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Diving and foraging patterns of Marbled
Murrelets (Brachyramphus marmoratus): testing
predictions from optimal-breathing models

Patrick G.R. Jodice and Michael W. Collopy

Abstract: The diving behavior of Marbled Murrelets (Brachyramphus marmoratus) was studied using telemetry along
the Oregon coast during the 1995 and 1996 breeding seasons and examined in relation to predictions from optimal-
breathing models. Duration of dives, pauses, dive bouts, time spent under water during dive bouts, and nondiving
intervals between successive dive bouts were recorded. Most diving metrics differed between years but not with
oceanographic conditions or shore type. There was no effect of water depth on mean dive time or percent time spent
under water even though dive bouts occurred in depths from 3 to 36 m. There was a significant, positive relationship
between mean dive time and mean pause time at the dive-bout scale each year. At the dive-cycle scale, there was a
significant positive relationship between dive time and preceding pause time in each year and a significant positive
relationship between dive time and ensuing pause time in 1996. Although it appears that aerobic diving was the norm,
there appeared to be an increase in anaerobic diving in 1996. The diving performance of Marbled Murrelets in this
study appeared to be affected by annual changes in environmental conditions and prey resources but did not
consistently fit predictions from optimal-breathing models.

Résumé : Nous avons étudié le comportement de plongée de Guillemots marbrés (Brachyramphus marmoratus) par
télémétrie le long de la cdte d’Oregon au cours des saisons de reproduction 1995 et 1996: les résultats ont été
examinés & la lumiere des prédictions des modeles de respiration optimale. La durée des plongées, des pauses, des
épisodes de plongée, du temps passé sous I’ean au cours des épisodes et des intervalles en surface entre les épisodes a
¢té enregistrée. La plupart des mesures reliées aux plongées variaient d’une année 4 1’autre mais ne variaient pas en
fonction des conditions océanographique ou en fonction du type de rive. La profondeur de I’eau n’avait pas d’effet sur
la durée des plongées ou sur le pourcentage de temps passé sous I’eau, méme si les plongées se faisaient entre 3 et
36 m. Nous avons constaté I’existence d’une relation positive significative entre la durée moyenne des plongées et la
durée moyenne des pauses & I’échelle des épisodes de plongée, chaque année. A I'échelle d’un cycle de plongée, nous
avons noté une relation positive significative entre la durée des plongées et la durée des pauses précédant les plongées
chaque année, de méme qu’une relation positive significative entre la durée des plongées et la durée des pauses suivant

les plongées en 1996. Les plongées aérobies paraissaient représenter la norme, mais, en 1996, les oiseaux semblent
avoir eu davantage recours aux plongées anaérobies. La performance de plongée des Guillemots marbrés semble étre
affectée par les changements annuels des conditions du milieu et de la ressource proies, mais ne cotrespond pas de
fagon constante aux prédictions des modeles de respiration optimale.

[Traduit par la Rédaction]

Introduction

Foraging and diving behavior of pursuit-diving seabirds is
ultimately restricted by physiology: maximum dive time is
limited by the need to surface and replenish oxygen stores.
Limits to diving performance (i.e., maximum dive depth or
dive duration) among species and taxa can often be ex-
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plained as an allometric relationship with body mass (e.g.,
Burger 1991; Boyd and Croxall 1996; Schreer and Kovacs
1997). However, for pursuit-diving seabirds, duration and
depth of dives are each typically less than the maximum at-
tainable and there is often a large degree of variability in
dive duration and depth within and among individuals of a
species (Burger 1991). This suggests that factors other than
large-scale physiological processes also affect diving behav-
ior. Optimization-based models have been used to examine
the interacting effects of foraging and physiology on breath-
hold divers, with particular emphases on the relationships
between dive and surface duration and between diving be-
havior and prey-capture effort (e.g., Kramer 1988; Houston
and Carbone 1992). We examine the fit of predictions from
two optimization models to empirical diving data from Mar-
bled Murrelets (Brachyramphus marmoratus).

Kramer (1988) developed an optimal-breathing model
(OBM) based upon the marginal-value theorem (Charnov
1976) and central place foraging theory (Orians and Pearson
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1979; Houston and McNamara 1985) that attempted to ex-
plain the diving, and thus foraging, patterns of aerobically
breathing divers. Kramer (1988) and Lea et al. (1996) pro-
vided thorough reviews of these predictions and what fol-
lows is condensed from them. The basic premise of the
OBM is that divers minimize time spent away from the food
source. The major predictions were that (1) dive time will
increase with water depth (or other factors affecting capture
effort); (2) as dive time increases with depth or capture ef-
fort, surface time will also increase; (3) the oxygen content
of the blood will be constant following all dives regardless
of depth to prey or capture effort; (4) divers will not load
oxygen stores to maximum capacity prior to a dive; and
(5) diving efficiency (dive time / surface time; sensu Dewar
1924) decreases as dive time increases.

Predictions 1 and 2, which have received attention since
early studies on diving were conducted (e.g., Dewar 1924;
Stonehouse 1967), imply that dive time should be positively
related to depth to prey. Maximizing dive duration when
prey are shallow would deplete oxygen stores unnecessarily
and thus lengthen time spent at the surface and lengthen
time spent away from the food source. Therefore, if divers
are benthic foragers, a positive relationship should develop
between water depth and both dive time and surface time.
The quantitative relationship between dive time and water
depth can thus be used to determine foraging habits.

