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1. Forests
Cindy Prescott, Sue J. Grayston 

Faculty of Forestry, University of British Columbia, Vancouver, Canada 

1. Definition and description

Forest refers to land spanning more than 0.5 hectares with trees higher than 5 meters and a canopy cover of 
more than 10 percent, or trees with the potential to reach these thresholds at these locations (FAO, 2020a). 
Forest lands that are temporarily treeless because of harvest or disturbance are included. Tree plantations are 
also included, unless they are in predominantly agricultural systems (FAO, 2020a). Forest does not include 
land that is predominantly under agricultural or urban land use, even though such land may have some tree 
cover.  

Globally, forests cover 4.06 billion hectares, which is 31 percent of the total land area (FAO, 2020b). There 
are still at least 1.11 billion ha of primary forest – that is, forests composed of native species in which there are 
no clearly visible indications of human activities and the ecological processes have not been significantly 
disturbed (FAO, 2020b). More than 2.05 billon ha (greater than 50 percent) are covered under long-term 
management plans (FAO, 2020b).  

About 1.15 billion ha of forest is managed primarily for the production of wood and non-wood forest products, 
while 749 million ha is designated for multiple use, which often includes production (FAO, 2020b). South 
America has the highest (2 percent total forest area) and Europe the lowest (0.4 percent total forest area) share 
of plantation forest. Almost half (44 percent) of plantation forests are composed primarily of introduced species; 
though this varies globally; South American plantations consist almost entirely of introduced species while 
North and Central American plantations mainly contain native species (FAO, 2020b). 
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2. Global distribution of hotspot 

Forests cover 4.06 billion hectares (ha) of land globally, which is 31 percent of the total land area. The tropical 
domain comprises the largest proportion of the world’s forests (45 percent), followed by the boreal (27 
percent), temperate (16 percent) and subtropical (11 percent) domains (FAO 2020b). 

 

Figure 1. Proportion and distribution of global forest area by climatic domain, 2020 (FAO, 2020b) 

Tropical forests also have the highest available timber volume (121 m3/ha), carbon storage (91 tonnes/ha) and 
species diversity, while boreal systems have the least of these attributes (Kappen et al., 2020).  Temperate 
forests are the smallest biome (accounting for 15 percent of total forest area) but account for an immense share 
(29 percent) of global forest product harvest (Kappen et al., 2020). 

 

3. Global carbon stock and additional carbon storage 
potential 

The total carbon stock contained in the world’s forests is 662 gigatonnes (Gt), and the average carbon density 
of forests is 163 t/ha (FAO 2020b). The global average carbon density of forests is 74 tonnes/ha, with tropical 
forests containing the largest average carbon density (91 tonnes/ha), temperate forests intermediate (53) and 
boreal forests the lowest (41) (Kappen et al., 2020). The highest densities of carbon are found in forests of 
South America and Western and Central Africa, storing about 120 tonnes of carbon per hectare in living 
biomass alone. On average, 44 percent of forest carbon is found in the living biomass (296 Gt of carbon in both 
above- and below-ground biomass), although the greatest proportion of forest carbon (45 percent) is found in 
soil organic matter, with an additional 10 percent in dead wood and litter ( Figure 2). Soil C stocks (including 
litter) comprise the highest proportion of ecosystem C stocks in both boreal (202 Gt; 70 percent of the 
ecosystem C stock) and temperate forests (69 Gt; 60 percent), but only 30 percent of ecosystem C stocks (155 
Gt) in tropical forests (Pan et al., 2011).  
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Figure 2. Proportion of carbon stock in forest carbon pools in 2020 (FAO, 2020b) 

The total carbon stock in forests globally declined from 668 Gt in 1990 to 662 Gt in 2020; during the same 
period carbon density increased from 159 tonnes to 163 tonnes/ha (FAO, 2020b). 

Globally, vegetation currently stores around 450 Gt of carbon (GtC), but could store around 916 GtC, in the 
absence of non-forest land uses (Erb et al., 2018). Deforestation and other forms of land-cover conversion are 
responsible for around 55 percent of the difference between current and potential biomass stocks. The 
remaining 45 percent is from managed ecosystems where actual biomass only comprises 60 to 69 percent of 
the potential biomass stock per unit area. Forest management contributes two-thirds and grazing one-third to 
the management-induced difference in biomass stocks. The additional C storage potential of these managed 
ecosystems is about 396 Gt. 

Carbon storage in forests can be increased by reducing deforestation, reforesting cleared forests, afforesting 
land that has been deforested, restoring land that has been degraded, and increasing C stocks in existing forests 
through forest management. Reduced deforestation, afforestation, and improved forest management globally 
could sequester an additional 3.8 GtC annually, of which about 1.6 GtC would result from reduced 
deforestation (Nabuurs et al., 2007). Of 20 natural pathways to mitigate climate change, forest pathways offer 
over two-thirds of cost-effective mitigation needed to hold warming to below 2 °C (Griscom et al., 2017; Figure 
3). The maximum additional mitigation potential of all 20 natural pathways was 23.8 Gt CO2eq/yr at a 2030 
reference year, while cost-effective climate mitigation potential was 11.3 Gt CO2eq/yr. Reforestation, avoided 
forest conversion, and improved forestry offered large and cost-effective mitigation opportunities with well-
demonstrated co-benefits, including biodiversity habitat, air filtration, water filtration, flood control, and 
enhanced soil fertility (Griscom et al., 2017). The reduction in GHG emissions that could be achieved by 
reducing deforestation and forest degradation has an estimated technical mitigation potential of 0.4–5.8 Gt 
CO2/yr (IPCC, 2020). 
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Figure 3. Of 20 natural pathways to mitigate climate change, forest pathways offer over two-thirds of cost-effective mitigation 
needed to hold warming to below 2 °C by 2030 (Adapted from Griscom et al. 2017) 

