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In this direct review of an agency order under Fed. R. App. Pro. 15,
Petitioners Center for Biological Diversity, Defenders of Wildlife, Friends of the
Earth, Greenpeace USA, and Pacific Environment (“Petitioners”) submit this
Motion to Admit Extra-Record Evidence (“Motion”). The evidence consists of
three documents: (1) Amstrup, S., et al., Detecting Denning Polar Bears with
Forward-Looking Infrared (FLIR) Imagery, 54:4 BioScience 337–344 (2004); (2)
York, G., et al., U.S. Geological Survey, Using Forward Looking Infrared (FLIR)
Imagery to Detect Polar Bear Maternal Dens Operations Manual, Sept. 2014; and
(3) Robinson, R., et al., Factors Influencing the Efficacy of Forward-Looking
Infrared in Polar Bear Den Detection, 64:8 BioScience 735–42 (2014), attached as
Exhibits A-C (collectively, “Den Detection Studies”). Pursuant to Fed. R. App.
Pro. 27-1, counsel for Petitioners contacted counsel for Respondents and
Intervenor-Respondent. Respondents stated they take no position on this Motion.
Intervenor-Respondent stated it reserves its right to oppose, pending an opportunity
to review the motion.
INTRODUCTION
In this case, Petitioners challenge an order of Respondents Secretary of the
Interior and Bureau of Ocean Energy Management approving a development and
production plan under the Outer Continental Shelf Lands Act, 43 U.S.C. § 1351,
that allows Hilcorp Alaska, LLC to construct and operate the first oil development
1
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project from fully within federal waters in the Arctic Ocean. Petitioners also
challenge a biological opinion issued by Respondent U.S. Fish and Wildlife
Service (“Service”) that purports to analyze the impacts of the project on polar
bears, as required by the Endangered Species Act (“ESA”), 16 U.S.C. §
1356(a)(2).
As explained in Petitioners’ Opening Brief, the Service’s biological opinion
arbitrarily relies on future, vague, non-binding mitigation measures to conclude
that Hilcorp’s oil development project will not jeopardize the continued existence
of polar bears or adversely modify their critical habitat. Br. at 40-48. But even if
the Service had specifically described those mitigation measures and made them
enforceable through binding conditions, the best available science—as represented
by the Den Detection Studies—shows that those mitigation measures are
ineffective and thus inadequate to protect polar bears. See id. at 44-45. These
studies are not in the administrative record because the Service failed to consider
this information, despite the ESA’s clear command that the agency base its
biological opinion on “the best scientific . . . data available.” 16 U.S.C. §
1536(a)(2).
The Den Detection Studies are therefore necessary to demonstrate that the
Service failed to consider relevant factors in analyzing the impacts of Hilcorp’s oil
development project on polar bears. As such, the studies satisfy a well-established
2
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exception to the rule that judicial review of a final agency action under the
Administrative Procedure Act, 5 U.S.C. § 706(2), is limited to the administrative
record. The Court should admit the Den Detection Studies so that the Court can
adequately conduct the thorough, in-depth review of the Service’s decision
required by law.
ARGUMENT
I.

STANDARD OF REVIEW
Petitioners’ challenge to the Service’s biological opinion challenges a final

agency action within the meaning of the Administrative Procedure Act (“APA”).
Bennett v. Spear, 520 U.S. 154, 177-78 (1997). Section 706(2) of the APA
therefore provides the standard of review. Western Watersheds Project, 632 F.3d
472, 481 (9th Cir. 2011). In reviewing an agency action under the APA, the court
must “engage in a substantial inquiry” and a “thorough, probing, in-depth review.”
Or. Natural Res. Council Fund v. Brong, 492 F.3d 1120, 1125 (9th Cir. 2007)
(internal citations and quotations omitted). The Court must set aside the action if it
is “arbitrary, capricious, an abuse of discretion, or otherwise not in accordance
with law.” 5 U.S.C. § 706(2)(A).
While the scope of this review is typically limited to the administrative
record, the Ninth Circuit has long recognized several exceptions to this general
rule. See Nat’l Audubon Soc’y v. U.S. Forest Serv., 46 F.3d 1437, 1447 (9th Cir.
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1993). The exceptions exist to ensure courts can engage in the in-depth review of
agency decisions required by the APA. After all, a “court cannot adequately
discharge its duty to engage in a ‘substantial inquiry’ if it is required to take the
agency’s word that it considered relevant matters.” ASARCO, Inc. v. EPA, 616
F.2d 1153, 1160 (9th Cir. 1980). Specifically, the Court may consider extra-record
evidence:
(1) if admission is necessary to determine “whether the agency
has considered all relevant factors and has explained its decision,”
(2) if “the agency has relied on documents not in the record,” (3)
“when supplementing the record is necessary to explain technical
terms or complex subject matter,” or (4) “when plaintiffs make a
showing of agency bad faith.”
Lands Council v. Powell, 379 F.3d 738, 747 (9th Cir. 2004) (quoting Sw. Ctr. for
Biol. Diversity v. U.S. Forest Serv., 100 F.3d 1443, 1450 (9th Cir. 1996)); see also
Earth Island Inst. v. U.S. Forest Serv., 442 F.3d 1147, 1162 (9th Cir. 2006) (“We
allow extra-record materials if necessary to determine whether the agency has
considered all relevant factors and has explained its decision.”) (internal quotation
omitted), abrogated on other grounds, Winter v. Nat. Res. Def. Council, 555 U.S. 7
(2008); Thompson v. U.S. Dept. of Labor, 885 F.2d 551, 555 (9th Cir. 1989) (a
reviewing court may go outside the administrative record “to determine whether
the agency considered all the relevant factors”).

4
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II.

THE DEN DETECTION STUDIES FIT WITHIN A WELLESTABLISHED EXCEPTION TO THE RECORD-REVIEW RULE
The Court should admit the Den Detection Studies. The Den Detection

Surveys show that the measures underlying the Service’s determination that
Hilcorp’s oil development project will not jeopardize polar bears are ineffective
and that the Service failed to use the best available science in reaching its
determination. Accordingly, the Den Detection Studies satisfy the standards for
extra-record evidence because they are necessary to demonstrate that the Service
failed to consider relevant factors or adequately explain its decision. Indeed, these
documents are missing from the administrative record precisely because the
Service did not consider them, contrary to the clear commands of the ESA. See 16
U.S.C. § 1536(a)(2) (requiring biological opinions to use the best available
scientific data); Wild Fish Conservancy v. Salazar, 628 F.3d 513, 525 (9th Cir.
2010) (same).1 Because the ESA does not mandate that the Service provide any
public process for biological opinions, and the Service provided none here,
Petitioners did not have notice of the Service’s reliance on den detection in its

