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ABSTRACT
Permafrost-agroecosystems include all cultivation and pastoral activities in areas underlain by 
permafrost. These systems support local livelihoods and food production and are rarely considered 
in global agricultural studies but may become more relevant as climate change is increasing 
opportunities for food production in high latitude and mountainous areas. The exact locations 
and amount of agricultural production in areas containing permafrost are currently unknown, 
therefore we provide an overview of countries where both permafrost and agricultural activities 
are present. We highlight the socioecological diversity and complexities of permafrost- 
agroecosystems through seven case studies: (1) crop cultivation in Alaska, USA; (2) Indigenous 
food systems and crop cultivation in the Northwest Territories, Canada; (3) horse and cattle 
husbandry and Indigenous hay production in the Sakha Republic, Russia; (4) mobile pastoralism 
and husbandry in Mongolia; (5) yak pastoralism in the Central Himalaya, Nepal; (6) berry picking and 
reindeer herding in northern Fennoscandia; and (7) reindeer herding in northwest Russia. We 
discuss regional knowledge gaps associated with permafrost and make recommendations to policy 
makers and land users for adapting to changing permafrost environments. A better understanding 
of permafrost-agroecosystems is needed to help sustainably manage and develop these systems 
considering rapidly changing climate, environments, economies, and industries.
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Introduction

Permafrost, ground material that remains below 0°C for 
two or more consecutive years (International Permafrost 
Association, 1998), is the foundation for many high 

latitude and mountainous socialecological systems 
(Vincent, Lemay, and Allard 2017). Agricultural systems 
in these regions include horticultural crops, grain culti
vation, floriculture, and animal husbandry (including 
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mobile pastoralism) on arable permafrost-affected soils 
and/or pasture lands; henceforth termed permafrost- 
agroecosystems (Ward Jones et al. 2022). Agricultural 
production in permafrost-agroecosystems is usually 
small scale with products consumed locally to regionally. 
They represent a small proportion of the global food and 
agricultural product supply (Unc et al. 2021) apart from 
a few niche export markets, such as Alaskan peonies 
(Fresco et al. 2021) or cashmere fibers from goats in 
Mongolia (Maekawa 2013). These agricultural systems 
are diverse but involve limited crop and animal species 
adapted to colder climates. For example, yaks, com
monly raised in high mountain Asia, are not able to 
survive when temperatures become too high (Krishnan 
et al. 2016). Overall, permafrost-agroecosystems have 
a long tradition and significant cultural importance.

Approximately 24 percent of the land surface of the 
Northern Hemisphere (Obu 2021), and 0.15 percent of 
the Southern Hemisphere (Gruber 2012) fall within 
a permafrost region (subglacial permafrost such as in 
Greenland or Antarctica is not included). Regions are 
classified into zones that describe lateral permafrost 
continuity: (1) continuous permafrost covers 90–100 per
cent of land area; (2) discontinuous permafrost covers 
50–90 percent; (3) sporadic 10–50 percent; and (4) iso
lated covers areas with less than 10 percent. Permafrost 
occurs both in high latitudes and in lower latitude 
mountainous areas, and underlies a seasonal thawed 
layer known as the active layer. Measured mean annual 
permafrost temperatures vary from just below freezing 
to −20°C (Biskaborn et al. 2019). The thickness and 
properties of high latitude permafrost are tied to glacial 
and climate history as well as interactions through eco
logical succession (Shur and Jorgenson 2007). Mountain 
permafrost forms at high altitudes and its local charac
teristics are dependent on slope, aspect, and other envir
onmental conditions (Etzelmüller 2013).

Among the most populous permafrost- 
agroecosystems in Northern and Inner Asia, it is diffi
cult to overemphasize the significance of permafrost to 
landbased activities, among these, pastoralism, crop 
production, and gardening. While pastoralism 
emerged thousands of years ago, with sheep, horse, 
and cattle being the most prominent species, largescale 
reindeer pastoralism commenced in comparatively 
recent times (Stépanoff 2017). Since the nineteenth 
century, crop production in Inner Asia has been 
mainly driven by nation states and their economic 
policies, with agricultural areas expanding and shrink
ing along with nation-state incentives or withdrawals 
(Naumov, Sidorova, and Goncharov 2022; Kuhmonen 
and Kuhmonen 2023). In precolonial areas of North 
America underlain with permafrost, wild foods, 

obtained through harvesting from the land and waters 
formed the basis of traditional Indigenous food sys
tems. These food systems have been sustainable for 
generations, as Indigenous peoples have adapted to 
changes in seasons, migrations, and availability of 
plants and animals. Some high latitude Indigenous 
populations have been stewarding agricultural crops 
for several centuries, such as potato cultivation prac
ticed by the Tlingit and Haida people of southeast 
Alaska and western British Columbia, Canada (Zhang 
et al. 2010). The practices and crops we often associate 
with the term “agriculture” came to northern North 
America first through Russian communities in Alaska 
(early to mid-nineteenth century), followed by the 
influx of trappers, traders, and later miners from the 
Gold Rush of the late 1800s (Miller 1951). Early high 
latitude agriculturalists were surprised to learn about 
the then mysterious impacts of permafrost degradation 
without necessarily knowing what permafrost was 
(Rockie 1942).

Permafrost can be directly affected by agricultural 
activities, such as land clearing for cultivation, which 
removes the overlying insulating vegetation that exposes 
the underlying permafrost to climate-driven thaw 
(Ward Jones et al. 2022). Other agricultural activities, 
such as reindeer herding, are affected by permafrost 
degradation, such as being forced to change migration 
routes (Istomin and Habeck 2016). How permafrost 
responds to thaw is dependent on ground ice content 
and permafrost type. System responses to permafrost 
thaw vary from changes to soil temperatures in ice- 
poor, thaw-stable permafrost to dramatic topographic 
changes driven by surface subsidence (known as ther
mokarst) through ground ice melt within ice-rich per
mafrost (Ward Jones et al. 2022). Degradation of ice- 
rich permafrost generates thermokarst (Figure 1) and 
waterlogging conditions creating potentially dangerous 
conditions that can lead to animal loss for herders 
(Istomin and Habeck 2016); for cultivation, it can lead 
to crop loss, damage to machinery and infrastructure, 
and decreases in soil fertility that can ultimately lead to 
field abandonment (Péwé 1954; Desyatkin et al. 2021; 
Ward Jones et al. 2022). Therefore, permafrost thaw can 
strongly alter drainage and affect soil cultivation, leading 
to additional costs and uncertainty for agriculturalists. 
Changes in soil hydrology, in combination with the 
release of previously frozen organic matter, also alter 
microbial activity and consequently nutrient and carbon 
cycling in permafrost soils (Peplau et al. 2022). This may 
be favorable for subsequent agricultural production but 
also problematic regarding the release of CO2 and CH4, 
contributing to increases in global emissions (Strauss 
et al. 2021).
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High latitude and mountainous regions are warm
ing at an accelerated rate of two to four times faster 
than the global average (Arctic Monitoring and 
Assessment Programme [AMAP], 2017; 
Intergovernmental Panel on Climate Change [IPCC]  
2019; Rantanen et al. 2022). Permafrost temperatures 
are increasing globally (Biskaborn et al. 2019). Land 
use changes can exacerbate thaw by removing protec
tive native vegetation (Dyrness 1982) or disrupting 
habitat use for pasture and grazing herds (Larsen 
et al. 2016; Eftestøl et al. 2019). Permafrost- 
agroecosystems must be considered in the context of 
global agricultural systems, particularly in light of the 
expected northern expansion of agriculture (Ward 
Jones et al. 2022). Permafrost response to human 
activities also depends on the mode of agriculture itself 
as, for example, permafrost likely responds differently 
to crop cultivation than to animal husbandry practices. 
A better understanding of the diversity of permafrost- 
agroecosystems and the challenges, adaptations, and 
opportunities these systems are facing in light of cli
mate, land use, and socioecological changes is urgently 
needed. Furthermore, globally coordinated research 
efforts focused on permafrost–agriculture interactions 

could benefit contemporary and future agricultural 
activities in high latitude and mountainous regions 
(Altdorff et al. 2021) through knowledge sharing and 
the development of new datasets for analysis.

