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Abstract Many papers have addressed the differing ap-
proaches to observation by scientists collecting instrumented
data and by community or local knowledge-based observa-
tions. Integrating these ways of knowing is difficult because
they operate at different scales and have different goals. It
would benefit both scientists and communities to integrate
community-based observations and instrumented data, despite
obstacles, because it would expand scales of observation and
because gauged data in the Arctic are sparse. This requires
development of a protocol to integrate these knowledge sys-
tems to maximize reliability and validity. We used survey data
from a community-based observing network in the Bering Sea
and examined the correspondence of community-based obser-
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vations with instrument-derived data for air temperature, sea
ice break-up and freeze-up, and vegetation changes. Results
highlight that there is a high correspondence between
community-based observations for sea ice and vegetation
change and instrumented data, but there is an inherent conflict
in scales of observation for air temperature data. This helps to
elucidate the benefits of community-based observing as a pro-
cess for understanding and responding to change in the Arctic.
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Introduction

The Arctic is at the forefront of environmental change. Due to
shrinking ice coverage (e.g., Stroeve et al. 2012), the region
experienced its first successful cruise ship navigation last year
(Zak 2016). Global surface temperature records (measured
from 1880) and Arctic sea ice extent both broke records in
the first 6 months 0f 2016 (Lynch 2016). It is unknown wheth-
er these conditions represent a new normal, but change is
occurring quickly in the Arctic. This highlights the critical
need to document and monitor physical and biological indica-
tors at a variety of spatial scales to better contextualize change
relative to natural variability.

Instrument-derived data (IDD) covering the Arctic is
limited due to the immense geographic area and relative
sparseness of long-term IDD networks, which leads to
inability to reliably monitor changes at the community
scale. Instrument-derived data experience other challenges
including that stations are often located for easy access, or
to serve dual purposes (e.g., monitoring weather for air
traffic), not to maximize spatial representativeness.
Gauges can be inaccurate; for example, precipitation mea-
surements can be biased when precipitation falls as snow,
resulting in under-estimation of amounts (Kane and
Stuefer 2015). Field research is often limited to summer
or fall and typically for short time periods (Eicken and
Lee 2013). Station-based observations are advantageous
as they provide an in situ measure; however, changes in
instrumentation, in observing practices, and movement of
the station itself can lead to uncertainty in measurement,
resulting in potential challenges in quantifying changes
through time (e.g., Karl and Williams 1987). Often, re-
cords do not extend far back in time (National Research
Council 2006).

Satellite data is increasingly utilized to fill gaps, but cover-
age over the Arctic is less robust than that in other regions
(Magnuson 2014) and accuracy of satellite records is also
challenged by satellite drift, varying times of orbits, cloud
cover, and issues with algorithms used to convert data
(Achard et al. 2001; Wentz and Matthias 2000). Thus, there
are challenges with using instrument-derived data, especially
data at fine scales in high latitudes (Alexander et al. 2011).

One would expect small communities who are highly de-
pendent on resources that they gather locally, to relatively
accurately perceive environmental conditions that affect the
location, availability, ability to access, and condition of the
resources they gather (Klein et al. 2014; Jolly et al. 2002).
Perceptions are likely honed over many years of traveling
throughout their environment and observing the most produc-
tive areas and circumstances for gathering resources (Alessa
et al. 2016a; Fernandez-Llamazares et al. 2015). These com-
munities probably exhibit behavior consistent with optimal
foraging theory (Raichlan et al. 2014). Alaska and the Arctic
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are populated with many communities that meet these criteria,
including those who collaborated in this study. We refer to
observing programs in these communities, which are orga-
nized to systematically collect and document observers’ rec-
ollections of change, as community-based observing networks
and systems (CBONS) (Alessa et al. 2016b).

We propose that integrating CBONS into existing observ-
ing systems across the Arctic in a human sensor-array, and
coupling them with instrumented records, would improve
our collective abilities to understand and respond to changes,
particularly at local scales (Eicken and Lee 2013). Observing
networks are currently used to record Arctic events and chang-
es as part of scientific monitoring efforts (Alessa et al. 2016b).
In Alaska, networks include, but are not limited to the Arctic
Ocean Observing System, the Global Ocean Observing
System, the Arctic Observing Network, and the Sustaining
Arctic Observing Network (Alaska Ocean Observing
System 2016). Including observations from local communi-
ties organized as CBONS can provide data at local scales to
complement the relatively sparse IDD and serve some of the
needs of scientists and the communities.

