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Marbled Murrelets (Brachyramphus marmoratus) are threatened seabirds that are

prone to disturbance both at sea and at old-growth forest nesting areas. I examined

murrelet behavior and activity patterns in forest and marine ecosystems of Oregon.

Diving behavior was studied during the 1995 and 1996 breeding seasons and was

compared to predictions from optimal breathing models, which predicted a strong

relationship between dive times and preceding pause times. Diving patterns appeared to

fit these predictions more in 1996 than 1995 suggesting that diving behavior was affected

more by annual changes in environmental conditions than by physiological constraints on

breathing and diving as predicted by optimal breathing models.

Activity patterns at inland nest sites were monitored on a near-daily basis during

three breeding seasons to assess the relationships between activity and both weather and

date. Daily activity was highly variable within and among sites and years and I observed

greater variability in activity levels than has been previously reported for this species.

Activity varied greatly during all portions of the breeding season and analyses revealed

that weather and date variates explained little of the variability present. It also appeared



that variability in activity during the breeding season was not due entirely to breeding

phenology; however, activity of nonbreeding birds attending nesting stands may

contribute to daily variability.

Inland activity data also were used to assess the feasibility of developing long-term

monitoring strategies based on counts of daily detections. I determined how effectively

various survey strategies estimated measures of daily mean and standard deviation of

detection counts of murrelets within a breeding season. Results indicated that it would be

difficult to obtain reliable estimates of murrelet detections with sampling efforts up to 14

days/season. However, estimates of mean and standard deviation for daily detections

during a breeding season may be reliably estimated to within ± 50% with similar or less

effort. The power of survey strategies to detect annual declines in detections of 25% and

50% were very low and moderate, respectively, except when variability was quite low.
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BEHAVIORAL ECOLOGY OF MARBLED MURRELETS (Brachyramphus
marmoratus) IN FOREST AND MARINE ECOSYSTEMS OF OREGON

INTRODUCTION

The Marbled Murrelet (Brachyramphus marmoratus), a 200g alcid that typically

nests in coastal old-growth forests and forages at sea in nearshore habitats, is considered a

threatened species throughout much of its range (Kaiser et al. 1994, USDI Fish and

Wildlife Service 1997). Although prone to disturbance at sea from oil spill events, gill net

fisheries, and shifts in oceanographic conditions (Carter and Kuletz 1995, Carter et al.

1995, Hunt 1995), the primary and immediate threat to this species has been loss of and

disturbance to nesting habitat (Ralph et al. 1995a). For example, habitat considered

suitable for Marbled Murrelet nesting in the Oregon Coast Range has declined from ca.

1.25 million ha prior to the onset of intensive logging to ca. 200,000 ha currently

(FEMAT 1993, Perry 1995). Moreover, the quality of the remaining nesting habitat has

likely been impacted by associated changes in landscape patterns.

Based upon the potential for population declines due to these adverse effects, this

species was listed as threatened in Washington, Oregon, and California (USDI Fish and

Wildlife Service 1992). Subsequently, in order to comply with the Endangered Species

Act and National Forest Management Act, many acres of federally managed old-growth

forest were withheld from timber operations in these states. As a result, Marbled

Murrelets are given special attention in the Northwest Forest Plan (FEMAT 1993,

USDA and USDI ROD 1994). More recently, recovery plans in Canada and the U.S.
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were developed (Kaiser et al. 1994, USDI Fish and Wildlife Service 1997). Each plan

identified information gaps, among them a lack of understanding and quantification of

behavior and activity patterns in both forest and marine ecosystems.

For example, although distribution of murrelets at sea has been well documented

(Ralph et al. 1995a), there is little quantitative information available on foraging behavior

or the factors that affect it. Such data would improve our understanding of marine

distribution, improve the design and interpretation of marine population surveys, and

improve our understanding of how murrelets react to shifts in oceanographic conditions.

Similarly, while inland distribution of murrelets has been well-documented (Ralph et al.

1995a) there is little quantitative information available on daily and annual variability in

murrelet activity at nest stands (Rodway et al. 1993). Such data would improve our

interpretation of inland survey data, improve our understanding of the factors that affect

attendance at the nest stands, and allow us to determine the feasibility of using inland

survey data to seek temporal or spatial differences in activity levels. Furthermore, the

link between behaviors and activity patterns in forest and marine systems is poorly

understood. For example, seabird reproductive success and attendance at nesting areas are

each affected by foraging conditions or large-scale oceanographic processes (Bost and

LeMaho 1993, Graybill and Hodder 1985, U.W. Wilson 1991). Therefore, murrelet

behaviors in forests might be explained in part by oceanographic conditions and

associated marine behaviors.

The three chapters of this dissertation examine Marbled Murrelet behavior and

activity patterns in forest and marine ecosystems and attempt to fill voids in information
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and provide data valuable to interpreting survey results. Chapter 1, "Diving and foraging

patterns of Marbled Murrelets: Testing predictions from optimal breathing models",

examines foraging behavior of telemetered Marbled Murrelets along the Oregon Coast.

Empirical field data from murrelet diving patterns are compared with predictions from

two different diving optimization models. Ecological factors that might affect the fit of

the field data to the model predictions are explored. Since nesting ecology and

reproductive success of seabirds is ultimately driven by their ability to provision

themselves and their young, identifying the ecological factors that might affect murrelet

diving and forging improve our ability to interpret inland activity and behavior.

The second chapter, "Activity patterns of Marbled Murrelets in Douglas-Fir old-

growth forests of the Oregon Coast Range", examines the temporal patterns that occur in

activity levels of Marbled Murrelets at inland nest areas. Although inland surveys for

this species are common there are little quantitative data on temporal patterns in activity

or the factors that might affect them. Without such data it is difficult to understand the

magnitude or meaning of daily and annual fluctuations in activity at the nesting stands and

interpret survey results accordingly. Furthermore, as with most seabirds, murrelet

activity patterns at the nesting area are likely affected by marine conditions. Therefore,

diving data discussed in Chapter 1 have some bearing on results of Chapter 2.

Chapter 3, "Using resampling to determine reliability of survey results: An example

with the threatened Marbled Murrelet", concludes the dissertation by examining the

variability observed in inland activity data discussed in Chapter 2 and considers how this
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variability affects monitoring efforts for this species. Although inland surveys for

murrelets are primarily focused on determining presence and probable nesting status,

survey data present an opportunity to quantify daily activity as well. These daily

activity data have begun to be used, both formally and informally, to compare levels of

activity among stands or between years. This chapter quantifies the probability that a

given survey strategy will produce data that can reliably be used to seek temporal or

spatial differences in inland activity levels of murrelets. The techniques developed, while

based on Marbled Murrelet surveys, are applicable to a wide range of situations where

count data are used.

These three chapters provide a substantial increase in the knowledge base of Marbled

Murrelet ecology. Ensuring the long-term viability of this species rests upon many

factors; however, without an understanding of behavioral ecology in both forest and

marine systems, biologists will not be able to design the management plans or survey

strategies necessary to maintain populations or manage habitats. Marbled Murrelets are a

unique seabird, using both forest and marine systems extensively; a comprehensive

examination of this species' behavioral ecology should therefore consider data from both

systems.
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CHAPTER 1

DIVING AND FORAGING PATTERNS OF MARBLED MURRELETS:
TESTING PREDICTIONS FROM OPTIMAL BREATHING MODELS

ABSTRACT

Diving behavior of Marbled Murrelets (Brachyramphus marmoratus) was studied

using radio telemetry along the central Oregon Coast during the 1995 and 1996 breeding

season and diving performance was compared to predictions from optimal breathing

models. Duration of dives, pauses, dive bouts, time underwater during dive bouts, and

non-diving intervals between successive dive bouts were recorded. All diving metrics

differed between years; other explanatory variables representing short-term sea

conditions and location had less consistent effects on diving performance. There was no

effect of water depth on mean dive time or percent time underwater. There was a

significant, positive relationship between mean dive time and mean pause time at the dive

bout scale each year. At the shorter temporal scale of the dive cycle, there was no

significant relationship between dive time and pause time in 1995 but a positive

significant relationship between dive time and both preceding and ensuing pause times in

1996. This indicates that both anticipatory and reactive breathing patterns were common

in 1996 but not in 1995. Although it appears that aerobic diving was the norm, there was

likely an increase in anaerobic diving in 1996. Diving performance of Marbled Murrelets

in this study appeared to be affected by annual changes in environmental conditions and
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prey resources and but did not consistently fit with predictions from optimal breathing

models.

INTRODUCTION

Foraging behavior of pursuit-diving seabirds is a function of diving performance,

which is ultimately restricted by physiology; an individual can dive for only so long

before it must return to the surface to breathe and replenish oxygen stores. Limits to

diving performance (i.e., dive depth or dive duration) among species and taxa can often

be explained 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 most dives are each typically less than the maximum attainable 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 (e.g., body mass) affect diving behavior. Since diving in these

species is tied directly to foraging, one avenue of exploration has been to consider the

relationship between the physiology of diving and the ecology of foraging.

Optimization-based models that consider both general principles of foraging theory and

diving physiology have been developed for this purpose (e.g., Kramer 1988, Houston and

Carbone 1992). These models attempt to predict how breath-hold divers will partition

their time between the surface and the foraging zone (i.e., subsurface) and how diving

behavior will vary with effort required for prey capture. We examine two such

optimization models and compare empirical field data from diving patterns of a
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threatened alcid, the Marbled Murrelet (Brachyramphus marmoratus), with predictions

about diving behavior. Ecological factors that might affect the fit of the field data to the

model predictions also are discussed.

Kramer (1988) developed an optimal breathing model (OBM) that attempted to

explain the diving, and thus foraging, patterns of aerobically breathing divers. The model

drew upon concepts from marginal value theorem (Charnov 1976) and central place

foraging theory (Orians and Pearson 1979, Houston and McNamara 1985). Its basic

premise is that aerobic divers will attempt to minimize their time away from the food

source by minimizing surface intervals, which are necessary to replenish oxygen stores.

Given that oxygen is replenished at a decreasing rate over time, longer dives may lead to

substantially longer surface itnervals. Therefore, time away from the food source would

be minimized: 1) when divers stored the minimum amount of oxygen necessary for each

dive, i.e., spent as little time on the surface as necessary replenishing oxygen, and; 2)

when divers surfaced when a set amount of oxygen was used as opposed to depleting all

oxygen stores (Kramer 1988).

Kramer's OBM includes five predictions regarding dive duration, surface duration,

and their interrelationships. Kramer (1988) and Lea et al. (1996) provided thorough

reviews of these predictions and what follows is condensed from them. First, the OBM

predicts that dive time will increase with water depth (or other factors affecting capture

effort). Second, as dive time increases with depth or capture effort, surface time will also

increase. Third, the oxygen content of the blood will be constant following all dives

regardless of depth to prey or capture effort. Fourth, divers will not load oxygen stores to
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maximum capacity previous to a dive. Fifth, the ratio of dive to pause duration will

decrease as dive time increases (i.e., the relationship between dive and surface intervals is

not consistently linear). Here, we consider the implications of predictions 1 3 and

develop two questions of interest to examine.

Predictions one and two have received attention since early studies on diving were

conducted (e.g., Dewar 1924, Stonehouse 1967). These two predictions imply that dive

time should be positively related to depth of prey. This is implied because the duration of

a dive should not be maximized when prey are closer to the surface. Maximizing dive

duration when prey are shallow would deplete oxygen stores unnecessarily and thus

lengthen time at the surface and lengthen time away from the food source. Therefore, if

divers are benthic foragers, a positive relationship should develop between water depth

and both dive and surface times. The quantitative relationship between dive time and

water depth can thus be used to determine foraging habits.

Lea et al. (1996) state that predictions two and three, when considered together,

imply that there should be a strong relationship between dive duration and the preceding

surface interval. This would occur because the basic premise of the OBM would be

satisfied if time at the surface was limited to what was necessary to store sufficient

oxygen for the upcoming dive. Lea et al. (1996) refer to this relationship as "anticipatory

breathing" (and they note the term does not "imply expectation or any other cognitive

process on the animal's part"). Such a diving pattern is in contrast to "reactive breathing"

which occurs when the diver remains on the surface long enough to fully recover from

the previous dive and thus completely replenish oxygen stores. Completely replenishing
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oxygen stores requires more time than simply storing sufficient oxygen for the upcoming

dive. Therefore, reactive breathing results in a positive relationship between dive

duration and the ensuing surface duration (Lea et al. 1996). Reactive breathing would not

necessarily minimize time away from the food patch and therefore is not the predicted

diving pattern based on optimization assumptions. Lea et al. (1996) note that the

prediction of anticipatory breathing had not been tested prior to their analysis.

Ydenberg and Clark (1989) extended the scope of inference of Kramer's OBM by

specifically addressing the role of anaerobic metabolism during diving and foraging.

Their model predicts that anaerobic metabolism should occur infrequently 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 locating a new prey source is unlikely.

We used the predictions from both of the above models to examine diving behavior

of Marbled Murrelets. Diving data for this species, as for most alcids, are scarce (Gaston

and Jones 1998). Furthermore, since Marbled Murrelets, like all alcids, dive almost

exclusively to forage, an examination of their diving patterns leads to direct inferences

about their foraging behavior. The following questions were posed regarding Marbled

Murrelet diving behavior: 1) How do diving patterns of Marbled Murrelets observed in

this study compare with those of other alcids, as well as with those previously reported

for this species? 2) What is the quantitative relationship between duration of dives and

surface intervals at different temporal scales (i.e., within and among diving bouts)? Do
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these data support the prediction of 'anticipatory' breathing? 3) What affect do water

depth and other environmental variables have on diving behavior? Do these data support

the prediction of a positive relationship between water depth and dive duration? 4) What

is the predicted frequency of anaerobic metabolism during Marbled Murrelet diving

bouts? We quantified diving patterns of telemetered Marbled Murrelets during the 1995

and 1996 breeding season along the central Oregon coast. We measured 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

underwater during dive bouts; and duration of intervals between dive bouts. This study

generates data that are directly comparable to recently published studies on diving

behavior of alcids and other pursuit-diving seabirds.

METHODS

Field Techniques

Marbled Murrelets were captured at sea along the central Oregon Coast (43° 50' -

44° 50') between 1 May and 1 August, 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. This technique has previously been used with this species (Quinlan and

Hughes 1992, Varoujean pers. comm.). Captured birds were processed while at sea and

radio tags (mass 2.0 g; Holohill, Ltd., Ontario) were attached along the midline of the
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back with sutures and quick-setting marine epoxy (Titan Corp., Lakewood, WA). All

birds were released as near to the capture site as possible within 30 minutes of capture

and were monitored immediately via telemetry to ensure they recovered from the

procedure.

Since Marbled Murrelets dive almost exclusively to forage, diving patterns can be

used to infer foraging activity. A randomization process was used to choose which

telemetered individual would be observed during specific time periods within and among

days. Diving behavior of telemetered Marbled Murrelets was recorded remotely (i.e.,

without visual contact) by monitoring telemetry signals which were inaudible when birds

dove and audible when birds were at the surface (Wanless et al. 1993, Monoghan et al.

1994). Duration of dive time, surface time, dive bout length, and intervals between dive

bouts were recorded to +1 s. A dive was defined as any signal loss >4 s; signal losses <4

s occurred when waves lapped over the birds, when preening activities resulted in the

antenna dipping underwater (personal observation), or when Murrelets took short

foraging dives. However, since it was not possible to remotely distinguish among these

events, a lower dive limit was. The 4 s time limit was chosen 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 captivity. Signal losses

of <4 s only accounted for 3.3% of recorded signal losses.

Pause times (i.e., surface intervals) were defined as the time between two successive

dives. Maximum pause time was defined as 180 s (as long as the birds did not change

location; see definition of dive bout interval below). A dive cycle was defined as a dive
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and either a previous or ensuing pause. A dive (i.e., foraging) bout was defined as three

or more consecutive dive cycles. Intervals between diving bouts were recorded whenever

successive diving bouts were observed for the same bird. A dive bout interval was

differentiated from a dive cycle pause based on time and movement. A non-diving

period of <3 minutes was considered a dive cycle pause as long as the individual did not

change location; if the interval was >3 minutes or if a change in location occurred, the

event was defined as an interval between dive bouts. This time frame was chosen based

on frequency distributions of Marbled Murrelet pauses and on personal observations of

foraging Marbled Murrelets. Only diurnal dive bout intervals were considered in these

analyses since diving was never recorded at night. We calculated the dive:pause ratio

using dive time and ensuing pause time (versus preceding pause time) to maintain

consistency with other studies. Percent time underwater during dive bouts was calculated

as total dive time/duration of dive bout.

Statistical Analyses

We considered dive bout and bout interval data for an individual bird to be

independent if bouts or intervals did not occur during the same tide stage on a given day.

We randomly selected bouts or intervals for analysis when two or more dive bouts or

intervals were observed for one bird within a tide stage on a given day. Only diurnal dive

bout interval data and data gathered from completely observed dive bouts (i.e., the initial,

terminal, and all interim dives were recorded) were used in analyses; however, all dive
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cycle data were used in calculations for overall means of dive and pause times and

dive:pause ratios.