Lea et al. (1996) state that predictions 2 and 3, when con-
sidered together, imply that there should be a strong rela-
tionship between dive duration and the preceding surface
interval and note that this critical prediction had not been
tested with field data prior to their analysis. Lea et al. (1996)
refer to this relationship as “anticipatory breathing” and note
that the term does not “imply expectation or any other cog-
nitive process on the animal’s part.” Anticipatory breathing
should occur because the basic premise of the OBM would
be satisfied only when time spent at the surface was limited
to what was necessary to store sufficient oxygen for the up-
coming dive. Such a diving pattern is in contrast to “reactive
breathing,” which occurs when the diver remains on the sur-
face long enough to fully recover from the previous dive and
thus completely replenish oxygen stores. Reactive breathing
results in a positive relationship between dive duration and
the ensuing surface duration (Lea et al. 1996) and would not
necessarily minimize time spent away from the food source.

Ydenberg and Clark (1989) extended the scope of infer-
ence of Kramer’s OBM by specifically addressing the role of
anaerobic metabolism during diving and foraging. Their
model predicts that anaerobic metabolism will occur infre-
quently during diving. Two situations where anaerobiosis
should occur are (1) when the probability of prey capture is
high enough to outweigh the high cost and low ATP gain of
anaerobiosis or (2) when the probability of losing contact
with the current prey source during the surface interval is
high, especially if location of a new prey source is unlikely.

Based on the predictions from the two models discussed,
we posed the following questions regarding Marbled Murrelet
diving behavior: (/) What is the quantitative relationship be-
tween dive durations and surface intervals at different temporal
scales (i.e., within and among diving bouts)? Do these data
support the prediction of “anticipatory” breathing? (i) What
is the effect of water depth and other environmental vari-
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ables on diving behavior? Do these data support the predic-
tion of a positive relationship between water depth and dive
duration? (iii) What is the predicted frequency of anaerobic
metabolism during Marbled Murrelet diving bouts? We
quantified diving patterns of Marbled Murrelets by using
radiotelemetry signals to measure duration of dives, duration
of pauses (i.e., surface intervals), duration of dive bouts (i.e.,
a series of dives and surface intervals assumed to constitute
a distinct foraging session), percent time spent under water
during dive bouts, and duration of intervals between dive
bouts. This study generates data that are directly comparable
to those from recently published studies on diving behavior
of alcids and other pursuit-diving seabirds and provides the
first field test of anticipatory breathing in an alcid. Further-
more, since Marbled Murrelets, like all alcids, dive almost
exclusively to forage (Gaston and Jones 1998), an examina-
tion of their diving patterns also leads to direct inferences
about their foraging behavior.

Methods

Field techniques

Marbled Murrelets, considered threatened throughout much of
their range, forage near shore on schooling fish and typically nest
in coastal old-growth forests. We captured individuals at sea along
the central Oregon coast (43°50-44°50") between 1 May and 1
August in 1995 and 1996. A three-missiled net gun, fired from a
5-m Zodiac boat equipped with a 45-hp outboard engine, was used to
capture birds while in flight (Quinlan and Hughes 1992; D. Varoujean
I, personal communication). Captured birds were weighed and ex-
amined for injuries post capture; however, it was not possible to
determine sex, age or age-class, or reproductive status. While at
sea, radio tags (mass 2.0 g, ca. 1% of body mass, 18 x 5 x 5 mm;
Holohill, Ltd., Carp, Ont.) were attached along the midline of the
back with polypropylene surgical sutures and quick-setting marine
epoxy (Titan Corp., Lakewood, Wash.). All birds were released as
near to the capture site as possible within 30 min of capture and
were monitored immediately via telemetry to ensure that they re-
covered from the procedure.

A randomization process was used to choose which telemetered
individual would be observed during specific time periods within
and among days. Diving behavior was recorded remotely (i.e.,
without visual contact) by monitoring telemetry signals from shore
with three- or four-element Yagi antennas. Transmitted signals were
inaudible when birds dived and audible when birds were at the sur-
face (Wanless et al. 1993; Monoghan et al. 1994). This enabled us
to record dive time, surface time, dive-bout length, and intervals
between dive bouts to =1 s. A dive was defined as any signal loss
lasting >4 s; signal losses lasting <4 s occurred when waves lapped
over the birds, when preening activities resulted in the antenna dip-
ping under water, or when murrelets made very short foraging
dives. However, since it was not possible to remotely distinguish
among these events, this lower dive limit was set. The 4-s limit was
based on published dive times of Marbled Murrelets (Strachan et
al. 1995) and personal observations of Marbled Murrelets and
other alcids preening and foraging in the wild and in captivity. Sig-
nal losses of <4 s accounted for 3.3% of all recorded signal losses
(i.e., potential dives), so we likely discarded <3% of all recorded
dives by adopting this rule.

