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GRAPHICAL ABSTRACT

* We use the Delphi method to define
polar bear (Ursus maritimus) health.

* We identify challenges in measuring
health and outline health metrics.

« Health is defined by characteristics and
knowledge at multiple levels.

« Fifteen metrics were identified to mon-
itor polar bear health.

* A cumulative effects approach could
provide measureable conservation
objectives.

A holistic approach to defining polar bear health and its determining
factors to support circumpolar conservation goals and priorities.
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The meaning of health for wildlife and perspectives on how to assess and measure health, are not well character-
ized. For wildlife at risk, such as some polar bear (Ursus maritimus) subpopulations, establishing comprehensive
monitoring programs that include health status is an emerging need. Environmental changes, especially loss of
sea ice habitat, have raised concern about polar bear health. Effective and consistent monitoring of polar bear
health requires an unambiguous definition of health. We used the Delphi method of soliciting and interpreting
expert knowledge to propose a working definition of polar bear health and to identify current concerns regarding
health, challenges in measuring health, and important metrics for monitoring health. The expert opinion elicited
through the exercise agreed that polar bear health is defined by characteristics and knowledge at the individual,
population, and ecosystem level. The most important threats identified were in decreasing order: climate change,
increased nutritional stress, chronic physiological stress, harvest management, increased exposure to contami-
nants, increased frequency of human interaction, diseases and parasites, and increased exposure to competitors.
Fifteen metrics were identified to monitor polar bear health. Of these, indicators of body condition, disease and
parasite exposure, contaminant exposure, and reproductive success were ranked as most important. We suggest
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where 1 meant little to no agreement and 10 meant perfect agreement)
and an open-ended follow-up question. Participants were also encour-
aged to provide additional comments if desired.

The second round of the Delphi exercise included aggregated results
from the first-round questionnaire and a new set of questions. Second-
round questions were closed-ended with scalar responses and one
check-all-that-apply question. Participants were encouraged to provide
comments regarding the aggregated results and to provide additional
information or justification for their responses. Both rounds of the ques-
tionnaire focused on the four major topics in the subheadings below.

2.2. Defining polar bear health

The first-round questionnaire included the summary statement of a
previous Delphi exercise involving wildlife health professionals to de-
fine “wildlife health” for the purposes of guiding wildlife health man-
agement (Hanisch et al., 2012). The summary statement from that
study was: “Wildlife health is a multidisciplinary concept and is con-
cerned with multiple stressors that affect wildlife. Wildlife health can
be applied to individuals, populations, and ecosystems, but its most im-
portant defining characteristics are whether a population can respond
appropriately to stresses and sustain itself.” Participants were asked to
indicate on a scale of 1 to 10 how well the definition by Hanisch et al.
(2012) applies to polar bear health (anchored by 1 = “little agreement
with the definition of wildlife health, and not at all applicable to polar
bear health” to 10 = “the definition of wildlife health applies exactly
to polar bear health without change”). If they responded with a score
less than 10, participants were asked in a follow-up question to specify
what should be changed to improve the definition.

In the second round, participants received descriptive statistics sum-
marizing the expert group's level of agreement with the wildlife health
definition, and they were provided with a condensed list of 17 proposed
changes to the definition. For each of the proposed changes, participants
were asked to rate whether the change would “improve,” “decrease,” or
“neither improve nor decrease” their level of agreement with the defini-
tion of polar bear health.

2.3. Identifying the most significant concerns to polar bear health over the
next 20 years

Participants were asked in the first round to identify what they con-
sider to be the most significant concerns to polar bear health over the
next 20 years. Central themes and concepts which emerged from the
first-round responses were summarized into a list of eight concerns.
In the second round, participants were asked to rate each concern on
a 10-point scale, where 1 = “little to no importance,” 5 = “somewhat
important,” and 10 = “upmost importance.”