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 one record for each dive within a bout. Dive time was the response variable,

bout identity was a factor, and duration of both the preceding and ensuing pause time

were each covariates. A resampling procedure was used to obtain coefficient estimates

and confidence intervals from each ANCOVA model instead of relying on significance

probabilities estimated directly from the models. This procedure reduced the risk of

obtaining misleading probability values (i.e., low P values) due to either small standard

error values associated with large sample sizes (i.e., 1,683 dive cycles in 1995, 2,910 dive

cycles in 1996) or serial correlation of sequential pause times (Spearman r (rs) = 0.754;

Noreen 1989). We ran 1,000 ANCOVA models for each year's data and randomly

selected 500 dive cycles without replacement to be used in each iteration (we chose 500

dive cycles based on a biological justification suggested in Lea et al.,1996). The mean of

the coefficient estimates from the 1,000 iterations was calculated and presented as the

estimated coefficient along with a 95% confidence interval; the latter was determined by

obtaining the 5th and 95th percentiles from the estimates. Significance was indicated if

confidence intervals did not contain zero.

General linear models (GLMs) were used to explore the relationship between diving

characteristics and environmental variables. The response variables were; dive bout

duration (minutes), mean dive time within bout (seconds), total percent time underwater
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during a dive bout, and duration of intervals between dive bouts (minutes). A

multivariate approach was not chosen because the correlation among the response

variables, after accounting for the effects of the explanatory variables, were low (Ramsey

and Schafer 1997; -0.205 < rs <0.161). Duration of dive bouts and duration of bout

intervals were transformed with a square root function while percent time underwater was

transformed with the arcsin root function; mean dive time within bouts did not require

transformation. Back-transformed means and confidence intervals are presented for all

data except mean dive time within bouts. These models are hereafter referred to as

diving GLMs.

Independent variables considered for use in the diving GLMs included; time of day,

tide stage, sea state, sea surface temperature, upwelling index, week within the summer

(week 1 starts with 1 May each year), coastal region, water depth, and year. A term for

individual identity was not included for three reasons: 1) we expected to observe

variability in diving behavior among individuals based on previous diving studies with

other pursuit-diving species; 2) we were not able to determine sex, age, or reproductive

status of any individuals and therefore would not be able to attribute any differences in

diving behavior to known biological factors, and; 3) we were more interested in

examining general patterns in diving behavior within the species and comparing it to

model predictions than attempting to record and explain individual variation in diving

behavior.

Plots of explanatory variables and correlation analyses were used to determine

multicollinearity among the explanatory variables; week and sea surface temperature
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were excluded. Akaike's information criterion (AIC) was used to develop optimal and

parsimonious models with the remaining independent variables. This resulted in the

upwelling index being dropped from the models for each response variable. Time of day

included five categories; time period one occurred from sunrise ± 90 minutes, time period

five extended from 31 minutes after sunset until 91 minutes before sunrise, and time

periods two, three, and four were partitioned equally among the remaining time between

time periods one and five. However, analyses were restricted to time periods 1, 2, 3, and

4 since so few diving bouts were recorded in time period 5. Tide stage was obtained

from local tide tables and assigned to one of four categories; high and low tides were

defined as +1 hr from the peak and low heights, respectively, while falling and rising

tides comprised the time between high and low. Sea state was determined using a

modified Beaufort scale; beaufort 1 and 2 = mild seas, beaufort 3 and 4 = moderate seas,

and beaufort >5 = rough seas.

Six broad-scale coastal areas were defined for use as explanatory variables in GLMs

(Fig. 1.1). These areas were designated based on similarity in coastal features and were

included to account for effects of shore type (e.g., sandy beach, cliffs) on prey availability

or behavior which might then affect diving behavior (see Varoujean and Williams 1995).

The areas were: Siuslaw, a sandy shore area; Newport, a sandy shore area; Foulweather,

a cliff dominated shore with offshore rocks and small islands; Depoe Bay, an area of

rocky bays and inlets; Lincoln City, sandy beaches; and the Northern area, a mix of rocky

and sandy shores with bluffs and offshore rocks. The Siuslaw, Newport, Lincoln City,

and Northern areas all contain bays and major river mouths.
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Figure 1.1 Coastal areas used to categorize locations of telemetered
Marbeled Murrelets, May to August 1995 and 1996.
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Water depth was obtained only for diving bouts with precise locations of telemetered

birds. This required recording a triangulated location immediately before and after a

diving bout. Since we had no idea when dive bouts would begin, these data were

obtained opportunistically. Furthermore, bearings were recorded every 20 minutes

during the diving bout in order to track the birds movements. If birds remained relatively

stationary during the dive bout we considered the location estimate sufficiently precise to

estimate water depth. This resulted in a subset of dive bouts (n = 59 dive bouts) for

analysis of 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 and grouped into four

categories to account for deviations in location estimates, charted depths, and tide

heights; Class 1 = 0 - 10 m, Class 2 = 10.1 - 20 m, Class 3 = 20.1 - 30 F, and Class 4 > 30

m.

We modeled the relationship between water depth and diving parameters with GLMs

and simple linear regression (SLR) models. These are referred to as depth GLMs and

depth SLRs. Response variables were; dive bout duration, mean dive time from each

bout, and percent time underwater during each bout. Dive bout interval was excluded

since birds were typically not associated with one location or water depth during an

interval. Water depth was included as the only explanatory variable in the depth GLMs

and SLRs. We also ran additional GLMs to investigate the effect of water depth on

diving while considering additional environmental factors as explanatory variables. For

each response variable, we modeled water depth as a categorical explanatory variable and
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also included as explanatory variables any environmental variable determined to be

significant in the diving GLMs (i.e., from analysis of the data set without water depth as a

variable). This final approach was undertaken because the significance of the other

environmental variables had already been established with the larger data set used in the

diving GLMs and it seemed appropriate to make use of that information. The simple

linear regression approach was undertaken to provide results that were comparable to

other diving studies.

RESULTS

Dive and Surface Intervals and Interrelationships

Fourteen Marbled Murrelets were captured and radio-tagged during 1995 (n = 9) and

1996 (n = 5). Mean body mass of Marbled Murrelets captured during this study was

similar between years (1995 mean = 216.0 g, sd = 6.4 g, n = 9; 1996 mean = 216.0 g, sd

= 14.7 g, n = 5). Diving data were recorded from 11 of these birds resulting in remote

audio observations of 2,324 ( n = 7 birds) and 3,855 (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 diving behavior of non-nesting birds.
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Mean dive time within each year varied less than either mean pause time or mean

dive:pause (Fig. 1.2). Mean dive time, mean pause time, and mean dive:pause ratio each

differed between years (P = 0.017, 0.0001, 0.002, respectively; 2-tailed randomization

tests).

The relationship between dive time and pause time varied based upon the scale at

which it was examined. At the dive bout scale, there was a significant, positive

relationship between mean dive time and mean pause time each year (Fig. 1.3). The

percent of variation explained by these regression models was moderate each year but

increased 17% in 1996. However, at the shorter temporal scale of the dive cycle, the

relationship between dive and pause time varied substantially between years (Table 1.1).

There was no significant relationship between dive time and preceding or ensuing pause

time or pause time2 in 1995. However, a positive relationship between dive time and

both preceding and ensuing pause times and pause times2 was evident in 1996, indicating

that reactive and anticipatory diving patterns each were more frequent during that year.

Diving Bouts, Bout Intervals, and Relationships with Environmental Variables

Duration of dive bouts (Fig. 1.2; n = 68 bouts from 7 birds in 1995, 59 bouts from 4

birds in 1996) and the number of dives in a bout (range = 3 - 204) varied greatly within

and among individuals. The duration of successive diving bouts from the same bird were

only moderately correlated (rs = 0.317, n = 90 successive dive bouts, data pooled among

years). Duration of dive bout intervals also varied greatly (Fig. 1.2; n = 39 intervals from
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Table 1.1. Determination of breathing patterns in telemetered Marbled Murrelets along
the central Oregon Coast, May - August, 1995 and 1996. Significance determined from
mean coefficient estimates and 95% confidence intervals of 1000 resampled ANCOVA
models, 500 samples of dive cycles drawn without replacement per iteration. Models 1
and 2 contain 1st order terms for pause times for 1995 and 1996, respectively; models 3
and 4 contain 1St and 2nd order terms for pause times for 1995 and 1996, respectively.

Parameter' Lower CI

Mean
coefficient
estimate Upper CI Significant2

Model 1 1995
Intercept 17.51 23.09 28.24
Preceding pause time (s) -0.016 0.039 0.111 No
Ensuing pause time (s) -0.051 0.009 0.103 No

Model 2 1996
Intercept 27.68 33.99 39.82
Preceding pause time (s) 0.077 0.211 0.371 Yes (+)
Ensuing pause time (s) 0.036 0.158 0.291 Yes (+)

Model 3 1995

Intercept 23.03 17.34 11.57

Preceding pause time -0.011 0.243 0.596 No
Ensuing pause time -0.092 0.125 0.411 No

Preceding pause time 2 -0.008 -0.002 0.001 No
Ensuing pause time 2 -0.006 -0.001 0.001 No

Model 4 1996
Intercept 15.80 21.57 27.65

Preceding pause time 0.254 0.529 0.851 Yes (+)

Ensuing pause time 0.103 0.394 0.703 Yes (+)

Preceding pause time 2 -0.017 -0.008 -0.002 Yes (-)

Ensuing pause time 2 -0.014 -0.006 -0.003 Yes (-)

'Preceding pause times test for reactive diving, ensuing pause times test for anticipatory
diving.
2 Significance of a positive relationship occurs if the mean estimate and lower CI are
both > 0; significance of a negative relationship occurs if the mean estimate and upper CI
are both < 0.
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7 birds in 1995, 44 intervals from 4 birds in 1996). However, the duration of dive bout

intervals was not correlated with either the duration of the previous or ensuing diving

bout (rs = 0.078 (n=80) and 0.120 (n=81), respectively, data pooled among years). There

was, however, a moderate correlation between the duration of successive dive bout

intervals (rs = 0.529 , n=47, data pooled among years). Duration of dive bout intervals

was not correlated with mean dive time, mean pause time, or percent time underwater

from preceding bouts in 1995 (rs = -0.090, -0.088, and -0.071, respectively). However,

an increase in correlative strength among these same variables appeared to occur in 1996

(rs = -0.349, -0.369, and 0.257, respectively).

The four diving GLMs accounted for 27% to 39% of the variation in the diving data

with two to four significant explanatory variables in each model (Table 1.2). Short-term

sea conditions during diving bouts included tide stage and sea state; the former was not

significant in any models while the latter had a significant effect only on bout duration

(Table 1.2, Fig 1.4a). Temporal factors included time of day and year (Table 1.2); time

of day moderately affected dive time (Fig. 1.4b). Year, however, strongly affected the

duration of intervals between bouts, the percent time underwater within bouts (Fig. 1.2)

and the mean dive time within bouts (1995 mean dive time = 27.48 s (95% CI 25.49,

29.47), 1996 mean dive time = 25.61 s (95% CI 23.66, 27.56)). The interaction of sea

state and time of day moderately affected bout duration. Each diving response variable

except bout duration was affected by the coastal region as either a main effect or as an

interaction with year (Table 1.2). Pairwise differences among coastal regions were few



Table 1.2. Effects of environmental variables (determined by general linear models with Type 4 sums of squares) on diving
performance of telemetered Marbled Murrelets along the central Oregon Coast, May - August 1995 and 19961.

Explanatory
Variable

Num.
DF

Duration of diving bout
(min)

(error df = 105)
(r2 = 0.2729)

Mean dive time w/in
diving bouts (s)
(error df = 100)

(r2 = 0.3472)

% time underwater
during diving bouts

(error df = 99)
(r2 = 0.3867)

Duration of interval
between bouts (min)

(error df = 58)
(r2 = 0.3268)

F P F P F P F P

Area 5 1.89 0.1020 3.30 0.0085 3.55 0.0053 0.31 0.9062
Sea state 2 3.97 0.0218 1.83 0.1660 1.13 0.3268 2.21 0.1192
Tide 3 0.26 0.8544 0.35 0.7928 0.12 0.9465 1.23 0.3087
Time of day 3 1.14 0.3353 2.26 0.0862 0.78 0.5086 1.54 0.2131
Year 1 0.43 0.5144 8.21 0.0051 35.43 0.0001 9.66 0.0029
Area * year 2 1.61 0.2045 3.55 0.0323 5.43 0.0058 3.68 0.0312
Sea state * time 5 1.91 0.0986 1.15 0.3412 0.35 0.8797 0.66 0.5793
1 Italicized bold values < 0.05; bold values > 0.05 and < 0.10.
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Figure 1.4. Mean (+ 95% CI) dive bout duration (A and C) and dive time (B) recorded
during diving bouts of telemetered Marbled Murrelets along the central Oregon Coast,
May - August, 1995 & 1996, during three sea state categories (A), four time of day
categories (B), and their interactions (C). Categories sharing any identical letter were
determined not to be significantly different using GLMs and a post-hoc Tukey-Kramer
test with alpha = 0.10. Italicized values beneath time of day * beaufort categories in C
are sample sizes. Means and confidence intervals for bout duration are back-transformed
from square root functions.
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and in two cases significance of the overall effect may have been due to either small

sample size or unbalanced data (Fig. 1.5a, Fig. 1.6c, respectively).

Most dive bouts occurred in water <10 m (Fig. 1.7) despite the fact that Marbled

Murrelets can likely dive to >25 m (Burger 1991). We did not observe a significant

effect of water depth on mean dive time or percent time underwater within a bout when

water depth in each model was considered as either a continuous variable (depth SLRs;

F 1,56 < 0.109, P > 0.742 for each model) or as a categorical variable (Table 1.3). There

also was no significant relationship 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); F = 0.002 df=1,9, P = 0.961).

Aerobic and Anaerobic Diving

The proportion of observed Marbled Murrelet dives exceeding their aerobic diving

limit (ADL; in seconds) was estimated using models presented in Burger (1991) and

Schreer and Kovacs (1997). Since ADLs are based on estimates of the increase in

standard metabolic rate (SMR) necessary to endure diving, and because those figures are

difficult to obtain for every species, a range of predicted ADLs and the resultant

percentage of observed Murrelet dives exceeding predicted ADLs are presented (Table

1.4). The proportion of Murrelet dives expected to exceed ADL varied widely,

depending upon the increase in SMR chosen. However, Croll et al. (1992) and Burger

(1991) each suggested that metabolic rate during diving likely increased over SMR
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Figure 1.6. Mean (+ 95% CI) dive time (A), percent time underwater (B), and duration of
intervals between dive bouts (C) of telemetered Marbled Murrelets in three areas of the
central Oregon Coast, May - August, 1995 & 1996. Only data from locations with
observations each of the two years are displayed. Abbreviations for areas are: de =
Depoe Bay, fw = Cape Foulweather, and nw = Newport; the number following the
abbreviation corresponds to the year. Means and confidence intervals for percent time
underwater are back-transformed from arcsin root functions and means and confidence
intervals for dive bout intervals are back-transformed from square root functions. Sample
sizes for each category appear beneath tick labels.
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Table 1.3. Effects of water depth (determined by general linear models with Type 4 sums
of squares) on diving performance of telemetered Marbled Murrelets along the central
Oregon Coast, May - August 1995 and 19961.

Response variable
Explanatory

variable DF F P

Mean dive time w/in bouts (s) depth 3,36 0.27 0.8451

Mean dive time w/in bouts (s) depth*area 6,36 0.64 0.6976

Mean dive time w/in bouts (s) depth*year 3,36 0.85 0.4755

% time underwater during bouts depth 3,38 0.47 0.7078

% time underwater during bouts depth*year 3,38 0.48 0.6954

% time underwater during bouts depth*area 6,38 0.83 0.5547
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Table 1.4. Estimates of aerobic diving limit (ADL) and percentage of observed dives
exceeding ADL for telemetered Marbled Murrelets along the central Oregon Coast, May

August, 1995 and 1996. ADL based upon mass specific 02 stores and mass specific
standard metabolic rate (SMR) and diving metabolic rate (DMR) presented in models and
equations from Burger (1991) and Schreer and Kovacs (1997).

DMR as a
multiple of

SMR

Predicted ADL (s)
based upon 44.5

mll 02 kg "1
% observed

dives > ADL

Predicted ADL (s)
based upon 58.0

m12 02 kg "1
% observed
dives > ADL

1.5 95.70 <0.001 124.73 0.00
2.0 71.77 <0.001 93.55 0.01
3.0 3 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 23.92 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

used by Burger (1991).
2 used by Schreer and Kovacs (1997)
3 DMR determined for Thick-billed Murres by Croll et al. (1992)
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approximately three times; using this estimate resulted in a very low percentage of

Murrelet dives exceeding ADL. Diving predominantly within aerobic limits is further

suggested for each year by the lack of either a strong negative correlation between

individual dive times and elapsed dive bout time (1995 rs = -0.1403, 1996 r s= -0.3157)

or a strong positive correlation between individual pause times and elapsed dive bout

time (1995 rs = -0.1027, 1996 rs = -0.1945; Wanless et al. 1988, Wanless et al. 1993).