Surface intervals (also referred to as pause times) were defined
as the time elapsed between two successive dives. Maximum pause
time was defined as 180 s (as long as the birds did not change loca-
tion; see the definition of dive-bout interval below). A dive cycle
was defined as a dive and either a previous or an ensuing pause. A
dive (i.e., foraging) bout was defined as three or more consecutive
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dive cycles. Intervals between diving bouts were recorded when-
ever successive diving bouts were observed for the same bird. A
dive-bout interval was differentiated from a dive-cycle pause (i.e.,
a maximum of 180 s) on the basis of time and movement. If the
surface interval was >3 min, or <3 min with a change in location,
the event was defined as an interval between dive bouts. Choice of
this time frame was based on frequency distributions of Marbled
Murrelet pauses and on personal observations of Marbled Murrelets
foraging. Only diurnal dive-bout intervals were considered in these
analyses, since diving was never recorded at night. We calculated
diving efficiency as dive time / ensuing surface time (Dewar 1924),
although there was little difference if preceding surface times were
used in the equation. Percent time spent under water during dive
bouts was calculated as total dive time / duration of dive bout.

Statistical analyses

We considered data on dive bouts and bout intervals for an indi-
vidual bird to be independent if bouts or intervals did not occur
during the same tide stage on a given day. When two or more dive
bouts or intervals were observed for one bird within a tide stage on
a given day, we randomly selected bouts or intervals for analysis.
Only diurnal dive bout interval data and data gathered from com-
pletely observed dive bouts (i.e., the initial, terminal, and all in-
terim dives were recorded) were used in analyses; however, all
dive-cycle data were used in calculations of overall means of dive
and pause times and diving efficiency. When possible, successive
dive bouts were observed if they met independence criteria and did
not interfere with recording data on other birds.

Analysis of covariance (ANCOVA) was used to seek evidence
for either anticipatory or reactive breathing at the dive-cycle scale.
Separate models were run for each year and included dive time as
the response variable, individual bird and dive bouts nested within
bird as factors, and the residuals of duration for both the preceding
and ensuing pause time as covariates. Using residuals eliminated
autocorrelation between surface times (absolute value of correla-
tion coefficient for lags 1-5 < 0.26 for 1995 and 1996) and resulted
in a very weak correlation between previous and ensuing pause
times (r = 0.06 for 1995, r = 0.25 for 1996).

The relationships between diving metrics and environmental vari-
ables were determined using general linear models (GLMs). The
response variables were dive-bout duration (minutes), mean dive
time within bout (seconds), total percent time spent under water
during a dive bout, and duration of intervals between dive bouts
(minutes). A multivariate approach was not chosen because Spearman’s
correlation coefficient (r,) among the response variables, after the
effects of the explanatory variables were accounted for, was low
(Ramsey and Schafer 1997; ~0.21 < r, < 0.16). To meet GLM as-
sumptions, duration of dive bouts and duration of bout intervals
were transformed with a square root function, while percent time
spent under water was transformed with the arcsine square root
function; mean dive time within bouts did not require transforma-
tion. Back-transformed means and confidence intervals are pre-
sented for all data except mean dive time within bouts.

GLMs were constructed using a forward, single-best-predictor
process with an F-to-enter value of 4.0. Independent variables con-
sidered for use included year, individual bird nested within year,
time of day, tide stage, sea state, sea-surface temperature, upwelling
index, date in summer, and shore type (water depth is considered
separately below). Year and bird nested within year were forced
into each model. Time of day included five categories: time period
I occurred from sunrise +90 min, time period 5 extended from
31 min after sunset until 91 min before sunrise, and time periods 2,
3, and 4 were partitioned equally among the remaining time be-
tween time periods | and 5. However, analyses were restricted to
time periods 1-4, since too few diving bouts were recorded during
daylight hours in time period 5 and no diving bouts were recorded
after dark (n = 30 nocturnal tracking sessions). Tide stage was ob-
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tained from local tide tables and assigned to one of four categories:
high and low tides were defined as +1 h from the peak and low
height, respectively, while falling and rising tides comprised the
time between high and low. Sea state was determined using a mod-
ified Beaufort scale; beaufort 1 and 2 = mild seas, beaufort 3 and
4 = moderate seas, and beaufort 25 = rough seas. Shore type was
classified as rock or sand and was included to account for potential
effects of shore type on prey availability (Varoujean and Williams
1995). Interaction terms were created on the basis of final main
effects but were kept in the model only when significant (P < 0.10).

We also used GLMs to examine the relationship between diving
performance and water depth when the latter could be obtained for
diving bouts. This occurred when a telemetered bird’s location
could be accurately established immediately before and after a div-
ing bout. Since we had no idea when dive bouts would begin, these
data were obtained opportunistically. Locations of telemetered birds
were estimated by obtaining bearings from 2 or 3 shore locations,
cach at least 1.5 km apart, and all were taken within 10 min of
each other. Furthermore, bearings were also recorded every 20 min
during the diving bout in order to track the bird’s movements. If a
location was estimated within 10 min of the initiation and comple-
tion of a dive bout and birds remained relatively stationary during
the dive bout we considered the location suitable for estimating
water depth. This resulted in a subset of dive bouts (n = 59) for
analyzing the effects of water depth on diving. Estimated locations
were plotted on National Oceanic and Atmospheric Administration
(NOAA) charts. Based on adjustments for tide stage and height,
water depth was estimated to the nearest metre and then grouped
into four categories to account for deviations in location estimates,
charted depths, and tide heights: class 1 = 0-10.0 m, class 2 =
10.1-20.0 m, class 3 = 20.1-30.0 m, and class 4 >30.1 m. Water
depth was then included in GLMs as an independent variable with
year and bird nested within year; dependent variables were mean
dive time within bout and percent time spent under water within
bout.