In this article we present, as a coordinated effort of 
the International Permafrost Association’s permafrost- 
agroecosystem action group, the first global perspective 
on permafrost-agroecosystems. Our study objectives are 
to (1) identify data gaps and highlight countries where 
permafrost-agroecosystems are likely most prominent; 
(2) demonstrate linkages between agriculture, environ
mental change (particularly permafrost thaw), liveli
hoods, regional economies, and policies; and (3) 
discuss public perceptions of environmental change. 
We show the diversity of permafrost-agroecosystems 
through seven regional case studies within the United 
States, Canada, Russia, Mongolia, Nepal, and northern 
Fennoscandia. Common themes and differences across 
permafrost-agroecosystems informed our recommenda
tions to policy makers and land users and aim at solu
tions that retain permafrost ecosystem services while 
also allowing for the expansion of permafrost- 
agroecosystems. Policy outcomes are often viewed as 
tradeoffs rather than complements.

Figure 1. The upper row shows historic air photos from 1951, 1984, and 2007 (United States Geological Survey Earth Explorer) that 
illustrate the expansion of agricultural fields of a farm in Fairbanks, Alaska. The expansion of agricultural fields removed the native 
insulating vegetation and exposed the underlying permafrost to climate-driven thaw. The lower row shows that this permafrost proved 
to be ice rich from up to 1.05 m of subsidence measured between 2011 and 2017 from Light Detection and Ranging datasets (Alaska 
Division of Geological and Geophysical Surveys 2013).
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Identifying countries with 
permafrost-agroecosystems in light of the lack 
of pertinent datasets

A complete global analysis of the distribution of agricul
tural activities in areas containing permafrost is currently 
impossible. Agricultural datasets in areas of permafrost 
are either nonexistent or are limited and patchy geogra
phically in their occurrence. Stoessel, Moen, and 
Lindborg (2022) provide the only known regional geos
patial dataset in Fennoscandia, and other regions, such as 
Alaska, USA (U.S. Department of Agriculture, National 
Agriculture Statistics Service [USDA NASS], 2021) and 
Canada (Yukon and Northwest Territories) (Statistics 
Canada 2017), have some census-derived statistical 

datasets. A common dataset used for global agriculture 
studies is provided by Ramankutty et al. (2008; 2010a,  
2010b); however, its coverage is patchy and incomplete 
regarding permafrost-agroecosystems. While this dataset 
has some coverage in Central Asia, the European Alps 
and northern-central Canada, there are many areas, such 
as Alaska and most of Russia, that do not contain any data 
at all despite having known farmland, including in areas 
containing permafrost. Furthermore, the definitions of 
pastureland and/or silvopastoral agroforestry systems do 
not account for reindeer herding, which is practiced 
widely in Eurasia with an estimated 100,000 herders and 
2.5 million semidomesticated reindeer (Magga et al.  
2009).

Figure 2. Above shows the percentage of the total permafrost land per country for countries with permafrost representing 10 percent 
or more of their areas. Permafrost dataset (Obu et al. 2019a) based on modeling ground temperatures at the top of permafrost 
between 2000 and 2016. The graph also shows total agricultural land (defined as arable land and/or permanent pastures) in 2016 
(https://datacatalog.worldbank.org/home). Below shows the total permafrost area divided into permafrost zones based on the lateral 
continuity of permafrost. While the likelihood of permafrost occurrence increases with increasing permafrost area and agricultural 
activities present, the exact location is unknown due to nonexistent and patchy datasets. *Nonglaciated areas. **Includes Svalbard 
within calculation of permafrost area but not in agricultural land, as there are currently no known agricultural activities on Svalbard.
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As a first global estimate of countries likely to have 
the largest area of permafrost-agroecosystems, we 
assessed permafrost datasets for global coverage (Obu 
et al. 2019a, 2019b; Gruber 2012) to identify and calcu
late the percentage of land surface within the continu
ous, discontinuous, sporadic, or isolated permafrost 
zone for each country (Figures 2 and 3). Due to the 
low coverage of permafrost in the Southern 
Hemisphere (0.15 percent; Gruber 2012) we focus on 
the Northern Hemisphere. We use Obu et al. (2019a) for 
its higher-quality model outputs of permafrost occur
rence when comparing outputs to regional field observa
tions. The following analysis was done in ArcGIS Pro 
v. 2.7 (©Esri): each of the four permafrost zones was 
divided into its own layer and the “intercept” tool was 

used to clip each area per country. Permafrost zone area 
was calculated and exported out to Excel.

We selected countries with more than 10 percent of 
their landmass within any of the four permafrost zones, 
identifying 18 countries (Figure 2): Austria, Bhutan, 
Canada, China, Finland, Georgia, Greenland, Iceland, 
Kyrgyzstan, Mongolia, Nepal, Norway, Pakistan, 
Russia, Sweden, Switzerland, Tajikistan, and the 
United States. All (except Austria, Finland, and 
Sweden) contain areas within all four permafrost 
zones. Each country has an active agriculture industry, 
as found in the World Bank Data Catalog (https://data 
catalog.worldbank.org/home) (Figure 2) but quantifying 
the total amount of agricultural activities in areas con
taining permafrost is unknown due to limited and 

Figure 3. Distribution of permafrost within the Northern Hemisphere and locations of case studies. Geospatial data from Obu et al.  
(2019a). Countries with permafrost representing 10 percent or more of their territories, identified in Figure 2, are shaded light gray. The 
northern Fennoscandia study area was mapped based on Stoessel, Moen, and Lindborg (2022). This analysis serves as a proxy for 
identifying areas with a greater likelihood of containing permafrost-agroecosystems, as the exact locations are currently unknown due 
to patchy or nonexistent datasets. Such geospatial datasets would allow monitoring of any growth and decline of agricultural activities; 
measure and monitor environmental changes, such as changes in vegetation, thermokarst, and carbon cycling; and could aid in policy 
development and governance.
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patchy datasets. Therefore, it is currently impossible to 
not only determine the location of permafrost- 
agroecosystems, which can help inform governance 
and policies, but also to monitor any growth or decline 
of agricultural activities on permafrost. Geospatial data
sets would allow for upscaling of field-scale carbon mea
surements from permafrost soils cleared for agriculture 
to estimate their impact on carbon cycling (e.g., 
Grünzweig et al. 2004; Grünzweig, Valentine, and 
Chapin 2015; Peplau et al. 2022) and coupled with 
remote sensing analysis would allow the monitoring of 
changing environmental conditions such as shifts in 
vegetation that impact grazing and land clearing for 
cultivation and signs of thermokarst development (e.g., 
pond formation and subsidence).