Humans as observers

Many scientists exhibit a level of distrust of observational data
(Berger et al. 2009; Dickersin and Berlin 1992). Indeed, our
perceptions are not an accurate representation of objective
reality (Stefanucci and Proffitt 2009; Witt and Dorsch 2009),
and perceptions are limited in time and scope (Hoffman et al.
2015). Studies suggest that our perceptions are biased by at-
tending to information that supports our worldview and
discounting information that contradicts it (Lavie et al.
2004). We assess options based on prior experience (Pachur
et al. 2012). There is significant feedback between our expec-
tations and our perceptions (Clark 2013). Perceptions are a
complex interaction among the observer, the environment,
and the social context in which an observer is found
(Stefanucci and Proffitt 2009; Witt and Dorsch 2009;
Hoffman and Prakash 2014). Finally, perceptions are stored
as memories and memories are modified each time we retrieve
them. These modified memories are used to categorize and
respond to current perceptions (Marsh 2007).

It is important to acknowledge the limitations and
benefits of both instrumented data and CBON observa-
tions. Ideally, all data collection should be assessed to
increase the reliability and validity of the data. There is
a long tradition in the scientific community of calibrat-
ing instruments to increase their accuracy (Csavina et al.
2017; Gupta 2012). If we can understand how best to
calibrate human observations, it could be possible to
combine observations to provide the most complete
and accurate representation of change.
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The communities who collaborated in our study and local
place-based knowledge (Indigenous knowledge
and traditional ecological knowledge)

The Bering Sea Sub-Network (BSSN) and its successor,
Community Observing Network for Adaptation and Security
(CONAYS), is composed of eight communities bordering the
Bering Sea in the Russian Federation and Alaska, USA. The
Russian CONAS communities who collaborated in this study
are Nikolskoye (Western Aleut/Unangas), Tymlat (Koryak),
and Kanchalan (Chukchi); in Alaska, participating communi-
ties included Gambell (Siberian Yupik), Savoonga (Siberian
Yupik), Togiak (Central Yup’ik), and Sand Point (Eastern
Aleut/Unangan). CONAS is a partnership of communities
across the Bering Sea to collect information for the purposes
of adaptation, decision-making, and development of a
community-based early warning system (CONAS n.d.). The
location of these communities is depicted in Fig. 1 below.
These communities are predominantly Indigenous and
have long traditions of gathering food from their environment
primarily because of the cultural importance of subsistence,
but also because of the prohibitive cost of transporting food

Fig. 1 Map of members of the
Bering Sea Sub-Network (now
CONAS) who collaborated in this
study and location of two com-
munities in which air temperature
stations are located
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plants for food (Alaska Department of Fish and Game 2016).
Use of subsistence foods is estimated to range from 80 to
500 Ib per capita per year (Alaska Department of Fish and
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place-based knowledge (LPBK) that also incorporates
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Indigenous knowledge. In this paper, because of the demo-
graphics of the communities included in the study, we use the
terms community-based knowledge and local place-based
knowledge synonymously, and we refer to this knowledge
as community-based observing (CBO). Community-based
observing and Western science are similar because both are
based on an accumulation of observations. Descriptions of
CBO vary, but most include (1) detailed systematic observa-
tions of the environment of a specific place through direct
interaction, (2) an active process that includes new informa-
tion and knowledge handed down through generations by oral
transmission (i.e., narrative teaching) (United Nations 2008;
Ramnath 2014; Smith et al. 2014), and (3) a holistic under-
standing of ecosystems and interactions with human socio-
economic systems (Berkes et al. 2000). Unlike instrumented
data, CBO is not often committed to writing and time scales
span human generations.

Fienup-Riordan and Carmack (2011) define Western sci-
ence as (1) investigations based on the scientific method, (2) a
body of techniques for formulating and testing hypotheses,
and (3) based on systematic observation, measurement, and
experiment. Scientists typically view Western science as ana-
lytical, reductionist, positivist, objective, and quantitative
(Fienup-Riordan and Carmack 2011; Ramnath 2014). In this
paper, following Alexander et al. (2011), we define Western
science as “a set of statistically analyzed data or instrumental
records . . . that can be empirically measured and that demon-
strate acceptable levels of reliability and validity” (p. 477).
The data are sometimes available on websites and often in
scientific journals.

In a changing Arctic, CBO has much to offer, although
integration with Western scientific approaches can be difficult
because of issues associated with data types and interoperabil-
ity as discussed below. The challenge of integrating these two
ways of knowing has led to the underutilization of CBO
(Huntington et al. 2004). Nonetheless, CBO has made contri-
butions to place-based adaptation research by elucidating vul-
nerability to environmental change and exploring appropriate
adaptive actions and interventions (Pearce et al. 2009;
Brubaker et al. 2011; Collings 2011; Ford and Pearce 2012),
among other uses and goals.

Community-based observations of change in the Arctic

In this study, we assumed that observers who rely on the land
and sea for their food may be particularly adept at observing
and reporting complex ecological systems (Smith et al. 2014).
Only a few studies have compared community-based obser-
vations to IDD. An understanding of the circumstances under
which community-based observations are better measures of
change would be beneficial in the continued use and evolution
of CBONS as well as in understanding what role CBONS can
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play in documenting change in the vast geographic area of the
Arctic.