By mapping the global potential tree coverage based on climate, Bastin et al. (2019) concluded that there is 
potential for an extra 0.9 billion hectares of canopy cover in areas that would naturally support woodlands and 
forests (a 25 percent increase in forested area; at maturity, these trees could store 205 GtC. The C storage 
potential for a largescale afforestation program that is economically, politically, and technically feasible is 
considerably lower (Nilsson and Schopfhauser, 1995). 
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4. Importance of forest conservation for the 
provision of specific ecosystem services 

Forests provide critical ecosystem services including water regulation, temperature control, pollination and 
biodiversity.  

Forests regulate streamflow, support groundwater recharge, filter water, enhance soil infiltration and soil water 
storage, and reduce soil erosion and sedimentation of water bodies. Over 75 percent of the world’s accessible 
freshwater comes from forested watersheds, and over half of the human population depends on these areas for 
water (FAO, 2019). Evapotranspiration from forests and trees may reduce runoff at the catchment scale, but 
increase precipitation and water availability downwind (Ellison, Futter and Bishop, 2012). On average 40 
percent of rainfall over land is recycled from evapotranspiration over land surfaces. Tropical and subtropical 
forests act as large conveyors of atmospheric moisture, providing a global circulation system that influences 
regional cloud cover and precipitation (Ellison et al., 2017). The large-scale loss of these vast, contiguous 
tropical forests has been linked to decreased regional precipitation (Ellison et al., 2017).  

Forest cover directly affects regional surface temperature through exchanges of water and energy. Increases in 
forest cover in tropical regions increase evapotranspiration rates, resulting in cooler days during the growing 
season and reductions in the amplitude of heat-related events. Increased tree and shrub cover also has a 
wintertime warming influence in regions with seasonal snow cover, such as boreal and some temperate forests, 
due to reduced surface albedo (Shukla et al., 2019). 

Many wild pollinators depend on forests for nesting and foraging, and the extent of forests and other natural 
habitats in a landscape influences pollinator species composition (Krishnan et al., 2020). A national assessment 
in Tanzania (Tibesigwa et al., 2019) showed improved crop productivity in proximity to forests, and a positive 
association between forest cover and crop revenue. Pollinators are also vital for the regeneration of trees and 
plants used for timber and non-wood forest products. The decline in populations of both wild and managed 
pollinators can also hinder natural regeneration of forests (FAO, 2020b).  

Forests also harbour most of Earth’s terrestrial biodiversity and provide habitats for 80 percent of amphibian 
species, 75 percent of bird species and 68 percent of mammal species (FAO and UNEP, 2020). Tropical forests 
alone host at least two-thirds of terrestrial species. Globally, 424 million ha of forest is designated primarily for 
biodiversity conservation (FAO, 2020b).  

The estimated value of the environmental services provided by forests, for example absorbing harmful particles 
from air, filtering water, providing protection from soil erosion, rock falls, high tides and tsunamis is about 2 
percent to 7 percent of their total value (USD50 trillion to USD150 trillion; Kappen et al., 2020). 

!  
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4.1. Minimization of threats to soil functions 

Table 1. Soil threats 

Soil threats  

Soil erosion Tree canopies and litter layer reduce impact of rain; tree root systems hold 
onto soil particles; woody debris slows overland flow on slopes. 

Nutrient imbalance 
and cycles 

Establishment of forest generates litter and soil organic matter; canopy 
intercepts gaseous, particulate and dissolved nutrients, roots access nutrients 
deep in soils and enhance soil weathering. 

Soil salinization and 
alkalinization 

Tree cover reduces evaporative losses but can cause problems if planted in 
very dry areas. 

Soil contamination / 
pollution 

Plant species with tolerance for contaminants can reduce soil concentrations 
through phytoremediation. 

Soil acidification 
Depends on species – some species increase pH and base saturation; others 
acidify soil. Some tree species solubilize Fe oxides, which is otherwise fixed in 
the weathered soils. 

Soil biodiversity loss 
Tree root exudates support diverse rhizosphere community; root and leaf 
litter support diverse decomposer communities; wood supports saproxylic 
organisms. 

Soil compaction Tree roots penetrate soil and reduce compaction; tree roots also increase soil 
aggregation and improve soil structure. 

Waterlogging Tree root channels enable water infiltration; canopy transpiration returns 
water to atmosphere. 

 

4.2. Increases in production and food security  

Forests contribute to food security by providing nutrient-rich foods, income, employment, energy and 
ecosystem services (FAO and UNEP, 2020). Around 1 billion people depend to some extent on wild foods such 
as wild meat, edible insects, edible plant products, mushrooms and fish. Forests also diversify dietary supplies 
for human populations (FAO and UNEP, 2020). Forests may also provide fodder, green manure, and compost 
for farming (FAO and UNEP, 2020). Forest ecosystems have the potential to enhance agricultural and fishery 
production through water regulation, soil formation, protection, nutrient circulation, biodiversity 
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conservation, agroecosystem stability, pest control and pollination and so contribute to the food security (FAO 
and UNEP, 2020). Since trees are often more resilient to adverse weather conditions than agricultural crops, 
forest-based food items contribute to household resilience by serving as an important safety net in emergencies 
such as crop failure (FAO and UNEP, 2020).   

