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Abstract.—

 

Foraging behavior of Harlequin Ducks (

 

Histrionicus histrionicus

 

) and its response to changing envi-
ronmental conditions during winter was investigated at Cape St. Mary’s, Newfoundland. Behavioral synchrony
among individuals permitted continuous observations of flocks to be conducted, sometimes over entire days. Over-
all foraging effort of Harlequin Ducks was examined at two organizational levels: dive cycles (dive and surface
pause) and foraging cycles (foraging bout and rest bout). Overall foraging effort decreased at greater tide depths
as Harlequin Ducks decreased the duration of foraging bouts. Dive:pause ratios did not change within these shorter
foraging bouts at high tides, however the duration of dives, pauses, and the total dive cycle all increased. Overall
foraging effort decreased in response to increased wind/wave exposure due to a decrease in dive duration. Overall
foraging effort did not change in response to decreasing ambient temperature; however the frequency of dive cycles
decreased which could decrease energy expenditure associated with post-dive thermoregulatory costs. Overall for-
aging effort increased throughout the day, particularly in the last foraging bout before the overnight fasting period.
Interestingly, this strategy was accomplished by decreasing dive durations but increasing foraging bout duration.
These opposite results across levels of behavioral organization are interpreted in the context of intermittent exer-
cise and locomotion whereby decreasing effort at one level of energy expenditure could allow for increased effort
at another. Therefore, different (and sometimes opposite) responses to environmental conditions can occur at dif-
ferent levels of behavioral organization. Even when overall foraging effort remains unchanged, the strategy em-
ployed can differ in its temporal allocation or frequency, which could be important in balancing energy budgets
under increased energetic costs and/or time constraints. These results have particularly important implications for
interpreting behavioral responses investigated at only a single level of behavior, extrapolating data from brief ob-
servation periods to longer time scales, and foraging models which only consider single levels of behavior such as
the dive cycle.
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Animals must make many types of forag-
ing decisions, including prey and habitat se-
lection and time budget allocation, in order
to obtain the highest net energy gains (Pul-
liam 1976; Pyke 

 

et al.

 

 1977; Caraco 1980). Har-
lequin Ducks (

 

Histrionicus histrionicus

 

) winter
in a complex marine environment where
these foraging decisions can be influenced by
a complex suite of changing environmental
conditions. Further, owing to small body size,
it has been suggested that Harlequin Ducks
wintering in the North Atlantic may be
pushed to their physiological limits in order
to survive (Goudie and Ankey 1986). Weather
and oceanographic conditions in the North-
west Atlantic are severe during mid-winter, so

energy requirements are expected to be high
to offset associated thermoregulatory costs
(Guillemette 

 

et al.

 

 1992).
Animals have several options to deal with

high energy demands. Increasing energy
consumption by increasing foraging effort is
an obvious way. For physiological reasons,
resting bouts and pausing between dives are
obligatory aspects of foraging for air breath-
ing organisms (MacArthur 1986; Ydenberg
and Guillemette 1991; Guillemette 

 

et al.

 

1992), and may also provide time to process
and digest food (Guillemette 

 

et al.

 

 1992).
Therefore, individuals are probably only
able to adjust foraging effort within certain
limits, especially on short days during winter
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when thermal stress is greatest. This may be
particularly true for wintering sea ducks, as
they spend a large proportion of the day for-
aging (Goudie and Ankney 1986; Goudie
1999; Systad 

 

et al.

 

 2000; Torres 

 

et al.

 

 2002).
Some marine birds have flexible time bud-

gets and can increase foraging intensity or re-
duce resting periods (Burger and Piatt 1990;
Monaghan 

 

et al.

 

 1994). Although surface
pausing and resting bouts are obligatory as-
pects of foraging, few have examined how in-
dividuals can increase foraging efficiency dur-
ing these periods. For example, net energy
budgets could be maximized by coordinating
foraging and resting bouts with certain envi-
ronmental conditions. Therefore, in contrast
to classical time-budget studies that examine
the proportion of time spent in each activity
per day, both the duration and temporal loca-
tion of each type of behavior in relation to en-
vironmental conditions could play critical
roles in balancing energy budgets.

In this study the foraging behavior of Har-
lequin Ducks under different environmental
conditions (weather, tide, time of day and day
length) during winter at Cape St. Mary’s,
Newfoundland was considered. How environ-
mental conditions influenced temporal as-
pects of foraging behavior and the interrela-
tionships of foraging behaviors across tempo-
ral scales within a day was also examined.

Temporal Organization of Behavior

Despite logistical and sampling issues
(Baldassare 

 

et al.

 

 1988), time-activity budgets
have proven useful in determining the

amount or proportion of time spent forag-
ing per day (Goudie and Ankney 1986; Pau-
lus 1988; Systad 

 

et al.