Studies that have compared IDD and CBO include that of
Prno et al. (2011) who found agreement between scientific
literature related to trends in temperature and precipitation
and observations of changes to sea ice by residents of
Kugluktuk, Canada. Fienup-Riordan and Carmack (2011)
documented a correspondence between Western studies and
traditional ecological knowledge understanding of the re-
sponse of sea ice to ocean waves, swells and tides, the forma-
tion of shore ice and ice piles, and changes in timing of break-
up and freeze-up in villages along the west coast of Alaska.
Inuit elders in the Foxe Basin, Canada, characterized the sum-
mer ice conditions and late freeze-up of 2006 as being
“unprecedented in living memory” and instrumented records
supported both observations (Ford et al. 2008). Weatherhead
etal. (2010) examined a 50-year record of temperature data in
the Clyde River/Baker Lake region of Nunavat, Canada,
confirming local residents’ observations that weather was less
predictable due to a significant increase in its variability.

Herman-Mercer et al. (2011) compared local observations
of weather, river conditions, flora, and fauna in two small
villages on the lower Yukon River, Alaska, and Huntington
et al. (2004) compared local observations of plants, lichens,
and insects across northern Canada and northwest Alaska to
scientific observations at regional scales. Both studies found
correspondence in most observations. We argue that these
studies are not unique to Indigenous populations but apply
more broadly to place-based local knowledge or community-
based observations generically.

Other research has found a lack of correspondence between
CBO and IDD. Gearheard et al. (2010) compared wind data
with observations at Clyde River, Nunavut, Canada, and
found little correspondence between observations and
instrumented data. Alessa et al. (2010) found less accurate
perceptions of change in water quality and quantity from
younger observers compared to middle-aged and older ob-
servers in western Alaska. Ambrose et al. (2014) found expert
fishers in Kotzebue Alaska to be more sensitive to environ-
mental change in marine species compared to elders and ex-
pert hunters. These studies suggest that CBO may be more
accurate for those who have the most experience with the
specific environmental condition. In this paper, we explore
whether observations of community members who had exten-
sive experience in their environment corresponds with IDD.

Methods

Comparing data collected from different sources using differ-
ent methods is a challenging endeavor. For this work, we rely
on social data collected through extensive interviews conduct-
ed from 2010 to 2012 and compare them to biophysical data
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collected from ground station and satellite measurements. For
each dataset, we discuss measurement uncertainty and possi-
ble sources of error, since understanding the quality of the
measurements is necessary to provide us with confidence in
the data and subsequent analysis (for a more complete
discussion of uncertainty analysis, see Csavina et al. 2017).
We also capture uncertainty in the analysis by reporting p-
values, using a 95% confidence interval to denote statistically
significant findings.

Social data

Interviews and questions were developed in participation
with, and pilot tested by, members of the communities.
Community research assistants (CRA) were hired in each
community and trained to conduct interviews. Community
experts and CRAs identified elders and community members
with at least 15 years of fishing and hunting experience, who
were invited to participate in face-to-face interviews. Consent
was obtained from all participants. Questions were asked at all
locales in languages appropriate to the survey respondents:
English, Russian, Yup’ik, or Siberian Yupik. Data protections
were dictated by the communities.

Respondents were first asked whether he or she had ob-
served change in an environmental condition. Those respon-
dents who had observed change were asked what changes
they had observed, direction of change, season of change
(for air temperature), and when they had first noticed the
change (see Online Resource 1). For example, with respect
to air temperature, survey participants were asked: “Have you
observed any changes in air temperature in the past 15 years or
longer? a. Yes, b. No, or c. Don’t know.” If participants
responded yes, they were asked: “What changes did you ob-
serve in air temperatures in the past 15 years or longer in these
specific time periods? In summer, in fall, in spring and in
winter?” The response options for direction of change in the
survey were “a. increase” and “b. decrease,” or “a. earlier”
and “b. later.” With respect to vegetation changes, respon-
dents were asked two questions: “Have you observed changes
in timing of first green grass in spring in the past 15 years or
longer?” And “Have you observed changes in vegetation oth-
er than grass in the past 15 years or longer?”

Chi square goodness of fit was used to analyze the question
of whether change had occurred. If there were significant
numbers who perceived change, chi square goodness of fit
analysis was also run on the direction of change. When we
analyzed direction of change, we included the number of re-
spondents who said that change had not occurred, so that we
were comparing all responses (e.g., increase, decrease, and no
change) and not just those who had perceived change. We
assumed equal distribution of answers to investigate statistical
significance, which was set at 0.05. Chi square analysis indi-
cates significance when a response category is significantly

larger or smaller than expected. It is important to eliminate
don’t know/no answer (DK/NA) responses in analysis to as-
sure that significance is not achieved solely because a small
percentage of respondents selected this response. To avoid
confusion, tables include chi square results excluding DK/
NA responses only when significance was affected.

