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Observations of climate change among
subsistence-oriented communities around
the world

V. Savo'?*, D. Lepofsky'?, J.P. Benner'3, K.E. Kohfeld?, J. Bailey® and K. Lertzman'3?

The study of climate change has been based strongly on data collected from instruments, but how local people perceive such
changes remains poorly quantified. We conducted a meta-analysis of climatic changes observed by subsistence-oriented
communities. Our review of 10,660 observations from 2,230 localities in 137 countries shows that increases in temperature
and changes in seasonality and rainfall patterns are widespread (=70% of localities across 122 countries). Observations of
increased temperature show patterns consistent with simulated trends in surface air temperature taken from the ensemble
average of CMIP5 models, for the period 1955-2005. Secondary impacts of climatic changes on both wild and domesticated
plants and animals are extensive and threaten the food security of subsistence-oriented communities. Collectively, our results
suggest that climate change is having profound disruptive effects at local levels and that local observations can make an impor-

tant contribution to understanding the pervasiveness of climate change on ecosystems and societies.

on local marine and terrestrial ecosystems across continents'"2

Although the spatial resolution of global climate models is
increasing, there remains considerable uncertainty about the local
and regional environmental consequences of the changing climate.
This is especially true for regions with complex topography, or in
relation to the secondary effects of climate on species distributions
and interactions®!. Moreover, although most regions of the world
will be affected by these global processes, some areas and types of
ecosystems — such as mature forests and coral reefs — will experi-
ence the effects of climate change more dramatically®”. Assembling
observations of these changes by members of subsistence-oriented
communities can provide an effective way of documenting the mul-
tiple fine-scale environmental responses to climate change® and
can contribute to designing effective strategies to deal with these
changes at a local level’. Such local observations provide first-hand
and detailed descriptions of the complex interactions among the
physical and biological components of the environment under cli-
mate change stresses, often in places where few or no instrumental
data are available™.

Subsistence-oriented communities include indigenous and non-
indigenous people who depend on natural resources for their liveli-
hood and cultural identity'". Their cultural knowledge of ecological
systems can reflect great time depth'>'. This is true whether or not
they attribute causality of environmental changes to climate change.
Such knowledge, generally referred to as traditional ecological
knowledge (TEK), builds on long-term intergenerational sharing of
observations, experiences and learning about environmental pro-
cesses'?!. As documented in many areas spanning from the Arctic
to the tropics, TEK can deepen our understanding of climate change
by providing insights into its effects on ecosystems and people®**.

For this Review, we performed a meta-analysis of the observa-
tions of climatic changes by subsistence-oriented communities
around the world. We analysed literature that explores the multi-
dimensional relationships (cultural, psychological, economical,

_|_he climate is changing on a global scale, with profound effects

ecological and so forth) between subsistence-oriented communities
and the climate, allowing us to extrapolate more specific information
about observations of weather and the environment. Our objective
was to synthesize these observations and qualitatively compare their
spatial distribution to the results of global studies and historical cli-
mate model simulations documenting climate change. We drew on
literature from 137 countries, highlighting the geographical gaps in
research and global trends, as well as commonalities and differences
in observations of climatic changes. Although the sources used in
this Review date between 1994 and 2013, the climate observations
documented within them have greater time depth and thus reflect
climate-related changes emerging over the past few decades.

Our data set considerably expands on several general reviews
that collate observations of climatic changes by indigenous and
subsistence-oriented communities®'*'*, providing the most compre-
hensive meta-analysis of these observations so far. Researchers have
verified much of the data used in this Review, demonstrating that
the observations from individual case studies are consistent with cli-
mate data'®". Furthermore, because our conclusions represent mul-
tiple observations of diverse phenomena from locations distributed
widely across the globe, they have significance beyond the specifics
of individual studies with respect to data collection methods, sea-
son of data collection'®", and gender or culture of the observers®.
Finally, we recognize the importance of culture- and person-specific
differences and values about climate change®, especially when deal-
ing with specific case studies. However, because our observations
span a wide range of peoples, cultures and geographies, we are able
to identify broad spatial similarities in observations that are more
likely to represent widespread changes in the environment.

We compare the spatial distribution of these human observations
with historical model simulations of climate change. Specifically, we
conducted a qualitative comparison of our collated observations of
changes in temperature and rainfall with simulated trends in annual
precipitation and average annual surface temperature between
1955 and 2005. We used ensemble averages estimated from model
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Figure 1| Geographical distribution of data. a, Observations (N =10,660) of climate and weather changes and climate-driven environmental changes
made by subsistence-oriented people in the 137 countries with reported data. Countries with no available data are shaded in grey. b, Number of
observations in each continent. ¢, Number of observations of climatic changes per latitude ranges.

simulations comprising the IPCC Fifth Assessment Report Atlas
subset taken from the Coupled Model Intercomparison Project
Phase 5 (CMIP5)?'. This comparison was aimed at identifying areas
where communities are already observing changes, but where simu-
lations are not projecting changes.