DISCUSSION

Diving Performance

Using radio-telemetry to investigate diving behavior has benefits and drawbacks.

For example, entire dive bouts can be recorded with telemetry while it is difficult to do so

with visual observations. Additionally, multiple observations of diving bouts from the

same individual can be recorded over days or weeks with telemetry. On the other hand,

transmitter attachment may have negative effects on diving or breeding performance

(e.g., Wanless et al. 1988). However, it may be difficult to assess negative effects of the

telemetry process if all aspects of an individual's condition are unknown. For example,

although all captured birds in this study had brood patches in some stage of development,

only one was ever known to fly inland. While this may suggest a negative effect on

breeding, telemetry studies of this species in Alaska, British Columbia, and California

have each noted that most of the birds captured had brood patches and few have been
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tracked inland (Burkett pers. comm., Lougheed pers. comm., Nelson pers. comm.).

Additionally, Marbled Murrelets captured with the same technique we used and fitted

with larger radio tags than those we deployed have been tracked to nest sites (Quinlan

and Hughes 1992, Varoujean pers. comm.).

Despite transmitter attachment, however, dive and pause times reported in this study

appeared similar to those reported elsewhere for Marbled Murrelets both with and

without transmitters (see Strachan et al. 1995 for review). However, the mean duration

of dive bouts recorded in this study (27 min - 33 min) appears greater than the only other

reported value for Marbled Murrelets (mean = 20 min, s.e. = 0.04, n = 20 bouts;

Varoujean and Williams 1995), which was obtained from telemetered birds in southern

Oregon and northern California. Varoujean and Williams (1995) estimated a mean

percent time underwater during dive bouts of 67.6% (s.e. = 1.0) from the same

telemetered birds, a value slightly higher than those reported in this study (49% - 62%).

Diving performance among alcids appears to be related to some extent to body mass.

Wan less et al. (1988) reported a significant relationship between mean dive duration and

body mass for Common Murres (Uria aalgae), Atlantic Puffins (Fratercula arctica), and

Razorbills (Aka torda). Burger (1991) reported a significant allometric relationship

between maximum dive depth and body mass among alcids. If dive duration is related to

body mass then increases in foraging effort may not be achieved strictly by increases in

dive duration since body mass would limit the range of the potential increase in effort.

However, decreases in surface interval duration or increases in bout duration may be

limited less by body mass and therefore may be more flexible. This may explain why
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Marbled Murrelets displayed less variability in dive times than either pause times or

duration of dive bouts during each year of this study.

The Dive-Pause Relationship

The dive-pause relationship observed in this study varied within and between years

and at different time scales. Reactive and anticipatory diving patterns were evident in

1996 as both linear and quadratic effects, but no significant relationships were evident in

1995. Occurrence of both linear and quadratic effects in the dive cycle have been

reported previously (R.P. Wilson 1991); linear relationships occur when dive duration is

near its mean while power relationships occur when dive duration approaches maximum

limits. 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 effort. Each are discussed in turn.

Lea et al. (1996) observed different diving patterns in species of shags and

cormorants (Phalocrocoracidae) that exhibited different prey handling behavior.

Anticipatory diving occurred in species that swallowed prey beneath the surface while

reactive breathing occurred more often with species that swallowed prey while on and

sometimes beneath the surface. Lea et al. (1996) suggest sub-surface prey handling

minimizes disruption to the diving pattern. This would then allow birds to develop a

more consistent diving pattern whereby they store only as much oxygen during surface

intervals as was used on previous dives. Marbled Murrelets exhibited both of these prey
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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 each tend to occur more frequently as birds forage

in the benthic zone and not throughout the water column. Lea et al. (1996) observed

anticipatory diving patterns more often in shags and cormorants that foraged in the

benthic zone. Watanuki et al. (1996) and Cairns (1992) observed weak reactive diving

patterns in Japanese Cormorants (Phalacrocorax capillatus) and Black Guillemots,

respectively, each of which foraged throughout the water column. The lack of a

significant relationship between dive time and water depth for these Marbled Murrelets

suggests they foraged throughout the entire water column. This may contribute to the

range of diving patterns observed within and between years.

Variations in dive cycle patterns also may be related to prey capture effort.

Anticipatory diving appears to occur when maximum capture effort is required; there

appears to be a weaker or non-observable relationship between dive and pause times

when less effort is required (Lea et al. 1996). Ydenberg and Clark's (1989) model also

predicted diving effort would increase when prey were difficult to find, relocate, or

capture, and Chappell et al. (1993) observed that Ade lie Penguins (Pygoscelis adeliae)

decreased pause times when prey were patchy. The reactive and anticipatory breathing

patterns displayed by Marbled Murrelets in 1996, but not 1995, may thus reflect an

increase in capture, and thus diving, effort. For example, increases in diving effort with

decreases in prey availability have been observed in other seabirds. Wan less et. al.
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(1993) observed an increase in diving effort in shags and attributed it to a change in prey

availability. Similarly, Monoghan et al. (1994) observed a stronger relationship between

dive and pause times of Common Murres during years of reduced prey availability in

Scotland. Additionally, there is evidence that some change in prey conditions occurred in

the study area between 1995 and 1996. For example, a colony of Common Murres in the

study area experienced near total abandonment early in the breeding season and a die off

of adults occurred throughout the summer (Lowe, pers. comm.); each were attributed to

changes in local forage fish availability and not 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.

Although the dive-pause relationship during this study was inconsistent within and

between years at the dive cycle scale, there was a significant and more consistent

relationship between mean dive 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 (replenishing oxygen; Ydenberg 1988, Lea et al. 1996,

de Leeuw 1996). This relationship demonstrates that compensation for greater time

underwater can occur at a time scale greater than each individual dive cycle and therefore

examination of dive cycle data only may be misleading.
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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 significant relationship between water depth and dive time. For example,

Cairns (1992) and Watanuki et al. (1996) observed weak relationships between water

depth and dive time in Black Guillemots and Japanese Cormorants, respectively, and

based on Kramer's predictions suggested that these birds foraged throughout the water

column and not just at the sea floor. We did not observer a significant relationship

between dive time and water depth in this study and therefore suggest these Marbled

Murrelets also foraged throughout the water column. This observation is consistent with

the habits of their primary prey, sand lance (Ammodytes hexapterus), which occur

throughout the water column, undergo daily vertical migrations, and thus likely cause

foraging conditions to vary significantly across relatively short time scales (Wanless et al.

1993, Burkett 1995).

Diving studies have rarely discussed diving parameters other than dive time or

environmental variables other than water depth. While explanatory variables other than

water depth may not be as universally important to determining general trends in diving

behavior across species, they certainly contribute to the variability observed in diving and
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foraging behavior within and among species, and could likely elucidate ecological

mechanisms that may affect diving behavior. Of the five main and two interaction effects

used in the diving GLMs in this study, the variables representing short term effects (time

of day, tide stage, sea state, and sea state * time) were not significant as often nor as

strongly as those variables representing longer term effects (coastal area, year,

area*year). Changes in diving characteristics due to short-term variables likely reflect

the effects of local conditions on foraging behavior. For example, the observed increase

in bout duration during moderate seas may reflect increased effort required to locate,

pursue and capture prey, possibly due to increases in turbidity and decreasing light levels.

However, more variable bouts in heavy seas may be due to either early termination of

diving or greater time requirements to acquire prey. For example, Cannell and Cullen

(1998) demonstrated experimentally that Little Penguins (Eudyptula minor) increased

dive duration during periods of low light. The differing effect of sea state by time of day

on diving may be due to birds attempting to maximize prey intake before foraging

opportunities cease at night (there were no observations of telemetered Marbled

Murrelets diving after dark during, n = 30 nocturnal tracking sessions). Ydenberg and

Clark (1989) suggest divers are more likely to dive anaerobicly late in the day when post

bout recovery time is relatively unlimited. Foraging in heavy seas may require more

energy and thus may be avoided early in the day when the price for overextending the

energy budget is higher.

The larger spatial and temporal scale effects of coastal area and year tended to

interact in this study. Discounting this interaction for bout intervals (where the
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significance of the interaction may be due entirely to data from the Cape Foulweather

area where sample size was very low in 1996; Fig. 1.6c), an underlying pattern was

observed: mean pause time during bouts (i.e., time between dives) decreased from 1995

to 1996 at each area. This may be inferred by examining directional changes in dive time

and percent time underwater within an area. For example, mean dive time decreased in

1996 in the Newport area while percent time underwater did not change; therefore a

decrease in mean pause time proportional to the decrease in mean dive time also must

have occurred. Proportion of time spent underwater during a dive bout increased during

1996 in the Cape Foulweather and Depoe Bay areas. This was accompanied by no

change in dive time in Depoe Bay (and thus a decrease in mean pause time in 1996) and a

decrease in dive time at Cape Foulweather (and thus a proportional decrease in mean

pause time in 1996). Decreases in mean pause time are consistent with the decrease

observed in individual pause times and the increase observed in the dive:pause ratio data

in 1996.

The year effects observed in the diving GLMs likely represented an increase in

foraging effort in 1996 and it appeared all diving parameters were affected. For example,

pause time within dive cycles decreased in 1996; a stronger relationship developed

between mean dive and mean pause times within and among bouts in 1996; duration of

intervals between dive bouts increased and showed a stronger, positive correlation with

mean dive time, mean pause time, and percent time underwater in 1996; the strength of

the negative correlation between elapsed bout time and dive time (a measure of aerobic

versus anaerobic metabolism; Wanless et al. 1988) increased in 1996; and mean dive time



42

decreased while percent time underwater increased in 1996. These types of changes in

diving behavior (e.g., increases in diving effort) have been attributed to decreases in prey

availability in other pursuit-diving seabirds as previously mentioned (e.g., Wan less et al.

1993, Monoghan et al. 1994). Regional oceanographic conditions may have affected

prey availability and hence diving effort for these Marbled Murrelets. For example, by

May 1996, the Oregon Coast had experienced a prolonged increase in average monthly

sea surface temperatures (SST). Since January 1994, average monthly SST was at least

1.5° C greater than normal in 19 of the previous 28 months, with 12 of those months

greater than 2.5° C above normal (National Buoy Data Center 1997, Pacific Fisheries

Environmental Group 1997). Such increases in SST have previously been linked to

reduced nesting success and seabird mortality and likely occur when upwelling decreases,

primary productivity decreases, and hence conditions unsuitable for growth and

development of fish stocks are created (Duffy 1989, U.W. Wilson 1991). For example,

decreases in alcid chick 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 due to the cumulative effect of >2 years of above

average SST and may have contributed to the observed changes in Marbled Murrelet

diving patterns. This type of change in local prey resources is supported by the

previously discussed Common Murre die-off and colony abandonment.
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Aerobic and Anaerobic Diving

Typically, the duration of surface intervals are reduced during anaerobic diving as

opposed to the duration of dives being increased; hence the dive:pause ratio departs from

unity during anaerobic metabolism. Furthermore, anaerobic metabolism during diving

may be evidenced by a significant negative relationship between dive time and elapsed

bout time, or a significant positive relationship between pause time and elapsed bout time

(Wan less et al. 1993, Watanuki et al. 1996). Weak relationships among these diving

parameters for the Marbled Murrelets we studied suggest frequent anaerobic metabolism

did not occur while diving. It appeared unlikely that Marbled Murrelets exceeded ADL

in more than 20% of their dives based on recent estimates of increases in metabolic rate

required for diving in alcids (2-3x SMR; Croll et al. 1992), penguins (<2x SMR, Bethge

et al. 1997) and Tufted Ducks (Aythya fuligula; <4x SMR, de Leeuw 1996. It is more

likely that 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.

Body mass, ecological factors, and general foraging behavior have all been

suggested as mechanisms affecting the frequency of anaerobic diving. For example,

frequency of anaerobic diving in penguins tends to increase with an increase in body

mass (Bethge et al. 1997); therefore, the relatively low body mass of Marbled Murrelets

may explain their apparent low frequency of anaerobic diving when compared to larger

alcids (e.g., Croll et al. 1992). Furthermore, a change in the frequency of anaerobic
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diving has been attributed to changes in hunting behavior brought about by changes in

prey availability. In this study, the stronger correlation between dive time and elapsed

dive bout time in 1996 than 1995 suggests a shift in diving behavior, with a likely

increase in the frequency of anaerobiosis. This would not necessarily be caused by an

increase in the number of dives exceeding ADL, but could be due to decreases in pause

times and thus shorter recovery periods between dives, each of which occurred in 1996.

General foraging behavior is likely to also have a strong influence on diving

metabolism. Ydenberg and Clark's (1989) model predicted that, for birds that forage on

ephemeral schools of prey, anaerobic metabolism is more likely to occur when the

probability of contacting new schools of fish is low, when the probability of re-contacting

schools is intermediate, or when the probability of capture once a school is located is

high. Generally, they argue, this will lead to relatively low levels of anaerobic

metabolism in birds that forage on schooling fish. Similarly, Clowater and Burger (1994)

suggested that the longer dives of Pigeon Guillemots in their study, when compared to

dive times of other alcids of similar body mass were likely due to pursuit of solitary prey.

Longer dives do not hamper an individual from maintaining contact with solitary prey as

with ephemeral schools and hence recovery times can be lengthened without detriment to

foraging success. Given that the primary prey of Marbled Murrelets are various species

of schooling fish that occur throughout the water column, such as sand lance and Pacific

herring (Clupea harengus; Burkett 1995), it suggests that a low frequency of anaerobic

metabolism should be expected, and that the change in the degree of anaerobic

metabolism between years may be due to a change in prey availability.
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Marbled Murrelets in this study appeared to conform to the model predictions that

anaerobic metabolism should not be the norm in pursuit-diving birds. However, their

diving behavior did not conform to the predictions of anticipatory diving or depth-related

diving noted in Kramer's (1988) optimal breathing model. We speculate that the

observed variability in diving patterns in these individuals were due to annual changes in

environmental conditions and prey resources. Therefore, factors such as these must be

considered when interpreting field tests of or developing applications of theoretical

breathing models.

Despite improvements in remote data recording devices such as telemetry and time-

depth recorders, few studies have been able to consistently monitor diving patterns of

individuals over long periods of time or to focus directly on physiological aspects of

diving of pursuit-diving seabirds in field situations. Therefore, models such as the two

discussed herein provide valuable hypotheses that may be used to direct diving-related

studies. Compared to diving data for other alcids, the results of this study confirm the

important influence of prey availability and environmental variables on diving behavior.

Results also suggest 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, as are most telemetry studies, was purely observational. Results

from such studies are limited in their scope of inference to the individuals studied and the

spatial and temporal frame of the study (Ramsey and Schafer 1997). Furthermore, the

numbers of individuals we observed was relatively small compared to the number of

observations recorded per individual. This is often the case with telemetry studies and,
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while not invalidating results, should lead to caution in interpreting and applying results.

However, our sample sizes, both for numbers of individuals and numbers of observations

per individual, were often similar or higher when compared to other published telemetry

and non-telemetry studies of pursuit-diving seabirds.
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CHAPTER 2

ACTIVITY PATTERNS OF MARBLED MURRELETS IN DOUGLAS-FIR
OLD-GROWTH FORESTS OF THE OREGON COAST RANGE

ABSTRACT

Activity patterns of Marbled Murrelets (Brachyramphus marmoratus) were

monitored on a near-daily basis during three breeding seasons at five inland forest sites in

the Oregon Coast Range. Four daily activity metrics (numbers of daily detections,

vocalizations, occupied detections, and duration of daily activity) were monitored and

each was highly variable within and among sites and years. We observed greater

variability in activity levels than has been previously reported for this species. We could

not identify any month when coefficients of variation for activity metrics were

consistently higher or lower than any other month. Activity metrics tended to be strongly

correlated within a day within survey stations, but correlative relationships at temporal

and spatial scales greater than this were inconsistent and moderate at best. Marbled

Murrelet activity varied greatly from one day to the next during all portions of the

breeding season and multivariate analyses revealed that weather and date variates

explained little of the variability present. Given the extreme levels of variability in

Marbled Murrelet activity and our lack of understanding as to which factors drive that

variability, it is critical that biologists not draw conclusions about activity or behavior
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from small data sets or data sets not specifically designed to answer the questions of

interest.

INTRODUCTION

Daily or near-daily surveys of seabird colony attendance have revealed important

aspects of species' breeding biology, foraging ecology and social behavior, and have

been used to determine environmental factors that affect attendance patterns, interpret

seasonal activity patterns, and design monitoring plans (e.g., Byrd et al. 1983, Gaston and

Nettleship 1982, Hatch and Hatch 1988 and 1989, Jones et al. 1990). However, such

survey efforts are rare for Marbled Murrelets (Brachyramphus marmoratus), a threatened

alcid that typically nests in coastal or near-coastal, old-growth, coniferous forests

throughout much of its range in the Pacific Northwest (PNW) of North America. Instead,

interest in assessing the loss of and disturbance to nesting habitat from timber

management activities has given rise to a survey protocol designed to determine probable

nesting status in forest stands (Ralph et al. 1994). For example, this protocol requires 4

surveys / breeding season for at least two years to produce a 95% probability of detecting

birds if they are present. Observations of birds during surveys are referred to as

`detections' and are defined as "the sighting or hearing of one or more Murrelets acting in

a similar manner" (Ralph et al. 1994). Nesting status is then predicted based on the types

of detections observed. The numbers of detections recorded during a survey or series of

surveys does not correspond directly to the numbers of birds using a particular forest

stand, however. For example, it is likely that both double-counting and omission of birds
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occurs during surveys. Nonetheless, the quantitative relationship between numbers of

detections (i.e., activity) and numbers of nesting birds is assumed to be positive.