The formal forest sector provides an estimated 45 million jobs globally and labour income in excess of USD 580 
billion per year (including direct, indirect and induced employment; FAO and UNEP, 2020). Small and 
medium-sized forest enterprises account for about 20 million of these jobs, generating value of USD 130 billion 
per year. Globally, the reported value of non-wood forest products removals in 2015 amounted to almost USD 
8 billion (FAO and UNEP, 2020). Globally, about 1.15 billion ha of forest is managed primarily for the 
production of wood and non-wood forest products and an additional 749 million ha is designated for multiple 
use, which often includes production. Forests and trees are also important livelihood components for many, 
including the estimated 2.5 billion people involved in smallholder agriculture (FAO and UNEP, 2020). 

Woodfuel plays a critical role in ensuring access to affordable, reliable and modern energy by providing basic 
energy services to about 2.4 billion people worldwide, or one-third of the world’s population (FAO and UNEP, 
2020). Globally about half of total removals are for woodfuel; this ranges from 17 percent in high-income 
countries to >90 percent in low-income countries (FAO and UNEP, 2020). 

 

4.3. Improvement of human well-being  

Forests provide a wide range of products and services that contribute to human health, including medicines, 
clean water and air, shade and green spaces to exercise and relax in (FAO and UNEP, 2020).  More than 28 000 
plant species, many of which are found in forest ecosystems, are used as medicines (Willis, 2017). Traditional 
medicine systems contribute to the resilience of forest-dependent peoples around the world, often as the most 
available, accessible, affordable and sometimes culturally acceptable source of health care. Forests also 
indirectly decrease the occurrence of food- and waterborne diseases by filtering water and providing woodfuel 
for cooking food and sterilizing water (FAO and UNEP, 2020).  

Exposure to forests positively affects human health, particularly in urban areas (FAO and UNEP, 2020). Forests 
improve urban air quality, reduce the urban heat island effect and buffer noise. Forests and green spaces have 
positive physiological effects, improve mental well-being and promote physical exercise which improves health.  

Forests and trees are vital sources of income, livelihoods and well-being for rural populations, particularly 
indigenous people, smallholders and those living in close proximity to forests. Forests account for an estimated 
45.15 million jobs globally and labour income in excess of USD 580 billion per year (FAO and UNEP, 2020). 
Recreation and tourism also contribute to rural cash economies, with about 8 billion visits to protected areas 
contributing in the order of USD 600 billion annually. Worldwide, 186 million ha of forest is reserved for 
services such as recreation, tourism, education research and the conservation of cultural and spiritual sites, and 
the global area designated for this forest use has increased at a rate of 186 000 ha per year since 2010 (FAO 
2020b). 
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Kappen et al. (2020) estimated the social value of forests, based on: 1) the cost of housing and food for the 
nearly 200 million people who rely on forests for subsistence if they had to live in a non-forested rural 
community, 2) the personal income of the 12.6 million people worldwide who work in the forest industry, and 
3) the travel costs people are willing to pay for access to forests for recreation. Social values constituted 2 
percent to 7 percent of total forest value ($50 trillion to $150 trillion), mostly from subsistence use of forests 
and forestry employment. By far the largest share of global social value was from tropical forests in Asia and 
Africa, where the forest products industry is a major employer and large numbers of people also live in, and rely 
on the forest for their livelihood.  

 

4.4. Mitigation of and adaptation to climate change 

Forests play a crucial role in determining the accumulation of greenhouse gases in the atmosphere, as they 
absorb roughly 2 billion tonnes of carbon dioxide equivalent each year, storing the fixed C in long-lived tissues 
and soil. Deforestation is one of the biggest sources of carbon dioxide.  

The IPCC’s Fifth Assessment Report concluded that the most cost-effective GHG mitigation options for 
forestry are reducing deforestation, afforestation/reforestation, sustainable forest management and forest 
restoration (IPCC, 2014). These are defined below, along with their mitigation potential (Figure 4). 

 

Figure 4. Summary of the most cost-effective GHG mitigation options for forestry (Adapted from IPCC, 2014) 
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Protection of existing forests (reduced deforestation and forest degradation) allows for conservation of existing 
carbon stocks, and reductions in carbon losses from biota and soils. Reducing deforestation and forest 
degradation lowers GHG emissions, with an estimated mitigation potential of 0.4 – 5.8 Gt CO2/yr (IPCC, 
2019).  

Afforestation and reforestation (planting trees on non-forested land) can contribute to climate change 
mitigation by increasing stocking density in forests, carbon sequestration in soils, and wood use in construction 
activities. Afforestation and reforestation also generate changes in albedo resulting from land-use and land-
cover change that increase reflection of visible light (IPCC, 2019). The many factors that must be considered 
in planning and implementation of afforestation schemes are touched on in Factsheet No. 6 on Afforestation 
(Volume 5, this manual). 