Case studies of socioecological interactions of 
permafrost-agroecosystems

The condition and productivity of permafrost- 
agroecosystems are vulnerable to global warming trends 
and human land use practices and policies. These drivers 
cause significant impacts at multiple spatial and tem
poral scales. The representative selection of seven case 

studies below provides specific examples, not direct 
analytical comparisons, showcasing the diversity of per
mafrost-agroecosystems as well as the range of chal
lenges and opportunities emerging from changing 
permafrost and environmental conditions (Table 1), 
changing industries, and government policies. 
Common themes identified between case studies, such 
as perceptions of environmental change, are discussed in 
section 4.0. The case studies were selected based on 
active and past research by coauthors. Data presented 
without citations represents original research results. 
Each region (Alaska, USA; Northwest Territories, 
Canada; Sakha Republic, Russia; Mongolia; Nepal; 
northern Fennoscandia; and northwest Russia) 
(Figure 3 and Table 1) is undergoing rapid warming, 
up to 3 to 4 times faster than the global average (AMAP,  
2017; IPCC 2019; Rantanen et al. 2022).

Alaska, USA: Crop cultivation in areas of 
discontinuous permafrost

The spread of conventional agricultural practices was 
introduced in Alaska in response to the Gold Rush 
when the U.S. government sent U.S. agriculture agent 

Table 1. Overview of case studies and recent mean annual air temperature warming trends.

Region Permafrost Type and Distribution Food System under Study
Permafrost-Agroecosystem-Induced 

Changes

Recent Mean Annual 
Air Temperature 
Warming Trend

Alaska Continuous, discontinuous, sporadic, 
isolated, and areas of no permafrost

Crops in areas of 
discontinuous 
permafrost

Subsidence in farm fields causing 
changes in surface water flow, 
damages to physical infrastructure, 
crop losses, and field abandonment

1.7°C to 2.2°C increase 
since the 1970s 
(Thoman and Walsh  
2019)

Northwest Territories, 
Canada

Continuous, discontinuous, sporadic, 
isolated, and areas of no permafrost

Traditional/Indigenous 
food systems obtained 
through hunting, 
fishing, and gathering; 
crops

Decreased access and availability from 
permafrost thaw; barriers toward 
crop cultivation

3°C increase in the last 
60 years (Marshall 
and Baltzer 2015)

Sakha Republic, 
Russia

Most land area contains continuous 
permafrost with smaller areas of 
discontinuous, sporadic, isolated, and 
no permafrost in the southern part

Horse and cattle 
husbandry, hay and 
crop production

Subsidence and the current rate of 
permafrost degradation exceed 
past periods of permafrost 
landscapes management

2.9°C between 1980 
and 2019 
(Czerniawska and 
Chlachula 2020)

Mongolia Areas of continuous, discontinuous, 
sporadic and isolated permafrost 
concentrated in the north

Animal husbandry and 
mobile pastoralism: 
sheep, cattle, horses, 
camels, yaks, and goats

Environmental changes: “drying” of 
the land and changes in pasture 
vegetation composition

2.1°C increase since 
1950s (MARCC  
2014)

Nepal Continuous, discontinuous, sporadic, 
and isolated permafrost in elevated 
(Alpine) areas

Yak pastoralism Permafrost thaw is generating 
hazards such as slope failures, 
changes in vegetation composition, 
and water quality

1.8°C increase 
between 1970 and 
2016 (Dhital et al.  
2023)

Northern 
Fennoscandia

Sporadic and isolated patches of 
permafrost

Reindeer herding and 
berry picking

Disappearing winter food source and 
habitat for reindeer and decreased 
berry-picking areas resulting from 
permafrost degradation

1°C to 3°C warming 
between 1914 and 
2013 (Kivinen et al.  
2017)

Yamal peninsula and 
northern Ural 
Mountains, Russia

Continuous, discontinuous, sporadic, 
isolated, and areas of no permafrost

Reindeer herding Permafrost degradation impacting 
migration movements and forage 
availability

3.4°C increase 
between 1960 and 
2017 in Yamal 
Peninsula 
(Verdonen et al.  
2020)

MARCC = Mongolia Second Assessment Report on Climate Change.
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Charles C. Georgeson to the state to determine if there 
was any agriculture and horticulture potential 
(University of Alaska Fairbanks Agricultural and 
Forestry Experiment Station 1998). Georgeson estab
lished eight agricultural research stations across Alaska, 
starting in 1898, with two of the stations established on 
areas with permafrost: the Rampart Station, active 
between 1900 and 1925, and the Fairbanks Station estab
lished in 1906, still active and now belonging to the 
University of Alaska Fairbanks. At one time, in the 
mid 1950s, the state produced approximately 55 percent 
of its food (Snyder and Meter 2015). However, as 
imports became more reliable and less expensive than 
locally produced foods this self-sufficiency declined with 
time, and the state now imports an estimated 95 percent 
of its purchased foods (Meter and Goldenberg 2014). In 
recent decades, agriculture in Alaska has been charac
terized by small farms— owned and operated by indivi
duals and families, with the majority of these farms 
(67 percent) operating on less than 50 acres (~20 ha) 
(USDA NASS, 2019). Farm numbers have been increas
ing in recent decades, contributing to increased local 
food security and access. Between 2012 and 2017, farm 
numbers increased in Alaska by 30 percent while simul
taneously decreasing by 3 percent in the continental 
United States (USDA NASS, 2019). Approximately 
80 percent of the state is underlain by permafrost that 
is ice rich in many areas (Jorgenson et al. 2008).

Although agriculture in Alaska has existed for over 
a century, knowledge gaps persist and resources for 
cultivating on permafrost-affected soils are lacking; 
many farmers are thus compelled to manage their fields 
by trial and error. In 2022, a survey was distributed 
online via Qualtrics and follow-up in-person interviews 
were conducted by members of the project research 
team with twelve Alaskan farmers collaborating on the 
U.S. National Science Foundation Permafrost Grown 
Project (U.S. NSF, 2021), eleven of which were based 
within the Tanana Valley of Interior Alaska (one of three 
agricultural hubs in the state) and one in Bethel. The 
survey asked questions about issues related to perma
frost thawing as well as experience and/or knowledge of 
permafrost thaw management strategies.

Two farmers described benefits of cultivation on per
mafrost, including less need for irrigation as some 
ground ice melt produces wetter soils and accessible 
water supplies to fields from nearby thaw ponds. These 
benefits, however, are temporary and are being lost 
when widespread surface subsidence occurs. According 
to survey participants, the three most common problems 
relating to permafrost thaw are subsidence, changes in 
surface water flow, and issues related to fencing, primar
ily the leaning of fence posts as ice-rich permafrost 

thaws. Subsidence can prevent continuation of mechan
ized cultivation until subsided areas are graded. Fencing 
is often used to keep large herbivores, like moose, away 
from crops. Leaning fence posts on permafrost allow 
wildlife to enter fields, causing crop damage. Other 
problems related to changes in the thermal and hydro
logical regimes of permafrost thaw, particularly from 
subsidence, include not being able to plant certain 
crops, delayed planting and crops being killed, as well 
as impacts to infrastructure like barns and root cellars, 
and equipment like tractors getting stuck in muddy 
areas affected by thermokarst. The above challenges 
individually or in concert with one another have led to 
partial field abandonment for seven farmers and com
plete farm abandonment for one.

