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ABSTRACT
Leach’s Storm Petrel Oceanodroma leucorhoa is an abundant pelagic seabird that nests in large
colonies on islands in the northern hemisphere. Due to the species’ habit of nesting in extensive
burrow cavities and of only returning to breeding colonies after dark, precise estimates of
population sizes or trends are virtually impossible. Increased development pressure on islands at
mid-latitudes raises questions about habitat loss and conservation. Rapid assessment of possible
breeding islands and/or key habitats within islands will enhance conservation acquisition strategies.
Detailed information on environmental conditions within breeding habitat is of particular value if it
can be related to broader and more easily assessed indicators of macro-habitat quality. During the
summers of 2003-2006 environmental variables including temperature and humidity within and
immediately adjacent to petrel burrows were recorded at 15-30 minute intervals over the course of
the breeding season, using a variety of electronic tools including wireless sensor motes and
commercially available ‘i-buttons”. These data were transferred to a GIS that allowed us to
construct detailed thermal topographies of nesting areas that could in turn be overlaid with
vegetation map layers. The use of wireless technology and stand-alone recording sensors allowed
us to collect a large (over 500,000 readings from 164 sensors in 2003, over 240,000 readings from
104 i-buttons so far in 2006) sample of environmental data with limited human disturbance to
nesting birds. Results show both a higher degree of micro-environmental variability with macrohabitat classifications than expected and a remarkably stable environment within actual nesting
cavities regardless of macro-habitat classification. This latter result is particularly significant given
the long period of chick development in the burrow system exhibited by this species.

DISCUSSION
It is clearly apparent that the petrels of Great Duck Island prefer to nest within wooded
areas. Conditions on Great Duck may differ from other locations in that the introduction
of Varying Hares (Lepus) in the 1930’s has lead to the elimination of virtually all understory throughout the island, and has suppressed the recruitment of young spruce. Due
to the “self-pruning” nature of spruce trees, lower branches have been lost, and the
forest presents an open, park-like atmosphere, with limited obstructions to night-flying
birds. Although storm petrels are most active around colonies at night ( Gross 1947)
they are not really “nocturnal” as they spend days at sea. Personal observation
suggests that if an obstruction (such as an observer) is placed in what is otherwise an
opening in the forest edge, birds will fly right into it, suggesting that they may lack the
ability to navigate well in extreme darkness. Reports from other locations suggest that
petrels may commonly nest in open areas provided that there is suitable substrate such
as rock walls, rubble, or friable soil within which they can burrow.

INTRODUCTION
Measures of environmental variation in field ecology have often been either the result of broad
generalizations from a few data points (usually maxima and minima) recorded at a single central
location (e.g. study area temperature is that recorded at a local field station and then assumed
constant for an entire region) or else require extremely labor-intensive and often intrusive manual
sampling. It is important to remember that organisms experience the environment at their own
scale and in a continuous fashion, rather than in the form of extremes recorded at an often distant
site. Given that many organisms –especially during embryonic development- are extremely
vulnerable to variance in local conditions, one would expect that natural selection would favor
those individuals who are capable of avoiding extreme variation in environmental conditions,
either through habitat selection and modification or through other behaviors. Habitat assessments
and management strategies that are unable to capture appropriate “grain size” in terms of actual
microhabitat variation may prove ineffective.
Advances in micro-electronics permit near continuous measurement of environmental data
recorded at the scale of the organism under study and with minimal intervention and disturbance
once sensors are deployed. This paper presents results from an on-going study of nest site
selection and microhabitat variation in Leach’s Storm Petrel, a burrow nesting pelagic seabird, at
one site in coastal Maine, U.S.A. Major goals of the study were to test the efficacy of different
sensor technologies in monitoring nesting habitat and to determine whether coarse-grain habitat
classifications such as can be obtained from aerial photographs adequately mirror the
environmental variation experienced by petrels.

Although the presence or absence of forest cover, and to an extent the nature of the
overall tree-canopy can be determined from aerial photography and other remote-sensing
systems, so far we have been unable to pick out from the air key features within open
areas occupied by petrels. It is clearly apparent that the petrels are not nesting randomly,
either in relation to the overall island or within macro-habitat classifications such as
“woods” or “meadow” (see Fig. 3). It also seems clear from Figure 4 that there is a strong
relationship between burrow site selection and surface temperature regime. Nesting
density within the lowest temperature polygon was 0.129 burrows/sq. m. whereas it was
0.013 burrows/sq. m. in the highest temperature polygon and 0.08 for the woodland as a
whole. It should be noted that the number of polygons generated by the user in ARCVIEW
is to a certain extent arbitrary, but I selected the level of resolution of the i-buttons (0.5
degrees C) for this exercise It is entirely possible that the observed association between
burrow sites and surface temperature is due to some other over-arching factor, but we
hope to test the predictive ability of the temperature model in future seasons. We have not
yet been able to correlate macro-landscape features with the varying temperature regimes
shown in Figure 4, although there is some degree of match between distance from forest
edge and overall temperature regime. At this time we do not have measures of any
differential survival or fledging success among birds choosing to nest in particular thermal
environments, although results from work in progress (Slabach and Drury in prep.) may
shed light on this issue.