1

The Service cannot reasonably argue that the studies were not available to it, as
the studies were published well in advance of the Service’s biological opinion.
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biological opinion, nor did they have an opportunity to submit the Den Detection
Studies to the Service to inform its decision.
As is relevant for purposes of this Motion, Petitioners’ challenge to the
Service’s biological opinion argues that the Service unlawfully relied on vague,
non-binding mitigation measures that may be developed in the future under the
Marine Mammal Protection Act to determine that the Hilcorp oil development
project—which will be located in the heart of polar bear denning habitat—will not
jeopardize polar bears. Br. at 40-48. Petitioners further argue that the Service’s
approach is improper because the best available science demonstrates that the
future, potential mitigation measures to which the Service referenced are not
effective at protecting polar bears. Id. at 44-45. But the Service wholly failed to
consider this evidence.
Specifically, the biological opinion acknowledges that polar bears may be
harmed by the Hilcorp oil development project through, inter alia, disturbance
from construction and oil drilling activities and habitat loss. Br. at 35-36. The
biological opinion acknowledges that denning mothers and cubs are the most
vulnerable, and that disturbance during denning decreases the chances of both
mother and cub survival. Id.
The Service’s biological opinion dismisses the import of these impacts by
pointing to mitigation measures the Service says may be developed under the
6
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Marine Mammal Protection Act (“MMPA”), 16 U.S.C. § 1371(a)(5), in the future.
For example, in answer to the problem of mother bears abandoning their dens due
to construction activities, the biological opinion states that “[Hilcorp] has indicated
they would conduct den detection surveys each winter in compliance with [future
authorizations under the MMPA] and the project’s polar bear interaction plan.”
Br. at 43.
But the best available science, as reflected in the Den Detection Studies,
demonstrates that den detection methods are not effective at protecting polar bears
because of their low rate of den detection. The most effective form of den
surveying is forward-looking infrared radar (“FLIR”). However, as described in
the Den Detection Studies, even when surveyors know exactly where a den is
located, FLIR is effective at detecting those dens only half the time. Exh. A.
For example, the Amstrup, et al. 2004 study evaluated the effectiveness of
FLIR for detecting maternal polar bear dens by flying multiple survey flights over
23 dens for which exact locations were known in advance of the surveys. Exh. A
at 1, 5. Although these known dens were visited multiple times, four of them (17
percent) were never detected, and just two of four dens that were visited on only
one occasion were detected. Id. The study recognized that even under ideal
conditions and with multiple surveys, some dens would never be detected with
FLIR due to snow conditions or interference. Id. at 6.
7
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The York, et al. 2004 reiterated these important caveats, and that weather
and snow can compromise the effectiveness of FLIR. Ex. B at 14. The study also
found that FLIR is not suitable for detection of dens on sea ice. Id. at 16.
Likewise, the Robinson, et al. 2014 study, which took FLIR images of three
artificial dens under varied conditions, found that 33 percent of the tests yielded a
den detectability score of zero. Ex. C at 1, 5. The study found that wind, solar
radiation, snow fall, and the thickness of den walls are important variables that can
significantly influence the ability (or lack thereof) of FLIR to locate a den. Id.
The Service failed to consider these studies, or otherwise address the
efficacy of den detection surveys. In other words, the information and analysis in
the Den Detection Studies are important to help show relevant information the
Service failed to consider in its biological opinion and how the agency failed to
adequately explain its decision.
This is precisely the type of extra-record information that courts within the
Ninth Circuit have routinely admitted in reviewing claims under the APA. For
example, in Earth Island, the plaintiffs challenged an environmental analysis
prepared by the Forest Service for two post-fires restoration projects that involved
logging of burned trees. Earth Island, 442 F.3d at 1152–53. The plaintiffs argued
that the Forest Service’s analysis had overpredicted tree mortality, meaning that
many more trees would be cut than necessary to meet the goals of the projects. Id.
8
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at 1160. To support their arguments, the plaintiffs submitted extra-record,
scientific evidence that identified errors in how the agency assessed tree mortality.
Id. at 1160–63. Rejecting the Forest Service’s motion to strike, the Ninth Circuit
held that “[w]e allow extra-record materials if necessary to ‘determine whether the
agency has considered all relevant factors and has explained its decision.’ Because
Earth Island’s expert declarations are offered for this purpose, they are properly
before . . . this court on review.” Id. at 1162 (citation omitted); see also Nat’l
Audubon Soc’y v. U.S. Forest Serv., 46 F.3d 1437, 1447–48 (9th Cir 1993)
(admitting extra-record evidence where plaintiffs alleged the agency neglected to
consider important environmental consequences). The Court should consider the
Den Detection Studies in its review of the challenged biological opinion for the
same reasons: the studies show key errors in the Service’s analysis and that the
Service failed to consider relevant factors or adequately explain its no jeopardy
finding for polar bears.
CONCLUSION
The Den Detection Studies fit well-within the standards for admitting extrarecord evidence. The Court should therefore grant Petitioners’ Motion.

9
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Biologist’s Toolbox

Detecting Denning Polar
Bears with Forward-Looking
Infrared (FLIR) Imagery

Polar bears give birth in snow dens in midwinter and remain in dens until early spring. The survival and development of cubs is dependent on a
stable environment within the maternal den. To mitigate potential disruption of polar bear denning by existing and proposed petroleum activities,
we used forward-looking infrared (FLIR) viewing to try to detect heat rising from dens. We flew transects over dens of radio-collared females with
FLIR imager–equipped aircraft, recorded weather conditions at each observation, and noted whether the den was detected. We surveyed 23 dens
on 67 occasions (1 to 7 times each). Nine dens were always detected, and 10 dens visited more than once were detected on some flights but not on
others. Four dens were never detected (17 percent), but three of those were visited only under marginal conditions. The odds of detecting a den
were 4.8 times greater when airborne moisture (snow, blowing snow, fog, etc.) was absent than when it was present, and they increased 3-fold
for every 1°C increase in temperature–dew point spread. The estimated probability of detecting dens in sunlight was 0. Data suggested that FLIR
surveys conducted during optimal conditions for detection can produce detection rates approaching 90 percent and thus can be an important management and mitigation tool.
Keywords: polar bear, infrared imagery, maternal denning, human impacts, management

P

etroleum developments span approximately 200
kilometers (km) of the Alaskan Beaufort Sea coastal
area and are proposed for dramatic expansion. Such operations are a potential threat to denning polar bears (Stirling
1990, Stirling and Andriashek 1992), which construct maternal
dens in snowbanks in autumn (Amstrup and DeMaster
1988), give birth to altricial young in midwinter, and emerge
from dens by early April (Blix and Lentfer 1979, Amstrup 1993,
Amstrup and Gardner 1994). In Alaska, dens are not concentrated in mountains, as they are in most other locations
(Uspenski and Chernyavski 1965, Uspenski and Kistchinski
1972, Larsen 1985, Ovsyanikov 1998). Nor are they associated
with particular vegetation types (Ramsay and Andriashek
1986). Rather, snow accumulation sufficient for denning in
northern Alaska occurs mainly in narrow linear patches of
coastal and riverbank habitats that are widely scattered across
broad reaches of flat terrain (Benson 1982, Amstrup 1993, Amstrup and Gardner 1994, Durner et al. 2001, 2003). These
banks are largely invisible under the snow in winter, and
their scattered distribution confounds efforts to locate dens
with visual techniques (Ramsay and Stirling 1990, Amstrup
and Gardner 1994, Clark et al. 1997).
We have mapped suitable habitats for polar bears (Amstrup
1993, Durner et al. 2001, 2003) and shown that much more
denning habitat is available than is used in any one year.
These maps allow developers to avoid many areas suitable for
denning. Nonetheless, because it can be very expensive to
reroute roads and so on to avoid mapped habitats, managers

regularly ask whether banks or bluffs that are “in the way” of
particular industrial activities actually hold dens. Until now,
radio telemetry has been the only method allowing identification of dens in early winter, when most industrial land
uses are planned. Collaring and following all females in the
population, however, is prohibitively expensive and unacceptable as a routine management practice.
Watts (1983) reported that polar bears emit approximately
200 watts of heat energy while denning. He also reported that
den temperatures were as much as 30°C higher than ambient levels, and that surface temperatures over a den averaged 10°C warmer than in snowbanks adjacent to the den. We
hypothesized that modern forward-looking infrared (FLIR)
imagers might detect that heat and thereby provide another
method for detecting which banks actually hold dens. The
term FLIR refers to fast-framing thermal imaging systems, as
distinguished from downward-looking thermal mapping
systems or single-framing thermographic cameras (FLIR

Steven C. Amstrup (e-mail: steven_amstrup@usgs.gov) is a research wildlife
biologist and project leader for polar bear and related Arctic marine studies;
Geoff York is a wildlife biologist; and Kristin Simac is a biological science technician with the US Geological Survey, Alaska Science Center, 1011 East
Tudor Road, Anchorage, AK 99503. Trent L. McDonald and Ryan Nielson are
statisticians and project managers with Western Ecosystems Technology, Inc.,
2003 Central Avenue, Cheyenne, WY 82001. © 2004 American Institute of
Biological Sciences.
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Biologist’s Toolbox
Systems undated [a]). FLIR imagers can be mounted on aircraft or other fast-moving platforms, their field of view can
be adjusted independent of the platform carrying them, and
they can write images to television-compatible recorders.
Older FLIR instruments have already shown promise in both
marine mammal and terrestrial wildlife applications (Wyatt
et al. 1980, Trivedi et al. 1982, Kingsley et al. 1990, Naugle et

al. 1996). In this article, we describe efforts to test the effectiveness of newer FLIR imagers in another application: the detection of denning polar bears along Alaska’s North Slope.