Observed climatic changes

We report 10,660 observations from subsistence-oriented com-
munities in 2,230 localities across 137 countries (Fig. la—c). These
observations can be grouped into three main categories, which
we further divide into sub-categories: (i) changes in climate and
weather (Fig. 2a); (ii) changes in physical components of the envi-
ronment (for example, floods and erosion; Fig. 2b); and (iii) changes
in biological components of the environment (for example, distri-
butional shifts in plant and animal species; Fig. 3). Some changes
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are reported frequently (such as changes in seasonality and in
crop yields and quality), whereas others are less common (for
example, changes in the temperature of salt and/or fresh water)
(Figs 2a,b and 3).

The reported observations span the globe (Fig. la-c), but their
distribution among countries is uneven. The majority of observa-
tions come from a few regions, with the Pacific Islands, central
Africa and the North American Arctic being especially well rep-
resented. This distribution of observations parallels the distribu-
tion of areas where climate change is thought to have the greatest
social and environmental impacts (for example, in northern lati-
tudes and developing countries). There are few published studies
from Central and Eastern Europe and the Mediterranean, despite
the fact that climate change in these regions is predicted to have
severe impacts on subsistence activities”. There is no published
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Figure 2 | Detailed observations of climate and climate-driven changes. a, Changes in weather and climate (number of points = 5,976). b, Changes in the

physical components of the environment (N =1,799).

research from several small countries such as Aruba and Bahrain,
and areas lacking a stable human population, such as Bouvet Island
and Antarctica, have no applicable data.

We note that observations about current climatic conditions,
resource abundance and weather patterns relate to experiences
across multiple time frames. Individual observations are generally
accumulated within a lifetime, whereas collective observations are
longer term and multi-generational'?. We consider both individual
and collective observations because together they provide an over-
view of qualitative changes in relation to what are considered nor-
mal environmental conditions and incorporate an understanding of
the normal local range of variability®.

464

© 2016 Macmillan Publishers

There are broad similarities in the changes observed at a local
scale in a given biome, even when the locations of those observa-
tions are separated by large distances and occur on different con-
tinents (Table 1). Some changes, such as increases in temperature,
are reported in many localities in different biomes whereas oth-
ers are common only at certain latitudes (Fig. 1c) and in specific
biomes. Increases in temperature and decreases in snowfall and
ice formation, for example, are reported in almost all Arctic and
sub-Arctic northern locations. Observations of sea-level rise are
prevalent in tropical and subtropical biomes — 80% of the locali-
ties where sea-level rise was observed. Changes in tide levels and
patterns are also prevalent in the tropics (64% of the localities) as
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Figure 3 | Detailed observations of climate and climate-driven changes in the biological components of the environment (N=2,899) overlying the
biome global map. Biomes are from the WWF terrestrial ecoregions of the world spatial layer (www.worldwildlife.org/WildFinder).

well as in northern Arctic regions (20%). In all these biomes, local
people are observing multiple, linked environmental changes. For
example, coastal communities in the Arctic link changes in sea
ice cover and dynamics to coastal erosion. People also recognize
that these changes have ramifying consequences, such as effects
on animal migration patterns — for example, if animals formerly
migrated across sea ice, which now melts by the time of migration,
they would need to find new routes.

Changes in weather and climate

Changes in rainfall are the most frequent type of observation in
our data set (Fig. 2a). These observations are widely distributed
among continents, representing 58% of all localities (97 coun-
tries). These changes are especially frequent in mountainous areas
and equatorial zones (Figs lc, 2a and 4), and include shifts in the
initiation and/or termination of rains, increasing unpredictability
of rainfall events and atypical interruptions during the rainy sea-
son. People observe that such changes are sometimes associated
with declines in precipitation and increasing periods of drought,
as well as an increase in the intensity of rainfall events over short
periods. However, these observed differences in the patterns of
rainfall are not always coupled with an observed decrease in total
annual rainfall*. Moreover, some observers reported that spa-
tial variability in rainfall is increasing at a local scale (described
as patchy or spotty rainfall*), leading to potential errors when
generalizing over larger areas from quantitative measurements at
gauging stations.
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We identify some divergence between the simulated historical
trends in average annual rainfall (ensemble average of the CMIP5
historical models) and local observations. Generally, people have
observed decreased rainfall in many regions. In contrast, in many
places the simulated trends in rainfall between 1955 and 2005 are
smaller (<1 standard deviation) than the model estimates of pre-
sent-day natural variability. In other words, either the simulated
change in precipitation is very small or there is little agreement
among models in places where humans are rather consistently
observing drying trends.

Several factors could contribute to these differences between
simulated and observed historical changes in precipitation. The first
relates to a potential mismatch in the temporal scale of the com-
parison. Our analysis assumes that human observations represent
an approximate period of about fifty years, whereas, in reality, they
could represent much longer or shorter time periods. But compari-
sons with simulated precipitation trends over ranges of 30 to 75 years
(not shown) suggest that the time period alone is not responsible for
the mismatch. This comparison, however, does not account for pos-
sible cases where humans are observing changes due to short-term
(for example, <30 years) natural rather than long-term anthropo-
genic influences. The second factor relates to a potential mismatch
in the spatial scale and resolution of the records. The scale of human
observations is very local, whereas models are capturing much
broader patterns of change. We note that this problem is exacer-
bated when comparing precipitation patterns, and that temperature
trends and observations are much more congruent. Third, factors
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Table 1| Examples of changes reported in each biome.