Although some farmers felt they had little knowl
edge of permafrost, eight claimed to have 
a moderate amount, and one said they had advanced 
knowledge of permafrost. Nevertheless, almost half 
of respondents reported feeling uninformed or una
ware of any permafrost management strategies for 
agricultural practices. Those who claimed familiarity 
with some permafrost management strategies 
described grading the ground to level areas that 
had subsided, moving perennial crops out of sinking 
and wet areas, and utilizing no-till practices to mini
mize soil disturbance. Managing permafrost in farm 
fields can be costly; one farmer reported expending 
as much as 20 percent of their annual budget to 
manage permafrost-related disturbance through soil 
leveling and grading.

Despite efforts to manage permafrost issues, some 
farmers may inadvertently cause permafrost to thaw 
(Figure 4a) by using generally recommended prac
tices for cultivating in cold soils, such as the use of 
high tunnels and plastic mulches to warm soil and 
manage weeds. Preliminary data (Ward Jones, 
Gannon, and Jones 2024) (Figure 4b) collected in 
Alaska for a range of crop and mulch types show 
how certain plastic mulch applications can warm 
soils at greater depths. For instance, a black poly- 
geotextile mulch applied for weed suppression 
warmed the soil surface at an average rate of 
~0.1°C/day, and increased soil temperatures by 
1.5°C at 1 m depth during the period the plastic 
was applied (Figure 4b). These common recom
mended practices for cultivating in colder climates 
have not been evaluated for their impact on perma
frost: early findings from the study described above 
demonstrate a clear knowledge gap and need for 
additional research, as well as the development and 
adoption of management strategies that mitigate per
mafrost thaw.
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Northwest Territories, Canada: Indigenous 
traditional food and crop cultivation

Canada’s Northwest Territories (NWT) are ecologically 
dominated by boreal forest ecosystems, of which 70 per
cent are underlain by permafrost. Indigenous commu
nities continue to rely on the animal and plant resources 
of this ecosystem to support cultural, economic, and 
nutritional values.

The impacts of permafrost thaw are not uniform 
across the territory, as the severity of change depends 
on the diverse ice content of the substrate. However, this 
fundamental change in land cover and ecology leads to 
issues of food access and availability for many commu
nities in the NWT. Retrogressive thaw slumps created by 
thawing ice-rich permafrost can degrade water bodies, 

impacting aquatic ecosystems and fish populations 
(Kokelj and Jorgenson 2013). Large-scale conversion of 
forested ecosystems to wetlands will decrease caribou 
habitat through loss of spruce-lichen forests (Joly, 
Duffy, and Rupp 2012). Furthermore, changes in topo
graphy can make it more difficult for harvesters to access 
the land, and uneven terrain can contribute to travel 
safety concerns (Kokelj and Jorgenson 2013; IPCC  
2019).

As climate change continues to impact food sys
tems in the NWT, there may be more opportunities 
for local agricultural production, as temperatures 
warm and ecosystems shift (Hannah et al. 2020). 
The NWT has a mixed history of agriculture begin
ning with its introduction by early settlers, fur 

Figure 4. (A) Plastic mulch application caused a thermokarst pit to develop along a fencepost at a farm in Fairbanks, Alaska. (B) The 
impact of soil heating from a 22-day geotextile mulch application during the 2022 growing season. (Data available at Ward Jones, 
Gannon, and Jones 2024.) Ground heated as much as 7.6°C at the surface and 1.5°C at 1 m depth compared to a carrot crop with no 
mulch.

Figure 5. Raised beds by the Indigenous community of Kakisa (left) and commercial potato farm in Paradise Gardens, NWT (right).
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traders, and missionaries in the eighteenth century 
(Piper and Sandlos 2007). In the first half of the 
twentieth century, a small network of experimental 
farms was established across the NWT where a wide 
variety of vegetable and grain crops were cultivated 
before this program was discontinued in the 1960s 
(Price 2023). Since then, food producers in the NWT 
have continued to develop successful market gardens, 
vegetable crops, and other agricultural products, such 
as eggs, mushrooms, tea, and honey. Today, small- 
scale subsistence agriculture is common in commu
nities throughout the NWT (Figure 5) (Chen and 
Natcher 2019) and commercial agriculture is emer
ging as a viable operation (Lemay et al. 2021; 
Radcliffe et al. 2021); however, recent flooding and 
wildfires have destroyed some existing farms. 
Furthermore, for Indigenous communities across 
the region, agricultural knowledge and skills are rela
tively limited, as agriculture has not historically been 
part of the food system. Moreover, ongoing impacts 
of colonization on governance, including limited 
land sovereignty, the legacy of residential schools, 
and their association with gardens where many 
were forced to work, affect how farming is perceived 
among Indigenous communities (Spring et al. 2019; 
Johnston and Spring 2021; Price et al. 2022).

If local food production is to increase in the future, 
it is important to identify the areas that will become 
more suitable for agriculture, build capacity to grow 

food, and develop policies and practices that help 
protect the land, soils, and atmosphere. For 
Indigenous communities, it is crucial to ensure that 
agriculture is developed in a way that meets the needs 
of residents, is culturally appropriate, and does not 
diminish the overall health of the ecosystem (Unc 
et al. 2021; Price et al. 2022).

Central Sakha Republic, Russia: Horse and cattle 
husbandry, and hay production

The Sakha Republic (formerly Yakutia), which stretches 
over 3,000,000 km2, is primarily located in a zone of 
continuous permafrost with permafrost depths reaching 
several hundred meters. Smaller areas of discontinuous, 
sporadic, isolated, and no permafrost are present in 
southern areas. Permafrost throughout the region is 
commonly ice-rich.

In this region, agricultural activities occur mainly in 
both artificial and naturally occurring alaas meadows— 
areas of shallow depressions resulting either from the 
degradation of ice-rich permafrost (i.e., thermokarst) or 
drained lake basins produced from climate warming in 
previous millennia—most notably, about 12,000 to 
9,000 years ago and between about 7,000 and 
5,000 years ago (Soloviev 1973; Frolova et al. 2017; 
Ulrich et al. 2017, 2019). As a result of these long-term 
processes of uneven yet widespread permafrost degrada
tion, steppe-like grasslands in an otherwise boreal 
forested terrain evolved, providing the preconditions 

Figure 6. Alaas amid the forest plateaus on ice-rich permafrost, such open grasslands provide suitable ecological conditions for pasture 
and hay-making—and thus the basis for the Sakha pastoral culture. Photo: M. Ulrich, July 2014.
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for the horse and cattle economy of the Sakha people to 
develop over the last 500 to 800 years (Figure 6). The 
economic, cultural, and spiritual significance of alaas for 
Sakha livelihoods in the Sakha region cannot be over
emphasized (Crate et al. 2017; Mészáros 2020; Crate  
2021).