Locating dens

Surveying dens

Figure 1. Video image of the snowdrift along the south shore of a coastal island
(top) and forward-looking infrared (FLIR) image of the same location (bottom).
The FLIR image reveals the heat emitted by a polar bear maternal den, and the
arrow indicates the relative “hot spot” created by the body heat of the bear.
The distance between reticule marks is approximately 18 meters.
338 BioScience • April 2004 / Vol. 54 No. 4

We assessed the effectiveness of the FLIR
Safire II, AN/AAQ-22 (see www.flir.
com), by flying transects over known
denning locations during the winters
from 1999 to 2001. The Safire, which operates in the 8- to 14-micron wavelength
range, can detect differences in temperature down to 0.1°C under ideal circumstances, according to the operations
manual (FLIR Systems undated [b]).
The Safire was gimbal mounted under
the nose of a Bell 212 helicopter. This
mounting system allowed the imager
to be directed independent of the attitude of the aircraft and in any direction below the horizontal plane of the
aircraft.
We evaluated the FLIR imager in
transect and hovering flight modes. We
flew transects along bank features
(Durner et al. 2001, 2003) holding
known dens. We oriented the aircraft, as
much as possible, so that the prominent snowdrifts likely to hold dens were
below and to the side of the aircraft.
This oblique view allowed us to focus the
FLIR imager approximately perpendicu-
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We captured polar bears by injecting immobilizing drugs
(tiletamine hydrochloride plus zolazepam hydrochloride)
with projectile syringes fired from helicopters (Larsen 1971, Schweinsburg et
al. 1982, Stirling et al. 1989). Capture
protocols were approved by independent animal care and welfare committees. Polar bears were captured in coastal
areas of the Beaufort Sea between
Barrow, Alaska, and the Canadian
border, from March through May and
from October and November in the
years 1996 through 2001. Satellite and
VHF radio transmitters were attached to
solitary adult female polar bears with
neck collars (Amstrup et al. 2000).
Using a combination of satellite and
aerial radiotelemetry, we tracked pregnant, radio-collared females to their
dens. During the course of FLIR surveys
we detected additional, previously
unknown dens.

Case: 18-73400, 04/15/2019, ID: 11264723, DktEntry: 23-2, Page 3 of 8

Biologist’s Toolbox

April 2004 / Vol. 54 No. 4 • BioScience 339

Exhibit A, page 3 of 8

Downloaded from https://academic.oup.com/bioscience/article-abstract/54/4/337/284136 by guest on 05 April 2019

lar to the face of the drifts we were searching.
To prevent FLIR operators from easily keying in on den locations and to simulate
searches for unknown dens, we surveyed
portions of bank habitats at least 1.6 km on
either side of known dens. Also, during November 2001, we surveyed bank habitats
along more than 175 km of coastline where
no collared bears were known to be denning. The 2001 surveys and the transect sections adjacent to known dens allowed us to
detect dens of noncollared bears.
When a thermal signature, or “hot spot,”
was seen on a transect, we hovered over the
spot at a variety of altitudes and angles to adjust the image and determine whether we
were seeing a den or some other source of
heat differential. Tape segments were
recorded and labeled for both flight modes.
Known dens were recorded as “detected” or
“not detected” on the basis of flight notes and
subsequent tape review. Hot spots not known Figure 2. Forward-looking infrared image of two polar bear dens in the snow
to be dens also were recorded on tape. We bank on the south shore of an Alaskan coastal island. The bright den in the
recorded weather conditions during each center of the image is open, and the den at the right tip of the island is partially
survey occasion. The records we compiled or completely covered by snow. Note the detail of polygon tundra, the dark drift
from the weather reporting station geo- of snow along the tundra bank, and the relative brightness or warmth of the sea
graphically closest to each survey flight in- ice at the bottom edge of the figure. The distance between reticule marks is apcluded ambient temperature, wind speed, proximately 18 meters.
wind direction, visibility, percentage of cloud
cover, cloud ceiling elevation, relative humidity, and dew
mosaic of hot, warm, and cold spots in the FLIR screen. We
point. Dew point, the temperature to which a given parcel of
once captured a clear image of the den of a collared bear high
air must be cooled for saturation to occur, incorporates the
in a pressure ridge of landfast ice. Extremely cold weather and
effect of pressure and temperature on relative humidity. We
tight ice, along with ideal atmospheric conditions, must have
recorded the presence of moisture in the form of blowing or
contributed to that successful detection, because during later
falling snow, airborne ice crystals, or fog at the site of each tranvisits we were unable to distinguish the den from major heat
sect. If any of these conditions, either singly or in combinasources throughout the pressure ridge and surrounding area.
tion, was detectable, airborne moisture was recorded as
We also failed to differentiate the heat signatures of other dens
present. Similarly, if the sun was above the horizon and shinthat had been visually observed on landfast ice. Similarly, we
ing on the snow surface (even with cloud cover present), the
consistently failed to detect the dens of two radio-collared
variable “sun” was recorded as present.
bears denning on drifting pack ice. The heat signatures from
After the bears left their dens in spring, we attempted to visit
these dens may have appeared on the FLIR screen. Because
each den and hot spot located the preceding winter. At that
of the abundance of competing hot spots, however, we were
time, we recorded the amount of snow overlying the lair. We
unable to determine whether or not we were seeing them.
also attempted to visit many of the dens in the summer afThese early experiences mandated that we limit our FLIR testter snowmelt. During those visits, we were able to record
ing to dens on land.
additional characteristics of the den location and also to
Data analyses
check the soil and vegetation for evidence of denning activAnalyses were performed using S-Plus (ver. 2000; www.
ity (Durner et al. 2003).
insightful.com) and SAS (ver. 8; www.sas.com). We first calPolar bears in the Beaufort Sea region of Alaska and Canada
culated descriptive statistics and examined our data in a unifrequently den on the sea ice as well as on land (Amstrup and
variate context. Differences in values of individual continuous
Gardner 1994). Early in the study we abandoned attempts to
variables (e.g., cloud cover or ceiling) were tested with the
detect dens in the ice environment because of the array of
Student’s t-test. We tested for frequency differences in indicompeting heat signatures. FLIR systems detect a difference
vidual categorical variables (e.g., presence or absence of
in temperature between adjacent sites in the field of view. In
airborne moisture or sunlight) between occasions when dens
winter, the ocean is relatively hot; and cracks, holes, and preswere detected and when they were not with Fisher’s exact test
sure ridges in the sea-ice surface created an infinitely variable
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Sunlight seemed to have a profound effect on FLIR performance. Because we could not evaluate the effect of sun in
a multivariate context and therefore could not assess its added
contribution to odds of detection, we wanted to provide
some measure of the precision of our estimated probability
of detection in sunny times. We did this by inverting a onesided binomial hypothesis test (Lehmann 1986, p. 93) to
estimate a 95 percent confidence interval for the probability
of detecting a den during sunny times. The lower value of our
confidence interval was 0, our point estimate. We computed
the upper value of the confidence interval, by iteratively
guessing at the value of an upper bound, pu, until the hypothesis H0 (p ≥ pu) was rejected at the α = 0.05 level of significance in favor of the hypothesis H1 (p < pu). For example,
assume n (here, n = 8) FLIR video segments were recorded
during sunny times, and we identified a0-occupied polar
bear dens on those n videos (here, a0 = 0). The upper (1 – α)
percent confidence limit was the smallest value of pu that
satisfied the condition for rejection of H0; that is,
a0

∑ b(x,n,pu) ≤ α,

x=0

where the probability of observing x successes in n trials
from a binomial distribution with probability pu was:
b(x,n,pu) = x!(nn!– x)! pux(1 – pu)n – x.