Sustainable forest management practices aimed at providing timber, fiber, biomass, non-wood resources and 
other ecosystem functions and services, can lower GHG emissions and can contribute to adaptation. By 
providing long-term livelihoods for communities, sustainable forest management can reduce the extent of forest 
conversion to non-forest uses (e.g. cropland or settlements). Provision of products with low GHG emissions 
that can replace products with higher GHG emissions for delivering the same service (e.g. replacement of 
concrete and steel in buildings with wood, some bioenergy options) are other options to diminish climate 
change. Forest management has been estimated to have moderate mitigation value (0.3 - 3 Gt CO2eq/yr; IPCC, 
2019) 

The capability of forests to regulate climate through carbon capture and storage accounted for 65 percent to 90 
percent of the total value of forests (USD 50 trillion to USD 150 trillion). Tropical forests account for three-
quarters of the total value, due to their area (58 percent of total forest area), high carbon density and high tree 
biomass (Kappen et al., 2020). 

 

5. General challenges and trends 

Forest loss  

Occurs through conversion to other land uses such as agriculture (cropping and pasture) or urbanization. The 
world has lost 178 million ha of forest since 1990 (FAO, 2020b). The rate of net forest loss decreased 
substantially over the period 1990–2020 due to a reduction in deforestation in some countries, plus increases 
in forest area in others through afforestation and natural expansion of forests. The rate of net forest loss declined 
from 7.8 million ha per year in the decade 1990–2000 to 5.2 million ha per year in 2000–2010 and 4.7 million 
ha per year in 2010–2020. The area of primary forest has decreased by 81 million ha since 1990, but the rate 
of loss more than halved in 2010–2020 compared with the previous decade (FAO, 2020b).  
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Figure 5. Trends in global tree cover between 1992 and 2015 (FAO and UNEP, 2020) 

Africa had the largest annual rate of net forest loss in 2010–2020, at 3.9 million ha, followed by South America, 
at 2.6 million ha. The rate of net forest loss has increased in Africa in each of the three decades since 1990. It 
has declined substantially in South America, however, to about half the rate in 2010–2020 compared with 
2000–2010. Asia had the highest net gain of forest area in 2010–2020, followed by Oceania and Europe. 
Nevertheless, both Europe and Asia recorded substantially lower rates of net gain in 2010–2020 than in 2000–
2010. Oceania experienced net losses of forest area in the decades 1990–2000 and 2000–2010 (FAO and 
UNEP, 2020; Figure 6). 

 

 

Figure 6. Net forest area change by region between 1990 and 2020 (FAO and UNEP, 2020) 
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Figure 7.Annual rate of forest expansion and deforestation between 1990 and 2020 (FAO, 2020) 

Loss of certain forests such as mangroves and moist tropical forests are of particular concern for SOC stocks. 
Mangrove forests can store 3 to 4 times as much carbon in soil as other forest types, and as much as 15 percent 
of marine organic carbon burial may occur in mangrove forests. Mangroves are being lost and degraded through 
urban development and overexploitation of timber and food sources such as fish, crustaceans and shellfish. As 
much as 20 percent of the global area of mangroves was lost between 1980 and 2005, and rates of loss are about 
0.2 to 0.4 percent per year (see Hotspot n°5 on Mangrove forests, this volume). Tropical moist forest store 
about 650 m tonnes of carbon, which is about 30 percent of total carbon in terrestrial ecosystems, and average 
SOC stocks are greater than 100 tC/ha (see Hotspot n° 2 on Tropical Moist Forests, this volume). Tropical 
moist forests are being lost through unsustainable logging, conversion to agriculture and fire, and account for 
32 percent of global forest cover loss. 

Forest fragmentation  

Is the division of continuous habitat into smaller and more isolated fragments –initiates long-term changes to 
the structure and functions of the remaining forest fragments (FAO and UNEP, 2020). Reduction of forest 
patch size and increase in patch isolation decrease the abundance of birds, mammals, insects and plants by 20 
to 75 percent, impacting ecological functions such as seed dispersal and ecosystem services such as carbon 
sequestration, erosion control, pollination and nutrient cycling (Haddad et al., 2015). Roughly 80 percent of 
the world’s forest area is found in patches larger than 1 million hectares; this size class accounted for more than 
25 percent of the forest area for all forest types. Tropical rainforest and boreal coniferous forest are the least 
fragmented forest ecosystems – more than 90 percent of the forest area in these zones is in patches larger than 
1 million hectares. Almost 35 million forests (7 percent of the global forest area) occur in patches smaller than 
1 000 hectares (FAO and UNEP, 2020). 70 percent of global forest area is within one km of the forest/non-
forest boundary and therefore subject to fragmentation in the future, including some areas that are currently 
considered primary (Haddad et al. 2015).  
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Forest degradation  

Is the reduction of the capacity of a forest to provide goods and services (FAO, 2020a). Degraded forests have 
lost the structure, function, species composition and/or productivity normally associated with the natural forest 
type expected at that site. Forests can be degraded through human activities such as unsustainable harvesting 
and through natural disturbances, which may be exacerbated by climate change.  

Forest degradation can be monitored and measured using partial canopy-cover loss as a proxy (FAO, 2015). 
Other indicators or impacts of degradation include reduced growing stock, biomass, biodiversity, and 
production of forest goods, and increased soil erosion. From 2000–2012, the global area with partial canopy-
cover loss was 185 million ha, most of which (over 156 million ha) took place in the tropical climatic domain 
(FAO, 2015; Figure 8). 