Statistical analyses were performed using SAS. Values shown in
the text are means = SD unless otherwise noted.

Results

Dive and surface intervals and interrelationships

Fourteen Marbled Murrelets were captured and radio-tagged
during 1995 (n = 9) and 1996 (n = 5), with no recaptures oc-
curring within or between years. Mean body masses of cap-
tured birds were similar between years (1995: 216.0 + 6.4 g,
n="9;1996: 216.0 + 14.7 g, n = 5). Dive data were recorded
from 11 birds (too few complete diving records were ob-
tained from two of the other birds and one died soon after
capture) with which contact was maintained for 10-30 days
each. This resulted in remote audio observations of 2324
(n =7 birds) and 3855 (n = 4 birds) dive cycles in 1995 and
1996, respectively. Although all birds had brood patches at
varying stages of development when captured, none were
tracked to nesting sites; therefore, these data represent the
diving behavior of non-nesting birds.

Dive duration varied less within each year than either sur-
face duration or diving efficiency (Table 1). Mean dive time,
pause time, and diving efficiency each differed between years
(P = 0.017, 0.0001, and 0.002, respectively; two-tailed ran-
domization tests). The relationship between dive time and
pause time varied according to the scale at which it was ex-
amined. At the dive-bout scale, mean pause time was strongly
related to mean dive time (Table 2, Fig. 1). Although the
slope of this relationship did not differ between years (the
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Table 1. Summary statistics (mean and coefficient of variation; CV) for diving performance of 11
telemetered Marbled Murrelets observed along the central Oregon coast in May—August of 1995 and

1996.

1995 1996

(6} cv

n Mean (%) n Mean (%)
Dive duration (s) 2443 26.84 35.36 3952 24.75 40.15
Surface interval (s) 2326 21.27 76.16 3855 13.13 69.88
Diving efficiency 2326 1.99 135.08 3855 3.05 122.70
Dive-bout duration (min) 68 27.80 57.72 59 33.26 51.47
Percent time spent under water 68 49.53 25.16 59 62.17 16.43

during dive bout

Duration of nondiving intervals 39 49.63 59.93 44 75.67 56.00

between bouts (min)

Table 2. Relationships among mean surface intervals within dive
bouts and mean dive times within bouts, year, and individual
effects nested within years, determined from an ANCOVA
model® for telemetered Marbled Murrelets along the central
Oregon coast in May-August of 1995 and 1996.

Independent variable df F P
Mean dive duration (s) 1112 89.1 0.0001
Year 1112 30.3 0.0001

Bird (year) 7112 4.7 0.0001

“Foam = 30.1, P < 0.0001, 7~ = 0.71.

interaction term of mean dive time and year was not signifi-
cant (Fi; 1y = 0.2, P = 0.63) and was thus removed from the
ANCOVA model), the intercepts differed by about 9 s, indi-
cating that mean pause time became shorter in 1996 (Fig. 1,
Table 1). Individual bird effects, although significant, con-
tributed little to this model, based on the magnitude of the
F statistics (Table 2).

At the shorter temporal scale of the dive cycle, the rela-
tionship between dive time and pause time varied between
years (Table 3), although in each year the ANCOVA model
was highly significant (1995: Figs 1650, = 45.7, P < 0.0001, * =
0.64; 1996: I'592861] 52.3, P < 0.0001, = 0.52). Despite a
strong bird and bout effect on mean dive time each year (P <
0.0001 for each variable each year), there was still a positive
relationship between dive time and preceding pause time in
1995 and a positive relationship between dive time and both
preceding and ensuing pause times in 1996. Furthermore,
the strength of the relationship between dive time and both
preceding and ensuing pause times was stronger in 1996
than in 1995, as determined by differences in coefficient es-
timates (Table 3).

Dive bouts, bout intervals, and relationships with
environmental variables

Duration of dive bouts and the number of dives in a bout
(range 3-204) varied greatly within and among individuals
(Table "1). The duration of successive dive bouts from the
same bird were only moderately correlated (r, = 0.32, n = 90
successive dive bouts; data pooled among years). Duration of
dive-bout intervals also varied greatly (Table 1), although
there was a moderate correlation between the duration of

Fig. 1. Regression of mean pause times on mean dive times
from dive bouts of telemetered Marbled Murrelets along the
central Oregon coast in May-August of 1995 and 1996 (also see
Table 2).

60

—o— 1995
50 + —0— 1996

Pause time (s)
0 N
(] (e

[\e]
<o

10 ;

0 10 20 30 40 50

Dive time (s)

successive dive-bout intervals (r; = 0.53, n = 47; data pooled
among years). The duration of dive-bout intervals was not
correlated with either the duration of the previous or the en-
suing diving bout in 1995 or 1996 (r; = 0.08 (n = 80) and
0.12 (n = 81), respectively; data pooled among years). The
duration of dive-bout intervals was not correlated with mean
dive time (r, = —0.09), mean pause time (r, = —0.09), or per-
cent time spent under water (r, = —0.07) from preceding
bouts in 1995. However, an increase in correlative strength
among the same three variables occurred in 1996 (v, = —0.35,
—0.37, and 0.26, respectively).