Biome and changes  Exampleof a Changes in weather reportedinthe ~ Changes in the biological components Changes in the physical
that are cited most locality within  locality of the environment reported in components of the environment
often among its sites the biome the locality reported in the locality
Tundra: Kugluktuk Unpredictable weather. Changes in animal behaviour and Drying up of tundra ponds.
Reduction in snowfall  village, Increase in winter freezing rain. migration and hibernation patterns. Lower water levels in lakes and
and permafrost. Nunavut, Change in wind direction and intensity. Increased incidence of diseased and rivers.
Recession of glaciers.  Canada’” Increase in temperature. unhealthy animals. Coastal erosion.
Changesinseaice Increase in storms. Increase in mosquitoes.
cover and dynamics. Freeze-up is delayed and ice breakup New southern species.

is earlier. Changes in the range of grizzly bears.

Decrease in snowfall.

Change in the quality of snow.

Snow melts earlier.

Increase in permafrost melt.
Boreal forests/taiga:  Viliui Sakha Seasons have changed (earlier spring,  New species from the south. Increased rainfall keep larger
reduction in snowfall,  watershed, longer autumn). Increase in animal diseases. areas under water (increase in
and permafrost. Siberia, Reduction of permafrost. Earlier blooming of plants. swamps).
Recession of glaciers.  Russia®? Huge change in the quality, quantity Decrease in berries. Increase in floods.
Changesinseaice and timing of snowfall. Migratory birds arrive at the wrong
cover and dynamics. Warm winters and cool summers. time.

Extreme temperature changes. Fewer birds and animals.

Increase in rainfall and change in its Reduction of the quality of hay and

patterns (“it rains at the wrong times"). vegetables in home gardens.
Temperate coniferous Quileute Storms with greater intensity and New species (for example, brown Increase in flooding events.
forests: reservation, frequency. pelicans, Humboldt squids, turtles).
increasein Washington Changes in weather. Increases in warm-water fish (for
temperatures. state, USA% Winds are arriving at different times of  example, mackerel, tuna, sardines,

Temperate broadleaf
and mixed forests:
changesin
seasonality, weather
patterns and
predictability.

Temperate
grasslands, savannas
and shrublands:
increase in droughts.

Montane grasslands
and shrublands:
changes in rainfall
patterns and amounts

Pasighat
village, East
Siang district,
Arunachal
Pradesh, India®*

Little Bighorn
River Valley,
Crow
Reservation,
Montana,
USA?®

Fanzhuang,
Huachi County,
Gansu Province,
Loess Plateau,
China.¢

the year when they are not expected.
Wind directions are changing.

Increase in rainfall and timing of rainfall
is changing.

Less snowfall and a reduction of
snowpack on the mountains.

Increase in temperatures.

Erratic rainfall.

Increased temperatures.
Changes in weather patterns.
More frequent heavy rains.

Less snow.
Milder winters and warmer summers.
Drier weather.

More drought events, particularly
spring droughts.

Warmer winter temperatures.
Less snow.

Less rain and rains are irregular and
unpredictable.

Weather is more uncertain.

sunfish).

Shift in timing of the smelt run.
Reduction of the population of some
fish, seafood and bird species.
Decline in forests.

Delay in the ripening of berries.

Changes in flowering time.

Changing behaviour of animals due to
changes in phenology.

Shrinking of some plant communities.
Fewer wild animals (including
freshwater fish in the forest).

More insect and pest problems.
Lower biodiversity (terrestrial and
aquatic).

Berries flower earlier and are vulnerable

to cold snaps.

Changed phenology of several other
plants.

Changes in brown trout location (a
species that prefers cooler waters).
Freshwater mussel and frog
populations have declined.

Poor agricultural productivity.
Increase in pests and diseases.

Unpredictable floods.

Increased siltation in rivers.
Increasingly erratic
hydrogeological regime in
streams.

Increased soil erosion from heavy
rains.

Reduced soil moisture.

Reduced stream flows.
More fires.

Water shortage for both drinking
and farming.
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Table 1| (continued)

Biome and changes  Exampleof a Changes in weather reportedinthe  Changes in the biological components Changes in the physical
that are cited most locality within  locality of the environment reported in components of the environment
often among its sites the biome the locality reported in the locality
Mediterranean Amalfi Coast,  Increase in summer droughts. Reduction of crop yields and quality. Increase in fires.
forests, woodlands Italy®®s3 Increased temperatures. Altitudinal shifts of crops. More landslides.
and shrublands: Seasons are unpredictable. Increase in crop diseases and pests.
changesin Decrease in rain and changes in rainfall
seasonality, weather patterns.
patterns and Increase in extreme rains.
predictability. Less snow.
Tropical and Virudhunagar  Rainfallis unpredictable. Extirpation of plant and animal species. Water amounts and availability
subtropical dry district, Vaippar Less rainfall. Changes in flowering and fruiting time.  are decreasing.
broadleaf forests: basin, Tamil More intense rains. New plant species. Increase in floods.
changesin Nadu, India®’ Changes in temperatures. Changes in fish species in ponds.
seasonality, weather Increase in warmer days.
patterns and Longer dry spells.
predictability. Increase in droughts.