To determine the decade during which we compared per-
ceptions to instrumented data, we calculated the mean years of
residence and mean years of hunting and fishing for each
community (Table 1). We subtracted the mean years of resi-
dence and the mean years of hunting and fishing from the year
in which the survey was administered to determine the ap-
proximate year that observations began in order to determine
the decade to which to compare observations. (The range of
years of residence is also included in Table 1.) We used mean
years of hunting and fishing for comparison because it is un-
likely that residents began observations of environmental con-
ditions at birth, and more likely that gathering resources (hunt-
ing and fishing) sharpened respondents’ observations.

Biophysical data

We surveyed the availability and quality of biophysical IDD
across the study area. The biophysical data we used included
air temperature, studies and satellite imagery that assessed
freeze-up and break-up of ice for Savoonga and Gambell,
and satellite imagery to assess changes in vegetation phenol-
ogy for villages.

Air temperature

We used two sources of temperature data to track changes near
individual communities: (i) station data from the Global
Historical Climatology Network (GHCN) and (ii) gridded da-
ta from Climatic Research Unit (CRU) dataset CRU TS3.4
(Harris et al. 2014). Using two different sources of data also
allowed us to account for structural and observational uncer-
tainty inherent with climate datasets. While station-based ob-
servations may be considered to be more representative, they
are subject to microclimate influences, to changes in instru-
mentation practices, and they may contain gaps in observa-
tions. By contrast, gridded climate data are temporally and
spatially complete and often incorporate station-based obser-
vations that have been adjusted for changes in observational
practice. However, spatial interpolation of data in data-sparse
regions may overlook spatial features (e.g., differential rates of
warming for coastal versus more inland locations). The two
datasets used here should not explicitly be considered inde-
pendent of one another as some of the station data was likely
incorporated in the gridded estimates.

Monthly mean temperature in both datasets was defined as
average of daily maximum and minimum temperature within
each month. We required stations to have at least 90%
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Tablel Mean years of residence, mean years hunting and fishing, mean year observations began, and range of years of observation of air temperature
Community Mean years Mean first year of Mean years of Mean first year of observation Years observations
of residence observation (residence) hunting or fishing (hunting and fishing) began (range)
Gambell 48 1965 38 1975 1925-2006
Kanchalan 42 1968 27 1983 1949-1992
Sand Point 41 1972 29 1984 1935-2003
Savoonga 54 1959 40 1973 1927-1995
Togiak 42 1971 30 1983 1937-2003
Tymlat 33 1978 30 1981 1956-2000
Nikolskoye 37 1977 31 1983 1955-1999

complete data from 1950 to 2011. Station data from GHCN
(version 3, adjusted data to correct for station changes) were
available within 10 km of several Russian villages. The closest
long-term GHCN station data for all Alaskan villages was
more than 100 km away (Fig. 1). The climate station at
Nome was used to estimate air temperature at Savoonga
(262 km to the east) and Gambell (317 km to the east). The
King Salmon station was used for Togiak (220 km west) and
Sand Point (438 km south). While less than ideal, the spatial
autocorrelation of temperature is typically quite large (corre-
lation decay distance of 500 km is typical for high-latitude
landmasses (New et al. 2000)) allowing remote observations
to be acceptable proxies of change. As an alternative, the CRU
TS3.4 dataset spatially interpolates anomalies in monthly sta-
tion data to develop a temporally complete grid of land surface
temperature at a 0.5° spatial resolution. We used collocated
grid cells for each village. For cases where there was no grid
cell with temperature collocated with the village (e.g., some
islands), we chose the closest grid cell (based on minimum
distance) with temperature data.

A simple linear least squares trend test was performed sep-
arately for each station on both the station-based and gridded
datasets. Trends were calculated for the climatological seasons
of winter (December—February (DJF)), spring (March—-May
(MAM)), summer (June—August (JJA)), and fall
(September—November (SON)) as well as for the calendar
year. Linear trends were computed for six different temporal
windows to account for varying magnitude and direction of
trends based on the length of the record, all ending in 2011.
We chose 2011 for the end year because it was the nearest year
during which the survey was administered. Trends were cal-
culated starting the years of 1950-2011 and staggered every
10 years through 2000-2011. Trends were considered to be
statistically significant using the Mann-Kendall test where
p <0.05.