 

 2000). However, time-
activity budgets only provide an average esti-
mate of the time spent in foraging or resting
bouts, necessarily excluding variation in ef-
fort that may occur at shorter temporal and
behavioral scales. A behavioral scale can be
defined as the various levels in a hierarchy of
behavioral categories (e.g., Fig. 1). Behavior-
al scales, like behavior, are dynamic (do not
occur at fixed time intervals) and are deter-
mined by the organization of behavioral pat-
terns of the species. Further, time activity
budgets often extrapolate events from short
term behavioral watches to longer temporal
and behavioral scales. As different physiolog-
ical and environmental constraints and con-
ditions act at different time scales, the ex-
trapolation of short-term behavior to longer
time scales may not be an appropriate analyt-
ical approach. Time-activity budgets may be
adequate for research on a species’ general
behavior, but are of too low a resolution for
in-depth studies of foraging strategies.

An alternative analytical technique used
for diving birds focuses on a finer behavioral
scale, such as the relationship between div-
ing and pausing on the surface (the
dive:pause ratio; Dewar 1924). Recently re-
searchers have considered that diving and
pausing may be altered to change foraging
intensity throughout a foraging bout. For ex-
ample, dive duration could affect the subse-
quent surface pause (Wilson and Wilson
1988) or be influenced by dive depth and
travel time to the bottom (Houston and Car-
bone 1992; Lovvorn and Gillingham 1996).
This approach has proven effective in con-
siderations of trade-offs between diving and
recovery when diving becomes anaerobic
(Ydenberg and Clarke 1989). However, em-
pirical data are often limited to observations
of sequential dive cycles over only brief peri-
ods. Each method (time-activity budgets and
dive:pause ratios) alone only investigates a
single temporal scale of foraging behavior,
making it difficult to draw inferences across
time periods, particularly when an animal
forages at different rates over a foraging
bout (Swennen 

 

et al.

 

 1989).

Figure 1. Schematic representation of the different
components of a foraging cycle (FC). Dive cycles (DC)
include a foraging dive (d) and subsequent surface
pause (p). Foraging bouts (F) include a sequence of dive
cycles, and a foraging cycle includes a foraging bout and
the subsequent rest bout (R).
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For many sea ducks, the diurnal period
consists of sequential foraging cycles. The
various behavior patterns that can occur
within a given foraging cycle (FC) are out-
lined in Fig. 1. A dive cycle (DC) consists of
a dive (d) and the subsequent surface pause
(p). Effort can be modified by increasing
the duration of either the dive or pause,
with or without changing the overall length
of the dive cycle. A foraging bout (F) in-
cludes a sequence of dive cycles, of which
the total number of dive cycles or time
spent foraging varies. A foraging cycle in-
cludes a foraging bout and the subsequent
rest bout (R), each of which can vary in du-
ration. In many species the active period of
the day is made up of sequential foraging
cycles. Non-foraging behavior such as court-
ship can, for present purposes, be included
in rest bouts.

A diving bird can modify foraging ef-
fort through various combinations of be-
havioral strategies, including modification
of the duration of dives and pauses, forag-
ing and rest bouts, and the total length of
a foraging cycle. A practical example is de-
ferring physiological recovery from diving
to the subsequent rest bout rather than in
surface pauses between dives (Ydenberg
1988; Ydenberg and Clarke 1989). Each
behavioral component (Fig. 1: d, p, F, R)
represents a different tactic that together
make up a behavioral strategy. Although
numerous combinations of the frequency
and duration of these behavioral tactics
are possible, only those yielding foraging
strategies that increase long term net ener-
gy gain over various environmental, eco-
logical and physiological constraints will
be favored by natural selection (Schoener
1971). The present paper therefore ex-
plores how Harlequin Ducks allocate for-
aging effort at (a) the level of dive cycles,
(b) foraging cycles, and (c) cumulatively
across dive and foraging cycles (overall for-
aging effort), in relation to various envi-
ronmental constraints. 

 

Methods

Harlequin Ducks foraging at Cape St. Mary’s, New-
foundland in Jan-Apr and Nov 2000 were observed