The four dive GLMs accounted for 19-35% of the varia-
tion in the dive data with one or two significant explanatory
variables in each model (Table 4). Of the explanatory vari-
ables available for inclusion in the dive GLMs, few were
significant in any model. Sea state had a significant effect on
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Table 4. Relationships among environmental variables and diving performance of telemetered Marbled Murrelets along the

central Oregon coast in May—August of 1995 and 1996.

Duration of

Mean dive time
within dive

Percent time spent
under water during

Duration of
interval between

1413

dive bout, min bouts, s dive bouts bouts, min
(error df = 116, (error df = 111, (error df = 112, (error df = 89,
¥ =0.19) = 0.30) r* = 0.35) = 0.25)
Explanatory Source
variable df F P F P F P F P
Year 1 1.3 0.257 2.1 0.147 35.0 <0.001 7.0 0.010
Bird (year) 7 2.4 0.023 5.1 0.001 2.9 0.008 1.4 0.218
Sea state 2 4.4 0.014 2.5 0.086 ns ns

[TPeRt)

Note: Results were obtained by means of forward, single-best-predictor, nested (bird within year) GLMs; “ns” indicates that the variable

was not selected for that specific model.

Table 3. Significance of anticipatory (predive surface interval)
and reactive (postdive surface interval) breathing patterns of
telemetered Marbled Murrelets along the central Oregon coast in
May—August of 1995 and 1996, as determined by nested (dive
bout within bird) ANCOVA models.

Coefficient
P estimate 95% CI
1995
Preceding pause 0.0004 0.037 0.017, 0.057
Ensuing pause 0.9790 0.001 0, 0.021
1996
Preceding pause 0.0001 0.209 0.169, 0.249
Ensuing pause 0.0001 0.159 0.119, 0.199

bout duration and a marginal effect on mean dive time (Ta-
ble 4, Fig. 2). Year strongly affected the duration of inter-
vals between bouts and percent time spent under water
within bouts (Table 4, also see Table 1). Individual bird ef-
fects were significant in three of four models.

Most dive bouts occurred in water <10 m (Fig. 3), despite
the fact that Marbled Murrelets can probably dive to >25 m
(Burger 1991). We did not observe a significant effect of wa-
ter depth on mean dive time or percent time spent under wa-
ter within a bout when water depth in each model was
regarded as either a continuous variable (Fj; 4, < 1.3, P >
0.25 for each model) or a categorical variable (F|3 45, < 0.7,
P > 0.50 for each model). There was also no significant rela-
tionship between dive time and water depth, even when just
the five maximum recorded dive times each year were used
in a simple linear regression (dive time (s) = 52.95 + 0.0311
water depth (m); Fjy 9 < 1.0, P = 0.96).

Aerobic and anaerobic diving

We used models presented in Burger (1991) and Schreer
and Kovacs (1997) to determine the proportion of observed
Marbled Mutrelet dives that exceeded the estimated aerobic
diving limit (ADL; in seconds) for this species. However,
since the results presented in Table 5 are not based upon di-
rect measurements of the energetic cost of diving in this spe-
cies, a range of potential values is included. Croll et al.
(1992) and Burger (1991) each suggested that the metabolic
rate likely increased over SMR approximately three times

Fig. 2. Mean duration (#95% CI) of dive bouts of telemetered
Marbled Murrelets along the central Oregon coast during three
sea-state categories in May-August of 1995 and 1996. Categories
with the same letter were determined to be not significantly
different using GLMs and a post-hoc Tukey—Kramer test with

o = 0.10. Means and confidence intervals for bout duration are
back-transformed from square-root functions.
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S 24
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16 T T .

Beaufort 1-2 Beaufort 3-4 Beaufort 5-7

during diving. Using this estimate indicated that a very low
percentage of Marbled Murrelet dives would have exceeded
ADL based on the models used (Table 5). Diving predomi-
nantly within aerobic limits is further suggested for both
years by the lack of either a strong negative correlation
between individual dive times and elapsed dive-bout time
(1995: r, = —0.14, 1996 r, = -0.32) or a strong positive corre-
lation between individual pause times and elapsed dive-bout
time (1995: r, = —0.10, 1996 r, = -0.19; Wanless et al. 1988,
1993).

Discussion

Diving performance

Dive times reported in this study appeared to be similar to
those reported elsewhere for Marbled Murrelets both with
and without transmitters (for review see Strachan et al. 1995)
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Fig. 3. Water depths for dive bouts of telemetered Marbled
Murrelets along the central Oregon coast in May—August of
1995 (A) and 1996 (B).