Recently, counts of detections from Marbled Murrelet surveys have been used for

quantitative analyses. For example, daily detection data have been used to compare

activity levels among habitat types, describe seasonal attendance patterns, and monitor

temporal trends in activity over time (see Ralph et al. 1995b for examples). However,

daily counts of detections tend to exhibit a high degree of seasonal variability within and

among stands (Naslund and O'Donnell 1995, O'Donnell et al. 1995) and there is an

insufficient understanding of the factors that may be causing such high variability.

Furthermore, most stands receive low survey effort each year (e.g., 4 surveys / year;

Ralph et al. 1994). This suggests that conclusions drawn from quantitative analyses of

detection data may be misleading. Three other daily activity metrics also are recorded;

number of vocalizations, number of occupied detections (a detection which infers a high

probability of birds nesting in the stand based on observed behavior), and duration of

activity during the daily survey period. However, the interrelationship of all four daily

activity metrics and the levels of variability for each are not fully understood and

therefore their potential use as quantitative metrics of activity is unknown.

The goal of this study was to examine activity patterns (i.e., the four metrics

previously mentioned) of Marbled Murrelets in the Oregon Coast Range and obtain

improved estimates of the variability in activity data and its relationships with both local

weather and date. The objectives were to: (1) examine the correlative relationships

among the four activity metrics at multiple temporal scales; (2) examine the relationship
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between weather at the stand and the daily activity metrics; (3) examine activity patterns

on a daily, weekly, seasonal, and inter-annual time scale; (4) quantify the variability

occurring in the primary survey metric, counts of daily detections, and examine factors

that might influence that variability; and (5) describe flight behavior of Marbled

Murrelets observed during surveys and determine influential factors. This study

significantly extends the quantity of information available on Marbled Murrelet activity

patterns; the number of surveys conducted at each station each year during this study

were greater than any previously reported for this species throughout its range.

METHODS

Study Sites

Five survey stations are located in Douglas-fir (Pseudotsuga menziesii) old-growth

forests in the central Oregon Coast Range (Figure 2.1). The Valley of the Giants

Meadow (VGM; 365 m ASL) and Valley of the Giants Upper Plateau (VGUP; 535 m

ASL) survey stations are 25 km inland and 2 km apart. Marbled Murrelet nests have

been located in each of these stands (Hamer and Nelson 1995). The Spencer Creek Main

Fork (SCMF; 100 m ASL) and Spencer Creek Upper Fork (SCUF; 100 m ASL) stations

are 23 km inland and 1.5 km apart. The 2x4 station (425 m ASL) is 25 km inland. All

survey stations are in the Coast Range Province and western hemlock (Tsuga

heterophylla) vegetation zone (Franklin and Dyrness 1988), and are managed by the

Bureau of Land Management (BLM). None have been harvested and all but VGUP are
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Figure 2.1. Marbled Murrelet survey areas, Oregon Coast Range.
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located along rivers or creeks. All stands are within a mosaic of the western hemlock

habitat type, with surrounding stands varying in age. Survey stations located in the same

area (i.e., VGM and VGUP, SCMF and SCUF) are hereafter referred to as proximal

survey stations.

Field Techniques

We monitored Marbled Murrelet activity during the breeding season by conducting a

minimum of 50 daily surveys/station/breeding season. Murrelet surveys began 45

minutes prior to sunrise and ended 75 minutes after sunrise, or 15 minutes after the last

detection, whichever was later. Surveys were conducted between 1 May and 4 August

(95 possible survey days hereafter referred to as the breeding season) in 1994 (VGM,

VGUP, SCMF, SCUF), in 1996 (VGM, VGUP) and in 1997 (VGM, VGUP, SCMF,

2x4), resulting in 10 site*year combinations. Each station was surveyed by the same

observer during a breeding season with two exceptions, VGM 1996 and SCMF 1997.

For these two situations, we conducted simultaneous surveys with the original and

replacement surveyor. Results (daily tallies of each activity metric and timing of

observed detections) from these simultaneous surveys were similar. All surveyors were

trained prior to data collection..

For each detection observed during a survey we also recorded: time of day; type of

detection as silent-visual, audio-visual, or audio only; and number of `keer' calls (the

primary vocalization). For visual detections we additionally recorded height of birds in
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relation to the canopy; behavior of birds (categorized as flying over canopy in a straight

line, circling over canopy, circling below the canopy, flying through or below the canopy

in a straight line, landing in or departing from tree, or stationary); and group size. All

detections were categorized as 'occupied' or 'present' based on observed behaviors

(Ralph et al. 1994). Detections in the 'occupied' category are more indicative of nesting

and include visual observations of birds below the canopy as well as birds circling above

the canopy. Detections in the 'present' category indicate birds occur in or around the

forest stand and include visual observations of birds flying in a straight line over the

canopy as well as all non-visual detections. Daily survey data were summarized by

calculating the duration of activity in minutes (duration = time of last detection - time of

first detection) and tallying the numbers of detections (occupied and present combined),

occupied detections, and keer calls. These four metrics are hereafter referred to as the

daily activity metrics.

We recorded weather variables every 20 minutes during murrelet surveys. Cloud

and fog cover were each estimated to the nearest 25%. Height of cloud ceiling was

estimated relative to the forest canopy so that measurements from all stands would be

comparable. Ceiling below canopy was recorded as <1 and ceiling above canopy was

estimated to the nearest multiple of the canopy height, up to 5. Precipitation was

categorized as none, drizzle or mist, steady rain or down pour. Wind was recorded on a

modified Beaufort scale. Data on each of the weather variables were averaged for each

survey day to create a daily summary value.



54

Statistical Analyses

Relationships between activity and both weather and date.--Canonical correlation

analysis was used to examine the relationship between Marbled Murrelet activity and

both date (month and year) and weather. This multivariate approach was used because

all activity metrics were strongly correlated (Spearman correlation (rs) coefficients > 0.7).

Canonical correlation is an extension of multiple regression that examines the linear

relationship between multiple X and Y variables by creating linear combinations (i.e.,

variates) for each data set that best express the correlation between the two data sets. The

first canonical correlation explains the maximum relationship between the canonical

variates and each successive canonical correlation is estimated so as to be orthogonal yet

still explain the maximum relationship not accounted for by the previous canonical

correlation. The overall strength of the relationship between the X's and Y's is assessed

by examining canonical correlation coefficients (CC) and canonical redundancy indices

(CRI); the latter measures the average proportion of variance in the Y variables explained

by the X variables. A more detailed examination of the canonical correlation structure

may be accomplished by examining canonical loadings (CL) and canonical cross-

loadings (CXL). CLs estimate the influence of each independent variable on the newly

created variate, and CXLs estimate the strength of the correlation between each

dependent variable and the independent variate set (Hair et al. 1995).

The number of daily occupied detections could not be transformed to meet the

assumptions of canonical correlation. Spearman correlations were used to assess the
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relationship between the number of daily occupied detections and CLCEFO. Kruskal-

Wallis analyses were used to examine the effect of month, year, and site on the number of

daily occupied detections. Additionally, multicollinearity among the dependent variables

cloud cover, ceiling, and fog prevented each from being included in the canonical

correlation analysis. We used principal components analysis to assess the relationship

between the weather variables and determined that cloud, ceiling, and fog each weighted

the first principal component evenly. Therefore, we created a new variable, termed

CLCEFO, by summing the daily standardized values of each of these three metrics (Hair

et al. 1995).

We also used locally weighted regression and smoothing scatterplots (LOWESS) to

check for nonlinear relationships between activity and date, since canonical correlation is

restricted to seeking linear trends. Counts of daily detections were plotted as the

smoothed proportion of the maximum daily detection count (for LOWESS plots only) to

standardize measures among stations

Behavior during detections.--We used generalized linear models to investigate

relationships among Marbled Murrelet flight behaviors, date, and time of day; these

analyses were performed on visual detections only. Group size, a nominal variable

representing the number of murrelets flying together in a detection (range 1 to 8), was

analyzed with Poisson regression. Explanatory variables available for inclusion in the

model were time of day (categorized by 20 minute blocks beginning at the start of the

survey period and labeled as time periods 1 - 6), month, height of birds detected in

relation to the canopy (above or below canopy), detection type (silent visual or audio
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visual), and all possible second-order interaction terms. We ran three separate Poisson

regression models in an effort to keep the data relatively balanced among years and sites.

We included survey data from VGM and VGUP in 1994, 1996, and 1997 in the VG

model; data from SCMF and SCUF in 1994 in the SC model; and data from 2x4 in 1997

in the 2x4 model. We used a forward, single-best-predictor process with an F-to-enter

value of 4.0 to select significant explanatory variables. Final models were then chosen

based on a combination of drop-in-deviance tests and Bayesian information criteria.

Mean responses are presented for Poisson regression models. In situations where mean

responses < 1 were calculated, we used the inverse (i.e., positive interpretation) of the

value to present a more meaningful statistic. Due to restrictions of degrees of freedom,

only a limited number of comparisons among categories of explanatory variables could

be made in Poisson regression models; these are presented in the summary tables for each

model. August detection data were not used in canonical correlation, Kruskal-Wallis, or

generalized linear models since sample sizes from that month were <5.

RESULTS

Survey Effort and Summary Statistics

We conducted 572 daily surveys for Marbled Murrelets, averaging 57.2 survey

days/station/year. Most detections occurred within ±30 minutes of sunrise (e.g., Fig. 2.2).

At least 1 Marbled Murrelet detection was recorded on 517 mornings, although 7 of 10
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Figure 2.2. Proportion of Marbled Murrelet detections recorded by time of day in relation to
sunrise during standrad survey hours at the 2x4 survey station, Oregon Coast Range,
1 May 5 August, 1997. Detections recorded >75 minutes post sunrise (n = 131) not included
due to unequal sampling effort during those hours.
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site*year combinations had at least one day with no detections. We recorded 13,259

detections (36% were classified as occupied), approximately 104,000 keer calls, and

25,058 minutes of activity (Table 2.1). Approximately 55% of all detections were strictly

audio, although this proportion varied within and among sites and years (Table 2.2). A

total of 10,848 Marbled Murrelets were sighted during 4,148 silent-visual and 1,840

audio-visual detections. The proportion of detections that were silent-visual was greater

than the proportion that were audio-visual at each site each year (Table 2.2). The

maximum values for daily counts of detections, keer calls, and occupied detections were

3 to 8 times, 3 to 9 times and 3 to 15 times greater than the means, respectively, among

sites and years.

Temporal and Spatial Variability in Activity

Each daily activity metric was highly variable within and among sites and years.

Counts of daily keer calls and occupied detections were the most variable metrics;

duration of activity was always the least variable metric (Table 2.1). A closer

examination of number of daily detections, the primary activity metric, revealed an

inconsistent pattern of variability within and among sites and years (Fig. 2.3). For

example, month-by-month estimates of coefficients of variation (CVs) for daily

detections at all stations during all years ranged from 38% 210% (Table 2.3). We could

not identify any month when CVs were consistently higher or lower than any other

month. Similar temporal variability occurred for each activity metric.



Table 2.1. Summary statistics from Marbled Murrelet surveys for daily counts of detections, keer calls, occupied detections and
duration of activity (minutes) at five inland forest stations, Oregon Coast Range, 1 May - 5 August 1994, 1996, 1997. n = number of

survey days.

Survey stations

2x4 SCMF SCUF VGM VGUP

Metric '97 '94 '97 '94 '94 '96 '97 '94 '96 '97

statistic (n=62) (n=66) (n=61) (n=58) (n=55) (n=50) (n=58) (n=55) (n=51) (n=56)

Detections
mean/day 51.29 32.45 10.56 16.22 27.31 7.66 15.29 36.14 14.10 14.69

min/max 2/147 0/198 0/83 0/112 0/79 0/38 1/56 1/88 0/39 0/85

CV 69.51 130.00 152.46 134.08 68.40 113.43 87.44 49.30 72.09 121.65

Keer calls
mean/day 505.14 101.59 25.14 149.98 167.16 36.33 94.05 457.39 106.74 168.59

min/max 0/2332 0/841 0/312 0/1363 0/772 0/202 0/502 0/1556 0/384 0/1183

CV 529.43 157.25 213.19 172.68 102.18 143.69 126.25 73.29 94.54 130.72

Occupied
detections
mean/day 17.47 28.87 6.78 4.81 7.34 1.21 2.93 6.42 2.59 4.14

min/max 0/65 0/182 0/33 0/38 0/45 0/15 0/21 0/23 0/12 0/43

CV 84.22 136.44 141.71 150.26 115.16 235.29 137.70 75.87 118.75 196.25

Duration
mean/day 71.96 44.18 18.56 48.57 52.67 24.35 43.32 68.02 36.12 36.45

min/max 1/168 0/157 0/84 0/122 0/110 0/92 1/104 1/151 0/90 0/99

CV 46.19 94.56 114.79 65.82 41.10 96.10 55.82 44.25 55.57 70.15



Table 2.2. Proportions of audio, silent-visual (SV), and audio-visual (AV) detections of Marbled Murrelets recorded during surveys at
five inland forest stations, Oregon Coast Range, 1 May - 5 August, 1994, 1996, 1997. n = number of survey days at each station.

Survey stations

2x4 SCMF SCUF VGM VGUP

`97 '94 '97 '94 '94 '96 '97 '94 '96 '97
(n=62) (n=66) (n=61) (n=58) (n=55) (n=50) (n=58) (n=55) (n=51) (n=56)

No. detections 3260 2086 639 942 1502 376 885 1980 719 870

% audio 53.47 11.17 30.36 69.75 60.92 73.40 64.97 79.44 79.28 61.49

% AV 16.13 17.45 7.67 12.95 15.51 3.19 12.99 9.65 8.07 19.54

% SV 30.40 71.38 61.97 17.30 23.57 23.40 22.03 10.91 12.66 18.97
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Figure 2.3. Daily counts of Marbled Murrelet detections recorded at five inland survey
stations in the Oregon Coast Range, 1 May - 5 August 1994, 1996, 1997.
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Table 2.3. Monthly coefficients of variation for counts of daily Marbled Murrelet detections recorded during surveys at five
inland forest stations in the Oregon Coast Range, 1 May 31 July, 1994, 1996, 1997.

Coefficients of Variation
2x4 SCMF SCUF VGM VGUP

`97 '94 '97 '94 '94 '96 '97 '94 '96 '97
May 53.61 153.04 210.13 98.01 47.31 82.52 77.23 38.70 53.50 79.82

June 72.82 95.44 111.53 72.13 104.12 98.38 107.71 46.34 64.80 147.29

July 44.63 94.47 107.34 81.55 52.96 131.94 53.63 54.05 80.29 85.27

May 69.51 130.00 152.46 134.08 68.40 113.43 87.44 49.30 72.09 121.65

July
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Correlation among the four daily activity metrics was moderate to strong within each

site each day (0.535< rs < 0.875). However, correlation between identical activity

metrics from proximal survey stations on the same day were often not very similar (Table

2.4). Furthermore, correlative strength of weekly means for each activity metric varied

greatly among survey stations (-0.423 < rs < 0.797) and proximity of survey stations was

not necessarily indicative of correlative strength. For example, weekly means of each

activity metric were always most strongly correlated between proximal stations in 1994,

but typically least correlated between proximal stations in 1997. Seasonal timing of

activity also appeared to vary among years within stations. Correlation coefficients were

weak to moderate within sites among years for daily detections (-0.462 < r s < 0.475),

duration of daily activity (-0.186< rs < 0.482), and proportion of occupied detections/day

(-0.126< rs < 0.455).

Relationships Between Activity and both Weather and Date

The degree of weather-related visibility at a stand, represented by the summed

variable of cloud, ceiling and fog (CLCEFO), differed significantly among months

(ANOVA F2,518 = 7.82, P < 0.001) but not among sites (ANOVA F4,518 = 0.01, P = 1.0)

or site*month interactions (ANOVA F 8,518 = 0.54, P = 0.83). Tukey-Kramer post-hoc

comparisons revealed that July was clearer (i.e., cloud and fog cover less, ceiling higher)

than May or June. August was not included in these analyses due to low sample size

(i.e., < 5 survey days/site/yr).
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Table 2.4. Spearman correlation coefficients between Marbled Murrelet activity metrics
recorded on the same day at proximal survey stations at two inland forest areas of the
Oregon Coast Range, 1 May - 5 August, 1994, 1996, 1997.

Sitel / yr. Site 2 / yr.