FIGURE 3. Location of petrel burrows within the 2006 study area. Green lines indicate the edge of
the continuous spruce forest or individual clusters of trees. Black lines are unpaved roads or tracks.
Approximately 66% of all burrows were found within the forested area, 27% were within the +/- 3
m. “edge” zone and 7% were in the open meadow. The mean distance to nearest neighbor for all
burrows was 1.0m. (S.D. = 1.0 N= 689). Burrows tended to be clustered (R= .534225, z =
23.321) with particularly tight clustering being associated with fallen trees or large boulders. Nest
density differed widely between different areas, with approx 0.08 burrows/sq m. in forested areas
compared with 0.016 burrows/sq. m. in meadow areas. Applying surface temperature data to the
GIS model it is possible to create a “pseudotopography” of temperature isoclines (Fig. 4).

One factor that may minimize or at least strongly affect the precision of any temperature
dependent model in predicting petrel nesting location is the efficacy of the burrows
themselves in reducing the range of environmental variability actually experienced by
nesting birds and young. Burrows have traditionally been regarded as primarily a response
to predation pressure, but, given the extended period of incubation and pre-fledging care
exhibited by petrels (adults arrive at the island as early as April and the last fledglings may
not leave until November) both parents and young are potentially exposed to an enormous
degree of seasonal variation. Figures 5a-e demonstrate the remarkable ability of even a
few cm of soil and vegetation to dampen environmental oscillations. Burrows not only
eliminated the potentially lethal “highs” of hot summer days, they also remained warmer
than their surroundings on cold evenings. In comparing occupied and unoccupied burrows
we found that truly unoccupied burrows were on average 2 degrees C. warmer than
unoccupied burrows –a finding that allowed us to identify two burrows that had previously
been thought to be unoccupied, but tested suspiciously warm and on re-examination
proved to contain nesting birds. This discovery alone has potentially important
management implications, as the danger of “false negatives” in checking burrows could
lead to serious undercounts of local populations, and the introduction of a mote or i-button
is significantly less intrusive than traditional “grubbing” –particularly in the case of
exceptionally long or narrow burrows.

MATERIALS AND METHODS
Great Duck Island, Hancock Co. Maine (44 09’ N. Lat. 68 15’ W. Long.) is a 91-hectare (237
acre) island located approximately 15 km south of Mt Desert Island, Maine. The island is
elongated north-south, with a long axis of 1.9 km and a short (east-west) axis of 0.7 km at the
widest extent. Approximately 76% (73.7 hectares) of the island’s above-tidal area is permanently
vegetated at this time.. Vegetated areas can be broken down into three general classes: Forest,
consisting primarily of mature Spruce trees (40 hectares), brackish wetland/standing water (4.7
hectares) and open grassy meadow (29 hectares). Leach’s Storm petrels have been recorded as
nesting on the island since at least the late 19th century, and current population estimates
suggest that approximately 5000 pairs are present from May through October each year.
Preliminary work indicated that the bulk of the nesting population is located within the woodland
and along the forest edge or adjacent to roads and trails, although a number of burrows can also
be found in the open meadows, particularly near large boulders, fallen trees, or abandoned
human artifacts. No burrows were found in wetland areas.
For the purpose of this study we selected an area of approximately 6 hectares containing a
mixture of forest, edge (defined as being within 3 m of forest boundary or canopy openings), and
meadow habitats. In 2003, wireless “mote” sensors were deployed in 60 petrel burrows within the
study area, with additional “weather station motes” placed on the surface adjacent to the burrow
mouth (Fig. 1)

The near constant level of high humidity recorded in burrows and shown in Fig. 5e (in
contrast to the much more variable surface conditions seen in Fig. 5d) is also important
given the extended incubation period (over 40 days) of a petrel’s single egg. The egg’s small
size ensures a high surface to volume ratio, and it seems likely that the egg would be subject
to desiccation if it were exposed to the hot, dry conditions on the surface. Burrows are
consistently moist –indeed flooding is a potentially serious hazard on heath-covered islands
like Great Duck. The noticeable “gap” in petrel burrow distribution immediately to the right of
the middle road in the center of Figure 3 is, we suspect, in part due to a slight dip in terrain
that lead to some standing water after heavy rains in the summer of 2006.