Den observations recorded
During this study we located 19 polar bear maternal dens on
land by radio telemetry. Bad weather, poor-quality radio
fixes, difficult terrain, and a malfunctioning tape player prevented us from securing FLIR images at four dens of radiocollared polar bears. During attempts to view the 15 remaining
dens, we observed 12 previously unknown hot spots that we
concluded, either in flight or upon subsequent review of
FLIR tapes, were polar bear dens. Dens (and targets presumed to be dens) appeared as small bright (hot) spots, usually with fuzzy boundaries, within a normally dark (cold) band
of drifted snow (figures 1, 2). We attempted to visit all of the
hot spots at least twice with FLIR imager–equipped aircraft.
Such revisits eliminated most hot spots from our list or increased our confidence in calling a hot spot a den.
Spring and summer surveys confirmed that only three
unknown hot spots were not polar bear dens. Because of
weather and other logistical limitations, each of these three
had been visited only once with FLIR. The thermal differentials at those three sites turned out to be the result of, respectively, an empty steel barrel, a large boulder partially
embedded in an unstable permafrost bank, and a piece of
sloughed tundra lying partway down a permafrost bank. We
failed to obtain evidence confirming whether a fourth previously unknown hot spot was a den. We flew over that fourth
hot spot twice, with the FLIR imager, en route to a known den.
We simply missed this hot spot during tape reviews conducted in the field, and did not notice it until final review
of both tapes at the end of the field season. At that time,
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(Zar 1984). All variables were then cast in a Pearson correlation matrix to search for collinearity. One member of each pair
of variables with correlation coefficients of at least 0.70
was deleted from consideration for additional multivariate
analyses.
We modeled detection of dens in a multivariate context with
logistic regression (McCullagh and Nelder 1989). Although
most FLIR images were acquired during darkness, eight attempts to detect dens were made after sunlight had begun to
light up the snow surface, and no dens were detected during
these attempts. Logistic regression is not possible when responses associated with a single level of a categorical variable
are either all successes or all failures. Failure to detect any dens
when the sun was shining on the snow meant that our logistic regression models applied only to nonsunny periods.
We assessed the probability of detecting a polar bear den
during nonsunny times, with a stepwise selection procedure
(Neter et al. 1996, Ramsey and Schafer 1997). This modeling
procedure considered environmental covariates for each
recorded video segment. In other words, our sampling units
were the video segments from each flight over each den. Covariates considered during the modeling process included
air_moist (the presence or absence of airborne moisture);
spread (the temperature–dew point spread); visibility
(reported visibility); and wind (reported wind speed). Cloud
ceiling data were missing in 23 cases and thus were not considered. Cloud cover data were found to be highly correlated
(P = 0.71) with air_moist and were therefore not considered
in modeling. Temperature and dew point individually were
not considered because spread was a function of both. We did
not include snow depth because only one measurement
(made at the end of each field season) was available for each
den, and we had no way to assess possible differences among
survey flights. At each step in the variable selection process,
the most significant variable (not already included) entered
the model if its significance level was less than α = 0.10. Additionally, at each step any variable in the model was eliminated if its significance became greater than α = 0.10. The
stepwise variable selection procedure was carried out using the
SAS routine Proc Logistic.
Because the coefficients in logistic regression do not affect
responses linearly (as they do in linear normal theory
regression, for example), we assessed the importance of each
covariate in the final model by calculating odds and odds ratios. In logistic regression the outcomes are either 0 (no
detection) or 1 (detection). The term odds means simply the
probability of obtaining a 1 divided by the probability of
obtaining a 0. In this FLIR application, the odds of detecting
a den were computed (probability of detection [Pr(detection)]
divided by [1 – Pr(detection)]). Then, to help explain the role
of covariates in the final model, we calculated the odds ratio
of seeing a den at one level of a covariate to the odds of seeing it at the next incremental level of the covariate (e.g., odds
of seeing a den when spread = 2 divided by the odds of seeing a den when spread = 1).
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Number of visits to den

Analyses of individual covariates
When evaluated singly, in the two-sample t context, only
wind speed and temperature–dew point spread differed
significantly between detection and nondetection events.
The mean wind speed (11 knots per hour [kts/hr]) on occasions when we did not see dens was significantly higher than

exp[–2.8576 + 1.1237(spread) + 1.5692(air_moist = 0)]

p^ = 1 + exp[–2.8576 + 1.1237(spread) + 1.5692(air_moist = 0)]
(eq. 1).

Standard errors for coefficients in the final model were 0.5401
for spread and 0.6846 for air_moist. Table 2 summarizes
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on occasions when we did see dens (6
kts/hr) (t = 2.897, degrees of freedom
[df] = 65, P = 0.0051). Similarly, the
6
mean spread between temperature
Den detected
and dew point on occasions when
dens were not seen (2.56°C) was sigDen not detected
nificantly narrower than the mean
spread (3.01°C) when dens were seen
4
(t = 2.891, df = 65, P = 0.0052). It
stands to reason that there should be
an inverse relationship between depth
of snow over the bear and heat trans2
mission to the snow surface. The
range of depths recorded, however,
was apparently below any threshold
that, by itself, prevents detection by
FLIR imaging. Mean snow depth over
0
1
2
3 4
5
6
7 8
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
detected dens was 40 centimeters (cm)
Den number
and only 31 cm over undetected dens;
the greatest depth (96 cm) was
Figure 3. Summary of detections and detection failures for 23 polar bear dens along
recorded over a detected den. Depth
Alaska’s northern coast surveyed with forward-looking infrared imagery during the
differences between detected and
winters of 1999 and 2001.
undetected dens were not significant
revisiting and reexamining it in hover flight mode were not pos(t = –1.001, df = 18, P = 0.383).
sible. This hot spot was viewed in transect flight mode only,
Airborne moisture was detectable on 12 of 23 (52 percent)
but it appeared to have had all the earmarks of a den. Because
occasions when dens were not seen and on only 15 of 44 (34
we did not hover over it, as we had over other hot spots, howpercent) occasions when they were seen. The two-sided
ever, and because we were unable to return to the site in either
Fisher’s exact test, however, suggested this difference was not
spring or summer to search for evidence of polar bear use, we
significant (P = 0.1931), indicating that the absence of air
could not conclude whether or not it was an occupied den.
moisture alone did not explain the detection of known dens.
We surveyed the other 23 dens on 67 occasions (1 to 7 times
Sunlight was present on 8 of 23 (35 percent) occasions when
each). Six of these dens were occupied by unknown bears and
dens were not seen, and on none of the occasions when dens
the remaining 17 dens by 15 radio-collared bears. Collared
were seen. According to Fisher’s exact test, this difference
bears occupied one den each, except for bear 20330, which
was highly significant (P = 0.00008). The probability of seedenned three times during the study. The number of viewing an occupied polar bear den on FLIR video that was
ing occasions at each den was inversely proportional to the disrecorded in sunlight was estimated to be 0. The upper 95 pertance of the den from the home base of the helicopter used
cent confidence bound on the probability of detecting a den
for the FLIR missions. Reaching more distant dens resulted
when sun was shining on the snow was 0.313 (see table 1).
in increased difficulties with weather and other logistics. Figure 3 summarizes the frequency of detection for the 23 dens
Modeling den detection with multiple covariates
surveyed. Four dens (17 percent) were never detected with
Some insights regarding the ability of our measured covariFLIR. Two of these were visited on two occasions, the other
ates to explain detection by FLIR imaging were obtained
two only once. Two dens visited one time each were detected
from the above individual comparisons. Recognition of poson those single visits. Four dens visited twice were detected
sible interactions among our covariates, however, mandated
both times. Three dens visited three times were detected on
modeling approaches in which all covariates were eligible to
each visit. Detection success of the other 10 dens was mixed.
be considered. After removing the 8 observations associated
Bear 20330, the known individual tracked to multiple dens,
with sunny conditions, 59 observations were available for
was detected on at least one visit to each of her three dens and
this model fitting. The final logistic regression model for the
also not detected on at least one visit to each.
probability that an occupied polar bear den was seen on the
FLIR video recorded during nonsunny times was
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descriptive statistics for the covariates appearing in this model.
The odds ratio point estimate for spread was 3.08, indicating
that for every 1 degree (°C) increase in the difference
between temperature and dew point, the odds of detecting a
den increased 3.08 times. Calculation of this odds ratio can
be illustrated in three steps. First, the probability of detecting
a den when spread = 1 was estimated, according to equation
1, as
0.848

p^ = 1.848 = 0.459.

0.459
= 0.848.
1 – 0.459

Second, when spread increases to 2°C, the probability of
detecting a den was estimated, according to equation 1, as
2.609
p^ = 3.609 = 0.7229.