through more than 2,500 dive cycles and 100 foraging
cycles. The local population consists of approximately
100 individuals that almost exclusively use a few forag-
ing patches within five to six km (JPH and T. Power un-
pub. data). Overcoming the constraints of time-activity
budgets and dive pause techniques to examine interac-
tions among behavioral scales requires continuous ob-
servations, be it through revised observational
techniques, or through animal-bourn time activity log-
gers or telemetry. Activities of individual Harlequin
Ducks at Cape St. Mary’s were extremely coordinated
within flocks (see also Schenkeveld and Ydenberg
1985). This highly coordinated activity meant the dura-
tion of any behavior was the same for all individuals in a
flock; these circumstances therefore allowed us to use a
flock, instead of the individual, as the unit of study. Ob-
servations on entire flocks from the arrival of birds at
dawn, until the birds flew several km offshore for the
night, were attempted. Flock size varied throughout the
day (x– = 20 individuals, range = 3 - 44). When flocks
split into smaller groupings, the largest grouping was
observed. Often, soon after a flock had fragmented, the
individuals would join to reform the original flock. In
some situations when diving became less synchronous,
continuous observations were maintained by selecting
the largest observable sub-group (sub groups still main-
tained synchrony despite asynchrony with the entire
flock). In this manner, a large proportion of the popu-
lation could be simultaneously observed and followed
throughout sequential foraging cycles, and sometimes
throughout an entire day. The variables measured in-
cluded dive and surface pause durations, duration of
foraging bouts, subsequent rest bouts, and foraging cy-
cles (Fig. 1). In the calculation of group dive and pause
durations it was assumed that the first sub group of indi-
viduals to dive were the first to surface. Group dive and
pause durations were obtained by averaging over sub
groups. Observations of identifiable individuals indicat-
ed that these assumptions held 94% of the time (N =
112 dives and pauses; the remaining 6% affected calcu-
lations by only one s or less). Pause durations signifi-
cantly increased when flocks of foraging Harlequin
Ducks joined (t

 

2733

 

 = 14.6, P < 0.0001) or when large
waves forced Harlequin Ducks to dive into them, but
not descend (t

 

2653

 

 = 6.4, P < 0.0001), so these data were
excluded from analyses relating pause behavior with
other environmental variables.

Weather data (wind speed, km/h, and temperature,
°K), were obtained from the Argentia, Newfoundland
weather station records. Tide depth data were obtained
from tide tables, and categorically ranked from low (0)
to peak (6) or intermediate (1-5) by dividing the total
tidal height difference (high tide amplitude – low tide
amplitude) into seven equal categories.

Linear regression and analyses of variance were used
to evaluate relationships between foraging behavior and
environmental conditions. The focus of analysis is on
main effects to illustrate interactions among temporal
scales of behavior. Interactions among foraging behav-
iors were explored using correlation analysis. 

 

R

 

ESULTS

 

Summary statistics of dive behavior
across all environmental conditions are pre-
sented in Table 1.
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Environmental Conditions

With increasing wind speeds dive dura-
tion declined, no other relationship was sig-
nificant (Table 2). At warmer air tempera-
tures, dive, pause and dive cycle durations
significantly decreased, while there was no
significant relationship with any foraging
cycle variable and air temperature (Table
2). Dive duration, pause duration and dive-
cycle duration were positively related to tid-
al depth, while foraging bout duration and
the F:R ratio declined significantly with tid-
al depth (Table 2, Fig. 2). Throughout the
day, dive durations and dive:pause ratios de-
creased, while foraging bout durations and
F:R ratios increased significantly as the day
progressed (Table 2). With increasing day
length, dive durations and dive:pause ratios
increased, as did resting bouts and foraging
cycles (Table 2).

Relationships Among Behaviors

Across all environmental conditions
combined, dive duration was correlated with

the duration of the subsequent pause (r

 

2532

 

 =
0.646, P < 0.0001). Dive duration was also re-
lated to the duration of the previous pause,
though this relationship did not account for
as much variation (r

 

2579

 

 = 0.216, P < 0.0001).
Foraging bout duration was not related to
the duration of the subsequent rest bout (r

 

89

 

= -0.02, n.s.) or of the previous rest bout (r

 

78

 

= -0.122, n.s.). Dive:pause ratios were nega-
tively related to the durations of dive cycles
(r

 

2532

 

 = -0.212, P < 0.0001). Longer dive,
pause and dive cycles were associated with
longer foraging bout and shorter resting
bouts (Table 3).

Across all environmental conditions con-
sidered together, dive duration (F

 

1, 3345

 

 = 3.3,
n.s.) and dive cycle duration (F

 

1, 3203

 

 = 1.1,
n.s.) were not related to position within for-
aging bouts. As time remaining in the forag-
ing bout decreased, pause durations signifi-
cantly increased (F

 

1, 3211

 

 = 3.85, P = 0.05)
while dive:pause ratios significantly de-
creased (F

 

1, 3203

 

 = 11.0, P = 0.0009). 

D

 

ISCUSSION

 

Weather

Although the same total amount of time
is spent underwater in foraging cycles at all
ambient air temperatures, dive bouts were
longer and less frequent at colder tempera-
tures. We expected increased foraging effort
under colder temperatures, but it is possible
that Harlequin Ducks could increase net en-
ergy gain during colder temperatures
through longer but fewer dive cycles, with-

 

Table 1. Mean plus or minus standard error and sample
size (N) of Dive, Pause, Foraging Bout and Resting Bout
durations (s), and dive:pause and foraging:resting bout
ratios, summarized across all environmental conditions.