Timing of ice break-up and freeze-up

We assessed ice cover using passive microwave data at 25-km
spatial resolution from SMMR and SSM/I instruments for the
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years 1979-2012. A threshold value of 15% sea ice concentra-
tion for at least 2 consecutive days was set to detect the freeze-up
and break-up period for each pixel, and to remove spurious oc-
currences of low-sea ice conditions. Significant trends in ice
persistence were investigated using least squares regressions.
An additional comparison of ice persistence for the years
2003-2010 was conducted using ice concentrations from the
AMSR-E sensor which has a spatial resolution of 6.25 km. A
Theil-Sen median slope estimator was used to assess the rate of
change in ice persistence because it is well suited for time series
data that are short and/or noisy. Significance of the Theil-Sen
trends (p < 0.1) were identified using a Mann-Kendall test for
monotonic trends (Frey et al. 2015).

A number of scientists have studied ice break-up and
freeze-up in the Bering Sea. Studies by Grebmeier (2012)
and Frey et al. (2015) suggest that the ice in the Bering Sea
has been more persistent, at least since about 2003, based on
analysis of satellite records. Stroeve et al. (2014) used an al-
gorithm to detect changes in emissivity of passive microwave
data to detect the amount of water and snow on ice that would
signify melt or freeze conditions. Stroeve et al. (2014) did not
find earlier melt onset in the Bering Sea. However, increasing
sea surface temperature around St. Lawrence Island (Shimada
et al. 2006) and increasing heat flux through the Bering Strait
(Woodgate et al. 2010) could affect ice formation and break-
up times at local scales.

Vegetation change

We measured regional vegetation change using a moderate-
resolution imaging spectroradiometer (MODIS) satellite imagery
for each of the communities. Specifically, we used the MODIS
16-day Normalized Difference Vegetation Index (NDVI),
MODI13Q1 composite available through Google Earth Engine
(https://earthengine.google.com/). NDVI is regularly used to
measure vegetation change and has proven particularly
effective in the Arctic and subarctic (Jia et al. 2003; Stow et al.
2003; Verbyla 2008; Pattison et al. 2015). The 16-day composite
is especially useful in northern coastal communities where cloud
cover often reduces the utility of individual images. As with all
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measurements, there are uncertainties associated with pixel
values recorded by the MODIS sensor. The sensor is designed
and calibrated to measure surface reflectance to within + 2% of
actual reflectance, and it has consistently met or exceeded this
requirement (Xiong et al. 2007).

We calculated the mean NDVI for a 50-km buffer around
each village location (with ocean areas removed) to represent
the general community area of use, i.e., the area identified by
respondents as where they hunt and gather food. Our analysis
begins in 2000 (the first year of MODIS) and runs through the
survey period for each village. On average, there were 278
composites available for each village, with a month of missing
data each winter due to darkness in the highest-latitude vil-
lages of Kanchalan, Gambell, and Savoonga.

Long-term NDVI trends were analyzed using seasonal de-
composition of time series by Loess (STL) (Cleveland et al.
1990). STL works by removing seasonality to assess long-
term trends in NDVI (see Online Resources 2a and 2b for
examples of the decomposition of the Sand Point NDVI
data). We also extended the STL analysis by extracting the
growing season start day (green-up) and growing season
length by using the TIMESAT (Eklundh and J6énsson 2015)
extension for Matlab. This method fits an asymmetric
Gaussian model suitable for capturing inter-annual changes
in vegetation seasonality (Jonsson and Eklundh 2002).
Growing season start day and length were calculated from this
fitted curve by extracting the midpoint of the seasonal ampli-
tude. Since some of the MODIS imagery is affected by cloud
cover, we assigned poor-quality observations (> 30% cloudy),
a weight of 0.1; moderate-quality observations (10-30%
cloudy), a weight of 0.5; and good-quality observations
(< 10% cloudy), a weight of 1.0. We then look for trends in
the growing season metrics by fitting a linear model and also
evaluating the non-parametric Mann-Kendall test. To clearly
show the uncertainty associated with this trend analysis, we
report p values for each village.

Results and discussion
Air temperature
Alaskan communities

A statistically significant number of Gambell, Savoonga, and
Sand Point respondents observed that there had been no
change in air temperature. However, a statistically significant
number of Togiak respondents agreed that change had oc-
curred, both when including and excluding DK/NA re-
sponses. Togiak respondents perceived no change in spring,
summer, and fall temperatures, but a significant number ob-
served that winter was warmer (Online Resource 3).

Russian communities

Statistically significant numbers of respondents in all Russian
communities observed that air temperature had changed when
DK/NA responses were included. When those responses were
excluded, change responses were still significant (although at
a lower level in Kanchalan) except in Tymlat where the an-
swer that change had occurred was no longer significant, in-
dicating that Tymlat respondents did not perceive a change in
air temperature in significant numbers. In analyzing direction
of change (increase, decrease, or no change), the significant
response in Kanchalan was that no change had occurred in any
season. Nikolskoye respondents agreed that no change had
occurred in spring and fall. When DK/NA responses were
eliminated for that community, there was no significant re-
sponse for summer or winter. In summary, a statistically sig-
nificant number of respondents in all communities perceived
that no change had occurred in any season except Nikolskoye
whose responses were not significantly different between an
increase and a decrease in temperature (Online Resource 4).