No.
survey
daysa

Spearman Correlation Coefficient

keer
detections calls

duration
(min)

% occupied
detections

SCUF '94 SCMF '94 54 0.426 0.508 0.430 0.453
VGM '94 VGUP '94 50 -0.103 -0.036 0.584 -0.012
VGM '96 VGUP '96 44 0.507 -0.379 0.641 0.238
VGM '97 VGUP '97 50 0.436 0.083 0.274 0.315

1 Number of days both stations were surveyed simultaneously.
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Weather and date variates explained little of the variability in Marbled Murrelet

activity (Table 2.5). Although canonical correlation coefficients (CC) between the first

independent and dependent variates were moderate to strong, the canonical redundancy

indices (CRIs) indicated these first CCs explained <21 % of the variability in the activity

data at all but 1 survey station (Table 2.5). The second CCs explained < 6.2 % of the

variability. Based on the strength of CC, CRI, and likelihood ratio P-values we chose to

interpret the structure of the first and second canonical correlations at the 2x4, SCUF, and

VGUP stations and the first canonical correlations at SCMF and VGM.

The canonical loadings (CLs; Table 2.6) show the influence of each weather and date

variable on the independent variate. The interpretation for V1 varied among survey

stations based on these loadings. V1 had a strong weather influence at 2x4, a strong date

(i.e., month or year) influence at SCMF, SCUF, and VGUP, and a moderate influence

from all variables at VGM. The strongest CLs for V1 for any site were date influenced

(month at SCUF and year at VGUP) while the weakest CLs were CLCEFO at SCMF and

month at VGUP (Table 2.6).

Canonical cross-loadings (CXLs, Ul and U2; Table 2.6) demonstrate the correlation

strength between each activity metric and the independent variate (e.g., V1). CXLs were

the most uneven at 2x4 where they indicated that V1 (predominantly a weather effect)

had a greater effect on duration of activity (explaining about 25% of its variability, i.e.,

CXL2) than the other activity metrics. The dependent activity metrics were more evenly

correlated with the independent variates within each of the remaining survey stations. At

both SC stations, V1 (predominantly effects of month and year) explained 18% - 54% of
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Table 2.5. Canonical correlation coefficients, likelihood ratio P values, and canonical
redundancy indices for the first three canonical variates between daily Marbled Murrelet
activity metrics and environmental variables recorded during surveys at five inland forest
stations, Oregon Coast Range, 1 May - 31 July, 1994, 1996, 1997.

Canonical Canonical
Survey correlation Canonical Likelihood redundancy
station no.1 correlation ratio P- value2 index3
2x4 1 0.631 0.001 0.096

2 0.552 0.002 0.062
3 0.126 0.645 0.009

SCUF 1 0.747 0.001 0.444
2 0.434 0.042 0.013
3 0.249 0.216 0.008

SCMF 1 0.476 0.001 0.204
2 0.251 0.195 0.002
3 0.191 0.256 0.002

VGM 1 0.293 0.110 0.057
2 0.195 0.375 0.010
3 0.139 0.408 0.001

VGUP 1 0.492 0.001 0.206
2 0.402 0.001 0.013
3 0.107 0.634 0.001

lItalicized correlation numbers indicate canonical correlation and canonical redundancy
indices that were considered significant enough (P <0.11) to be further evaluated (see
Table 2.6).
2 The likelihood ratio tests the null hypothesis that the canonical correlation values in the
current row and all that follow are 0.
3 The canonical redundancy index (CRI) equals the mean proportion of canonical cross-
loadings. The CRI represnets the proportion of variance in the dependent variables
explained by the independent variate.
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Table 2.6. Canonical loadings and canonical cross-loadings from canonical correlation
analyses of three daily Marbled Murrelet activity metrics and environmental variables
from five inland stations in the Oregon Coast Range, 1 May - 31 July, 1994, 1996, 1997.

Canonical Loadings
2x4 SCMF SCUF VGM VGUP

V11 V2 VI V1 V2 V1 V1 V2
Clcefo 0.657 -0.210 0.027 -0.248 0.089 0.526 0.330 0.731
Month 0.156 0.964 0.589 0.957 0.250 -0.372 0.050 -0.652
Precip. 0.668 -0.308 0.187 -0.349 0.818 0.239 -0.321 0.357
Wind 0.639 0.215 0.170 -0.149 -0.136 0.417 0.164 -0.584
Year3 n/a n/a -0.697 n/a n/a -0.649 -0.947 0.114

Canonical Cross-loadings
2x4 SCMF SCUF VGM VGUP

U12 U2 Ul Ul U2 Ul Ul U2

Detects. 0.116 0.195 0.457 0.736 0.067 0.244 0.486 -0.015
Keers 0.173 0.368 0.467 0.702 -0.086 0.194 0.446 0.014
Duration 0.495 0.109 0.431 0.546 0.168 0.274 0.428 0.195

1 VI = first independent variate, V2 = second independent variate.
2 U1 = first dependent variate, U2 = second dependent variate.
3 n/a = sites with only one year of data; year not available for inclusion in model.
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the variability in activity metrics. At VGM, VI (a mixed weather and date effect)

explained only 3.7% - 7.5% of the variability in each activity metric while at VGUP, V1

(a strong year effect) explained 18.3% - 23.6% of the variability in each activity metric.

The proportion of variability in the activity metrics explained by V2 varied from < 1% -

13.5%. The strongest correlation between activity metrics and V1 occurred at SCUF

where V1 was predominantly a month effect. The weakest correlation between activity

metrics and VI occurred at 2x4 where V1 was predominantly a weather effect.

We also conducted canonical correlation analyses without year or month as

independent variables in an effort to maximize the potential of observing a significant or

consistent relationship between weather and activity. However, results still indicated

only a weak relationship between activity and weather. Only 2 of the 10 site*year

combinations had first canonical correlations significantly different from zero (i.e.,

likelihood ratio P values < 0.05). The range of variability in activity data among all

survey stations explained by the weather-loaded independent variates (i.e., CRI) was 1

13%. The maximum CRI occurred at VGUP '94 and the strongest correlation within that

station was between CLCEFO and duration of activity (CL for CLCEFO = 0.79, CXL

between V1 and duration = 0.44).

Results from analyses of occupied detections were similar to those of other activity

metrics. There was no correlation between weather (i.e., CLCEFO), and either the

proportions of occupied detections/day or the number of occupied detections/day for any

site in any year (-0.235 < rs < 0.144). The percent of occupied detections/day was

significantly different among years at sites with multiple years of data (Kruskal-Wallis P
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< 0.038 for each site) and the proportion of occupied detections/day was greatest in 1994

and least in 1996 at each station. Month had an inconsistent effect on the proportions of

occupied detections/day among sites and years (Table 2.7). Furthermore, no two stations

with significant month effects shared the same monthly ranking for proportions of

occupied detections/day. VGM '96 and VGM '97 had opposite rankings.

We examined daily patterns of detections (Fig. 2.3) and smoothed versions of these

same data (Fig. 2.4) to evaluate seasonal and inter-annual trends in activity. We

restricted these analyses to one metric since correlations between all daily activity metrics

were high (rs> 0.7). We chose counts of daily detections as it is the metric most likely to

be considered important for monitoring purposes. Maximum or near-maximum numbers

or daily detections occurred throughout the breeding season and near-minimum and

maximum detection values were often recorded during the same week within a site (Fig.

2.3). Ranking the five highest detection days/site and sorting these by date revealed that

12% of these maximum or near-maximum detection days occurred in May, 46% occurred

between 1 June and 9 July, and 42% occurred between 10 July and 5 August. (These

dates were chosen to reflect date-specific survey effort suggested in the Marbled Murrelet

survey protocol; Ralph et al. 1994). However, a LOWESS smoothing analysis (tension =

0.2) of daily detection data revealed an underlying pattern where overall activity began to

peak in late June at most sites during most years (Fig. 2.4). Additionally, most sites also

showed secondary peaks in activity that did not consistently occur during any week or

month of the survey. The smoothed data also showed activity patterns to be slightly more



Table 2.7. Median proportion of Marbled Murrelet occupied detections/day between 1 May and 31 July, 1994, 1996, 1997, at five
inland survey stations in the Oregon Coast Range and results from Kruskal Wallis analysis testing for differences in proportion of
occupied detections/day by month at each survey station. n = number of survey days.

Survey stations
2x4 SCMF SCUF VGM VGUP
`97 '94 '97 '94 '94 '96 '97 '94 '96 '97

(n=62) (n=66) (n=61) (n=58) (n=55) (n=50) (n=58) (n=55) (n=51) (n=56)
May 32.43 64.44 00.00 00.00 38.89 12.50 00.00 13.63 06.67 00.00
June 39.68 81.63 77.27 50.00 21.11 08.54 11.11 18.74 09.09 18.25
July 33.87 84.83 78.97 19.35 19.23 00.00 20.51 15.38 25.93 20.91
Kruskal
wallis P -
value

0.267 0.121 0.007 0.009 0.198 0.011 0.008 0.412 0.156 0.101
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Figure 2.4. Counts of daily Marbled Murrelet detections (plotted as the proportion of the
annual maximum number of detections at respective sites to standardize trends among
stations) recorded at five inland survey stations in the Oregon Coast Range, 1 May 5
August 1994, 1996, 1997. Smoothed lines derived with locally weighted regression
(LOWESS; tension = 0.2); symbols for each day are not included to improve clarity but
are shown in Figure 2.3
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similar among survey stations within years than previous correlation analyses; however,

proximal stands did not always display the most similar patterns within years.

Behavior and Group Size

Most Marbled Murrelet groups observed at inland forest stands consisted of 1 or 2

birds (mean pooled from visual detections = 1.78, sd = 0.83). Smaller groups typically

occurred below canopy and were silent while larger flocks tended to occur above the

canopy and were calling (Fig. 2.5). Although the final generalized linear models for

group size included a slightly different set of variables for each survey area (Table 2.8),

some patterns within the explanatory variables were consistent. Group size was most

strongly affected by flight height and type of behavior at all survey areas (Table 2.8; F

values); average group size increased by about 1.1 birds/group at each survey area when

murrelets were detected above canopy versus below canopy and by about 1.3 birds/group

when murrelets were calling versus silent (Table 2.9; mean responses). Group sizes

increased between time period two and three at all three areas; however, the relationship

between time of day and group size varied among sites for comparisons among time

periods three through five (Table 2.9). There appeared to be little variation in average

group size by month when data were pooled among all areas; average group sizes for

May, June, and July were 1.71, 1.70, and 1.86, respectively. Similarly, group size was

significantly related to month only at the 2x4 site. At a larger time scale, group size was

significantly affected by year (only considered at the VG sites; Table 2.9). There were
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Figure 2.5. Frequency of visual Marbled Murrelet detections by : a) group size and
height in relation to canopy; b) group size and detection type (audio-visual or silent-
visual), and; c) detection type and height in relation to canopy. Detections, recorded at
five inland survey stations in the Oregon Coast Range, 1994, 1996, and 1997, pooled
among all sites and years.
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Table 2.8. Final Poisson regression models for visual detections of Marbled Murrelets
with flock size as the response variable. Model selection process was forward, single-
best-predictor with an F to enter of 4.0; final models were selected based on drop-in-
deviance tests and Bayesian information criteria. Survey data collected at five inland
forest stations, Oregon Coast Range, 1 May - 31 July, 1994, 1996, 1997.

Valley of the
Giants

(VGM & VGUP)
(ddf = 1791)1

Spencer Creek
(SCMF & SCUF)

(ddf = 2116)
2x4

(ddf = 1493)
Explanatory

variable
Num.
d? F P F P F P

Detection type 1 180.18 0.0001 175.17 0.0001 335.04 0.0001
Detection ht. 1 30.99 0.0001 27.65 0.0001 19.50 0.0001
Month 2 n/s b n/s 15.22 0.0001
Time of day 4 22.91 0.0001 61.11 0.0001 15.82 0.0001
Year 2 20.59 0.0001 n/a 2 n/a
1 Num. df = numerator degrees of freedom; ddf = denominator degrees of freedom.
2 n/s = variable not selected for final model for that survey area; n/a = variable has only
one level and was not available for inclusion in the model.
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Table 2.9. Poisson regression model estimates of the mean change (with 95% confidence
intervals)1 in group size of Marbled Murrelets at each of three survey areas when visual
detections occur in the indicator level versus the reference level for each explanatory
variable (e.g., a mean response <1 indicates mean group size decreases by that amount in
the indicator level). n = number of visual detections used in each survey area's Poisson
regression model.

Explanatory
variable

Reference
level

Indicato
r level

VG mean
response

(95% lci,uci)
(n=1801)

SC mean
response

(95% lci,uci)
(n=2124)

2x4 mean
response

(95% lci,uci)
(n=1503)

Height of above below 0.891 0.890 0.902
detection canopy canopy (0.855,0.928) (0.852,0.929) (0.862,0.945)

Month June May n/s2 n/s 0.907
(0.857,0.959)

July June n/s n/s 0.970
(0.913,1.031)

Time period 3 2 0.871 0.833 0.834
(0.830,0.913) (0.800,0.867) (0.788,0.883)

4 3 0.908 0.886 1.034
(0.857,0.962) (0.846,0.928) (0.973,1.098)

5 4 1.034 1.011 0.924
(0.955,1.121) (0.962,1.062) (0.862,1.011)

Type of visual- visual- 1.318 1.270 1.496
detection silent audio (1.266,1.377) (1.227,1.315) (1.433,1.561)

Year 96 94 1.198 n/a2 n/a
(1.124,1.278)

97 96 0.818 n/a n/a
(0.767,0.871)

1A 95% confidence interval that includes 1.0 indicates that the mean response is not
significantly different from 1 (i.e., flock size is not affected by that explanatory variable).
Italicized values indicate CI that do not contain 1.0 (i.e., are significant).
2 n/s = variable not selected for final Poisson regression model for that survey area; n/a =
variable has only one level and so is not available for inclusion in the Poisson regression
model.
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about 1.2 more birds/group in 1994 than 1996 and about 0.8 fewer birds/group in 1996

than 1997. Average group sizes were always less than two each year, however (1994:

mean = 1.67, sd = 0.79; 1996: mean = 1.47, sd = 0.69; 1997: mean = 1.82. sd = 0.86).

DISCUSSION

Spatial and Temporal Variability of Activity

The daily timing of Marbled Murrelet activity and relative proportions of types of

detections we recorded were similar to those reported elsewhere for this species (see

Naslund and O'Donnell 1995). However, we observed greater variability in Marbled

Murrelet activity levels than has been previously reported for this species (Rodway et al.

1993) or for other alcids (Jones et al. 1990, Piatt et al. 1990). For example, Rodway et al.

(1993) reported CVs of 20 - 90% for Marbled Murrelet all daily activity metrics

throughout the breeding season, while we reported CVs for these same measures as high

as 500% for certain metrics.

Monthly patterns of CVs for Marbled Murrelet daily activity also appeared to be

inconsistent among our sites. There was no evidence that CVs were typically higher or

lower during any given month when data were examined across all sites and years.

Similarly, Rodway et al. (1993) also documented differences in variability of activity

among months for Marbled Murrelets in British Columbia. Similar temporal variability

in attendance patterns also have been reported for Ancient Murrelets (Synthliboramphus
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antiquus), and Thick-billed Murres (Uria lomvia; Gaston and Nettelship 1982, Jones et

al. 1990).

Daily activity levels of Marbled Murrelets among forest stands also appear to be

highly variable. Rodway et al. (1993) observed an inconsistent relationship between

identical activity metrics on the same day at two nearby stands; our data showed a similar

tendency at the daily, weekly, and annual scales. Weather conditions at the nest stand

and breeding phenology each have been suggested as factors that might affect variability

in activity patterns of Marbled Murrelets (see reviews in Naslund and O'Donnell, 1995,

and O'Donnell et al. 1995); the relationship of each of these factors to activity are

discussed in turn.

Weather and Activity

Marbled Murrelet activity is thought to increase with increasing local cloud or fog

cover (see Naslund and O'Donnell 1995). However, most data used to infer this

relationship may be misleading because they were not collected from observational

experiments specifically designed to test this relationship. Surveys specifically designed

to test the relationship between activity and weather have shown inconsistent

relationships. Rodway et al. (1993) found duration of murrelet activity significantly

increased on days with >80% cloud cover at both of their survey sites, counts of

detections significantly increased on days with >80% cloud cover at only one site, and no

significant relationship between heavy cloud cover and keer calls at either site.
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Preliminary analyses from northern California also suggest a weak relationship between

activity levels and weather conditions (Ralph pers. comm.). My results also showed

relatively weak and inconsistent relationships between weather and levels of Murrelet

activity. Direct comparisons with Rodway et al. (1993) are difficult, however, as our

analyses included more detailed explanatory variables to account for weather.

We found minimum, moderate, and near-maximum levels of detections occurred

across the entire range of cloud cover conditions, but the absolute maximum levels of

activity always occurred on overcast days. We also determined that when weather was a

significant factor, duration of activity was affected more than counts of detections or

counts of keer calls. These observations, taken together with those of Rodway et al.

(1993), suggest that activity may be high or low in any cloud cover condition but

maximum activity days tend to occur during very overcast conditions. Therefore, the

relationship between activity levels of Marbled Murrelets and weather is not consistent or

strong. Furthermore, if weather were the primary factor influencing Murrelet activity

levels at inland forest sites, then intra-annual trends in activity should be similar at

proximal survey stations. The lack of a strong correlation between identical activity

metrics at proximal stations on the same day during our study suggests otherwise.