 

Behavior Mean ± SE (s) N

Dive 18.3 ± 0.1 2,841
Pause 19.3 ± 0.2 2,739
Dive:Pause 1.157 ± 0.013 2,738
Foraging Bout 1,142 ± 84 116
Resting Bout 1,224 ± 101 110

Foraging:Resting 1.637 ± 0.227 109

 

Table 2. Relationship between environmental conditions and Harlequin Duck foraging behaviour at Cape St.
Mary’s, Newfoundland. Significant results and slope of direction indicated by +/- (P > 0.05) or ++/-- (P > 0.001),
n.s. is not significant.

 

Dive cycle (DC) Foraging cycle (FC)

Dive Pause
Dive cycle 
duration

Dive:pause 
ratio

Foraging 
bout

Rest
bout

Foraging
cycle

Foraging:rest 
ratio

Wind/wave exposure — n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Temperature — — — n.s. n.s. n.s. n.s. n.s.
Tide ++ ++ ++ n.s. — n.s. n.s. —
Time of day — — n.s. n.s. + n.s. n.s. +
Day length + n.s. n.s. + n.s. ++ ++ n.s.



 

F

 

ORAGING

 

 

 

IN

 

 H

 

ARLEQUIN

 

 D

 

UCKS

 

75

 

out increasing total dive time. For exam-
ple, air trapped in plumage is released up-
on buoyant ascent by Long-tailed Ducks
(

 

Clangula hyemalis

 

) and Common Eiders
(

 

Somateria mollissima

 

) (JPH unpublished
data), and diving animals typically de-
crease body temperature when submerged
(Bevan and Butler 1992). Less frequent/
fewer dives could therefore reduce energy
costs of warming air within plumage air
spaces and raising body temperature after
each dive. In this manner, Harlequin Ducks
could spend the same amount of time forag-

ing but decrease energy expenditure by
changing the temporal allocation of forag-
ing effort. In Newfoundland and Alaska
(Goudie and Ankney 1986; Fischer and
Griffin 2000) has found that wintering
Harlequin Ducks spent greater propor-
tions of the day feeding when tempera-
tures were colder even when day length
was accounted for, though this relation-
ship was not reported in British Columbia
(Goudie 1999) where waters and air are
considerably warmer. In contrast, we
found that temperature did not influence
overall foraging effort, only how it was tem-
porally allocated.

Dive durations decreased in relation to
increasing wind speed while no other for-
aging activities were affected, indicating
that total foraging effort decreased with in-
creasing wind speed, and associated in-
creases in wave exposure. This finding was
contrary to our expectation that increased
thermoregulatory demands (due to in-
creased convective heat loss from both tur-
bulent air and water) would lead to in-
creased foraging effort. It is possible that
shorter dive durations were beneficial due
to increased wind induced wave exposure
in the inter-tidal foraging zone of Harle-
quin Ducks, which could affect both prey
distribution and increase diving costs due
to strong local water currents. Other be-
havior during surface pauses and resting
bouts, such as preening and resting, could
also have been influenced by weather in
order to offset thermoregulatory costs
(Brodsky and Weatherhead 1985). No rela-
tionship between wind speed and propor-
tion of time spent foraging has been re-
ported in other studies of Harlequin Ducks
(Goudie and Ankney 1986; Goudie 1999).

Figure 2. Fluctuation of the dive and pause durations
over sequential dive cycles within two foraging bouts.
Spline-smoothed in Sigma Plot 2000.

 

Table 3. Correlation analyses between dive cycle and foraging cycle time scales of behavior, combined across all
environmental conditions. Degrees of freedom ranged from 107-114, * denotes P > 0.05.

 

Foraging Resting Foraging Cycle Foraging:Rest

Dive 0.22* -0.20* -0.04 0.21*
Pause 0.21* -0.26* -0.08 0.21*
Dive cycle 0.24* -0.25* -0.06 0.23*
Dive:pause -0.01 0.196* 0.156 -0.05
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Tide