Two sources were used for IDD in this study as described
above. In Fig. 2 below, the left side represents station data.
The right side represents the composite gridded data from the
Hadley CRU. As discussed above, station data located within
the communities were only available for the Russian commu-
nities. Statistically significant long-term warming trends (i.e.,
1950-2011, 19602011, 1970-2011) were apparent for most
communities in both gridded and station-based temperature
records for annual mean temperature and summer tempera-
ture. Notably, statistically significant cooling was seen in win-
ter and spring temperature trends covering the time periods
1990-2011 and 2000-2011 for Togiak and Sand Point,
Alaska. While there were some differences in trends by station
and between station observations and gridded estimates, we
see broad-scale agreement in temperature trends across the
region particularly at longer (> 30 year) time scales.

Ice break-up and freeze-up (Gambell and Savoonga)

A statistically significant number of survey participants in
both Gambell and Savoonga agreed that sea ice freeze-up
was occurring later and that break-up was occurring earlier.
Table 2 below provides the counts and statistics of sea ice
perceptions.

General trends in sea ice are well documented (thinning,
decrease in extent, change in timing of freeze, and thaw), but
changes vary regionally with some areas not experiencing any
change (Meier et al. 2011). At regional scales, the Bering Sea
did not show decreasing sea ice persistence (Frey et al. 2015)
or carlier melt onset (Stroeve et al. 2014). However, there was
a statistically significant decline in the number of days of sea
ice persistence around Gambell and Savoonga from 1979 to
2012 using SSMR and SSM/I gridded data (Frey et al. 2015),
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Fig.2 Linear least squares trends in mean air temperature for each of the
seven villages from the (left) CRU TS v3.24 gridded data and (right) from
the closest long-term GHCN station to each village. Trends, reported in
degree Celsius per decade, are calculated for the (from top to bottom)
March-May (MAM, spring), June-August (JJA, summer), September—
November (SON, fall), and December—February (DJF, winter). Trends

but no significant decreasing trend in sea ice persistence from
2000 to 2012. There was also no significant decreasing trend

0

1
02 04 06 08 1

are computed for six different time periods all ending in 2015, with the
leftmost column showing trends from 1950 to 2015, the next column
showing trends from 1960 to 2015, and so on. Trends that were statisti-
cally significant per the Mann-Kendall test at p < 0.05 are denoted by a
white x

in ice persistence from 2003 to 2010 around Gambell or
Savoonga using the AMSR-E data at 6.25-km spatial scales.

Table 2 Counts and chi square

analysis results of Savoonga and Gambell Savoonga
Gambell Alaska observations of
break-up and freeze-up of seaice. ~ Freeze-up Earlier 8 8
Analysis excluding don’t know No change 26 13
and no answer responses is only Latef 36
included when it changed signifi- Don’t know or no answer 72 52
cance levels. *Significant at 0.05 Chi square including X" =31312df3** X~ = 19.846 df 3 **
level. **Significant at 0.01 level dfm t know/no answer
Break-up Earlier 43 24

No change 21 17

Later 3 3

Don’t know or no answer 10 6

Chi square including

X* = 47.623 df 3 ** X% = 22.800 df 3

don’t know/no answer
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Table 3 Counts and chi square
statistics for observation of
change to grass. Analysis
excluding don’t know and no

answer responses is only included
when it changed significance
levels. *Significant at 0.05 level.
**Significant at 0.01 level Sand Point 728
Savoonga 71
Togiak 28/14
Russian villages
Kanchalan 4/2
Nikolskoye 7/16

Tymlat 1/1

Village Grass has changed  No grass Don’tknow  Chi square including  Chi square
(earlier/later) change or no answer  don’t know excluding
don’t know
Alaskan villages
Gambell 7/5 59 6 x° = 65.636 df 2 **

65 4 X2 =53.200 df 2 **

37 6 X =33.731 df 2 **
94 14 ¥ =65.179 df 2 #*
38 6 X° = 40.960 df 2 *
44 17 x> =13.859df2**  y?=5882df1 *
46 2 X° = 74235 df 2 **

One potential source of error when comparing CBO with IDD
comes from the methodology used to detect trends with a
regional focus using remote sensing data. Stroeve et al.
(2014) considered whether each pixel was within one standard
deviation of 5 x 5 spatial neighborhood to be included in the
statistical analysis of melt and freeze onset. However, each
village may only encompass observing conditions within a
single pixel at the 25-km spatial resolution, and it may be less
appropriate to assess homogeneity of landfast ice conditions
compared to ice cover in open water. Landfast ice, sometimes
called shore-fast ice, is young coastal ice that builds seaward
from the shore of a landmass. Unlike pack ice in deep waters,
landfast ice attaches itself to the coastline and does not drift
with currents and wind (Mahoney et al. 2006). Setting a 15%
sea ice concentration threshold to detect freeze-up and
break-up conditions is also well suited for a regional-scale
analysis, but would not distinguish landfast ice that is empha-
sized in CBO observations of break-up and freeze-up.