The odds of detecting a den when spread = 2 is
0.723

p^ = 1 – 0.723 = 2.61.
Finally, the odds ratio for a one-unit increase in spread from
1°C to 2°C is
2.61
= 3.08.
0.845

Some algebra reveals that odds ratios are easily calculated for
a one-unit increase in a predictor variable by simply exponentiating the coefficient value of that predictor variable
(raising e to the value of the coefficient); for example, e1.1237
= 3.08. The odds ratio for smaller changes in temperature–dew point spread also can be calculated as above. For example, the odds ratio for a 0.5°C increase in spread (the
difference between the mean temperature–dew point spread
of detected and undetected dens) was estimated as 1.75.
Therefore, the odds of a trained biologist detecting a den increased 75 percent for every 0.5°C increase in spread.
Similarly, the odds ratio for air_moist was e1.5692 = 4.803,
indicating that the odds of a trained biologist detecting a
den were approximately 4.8 times higher when there was no
visible moisture in the air at the time the video was recorded
than when there was moisture in the air. Confidence intervals
(95 percent) on odds ratios were 1.067–8.867 for spread and
1.255–18.375 for air_moist.

Interpretations and conclusions
Although they showed some promise, early infrared sensors
did not reliably detect either white-tailed deer (Odocoileus
virginianus) or mule deer (Odocoileus hemionus) (Wyatt et al.
1980, Trivedi et al. 1982). Naugle and colleagues (1996) and
342 BioScience • April 2004 / Vol. 54 No. 4

pu
0.1
0.2
0.3
0.31
0.312
0.313
0.313
0.314
0.32
0.35

n!/[x!(n – x)!]

pux

(1 – pu)n – x

Probability

1
1
1
1
1
1
1
1
1

1
1
1
1
1
11
1
1
1

0.43047
0.16777
0.05765
0.05138
0.0502
0.04962
0.04904
0.04572
0.03186

0.430467
0.167772
0.057648
0.05138
0.0502
0.04962
0.049045
0.045716
0.031864

Wiggers and Beckerman (1993), however, demonstrated that
newer FLIR scanners were more reliable in detecting heat
signatures of deer. Similarly, Kingsley and colleagues (1990)
demonstrated that an older FLIR imager mounted on a helicopter did detect some under-snow lairs of ringed seals
(Phoca hispida); they also reported that the thickness of snow
over the lair, ambient temperature, wind, and sunlight prevented seal lairs from being detected consistently enough to
allow census by FLIR surveys. Ringed seal lairs occur exclusively in the sea-ice environment. Our preliminary testing with
a newer FLIR imager indicated that there were too many
competing heat signatures in that environment to consistently detect denning polar bears. Hence, failure to consistently
detect lairs of the much smaller ringed seal in sea-ice habitats
is not surprising. In the assortment of hot spots detectable on
the sea ice, observers cannot be certain they are seeing a lair,
even if it is visible on the monitor.
Whereas even modern FLIR devices may not be satisfactory for distinguishing dens of either seals or polar bears on
the sea ice, we found that FLIR imaging was effective in detecting dens on land. Bears denning on land generally are surrounded by colder and more uniform substrates than seals or
bears occupying subnivian lairs at sea. Polar bears also are
larger and presumably emit more heat than ringed seals. The
potentially greater thermal contrast of denned bears, the
more uniform backdrop of land, and the more advanced
equipment used in this study combined to create a useful tool
for detecting polar bears in land dens in early winter, before
construction projects and seismic surveys typically occur.
Fortunately, it is the dens on land that are the greatest management concern related to industrial development in the
north. Sea-ice dens are, by virtue of their location, relatively
insulated from human activities.
We recognize that our FLIR surveys were not 100 percent
effective in detecting dens even when we knew they were
there, and we do not expect that current FLIR technologies
could ever detect all dens regardless of ambient conditions.
However, we believe FLIR imaging has an important place in
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The odds of an event is the ratio of the probability that the
event occurs to the probability that the event does not occur,
so the odds of detecting a den when spread = 1 is

Table 1. Upper confidence limit (shaded line),
calculated with the inversion of hypothesis method,
for the probability of detecting a denning polar bear
with forward-looking infrared imagery during sunny
conditions (n = 8 and x = 0).
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the management of human activities
Table 2. Descriptive statistics for variables in a final logistic regression model.
that could adversely affect polar bears
Number
denning on land.
Variable
Set
Den seen
Den not seen
Total
The four dens (17 percent) that we
air_moist
Yes
15
10
25
failed to detect during our study were
No
29
5
34
visited a total of six times. The first of
Total
44
15
59
these dens was initially visited immeValue of statistic
diately after a blizzard with extensive
Variable
Statistic
Den seen
Den not seen
All observations
blowing and falling snow. Surface snow
spread
Minimum
1.67
1.67
1.67
temperatures apparently had not staMedian
3.33
2.22
3.00
Mean
3.00
2.64
2.91
bilized, and the ground surface was
Maximum
3.89
3.89
3.89
extensively mottled with a windrow
pattern of alternate bands of newer
Note: Eight dens that were undetected when visited while the sun was shining are not included.
warm snow and older colder snow. This
windrow effect on the snow surface often was apparent on the FLIR monitor even when wind
fore, in real-world applications where big money is at stake,
speeds were below those that result in obvious blowing snow,
an increase in the overall detection rate to at least 90 percent
and it seemed to persist for hours after wind speeds subsided.
seems highly probable. That level of detectability clearly
That may partially explain why our t-test suggested that dens
would be significant in efforts to minimize disruptions of
were less detectable under elevated wind conditions. Addidenning polar bears.
tionally, this survey was conducted despite a cloud ceiling of
Logistical constraints prevented acquisition of sufficient
only 400 feet and a temperature–dew point spread of only
data to quantify the probabilities of false positives—that is,
2.2°C. The only other time we were able to get to this den, the
calling a thermal signature a den when it is not. It is reassursun was shining. Clearly, neither of these visits maximized our
ing, however, to recognize that in conducting hundreds of
odds of detecting the den.
kilometers of FLIR surveys, we misidentified only three such
The second and third dens that went undetected were visthermal signatures. During this study, nearly all of the hot spots
ited only once each. Both of those flights occurred despite airinitially identified as suspected dens were confirmed not to
borne moisture visible in the FLIR monitor. Our detection
be dens after additional visits. The three misidentified hot spots
model verifies that the odds of seeing these dens were nearly
remained on our list of possible dens because we were unable
five times lower than would have been the case had we visto revisit them. Our experiences at other sites, however, make
ited them on days without airborne moisture. The fourth den
us confident that repeated visits to the misidentified sites
that escaped detection was visited twice. On the first visit, the
would have resulted in their removal from the list of suspected
temperature–dew point spread was only 2.2°C, less than the
dens. Had such hot spots occurred in habitats that were
mean value for dens that were not detected. The second visit,
proposed for disturbance, the great costs required to reroute
however, occurred under conditions that should have been faprojects around them assure that repeated surveys would
vorable for detection, yet we did not see the den.
have been done to reveal whether or not they were dens.
Five of these six den visits were during weather condiLikewise, we are confident that the fourth unknown hot spot
tions we have shown to compromise the effectiveness of
would have been revisited in a real management situation
FLIR imaging, and only one of these four dens was ever
before avoidance measures were taken. Hence, our experiences
visited when conditions were deemed favorable. Although
in this study suggest that the risks of false positives are low.
additional visits might not have allowed us to detect the den
Because polar bears roam over large areas at low densities,
that was visited once during good conditions, the odds of
general surveys for bears or their dens would not be practidetecting the other three dens visited only in poor conditions
cal even with new FLIR technologies. Polar bears, however,
would have been more than three times greater had we been
den primarily in steep bank faces (along streams, lakeshores,
able to visit them under better weather conditions. With
and coastlines of the mainland and some offshore islands) that
detection of some or all of those, our overall den detection
have been identified and mapped across a large section of
rate would have increased to a value between the 83 percent
Alaska’s North Slope (Durner et al. 2001). Therefore, highwe observed and the 96 percent that would have resulted
sensitivity FLIR imagery applied to those mapped habitats
from three added detections. We cannot be sure that added
provides the first real tool for detecting polar bears in dens
visits under conditions maximizing the odds of detection
early enough in winter to alter the paths of human activities
would have resulted in successful detections of those three
and thereby protect denning bears. With denning habitats
dens. However, the great expense of rerouting roads and
either mapped or clearly described, many human activities that
other development projects around potential denning habimight affect denning bears would be routed around those
tat suggests that developers would make the investments
preferred habitats, thereby avoiding the possibility of neganecessary to visit potential den sites under ideal conditions
tive impact. If plans for a road or other development project
rather than be required to change development plans. Thereinclude traversing such habitat, FLIR surveys of the develop-
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ment corridor can help show which of the pieces of that
habitat must be avoided because of known dens. Such efforts
can assure that the effect of human activities on denning
polar bears is minimal.
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Factors Influencing the Efficacy
of Forward-Looking Infrared in
Polar Bear Den Detection
RUSTY ROBINSON, TOM S. SMITH, RANDY T. LARSEN, AND BJ KIRSCHHOFFER