Date, Breeding Phenology, and Activity

Breeding phenology may affect seasonal patterns in Marbled Murrelet activity.

Many alcids display high and highly variable attendance during early breeding (pre-
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laying), lowered attendance and variability during incubation, and increased and often

highest attendance and variability during chick hatching and colony departure (Gaston

and Jones 1998). For example, for Least Auk lets (Aethia pusilla) Piatt et al. (1990)

recorded daily attendance CVs of 549% during chick rearing but CVs < 200% during

incubation. Based on the limited data available for Marbled Murrelet breeding

phenology it appears our observations of seasonal patterns in activity shared some

characteristics with those described for other alcids. Activity at our sites typically

increased in July, when fledging likely peaks for murrelets in Oregon (Nelson and Hamer

1995). We observed lesser increases in activity earlier in the season but the timing varied

among stations and years from very early May (e.g., VGUP '94, 2x4 '97) to mid-June

(e.g., VGM '96). Lowest levels of activity often occurred in June at most sites during

most years, which likely coincides with incubation (Nelson and Hamer 1995).

The few data available on Marbled Murrelet breeding phenology indicate that timing

of breeding stages may vary widely. Fledging ranges from mid-June through mid-

September in Washington, Oregon, and California (Hamer and Nelson 1995) and such a

range in phenology may account for some of the variability observed in activity patterns

among sites and years. However, survey data from our study clearly show activity can

vary greatly from one day to the next during any portion of the breeding season and it is

unlikely that such erratic patterns are due to changes in breeding phenology alone.

Chick feeding also may increase activity levels of Marbled Murrelets at nesting

stands. Piatt et al. (1990) documented an increase in total movement of Least Auklets at

a colony of two- to fourfold during chick rearing. Nelson and Hamer (1995) report adult
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Murrelets feed chicks up to 8x/day. If both adults visited a nest to feed a chick twice

during the survey period (which extends typically to 75 minutes post-sunrise) this would

increase counts of detections only fourfold. It is unlikely that chick feeding alone could

account for an eight- to tenfold increase in activity on subsequent days as was often

observed (e.g., SCUF in 1994, 2x4 in 1997). Therefore, chick feeding could account for

some proportion of increased activity later in the breeding season (i.e., likely after late

June) but probably not peaks in activity observed during May or most of June.

While weather and breeding phenology may account for some of the variability and

underlying patterns observed in Marbled Murrelet activity, it is still unclear which factors

are responsible for the extreme daily and annual variability that occurs in activity within

each survey station. For example, we observed strong negative trends in activity among

years at each station where >1 year of data were collected, indicating strong variability in

activity among years. On a shorter time scale we often observed successive days of

activity ranging from annual minimum or near-minimum levels to maximum levels and

back to near-minimum levels (e.g., 2x4 in 1997, SCMF in 1994); Jones et al. (1990)

noted a similar activity pattern for Ancient Murrelets in British Columbia. In other

seabirds, differences in the magnitude of annual attendance and daily variability in

attendance within a year have been attributed at least in part to irregular attendance

patterns of nonbreeders, (e.g., Gaston and Nettleship 1982, Jones et al. 1990, Nelson

1987). For example, nonbreeders have been estimated to account for up to 23% of the

Pigeon Guillemots (Cepphus columba) attending a colony during pre-laying (Ewins

1985), up to 50% of Cape Petrels (Daption capense) attending a colony during incubation
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(Weidinger, 1996), and up to 50% of Least Auklets attending a colony during incubation

(Piatt et. al. 1990).

Variability in the numbers of nonbreeding alcids attending colonies has been

attributed to daily, seasonal, and annual changes in foraging conditions (Gaston and

Nettelship 1982, Nelson 1987, Jones et al. 1990). It is likely that when foraging

conditions improve, foraging consumes a smaller proportion of an individuals daily

activity budget and individuals would thus have more time to invest in colony visits.

While we have no direct evidence of links between foraging conditions and levels of

Marbled Murrelet activity at inland nest sites, we did observe a moderate yet significant

negative correlation (rs = -0.47) between the mean number of daily detections at the two

VG sites in 1996 and the percent time spent underwater (i.e., foraging) during a foraging

bout by telemetered Marbled Murrelets offshore of those survey stands on the same day.

We also observed that duration of dive bouts increased in 1996 for these same

telemetered birds. Therefore as birds increased foraging bout duration and spent more

time diving during a foraging bout and less time resting (i.e., as energy expended during a

bout increased), there were appeared to be fewer detections at VGM and VGUP. While

these observations are not conclusive, they do suggest a relationship between activity and

foraging behavior.

On a larger time scale, Nelson (1987) attributed higher annual attendance of

nonbreeding Pigeon Guillemots to improvements in foraging conditions. Similarly we

observed the average and maximum numbers of Marbled Murrelet detections at VG

during each survey year appeared to parallel marine foraging conditions (as determined
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by sea surface temperature; SST). Detections were lowest (mean and maximum

measures) during 1996, when SST along the central Oregon coast was highest for the

three survey years, and when a nearby Common Murre (Uria aalgae) colony experienced

early abandonment (Lowe pers. comm.); detections were highest in 1994 when SST was

lowest. These observations suggest that foraging conditions may affect the numbers of

birds attending forest stands and that the effect of foraging conditions may extend to

breeders (differences in average detection rate among years) and nonbreeders (maximum

numbers of detections within and among years).

The lack of a consistent relationship between activity peaks among regions (e.g., VG

versus SC) at either the daily or weekly scale might be accounted for by regional

differences in foraging conditions or breeding phenology. However, the lack of a strong

or consistent correlation in activity peaks at proximal stands at the weekly or daily scale

and the lack of similarity in smoothed activity patterns at proximal stands (e.g., compare

similarity in VGM and VGUP in 1996 with VGM and VGUP in 1994; Fig. 2.4) would

not explain differences in foraging conditions for attending birds. We would suspect that

birds attending proximal stands would forage in similar marine locations and thus

experience similar large-scale foraging conditions. This inconsistent correlation between

activity at nearby stands suggests that, if it is the proportion of nonbreeding birds that

accounts for activity peaks, then nonbreeding Marbled Murrelets may vary which stands

are visited on a given day. This might account for the weak and inconsistent daily

correlation between activity metrics at proximal survey stations. Rodway et al. (1993)
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also failed to document a consistent or strong daily activity correlation between nearby

stands.

Behavior and Group Size during Detections

Marbled Murrelet behavior at inland forest stands appears to be similar across much

of their range. For example, maximum group sizes reported from California to British

Columbia vary only from 6 - 8 and average group sizes from these regions all are slightly

less than 2 (Rodway et al. 1993, Manley et al. 1992, O'Donnell et al. 1995). Similarly,

most studies including ours indicate that Murrelets detected below canopy tended to be

silent and occur as singles or pairs, while birds detected above the canopy tended to

vocalize and occur as groups of two or more. Observations at Marbled Murrelet nests

indicate that nesting adults typically approach and depart the nest silently (Nelson and

Peck 1995). Nesting adults of other alcids also tend to approach the nest silently and

directly and this is likely done to avoid predation (Gaston and Jones 1998). Therefore,

detections of single, silent birds below the canopy are most likely to reflect actively

nesting Murrelets and therefore may provide the most accurate information about activity

patterns and behavior of nesting birds.

The significant increase in group size with time of day also may be due to nesting

behavior. Singer et al. (1995) and Nelson and Peck (1995) report that nesting adults tend

to arrive at the nest site singly and during the earliest portions of the surveys. Raptors

have been observed attacking and capturing adult Marbled Murrelets in nesting stands
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(Marks and Naslund 1994, Carter pers. comm.) and it is likely that these secretive

behaviors are a response to that predation pressure. Larger groups during the middle and

late portions of the survey period may therefore be comprised of non-breeding adults that

are displaying or prospecting.

Average group sizes appeared to vary among years within our sites, a behavioral

change yet to be reported for this species. Group sizes at VG were least during 1996

which, of the three years we surveyed, likely represented the year of poorest foraging

conditions at sea. Estimates of mean detections/day at the VG stations also were lowest

during 1996. If nonbreeding birds make up a significant proportion of birds attending

nest stands, as has been demonstrated with other alcids and as discussed previously, and

if the proportion of nonbreeding birds attending nest sites is directly related to foraging

quality at sea, then lowered average group sizes in 1996 may be due in part to fewer

nonbreeding birds attending the forest stands. This effect on group size would be

consistent with other differences in activity patterns noted during 1996.

This study indicates that Marbled Murrelet activity is highly variable at all temporal

and spatial scales, and that activity patterns may be more variable than previously

reported. However, it remains unclear why the correlation between activity and weather

was inconsistent among survey stations and what role, if any, nonbreeding birds played in

contributing to variability in activity during the breeding season. Given the extreme

levels of variability present in Marbled Murrelet activity data and our lack of

understanding as to which factors drive that variability, it is critical not to draw

conclusions about Marbled Murrelet activity or behavior from small data sets or data sets
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not specifically designed to answer the questions of interest. Further study of Marbled

Murrelet activity using RADAR, and a direct comparison of simultaneously collected

RADAR and observer-based surveys with intensive samples from a single station (e.g.,

>20 survey days), would provide valuable information on the accuracy of observer-based

survey efforts and their potential usefulness in describing and understanding Murrelet

behavior at forest stands. Studying activity patterns of telemetered birds in and around

nest stands also would provide valuable information on daily activity patterns and

behavior during flight. Additional multi-year, daily or near-daily survey efforts such as

ours are needed throughout the species' range; to date only one other similar study has

been conducted (Rodway et al. 1993). These daily or near-daily activity data can be used

to determine how visitation at nesting areas varies spatially and temporally and how these

patterns are affected by forest conditions and marine foraging conditions. Data sets from

less intensive survey efforts scattered over many stands and collected by multiple

observers at each survey station may in fact provide misleading information.
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CHAPTER 3

USING RESAMPLING TO TEST THE RELIABILITY OF SURVEY DESIGNS:
A CASE STUDY WITH THE THREATENED MARBLED MURRELET.

ABSTRACT

Marbled Murrelets (Brachyramphus marmoratus) are threatened seabirds of the

Pacific Northwest that typically nest in coastal old-growth forests. In an effort to

determine nesting distribution and status of this species, a survey protocol has been

developed that is based on detecting individuals as they commute to and from nest sites.

However, high levels of variability in daily detection counts have raised concern over

using these data to seek temporal or spatial differences in daily detections. In response,

we developed a process termed 'reliability analysis' to determine how effectively various

survey strategies estimated measures of daily mean and standard deviation or detection

counts of murrelets within a breeding season. We used an intensive field-based survey

effort (50 65 survey days / breeding season) to estimate measures of central tendency

and variance of daily Marbled Murrelet detections. We then used computer-aided

resampling techniques to determine the reliability of 12 survey strategies of differing

intensity (4 - 14 survey days / breeding season) and scheduling (i.e., date restricted versus

random) to simultaneously estimate measures of central tendency and variability for

numbers of daily detections during a single breeding season. We extrapolated reliability

results to a wider range of possible murrelet detection data by producing statistically-
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generated detection data from a distribution form similar to the field data. Results

indicate that it would be difficult to obtain reliable estimates of murrelet detections with

sampling efforts up to 14 days/season. However, it appears that estimates of mean and

standard deviation for daily detections during a breeding season may be reliably

estimated to within ± 50% with similar or less effort. Furthermore, survey strategies

without date restrictions were never less reliable than date-restricted survey strategies

indicating that temporal variability was inconsistent among sites and years. The power of

survey strategies to detect annual declines in detections of 25% and 50% were very low

and moderate, respectively, except when variability was quite low (annual CV for daily

detections < 45%). Higher levels of variability (CV > 75%) appeared to decrease power

substantially.

INTRODUCTION

Background

Although large-scale population estimates of Marbled Murrelets (Brachyramphus

marmoratus) are derived from marine surveys, there is currently no technique available

to estimate numbers of nesting Marbled Murrelets at inland forest sites. However,

observer-based surveys at inland forests are conducted to determine distribution and

probable nesting status of murrelets. The methods for these surveys are all guided by an

established protocol (Ralph et al. 1994) that requires a minimum of four
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surveys/season/survey station for two years to obtain a 95% probability of detecting birds

if they are present. The protocol also requires inland surveys to record and tally audio

and aural detections and behaviors (e.g., circling above or below the canopy during flight;

see Chapter 2) of Marbled Murrelets each survey day. Daily and seasonal counts of

detections, along with records of observed behavior, serve as an index to activity and

intensity of habitat use and are thought to positively reflect habitat quality and nesting

effort in the area around the survey station.

Observer-based surveys have been conducted for up to 10 years in some locations

and managers and biologists are considering or have already begun using, both formally

and informally, daily detection data to search for temporal trends in numbers of

detections within stands or to compare habitat quality among stands. However, due to

logistical difficulties inherent in detecting approaching and departing murrelets during

dawn and pre-dawn hours, the protocol has never recommended that daily detection data

be used to estimate or monitor local populations in this manner. Furthermore, daily

detections are known to exhibit a high degree of temporal and spatial variability. To

date, only two studies have been designed to specifically examine the extent and potential

causes of this variability (Rodway et al. 1993, Jodice, this volume, Chapter 2) and no

studies have yet to analyze the potential implications of variability in daily on long-term

monitoring efforts.

The goal of this study was to examine the effect of temporal variability of Marbled

Murrelet detections on the efficacy of various survey strategies to estimate daily

detections within years and detect changes in daily detections among years at forest
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stands. We accomplished this by recording detection data at multiple stands on a near-

daily basis throughout the nesting season and then using these data to test the reliability

of a series of less intensive survey strategies.

Statistical considerations

Ecological studies are increasingly using power analyses to aid in study design and

interpretation of results (e.g., Hatfield et al. 1996, Hayes and Steidl 1997, Taylor and

Gerrodette 1993, Zielinski and Stauffer 1996). At a more basic level, however, one must

consider the reliability of the sampling design and resultant data. For example,

ecological studies typically assume that the data being collected are reliable and therefore

provide an adequate representation of the population or phenomena under consideration.

For our purposes, we define reliability as the probability that an estimate of the metric of

interest, derived from the data set under consideration, is within some predefined range of

acceptability.

All else being equal, reliability of data tends to increase with sample size. However,

issues other than sample size may affect reliability. For example, temporal variability has

been shown to be an important aspect of activity data for many species (e.g., Hayes 1997,

Hatch and Hatch 1989). An increase in sample size alone may not necessarily improve

reliability of data that are subject to temporal variation; surveys may instead need to be

stratified by date to account for temporal variability. The unit of measurement or the

shape of the statistical distribution also may affect reliability of data (Cohen 1988).
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Ecologists rarely have an opportunity to test the assumption of data reliability, although

doing so would provide useful information for designing sampling regimes, setting effect

sizes and acquiring variance estimates for power analyses. Also, such an assessment

would provide solid base-line data for long-term monitoring studies. In an effort to test

the assumption of reliability, we developed a 'reliability analysis.'

This reliability analysis may be thought of as a two-step process to determine the

effectiveness of sampling strategies to estimate population value(s). The first step

involves the near-exact estimation of parameters through very intensive sampling efforts

(i.e., greater efforts than typical sampling protocols). The second step uses one of many

computer-intensive sampling methods (e.g., resampling, Monte Carlo simulations,

bootstrapping) to determine how effectively less intensive or temporally stratified

sampling strategies estimate a population parameter. For example, a reliability analysis

may determine that the sampling strategy under consideration typically provided data that

estimated a population value to within + 20%. Considered in this context, reliability

analyses provide a useful tool for determining effective survey designs for Marbled

Murrelets, specifically, and for other wildlife species in general. Results of reliability

analyses also highlight the importance of collecting baseline data prior to initiating long-

term monitoring studies and of exploring the extent of temporal variability in count data.
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Objectives

Our objectives were to: (1) apply sufficient survey effort in the field to obtain

dependable estimates of measures of central tendency and variance of daily Marbled

Murrelet detections within years and trends of daily detections among years; (2) use

computer-aided resampling techniques to determine the reliability of survey strategies

with differing intensity and scheduling to simultaneously estimate measures of central

tendency and variability for detections during a single breeding season; (3) determine the

power of these same survey strategies to detect trends in detections over time; and (4)

extrapolate reliability and power analyses to a wider range of possible murrelet detection

data than provided by our field data by producing statistically-generated detection data

that were similar in statistical nature to the field data. These analyses provide an

assessment of the feasibility of obtaining reliable estimates of counts of daily detections

and subsequently using this metric for determining annual trends in murrelet activity.

METHODS

Study Sites

Seven survey stations are located in five Douglas-fir (Pseudotsuga menziesii) old-

growth forest stands in the central Oregon Coast Range (Fig. 2.1): Valley of the Giants

Meadow (VGM), Valley of the Giants Upper Plateau 1 (VGUP1) and 2 (VGUP2),

Spencer Creek Main Fork (SCMF), Spencer Creek Upper Fork (SCUF), 2x4 east (E2x4),
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and 2x4 west (W2x4). VGUP1 and VGUP2 are within the same stand and ca. 150m

apart; E2x4 and W2x4 are within the same stand and are ca. 300m apart. Location,

elevation, and general descriptions of each survey stand appear in Methods, Chapter 2.

