2002 and 2003. Study area and year were used as blocking factors
in all models except the intercept-only model, which we used to assess the amount of total variation explained by the best-supported
models.

Modela k DAICC wi o’
c (o’(.) - o’ (a))/o’(.)

T,R,W,P,R*P 8 0b 0.77 1321.5 71.6%

T,R,W,P 7 3.4 0.14 1437.9 69.1%

T,R,C,W,P,T*W,R*P 10 4.4 0.09 1347.1 71.0%

W,P 5 784.5 0.00 2229.6 52.0%

P 4 1780.9 0.00 3008.5 35.3%

(.) intercept-only model 1 4646.9 0.0%

a W¼ earthworm biomass, P¼ soil porosity, T¼ low temperature, R¼precipitation in cm , C¼ soil colour and (.)¼ constant only;
b The lowest AICc value was 18638.6;
c o’¼ covariance parameter estimate.

Table 3. Relationship of foraging location quality to the distance
between daily locations of after-hatch-year female American
woodcock in central Minnesota, central Wisconsin and the Upper
Peninsula of Michigan during autumn 2002 and 2003. Estimates
are derived from singleDAICc best-supportedmodels (N¼2) using
maximum likelihood methods in a mixed-effects linear model with
study area and year as blocking factors.

Model DAICc wi

Predictor
variables a

Regression
coefficient
estimate SE

1 0.0 0.77 T 6.91 2.09

R -96.70 43.74

W -69.89 68.43

P 70.08 112.60

R*P 143.87 61.61

2 3.4 0.14 T 7.08 2.09

R 4.52 5.86

W -65.41 68.55

P 140.70 108.73

a T ¼ low temperature (in 8C), R ¼ precipitation (in cm), W ¼
earthworm mass (in g), P¼ soil porosity (in %).
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the a priori hypothesis that favourable environmen-
tal characteristics would result in shorter distances
between daily foraging locations. Woodcock were
likely to return to forage in areas with higher
estimated earthworm biomass until conditions
became unfavourable or became more favourable
elsewhere, consistent with the optimal foraging
theory, specifically the marginal value theorem (Mac-
Arthur & Pianka 1966, Charnov 1976). Wood-
cock were also likely to return from night-time
roosting locations to a previously used foraging
location when estimated earthworm biomass was
high on the prior day and were more likely to move
longer distances to new foraging areas when
earthworm biomass was low on the prior day.
When temperatures decreased, woodcock made
fewer longer distance movements between foraging
locations on subsequent days. Laboratory studies of
bumble bee (family Apidae) and dark-eyed junco
Junco hyemalis foraging suggested that animals
minimize unpredictability and prefer less risky
foraging opportunities even if risky foraging is
more energetically profitable (Cartar & Dill 1990,
Caraco et al. 1990). Woodcock showed this energy
conservation strategy during a drought in Maine,
where they ceased to make flights to nocturnal
roosting areas when overall food availability was
low (Sepik et al. 1983). Dark-eyed juncos, when
exposed to stress fromdecreasing low temperatures,
adopted more risky foraging behaviour. Woodcock
decreased their movements when their metabolic
demands increased as temperatures decreased; they
did not appear to adopt a more risky foraging
behaviour. Given that 75% of the biomass of a
woodcock’s diet is earthworms and woodcock
metabolic demands are highest in cold temperatures
when earthworms are less active and less available
(Reynolds et al. 1977, Rabe et al. 1983b), conserva-
tion of existing fat reserves prior to migration is
likely a more profitable foraging strategy than
searching widely for food. Overall, foraging loca-
tion fidelity appeared to be influenced by the
prevailing environmental conditions at a particular
time. This conclusion was also supported by the
strong relationship of longer movements between
foraging locations and the interaction between soil
porosity and rainfall. Woodcock responded to the
combination of rainfall and soil porosity bymaking
long movements into new foraging areas that
previously may have been too dry to support high
earthworm availability.