As expected, dives were longer when wa-
ters were deep during high tides. Pause and
total dive cycle durations were also longer,
and accordingly dive:pause ratios did not dif-
fer over tidal depths. Increased dive dura-
tion could be due to increased travel times at
greater water depths. Pauses likely increased
to allow recovery from longer dives, leading
to a decrease in the frequency of dive cycles
but not to a change in the proportion of time
underwater. In contrast, the duration of for-
aging bouts decreased with increasing tidal
depth, with no change in rest bout duration.
Although dive cycle duration increased with
tidal depth, overall foraging effort decreased
as foraging bout duration (and therefore to-
tal number of dive cycles) decreased. There-
fore, overall foraging effort was greater dur-
ing lower tides, despite shorter dive dura-
tions during these periods. Interestingly, tid-
al height was positively related to time spent
feeding in Alaska (Fischer and Griffin 2000)
and negatively related to time spent foraging
in British Columbia (Goudie 1999). These
differences likely arise from the amount and
distribution of intertidal habitat and poten-
tial movement by prey of Harlequin Ducks in
these areas, which may become available at
different tides at different sites. Alternatively,
as our results were different across two be-
havioral scales, conflicting results of other
research could be a function of sampling
methods and subsequent calculations based
on scaling shorter behavioral watches to
longer term foraging indices.

Time of Day

Total foraging effort increased through-
out the day as increases in foraging bout du-
ration (particularly for the last foraging bout
of the day in mid-winter) were much greater
than the total decreases in effort due to
shorter dive durations. Shorter dive dura-
tions (with no change in pause duration)
may be required to maintain foraging effort
over long foraging bouts. Diving and paus-
ing, and foraging and resting bouts, can
both be considered levels of intermittent ex-

ercise, and therefore a decreased rate of for-
aging (e.g., more frequent pausing) could
reduce fatigue allowing endurance required
to conduct longer foraging bouts (Wienstein
2001). The last foraging bout of the day in
mid-winter was often much longer than oth-
er foraging bouts. Physiological recovery and
digestive processing from the longer forag-
ing bout could be deferred to the overnight
fasting period, and the increased energy
could be important for overnight survival or
maintenance of body condition. Flocks often
flew or drifted offshore directly following the
final foraging bout. Other studies have
shown an increase the proportion of time
spent feeding as the day progresses (Goudie
and Ankney 1986; Fischer and Griffin 2000;
Mittelhauser 

 

et al.

 

 2008). Our results show
that this increase is due to an increase in for-
aging effort, but apparently requires a reduc-
tion in dive duration. This is an important
finding, as behavioral response to an envi-
ronmental condition differed in opposite di-
rections across two linked levels of behavior.

Day Length

Dive but not pause durations were long-
er, while resting-bout duration increased
with no increase in foraging-bout duration,
over longer days. This is similar to findings of
other research on Harlequin Ducks (Goudie
and Ankney 1986; Fischer and Griffin 2000;
Mittelhauser 

 

et al.

 

 2008) that report an in-
crease in the proportion of time spent forag-
ing on short days. However, when consider-
ing total hours spent foraging (extrapolated
from short behavioral watches), Harlequin
Ducks increased the amount of absolute
time spent foraging as the winter progressed
and days became longer (Fischer and Griffin
2000; Torres 

 

et al.

 

 2002), likely as a function
of being able to include more foraging cycles
in a day, even if the resting bouts between
them were longer.

Relationships Among Behaviors

Inter-relationships among behaviors may
be related to physiological and endurance
considerations associated with expending
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energy. Although this is an area rarely ad-
dressed in the foraging literature, the fre-
quency of energy expenditure at short time
scales can be important in determining en-
durance over longer time scales (Kramer
and McLaughlin 2001; Wienstein 2001).
This can be important in maximizing net en-
ergy gain if the work being conducted is for-
aging (Williams 

 

et al.

 

 2000).
Within foraging bouts, pause durations

increased as the foraging bout progressed,
although dive durations did not change.
These longer pauses could be important in
reducing fatigue effects accumulated over a
foraging bout. Interestingly, a visual inspec-
tion of the specific organization of dive cy-
cles within individual foraging bouts indi-
cates that foraging effort (e.g., dive:pause
ratio) periodically cycles throughout the
bout (Fig. 2). Such cyclicity in effort expen-
diture could be important in many ways,
such as increasing endurance, but has also
been suggested to include potential cogni-
tive and perceptual benefits allowing a for-
ager to more effectively exploit its resources
(Wienstein 2001).

As has often been found for diving birds,
pause duration was related to the duration of
preceding dives, in concordance with hy-
potheses regarding pauses being a function
of aerobic recovery from diving (Ydenberg
1988; Houston and Carbone 1992). Howev-
er, dive-pause relationships have primarily
been addressed in the context of high rates
of work by theoretically maximizing foraging
rate and empirically excluding long pauses
from analyses. As aerobic recovery may oc-
cur fairly quickly (Halsey 

 

et al.