Late onset of the Monsoon season.
Tropical and Trieu Van Increased temperatures. Decrease in crop yields and crop Water level in the summer is
subtropical moist commune, Decrease in rainfall during the dry quality. lower in many ponds and lakes.
broadleaf forests: Trieu Phong season. Increase in pests and diseases. Saltwater intrusion into the fields
changes in rainfall district, Quang  Rainfallis concentrated over a limited  Increase in animal diseases. (including rice fields).
patterns and Tri province, period.
amounts. Vietnam Rainy seasons are shifted.

(Phuong)®® More heavy rainfall over short periods.

Drought lasts longer and is more

intense and more unpredictable.

Stronger southern-western winds.
Flooded grasslands Mbutu village,  Late onset and short period of rainfall ~ Reduction of crop yields. Fewer beneficial floods.
and savannas: Mambaliward, and unpredictable rains. Increase in crop pests and diseases.
changes in rainfall Nzega District, Dry seasonis longer.
patterns and Tabora Region, Warmer temperatures.
amounts. Tanzania® Stronger winds.

Changes in seasonality.
Tropical and Biidi village, Changes in rainfall patterns (too little  Appearance of new plant species Decrease in water in ponds, wells
subtropical Burkina or too much). (grass). and water bodies.
grasslands, savannas  Faso*®*° Colderinthe cold season and hotterin  Some tree species have disappeared. More floods.
and shrublands: the hot season. More crop pests. Sand is filling up river beds.
changes in rainfall Rain is less predictable. Decrease in crop yields. Decrease in grass cover.
patterns and Changes in the rainy season. Land is eroded and harder to
amounts. Winds are stronger and carry more work, and the rain does not

dust (dust storms). penetrate the soil.

Increase in droughts.

Increase in extreme rainfall events.
Deserts and xeric Mandalgovi Change in weather. Grass cover is thinner each year.
shrublands: area, Rains start later, rain is patchy and Mongol (Stipa tianschanica Roshev.)
changes in rainfall Mongolia® thereis less. flowers in August instead of June and
patterns and Seasons have changed. now flowers only once.
amounts. More droughts. Increase in insect infestations.

More storms.

More heavy rains.
Mangrove: Keti Bunder Increased temperatures. Reduction of fish. Decline in freshwater flows.
increasein town, Thatta Winters are shorter. Fish go further out to sea. Lack of water.
temperatures. District, Shifts in rainfall. More diseases (humans). Soil infertility.

Pakistan®® Increase in sea temperatures. Rising sea.

More storms.

Saltwater intrusion.

The biomes are based on the WWF terrestrial ecoregions of the world spatial layer (www.worldwildlife.org/WildFinder).
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Figure 4 | Observations of changes in rainfall amounts overlaying the decadal trend (%) in annual mean precipitation simulated by the ensemble
average of the CMIP5 IPCC AR5 Atlas Subset over the period 1955-2005. Hatching represents areas where the trend signal is smaller than one standard
deviation of natural variability. Hatching may exist because the averaged model trends are small relative to natural, internal variability, or there is little

agreement between models on the sign of the change in precipitation.

other than precipitation — such as changes in soil moisture — could
contribute to the drying that is observed by humans. For instance,
changes in rainfall patterns can affect crops and the natural environ-
ment in ways similar to overall decreases in precipitation (for exam-
ple, factors other than the amount of precipitation that can directly
contribute to drought®).

Differences between simulated and observed historical changes in
precipitation could also relate to limitations of either the observa-
tions or models. For example, human perceptions might be biased in
some way. Although possible, recent work has suggested that even in
cases where people are highly exposed to media, public perceptions
of temperature changes still correspond with climate records'".
A final possible reason why human observations suggest trends in
precipitation that are not seen in the ensemble average of historical
model simulations is that people are observing changes in precipi-
tation that are simply not yet captured by model simulations. We
anticipate that some combination of these factors is influencing the
differences in simulated and observed patterns of rainfall.

Increases in air temperature are more consistent than those of
precipitation and have been observed in all continents (47% of locali-
ties, 94 countries; Figs 2a and 5). Although observations of warming
trends are the most common, in many localities?” people also observe
more generalized anomalies in temperatures (such as extreme tem-
peratures, or increased summer temperatures coupled with a drop in
winter temperatures; 10% of localities). Observations of changes in
water temperatures are less frequent (2% of localities), but indicate
a general warming trend, as noted by the IPCC*. Associated with
these increased air and water temperatures, melting of glaciers and
permafrost and reduction of sea ice have been consistently observed
in all Arctic regions and in many alpine ecosystems (15% of locali-
ties, 28 countries; Supplementary Fig. 1), leading to a cascade of other
effects being observed, as reported in Table 1 (such as coastal erosion,
changes in animal behaviour, distributional shifts of plant species
and an increase in pests and diseases). However, in some areas of the
Arctic, people observe that changes in sea ice conditions are linked
most tightly to changes in wind directions rather than temperature®.
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We find almost 100% agreement between our data set of observed
changes in temperature and the CMIP5*"* ensemble average of
simulated historical trends in average annual surface temperature
(Fig. 5). In addition to this match between average annual condi-
tions, human observations also reveal increased variability in tem-
perature. Thus, people not only observe a general warming trend”,
but also increases in cold and hot anomalies, including extremes.
Locally observed anomalies are not always captured by models that
focus on average values®. The IPCC* highlights the importance of
assessing extremes for better defining future scenarios.