 

Figure 8. Estimated area with partial canopy-cover loss by climatic domain between 2000 and 2012 (FAO, 2015) 

 Forests are subject to a number of natural disturbances (e.g. wildfires, pests, diseases, adverse weather events) 
that can reduce their ability to provide the full range of goods and services. About 98 million hectares of forest 
were affected by fires in 2015 (FAO, 2020b). These fires occurred mainly in the tropics, where they affected 
about 4 percent of the forest area. Most fires are readily contained, but 10 percent of fires are not and these 
account for 90 percent of the burned area.  

Disturbances other than fire affected 142 million hectares of forest between 2003 and 2012 (FAO and UNEP, 
2020). In 2015, around 40 million hectares of forests were affected by such disturbances, mainly in the 
temperate and boreal zones (FAO, 2020b). Outbreaks of forest insect pests alone damage about 35 million 
hectares of forests annually. Invasive plant and animal species are now considered one of the most important 
causes of biodiversity loss, especially in many island countries. Higher temperatures, severe and extreme 
weather events and drought stress result in reduced vigour of trees, making them more vulnerable to outbreaks 
of native and introduced pests and diseases. Finally, more than 800 million hectares of forested area were 
destroyed or affected by weather disasters between 1996 and 2015 (FAO and UNEP, 2020). 
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Increases in forest area may occur through natural processes such as regeneration of forest on abandoned 
agricultural land, or through reforestation or afforestation (including assisted natural regeneration; FAO and 
UNEP, 2020). For example, under the "Grain for Green" program initiated in 1999 to mitigate and prevent 
flooding and soil erosion, China planted 338,000 square kilometers of forests between 2013 and 2018 (Sheng, 
2019). Forest and landscape restoration (FLR) is the process of reversing the degradation of soils, agricultural 
areas, forests, and watersheds thereby regaining their ecological functionality and improving their productivity 
and capacity to meet the various and changing needs of society (Besseau et al., 2018). Under the Bonn 
Challenge, 57 countries, subnational governments and private organizations have committed to restore over 
170 million hectares. The AFR100 African Forest Landscape Restoration Initiative aims to bring 100 million 
hectares of degraded land under restoration by 2030. These efforts will be bolstered by the declaration of 2021 
– 2030 as the UN Decade on Ecosystem Restoration1.  

 

Photo 1. Old-growth montane temperate rainforest at Dakota Bowl, British Columbia, Canada 

 

1 https://www.unwater.org/the-united-nations-general-assembly-declare-2021-2030-the-un-decade-on-
ecosystem-restoration/ 
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Table 2. Related cases studies available in volumes 4 and 6 

Title Region 
Duration 
of study 
(Years) 

Volume Case-
study n° 

Soil fertility improvement of nutrient-poor 
and sandy soils in the Congolese coastal 
plains 

Africa 7 6 1 

Soil organic carbon stocks in forests of 
Singapore Asia Various 6 4 

Reforestation of highlands in Javor 
Mountain, Republic of Srpska, Bosnia and 
Herzegovina 

Europe 15 6 5 

Natural afforestation of abandoned 
mountain grasslands along the Italian 
peninsula 

Europe 23 to 72 6 6 

Conservation of degraded forests of central 
and western Spain Europe 22 to 80 6 9 

Straw mulch and biochar application in 
recently burned areas of Algarve (Portugal) 
and Andalusia (Spain) 

Europe 1 6 10 

 

!  
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1. Definition and description 

Different definitions for tropical moist forests (TMF) have been put forward by researchers and institutions. 
However, according to Myers (1980) there is not a universally accepted definition. Myers (1980) defines 
tropical moist forest as areas with "evergreen or partly evergreen forests, receiving not less than 100mm of 
precipitation, in any month for two out of three years, with mean annual temperatures of 24+ °C and essentially 
without frost; in these forests some trees may be deciduous”. Others (e.g. Raich et al., 2006; Staal et al., 2016) 
define TMF as forests that have dry seasons length of ! 3 months to 5 months. Whereas some authors 
distinguish between moist forests and rainforests others use the names interchangeably. However, rainforests 
and moist forests are co-distributed and often integrate rather than separate along abrupt boundaries (Staal et 
al., 2016; Nave et al., 2019). 

Tropical moist forests are found on a wide range of soil types but are primarily found on soils that are highly 
weathered with high clay content and low in phosphorus. Predominant soils are Ultisols in Southeast Asia and, 
and Oxisols in Neotropics (Americas) and Africa (Fujii et al., 2018).  Many of TMFs are found near sea level, 
but others occur on high elevation such as montane and cloud forests (Holl, 2002). TMFs are the most diverse 
ecosystem and serve as home to more than 50 percent of the world’s 5 –10 million species (Sommer, 1980; 
Holl, 2002; Thomas and Baltzer, 2002). Globally, the most important types of tropical moist forests identified 
include lowland evergreen rain forests, upper and lower montane rain forests, heath forests, peat swamp forests, 
freshwater swamp forests and mangroves (Thomas and Baltzer, 2002).  
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2. Global distribution of hotspot 

Tropical moist forests are found within a band around the equator from 23.5 N (the Tropic of Cancer) to 23.5 
S (the Tropic of Capricorn). The tropical moist forests occur in the equatorial zones of Africa, the Americas and 
Asia-Pacific, and in 2010 tropical humid forests were estimated to cover an area of 972 million ha, which was 
approximately 64 percent of the total tropical forest cover (Achard et al., 2014).     