2.4. Monitoring polar bear health: current efforts, knowledge gaps and
potential challenges

In the first round, participants were asked if adequate effort is
currently being devoted in monitoring polar bear health. Responses
were summarized as percentages for “yes,” “no,” and “not sure/did not
clarify” categories. Although not explicitly requested in the first-round
questionnaire, all participants provided comments or justification
to substantiate their responses. These qualitative responses were sum-
marized into 16 themes regarding the obstacles and important knowl-
edge gaps in monitoring health in polar bears. In the second round,
participants were asked to indicate their agreement with a check-all-
that-apply for each of the 16 categories that represent the overarching
requirements needed to adequately assess and monitor polar bear
health.

2.5. Important metrics and critical indicators to monitor polar bear health

Concurrent to defining polar bear health, participants were asked in
the first round to identify the most important metrics or critical indica-
tors to monitor health in polar bears. A condensed list was then devel-
oped of 15 important metrics and indicators. In the second round
participants were asked to rate the level of importance of each metric/
indicator on a scale of 1 (“little to no importance”) to 10 (“extremely
important”).

3. Results

Fifteen experts were invited to participate in the Delphi exercise. Of
these, 14 agreed to participate, and 13 of the 14 experts completed both
the first- and second-round questionnaires. Experts represented four
countries, had expertise on eight polar bear subpopulations, and includ-
ed affiliates of government agencies, research or academic institutions,
and nonprofit organizations with backgrounds in biology, ecology, and
veterinary medicine.

3.1. Defining polar bear health

In the first round, the mean level of agreement among experts on the
application of the definition of wildlife health reported by Hanisch et al.
(2012) to polar bear health was 8.08 on a scale of 1 to 10 with 10
representing strong agreement (median = 8.5, mode = 10, range =
4-10). The proposed changes to the definition made by experts in the
first round were summarized into 17 statements for rating in the second
round. The proposed changes related to several broad categories:
(1) the scale of the definition from individual to populations to the
ecosystem level and whether or not the definition should focus on anin-
dividual or on a population, (2) terminology, for example use of
“stressors” versus “factors,” and (3) the level of specificity of the defini-
tion in describing physiologic effects versus a broader description of the
cumulative effects on the health status of polar bears (Supplementary
material Table S1).

Most participants agreed that the scope of the definition should in-
clude the concepts of populations and ecosystems (e.g., 10/13 said
that deleting “populations and ecosystems” would decrease their level
of agreement) and disagreed with proposed changes to focus on indi-
viduals versus the population (8/13). Of the participants, 62% thought
that changing “stressors” to “factors” would improve the definition
(decrease: 0%, neither: 38%). Most participants preferred to keep the
words “sustain itself” in the definition (69% indicated that removing
the words would decrease their agreement), and expand upon that
statement to say “long term” (improve or neither: 77%). Generally, pro-
posed changes supported including holistic effects on polar bears
(e.g., including environmental factors in the definition).

Based upon the second-round ratings and written comments in the
first and second rounds, a revised definition of polar bear health result-
ed from the Delphi exercise: “Polar bear health is a multidisciplinary
concept and is concerned with multiple factors that affect polar bears.
Polar bear health can be applied at the individual, species, and ecosys-
tem levels, but its most important defining characteristics are whether
a population can respond to factors in its environment and sustain itself
long term.”

3.2. Identifying the most significant concerns to polar bear health over the
next 20 years

Eight major themes in three broad categories (biological, social, and
ecological) emerged from the first-round questionnaire, where respon-
dents identified the most significant concerns to polar bear health over
the next 20 years (Table 1). Among the concerns identified, environ-
mental change and related effects were mentioned by all 13 respon-
dents. In the second round, respondents were asked to rate each of
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Table 1

Condensed list of themes and sub-themes, the number of experts that identified each theme, and the rank, from the first round in response to the question, “In your opinion what will be
the most significant concerns to polar bear health over the next 20 years?” The number of experts that identified each theme is provided in parentheses (n = 13).