People widely report changes in the seasonality and predictability
of weather (46% of localities, 96 countries; Supplementary Fig. 2).
In our data set, there are few areas globally where people have not
observed shifts in the seasons, changes in monsoon patterns, or
unpredictable, unseasonal weather events. For example, changes
in the arrival of the monsoon season are widely reported in Asia,
whereas in Africa many communities observe alterations of the
rainy season, describing it as shorter, shifted and interrupted with
dry spells. In addition to obvious detrimental consequences for
agriculture (including altered cropping calendars and weed and
pest cycles®), such changes can affect fishing and hunting because
these activities are often planned in conjunction with specific sea-
sonal conditions or weather patterns'®. Observations of changes
in weather are often quite detailed and linked to specific bioindi-
cators, such as the arrival of migrating species or the flowering of
certain plants*. Such bioindicators may provide a useful approach
to understanding local changes in weather and their consequences.

Droughts caused by reduced precipitation combined with
increasing temperatures are broadly distributed (37% of locali-
ties, 85 countries; Fig. 2a and Supplementary Fig. 3). In many arid
areas, people observe that droughts now last longer or return more
frequently®. Collectively these observations suggest that these
changes, in conjunction with non-climatic factors, might push bio-
logical systems towards dangerous thresholds*. Moreover, chang-
ing climate is often only one of several interacting factors causing
dramatic, cumulative ecosystem change. In many African regions,
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Figure 5 | Observations of changes in temperatures overlaying the decadal trend (°C) in annual mean near-surface temperature simulated by the
ensemble average of the CMIP5 IPCC AR5 Atlas Subset over the period 1955-2005. Hatching only exists over the oceans, which we do not examine here.

for example, factors such as deforestation, overpopulation and the
spread of diseases are exacerbating negative changes in social-
ecological systems*?. Finally, similarly to other recent studies?**,
our data set indicates that drought is also occurring in areas that
have been typically wet, leading to drying of water bodies, die-off of
natural vegetation, increase in fires, and disruption of the life cycles
of wild animals*.

Local observers in many localities (29%, 86 countries) report
increases in extreme weather events (Fig. 2a and Supplementary
Fig. 4) such as heavy rainfall, storms and hurricanes. Furthermore,
although some global models project that heavy rainfall events will
increase in regions that are already wet (middle and high north-
ern latitudes, Central and Southeast Asia, Indonesia, Central Africa
and South America)®*, subsistence-oriented communities also
report heavy rainfall events in some areas that are not historically
wet, such as South Africa®. In the hilly and mountainous areas
of central Asia and South America, hailstorms are reported to be
increasing in frequency and/or intensity*. Although hailstorms are
difficult to monitor with instrumental systems and therefore are not
easy to quantify®, in some areas, hailstorms have been reported
as a novel phenomenon*. The increased storminess in the Arctic,
coupled with reduced sea ice, is accelerating coastal erosion, espe-
cially in Alaska®. An increase in the frequency of snowstorms or
thunderstorms has also been reported in several regions including
Mongolia, Mali, China and Laos. The large number of observations
of increases in extreme weather events supports the idea that cli-
mate is not changing smoothly, but rather through an intensifica-
tion of atmospheric phenomena*.

Alteration in patterns of wind is among the less commonly
reported changes (14% of localities, 64 countries; Fig. 2a and
Supplementary Fig. 5). Changes in winds include observations of
stronger winds* or changes in wind direction*, which often co-
occur”. Changes in wind direction have been observed especially
in the tropical Pacific and Arctic North America. This is notable
because the wind shifts in the Arctic are not likely to result from
local-scale land use changes. Winds are also reported to be stronger
in Central Asia®. In parts of sub-Saharan Africa, other studies have
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shown that changes in atmospheric circulation have increased the
occurrence of strong winds*. This is corroborated by the high num-
ber of observations of stronger winds from these areas***. However,
many communities reporting stronger winds also linked them to
deforestation, as they recognize that trees can buffer winds®™. These
examples reflect a general trend in our data of increased wind
speeds in the Southern Hemisphere, consistent with instrumental
records®. Observations of changes in winds in the Northern Arctic
show an agreement with measured increases both in wind speed
and direction®.

Changes in the physical components of the environment
Among the most commonly observed changes in abiotic environ-
mental factors is a reduction of fresh water (decreased water quality,
declining levels, or the drying of surface and ground water) (21%
of localities, 74 countries; Fig. 2a and Supplementary Fig. 6). This
is true of arid areas®, as well as other biomes (from tundra to tropi-
cal and subtropical moist broadleaf forests). This widespread reduc-
tion may reflect the fact that water availability is often affected by
socio-economic (for example, overuse and increased populations)
as well as environmental factors (for example, rainfall, temperature
and run-off)®. People report that water stress is associated with a
wide range of impacts, including changes in animal migration pat-
terns (such as ungulates and migratory birds in Africa®), increases
in waterborne diseases (associated with stagnant small ponds from
low flows™), reduction of crop yields (in both irrigated and rain-fed
agricultural systems; see Table 1) and increased movement to seek
water (both humans and animal herds®); these all lead to conflicts
over a limited number of water sources®.