 

 

Figure 9. Location (area shaded yellow) of tropical moist forest (National Geographic/World Wildlife Fund) 

 

3. Global carbon stocks and additional carbon 
storage potential 

Soils of TMFs provide important goods and services that are relevant to human well-being, stability of 
ecosystems and the global climate. For instance, soils host myriad of micro-organisms, flora!and fauna that are 
essential components of the Earth’s biodiversity (FAO, 2017). Soil organic matter, and its largest constituent 
soil organic carbon play critical roles in the global carbon cycle (FAO and ITPS, 2015). Tropical moist forests 
store a large amount of carbon in the soil (about 30 – 60 percent of the total forest carbon); this may even exceed 
the carbon stored in the vegetation (Dixon et al., 1994; Lal, 2005). In fact, these forests contain more carbon 
in the soil than soils under any other forest type in the world (Jobbágy and Jackson, 2000).  

!
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By analyzing existing SOC stock data in mature undisturbed tropical moist forests spanning 67 site observations 
from countries across Africa, Asia-Pacific, the Caribbean, Central and South America and North America, we 
estimate the average carbon stored in the 5 cm to 800 cm soil depth at 109.2 ± 10.19 tC/ha. The SOC 
estimates show thirty-five-fold differences, ranging from 9.9 tC/ha to 349.4 tC/ha (Appendix 1).  In the last 
40 years researchers have provided regional estimates for SOC stocks of tropical moist forests through 
synthesis, reviews and meta-analysis. For example, the average soil carbon storage in tropical moist and tropical 
wet forests was estimated to be 85 tC/ha and 115 tC/ha, respectively (Brown and Lugo, 1982). The above-
mentioned soil carbon values are close to the average value that has been reported in this synthesis. The soil 
organic carbon stored in intact mature tropical moist evergreen forests found in areas where the elevation is 
higher than 500 m above sea level was estimated to be 166 tC/ha to 100 cm soil depth (Raich et al., 2006), 
which is about one- and half times more than the average value the current synthesis found. Raich and his 
colleagues also reported that the SOC stock in the tropical forests they considered varied about tenfold, ranging 
from 31 tC/ha – 300 tC/ha. Soil organic carbon pool in predominant soils of tropical rainforest ecosystems, 
including Oxisols, Ultisols, Alfisols, and Inceptisols ranged from 120  – 123 tC/ha to 100 cm soil depth (Lal, 
2005). The same study estimated the rate of organic carbon sequestration and the total potential of organic 
carbon sequestration in tropical forest soils to be 0.1 to 1 tC/ha/yr and 200 – 500 million tC/yr, respectively. 
A synthesis of tropical secondary forests soil carbon data from 81 studies estimated average SOC for 0-100 cm 
soil depth to be 164 tC/ha (Marín-Spiotta and Sharma, 2013). Another study reviewed soil carbon data of 17 
dominant major soil types (IUSS WRB Reference Soil Groups) and reported that an average SOC pool of 193.3 
tC/ha to 100 cm depth for major soil types (Acrisols, Ferralsols, Lixisols and Nitisiols) in tropical rainforests 
(Nave et al., 2019). Other global studies that have synthesized soil organic carbon data provided a range of 115 
– 210 tC/ha for tropical moist and wet/rainforests (Post et al., 1982; Dixon et al., 1994; Jobbágy and Jackson, 
2000).    

It could be observed that the soil organic carbon values that are reported by researchers for tropical moist forests 
have been different. This could be a result of several reasons, key among them are:  

 

!! the lack of consistency in the way “Tropical moist forest” is defined; there is no consensus on the 
definition for the term as explained under Section 1;  

!! researchers use different soil depth thresholds to assess soil organic carbon (see Table 3). There 
is no standard soil depth for reporting soil carbon. In many studies, the most common depth is 0 – 
30 cm (Raich et al., 2006). Researchers have tried to circumvent this problem by standardizing the 
data to 100 cm depth (e.g. Raich et al., 2006). In recent times, however, there have been calls to 
use standardized methods to assess vertical distribution of soil carbon stocks at all relevant scales 
and to refine the methodologies for reporting on soil carbon (Bispo et al., 2017; Smith et al., 
2020); and  

!! data coverage has increased to cover tropical regions which were hitherto underrepresented in 
such pantropic studies (e.g. Africa). As an example, the database for the current synthesis included 
31 observations from Africa, which represents 46 percent of the data. 
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When the current database was separated into the different tropical regions (Africa, Americas and Asia-Pacific), 
there were large differences in the soil organic estimates within a region but the differences in organic carbon 
among the regions was not that wide (Table 3).  The average soil organic carbon was 114.9 tC/ha, 116.5 tC/ha 
and 87.1 tC/ha for Africa, the Americas, and Asia-Pacific, respectively (Table 3). When regional soil organic 
carbon values are compared with estimates from other studies, the average organic carbon estimate for Africa 
was higher than the estimate of 57 tC/ha to 30 cm depth reported by Henry and his colleagues for African 
tropical and subtropical moist broadleaf forests (Henry et al., 2009). The average soil organic carbon estimate 
for Asia-Pacific is slightly higher the value (50 tC/ha) reported by Abu Bakar (2000) for tropical dipterocarp 
forests in Malaysia.       