This particular form of land use underwent substan
tial changes in both pre-Soviet and Soviet times (Crate  
2006; Crate et al. 2017) concerning ownership, the bal
ance between subsistence and market or state-controlled 
production, technology, and the spatial extent of land 
use. Expansion of hay production and simultaneously an 
increasing percentage of arable land for crop farming 
(located partly in alaas and partly on the forested pla
teaus underlain with ice-rich permafrost) was made 
possible with the introduction of tractors (Figure 6) 
and other mechanization from the mid-1950s to the 
1980s. The abrupt disbandment of the state-farm system 
after the fall of the Soviet Union in the early 1990s 
resulted in massive unemployment and major loss of 
food supplies, with most inhabitants developing a form 
of interhousehold food production described as “cows 
and kin” (Crate 2006, 298). Despite these household- 
level efforts, cattle numbers decreased from ~400,000 in 
1990 to ~235,000 in 2012 (Crate et al. 2017). Due to 
transportation and economic restraints in the 1990s and 
2000s, most households sought to use land adjacent to 
their settlement, resulting in the abandonment of out
lying alaas areas.

The speed and the scale of recent permafrost degra
dation in the Sakha Republic are unprecedented in the 
scientific record, which is the subject of increasing 
public concern (Crate and Fedorov 2013; Crate  
2021). An important clarification here is that although 
Sakha pastoralists actively acquired, expanded, and 
ameliorated alaas areas as pasture lands and meadows, 
for example through drainage and selective removal of 
vegetation (Crate et al. 2017), the rate and severity of 
permafrost degradation occurring today is more wide
spread and significant than previous episodes of agri
culture-induced thaw. Those previous periods of 
managed permafrost degradation arose from local 
land-management practices occurring as early as the 
seventeenth century (Nikolaev 2009). These efforts 
were intensified in the Soviet period with large-scale 
drainage, irrigation, and logging (Habeck and 
Yakovlev 2019).

Mongolia: Sheep, cattle, horses, camels, yaks, and 
goats husbandry

Mongolia is another emblematic region of mobile 
(nomadic) pastoralism located at the southern boundary 

of the Eurasian permafrost (Endicott 2012). Northern 
Mongolia contains continuous permafrost and highly 
productive pastures along the main grain belt 
(Munkhjargal et al. 2020; Dashtseren 2021). Central 
Mongolia is underlain by discontinuous permafrost 
with sporadic and isolated permafrost patches in the 
south. Forest areas are distributed in a mosaic pattern 
(often on north-facing slopes), covering about 8 percent 
of the country, and overlapping considerably with per
mafrost areas.

Mobile pastoralism is culturally the most prominent 
activity in Mongolia and despite a certain decrease over 
the last 20 years, it continues to be one of the most 
important economic sectors, along with mining. There 
are approximately 300,000 pastoral households in 
Mongolia who mainly depend on their livestock for 
income and feed a large part of the country’s population. 
The six prominent livestock species are sheep, cattle, 
horses, camels, yaks, and goats. Overall, the number of 
livestock in Mongolia doubled between 1995 and 2015 
(Gankhuyag et al. 2021); however, large-scale livestock 
die-off events do occur because of climatic events (called 
dzuds) such as drought, extended snow cover, and 
extreme cold temperatures (Pan et al. 2019). Herd com
position varies based on the ecoregion: for example, yaks 
play an important role in the cooler mountain ranges of 
the western part (Figure 7). Animal husbandry is also 
influenced by global trends of commerce and consumer 
choices (Janzen 2011; Ichinkhorloo 2018), most promi
nently seen in the increase of cashmere goats since the 
early 2000s. Because goats tend to exert a stronger 
impact on plant roots than do sheep, the increase in 
goats has exacerbated pasture degradation.

One case portrays Khuder District, a part of Mongolia 
where logging is an economic priority that concerns the 
interaction of mobile pastoralism and permafrost. The 
district is located in north-central Mongolia (the Selenge 
Region) just south of the Russian border at the margins 
of the continuous permafrost zone. In line with eco
nomic shifts from a socialist agropastoralism economy 
toward gold and iron-ore mining, commerce, and ser
vices, it is now logging—in particular illegal logging— 
that creates the most palpable environmental problems 
(Munkherdene and Sneath 2018). Forest cover helps 
preserve permafrost through effects of shade: recent 
borehole temperature monitoring in this region shows 
the forest and mountain sites to be most thermally stable 
(Wang et al. 2022). Therefore, if today’s rates of logging 
continue, it will have a severe impact on permafrost 
dynamics as it removes the protective cover and exposes 
permafrost to climate-driven thaw.

Permafrost thaw associated with logging or forest 
fires also impacts the region’s hydrological 
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conditions; as permafrost is impermeable, water flow 
occurs within the summer thaw layer (Ishikawa et al.  
2005; Kopp, Minderlein, and Menzel 2014; Lange 
et al. 2015). This permafrost aquatard results in 
more plant water availability in the surface soil and 
enables the growth of trees (forests) and plants of 
importance for animal husbandry. Degrading perma
frost increases the summer thaw layer so that 
groundwater is no longer concentrated near the soil 
surface (Ishikawa et al. 2005). At present, this effect 
of permafrost thaw is less impactful in the Khuder 
District, where precipitation is abundant enough to 
generate a high degree of soil moisture, compared to 
regions further south in Mongolia. Local observa
tions about environmental change suggest that, at 
present, the effects of the annual temperature and 
precipitation dynamics seem to obscure the effects 
of permafrost thaw and the subsequent “drying” of 
the land. For example, in another region of 
Mongolia, Khoroo, herders consistently commented 
on the degradation of their pasturelands and related 
it to the last several years of drought conditions; 
however, Han and Menzel (2024) show that thawing 
permafrost can exacerbate soil drying in drought 
conditions.

Despite the speed and magnitude of average air tem
perature rise (Table 1), permafrost degradation has been 
comparatively slow in Mongolia (Wang et al. 2022). 

Such invisible, slow and patchy changes are beyond the 
perception of the public, even though they are substan
tially affecting rural livelihoods.

Nepal: Yak pastoralism in the Central Himalayas

Domesticated yaks (and their hybrid forms, cross breeds 
with other bovines) are raised all over high Mountain 
Asia, with 90 percent of the approximate total of 
2 million found on the Tibetan Plateau in China, and 
between ~200,000 in the Hindu Kush Himalayan (HKH) 
ranges outside China (Ning et al. 2016a). Their wild 
counterparts are much rarer (~10,000) and are largely 
limited to the Tibetan Plateau (Kusi et al. 2021). 
Research on yak husbandry revolves largely around gen
eral herd management and associated challenges in the 
transboundary landscapes of the HKH (Ning et al.  
2016b) and specific regions in Nepal (Degen et al.  
2007; Kusi et al. 2021) as well as in Bhutan (Ning et al.  
2016b; Dorji et al. 2020), where yak pastoralism con
tinues to be an important source of livelihood and cul
tural identity. Studies on impacts of a changing climate 
in the HKH on yak pastoralism are limited, dealing with 
perceptions of climate change of herders in Sikkim 
(Feroze et al. 2019), as well as the link between glacier 
change and migration of herders (Meyer et al. 2009). 
While the largely negative impact of changing perma
frost on ecosystems and herding in general has been 

Figure 7. Yak and cattle spending a spring afternoon by an aufeis sheet in a valley near Terelj, Mongolia. Photo: J. O. Habeck, 
March 2019.
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documented in a few cases on the Tibetan Plateau (Baral 
et al. 2023), no study has so far investigated the link 
between permafrost presence or change and yak pastor
alism. Here we present a first analysis on how yak herd
ing and agriculture in high elevation areas of the HKH 
are potentially exposed to changing permafrost condi
tions, especially in light of evolving hazards, a concern 
previously raised by herders in the region (Degen et al.  
2007).