Female polar bears construct maternal dens in snowdrifts in autumn. Forward-looking infrared (FLIR) has been used to locate dens to prevent
disruption of denning by human activities, but the results have been mixed. To identify limitations and optimal conditions for locating dens,
we took handheld FLIR images of three artificial dens under varied conditions. We tested variables hypothesized to influence detectability with
linear models using the zero-inflated negative binomial distribution. Solar radiation, wind speed, and den wall thickness reduced the likelihood
of detecting dens. The negative effect of wind speed on detectability increased with increasing distance. To maximize the efficacy of ground-based
FLIR, den surveys should be conducted when solar radiation is less than 16 watts per square meter (night) and when wind speed is less than
10 kilometers per hour. Adherence to these guidelines will maximize the protection that FLIR can afford to denning bears.
Keywords: Alaska, handheld FLIR, maternal den, polar bear, Ursus maritimus

P

regnant polar bears in the southern Beaufort Sea
and the adjoining coastal areas use dens from October
through November (Amstrup and Gardner 1994). Cubs are
born in midwinter and remain at the den until March or
April (Blix and Lentfer 1979, Amstrup 1993, Amstrup and
Gardner 1994, Smith et al. 2007). A disturbance while den
sites are active may have greater negative effects on survival
and reproduction than one at any other time of year (Linnell
et al. 2000). Disturbance may result in displacement, exposure to the elements and predation, family dissolution, and
cub abandonment and subsequent death. Consequently, the
ability of scientists to identify den sites is key to limiting
negative influences from disturbance.
Expanding petroleum exploration along Alaska’s North
Slope area coupled with a shift to terrestrial dens (Amstrup
and Gardner 1994, Fischbach et al. 2007) heightens the likelihood of bear–human interactions. Furthermore, industry
can be required to limit or cease activities in the vicinity
of known dens or can be fined for den disturbance by the
US Fish and Wildlife Service, the regulatory agency tasked
with managing polar bears. Consequently, much work has
been done to identify and map suitable denning habitat in
order to avoid potential conflicts with and to mitigate the
disturbance of polar bears (Amstrup 1993, Durner et al.
2001, 2003, Blank 2012). Denning habitat occurs in areas
such as riverbanks and coastal bluffs, where drifting snow
accumulates (Amstrup 1993, Amstrup and Gardner 1994,

Durner et al. 2001, 2003). Forward-looking infrared (FLIR)
has been used to survey denning habitat and locate dens
prior to constructing ice roads and other production efforts
(Amstrup et al. 2004).
FLIR imagers can be mounted on vehicles (e.g., aircraft,
trucks, track vehicles) or can be handheld; these platforms
have proven to be useful for identifying and locating polar
bear dens. FLIR imagers are capable of detecting the very
slight temperature differences (changes as small as 0.01
degree Celsius [°C]) on the surface of a snow bank resulting
from denned polar bears (Amstrup et al. 2004). Temperature
differences are shown in the imager’s display as varying
shades of color, with lighter colors representing warmer
temperatures. In the FLIR imager, polar bear dens generally
appear as light-colored hot spots, with soft edges that gradate into the surrounding darker, colder terrain (see figure 2
in Amstrup et al. 2004). To optimize den detectability with
handheld FLIR, it is important to identify factors that influence the image quality. Although atmospheric conditions
(i.e., relative humidity, temperature, dew point, precipitation,
wind) have been known to influence the effectiveness of
aerial FLIR when they are used for den detection, the critical
thresholds for detection have not been identified (Amstrup
et al. 2004). The purpose of the present study is to model
the variables that influence the ability of handheld FLIR to
detect dens and to identify the optimal conditions for conducting polar bear den surveys with handheld FLIR.
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before any sampling began. For the duration of the study, the den chamber access
shafts were sealed with plywood lids over
which snow was backfilled for insulation. After turning the heaters on, we
allowed the den temperatures to stabilize
for 2 weeks (a conservative time frame
based on previous trials that we had
performed) prior to sampling. We began
sampling den heat loss with FLIR on 11
March 2010. After the study was concluded, we opened the dens and ensured
that the stoppers were still against the
inner wall and that the wall thickness
measurements were accurate.
Den sampling
Using a FLIR ThermaCAM P65HS
thermal imager (FLIR Systems, Boston,
Massachusetts) with a 72 millimeter
infrared lens, we sampled one or more
times daily (mean [M] = 3). Sampling
was scheduled at stratified intervals with
Figure 1. Study area south of Milne Point, Alaska, where artificial den forward- consideration of solar time, the time
relative to the sun’s position in the sky,
looking infrared sampling took place in March 2010.
thus was the variation in solar radiation
accounted for (figure 3). During each
The study area was located west of Prudhoe Bay, Alaska,
sample period, we recorded images from three distances:
in the Prudhoe Bay oil field. This area is composed largely
60 m, the minimum distance that the US Fish and Wildlife
of BP (formerly British Petroleum) lease lands that have
Service allowed (through permit MA225854) for handheld
been developed for oil exploration and production, includFLIR surveys for polar bear dens; 100 m; and 200 m. A
ing scattered gravel pads and industrial facilities, linked by
laser rangefinder was used to determine the distance. To
4800 kilometers (km) of pipeline and roads. Our study took
ensure accurate thermal readings, we entered the required
place approximately 1.6 km south of the BP Milne Point
parameters into the imager settings, including the air temprocessing facility (70.4587 degrees north, 149.4414 degrees
perature, the relative humidity, the distance, the emissivity,
west; figure 1). For the construction of artificial dens for
and the reflected temperature, before each sampling period.
this study, we selected a snowdrift approximately 60 meters
Excluding these parameters does not affect the visual
(m) long and 4 m high. The artificial dens were excavated
appearance of the image that is saved to the imager but
approximately 20 m from a small, unheated structure that
does affect the accuracy of specific pixel temperatures used
provided electricity for den heaters.
in later analysis. The air temperature and relative humidity were determined using a Kestrel 3000 weather meter
Excavating dens
(Nielsen-Kellerman, Birmingham, Michigan). Emissivity, a
In February 2010, we excavated three artificial polar bear
measure of a substance’s ability to release thermal energy,
dens with initial snow wall thicknesses of 25, 50, and 75 cenwas set to .85 for snow, as was specified by the manufacturer
timeters (cm) in a south-facing snowdrift. To construct these
of the FLIR device. The reflected temperature was calcudens, we excavated from the top of the drift down 2 m using
lated according to the FLIR manual instructions by facing
snow shovels and snow saws. The initial dimensions of each
the FLIR imager in the opposite direction of the snowdrift,
den were approximately 1 × 1 × 2 m (figure 2). The dens
setting the emissivity to 1, adjusting to near focus, saving
were excavated 3 m apart (from edge to edge). We placed
an image, and using the box function to calculate an avera 200-watt ceramic heater in each den, simulating the heat
age temperature. In addition to air temperature and relative
generated by a denning polar bear (Watts 1983). We used
humidity, we recorded the wind speed and the temperature–
measuring sticks to monitor changes in den wall thickness
dew point spread (the dew point subtracted from the air
throughout the sampling period as snow depth changed
temperature) with the same weather meter, placed at the
because of wind and snowfall. Each measuring stick had a
100-m sampling location at the same height as the FLIR
stopper on the end inside the den that we pulled tight against
imager. The presence of precipitation was noted, and the
the inner wall after the dens had melted to a stable size and
solar radiation data were provided by a research weather
736 BioScience • August 2014 / Vol. 64 No. 8
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at each distance. The den wall thickness
was recorded by walking along the top
of the snowdrift and peering over the
side of the drift to view the measuring
stick protruding from each den. These
measurements were taken directly after
the conclusion of each sampling event
to ensure that the thermal properties of
the dens were not disturbed before or
during sampling. We never walked on
or otherwise disturbed the surface of the
drift being sampled.
After data collection, we downloaded the images and assigned each a
detectability score. We first determined
whether a hot spot was detectable to
the human eye in each sample image. If
it was not, the image was automatically
given a detectability score of 0. If a hot
spot was visible, we calculated the detectability score using FLIR Quick Report
(FLIR Systems), a software package used
to organize and analyze thermal images
taken with FLIR cameras. The software
Figure 2. Artificial snow den structure used to test the efficacy of handheld
features an area tool that highlights an
forward-looking infrared for detecting polar bear maternal dens. The shaded
area of interest and exports temperature
area represents snow cover. Abbreviation: m, meters.
data for each pixel. We created a rectangle that encompassed a typical hot spot
at each distance (26 × 41 pixels for 60 m, 21 × 28 for 100 m,
12 × 16 for 200 m). This rectangle was centered over each
hot spot and the pixel temperatures were exported for the
next step of the analysis. The mean background temperature
of the surrounding snowdrift was determined in the same
manner. To determine a detectability score for each hot
spot, we subtracted the mean background temperature of
the snowdrift from the temperature of each pixel within the
hot spot to calculate the total change in temperature for all
of the pixels within the hot spot, thus generating a sum total
temperature above background for each den image (i.e., the
detectability score).