Vegetation change

A statistically significant number of respondents in each village
perceived no change in grass or vegetation. Since the vegetation
question did not specify which changes respondents were
observing, we determined that changes to grass would more
clearly relate to an analysis using NDVI and we used only that
survey question for analysis as shown in Table 3 below. A
statistically significant number of participants in each commu-
nity agreed that the timing of grass green-up had not changed.

Figure 3 shows the growing season start day for each
village; this metric matches the grass green-up survey question
most closely. The statistical analysis using linear regression
models and the Mann-Kendall trend test show no trends in
the start of the growing season, except for Nikolskoye
whose green-up period appears to have shifted earlier by
about 1 day per year on average starting in 2000 (Fig. 3 and
Online Resource 5). In addition to season start day, we

assessed changes in the length of the growing season (Online
Resource 6) and found no statistically significant trends (Online
Resource 7). Lastly, we looked for overall trends in vegetation
change, independent of seasonality, by evaluating total NDVI
over the time period both statistically (Online Resource 8) and
graphically after removing the seasonal component (Online
Resource 9) and found no trends over time. The majority of
community observations and IDD correspond, suggesting that
changes in timing of grass green-up are not occurring in this
area.

Discussion and conclusion

The year that each survey participant began his or her observa-
tions varies, and because environmental conditions (some more
than others) vary from year to year, the conditions each survey
participant uses to assess whether change is or is not occurring
will also vary. Each survey participant is likely to have different
environmental conditions in mind when assessing whether
change has occurred, that is, they will have different bases of
comparison. Survey participants who are closer in age may
have similar bases of comparison. Those who are separated
by a generation will likely have very different bases for deter-
mining what is changing and what is not. Older generations will
have experienced a decade or more of conditions that the youn-
ger generation has not. The differing bases of comparison of
different generations has been documented in other studies by
Fernandez-Llamazares et al. (2015) and Alessa et al. (2008).
Table 1 illustrates the basic incongruence between the need of
climate scientists for long-term records to document trends in
data with large variability, such as air temperature, and the
shifting base of reference of human perception.

Only a few of the respondents from these communities will
have closely observed their environments since 1950 when our
air temperature analysis began. Most started hunting and fishing
in the 1980s. Significant trends in IDD in Alaska communities
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Fig. 3 Season start day for each village. Plots derived from 16-day MODIS NDVI time-series data. The survey period is highlighted in gray

from the 1980s forward include significant cooling in Togiak and
Sand Point Alaska during spring, and significant warming during
the fall in Savoonga and Gambell (both datasets). However, the
fall warming trend is not significant after 1980 when most ob-
servations began. In the Russian communities, both datasets
show a significant warming trend in summer for Nikolskoye
and Kanchalan. The CRU dataset shows a significant warming
trend for Tymlat during the summer, but the station dataset does
not. The only community for which that trend continues through
the ensuing decades is Nikolskoye. Both datasets show a signif-
icant increase in fall temperatures in Kanchalan from the 1980s
but not in the following decades.

Air temperature observations illustrate an underlying incon-
gruence between the need for long-term observations to detect
trends and the shifting basis of reference of human perception. To
adequately compare temperature data to IDD trend data (which
requires at least 30 years of observations), one must select older
survey participants and selectively compare IDD beginning at the
same time as their observations. Increased statistical power re-
quires a large sample size of older respondents, which is difficult
to realize in these small communities. With a few exceptions,
trends in the biophysical data are less clear after the 1980s.
This may be reflected in the responses of our survey participants
whose DK/NA responses were frequently the significant re-
sponse, or there was not a significant difference among no
change, DK/NA, increase, and decrease responses.

For ice break-up and freeze-up, it is important to be critical of
whether IDD definitions of ice conditions are comparable to
CBO descriptions of freeze-up and break-up. Community obser-
vations of sea ice break-up may not necessarily equate to low
concentrations of ice or ice-free conditions, whereas remote
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sensing analysis focuses on reaching a threshold of 15% sea
ice concentration. The relationship between subsistence hunting
success and sea ice concentrations is also complex and can vary
by scale (Huntington et al. 2013); therefore, all comparisons of
community observations with remote sensing data need careful
consideration of the limitations in scale or detectability of the ice
conditions in question. Notably, despite the high inter-annual
variability in the timing of freeze-up and melt onset consistent
with the variable ice regime described for the Bering Sea
(Robards et al. 2013; Stroeve et al. 2014), community observers
in this study detected a significant change in the timing of break-
up and freeze-up. When scales of observation are consistent, IDD
and perceptions match.