Data Collection

Surveys for Marbled Murrelets were conducted on a near-daily basis (50 - 64

days/station/year) between 1 May and 4 August (95 possible survey days hereafter

referred to as the breeding season), in 1994 (VGM, VGUP1, SCMF, SCUF), 1996

(VGM, VGUP1, VGUP2), and 1997 (VGM, VGUP1, SCMF, E2x4, W2x4), resulting in

12 site*year combinations. Daily survey data were collected following procedures

outlined in Methods, Chapter 2, and, except for number of survey days, generally

followed guidelines established in the Marbled Murrelet survey protocol (Ralph et al.

1994).

Reliability of Survey Strategies

We used resampling techniques to evaluate the reliability of 12 survey strategies of

which nine were stratified temporally and three were not (Table 3.1; surveys without

temporal stratification component hereafter called 'completely random'). Survey

strategies included the existing protocol (Ralph et al. 1994), methodologies considered to

be logistically feasible based upon sampling effort and scheduling, and methodologies

that considered breeding phenology. Each survey strategy was evaluated for each
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Table 3.1. Marbled Murrelet survey strategies evaluated for reliability. For each survey
strategy evaluated at each site*year combination, days were randomly selected without
replacement from observed data which was collected on a near-daily basis at seven survey
stations in the Oregon Coast Range, 1 May 5 August 1994, 1995, 1997. Each set of
survey days within a survey strategy and site*year combination also was unique.

No.
survey
days

Temporally
stratified
(TS) or

completely
random

(CR) Sampling methods (all days randomly selected)

Survey
strategy
acronym

4

4

4

4

4
7

7

8

8

8

14

14

CR
TS

TS
TS
TS
CR
TS
TS
TS
TS
CR
TS

Selected from entire season
1 day from May; 1 day from June; 1 day
between 21 June and 21 July; 1 day between 10
July and 4 Aug. At least 6 but no more than 30
days between surveys.
Selected from May
Selected from June
Selected from July
Selected from entire season
1 day selected from each 2 week period
Selected from May
Selected from June
Selected from July
Selected from entire season
1 day selected from each week

CR4
P41

MY4
JN4
JY4
CR7
BIWK
MY8
JN8
JY8
CR14
WEEK

i An approximation of the current Marbled Murrelet survey protocol (Ralph et al. 1994).
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site*year combination. Daily detection data (i.e., counts of daily detections and date)

from the 12 site*year surveys constituted the population (hereafter called observed data)

from which resampled surveys (hereafter called samples) were drawn. Within the

constraints set by the 12 survey methodologies (i.e., temporally stratified or completely

random), samples of daily detections were randomly selected without replacement for

each survey strategy (i.e., each survey day in a sample was unique). Furthermore, no two

samples contained an identical set of days.

For each sample, the mean and SD of number of detections per day were calculated

and were compared to the mean and SD of the observed data set under consideration.

The reliability of a survey strategy was then defined as the proportion of samples whose

estimates of the mean and SD fell within predefined limits of the observed mean and SD.

Three such limits (hereafter called accuracy windows) were used to assess reliability;

mean and SD of samples each within +10, 20, and 50% of observed mean and SD. These

accuracy windows provide a hierarchy of reliability criteria (e.g., Fig. 3.1). The

innermost window represents a test-case' scenario where estimates were highly

accurate; the middle window represents estimates that were moderately accurate; the

outermost window represents minimally acceptable standards where accuracy was low

but data still provided a useful 'ball park' estimate of the metrics.

Reliability within each accuracy window (also referred to as the reliability index) was

compared among survey strategies. Survey strategies with higher reliability indices were

considered to be more effective at estimating the observed statistics. Additionally, for

each accuracy window and survey strategy, all samples were assigned to 1 of 9 error
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Data derived from 1000 resampled surveys using survey strategy P4 with source data from the E2x4 site, 1997.
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categories based on whether observed means and SDs fell below, within, or above the

limits of an accuracy window (e.g., Table 3.2). The proportion of samples within each of

the nine categories was calculated for each survey strategy and accuracy window and

used to determine the direction and magnitude of error in sample means and SDs.

Reliability analyses were extended beyond the scope of the field data by generating

data from statistical distributions that represented a range of detection means and

variances likely to be recorded during a season of murrelet surveys (Table 3.3). We

generated 1000 sets of 4, 7, and 14 gamma variates (i.e., survey strategy CR4, CR7, and

CR14, respectively) for each cell in the GDM and assessed reliability as described above.

We used these three survey strategies with generated data because we found little

difference in reliability between temporally stratified and completely random survey

strategies (see Results).

The gamma distribution was chosen for data generation because it is very flexible

(Evans 1993), tends to represent count data well, fit 11 of our 12 field survey sets well

(Kolmogorov Smirnov P > 0.3 for 11 of 12 cases), and also fit two similarly-sized

murrelet detection data sets from British Columbia well (Kolmogorov Smirnov P > 0.8;

Rodway et al. 1993). Gamma variates were generated (SAS procedure RANGAM; SAS

Institute, Inc., 1985) for each cell in the generated data matrix (GDM) using shape and

scale parameters, where shape = (mean/sd)2 and scale = s2/mean (N.B., not all statistical

software use the same equation to generate shape and scale; see Evans et al. 1993 for

other equations). Similarity in statistical distributions between generated and field data

were verified in two ways. First we compared frequency distributions of field and
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Table 3.2. Example of a reliability matrix from survey strategy P4, accuracy window ±
20%, site E2x4, 1997. The value in each cell is the proportion of the 1000 resampled
surveys (i.e., samples) that met that cells definition. The value in the cell 'mean reliable,
SD reliable' is the reliability index.

Mean low Mean reliable Mean high Sum
SD low 12.3 22.7 4.8 39.8
SD reliable 6.3 18.0 6.6 30.9
SD high 0.1 13.6 15.6 29.3
Sum 18.7 54.3 27.0
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Table 3.3. Mean and SD values used for generating gamma variates for reliability
analysis. Cells with '0' and `BC' had field data from our study in Oregon and a similar
study in British Columbia, respectively, that had means and SDs similar to the
corresponding row and column.

SD (multiple
of mean)

Mean detections / day

10 30 50 70 90
0.25 * mean G G G G G
0.35 * mean G G G G G
0.45 * mean G 0 BC G G
0.55 * mean G G G G G
0.65 * mean G 0 0 G G
0.75 * mean 0 G BC G G
0.85* mean 0 0 G G G
0.95* mean G G G G G
1.05* mean G G G G G
1.15* mean 0 0 G G G
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generated data that shared similar but not identical means and variances (i.e., cells in the

GDM where field data were located). Visual observations indicted these frequency

distributions appeared similar in all cases; two such distributions are displayed (Fig. 3.2).

Second, we compared the results of reliability analyses from field and generated data that

shared similar mean and SD parameters. For a given cell in the GDM, we assumed that

any given survey strategy should produce similar reliability indices whether data were

generated from random gamma variates or collected in the field. No significant

differences were detected between the reliability of CR4, CR7, or CR14 survey strategies

with field or generated data in accuracy window 10 (paired-t = 0.7320, P = 0.47), 20

(paired-t = 1.1720, P = 0.25), or 50 (paired-t = 0.7720, P = 0.457). Therefore, generated

data from the gamma distributions appeared to match field data well enough to proceed

with analyses.

Power Analysis

We calculated the power of selected survey strategies to detect negative trends in

daily detections during 2, 3, or 5 year periods. Analyses used data from SCMF (1994 and

1997), VGM (1994, 1996, and 1997) and VGUP (1994, 1996, and 1997), and generated

data (3 and 5 years). For each of the field sites, we used all of the observed data to

calculate the slope of daily detections regressed upon year (i.e., observed trends). One

thousand samples for each of three survey strategies (CR4, CR7, CR14; Table 3.1) were

generated for each field site and year. For each site and survey combination, sequential
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samples from each year were combined (e.g., sample 1 of year 1 and 2 combined, sample

2 of year 1 and 2 combined, etc.), and the slope of daily detections regressed on year was

derived. The percent difference between the slope of each of the 1000 sample aggregates

and the corresponding slope from the observed data were calculated. Power of a survey

strategy for a site was calculated as the proportion of samples whose slopes were within

+10, 20, 30, 40, or 50% of the observed slope. Data were log transformed prior to

regression analyses to linearize trends.

Using data generated from gamma distributions, we calculated the power of CR4,

CR7, and CR14 survey strategies to detect 25% and 50% annual declines in the number

of detections for 3 and 5 year periods. We generated 1000 samples of gamma variates

(i.e., 4, 7, or 14) with a starting mean of 50 and CV of 45% and 85%. We then reduced

the mean by either 25% per year or 50% per year over 3 and 5 year periods (holding the

CV constant) and generated 1000 samples of gamma variates for each year, mean, and

CV combination. Power was then calculated as described above (also see Table 3.4).

RESULTS

Survey Data

We conducted 681 Marbled Murrelet surveys, averaging 56.7 survey days/survey

station/breeding season. At least one detection was recorded on 616 mornings, although

9 of 12 site*year combinations had at least one day without any detections. We recorded
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Table 3.4. Range of annual declines represented by the percent difference between
resampled slopes and observed slopes used in determination ofpower. Analyses were
conducted by regressing mean detections /day upon year and using generated gamma
variates to represent multiple years of surveys.

25% annual decline 50 % annual decline
% difference

between resampled
slope and observed

slope Lower limit Upper limit Lower limit Upper limit
+ 10 % 27.12 22.81 53.35 46.41
+ 20 % 29.19 20.55 56.48 42.57
+ 30 % 31.19 18.23 59.39 38.45
+ 40 % 33.14 15.85 62.11 34,03
+ 50 % 35.04 13.39 64.65 29.29
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16,105 detections, ca. 141,000 keer calls, and ca. 31,000 minutes of activity. About 29%

of detections were visual, 58% audio and 13% audio-visual, although these proportions

varied within and among sites and years (Table 2.2). We observed 12,244 birds during

all surveys. A more complete description of survey data appears in Chapter 2.

Mean counts of detections/day at all stations and in all years varied between 7 and

51. There was significant variability in means within and among stations and years

(Table 3.5). The mean number of daily detections varied by month at most sites during

most years. Separate ANOVAs were conducted for each of the 12 site*year

combinations and 7 of these documented significant relationships between month and

mean daily detections. However, the strength and temporal pattern of the relationship

between these two variables was inconsistent within sites among years and among sites

within years (Table 3.6). Temporal variation in counts of daily detections also was high

and it was not uncommon to observe near-minimum and near-maximum counts of daily

detections at a site within the same week (Fig. 2.3). CVs for daily detections varied

three-fold among all stations and years, and also varied within stations among years.

CVs were not consistently lower during any particular time period of the breeding season

(Table 2.3, Fig. 3.3).

Reliability of Survey Strategies for Observed Data

Most of the 12 survey strategies we used for resampling did not provide reliable

estimates of observed means and SDs (Fig. 3.4). The percentage of samples meeting the
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Table 3.5. Summary statistics for Marbled Murrelet detection data obtained during near-
daily surveys at seven survey stations in the Oregon Coast Range, 1 May 4 August,
1994, 1996, 1997. Site abbreviations appear in Methods.

Survey
station Year

No.
survey
days

Mean
detections/day CV

Minimum no.
detections

Maximum no.
detections

SCMF 1994 64 32.62 1.310 0 198
SCMF 1997 61 10.56 1.525 0 83
SCUF 1994 58 16.22 1.341 0 112
VGM 1994 55 27.31 0.684 0 79
VGM 1996 50 7.66 1.134 0 38
VGM 1997 58 15.29 0.874 1 56
VGUP 1994 56 36.14 0.493 1 88
VGUP 1996 51 14.09 0.721 0 39
VGUP 1997 56 14.69 1.216 0 85
VGUP2 1996 51 16.25 0.830 0 51

E2X4 1997 62 51.29 0.695 2 147
W2X4 1997 59 34.26 0.872 0 125
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Table 3.6. ANOVA results of mean counts of daily detections by month for 12 site *
year combinations in the Oregon Coast Range. For significant models, months sharing
any identical letters have daily detection means that are not significantly different (P >
0.05; Tukey -Kramer post-hoc analyses). Data were log transformed for analysis but raw
values are shown.

Site & year ANOVA F P May June July
SCMF '94 9.74 0.0002 7.7 (a) 39.0 (b) 59.3 (b)
SCMF '97 0.87 0.4246 10.95 10.23 11.71
SCUF '94 29.84 0.0001 4.13 (a) 10.14 (b) 37.18 (c)
VGM '94 5.46 0.0073 28.07 (a) 18.79 (b) 29.63 (a)
VGM '96 2.78 0.0734 8.45 10.62 5.71
VGM '97 7.45 0.0014 9.44 (a) 11.94 (a) 25.31 (b)
VGUP '94 0.11 0.8992 37.88 35.06 39.76
VGUP '96 0.50 0.6111 15.11 15.00 14.24
VGUP '97 4.04 0.0233 8.00 (ab) 13.55 (a) 24.89 (b)
VGUP2 '96 2.02 0.1442 22.55 18.00 14.00
E2x4 '97 13.22 0.0001 48.47 (a) 32.40 (b) 81.26 (a)
W2x4 '97 13.00 0.0001 29.78 (a) 16.79 (b) 57.84 (a)
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Figure 3.3. Coefficients of variation of daily Marbled Murrelet detections from 11 inland
survey stations in the Oregon Coast Range, 1 May 4 August 1994, 1996, 1997.
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Figure 3.4. Reliability indices of 12 different sampling strategies (Table 3.1) for 12
site*year combinations in (A) accuracy window ± 10%, (B) accuracy window ± 20%,
and (C) accuracy window ± 50%. Reliability = the proportion of 1000 resampled surveys
satisfying the accuracy window criteria.
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strictest reliability criteria (i.e., accuracy window + 10%) was typically < 20% for all

survey strategies (Fig. 3.4a). This percentage increased for the + 20% accuracy window,

but was still generally low (Fig. 3.4b). Within this accuracy window, CR14 and WEEK

surpassed 70% reliability in some cases, but none of the survey strategies reliably

estimated the observed means or SDs > 50% of the time when averaged among sites and

years. Within accuracy window + 50% (Fig. 3.4c), all survey strategies resulted in >

70% reliability for at least 1 site in 1 year. CR7 and BIWK surpassed 70% reliability on

average, and CR14 and WEEK surpassed 70% reliability for all sites in all years. In

general, resampled surveys tended to under- or over-estimate both the observed mean and

SD in accuracy window ± 10% and underestimate the SD in accuracy windows + 20 and

50% (Table 3.7).

Reliability of Temporally Stratified versus Completely Random Survey Strategies

The reliability of temporally stratified versus completely random surveys with

identical or similar effort (i.e., 4 days, 7 - 8 days, 14 days) varied with the accuracy

window being considered (Table 3.8). For accuracy window + 10% there were no

differences in reliability for survey strategies of similar effort. Within accuracy window

+ 20% and 50%, however, there were significant differences in reliability among surveys

with 4 days and among survey with 7 - 8 days. In each case, single month efforts (e.g., 4

or 8 days in May) were less reliable than either completely random surveys or stratified

surveys conducted throughout the breeding season (i.e., P4, BIWK, WEEK). Completely



Table 3.7. Mean rank (1 s.e.) of the proportion of samples in each of the nine error categories of the reliability matrix, by accuracy
window. Mean rank is based on values of all survey strategies combined within each accuracy window. Order of category labels (e.g.,
low/low) is mean/sd. 1 = highest rank (i.e., most common), rel. = reliable.

Accuracy
window low/low rel./low high/low low/rel. rel./rel. high/rel. low/high rel./high high/high

+ 10% 1.42 3.17 5.17 7.17 5.83 4.50 9.00 5.58 2.42
(0.79) (1.11) (1.90) (0.93) (2.08) (1.57) (0) (0.99) (1.24)

+ 20% 2.21 2.83 7.42 6.92 2.92 4.33 8.92 5.50 3.54
(1.52) (1.53) (1.08) (1.38) (1.56) (1.61) (0.29) (1.31) (1.53)

+ 50% 4.04 2.42 7.92 5.92 1.17 3.79 8.58 4.75 5.42
(1.79) (0.79) (0.29) (1.73) (0.58) (1.34) (0.51) (1.42) (0.99)
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Table 3.8. Results of paired t-tests (survey strategies with n = 14 survey days) and
ANOVAs (all other survey strategies) testing whether the proportion of reliable samples
varied between survey strategies of similar effort that were temporally stratified versus
completely random. Survey strategies tested and their associated survey effort appear in
Table 3.1. Post-hoc comparisons made with Tukey-Kramer test and all significant results
are P < 0.05.