0.30 1(A)

§ 0.25 -

£

£ 0.20 |

(@]

e

L |

Z 015 4

et

@]

& 0.10 {

et

Q

je®)

S 0.05 1

. -
0.00 T ¥ T T T T T T T T T T T LA | T 1

0 4 8 12 16 20 24 28 32 36 40

0.30 1(g)

$ 0.25

B

2 0201 ]

o —

O

o

Z 015

Gt

o b~

§ 0.10 ;

pt

(@]

joW

S 0.05 {

) Il
000 +—4 Ty T T T

0 4 8 12 16 20 24 28 32 36 40
Water depth (m)

and similar to those for other piscivirous alcids, given differ-
ences in body mass (Clowater and Burger 1994; Schreer and
Kovacs 1997). Reports of pause times for this species are
scarce, however, so it is difficult to make comparisons for
that metric. The mean dive-bout duration recorded in this
study (27-33 min) appears to be greater than the only other
reported value for Marbled Murrelets (18 = 10.2 min, n = 20
bouts; Varoujean and Williams 1995), which was obtained
from birds in southern Oregon and northern California car-
rying larger and heavier transmitters. Varoujean and Wil-
liams (1995) also estimated a mean percent time spent under
water during dive bouts of 67.6 + 4% (n = 20 bouts) from
the same telemetered birds, a value slightly higher than those
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reported in this study (49-62%). Therefore, our data indicate
that there appeared to be no negative effect of transmitters
on diving performance. The potential effect of transmitters
on breeding performance is less clear. For example, all cap-
tured birds in this study had brood patches in some stage of
development, but only one was ever known to fly inland.
However, telemetry studies in Alaska, British Columbia, and
California have all reported a higher than expected incidence
of captured birds with brood patches, suggesting that the
presence of a brood patch may not be a good indicator of
current breeding effort (E.E. Burkett, personal communica-
tion; L.W. Lougheed, personal communication; S.K. Nelson,
personal communication).

Mean dive duration and maximum dive depth for alcids
each appear to be related to body mass (Wanless et al. 1988;
Burger 1991, Schreer and Kovacs 1997). It diving perfor-
mance is related to body mass, then increases in foraging ef-
fort may not be achieved strictly through increases in dive
duration, since body mass would limit the range of the po-
tential increase in effort. However, body-mass limitations
may have less of an effect on surface interval or bout dura-
tion and therefore these metrics may be more flexible. This
may explain why Marbled Murrelets displayed less variabil-
ity in dive time than in either pause time or duration of dive
bouts during each year of this study.

The dive-pause relationship

The relationship between dive and pause duration at the
dive-cycle scale varied within and between individuals for
the Marbled Murrelets we studied. Despite this strong indi-
vidual bird effect, however, interannual differences in the
dive-pause relationship were still evident. Reactive- and
anticipatory-diving patterns were evident in 1996, while
only weaker anticipatory-diving patterns were evident in 1995.
While the coefficient estimates for preceding surface inter-
vals we obtained from ANCOVA models of dive time were
similar to those reported by Lea et al. (1996; range 0.09-
0.38), our coefficients for ensuing pause times were much
less than theirs (range 0.42-1.42). This indicates that much
stronger reactive-breathing patterns are possible, at least for
other species. Three factors that may affect the dive—pause
relationship within the dive cycle, and thus its consistency
with predictions from the OBM, are prey-handling behavior,
depth of foraging within the water column, and capture ef-
fort. Each is discussed in turn.

Lea et al. (1996) observed anticipatory diving in species
of shags and cormorants (Phalocrocoracidae) that swallowed
prey beneath the surface and reactive diving more often in
species that swallowed prey on and sometimes beneath the
surface. Lea et al. (1996) suggest that subsurface prey han-
dling minimizes disruption of the diving pattern. This would
then allow birds to develop a more consistent diving pattern,
storing only as much oxygen during surface intervals as was
used on previous dives. Marbled Murrelets exhibited both of
these prey-handling behaviors during this study (personal
observation); this flexibility in prey handling may contribute
to the inconsistent relationship between observed dive and
pause times.

Anticipatory and reactive diving both tend to occur more
frequently as birds forage in the benthic zone and not through-
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Table 5. Estimates of aerobic diving limit (ADL) and percentage of observed dives exceeding
ADL for a range of potential diving metabolic rates (DMR) shown as a multiple of standard
metabolic rate (SMR) for telemetered Marbled Murrelets along the central Oregon coast in May—

August of 1995-1996.

DMR as a ADL (s) based ADL (s) based

multiple of upon 44.5 mL* % of observed upon 58.0 mL” % of observed
SMR 0,-kg™! dives > ADL 0,kg™! dives > ADL
1.5 95.70 <0.001 124.73 0.00

2.0 71.77 <0.001 93.55 0.01

3.0¢ 47.85 0.93 62.37 0.01

4.0 35.89 14.99 46.77 1.17

5.0 28.71 38.68 37.42 10.58

6.0 2392 59.10 31.18 27.33

7.0 20.51 69.70 26.73 46.72

8.0 17.94 78.44 23.39 59.10

9.0 15.95 83.29 20.79 69.70

“Mass-specific oxygen-storage capacity used in ADL models by Burger (1991).
"Mass-specific oxygen-storage capacity used in ADL models by Schreer and Kovacs (1997).
‘DMR estimated for Thick-billed Murres by Croll et al. (1992).

out the water column. While Lea et al. (1996) observed
anticipatory-diving patterns more often in species of shags
and cormorants that foraged in the benthic zone, Watanuki et
al. (1996) and Cairns (1992) observed weak reactive-diving pat-
terns in Japanese Cormorants (Phalacrocorax capillatus) and
Black Guillemots (Cepphus grylle), respectively, both of which
foraged throughout the water column. The lack of a signifi-
cant relationship between dive time and water depth for the
Marbled Murrelets we studied suggests that they foraged
throughout the entire water column. This may contribute to
the range of dive patterns observed within and between
years.