Theme Sub-theme

No. of experts identifying  Rank
the theme (n)

Loss of sea ice
Habitat loss

Climate change

Diseases and parasites Emerging diseases
Exposure to pathogens
Susceptibility

Diversity of pathogens

Increased exposure to contaminants
Increased nutritional stress
Increased frequency of human interactions

Due to industrialization
Due to tourism
Human-bear conflict

Harvest management
Chronic physiologic stress
Increased exposure to competitors

Brown bears (Ursus arctos)

Decreased access and availability of prey
Increased energy costs/constraints associated with increased movement in search of prey

13 1
8 2
7 3
5 4
5 4
3 5
2 6
1 7

the eight themes on a scale of 1 (little to no importance) to 10 (upmost
importance). “Climate change” was identified as the most important
concern, with a mean score of 9.58 (median = 10) (Fig. 1, Supplemen-
tary material Table S2). “Increased nutritional stress” (mean = 8.58)
and “chronic physiologic stress” (mean = 6.55) received the next
highest mean scores. “Increased exposure to competitors” received the
lowest mean importance (mean = 2.00) with 11 of 12 respondents giv-
ing the theme the lowest (or tied for lowest) importance of the eight
themes scored.
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Fig. 1. Important concerns to polar bear health, grouped into 3 categories—biological, so-
cial, and ecological—depicted by the concentric circles. The 8 central themes listed within
the figure are topics which emerged from first-round questionnaire responses about con-
cerns to polar bear health over the next 20 years. The means of the second-round ques-
tionnaire scores are given in parentheses where respondents rated each concern on a
scale from 1 to 10 where 1 = “the concern is of little to no importance to polar bear health
over the next 20 years” and 10 = “the concern is of utmost importance to polar bear health
over the next 20 years.” The background represents the circumpolar distribution of polar
bear subpopulations. The figure intends to illustrate the complexity and interrelatedness
of the concerns to polar bear health across multiple levels and to emphasize the impor-
tance of integrated monitoring of health determinants across subpopulations.

3.3. Monitoring polar bear health: current efforts, knowledge gaps and
potential challenges

In the first round, participants were asked to indicate if adequate ef-
fort is currently being devoted to monitoring polar bear health. Over
half of the respondents (62%) said that adequate effort is not being de-
voted to polar bear health. Only one participant (8%) responded that ad-
equate effort is being devoted to monitoring polar bear health but with
caveats, and approximately one-third of respondents (31%) indicated
that they were either not sure or they provided comments but not a de-
finitive yes/no response. Several respondents answered that globally
adequate effort is not being devoted to monitoring polar bear health,
but that in some cases local sample collection for certain aspects of
health (e.g., contaminants) is taking place.

Comments and justifications provided to corroborate responses
in the first round were summarized into 16 needs and statements
(Table 2). In the second round, participants were asked to indicate
whether or not they agreed with each of the 16 themes. All 13 respon-
dents agreed that the following needs exist: (1) systematic and
standardized monitoring and data collection to allow for comparisons
across populations, (2) examination of the effects of health factors
(not just characterization), and (3) cooperation, collaboration, and
communication across regions (i.e., a circumpolar effort) (Table 2). Of
the 16 first-round summary statements, the need to investigate safety
for human consumption, received the lowest percentage agreement
(15%).

3.4. Important metrics and critical indicators to monitor polar bear health

Fifteen important metrics or critical indicators to monitor polar bear
health were summarized from participants’ qualitative responses to the
first-round questionnaire (Table 3). The indicators/metrics most fre-
quently identified included “body condition metrics” (10 of 13 respon-
dents), “diseases and parasites,” and “contaminant load or exposure”
(each identified by 8 of 13 respondents). In the second round, partici-
pants were asked to indicate on a scale of 1 (little to no importance)
to 10 (extremely important) the level of importance of each of the
metrics/indicators to monitor health in polar bears. The highest mean
levels of agreement included “body condition metrics” (mean = 9.82),
“measures of reproductive success” (mean = 8.91), “survival”
(mean = 8.82), and “morphometric measurements” (mean = 8.60).
“Nutritional deficiencies” (mean = 3.30) had the lowest mean level of
agreement (Table 4).
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Table 2

Collated list of comments and justifications from the first round given to support a “yes,” “no,” or “not sure” response to the question, “Is adequate effort currently being devoted to mon-
itoring polar bear health?” with the number of experts that identified each theme indicated in parentheses. For each of the first round themes, the percentage (and number) of respondents
who in the second round agreed that the topic represents the overarching need to adequately assess and monitor polar bear health.