 

Table 3. Soil organic C stocks (tC/ha) estimates (mean + standard error) for undisturbed 
mature tropical moist forests in Africa, the Americas and Asia-Pacific 

Tropical Region SOC Range (tC/ha) Mean SOC (tC/ha) N Soil depth range (cm) 

Africa 9.9–349.4 114.9 ± 15.9 31 10–100 

Americas 20.2–330 116.5 ± 18.4 21 5–800 

Asia-Pacific 27.5–300 87.1 ± 18.5 15 30–300 

N = Number of sites; Africa includes sites in Madagascar, Americas consist of sites in the Caribbean, Central America, 
Hawaii, and South America; Pacific; sites in Papua New Guinea 

 

 

Land use change in tropical moist forests can alter soil carbon stocks, which may affect concentrations of carbon 
dioxide (CO2) in the atmosphere. To understand the impact that converting tropical moist forests to other land 
uses have on SOC, data was collated from 54 publications on changes in soil organic carbon stocks after the 
conversion of mature undisturbed tropical moist forests to three land use categories of crop lands, pastures and 
plantations from countries across Africa, Asia-Pacific, the Caribbean, Central and South America and North 
America (Appendix 2). On average, land use changes reduced soil carbon stocks by about 9 percent. However, 
when the data was separated into the different land use categories and examined, there was an increase in 
conversion to pastureland and reduction in conversion to cropland and plantations. Soil organic carbon 
increased by 8.1 percent after forest was converted to pasture (Table 4). Soil organic carbon declined by 12.9 
percent after the conversion from natural forest to  plantations (including tree plantations and palm oil 
plantations), and the highest loss was from forest to cropland by 22.2 percent.  
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Table 4. Change in soil carbon stocks after the conversion of undisturbed forest to 
cropland, pasture and plantation 

Land use type Changes in Soil Organic Carbon stocks (%) 

Forest to cropland -22.3 ± 6.55 

Forest to pasture 8.1 ± 3.21 

Forest to plantation -12.9 ± 9.67 

Note: Values in parentheses following the mean are bootstrapped 95 percent confidence intervals.   

 

 

The changes in SOC reported here are close to values reported in other reviews and synthesis on soil carbon 
loss following conversion from undisturbed forests to different land-use categories. Guo and Gifford (2002) 
used data from 72 publications to assess the influence of land use change on SOC reported declines in SOC 
after conversion of forests to plantation by 13 percent, and forest to cropland by 42 percent, a difference of 
about two fold compared to the average value for conversion to cropland found in this synthesis. The authors 
also reported an increase in soil carbon stocks in pastures (8.1 percent). A global study of SOC changes for all 
major land use types in the tropics from 385 studies estimated that highest SOC losses was caused by the 
conversion of primary forest to cropland (25 percent) and perennial crops (30 percent) (Don, Schumacher and 
Freibauer, 2011). Another global study on soil carbon losses after conversion of forests to agricultural lands, 
estimated higher declines in tropical lands (41 percent) and temperate region (52 percent) compared to boreal 
regions (31 percent) (Wei et al., 2014). In their review of soil carbon changes in 14 land-use transitions in the 
tropics, Powers et al. (2011) reported that while the conversion of forests to shifting cultivation and permanent 
croplands reduced soil carbon by 15.4 percent and 18.5 percent, respectively, conversion of forests to pastures 
and pastures to secondary forests increased soil carbon stocks. However, other studies reported a decline in 
carbon stocks when pasture is converted to secondary forests (Guo and Gifford, 2002).   

Generally, the decline in carbon stock from the conversion of matured forests to croplands seems to be 
consistent with results reported by other researchers across the tropics despite discrepancies in the magnitude 
of change. Nonetheless, the potential for this trend to be reversed is remarkable for croplands. For example, in 
a meta-analysis of the impact of afforestation on croplands, Laganière, Angers, and Paré (2010) reported a 26 
percent increase in SOC stocks following afforestation of croplands. Unlike croplands, the change in carbon 
stock values reported for other land-use transitions (e.g. pasture to secondary forests) have been variable. This 
variability could be due to differences in sampling procedures and methods, and underrepresentation of 
categories of land use in some tropical regions. For instance, in the current database changes in stock after the 
conversion of forests to pasture was dominant in the Americas but least represented in Africa (Table 5). This 
underrepresentation precludes extrapolating land use effect changes on soil carbon stocks to regional or global 
scales. In a review of 837 observations from 80 studies across the tropics on changes in carbon stocks following 
land use conversion, Powers et al. (2011) found that mean annual precipitation and clay soil mineralogy were 
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key influencing factors but cautioned against extrapolating average values of changes in SOC due to geographic 
bias unless the distribution of field observations corresponds to the distribution of biophysical conditions.   

 

Table 5. Change in soil carbon stocks in land use types across Tropical Regions 

Land use Africa Americas Asia-Pacific 

Forest to cropland -33.7 ± 10.95 -18.5 ± 7.64 -35.2 ± 7.67 

Forest to pasture - 7 ± 3.37 14.9 ± 9.44 

Forest to plant -17.7 ± 17.90 -10.4 ± 19.64 -7.2 ± 12.53 

Note: Values in parentheses following the mean are bootstrapped 95 percent confidence intervals.   

 

4. Importance of tropical moist forest conservation 
for the provision of specific ecosystem services 

4.1. Minimization of threats to soil functions 

Tropical forests are global host of the largest biodiversity and global carbon pool, which is vital for regulating 
the dynamic bio-geochemical processes and the exchange of greenhouse gases (GHG) with the atmosphere 
(Smith et al., 2016; Eiserhardt, Couvreur and Baker, 2017). They deliver services locally such as provision of 
clean water, shelter, food, and fuel to local societies. They are important for soil conservation; through the 
prevention of soil erosion, soil salinization and alkalinization, soil contamination/pollution, soil acidification, 
soil biodiversity loss, soil compaction and soil water management. Tropical moist forest conservation prevents 
the movement of land mass because tree roots hold soil together, stabilize hills and mountains slopes which 
provides mechanical structural support to prevent shallow movement of land mass. Maintenance of forest cover 
through good forest management will reduce surface run-off and reduce the risk of erosion.    