Local people are reporting increases in the frequency and sever-
ity of floods and landslides in both arid and humid areas (17% of
localities, 63 countries; Table 1 and Supplementary Fig. 7). This
parallels the IPCC?*? reports of a recent increase in magnitude and
frequency of floods. Many observations come from sub-Saharan
countries and are consistent with analyses of historical (1900-2000)
flood data in Africa”. In some areas where floods were a normal phe-
nomenon historically, they are reported to now be less predictable
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and occur outside of the normal flooding season; this is especially
so in Southeast Asia®®. These changes in flooding seasonality rein-
force the observations of increased unpredictability of the weather.
Many observations of increased frequency of landslides come from
Nepal® — where, it must be noted, multiple factors (besides cli-
mate) interact to cause slope instability®. Floods and landslides
have many direct and indirect consequences, including loss of life
(of humans and livestock), loss of property and harvests, impacts on
potable water (and the consequent spread of waterborne diseases),
erosion of topsoil, and salinization of soils in coastal areas®. In a
few locations (1% of localities), floods and landslides are reported to
be decreasing in frequency®'. However, these observations are scat-
tered and do not show clear geographical patterns.

Observations about the oceans include rising sea level and
changes in tides and currents (6% of localities, 35 countries). These
changes are observed more often in the Pacific and tropical areas
than elsewhere (Fig. 2b), consistent with assessments by the IPCC?*.
Many observations come from tropical islands where sea-level rise
is often combined with a reduction in available fresh water as a
result of saltwater intrusion into freshwater lenses*. In these cases,
sea-level rise is also often associated with coastal erosion®, causing
loss of land, property and culturally important sites.

Changes in the biological components of the environment
Subsistence-oriented communities are observing changes in bio-
logical systems related to changes in temperature, rainfall and
other climate variables (Fig. 3). These changes are observed both
in managed ecosystems (for example, orchards and fields) and in
untended landscapes.

The most frequently observed change in agricultural systems
is a decrease in crop production and/or quality (38% of locali-
ties, 78 countries), which is often combined with increases in crop
pests and diseases (277 localities, 70% of which are observations of
an increase in pests, 33% of which are observations of decreased
yields; Fig. 3 and Supplementary Fig. 8). Declines in crop yields
are widely reported in Africa (60% of observations), where agri-
culture is mainly rain-fed®’. These declines have significant, local
consequences for food security as agriculture in this region is pri-
marily for subsistence®. Global food security is also threatened
by climate-related increases in crop pests and diseases®. Here we
document the introduction of pests into new areas, as well as an
increase in pests that were already present®®. For example, pest
populations that formerly were limited by colder winters are now
more seasonally persistent® <.

Researchers consider climate change to be a powerful trigger
for changes in species ranges’ many subsistence-oriented com-
munities see a similar relationship between climatic changes and
species range (Table 1, Fig. 3 and Supplementary Fig. 9). Changes
in species ranges seem to be more evident in northern latitudes
and mountainous areas (Supplementary Fig. 9) where plants and
animals (including fish, birds and insects) are shifting north or
to higher elevations away from warmer latitudes or altitudes®.
Other changes include shifts in mating season, or migratory and
hibernation patterns'”®. Changes in migration patterns, in par-
ticular, are more commonly observed at higher latitudes™. In
several areas, fishers observe shifts in the distribution of fish to
deeper or higher-latitude waters”. For example, in Alaska, fishers
increasingly observe sharks, jellyfish and other species typical of
southern latitudes’.

Many communities report alterations to the timing of flow-
ering or fruiting of wild and cultivated plants (9% of localities,
37 countries; Supplementary Fig. 10 and Fig. 3). These phenological
observations do not seem to have a distinct geographical pattern.
Such changes in phenology are frequently reported in the literature
as indicators of climate change”. The implications for agriculture,
animal feeding patterns and life cycles can be significant™.
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Although the global decline in biodiversity has multiple causes™,
in our synthesis many communities (8% of localities, 39 countries)
relate local extirpations of plants and animals to factors such as
increased drought or temperature and changes in seasonality (Fig. 3
and Supplementary Fig. 11). The majority (68%) of observations of
extirpations are in tropical areas, especially tropical forested ecosys-
tems’®. Extirpations are reported for piedmont areas (for example,
in India and Nepal), consistent with Colwell et al.”” who describe
this phenomenon as lowland biotic attrition.

The value of local observations

There is considerable value in integrating local observations of cli-
mate into climate studies more generally. Previous research'® has
recognized broad consistency in observations made by local sub-
sistence-oriented communities and local instrumental data. This
reinforces their potential value where instrumental data are sparse
or not available. Furthermore, local observations can support trends
described by global analyses of climate change and can help to fill
in gaps in climate research. For example, local observations of sea-
level rise in tropical islands are consistent with the IPCC*? and pro-
jections of potential risks”. Local observations can be combined
with other sources of data (for example, instrumental data'’, remote
sensing” or surveys of biological communities®) to define more
precisely the linkages between climatic changes and their direct and
indirect effects on the environment®. For instance, subsistence-ori-
ented communities may note linkages among winds, animal behav-
iour and ice conditions®, which cannot easily be inferred using
instrumental data and other kinds of surveys. Local observations
can explain how the warming of waters can lead to an increase in
fish species diversity in some areas®, but an increase in fish parasites
in others”’. Such ecological understanding arises from long-term,
immersive experience in a particular place. In this sense, TEK has
the potential to help formal science disentangle the dynamics of
social-ecological systems in their responses to climate change.