Knowledge gaps and needs to adequately assess and monitor polar bear health (number of respondents) Percent agreement
(number of respondents)

A need exists for systematic and standardized monitoring and data collection to allow for comparisons across populations. (6) 100% (13)
A need exists to examine the effects of health factors (e.g., climate change, contaminants, diseases) not just characterize them. (4) 100% (13)
A need exists for cooperation, collaboration, and communication across regions (i.e., a circumpolar effort) in order to monitor polar bear health. (4) 100% (13)
A need exists to integrate information and expertise from various disciplines in order to adequately study polar bear health (e.g., climate, disease, 92% (12)

ecology, contaminants). (2)
A need exists for comprehensive health assessments (i.e., collect samples and interpret results concurrently from a suite of tests and measurements). (2) 85% (11)

Funding and support is needed to focus on health-related questions. (1) 85% (11)
A need exists for long-term health monitoring projects. (2) 77% (10)
Individual polar bear capture should be supported for adequate data collection. (1) 69% (9)
A need exists to study susceptibility to disease. (2) 69% (9)
An overall need exists to focus research efforts on polar bear health. (1) 54% (7)
A need exists to monitor ecosystem health. (1) 54% (7)
A need exists to study the adequacy of the food supply. (1) 38% (5)
A need exists to study population sustainability. (1) 38% (5)
A need exists to investigate the effects of hunting. (1) 31% (4)
Intentional avoidance of adequate health monitoring in polar bears may be taking place. (1) 23% (3)
A need exists to investigate hunter harvest safety 15% (2)

(i.e., safety for human consumption). (1)

4. Discussion imminent animal health events (Stephen, 2014). The idea of health as
the absence of disease is antiquated. The concept of health in the

Wildlife health research, to date, has mostly been reactive and human medical field has long since moved past the disease-centric def-
disease-centric, with an emphasis on responding to existing or inition and has adopted a view of health as a cumulative effect that is a

Table 3
Condensed list of themes and sub-themes, the number of experts that identified each theme, and the rank, from the first round in response to the question, “In your opinion what would be
important metrics or critical indicators to monitor health in polar bears? “(n = 13).

Theme Sub-theme No. of experts identifying the theme (n)  Rank
Body condition metrics « Visual observation 10 1
 Condition index
* Mass
« Fat thickness

Fat cell lipid content

Bioelectrical impedance

Energy density

Diseases and parasites 8 2
Contaminant load or exposure Organic pollutants 8 2
Heavy metals

Tissue samples

Litter production rates 6 3
Litter size

Age-specific

Denning distribution and success

Presence and frequency of reproductive malformations

Measures of reproductive success

Survival « Age-specific 5 4
« Sex-specific
Stress response * Hair cortisol levels 5 4

Tissue samples
Heat shock proteins

Population trends « Size and composition 4 5
« Sex, age, reproductive status

Morphometric measurements « Zygomatic width 4 5
« Skull length

Ecologic metrics « Sea ice monitoring 3 6

Timing of sea ice break-up
Amount of summer sea ice
Bioclimate metrics

Integrative monitoring programs that include:  + Environmental factors 2 7

 Climate, disease

 Health

» Reproductive success

« Survival
Immune function 2 7
Necropsy/pathology 2 7
Tissue measurements for health « Health of individual bears and health as a human subsistence resource 2 7
Nutritional deficiencies * Vitamins 1 8

Trace minerals
Distribution and habitat use 1 9
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Table 4

Condensed list of important metrics and indicators to monitor polar bear health enumer-
ated in the first round questionnaire, and the mean, median, and range of the second
round scores rating each metric/indicator on a scale of 1 to 10 where 1 = “the metric is
of little to no importance to monitor polar bear health” and 10 = “the metric is of utmost
importance to monitor health in polar bears.”