Figure 3. Sampling time distribution in relation to solar
time used in forward-looking infrared sampling of
artificial dens.

station at BP’s F-Pad facility, 11 km from the study site, after
the handheld sensor that we were using had failed. The solar
sensors at the weather station were oriented horizontally,
not perpendicular to the frontal slope of the artificial dens,
but still gave consistent and reliable readings relative to the
solar radiation received at the den sites. Resting the imager
on posts marking each sample distance, we recorded images
http://bioscience.oxfordjournals.org

Statistical analysis
We were unable to identify the den’s hot spot (i.e., the detectability score was 0) in many images. As a result, we used
linear models with the zero-inflated negative binomial distribution for the error structure in our modeling. Advances
with linear models that use zero-inflated distributions (e.g.,
zero-inflated negative binomial or zero-inflated Poisson distribution) provide a solution to count data with excess zeroes
(Lambert 1992, Welsh et al. 1996). With these models, one
can evaluate the influence of explanatory variables on both
the count response and the probability of a zero count. Zeroinflated models estimate a point mass at zero in addition to
standard distributional estimates and have been successfully
used with ecological data in a variety of settings (Welsh et al.
1996, Martin et al. 2005, Arab et al. 2008). These methods
August 2014 / Vol. 64 No. 8 • BioScience 737
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Table 1a. Supported models (Wi > 0.01) for the detectability (count) analysis, artificial den forward-looking infrared
sampling at Prudhoe Bay, Alaska, March 2010.
Model number

Variables

AICc

ΔAICc

Wi

26

Precipitation, solar radiation, wind speed

468.65

0.00

0.74

28

Solar radiation, den wall thickness, wind speed

471.14

2.49

0.21

16

Precipitation, solar radiation

475.37

6.72

0.03

32

Precipitation, solar radiation, temperature–dew point spread

476.81

8.16

0.01

Abbreviations: AICc, Akaike’s information criterion adjusted for a small sample size; ΔAICc, the change in the AICc value compared with the top
model; Wi, the AICc weight.

Table 1b. Supported models (Wi > 0.01) for the distance analysis, artificial den forward-looking infrared sampling at
Prudhoe Bay, Alaska, March 2010.
Model number

Variables

AICc

ΔAICc

9

Precipitation, wind speed

794.80

0.00

0.15

1

Wind speed

794.86

0.06

0.15

10
8

Wi

Humidity, wind speed

795.59

0.79

0.10

Solar radiation, wind speed

796.42

1.61

0.07

23

Precipitation, temperature–dew point spread, wind speed

796.42

1.62

0.07

29

Humidity, precipitation, wind speed

796.61

1.8

0.06

11

Den wall thickness, wind speed

796.81

2.01

0.06

30

Precipitation, den wall thickness, wind speed

796.85

2.04

0.06

7
26

Temperature–dew point spread, wind speed

796.97

2.16

0.05

Precipitation, solar radiation, wind speed

796.98

2.17

0.05

24

Humidity, temperature–dew point spread, wind speed

797.55

2.75

0.04

31

Humidity, den wall thickness, wind speed

797.62

2.82

0.04

27

Humidity, solar radiation, wind speed

797.75

2.94

0.04

22

Solar radiation, temperature–dew point spread, wind speed

798.35

3.55

0.03

28

Solar radiation, den wall thickness, wind speed

798.42

3.61

0.03

25

Temperature–dew point spread, den wall thickness, wind speed

798.95

4.15

0.02

Abbreviations: AICc, Akaike’s information criterion adjusted for a small sample size; ΔAICc, the change in the AICc value compared with the top
model; Wi, the AICc weight.

reduce bias in the parameter estimates associated with large
numbers of zeroes.
To assess the influence of factors on detectability, we
used an information-theoretic approach, Akaike’s information criterion, adjusted for small sample size, to rank the
models (Akaike 1973, Burnham and Anderson 2002). We
constructed 40 models in total (table 1a and 1b) by including permutations of the six variables of interest (solar
radiation, wind speed, den wall thickness, relative humidity,
temperature–dew point spread, and the presence of precipitation) while excluding models with more than three
variables (the maximum allowable number of parameters)
and one model with a convergence error. We then averaged
over all of the models for each den using the MuMin package (http://cran.r-project.org/web/packages/MuMIn/index.
html) and the glmmADMB package (http://glmmadmb.
r-forge.r-project.org) in the R programming language (version 2.10.0, R Foundation for Statistical Computing, Vienna,
738 BioScience • August 2014 / Vol. 64 No. 8

Austria) to evaluate the direction and strength of associations between the explanatory variables and den detectability. We also used the pscl (http://pscl.stanford.edu), calibrate
(http://CRAN.R-project.org/package=calibrate), and MASS
(http://cran.r-project.org/web/packages/MASS/index.html)
packages in R to perform the analyses. This modeling was
performed only with the 100-m data. The images taken
from 60 and 200 m were used to analyze the effects of each
variable as distance increased.
As the sampling distance changed, variation in the detectability coefficients largely became a function of the number
of pixels within the standardized area-tool rectangle used
for each distance instead of actual trends. As a result, it
became necessary to exclude distance as a variable of interest in our modeling approach and to analyze it separately.
The same models and methods were used for this analysis
(table 1b), but it included only den images that contained
hot spots visible to the human eye (n = 102), so we did not
http://bioscience.oxfordjournals.org
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Figure 4. Detectability scores from the forward-looking
infrared imaging samples at a 100-meter distance.

include a zero-inflated portion in this modeling approach.
Forty-one models were included in this analysis. As the
distance increased between an artificial den and the FLIR
imager, the atmospheric effects also increased. To account
for this in our analysis, we compared declines in the actual
detectability score with the score declines that would be
expected without atmospheric effects. Because an image
taken at 200 m contains only 30% of the pixels that are contained in a 60 m image (60 ÷ 200), the detectability score at
200 m would be 30% of the 60 m score. To determine the
relative influence of atmospheric conditions, we calculated
the percentage of actual score decline compared with the
predicted score decline without atmospheric influence by
dividing the actual score decline (200 m score ÷ 60 m score)
by the predicted score decline (0.30). Therefore, a lower percentage would theoretically signify a greater effect of atmospheric conditions on the detectability of the hot spot. We
averaged over all of the models and assessed each variable
for significance (α = .05). We also analyzed the effect of den
wall thickness on detectability by regressing the detectability
scores and the den wall thickness to estimate the thresholds
of detection.
Modeling of covariates
Over a period of 19 days, we conducted 52 sampling sessions.
All three dens were measured during each sampling period.
The detectability scores ranged from 0 to 927, although 33%
of the sample images yielded a detectability score of 0. The
resulting frequency histograms of detectability scores were
typical of those associated with zero-inflated data (figure 4).
The solar radiation ranged from 0 to 320.3 watts per square
meter (W/m2), the wind speed ranged from 2.4 to 32.5 km
per hour, precipitation was present during 19 sampling
events, the relative humidity ranged from 68.8% to 86.2%,
the den wall thickness ranged from 30 to 80 cm, and the
temperature–dew point spread ranged from 0.5°C to 9.3°C
during the sampling period.
http://bioscience.oxfordjournals.org