Variations in dive-cycle patterns may also be related to
prey-capture effort. Anticipatory diving appears to occur when
maximum capture effort is required; there appears to be a
weaker or nonobservable relationship between dive and pause
times when less effort is required (Lea et al. 1996). Ydenberg
and Clark’s (1989) model also predicted that diving effort
would increase when prey were difficult to relocate or cap-
ture, and Chappell et al. (1993) observed that Adélie Pen-
guins (Pygoscelis adeliae) decreased pause times when prey
were patchy. The stronger reactive- and anticipatory-breathing
patterns displayed by Marbled Murrelets in 1996 may thus
reflect an increase in capture, and thus diving, effort. For ex-
ample, Monoghan et al. (1994) observed a stronger relation-
ship between dive and pause times of Common Murres (Uria
aalgae) during years of reduced prey availability in Scot-
land, and Wanless et al. (1993) observed an increase in div-
ing effort in European Shags (Phalacrocorax aristotelis) and
attributed it to a change in prey availability. There is evi-
dence that some change in prey conditions occurred in our
study area between 1995 and 1996. A colony of Common
Murres in the study area experienced near total abandonment
early in the 1996 breeding season, and a die-off of adults oc-
curred throughout the summer (R.W. Lowe, personal com-
munication); each was attributed to decreases or differences
in local forage-fish availability and not to colony-specific
mortality events. Therefore, a change in prey availability
could have contributed to the change we observed in the

dive—pause relationship and such an observation would be
consistent with observations from other alcids and seabirds.

Although the dive—pause relationship observed during this
study varied within and between years at the dive-cycle scale,
there was a significant and more consistent relationship be-
tween mean dive time and mean pause time at the bout
scale. Such a relationship is common among diving birds
(e.g., Cairns 1992; Clowater and Burger 1994; Lea et al.
1996) and represents a longer term physiological need to
balance diving (energy expended) with recovery (replenish-
ing oxygen; Ydenberg 1988; Lea et al. 1996; de Leeuw
1996). This relationship demonstrates that compensation for
greater time spent under water can occur at a time scale
greater than each individual dive cycle and therefore exami-
nation of only dive-cycle data may be misleading. As with
the dive—pause relationship observed at the shorter dive-
cycle scale, this pattern was evident despite individual-bird
effects.

Effects of environmental variables on diving

A significant positive relationship between water depth
and dive time has often been observed for pursuit-diving
seabirds and this relationship has been attributed to birds
foraging in the benthic zone (e.g., Dewar 1924; Croll et al.
1992; Clowater and Burger 1994). Such a relationship is
consistent with Kramer’s prediction that dive time will be
positively and linearly related to distance to prey. However,
not all pursuit-divers demonstrate a significant relationship
between water depth and dive time. Cairns (1992) and Watanuki
et al. (1996) observed a weak relationship between water
depth and dive time in Black Guillemots and Japanese Cor-
morants, respectively, and, based on Kramer’s predictions,
suggested that these birds foraged throughout the water col-
umn and not just at the sea floor. We did not observe a sig-
nificant relationship between dive time and water depth in
this study and therefore suggest that these Marbled Murrelets
also foraged throughout the water column. This observation
is consistent with the habits of their primary prey, the Pacific
sand lance (Ammodytes hexapterus), which occurs through-
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out the water column, undergoes daily vertical migrations,
and thus probably causes foraging conditions to vary signifi-
cantly across relatively short time scales (Wanless et al. 1993;
Burkett 1995).

In studies of diving, dive parameters other than dive time
or environmental variables other than water depth have rarely
been discussed. While explanatory variables other than water
depth may not be as universally important in determining
general trends in diving behavior across species, they cer-
tainly contribute to the variability observed in diving and
foraging behavior within and among species, and could likely
elucidate ecological mechanisms that may affect diving be-
havior. For example, the increase in bout duration that we
observed during moderate seas may reflect the increased ef-
fort required to locate, pursue, and capture prey, possibly be-
cause of increases in turbidity and associated decreases in
light levels. Cannell and Cullen (1998) demonstrated experi-
mentally that Little Penguins (Eudyptula minor) increased
dive duration during periods of low light. More variable bout
durations in heavy seas may be due to either early termina-
tion of diving or the need for more time to obtain prey.