Important metrics and critical indicators to
monitor health in polar bears

Level of agreement on a 10-point
scale with 10 indicating utmost

importance

Mean Median Range
Body condition metrics 9.82 10.00 8-10
Measures of reproductive success 8.91 10.00 5-10
Survival 8.82 10.00 5-10
Morphometric measurements 8.60 10.00 3-10
Population trends 8.09 10.00 5-10
Ecologic metrics 7.64 8.00 1-10
Integrative monitoring programs’ 7.20 7.50 1-10
Stress response 6.55 5.00 4-10
Disease and parasite exposure or status 6.45 7.00 3-10
Necropsy/pathology 6.30 6.00 3-10
Contaminant load or exposure 6.09 6.00 3-9
Distribution and habitat use 5.60 4.00 1-10
Immune function 545 5.00 2-9
Tissue measurements for health 4.10 5.00 1-9
Nutritional deficiencies 3.30 3.00 1-5

! E.g., A program that studies the effects of multiple stressors by integrating research
groups from different disciplines.

product of biological, social, and environmental factors. Wildlife health
is just beginning to be re-framed from the view of health as absence of
disease to being characterized in the context of vulnerability and resil-
ience (Hanisch et al., 2012; Stephen, 2014).

One objective of this exercise was to propose a working definition of
polar bear health to support the development of measureable standards
of health and the establishment of meaningful programs to monitor
polar bear health. In general, there was good agreement among the ex-
perts regarding the definition that was established through the Delphi
exercise. One area of debate was concerned with the scope of the defini-
tion—for example, if it should focus on the individual, population, or
ecosystem. Ultimately, the resulting definition articulated that “polar
bear health can be applied at the individual, population, and ecosystem
levels.” The level to which health should be applied is a relatively new
concept for animal health but it is one that is being more frequently
discussed. For example, a recent Delphi exercise to define “wildlife
health” considered populations to be the most important scale, al-
though it was reported that participants in that exercise debated on
the focus of the definition of “wildlife health” (Hanisch et al., 2012).
Similarly, Stephen (2014) describes wildlife health as the result of
interacting biological, social, and environmental factors. The definition
of polar bear health is explicitly holistic in that it recognizes the impor-
tance of viewing health as a product of behavioral and physiological
responses to changing environmental conditions and the many
interacting factors that could affect the vulnerability and sustainability
of the species.

Climate change was most frequently identified as a concern to polar
bear health over the next 20 years. Climate change and other ecological
factors (increased nutritional stress and chronic physiologic stress)
ranked as the top three concerns to polar bear health. The five most im-
portant indicators to monitor polar bear health included direct mea-
surements of health obtained through population dynamics studies
(e.g., metrics of survival and reproduction), with “ecological metrics”
ranking sixth on the list. It is important to consider the results of the Del-
phi in aggregate. For example, do the identified indicators adequately
measure the effects of the top concern, climate change, on polar bear
health? A substantial amount of the current polar bear research is relat-
ed to population ecology studies (e.g., Vongraven et al., 2012), and the
generated list of indicators important for health closely aligns with
data collected for those studies. It is possible that these data best reflect

polar bear health, but it is also important to consider that the results of a
Delphi exercise inherently reflect the specialties represented on the
panel (Goluchowicz and Blind, 2011; Hus and Sandford, 2007). In this
study, the expert group included polar bear biologists studying primar-
ily at the population-level. Some experts commented that certain as-
pects of health and assessment methodologies are outside their area
of expertise. Others said that in some cases technology to monitor
health in polar bears is unavailable, and in other cases the data and
tools might be available to measure health but the capability and knowl-
edge to integrate them may not be. Input from other groups and
disciplines, for example subsistence users, Arctic village citizens, physi-
ologists, veterinarians, or climate scientists, may have introduced
alternative viewpoints, changing the indicators and their rankings. Ad-
ditionally, responses may have varied if the indicators were identified
after establishing the working definition of polar bear health rather
than concurrently. This exercise underscored the challenges in charac-
terizing the complex relationships between potential health indicators
and health outcomes. The proposed list could be used as a basis to fur-
ther explore these topics.