Human observations and global models have different strengths
and weakness. In particular, human observations can integrate cli-
matic changes with their social and environmental consequences
(that is, they incorporate direct and secondary impacts). For exam-
ple, humans may observe increased drought because of direct reduc-
tions in rainfall, but also because of changes in their access to water
(because of less water in wells or reduced water discharge)*®. Such
observations can provide a more complete view of how factors such as
drought affect human societies, including their social consequences.
In contrast, the strength of global models is in their ability to iden-
tify broad patterns and project the effects of well-understood physi-
cal processes. Thus, combining local observations with global models
will enhance our ability to move beyond the physical changes alone to
clarify the social impacts of climate change.

Although climate change often directly affects the lives of subsist-
ence-oriented communities, these effects are not well understood or
reflected in the variables currently used in climate model simulations.
For example, the effects of change in climate on animal migration
patterns or pest distribution and abundance are common observa-
tions in our data set, but are still poorly understood by the research
community®®. Similarly, though of great local significance, spatially
patchy rainfall or short, intense rainfall events, or shifts in the initia-
tion of rainy seasons, can be hard to detect using averaged values from
coarse-resolution instrumental networks. Although there have been
improvements in the representation of rainfall in climate models,
significant uncertainties remain at local and regional scales® (Fig. 4).

The social impacts of climate change

Our compilation reveals many of the effects of climate change on
communities’ lifestyles. Fine-scale environmental changes have
enormous consequences for local communities as they not only
disrupt crop calendars, destroy harvests and trigger soil erosion,
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but can increase conflict over limited resources and enhance risk
to vulnerable members of society***>. These data are hard to quan-
tify, but in aggregate demonstrate that climate change has significant
potential to disrupt the social fabric and culture of many commu-
nities. For instance, in response to local climatic changes, people
are migrating more, eating less and walking longer distances to get
water or reach pastures for their herds (while facing risks such as
conflicts and violence®**®). In Sweden, Sami herders are abandoning
their traditional practices due to changes in temperature, weather
and ice formation®. In Iran, climatic changes are increasing the
divide between rich and poor farmers, as the latter have few options
for adaptation other than praying for rain®.

One potential consequence of climate change (often in combina-
tion with other factors) is the reduced ability of people to cope with
environmental variability. For instance, various climatic changes are
undermining the reliability of long-term ecological knowledge about
cyclical and seasonal phenomena, such that people are no longer
able to predict the right periods for sowing, harvesting, or recog-
nizing safe conditions to venture on the sea or land for gathering
food". In Vietnam, changed weather patterns have forced farmers
to reduce the number of farming seasons, impacting crop produc-
tion¥. In Bangladesh, the increased number of windy or stormy
days is affecting the ability of traditional fishers to go fishing®.

In some cases, climatic changes are reducing the ability of sub-
sistence-oriented communities to engage in culturally important
food gathering practices. This has broad consequences for cul-
tural survival and for food security. In the Arctic, young people
have fewer occasions to learn and practice traditional harvesting
because the weather is more unpredictable. As a consequence, there
is a reduction in the transmission of traditional knowledge and this
has been related to an increased consumption of less healthy store-
bought foods'!. In the islands of Torres Strait, Australia, climatic
changes are affecting the range distribution of totemic animals
and causing the submergence of sites used for gathering culturally
important foods®.

Integrating local observations into climate change research
Our compilation of climate-related observations by subsistence-
oriented peoples represents localities from around the globe, but
information is still lacking from several regions. It is unlikely
that these data gaps represent an absence of local knowledge of
climatic phenomena. Moreover, the lack of observations does not
mean that climate is not changing: studies are lacking from regions
where instrumental data are detecting climate change. Gaps in
research could be due to a variety of social and political factors
such as the non-recognition or undervaluing of TEK, lack of fund-
ing for relevant research, political instability, and underestimation
of local vulnerability to climate change.

Local observations of climatic changes made by subsistence-
oriented communities are global in distribution and ubiquitous
across biomes, ecosystems and modes of local subsistence econ-
omy. Such observations should play an important role in map-
ping the impacts of changing climatic processes and facilitating
local adaptations to climate change. Our data set on local obser-
vations of climatic changes will provide a foundation for future
comparisons of observations and instrumental data. The scientific
consensus on the causes and mechanisms of anthropogenic cli-
mate change is strong® and our analyses show that local subsist-
ence-oriented communities experience the consequences of these
changes. However, the debates around the political and policy
dimensions of responses to changing climate remain hotly con-
tested”. With climate change already profoundly altering social-
ecological systems, we need to marshal all the available data on
climate processes and their diverse consequences: the local-scale
observations of subsistence-oriented communities are a critical
part of that process.
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There would be tremendous value in initiating community-based
programmes in those regions with major data gaps in our synthesis
(for example, parts of Europe) and in filling smaller gaps in regions
where such work is already under way. In addition to documenting
the ecological, social and cultural consequences of climate changes
at the local level, these programmes would also be useful for estab-
lishing the communities’ most pressing priorities and concerns.
Finally, it is important to reinforce the need not only for local data
and analyses but also for local initiatives that are responsive to the
issues and priorities that emerge from these analyses. Local strate-
gies for adaptation to climate change should be developed without
waiting for conclusive agreements to emerge from global initiatives.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