The increase we observed in percent time spent under wa-
ter during a bout and duration of intervals between bouts,
and the decrease we observed in mean pause time within
bouts, in 1996 likely represent an increase in foraging effort
in that year. As with previous analyses, these differences
were observed despite significant individual effects in some
of the dive parameters. These types of changes in diving be-
havior (e.g., increases in diving effort) have been associated
with decreases in prey availability in other pursuit-diving
seabirds, as previously mentioned (e.g., Wanless et al. 1993;
Monoghan et al. 1994). For these Marbled Murrelets, diving
effort may have been affected by changes in prey availability
due to annual differences in regional oceanographic condi-
tions. For example, between January 1994 and May 1996,
the average monthly sea-surface temperature (SST) along
the central Oregon coast was at least 1.5°C above normal in
19 months and at least 2.5°C above normal in 12 months
(National Buoy Data Center 1997; Pacific Fisheries Environ-
mental Group 1997). Such increases in SST have previously
been linked to reduced nesting success and seabird mortality
and likely occur when upwelling decreases and primary pro-
ductivity decreases, and hence conditions unsuitable for growth
and development of fish stocks are created (Duffy 1989;
Wilson 1991). For example, decreases in alcid productivity
have previously been attributed to inadequate prey resources
(Uttley 1994). Therefore, prey resources in the study area
may have been poorer in 1996 than in 1995, possibly as a re-
sult of the cumulative effect of >2 years of above-average
SSTs, and may have contributed to the observed changes in
Marbled Murrelet dive patterns. This type of change in local
prey resources is supported by the previously discussed Com-
mon Murre die-off and colony abandonment.

Aerobic and anaerobic diving

Typically, the duration of surface intervals is reduced dur-
ing anaerobic diving, rather than the duration of dives being
increased. Furthermore, anaerobic metabolism during diving
may be demonstrated by a significant negative relationship
between dive time and elapsed bout time, or a significant
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positive relationship between pause time and elapsed bout
time (Wanless et al. 1993; Waltanuki et al. 1996). Weak rela-
tionships among these diving parameters for the Marbled
Murrelets we studied suggest that frequent anaerobic metab-
olism did not occur during diving. It appears unlikely that
murrelets exceeded ADL in more than 20% of their dives,
based on recent estimates of increases in metabolic rate re-
quired for diving in alcids (2-3 x SMR; Croll et al. 1992),
penguins (<2 x SMR; Bethge et al. 1997), and Tufted Ducks
(Aythya fuligula, <4 x SMR; de Leeuw 1996). It is more
likely that Marbled Murrelets exceeded ADL in fewer than
10% of their dives (SMR x 3). The latter estimate appears
accurate in light of the weak-to-moderate correlation between
dive time and elapsed bout time.

The frequency of anaerobic diving may be affected in part
by body mass. In penguins, for example, the frequency of
anaerobic diving tends to be positively related to body mass
(Bethge et al. 1997). The relatively low body mass of Mar-
bled Murrelets, therefore, may explain their low incidence of
anaerobic diving compared with larger alcids (e.g., Croll et
al. 1992).

Foraging behavior also has a strong influence on diving
metabolism. Divers that forage on ephemeral schools of prey
are more likely to exhibit anaerobic metabolism, especially
when the probability of contacting new schools of fish is
low, the probability of recontacting schools is intermediate,
or the probability of capture once a school is located is high
(Ydenberg and Clark 1989). In contrast, for species that pur-
sue solitary prey, longer surface intervals brought about by
longer dives do not hamper an individual from maintaining
contact with prey and hence surface time can be lengthened
without detriment to foraging success (e.g., Clowater and
Burger 1994). Therefore, the low frequency of anaerobic
metabolism observed in our Marbled Murrelets is not sur-
prising, given that their primary prey are various species of
schooling fish (e.g., Pacific sand lance, Pacific herring (Clupea
harengus); Burkett 1995).

Nevertheless, changes in the frequency of anaerobic me-
tabolism may occur. In this study, for example, the stronger
correlation between dive time and elapsed dive-bout time in
1996 than in 1995 and the decrease in mean pause time that
occurred between 1995 and 1996 both suggest a shift in diving
behavior with a likely increase in the frequency of anaerobiosis.
These observations of increased foraging effort in 1996 co-
incide with indications of changes in hunting behavior brought
about by changes in prey availability and are in agreement
with predictions of Ydenberg and Clark’s (1989) model.

Diving behavior of Marbled Murrelets in this study did
not conform strictly to the predictions of anticipatory diving
or depth-related diving noted in Kramer’s (1988) OBM. We
speculate that the observed variability in dive patterns in
these individuals were due to annual changes in environmen-
tal conditions and prey resources. Therefore, factors such as
these must be considered when interpreting dive data or the
results of tests of theoretical breathing models. Despite im-
provements in remote data-recording devices such as teleme-
try and time—depth recorders, however, few studies have
been able to consistently monitor dive patterns of individuals
over long periods of time or focus directly on physiological
aspects of pursuit-diving seabirds in field situations. Therefore,
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models such as the two discussed herein provide valuable
hypotheses that may be used to direct diving-related studies.
The results of this study confirm the important influence of
environmental variables on diving behavior, along with the
relevance of physiological constraints. The results also sug-
gest common factors that might limit diving performance
among species.

Finally, a word of caution pertaining to sample size and
scope of inference is necessary. Our study, like most teleme-
try studies, was observational as opposed to manipulative
(i.e., experimental) in nature, and as such is limited in its
scope of inference to the individuals studied and the spatial
and temporal frame of the study (Ramsey and Schafer 1997).
Furthermore, the number of individuals we observed was
small relative to the number of observations recorded per
individual. This is often the case with telemetry studies and,
while not invalidating the results, should lead to caution in
interpreting and applying them. Nevertheless, our sample
sizes, both for numbers of individuals and numbers of obser-
vations per individual, were often similar to or higher than
those in other published telemetry and nontelemetry studies
of pursuit-diving seabirds.
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