 

 2003), the
dive:pause relationship may not be as strong
for longer dive durations (e.g., Goudie
1999). Pause durations are also likely a func-
tion of digestive constraints (Guillemette
1994, 1998; though this may be less impor-
tant for Harlequin Ducks given more easily
digestible prey) and benefits of intermittent
locomotion and recovery from fatigue dur-
ing extended periods of work. Additionally,
although dive and pause length co-varied
positively under given tidal and weather con-
ditions, they were differentially affected over
time within foraging bouts, time of day, and

time of year. This indicates the dive-pause re-
lationship is plastic and can be an important
behavioral tactic with which diving birds can
modify foraging effort.

Longer dives, pauses and dive cycles were
related to increasing foraging bout dura-
tions, decreasing resting bout durations, and
increasing F:R ratios, and therefore increas-
ing foraging effort at the scale of foraging cy-
cles. Therefore, within foraging cycles with
higher foraging effort, the frequency of dive
cycles, but not necessarily overall dive cycle
effort (e.g., dive:pause ratio) decreases. Al-
though this trend was observed across all en-
vironmental conditions combined, it is im-
portant to note that the analysis of tidal
depths (longer dive cycles within shorter for-
aging bouts) and time of year (longer dives,
greater dive:pause ratios within longer forag-
ing cycles with longer rest bouts) indicated
foraging effort can increase at the scale of
the dive cycle with decreasing effort at the
foraging cycle scale under some conditions.
How Harlequin Ducks utilize this tradeoff
could depend on the environmental and
physiological conditions and the effects of
these conditions on energetics, which could
differ among behaviors and across behavior-
al scales. For example, factors such as tide
that affect behavior at the scale of individual
dives, compared to factors such as ambient
air temperature, which influence Harlequin
Ducks during surface pauses and resting
bouts, could lead to different allocation of
foraging effort. Across environmental condi-
tions, rest bout duration was related to dive
cycle effort in the previous foraging bout, in-
dicating that foraging bouts with high effort
required longer post-rest bouts. This finding
is consistent with tradeoffs in effort expendi-
ture among scales, and with the suggestion
of Ydenberg and Forbes (1998) that in some
situations physiological recovery from diving
could be deferred to resting bouts.

Foraging and subsequent resting bout
durations were not related. Although diges-
tion and recovery from extended period of
exercise could set a minimum limit on rest-
ing bouts as a function of foraging bouts, the
foraging:rest bout relationship could be
more plastic than dive:pause relationships,
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and could provide a useful behavioral tactic
for Harlequin Ducks to adjust foraging ef-
fort. The dependence of pause duration on
dive duration may only hold under high
rates of foraging where pause duration ap-
proaches the minimum aerobic recovery pe-
riod. This circumstance could also hold at
the scale of the foraging cycle when rest bout
durations approach minimum physiological
recovery time from exercise. We explored
this idea by analyzing only shorter foraging
and resting bouts (i.e. F < 3,000 s; R <
1,250 s), and found that under these circum-
stances, rest bout duration was significantly
and positively related to preceding foraging
bout duration (F

 

1, 64

 

 = 10.3, P = 0.002). 

Sequential Behavior

Sequential behaviors have often been ig-
nored in animal behavior due to stringent
sampling regimes attempting to remove bias-
es of autocorrelation and independence of

data points in statistical analysis. However,
the interdependence of behavioral process-
es is biologically and ecologically interesting
and clearly represents important ways in
which individuals respond to environmental
variation. Sequential data on foraging by div-
ing birds is practically absent in the literature
(but see Ydenberg and Forbes 1988; Yden-
berg and Guillemette 1991). Given the
unique continuous data we were able to col-
lect, we present a series of examples illustrat-
ing sequences of foraging behavior by Harle-
quin Ducks.

Fig. 3 illustrates sequential dive cycles
within two foraging bouts. Similar to Yden-
berg and Guillemette (1991) effort seems to
vary cyclically. Although we cannot explain
all of the variation occurring between dive
cycles, there are several potential explana-
tions. Variation in effort may reflects re-
sponses of Harlequin Ducks to patch scale
fluctuations in the availability of amphipods
(their primary prey) and the ability of Harle-

Figure 3. Foraging behavior throughout a single day (19 Feb 2000; i.e., 16 sequential foraging cycles). Vertical bars
represent the standard deviations within foraging cycles. Spline-smoothed in Sigma Plot 2000.
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quin Ducks to track prey dispersion in patch
selection. Assuming relatively unchanging
average prey density, this cyclicity could be
due to the benefits of intermittent exercise
and locomotion. Intermittent and cyclic ef-
fort of Harlequin Ducks could provide a tac-
tic that allows them to a) make more effec-
tive foraging decisions by pausing to evaluate
options with changing circumstances and b)
exert high rates of foraging interspersed by
less rigorous foraging that could allow par-
tial avoidance of fatigue effects and allow
maintaining higher average foraging effort
over longer periods (Kramer and Mclaugh-
lin 2001; Wienstein 2001).