Blocking by study area and year greatly increased

the amount of explained process variation in
between-day movement distances among wood-
cock. Movement patterns among study areas were
similar and the relative importance of environmen-
tal factors representing habitat quality did not
change between years or among study areas.
However, the scale of movements between years
did change. Autumn 2002 was cool and wet and
woodcock generally moved shorter distances,
whereas autumn 2003 was warm and dry with
woodcock exhibiting longer movements following
precipitation events. Blocking by year allowed us to
account for different environmental conditions ex-
perienced in 2002 and 2003, which resulted in much
higher precision of our movement models.
The strength of the relationship between envi-

ronmental variables and movements was stronger
for between-day movements to more distant forag-
ing locations than for movements , 500 m. There
are several plausible explanations for differences in
the strength of these relationships at different scales
of movement. First, variables that we quantified
may not represent factors that affect short-distance
movements between foraging locations of adult
female woodcock. We observed little overlap in
home ranges among woodcock in our study (K.E.
Doherty, unpubl. data), suggesting that intra-
specific spacing mechanisms may influence wood-
cock distribution, or that woodcock secure exclu-
sive use of relatively small foraging areas. Second,
the error associated with estimated woodcock
locations versus the magnitude of short-distance
woodcock movements may have limited our ability
to detect associations between movement and
environmental factors at small spatial scales. Over
half of short-distance woodcock movements be-
tween foraging locations on subsequent days had
overlapping error distributions. The relative impre-
cision of our ability to measure short between-day
movements, coupled with highly variable environ-
mental predictors, made detecting relationships at a
small spatial scale difficult. Even so, the two best-
supported models in the analyses of all movement
distances and excluding movement distances . 500
mwere the same.Our efforts tominimize impacts on
woodcock movement (i.e. not flushing woodcock)
may have led to habitat quantification at a spatial
scale larger than that associated with short-distance
movements.
One factor that might influence between-day

movements of woodcock that we were unable to
assess directly is related to predation risk. Wood-
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cock foraging location selection could influence
predation risk by providing protection from pred-
ators (especially avian predators) or by increasing
predation risk if cover negatively influences preda-
tor detection. Woodcock generally forage in loca-
tions with high stem density (Morgenweck 1978; in
our study, 0 ¼ 28,725 6 450 stems/ha (Doherty
2004)), possibly to provide protection from preda-
tors. Foraging locations with lower predation
pressure could decrease observational vigilance for
predators, thus reducing prey handling time.
Reduced prey handling time leads to shorter inter-
prey waiting time (Krebs 1980), which ultimately
increases energetic intake by affording more time to
forage.However, weobserved very little variation in
stem density at woodcock foraging locations, and
any relationship between stem density and preda-
tion pressure is unclear, which precluded us from
assessing whether between-day movements were
related to predation pressure.

Quality of recently used foraging areas is likely an
important predictor of fidelity to specific locations
in the future. Favourable conditions (e.g. worm
abundance) were associated with shorter move-
ments and woodcock returning to previously used
foraging locations, whereas less favourable condi-
tions were associated with longer movements into
previously unused areas. Woodcock also appeared
to incorporate information about recent environ-
mental conditions into decisions about movement.
Woodcock were more likely to make longer move-
ments and forage in new locations when rainfall and
soil porosity combined tomake foraging conditions
more favourable elsewhere. Woodcock were also
more likely to risk longer movements when higher
temperatures decreased the metabolic risks associ-
ated withmoving.Woodcockmovement associated
with foraging in autumnappears tobalance the risks
of movement with the possible benefits of increased
energy intake in new foraging areas. Quantifying
movement behaviour allowed us to explore how
woodcock responded to changing environmental
conditions, lending deeper insight into the use of
habitats than simply assessing habitat selection
based on used versus available locations. We sug-
gest that this approach could be applied more
broadly in studies of habitat selection to provide a
means of better understanding potential mecha-
nisms influencing selection.
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