FIGURE 4. Mean temperature isoclines within the study area. Burrows, i-buttons and forest edge are overlaid. Colored
zones represent temperature generalizations within the given range generated by ARCVIEW 3D analyst.
Placement of motes (and in 2006, i-buttons) within and immediately adjacent to nesting burrows permitted direct
estimates of differences between surface conditions and those actually experienced by nesting adults and chicks.
Figures 5a and 5b represent one such pair of motes associated within and immediately adjacent to a burrow in the
open meadow over the course of a single 24 hour period. Figure 5c summarizes results for an entire season from
inside a total of 108 burrows, distributed in meadow (M) edge (E) and forested woodland (W). Note should be made
of the relatively small range of variation both within and between habitats. Figures 5d and 5e present humidity data
from the same motes depicted in 5a & b for the same 24 hour period.
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In 2006 an area of approx 1.4 hectares within the original study plot was divided into 20x20m grid squares
for censusing. All petrel burrows within this area as well as vegetation features and roads/trails were
mapped using a differentially corrected GPS accurate to 0.5m and entered into a GIS database. I-button
sensors were deployed at each grid post, and within and at the mouth of 26 active and two inactive burrows
(Fig. 2). Details on i-button sensors can be found at http://www.maxim-ic.com/quick_view2.cfm/qv_pk/4023
and associated pages. Temperature was automatically recorded every 30 min and downloaded to a laptop
computer every 5 weeks. In mid-July burrows were checked for signs of nesting activity (adult present,
chick, or egg).

Temperature (Deg. C.)

A complete bibliography and additional details on the mote sensor project can be found at
www.greatduckisland.net. Details of the wireless mote sensors can be found at
http://www.polastre.com/papers/wsna02.pdf.
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FIGURE 1. Location of wireless motes in 2003. B indicates Burrow mote, W indicates surface Weather
mote. Total area shown approx. 200x300m.
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Fig 6a second generation wireless mote
with battery pack. U.S. 25 cent piece for
scale
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FIGURE 5a Hourly temperature readings from a
mote sensor placed on the surface immediately
adjacent to a burrow located in open meadow.

Figure 5b. Hourly temperature readings from a mote
sensor placed within the burrow associated with the
surface mote shown in Fig. 5a during the same time
period. The motes were approx. 20 cm. Apart, with the
burrow being approx. 4 cm deep.
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RESULTS
A total of 689 burrows were located within the 2006 study area (Fig. 3). Re-sampling of the area indicated
that this estimate is within 5% of the probable total present. Approximately 25% of all burrows were clearly
active with an egg or chick present in July, although there is a high probability for “false negatives” with
conventional “grubbing”, as many burrows branch or are too long or too narrow to be fully examined.
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A final cautionary note to would-be users of this form of technology. Each sensor,
whether an i-button or a wireless mote sensor, represents a significant chunk of
potentially toxic materials. Researchers must be careful to retrieve all expended
sensors from a study area once their usefulness is past. As devices become
smaller and cheaper the temptation to simply abandon sensors on site will increase
with potentially unfortunate consequences to an increasingly wider landscape.
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Figure 5c. Summary of all burrow motes during the 2003 season
(June-Sept). Variation is probably exaggerated due to differential
placement of motes in relation to nesting birds and chicks.
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Fig 6b. i-button (left) with U.S. 25 cent piece
(right) for scale

21

0

FIGURE 2. Aerial view of study plot including locations of i-button sensors and forest edge
.
Results were analyzed using SYSTAT statistical software. Maps were prepared using ARCVIEW GIS.
Temperature surfaces were derived using the 3D-ANALYST module of ARCVIEW GIS. Digital ortho aerial
photos of the study area were obtained from the National Park Service and also incorporated into the GIS
database. Spatial statistics were calculated using Hooge and Eichenlaub (2000).

At present it appears that micro-environmental sensing can provide valuable additional
information regarding specific nesting conditions. A dense distribution of environmental
sensors, coupled with GIS technology, permits the development of testable models of habitat
selection and use. The results of the application of two different sensor systems are
presented here. Both have their advantages and disadvantages. At present wireless motes
are costly (approximately $250/unit), relatively large (approx. 5cm in diameter and 4cm in
height vs 2cm diameter x 75mm height for i-buttons Fig. 6a-b), and require a significant
degree of infrastructure and maintenance. Motes do however provide instantaneous real-time
information about particular conditions, have capacity limited only by battery life, and once
deployed do not need further contact from researchers until their batteries wear out. In
contrast i-buttons are much cheaper (as low as $13/unit in bulk), significantly smaller, and
require no infrastructure from the time of deployment until downloading. I-buttons do not
allow real-time monitoring, have a limited storage capacity, and require periodic user
intervention for downloading. I-button architecture is relatively stable and there are increasing
numbers of third parties writing software and applications for its use. Wireless mote sensors
represent “bleeding edge” technology and are much less stable both in physical form and
programming architecture. It seems likely that we will see both a convergence of technologies
and a dramatic reduction in price over the next few years, and dense networks of
environmental sensors will become the norm in many environmental applications.
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Figure 5d. Relative humidity recorded in
late June over a 24 hour period at the
same surface mote depicted in 5a.
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Figure 5e. Relative humidity recorded in
late June over a 24 hour period at the
same burrow mote depicted in 5b.