Fig. 3 illustrates variation in effort
throughout a day at the scales of the dive cy-
cle and of the foraging cycle. Effort also ap-
pears to be cyclical at these behavioral scales,
above and beyond that explained by tidal cy-
cle variation. The increase in foraging effort
that often occurs within the last foraging cy-
cle of the day preceding the overnight fast-
ing period is clear (Fig. 3). Interestingly, the
first foraging bout of the day was often fairly
short, although at least in this example,
dive:pause effort this was much higher with-
in that bout.

C

 

ONCLUSIONS

 

 This study investigated only two levels of
behavioral organization. Finer time scale be-
haviors, such as travelling, searching, and
prey consumption that occur within individu-
al dives, and coarse scales such as diurnal ac-
tivity and maximizing fat stores over winter,
must be important in influencing behavioral
decisions and activity allocation across time
scales. Such influences therefore may have
played a role in the results at the time scales
investigated in this study. Our results clearly
emphasize that the interdependence of be-
havioral decisions represents an important
and fascinating area of animal behavior that
has yet to be fully explored. Decisions at one
time will be influenced by those at others, par-
ticularly when decisions occur over hierarchi-
cal categories. The temporal scale chosen
over which to sample behavior will be critical,
and behavior quantified at short intervals

might not be accurately extrapolated to long-
er time scales, as is often done. The results of
analysis can change, sometimes in opposite
directions, depending on the behavioral/
temporal scale considered. As illustrated in
the present study, this can have important im-
plications for understanding and interpreting
the foraging behavior of diving birds and un-
doubtedly other mobile predators as well.

 

A

 

CKNOWLEDGMENTS

 

Thanks to Gail Davoren for assistance with fieldwork
and numerous helpful conversations discussing diving
and foraging. Thanks to Tony Power and Fyzee Shu-
hood for their support and assistance at the Cape St.
Mary’s Ecological Reserve. Thanks to Mark Bragg, Ken
Hannaford, Dave Robichaud, Amy Todd and Francis
Wiese for further field assistance at Cape St. Mary’s.
Thanks to Josh Pennell and Greg Collier for long hours
of data transcription and database entry. Thanks to
Dave Fifield for invaluable assistance in teaching the
ropes of relational database programming. Special
thanks to Ian Goudie for numerous discussions about
sea ducks and research feedback. Funding was provided
by a NSERC operating grant to WAM and a Memorial
University of Newfoundland graduate fellowship and
Society of Canadian Ornithologists Taverner award to
JPH. 

L

 

ITERATURE

 

 C

 

ITED

 

Baldassarre, G. A., S. L. Paulus, A. Tamisier and R.D. Tit-
man. 1988. Workshop summary: techniques for tim-
ing activity of wintering waterfowl. Pages 181-188 

 

in

 

Waterfowl in Winter. (M. W. Weller, Eds.). University
of Minnesota Press, Minneapolis.

Bevan, R. M. and P. J. Butler. 1992. The effects of tem-
perature on the oxygen consumption, heart rate
and deep body temperature during diving in the
Tufted Duck 

 

Aythya fuliga

 

. Journal of Experimental
Biology 163: 139-151.

Brodsky, L. M. and P. J. Weatherhead. 1984. Behavioural
thermoregulation in wintering black ducks: roosting
and resting. Canadian Journal of Zoology 62: 1223-
1226.

Burger, A. E. and J. F. Piatt. 1990. Flexible time budgets
in Common Murres: Buffers against variable prey
abundance. Studies in Avian Biology 14: 71-83.

Caraco, T. 1980. On foraging time allocation in a sto-
chastic environment. Ecology 61: 119-128.

Dewar, J. M. 1924. The Bird as a Diver. H. F. and G. With-
erby, London.

Fischer, J. B. and C. R. Griffin. 2002. Feeding behavior
and food habits of wintering Harlequin Ducks at
Shemya Island, Alaska. Wilson Bulletin 112: 318-325.

Goudie, R. I. 1999. Behaviour of Harlequin Ducks
and three species of scoters wintering in the
Queen Charlotte Islands, British Columbia. Pages
6-13 

 

in

 

 Behaviour and Ecology of Sea Ducks (R. I.
Goudie, M. R. Petersen and G. J. Robertson, Eds.).
Canadian Wildlife Occasional Paper Number 100,
Ottawa.



 

80 W

 

ATERBIRDS

 

Goudie, R. I. and C. D. Ankney.1986. Body size, activity
budgets, and diets of sea ducks wintering in New-
foundland. Ecology 67: 1475-1482.

Guillemette, M. 1994. Digestive-rate constraint in win-
tering Common Eiders (

 

Somateria mollissima

 

): Impli-
cations for flying capabilities. Auk 111: 900-909. 