In this case study we investigate permafrost change 
and yak herding linkages in three areas in the Nepalese 
Himalaya: Humla, Langtang, and Yangwarak (Figure 8, 

Table 2), where yak pastoralism is common. Based on 
our field experience from the sites and supported by 
Google Earth imagery, we identify individual hamlets, 
connected agricultural lands, and huts used by yak her
ders (labeled as settlements, agriculture, and transhu
mance, respectively, in Table 2), and compare this to 
permafrost extent (Obu et al. 2019a), investigating the 
lowest reach of permafrost in the watershed and the 
minimum distance of any of the features to permafrost 
(Table 2). The Humla and Langtang areas are generally 
higher and reach up to and beyond 7,000 m above sea 
level (a.s.l.), while in Yangwarak the highest elevation is 

Figure 8. (a) Thaw slumps in the lower permafrost zone in Langtang (~4,000 m a.s.l.) located between frequently used herder huts. (b) 
Thaw slump close to a hut in Humla. (c) One of the bigger transhumances in Langtang, threatened by debris flows from higher areas on 
the left and right, now lies abandoned, with the main river arm below. (d) Typical yak grazing grounds in Humla at the lower margin of 
permafrost occurrence.

Table 2. Characteristics of the case study sites, distribution of settlement infrastructure, agricultural land and huts (transhumance) for 
yaks and their herders (with total number in brackets) as well as their respective distances to permafrost.

Humla Humla (2,184 km2, 2,740–6,996 m a.s.l., min. 
permafrost elevation: 3,536 m a.s.l.)

Settlements (75) Agriculture (30) Transhumance (81)

Mean elevation (min– max) 3,252 (2,976–4,196) 3,467 (2,889–4,059) 4,159 (3,402–4,705)
Distance to permafrost [km] 3.9 1.9 0.8

Langtang Langtang (935 km2, 1,426–7,202 m a.s.l., min. 
permafrost elevation: 3,909 m a.s.l.)

Settlements (5) Agriculture (5) Transhumance (29)

Mean elevation (min– max) 3,618 (3432–3,880) 3,492 (3,326–3,880) 4,189 (3,846–4,686)
Distance to permafrost [km] 0.5 0.9 0

Yangwarak Yangwarak (263 km2, 783–4,638 m a.s.l., min. 
permafrost elevation: 4,384 m a.s.l.)

Settlements (—) Agriculture (—) Transhumance (21)

Mean elevation (min–max) — — 3,578 (2,538–4,450)
Distance to permafrost [km] — — 0.9
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just above 4,600 m a.s.l. No settlements or agricultural 
land exist in the latter and huts are visited by herders 
from regions below the minimum elevation of 783 m a.s. 
l. Nevertheless, in all areas, huts of yak herders are 
within 1 km of permafrost. In Langtang, nearly half of 
all huts are even located on terrain that is potentially 
permafrost. Yaks are left to graze freely in the pasture 
and return at specific times for milking. Thus, yaks can 
graze many kilometers beyond the herders’ huts and are 
therefore likely to move across permafrost terrain fre
quently in all areas. Agricultural land and settlements 
are generally further away from permafrost, except in 
Langtang where permafrost-affected slopes may occur 
above settlements.

Glacier and permafrost hazards such as glacial lake 
outburst floods, snow avalanches, debris flows, and 
snowstorms have caused loss of livestock repeatedly 
in the region (Acharya et al. 2023; Shrestha et al.  
2023). yak trails are under the threat of being eroded 
due to thaw slump events, detachment of the active 
layer, and debris flows. At the same time, thaw slumps 
are being used by yaks to scratch themselves, increas
ing erosion of fragile slopes (Figure 8a,b). On many 
occasions, huts of pastoralists had to be shifted after 
landslides or debris flows, the occurrence of which is 
potentially linked to changing permafrost conditions 
(Li et al. 2022, Figure 8c). An indirect risk for yak 
pastoralism is the impact of permafrost hazards on 
valley floors, which are used for grazing of other live
stock species, and infrastructures such as roads (Fort  
2015), that facilitate the transportation of agricultural 
yield and livestock products.

Permafrost degradation and seasonal freeze–thaw cycles 
are often responsible for changes in plant species distribu
tion and productivity (Schuur et al. 2007) and grassland 
expansion (Jin et al. 2022). A precipitation shift from snow 
to rain potentially contributes to these changes. These 
variations are likely to impact grazing practices, the nutri
tional profile of livestock, milk productivity and quality, as 
well as the relocation of grazing grounds. All these phe
nomena have been reported by herders at the southern 
fringe of Langtang as well as in Humla.

Permafrost effects on yak pastoralism will likely have 
economic consequences, which are currently unknown 
and merit further research. Nepal currently generates 
around 20 to 25 million USD per year in export sales 
alone for dog food from yak milk (Prasain 2023) and 
Yarsagumba, a medicinal plant collected in the same 
areas as herding, equivalent to approximately 15 percent 
of the country’s earnings from tourism (Shrestha, 
Dhital, and Gautam 2019).

Effects of changing permafrost in the HKH propagate 
downward quickly and can impact livelihoods of 

populations whose settlements are otherwise located 
outside the zone of continuous permafrost and may 
even have their continuous settlements more than 
2,000 m a.s.l. below the lower margin of permafrost 
occurrence. The dependence on yak pastoralism, that 
during summer is carried out in permafrost environ
ments, potentially exacerbates climate-driven thaw, with 
evidence from all parts of the Nepalese Himalaya.

Berry picking and reindeer herding in Northern 
Fennoscandia

In Fennoscandia, located mostly in the sporadic perma
frost zone, permafrost occurs in the Scandes mountain 
range, and in less elevated and lowland parts of northern 
areas (Gisnås et al. 2017; Ruuhijärvi, Salminen, and 
Tuominen 2022). In the latter, sporadic permafrost 
underlies palsas (Figure 9) and peat plateaus (peat 
mounds and plateaus with perennially frozen cores 
that contain ice lenses, respectively), which are features 
of the northern Fennoscandian landscape and are dis
appearing due to climate change (Näkkäläjärvi, 
Juntunen, and Jaakkola 2022; Leppiniemi et al. 2023; 
Verdonen et al. 2023).

Palsas and peat plateaus are prime growing habitats 
of and contain substantial coverage of the highly prized 
cloudberry (Rubus chamaemorus L.). This berry is highly 
valued by locals for food consumption and to sell to jam 
companies for commercial production. The berry has an 
estimated ~2.7-million-euro annual economic value in 
Finland (Tahvanainen, Miina, and Kurttila 2019).

In addition to cloudberries, elevated palsas and peat 
plateaus serve as “islands” of easily available forage 
(lichens) for reindeer during winter as they usually 
have thinner snow cover compared to the surrounding 
areas (Seppälä 1994). While reindeer trampling in win
ter can help cool permafrost by compacting the insulat
ing snowpack (Windirsch et al. 2022), intensive animal 
trampling in summer may contribute to the degradation 
of palsas via vegetation transformation, consequently 
reducing permafrost insulation (Holmgren et al. 2023; 
Windirsch et al. 2023).