Survey
effort

Accuracy
window df F

statistic
t statistic P

4 + 10% 4,51 1.82 0.139
4 + 20% 4,51 3.10 0.0231
4 + 50% 4,51 5.38 0.0012

7 - 8 + 10% 4,51 1.32 0.273
7 - 8 + 20% 4,51 2.75 0.0383
7 - 8 + 50% 4,51 4.32 0.0044

14 + 10% 11 0.79 0.443
14 + 20% 11 0.57 0.581
14 + 50% 11 1.62 0.134

1 P4 > MY4.
2 P4 & CR4 > MY4.

no pairwise differences at P = 0.05.
4 BIWK & CR7 > MY8.
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random survey strategies were never less reliable than any temporally stratified survey

strategies. Therefore, only completely random survey strategies were used in reliability

analyses with generated data and power analyses with field and generated data.

Reliability of Survey Strategies for Generated Data

Reliability indices for generated data were similar to those for observed data.

Reliability was low for most survey strategies for most accuracy windows (Fig. 3.5).

CR4 resulted in low reliability (Fig. 3.5a) which exceeded 70% only when the SD was <

0.65 * mean, and the accuracy window was ± 50%. Although CR7 surpassed 70%

reliability in accuracy window ± 50% for all but the highest SDs, it never exceeded 50%

reliability for accuracy windows ± 10 or + 20% (Fig. 3.5b). Reliability in CR14 was

moderate to high in accuracy windows + 50 and ± 20% when SDs were high and <0.55 *

mean, respectively (Fig. 3.5c). CR14 never produced reliable estimates in accuracy

window ± 10% even with low SDs. Additionally, consistent differences or patterns in

reliability were not apparent among means within or among SD values (Fig. 3.5),

indicating the mean had little effect on reliability.

Power of Survey Strategies to Detect Annual Trends in Detections

Significant negative trends in annual mean numbers of daily detections were

observed at each site (range -28% per year to -71% per year; Fig. 3.6). While all survey

strategies (i.e., CR4, 7, and 14) correctly identified the direction of the slope in > 85% of
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Figure 3.5. Reliability indices for survey strategies (A) CR4, (B) CR7, and (C) CR14 in
three accuracy windows (± 10, 20, and 50%) with data from generated gamma variates
(see Table 3.3). Each series of data points for each SD value represents mean daily
detections of 10, 30, 50, 70, and 90, respectively.
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Figure 3.6. Results of daily detections regressed upon year from three survey stations in
the Oregon Coast Range, 1 May 4 August 1994, 1996, and 1997. Each regression
equation was significant at P < 0.05. One data point from SCMF, 1994 , was not shown
in order to maintain clarity and consistent scales among plots. Value of that point = 198
detections.
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resampled regressions, none of the survey strategies consistently displayed reasonable

power (e.g., >70%) to estimate the value of the observed slope of detection trends (Fig.

3.7). For example, at SCMF where the annual decline in detections was steepest and the

variability in the numbers of daily detections highest, power was < 70% even for CR14

(Fig. 3.7a). Survey results were similar at VGM (Fig. 3.7b). However, at VGUP, where

the annual decline was about 57% per year, CR7 surpassed 70% power when the percent

difference between the observed and sample slope was + 50%. Similarly, CR14

surpassed 70% power when the percent difference between the observed and sample

slope was ± 30% (Fig. 3.7c).

Power of regressions with generated data was greater than power with observed data

(Fig. 3.8); however, CVs of daily detections were held constant in all years for these

analyses. With a low CV (i.e., 45%), the power to detect a 50% decline/year was

adequate with three survey years and 4 samples / year (e.g., within ± 30% of observed

slope, power > 70%; Fig. 3.8a). The power to detect a less severe decline of 25% per

year exceeded 70% only when 14 surveys were conducted and the percent difference

between the observed slope and sample slope was > + 40%. Increasing the CV to 85%

reduced power sufficiently enough so that detecting annual declines of 25% per year was

improbable. Power to detect a steeper decline of 50% per year with a CV of 85% was

sufficient only when 14 surveys were conducted and the percent difference between the

observed slope and sample slope was > + 40% (Fig. 3.8c). Increasing the number of

survey years to 5 in this same scenario improved the power to detect the decline even for

survey strategy CR4 (Fig. 3.8d). However, with the higher CV, the power to detect the
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Figure 3.8. Power of three survey strategies (CR4, CR7, and CR14; see Table 3.1) to
estimate annual declines of 25% and 50% in daily detections using data generated from a
gamma distribution (starting mean (i.e., year 1) = 50, CV = 0.45 and 0.85). Power = the
proportion of the 1000 resampled surveys where the sample slope of detections regressed
upon year was within ± 10, 20, 30, 40, or 50% of the observed slope which was built into
the generated data sets for each year. (A) CV = 45%, years of survey = 3; (B) CV = 45%,
years of survey = 5; (C) CV = 85%, years of survey = 3, and; (D) CV = 85%, years of
survey = 5.
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25% decline/year was never adequate. Lastly, a low CV and 5 years of survey allowed

even moderate survey efforts to produce sufficient power to detect the decline of 25% per

year (Fig. 3.8b).

DISCUSSION

Implications for Monitoring Marbled Murrelets

Our analyses suggest that it is difficult to reliably estimate the mean and the variance

of daily Marbled Murrelet detections at forested sites during a breeding season to within

+ 10 - 20%. Furthermore, it also appears that estimates of the mean and SD within ±

50% are unlikely to be obtained except when survey effort is high (i.e., CR14) or SDs are

low (i.e., < ca. 60%). Survey efforts of 4 - 7 days may prove reliable for wide accuracy

windows if SDs are low (i.e., < 50%), although variability in daily murrelet detections

tends to be quite high (Rodway et al. 1993, Jodice this document). Survey effort with < 7

days of effort will likely provide misleading data for detecting temporal differences in

detections.

Temporal variability in daily Marbled Murrelet detections was higher in this study

than previously reported for this species (Rodway et al. 1993, Chapter 2). High levels of

daily variability of our data sets contributed strongly to the unreliable estimates provided

by most of our survey strategies. This is supported by the inverse relationship observed

between SD and reliability with generated data. Furthermore, the temporal variability in



126

observed detections within years was the likely reason we did not observe a distinct

difference in reliability between most temporally stratified and completely random survey

strategies. In fact, preliminary explorations of 10 other temporally stratified and 2 other

completely random survey strategies, each with 5 - 15 days of survey effort, yielded

similar, unreliable results (Jodice unpublished data). Temporal patterns of variability in

detections also were not consistent within sites among years and this likely explains the

differences in reliability of survey strategies within sites among years (e.g., P4, VGM '96

& '97, AW 20; Fig. 3.4b). The survey strategies we tested did not adequately account for

the high levels of daily or annual variability in detections and therefore do not

consistently provide reliable estimates of detection means and variances.

Our results suggest that interpretation of survey results may be improved by

examining the type, magnitude, and direction of errors observed from resampled surveys

(i.e., reliability matrix, Table 3.7). We observed that the direction and type of error

encountered with survey strategies varied with the range of reliability chosen. Unreliable

surveys tended to either under or over- estimate both the mean and SD for accuracy

window + 10% and tended to underestimate the SD for accuracy windows + 20 and 50%.

Furthermore, reliability of survey strategies improved with sample size, indicating that

sampling effort was too low in most cases. Typically when sample sizes are low we

expect variability to be high, i.e., surveys strategies should overestimate variance. This is

contrary to what we observed in many cases and what is assumed based on typical

sampling results. Therefore, the errors defined in the reliability matrix can be used to

formalize data regarding the direction and magnitude of the error and thus allow



127

biologists to not rely merely on assumptions. Accordingly, sample sizes may be increased

to provide more reliable estimates of mean and variance or, variance estimates intended

for use in analyses (e.g., power) may be adjusted in the appropriate direction based on the

data in the error matrix.

The accuracy window concept we employed is similar to 'effect' in power analysis,

which is often referred to as the minimum detectable response that will be considered

biologically significant (Steidl et al. 1997). Based on the similarity between these two

concepts, it appears unlikely that the survey efforts we examined would both detect an

effect of the same or lesser magnitude and simultaneously provide reliable estimates of

the mean and variance. However, most resampled surveys using either field or generated

data did reliably estimate detection means and variances to within ± 50%. While this

level of reliability appears moderately useful at best, it does suggest that survey efforts of

4 14 days per breeding season could detect effects on the order of 50% at most sites in

most years. This should allow biologists to at least detect changes in numbers of

detections/day of catastrophic or extreme proportions (Zielinski and Stauffer 1996).

Given that single-year results indicated it was unlikely that most survey strategies

could estimate means and variance measures to much better than ± 50% most of the time,

it was not surprising that regression analyses with multiple years of detection data were

not very powerful when attempting to estimate similar magnitudes of annual declines in

detections. Although most regression analyses from resampled surveys with field data

did correctly identify the direction of the slope, the power of these resampled surveys to

reliably estimate observed slopes tended to be low, even when criteria for estimating
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negative slopes were very relaxed (± 50%) and sample sizes were relatively high (i.e.,

CR14). It is clear that, at the field sites, the magnitude and variability in annual CVs was

an important factor in power determination; greatest power was achieved at VGUP where

the average annual CV was least and, conversely, lowest power was achieved at SCMF

where the average annual CV was greatest. This power ranking among sites occurred

despite the fact that the known slopes being estimated were highest at SCMF and lowest

at VGUP.

Power of regressions using generated data tended to be higher than those using field

data. This likely occurred because the CV remained constant among years for

regressions with generated data. As among-year variability increases it becomes more

difficult to detect any significant trend (Sokal and Rolf 1987). However, these results do

provide guidelines to consider for detecting annual trends in detection data. For example,

an increase in survey effort from 3 to 5 years with either a low or moderate CV appears to

sufficiently increase power so that substantially fewer surveys within each year are

required. However, it is unreasonable to expect that declines of 25% per year could be

reliably detected in all but the least variable conditions and with significant effort.

Conversely, annual declines of 50% per year should be detectable under most of the

conditions we simulated with generated data, keeping in mind these included a constant

CV among years.
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Implications for Use with Count Data

The concept of a reliability analysis as described herein is not necessarily new,

although examples in the published literature are few (Schwagmeyer and Mock 1997).

Reliability analyses may be viewed as an extension of pilot studies. For example,

preliminary data may be used to test the effectiveness of various sampling strategies and

subsequently justify the selected sampling strategy, a rarely documented decision (Beier

and Cunningham 1996). Such analyses also may provide reliable estimates of variance

for the metric of interest that can then be used in retro- and prospective power analyses

(Steidl et al. 1997, Ribic and Ganio 1996). Additionally, reliability analyses have the

advantage of being applicable to any metric. While statistics like the standard error of the

mean provide, in essence, a measure of reliability for that metric, such statistics are not

available for most metrics.

Another advantage of reliability analysis is its relative simplicity. We designed our

approach in close collaboration with the Bureau of Land Management and in so doing

attempted to maintain a data collection and analysis process that was easily repeatable.

We also reasoned that, for a technique such as this to be useful, it should be easily

understood by managers and ecologists that might not possess extensive statistical

training. Our reliability analysis asks the basic question 'how well do my data estimate

what is really going on?' and answers that question by simply stating the chance of

obtaining a good or reliable estimate within some predefined range of acceptability. This

is the major reasoning behind the use of accuracy windows, a concept we believe most
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managers will easily grasp and apply. This may be contrasted with 'effect size', the

equivalent concept in power analysis that requires an understanding and knowledge of the

sample and population SD.

Lastly, we believe the extension of our reliability analysis to the generated data set

broadens the scope of inference for our results. Our generated data represent any count

data that fit a gamma distribution and are either free from the influences of temporal

variation or cannot be surveyed in a manner to account for temporal variation (i.e.,

random sampling in time). As the gamma distribution tends to fit count data well, it

appears that estimates of reliability and statements about sampling effort may be

applicable to a wide range of studies that employ count data. Furthermore, it would not

be difficult to apply this style of analysis to count data from statistical distributions other

than the gamma, given that they provided a good fit to the data of interest (Beier and

Cunningham 1996).

Management Recommendations

Based on the results of our analyses we suggest that the use of Marbled Murrelet

detection data for quantitative analyses be limited and considered at great length prior to

initializing research or management efforts. It appears that, given the range of data we

tested, it would be difficult to obtain reliable estimates of murrelet detections with the

observer-based method described and sampling efforts up to 14 days/season. However, it

does appear that detection data during a breeding season may be reliably estimated to
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within + 50% with similar or less effort. Additionally, it may be feasible to detect

declines of 50% per year over 3 - 5 years with substantial effort despite not reliably

knowing the actual detection values.

We suggest that similar, long-term data sets be collected from other portions of the

species range to document the degree of annual variability. Further analyses with

RADAR will likely provide insight to quantifying and understanding patterns in

variability as well. Continued efforts to use radio-telemetry to monitor movements and

gather behavioral data at inland forest stands also should be a priority.

Furthermore, although our analyses focused on temporal issues such as the ability to

detect annual trends in detections, the techniques could have been used just as effectively

with spatial issues given that variability due to observer and site-specific environmental

differences could be accounted for. Therefore, using detection data to compare habitat

quality among stands is prone to the same issues of reliability as using detection data to

seek annual trends in activity over time within stands.

Our analyses do not suggest or make any changes to the current Marbled Murrelet

survey protocol (Ralph et al., 1994). The main objective of the protocol is to determine

presence and probable nesting status at inland forest sites and we did not examine the

reliability or power of the protocol to accomplish that task. We do, however, caution

managers and biologists against using detection data to seek temporal or spatial

differences in Marbled Murrelet activity patterns without fully considering the

implications of temporal variability.
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CONCLUSIONS

The three chapters of this dissertation examined Marbled Murrelet behavior and

activity patterns in forest and marine ecosystems. Diving behavior was recorded from

telemetered birds along the central Oregon Coast in 1995 and 1996 while inland survey

data were collected in old-growth Douglas-fir forests of the Oregon Coast Range in 1994,

1996, and 1997. Along with improving our understanding of murrelet behavior in each

ecosystem, these studies were conducted in order to improve our understanding of how

behavior in forest systems may be related to conditions or behaviors in marine systems.

Through observations of telemetered birds, we determined that diving behavior

differed between years while variables representing short-term sea conditions, location,

and water depth had weaker and less consistent effects on diving performance. Diving

performance of Marbled Murrelets in this study appeared to be affected by annual

changes in environmental conditions and prey resources and did not consistently fit with

predictions from optimal breathing models. This was evidenced by the lack of a

significant relationship between dive time and pause time in 1995 but a positive

significant relationship between dive time and both preceding and ensuing pause times in

1996. Therefore, it appeared that murrelet diving behavior was quite plastic and that

individuals had the ability to vary their behavior as foraging conditions changed.

Optimization models predicted behavior best when conditions appeared to be less

optimal and birds were required to spend more time diving and foraging.
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Similarly, activity patterns of Marbled Murrelets at inland forest sites appeared to

be weakly related to short-term conditions such as weather at the stand and more strongly

related to year. Each of the four daily activity metrics we monitored was highly variable

within and among sites and years and we observed greater variability in activity levels

than has been previously reported for this species. Activity metrics tended to be

strongly correlated within a day within survey stations, but correlative relationships at

temporal and spatial scales greater than this were inconsistent and moderate at best.

Based on our results, it appears murrelet activity at inland forest sites may be affected

less by local, short-term conditions at forest stands and potentially more by foraging

conditions at sea. For example, we observed highest levels of activity at inland forest

sites when sea conditions appeared to be most favorable for forage fish and lowest levels

of activity when sea conditions appeared least favorable. Therefore, it appears that

activity at the nesting area may be affected by marine conditions; this is common in other

alcids and colonial nesting seabirds.

Data discussed in Chapter 2 also were used to determine the feasibility of using

inland surveys to seek temporal or spatial differences in daily detections; high levels of

variability in daily detection counts have raised concern over using these data to do so.

We determined how effectively various survey strategies estimated measures of daily

mean and SD for detection counts of murrelets within a breeding season. It appears that,

given the range of data we tested, it would be difficult to obtain reliable estimates of

murrelet detections with sampling efforts up to 14 days/season. However, it does appear

that detection data during a breeding season may be reliably estimated to within + 50%
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with similar or less effort. The power of survey strategies to detect annual declines in

detections of 25% and 50% were very low and moderate, respectively, except when

variability was quite low. Based on the results of our analyses in Chapters 2 and 3 we

suggest that the use of Marbled Murrelet detection data for quantitative analyses be

limited and considered at great length prior to initializing research or management efforts

and that marine conditions always be considered when interpreting temporal trends in

detection data.

Results from these analyses suggest that foraging conditions at sea likely play a

major role in determining all aspects of this species behavioral ecology and therefore

continued effort to understand this relationship is required. Inland survey data (i.e., daily

detection or activity data), while quite useful for determining distribution and probable

nesting status, do not appear to lend themselves to rigorous quantitative analyses. Their

use in such venues should be limited until a better understanding of the factors that affect

variability in activity patterns is achieved.

Marbled Murrelets are unique among seabirds in their reliance upon forest and marine

habitats during the breeding season. While this dissertation expanded upon our

knowledge of their behavioral ecology in each system, there remains a great deal to be

learned. Effective monitoring of this species and effective management of its habitat will

require continued, focused research efforts such as these to complement the increasing

number and diversity of marine and inland distribution surveys.
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