After reopening the dens at the conclusion of the study, we
found that all three dens had melted out to similar volume
approximations (M = 3.32 m3, standard deviation [SD] =
0.14) because of heater effects and were within the range of
natural den chambers previously reported in the southern
Beaufort Sea and eastern Canada (Harington 1968, Durner
et al. 2003). In addition, we noted that a 2.5-cm-thick ice lens
had formed on the inner surface of each chamber, which also
occurs in actual polar bear dens (Harrington 1968, Durner
et al. 2003).
The best-fit model for detectability was the same for
each den and included solar radiation, wind speed, and the
presence of precipitation (table 1a). Wind speed was negatively correlated (p < .01) with detectability. Solar radiation was negatively correlated with detectability in den 1
(p < .01) but not in dens 2 and 3. The den wall thickness was negatively correlated with detectability in den 3
(p < .05) but not significantly in dens 1 and 2. The temperature–dew point spread and relative humidity were
positively correlated with detectability, but only the temperature–dew point spread correlation was significant
(p < .05) and only in den 1. In the zero-inflated portion of
this model, wind speed, solar radiation, den wall thickness,
and temperature–dew point spread were positively correlated with the probability of a 0 score. However, the only
variables for which there was a significant effect were solar
radiation (p < .01) in all three dens and den wall thickness
(p < .05) in dens 1 and 3. Thickness was strongly correlated
with detectability in den 2 (p < .1). Humidity and the presence of precipitation were negatively correlated with the
probability of obtaining a zero score, neither of which was
significant.
After averaging the coefficients of all three den analyses,
we found that there were significant effects for solar radiation, wind speed, and den wall thickness (table 2). Solar radiation negatively affected the detectability scores for the count
portion of the models (figure 5), with a 1-W/m2 increase
in solar radiation decreasing detection by a factor of 0.998
(p < .05). In the zero-inflated portion of the models,
solar radiation was positively correlated with obtaining a 0 score, with a 1-W/m2 increase in solar radiation
increasing the odds of a den receiving a 0 score (i.e.,
of not being detected) by a factor of 1.027 (p < .01).
Wind speed was negatively correlated with detectability in the count portion of the model (figure 6), with a
1-km-per-hour increase in wind speed decreasing den
detection by a factor of 0.954 (p < .01). Den wall thickness was positively correlated with the probability of a
0 score. A 1-cm increase in den wall thickness increased
the odds of a den receiving a 0 score by a factor of 1.485
(p < .05). We found the mean point of den wall thickness at
which the dens became undetectable to be 90 cm.
For the distance portion of the analysis, the best-fit model
included wind speed and precipitation. Wind speed was the
only variable that was significant (figure 7). It was negatively correlated with detectability and was included in all
August 2014 / Vol. 64 No. 8 • BioScience 739
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Table 2. Model-averaged coefficients with associated p-values from forward-looking infrared sampling of artificial
polar bear dens at Prudhoe Bay, Alaska, March 2010.
Count

Zero-inflation

Standard
error

z

p

6.54

0.57

17.54

<2e–16

Wind speed

–0.05

0.01

3.98

Solar radiation

–1.86e–03

0.00

2.10

Precipitation

Variable

Estimate

Intercept

Estimate

Standard
error

z

p

–6.61

9.27

0.97

<.01

0.04

0.12

0.37

.37
.71

<.05

0.03

0.01

3.08

<.01

4.33e–03

1.00

–0.16

0.19

0.77

.47

–22.61

5045.00

Temperature–dew point spread

0.09

0.05

1.78

.08

0.01

0.49

0.22

Humidity

0.85

2.82

0.30

.76

–22.28

21.07

1.01

.35

–0.04

0.03

1.30

.30

0.36

0.17

2.03

<.05

Den wall thickness

Figure 5. The relationship between solar radiation (in
watts per square meter) and den detectability for all three
dens at a 100-meter distance.

.83

Figure 7. The relationship between wind speed (in
kilometers per hour) and den detectability as distance
increased.
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16 supported models (table 1b; greater than 99% weight). A
1-km-per-hour increase in wind speed increased the spread
between the predicted and the actual detectability by a factor
of 0.404 (p < .01).
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Figure 6. The relationship between wind speed (in
kilometers per hour) and den detectability for all three
dens at a 100-meter distance.
740 BioScience • August 2014 / Vol. 64 No. 8

Conclusions
Amstrup and colleagues (2004) identified solar radiation,
airborne moisture, and temperature–dew point spread
as important factors in polar bear den detection using
aircraft-based FLIR. Our findings are similar with regard
to both solar radiation and temperature–dew point spread,
although we did not use airborne moisture as a metric.
Rather, we used precipitation (falling or suspended moisture) as one metric and wind speed, which accounts for
blowing snow, as another. We did not find precipitation
alone to have a significant effect in any of our models.
However, only light precipitation occurred during our sampling sessions, which probably limited our ability to evaluate its influence. Poor FLIR performance has been observed
during moderate snowfall in the attempted detection of
http://bioscience.oxfordjournals.org
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Figure 8. Infrared images of artificial dens at a 100-meter distance showing (a) sunny conditions, (b) windy conditions,
and (c) optimal conditions. Abbreviation: °C, degrees Celsius. Photographs: Rusty Robinson.

actual polar bear dens (Smith et al. 2007). Therefore, precipitation and its intensity should also be considered (Amstrup
et al. 2004).
Solar radiation and wind speed were the most important
factors influencing artificial polar bear den detection using
FLIR (figures 8–10). Of the den images in which the dens
were not detectable (n = 47), 94% had solar radiation greater
than 100 W/m2. Conversely, only 39% of detectable den
images (n = 109) had solar radiation greater than 0 W/m2.
Regardless of all other variables, 96% of the dens sampled
at night (n = 69) were detectable at some level. Den detectability scores were 2.7 times higher in hours of darkness
than when sunlight was present. Because of convection and
blowing ground snow (i.e., wind-driven snow close to the
ground), wind had a negative effect on den detectability
in general and as horizontal distance to the den increased
in particular. However, detectability as vertical distance
increases may not be affected by wind as much as it is with
horizontal increases. Imagers on the ground are subject to
compounding ground snow particles as distance increases,
whereas an aircraft-based imager may be subject only to the
blowing snow directly over the den. Even if this is the case,
convection and the constantly moving particles will still
have a negative effect on detection, and we recommend that
windy conditions be avoided altogether, regardless of the
imaging platform.
Ice lens formation on the inner surfaces of natural polar
bear dens has been reported (Harington 1968, Durner et al.
2003), but polar bears will usually scrape at the walls and
ceilings with their claws, leaving little if any ice. The influence of ice on den detectability was not tested, but, because
den wall thickness had a significant effect in the zeroinflated portion of our modeling, it is possible that ice also
has an effect on detectability. This could result in a difference
in heat dissipation relative to natural dens. In spite of this
concern, we think that our artificial dens simulated real dens
adequately to evaluate useful detection methods. Specific
thresholds may need further testing.
http://bioscience.oxfordjournals.org

The snow depth above the chamber of a polar bear den
can vary greatly (M = 72 cm, SD = 87) and has been measured up to 400 cm (Durner et al. 2003). This suggests that
a large portion of dens have wall thicknesses greater than
90 cm and would probably go undetected regardless of
survey conditions. During the course of this study, den wall
thickness fluctuated as much as 16 cm with changing wind,
and a single windstorm before the study began added 4 horizontal meters and 2 vertical meters of snow to our sample
snowdrift. We recommend conducting FLIR surveys as early
as possible in the denning period, when the snow depth over
dens is expected to be at winter minimums (Uspenski and
Kitchinski 1972).
In order to reach maximum detectability (in the top
10% for each den at 100 m), we recommend that managers
tasked with locating polar bear dens using handheld FLIR
do so between dusk and dawn when the wind is slower than
10 km per hour. The mean solar radiation for the top 10%
of the detectability scores was 16 W/m2, with all but one
top score occurring at night. If surveys must be conducted
during daylight hours, time periods near dawn or dusk with
heavy cloud cover should be sought in order to minimize the
effects of solar radiation. Although all of our measurements
were collected on the ground, they largely corroborate past
work (Amstrup et al. 2004) and our observations with aerial
FLIR. Our findings here probably apply to aerial FLIR, as
well. We think that by following these recommendations,
polar bear den detection will be optimized, thus will potential negative impacts associated with the interactions of denning polar bears and industry be avoided.
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