Approximately 400,000 reindeer spend at least some 
time of the year within the areas containing permafrost in 
Fennoscandia (including northern areas of Norway, 
Sweden, Finland, and Kola Peninsula). Reindeer husban
dry plays a central role in the economy and culture of this 
region. The ancestral lands of the Sámi cross nation-state 
borders of northern Fennoscandia that these Indigenous 
groups have been migrating across for millennia. Along 
with other cultural and socioeconomic aspects, reindeer 
herding serves as a symbol of Sámi identity (Holand et al.  
2022). Apart from Sámi, ethnic Finns also practice 
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reindeer husbandry. Sámi and ethnic Finns closely 
observe the weather, the ground, and pasture quality 
because seasonal conditions are decisive for all aspects 
of herding success (Laptander et al. 2023). As a livelihood, 
reindeer husbandry is often seen as competing with other 
forms of land use, such as the forestry and the energy 
sectors (Stoessel, Moen, and Lindborg 2022), which lead 
to fragmentation of reindeer pastures and diminished 
availability of certain resources (Kårtveit 2021; 
Kuokkanen 2023). Degradation of palsas and peat pla
teaus, shrubification of fjell (i.e., mountain tundra) areas, 
and other climate change–related processes will modify 
land-based activities (Markkula, Turunen, and Rasmus  
2019). Current socioeconomic processes in northern 
Fennoscandia are likely to aggravate the impact of climate 
change on certain land-based livelihoods. Of utmost 
importance is thus to (1) maintain flexibility in pastoral 
land use and (2) endorse the position of diverse rights- 
holders in decision-making processes about resource use 
(Komu 2020); particularly so in ecologically sensitive 
areas of the boreal and tundra zone.

Reindeer herding in northwest Russia

The tundra and boreal forest zone between Kanin and 
Gydan Peninsulas in northwest Russia globally represent 
the largest reindeer herding region in terms of semido
mesticated reindeer numbers, amounting to 

~1.1 million, of which ~750,000 are registered in the 
Yamal Nenets Autonomous Okrug (YNAO) (Istomin 
and Habeck 2016). The latter region has therefore 
come to be seen as the most important core of north 
Eurasian reindeer husbandry and has been practicing it 
for at least 2,000 years (Istomin 2020). Most herders 
define themselves ethnically as Nenets or Komi 
(Habeck 2005; Stammler 2005; Laptander 2020).

Komi came to engage in reindeer husbandry rather 
recently, roughly around 1700—a process that by some 
has been described as an economic response to the Little 
Ice Age, which wrought disastrous harvests in areas 
where Komi had earlier depended on cattle farming, 
hunting, and fishing (Isotomin 2020). Komi adapted 
reindeer-herding practices from their Nenets neighbors. 
Mixed economy and diversified household income were 
(and continue to be) of crucial importance for house
holds; however, from the mid-nineteenth century 
onward, some households with herds >2,000 animals 
became fully specialized on reindeer husbandry.

This region of northwest Russia spans over a gradient 
of permafrost zones, from continuous permafrost in the 
northern half of Yamal Peninsula to discontinuous per
mafrost in the southern half of Yamal and the Northern 
Urals, and to sporadic permafrost and isolated patches 
near Vorkuta toward the southwest.

Reindeer herding (Figure 10) in northwest Russia is 
a vital source of income for thousands of households and 

Figure 9. Palsa in Peera near Kilpisjärvi, Finland. This palsa is thawing fast; on the sides there are small thermokarst ponds. The top of 
the palsa rises 1 to 2 meters above peatland surface and creates a rather dry habitat, where lichen and dwarf shrubs are common. As 
the top of palsa has a thinner snow cover than the surrounding peatland, in spring they are the first snow-free spots in peatland and 
attract reindeer to graze there. Drone photo: T. Kumpula, August 2023.
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many rural communities in general (in the Komi 
Republic, the Nenets Autonomous District, and the 
YNAO). However, the management strategies and herd
ing practices differ significantly not only from those in 
Fennoscandia (Magga et al. 2009), but also from each 
other. For instance, west of the Urals, transhumance is 
more common (with several but not all household mem
bers spending up to 9 months with the herds), whereas 
east of the Urals, the numbers of fully nomadic house
holds are much higher. On both sides of the Urals, migra
tion routes between summer and winter pastures can 
extend up to ~400 kilometers (or 800 kilometers both 
ways), and generally stretch from north to south, mirror
ing the zonal differences of the lowland areas and making 
use of both tundra and forest ecotones. Thus, the herds 
migrate through all zones, from continuous permafrost to 
isolated permafrost, twice per year. Furthermore, this part 
of Russia also has important oil and gas reserves, and 
expansion of these industries is causing herders to change 
migration routes (Forbes 2013).

As in Fennoscandia, reindeer herders in Russia are 
keen observers of weather, ground, and pasture condi
tions (Laptander et al. 2023). From the reindeer herders’ 
point of view, permafrost dynamics are just one part of 
the larger context of climate change. Much more worry
ing to herders in the short term are the effects of rain-on 
-snow events, often leading to the formation of an ice 
layer impenetrable for reindeer and resulting in starva
tion and severe losses for herders (Forbes et al. 2016; 
Golovnev 2017; Laptander 2020; Stammler and Ivanova  
2020). It is predominantly through changes in vegeta
tion and thus albedo that reindeer herding has an impact 
on the soil surface, the active layer, and the permafrost 

horizon (Istomin and Habeck 2016; Holmgren et al.  
2023). Permafrost degradation, in turn, has local and 
regional effects on pasture conditions, migration routes, 
and the timing of migration.

Discussion

Permafrost and its multiple responses to thaw and chan
ging environmental conditions is an essential considera
tion for high-latitude and mountainous agricultural 
activities (Vincent, Lemay, and Allard 2017; Ward 
Jones et al. 2022). In many cases, agriculturalists’ knowl
edge of permafrost is limited and the responses of per
mafrost to management are complex, with linkages 
between permafrost thaw and environmental change 
not always obvious. There is nevertheless a general 
awareness of environmental change among agricultural 
producers and pastoralists (Poeplau et al. 2019). In 
Mongolia and Nepal, herders are monitoring how their 
pastures are drying, how vegetation composition is 
changing, and how more drought-tolerant species are 
moving in, even though their general awareness of per
mafrost may be limited. In Alaska, there is an awareness 
that permafrost is present, but knowledge gaps exist with 
regards to ground ice, and more generally, what causes 
the land surface to sink and how to manage it. In the 
Sakha Republic, Russia, agriculturalists have been 
actively cultivating areas resulting from thermokarst 
processes in previous millennia (alaas). However, the 
current rapid pace of change is creating uncertainty in 
how to move forward managing these lands for hay 
production. Therefore, dedicated regional and multina
tional research funds are needed to create scientific 

Figure 10. Komi reindeer herders driving part of their herd through a spring-thaw freshet (near Khorei-Ver, Russia). Photo: J. O. Habeck, 
June 1999.
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programs involving transdisciplinary research teams 
(spanning both physical and social sciences) and local 
experts to gain fundamental knowledge in how to culti
vate and manage permafrost-agroecosystems while 
maintaining the landscapes biodiversity and capacity to 
store carbon (Unc et al. 2021; Ward Jones et al. 2022). 
This knowledge must be codeveloped with Indigenous 
and local land users, so that permafrost-conscious prac
tices and management strategies can be utilized.