Similar to sea ice observations, remotely sensed defini-
tions of green-up could be different than CBO-based def-
initions. Satellite observations of vegetation change are
challenged by cloud cover and by the pixel values record-
ed by the MODIS sensors. Pixel values consistently met
or exceeded + 2% of actual reflectance, but are sensitive
to the spatial scale of the pixel. Green-up, or defining the
growing season, from a CBO perspective could be based
on finer-scale observations or very subtle differences in
color. MODIS pixels are 250 m by 250 m (over 6 ha) and
therefore require a relatively large area to change color to
reflect a “green” signal. By averaging the NDVI pixels
over the buffered area for each village, we not only cap-
ture the vegetation signal in the area identified by the
community as its subsistence gathering area, but also min-
imize sensor errors associated with individual pixels.
From a CBO perspective, it could be hard to quantify
green-up as there are natural gradients in how and when
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grass might begin photosynthesis. Density of grasses,
microtopographic features, and surrounding vegetation
could all influence a respondent’s ability to detect a
change in grass color, adding potential uncertainty to es-
timates. Despite these sources of uncertainty, a statistical-
ly significant number of respondents correctly perceived
that no change had occurred in growing season/first
green-up.

Our results suggest that human perception of air tem-
perature may not be a reliable substitute or supplement to
IDD. A study by Weatherhead et al. (2010) suggests that
increased variability in weather made prediction more dif-
ficult for similar respondents. This study suggests that
perceptions of ice conditions and of grass green-up are
more reliable substitutes or supplements to IDD. There
are several other studies that document accurate percep-
tions of ice conditions including those of Prno et al.
(2011), Fienup-Riordan and Carmack (2011), and Ford
et al. (2008). At least two other studies conducted by
Herman-Mercer et al. (2011) and Huntington et al.
(2004) confirmed accurate perception of changes to veg-
etation. The air temperature records we used started in
1950s whereas the satellite data used for ice and vegeta-
tion started much earlier. This suggests that observations
over longer periods of time may not match IDD as well as
observations over shorter time periods.

As an approach, CBO and CBONS, in particular, are be-
coming increasingly important in providing context and local-
scale measurements to data gathered by instruments in the
Arctic and across the world. Community-based observing net-
works currently provide data on a range of variables such as
ice conditions, resource availability and quality, phenology
assessments, weather and shore-line processes, identification
of whales and other mammals, and oil spill reports. With the
help of instrumentation, these communities assess water qual-
ity and quantity, measure greenhouse gases, sample phyto-
plankton and algae, and report outbreaks, among other obser-
vations (Alaska Ocean Observing System 2016). In the past,
CBOs have informed scientists about orca and humpback
whale activity and abundance (Brewster 2004). Alaska popu-
lations travel by foot, boat, air, and snow machine to remote
areas of the Arctic that may not be continuously observed by
satellite and in which surface gauges supporting IDD are not
currently located. Nationally, there is increasing interest in the
use of citizen observations but a science of CBO is immature
(Alessa et al. 2016a). As part of this science, toward producing
fair, equitable, reliable, and interoperable data, we need to
systematically assess how CBO can be co-developed by com-
munities on the ground and by users including scientists, re-
sponse agencies, and policy makers.

It is important to understand under what conditions
CBONS data correspond to IDD and when more accurate
assessment of change incorporates both types of data

because of differences in definition of phenomena, scales
of observation, or perspective. Such an understanding
would help determine how observing systems can be
combined in the most effective way. In circumstances
where differences cannot be explained, it might indicate
that a community has reduced capacity to adapt because it
is not perceiving changes, or that it is adapting to changes
that are not actually occurring, or that it is adapting to
changes that are actually occurring but are not currently
detectable by IDD (Alessa et al. 2008, 2010). Mapping
and communicating the differences between perceptions
and instruments could improve the adaptive capacity of
communities, and it could refine the geographical place-
ment and/or types of instruments that are employed in
gathering data to understand change.

Ultimately, CBO confers several advantages that IDD can-
not: (1) it provides locally explicit, culturally based, and social
contexts of change which are critical to effective adaptation;
(2) it cultivates the sharing of lessons learned among individ-
uals; and (3) it helps sustain livelihoods and human connec-
tions to land- and water-scapes. For these reasons, CBO, not
only as a science but also as a process, is critical to the suite of
tools we use to understand and respond to change in the
Arctic, and potentially in other regions of the world.
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