This paper is based on an extensive review of peer-reviewed papers, books, master
and doctoral theses, participatory videos and unpublished reports by governmen-
tal and non-governmental agencies. The search only included material written in
English or translated into English. However, we carried out preliminary searches
in other languages (Chinese, French, Italian and Spanish) to assess the amount of
data available in other languages, and found that the vast majority of papers were
written in English. The search for pertinent material dealing with climate change,
traditional ecological knowledge, communities (fishers, reindeer herders, agro-pas-
toralists, Saami, Inuit, Borana and Aymara), interviews, observations and so forth,
was carried out for each country in the world (including their overseas territories;
250 in total). The initial search led to more than 3,000 sources with various foci
(disaster preparedness, mitigation, hazard prevention and so on). These were then
culled to include only those observations made by communities who have a direct
relationship with natural resources. Thus, we excluded surveys carried out in cit-
ies or with local administrative officials such as park managers. The final selection
led to a total of 1,017 studies (Supplementary Table 1). The number of informants
extrapolated from these sources totals around 92,000 people whose subsistence
base is characterized by hunting, gathering, fishing or farming. Data were not
available for all countries, potentially due to a lack of studies, a lack of studies in
English, and/or a limited stable population (or the lack of one).

Observations were compiled in a database and were divided in three main
categories of direct and indirect changes associated with climatic changes: changes
in weather and climate; changes in the physical components of the environment
(for example, soil, water), changes in the biological components of the environ-
ment (that is, plants and animals). These were then organized into 42 subcategories
(Supplementary Table 2) based on climate variables such as rainfall or wind, and
relative trends (change, increase, decrease). Changes in the physical environment
were categorized by the effects of climatic changes on land and water. Changes in
biological systems included those changes related to plants and animals (popu-
lation, abundance, behaviour, shifts in distribution). Of the indirect changes,
only those recognized by the communities to be linked to climatic changes were
included (land degradation caused by drought was included, but excluded if
observers stated that it was caused by deforestation). In the same way that scientists
document ecological changes in a specific area or ecosystem, subsistence-oriented
communities observe changes in their environments and infer ecological link-
ages among species and ecological and physical processes. The analysis of cultural
specific attributions or causation of these changes (for example, belief systems) is
beyond the scope of this paper. We included only direct observations: we did not

include second-hand information obtained by media, agronomists, or any other
third party. We characterized each observation by the country and locality where
the study was based, the main subsistence activity of the observers (for example,
agriculture or pastoralism), cultural or ethnic group, the climatic and vegetation
features of the study area (when available) and the bibliographic source. We geo-
referenced each observation using the name of the locality and the open source
GeoNames geographical database (www.geonames.org). If the name of the village
was not found in this database, we used the higher administrative division (county,
district) or the closest available town.

Data analyses. Most of our data were analysed qualitatively and geographically.
Unlike small, regional data sets that lend themselves to quantitative analyses
(for example, refs 29,33,40), our large and diverse data compilation is better
suited to a more qualitative approach. We used ArcGIS 10.2 to visualize the
geo-referenced database of observations, and created separate layers to repre-
sent different categories of observations (World Geodetic System (WGS) 1984
geographic coordinate system). The biome map used in Fig. 3 is based on the
World Wildlife Fund (WWF) terrestrial ecoregions of the world spatial layer
(www.worldwildlife.org/WildFinder).

To visualize the comparison of human observations of temperature and
precipitation with historical model simulations of annual trends in near-surface
temperature and rainfall (Figs 4 and 5), we used the statistical software pack-
age R (www.R-project.org). We obtained historical model simulations from the
KNMI climate explorer in the form of Network Common Data Form (NetCDF)
files (http://climexp.knmi.nl/plot_atlas_form.py). Specifically, we downloaded the
centennial trends in near-surface temperature and precipitation over the period
1955-2005 from the CMIP5 IPCC AR5 Atlas Subset Annex I?!. In this circum-
stance, trends were estimated using a ‘historical’ concentration pathway outlined
in the Annex II of the IPCC*, and we present the average decadal trend from all
42 model simulations used in the CMIP5 IPCC AR5 Atlas Subset under this ‘his-
torical’ concentration pathway. This approach uses only a single realization of each
model and weighs all models equally, where model realizations differing only in
model parameter settings are treated as different models. In the case of Fig. 4, we
also use hatching to indicate regions where the magnitude of the historically simu-
lated trend in rainfall is less than one standard deviation of model-estimated pre-
sent-day natural variability. Put simply, areas with hatching suggest the historically
simulated trend is relatively small or that there is little agreement between models
on the sign of the trend at the hatched locations. For reference, a non-masked ver-
sion of Fig. 4 is available (Supplementary Fig. 12).
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