The Delphi approach is a commonly used group process method
with several recent applications in the field of animal health
(e.g., Hanisch et al., 2012; Wendholt et al., 2012). Expert participation
in both surveys was high. The use of the Delphi process likely removed
potential obstacles to participation such as language barriers and time
zone differences, improving response rates and reducing regional bias.
Collaborative approaches which minimize obstacles to participation,
such as the Delphi, can be helpful to effectively address multidimen-
sional issues, such as wildlife health. However, group elicitation tech-
niques may identify as many new questions as they resolve. This
result can be seen as a benefit for developing fields exploring new direc-
tions or trends. Conversely, a limitation of remote panel processes such
as the Delphi is the restricted opportunity to discuss emerging themes.
Expanding on these new questions may require follow-up panels, liter-
ature reviews, or new research efforts.

One example of an emerging theme was that a need exists to move
beyond characterizing health factors and to improve our understanding
of the effects on population vital rates, including the interactive effects
between factors such as climate change and contaminants and disease
exposure. Likewise, a need exists to integrate information and expertise
from various disciplines in order to adequately study polar bear
health—for example, linking the monitoring of health and environ-
mental metrics, and relating that interaction back to population
dynamics. These themes have recently been explored conceptually
(e.g., Acevedo-Whitehouse and Duffus, 2009; Sonne, 2010); however,
putting these concepts into practice is challenging as the links between
polar bear data and information from other disciplines are not clear.
Considering these complexities and the methodological approaches to
address them was beyond the scope and aims of the exercise, but this
emerging topic is a critical one that could be developed though group
decision making processes or other studies.

4.1. Considerations

The linkages between rapid environmental change and negative
consequences for polar bears have sparked concern about the effects
that such changes may have on the health of this ice-adapted Arctic spe-
cies. Understanding the response of polar bear subpopulations to these
changes may be important in meeting the conservation needs of this
species, particularly if changes act synergistically with habitat loss to ad-
versely influence population dynamics. However, it is currently un-
known whether or not and to what extent environmental changes
will affect polar bear health and subsequently conservation. Rather
than being reactive to an urgent conservation need, this exercise was
intended to serve as a starting point from which to conceptualize
polar bear health and how it might be measured within the context of
environmental change.
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Polar bears are a sentinel species in the Arctic ecosystem through
which the cumulative effects of current and future stressors may be
studied (Stirling and Derocher, 1993; Vongraven et al., 2012). Cumula-
tive effects studies explore the impact of independent and interacting
risk factors from multiple sources (Moore and Huntington, 2008;
Ragan et al., 2008). These changes can be a result of natural or anthropo-
genic pressures that are individually minor but could collectively be sig-
nificant over time. The working definition of polar bear health could
represent the first step towards characterizing a cumulative effects
framework to study the vulnerability and resistance of the species. We
propose as a next step towards a cumulative effects framework, that
the information collected in the Delphi exercise be further explored to
identify several key variables that reflect the working definition of
polar bear health. This could be accomplished in part through
decision-science methods involving experts from a broad range of disci-
plines. These variables might then form the basis to create a validated
framework for measuring and assessing polar bear health that considers
the biological, ecological, and social determinants of health and pro-
motes collaboration in health monitoring across subpopulations.

5. Conclusions

The Delphi exercise highlighted a need for an integrated, circumpo-
lar, approach to better understand the response of polar bear subpopu-
lations to the accumulating challenges of natural and anthropogenic
change. Examining data in isolation fails to monitor the cumulative im-
pact that these changes may have on polar bear health and conserva-
tion. Developing a holistic understanding of the responses of polar
bear subpopulations to these challenges is vital in order to meet the
growing conservation needs of the species.
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