Climate change is creating both opportunities and 
challenges that vary regionally. The accelerated rate of 
warming in permafrost regions is potentially driving 
opportunities for expanded agricultural activities; 
however, recent agriculture expansion studies do not 
account for permafrost (King et al. 2018; Hannah et al.  
2020; Fresco et al. 2021; KC et al. 2021; Čengić et al.  
2023). Approximately a quarter of the northern hemi
sphere land area falls within a permafrost region (Obu  
2021), so its presence and dynamics may become more 
relevant as agroecosystems intensify, with potential 
future geographic shifts in food production (Ward 
Jones et al. 2022). Hannah et al. (2020) estimate that 
high-latitude and mountainous regions will gain the 
largest land area, over 10 million km2 and ~1 million 
km2, respectively, under RCP 8.5 by 2060–2080, to 
grow globally important crops. However, despite the 
low population density, much of this land is already 
being used for food production. For example, within 
North America, vast tracts of land are utilized by 
Indigenous peoples to access and harvest traditional 
wild foods. Different land-use practices for food pro
duction are likely to conflict with large-scale agricul
tural development in high-latitude regions, as is 
occurring with the Nenana-Totchaket Agricultural 
Project in Alaska (DeMarban 2022). In Canada, lega
cies of colonialism, such as residential schools, and the 
preponderance of farming as a settlers’ activity, may 
prevent the desire to adopt and expand agricultural 
activities. Furthermore, these opportunities may be 
challenged by problems arising from degrading per
mafrost that will accelerate as warming continues. 
While opportunities for agriculture will increase cli
matically, one cannot expect the scale of cultivation 
and techniques developed in southern latitudes will 
automatically work in areas of permafrost due to its 
different physical properties and processes, especially 
under thaw conditions (Ward Jones et al. 2022), nor 
are the goals of agricultural production necessarily the 
same in northern communities (Price et al. 2022). 
Alternatively, climate change is negatively impacting 
pasture lands through shifts in vegetation composi
tion, such as in Northern Fennoscandia, where perma
frost patches provide food sources for reindeer in 

winter. Pastureland availability is being fragmented 
or compressed for growing industrial sectors such as 
logging and mining in areas such as Northern 
Fennoscandia, northwest Russia, and Mongolia. In 
high Mountain Asia, climate change has also resulted 
in the drying of soils where permafrost has thawed 
while increasing mass movements like landslides and 
debris flows, causing people to relocate for a lack of 
adequate and safe agricultural space (Baral et al. 2023).

These potentially competing land interests between 
growing industry sectors and traditional livelihoods will, 
in face of environmental changes, drive tradeoffs 
between individual livelihoods and local, regional, and 
national economic interests. Furthermore, while cli
matic opportunities may increase food production in 
high latitude and mountainous areas, these opportu
nities also come at the cost of tradeoffs with other 
ecosystem services and environmental consequences 
(Klöffel et al. 2022). Many of these tradeoffs are yet to 
be fully assessed; for instance, how Indigenous or pas
toralist land-use practices are likely to be impacted by 
future expansion of industrial activities. In particular, 
land use changes that result in an increase in provision
ing ecosystem services may result in a loss of biodiver
sity, increased carbon emissions from newly cultivated 
land, and shifts in downstream nutrient concentrations 
(King et al. 2018; Hannah et al. 2020; Unc et al. 2021). So 
far, only a few studies have investigated such mechan
isms, but they share the insight that carbon losses from 
permafrost soils upon deforestation are much higher 
than those from nonpermafrost soils (Grünzweig, 
Valentine, and Chapin 2015; Peplau et al. 2022). 
Research involving agriculturalists and pastoralists, 
especially those who are trained and situated locally, is 
needed for high latitude and mountainous communities 
to develop effective solutions (Ward Jones et al. 2022) 
that are supported by local land use policies (Unc et al.  
2021). Furthermore, policy makers can be proactive in 
developing policies that minimize potential future con
flicts and take into account tradeoffs between agricul
tural expansion and permafrost protection. These 
policies must be formulated in cooperation with local 
communities, rightsholders, and stakeholders.

Additional actions policy makers can take to support 
permafrost-agroecosystems include devoting resources 
to create baseline datasets (both census and geospatial) 
related to permafrost-agroecosystem location, agricul
tural activity type, agriculturalist demographics, and 
other social–ecological characteristics. Policy makers 
should also be mindful that permafrost presence can be 
viewed ambivalently, as an asset or a burden (Ward 
Jones et al. 2022), and the varying policies that result 
from this ambivalence do not necessarily exclude each 
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other; rather, they may coexist. In mountainous areas, 
thawing permafrost can create hazards, such as from 
landslide wasting events. Also, subsidence and other 
permafrost effects can lead to crop failure and economic 
losses due to the absence of relief programs and lack of 
insurance coverage for permafrost-related damages. 
Policies, including financial incentives, can be developed 
to support permafrost preservation; for instance, 
through permafrost-conscious cultivation practices that 
are developed to suit local conditions. Another oppor
tunity could be expanding climate-smart agricultural 
practices to include permafrost and extend carbon credit 
programs that support permafrost preservation by culti
vation and pastoralism. Regardless, developing effective 
permafrost-conscious cultivation and pastoral practices 
is only possible if dedicated scientific efforts endorse 
long-term transdisciplinary research programs in coop
eration with local agriculturalists.

Conclusion

Climate change will shift agricultural production globally, 
especially in high latitude and mountainous regions that 
are commonly underlain by permafrost and expected to 
experience the largest gains in arable land area. However, 
it is currently impossible to incorporate these regions in 
global analysis and monitor these environmental shifts as 
geospatial datasets of permafrost-agroecosystems are 
nonexistent or are limited and patchy in occurrence. We 
identified 18 countries in the Northern Hemisphere 
whose territory contains 10 percent or more land within 
a permafrost region. Each country identified also has an 
active agricultural sector, although the extent of agricul
tural activities in permafrost-containing areas globally is 
currently unknown.

The creation of datasets and dedicated research pro
grams is necessary to better understand permafrost- 
agroecosystems, so they can be sustainably managed 
and developed as new areas of land become better 
suited to agricultural activities and some areas decline 
with permafrost degradation. Permafrost conditions 
vary geographically, with ground ice content being 
a primary control. Therefore, the environmental and 
societal impacts of thawing permafrost on agricultural 
activities will vary geographically and have different 
responses depending on permafrost type. For example, 
thawing ice-rich permafrost leads to increased soil 
moisture content and waterlogging, whereas perma
frost with poor ice content is associated with land 
drying; both responses further generate complex cas
cading interactions and feedback within their respec
tive environment. Our case studies show the complex 
socioecological linkages between agricultural activities 

and environmental changes arising from permafrost 
thaw and climate change. Although there is diversity 
between the seven regional agroecosystem case studies, 
we found many common themes, such as an overall 
awareness of environmental changes and permafrost 
knowledge gaps. Accounting for these complex socio
ecological linkages and ecosystem and land use trade
offs while filling in knowledge gaps is needed to 
sustainably manage and develop locally relevant, cli
mate-positive permafrost-agroecosystems within the 
context of globally changing climate, policy, industry, 
and economies.
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