Guillemette, M. 1998. The effect of time and digestion
constraints in Common Eiders while feeding and
diving over blue mussel beds. Functional Ecology 12:
123-131.

Guillemette, M., R. C. Ydenberg and J. H. Himmelman.
1992. The role of energy intake rate in prey and hab-
itat selection of common eiders 

 

Somateria mollissima

 

in winter: a risk-sensitive interpretation. Journal of
Animal Ecology 61: 599-610.

Halsey, L., A. Woakes and P. Butler. 2003. Testing opti-
mal foraging models for air breathing divers. Animal
Behaviour 65: 641-653.

Houston, A. I. and C. Carbone. 1992. The optimal allo-
cation of time during the dive cycle. Behavioral Ecol-
ogy 3: 255-265. 

Kramer, D. L. and R. L. McLaughlin. 2001. The behav-
ioural ecology of intermittent locomotion. Ameri-
can Zoologist 41: 137-153.

Lovvorn, J. R. and M. P. Gillingham. 1996. Food disper-
sion and foraging energetics: a mechanistic synthe-
sis for field studies of avian benthivores. Ecology 77:
435-451. 

MacArthur, A. M. 1986. Aquatic thermoregulation in
the muskrat (

 

Ondrata zibethicus

 

): energy demands of
swimming and diving. Canadian Journal of Zoology
62: 241-248.

Mittelhauser, G. H., J. B. Drury and E. Morrison. 2008.
Behaviour and diving of Harlequin Ducks wintering
at Isle au Haut, Maine. Waterbirds 31 (Special Publi-
cation 2): 67-70.

Monaghan, P., P. Walton, S. Wanless, J. D. Uttley and M.
D. Burns. 1994. Effects of prey abundance on the
foraging behaviour, diving efficiency and time allo-
cation of breeding Guillemots 

 

Uria aalge

 

. Ibis 136:
214-222.

Paulus, S. L. 1988. Time-activity budgets of nonbreed-
ing Anatidae:a review. Pages 135-152 

 

in

 

 Waterfowl in
Winter (M. W. Weller, Eds). University of Minnesota
Press, Minneapolis.

Pulliam, H. R. 1976. The principle of optimal behaviour
and the theory of communities. Pages 311-332 

 

in

 

Perspectives in Ethology (P. P. G. Bateson and P. H.
Klopfer, Eds.). Plenum Press, New York.

Pyke, G. H., H. R. Pulliam and E. L. Charnov. 1977. Op-
timal foraging: a selective review of theory and tests.
Quarterly Review Biology 52: 137-154.

Schenkeveld, L. E. and R. C Ydenberg. 1985. Synchro-
nous diving by surf scoter flocks. Canadian Journal
of Zoology 63: 2516-2519.

Schoener, T. W. 1971. Theory of feeding strategies.
Annual Review of Ecology and Systematics 2: 369-
404.

Swennen, C., M. F. Leopold and L. M. Bruigin. 1989.
Time-stressed oystercatchers, 

 

Haematopus ostralegus

 

,
can increase their intake rate. Animal Behaviour 38:
8-22.

Systad, G. H., J. O. Bustnes and K. E. Erikstad. 2000. Be-
havioral responses to decreasing day length in win-
tering sea ducks. Auk 117: 33-40. 

Torres, R., F. Cooke, G. J. Robertson and W. S. Boyd.
2002. Pairing decisions in the Harlequin Duck: Costs
and benefits. Waterbirds 25: 340-347.

Wienstein, R. B. 2001. Terrestrial intermittent locomo-
tion. American Zoologist 41: 219-228.

Williams, T. M., R. W. Davis, L. A. Fuiman, J. Francis, B.
J. Le Boeuf, M. Horning, J. Calambokidis and D. A.
Croll. 2000. Sink or swim: strategies for cost efficient
diving in marine mammals. Science 288: 133-136.

Wilson, R. P. and M.-P. T. Wilson. 1988. Foraging behav-
iour in four sympatric cormorants. Journal of Ani-
mal Ecology 57: 943-955. 

Ydenberg, R. C. 1988. Foraging by diving birds. Pro-
ceedings of the International Ornithological Con-
gress XIX: 1832-1842. 

Ydenberg, R. C. and L. S. Forbes. 1988. Diving and for-
aging in the Western Grebe. Ornis Scandinavica 19:
129-133. 

Ydenberg, R. C. and C. W. Clarke. 1989. Aerobiosis and
anaerobiosis during diving by Western Grebes: an
optimal foraging approach. Journal of Theoretical
Biology 139: 437-449. 

Ydenberg, R. C. and M. Guillemette. 1991. Diving and
foraging in the Common Eider. Ornis Scandinavica
22: 349-352. 