Soil provides nutrients such as Nitrogen (N), Phosphorous (P) and Potassium (K) that support biomass 
production essential for the supply of food for human and animal as well as energy and fiber (Smith et al., 2016). 
Tropical moist forest play an important role in the cycling of these nutrients through different processes such as 
nutrient uptake and storage in vegetation perennial tissues, litter production, litter decomposition, nutrient 
transformations by soil fauna and flora and nutrient inputs from the atmosphere and the weathering of primary 
minerals (Foster and Bhatti, 2006). Forest conversion  through clearing for other land use can negatively affect 
these processes and reduce the availability of these nutrients for root uptake (Foster and Bhatti, 2006). The 
balance between evapotranspiration and precipitation is important to avoid seasonal water deficit in forest 
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landscapes. This balance is needed to ensure sufficient leaching in the soil to move salt from the soil profile 
(Schofield and Kirkby, 2003). Tree clearing disrupts the hydrological balance and lead to a buildup of salt in 
the subsoil (Schofield and Kirkby, 2003). 

 Soil pollution and soil contamination are generally used interchangeably. FAO and ITPS (2015) defines soil 
pollution as the “presence in the soil of a chemical or substance out of place and/or present at a higher-than-
normal concentration that has adverse effects on any non-targeted organism” In contrast soil “contamination 
occurs when the concentration of a chemical or substance is higher than would occur naturally but is not 
necessarily causing harm” (FAO and ITPS, 2015). Soil pollution as a result of activities in tropical forests such 
as mining, excessive use of agrochemicals (e.g. pesticides and fertilizers) by small holder farmers in forested 
areas can lead to contamination or pollution of the soils with elements such as arsenic, lead, and cadmium 
(Rodríguez-Eugenio et al., 2018). Pollutants have the potential to affects soil biodiversity (soil microorganisms 
and larger soil-dwelling organisms) and affect the services that these organisms provide (FAO, 2017). Loss of 
forest cover through land clearing for agriculture negatively affected the responses of 60 percent of soil 
macrofauna and 51 percent soil microbial community attributes (i.e. abundance, biomass, richness, and 
diversity indexes) (Franco et al., 2019).  

Tropical moist forest soils deliver important ecosystem services to humankind through regulation of the water 
cycle, enhancing water purification and water holding capacity and reducing the risk of soil erosion through 
run-off. The quantity of water, which a soil can store, depends on a number of factors including the thickness of 
the soil layer and its porosity, which are influenced by the quantity of soil organic matter, and the macropores 
shaped by biotic activity (Kirkham, 2014). The overall quantity of water in streams and rivers may increase in 
areas where there is less forest cover due to higher peak flows in the rainy season and after heavy rain events. In 
addition, the quality of water is influenced by the amount of forest cover in a watershed. In a study (De Mello et 
al., 2018) conducted in southeastern Brazil in which the quality of water was compared between watershed with 
55 percent forest cover and 35 percent forest cover, watershed with less forest cover showed less water quality 
(high values of solid turbidity, nutrients and coliform). Thus, conversion of forest to other land use causes 
potential change in hydrology, water  availability and quality (Smith et al., 2016). 

 

4.2. Increases in production and food security  

Tropical moist forest and its associated high biodiversity and the ecosystem services it supports are vital for 
achieving sustainable agriculture. Agriculture relies on a myriad of ecosystem services including pollination, 
maintenance of soil structure and fertility, biological pest control, nutrient cycling, and maintenance of 
hydrological systems (Power, 2010). It is estimated that 75 percent of the world’s leading food crops, benefit 
from animal pollination for production of fruit, seed, and vegetables (FAO and UNEP, 2020).  Forests indirectly 
contribute to food production by providing suitable microclimate for specific food and cash crop production 
(Jamnadass et al., 2015). In addition, many people, especially in poor communities depend of TMF for food 
security, their livelihoods and general well being. Forests are essential sources of non-timber forest products 
for most forest-depended local communities. It has been estimated that around 1 to 1.5 billion people across 
the world depend on wild foods including wild meat, edible plants products, edible insects, fish and mushrooms 
(Vira, Wildburger and Mansourian, 2015; FAO, 2020).  
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Indeed, plant species in TMF provide important source of food and nutrients and help forest-dependent 
communities to meet the four pillars of food security, namely, availability, access, utilization and stability of food 
security (FAO, 2020). In most fringe communities, trees in the forest provide a range food such as fruits, leafy 
vegetables, nuts, seeds and edible oils that help to diversify diets and enhance continuous flow of foods products 
(Jamnadass et al., 2015). This is particularly useful during periods (e.g. during drought year) when farmers face 
inadequate availability and access to food, which increases the risk to achieving nutritional security (Jamnadass 
et al., 2015, Amissah and Aflakpui, 2020).   

  

4.3. Improvement of human well-being   

Tropical moist forests are very important from both economic and ecological viewpoints. They provide a myriad 
of ecosystem services for many millions of people and contribute to human wellbeing (MEA, 2005). These 
services range from temperature regulation and air filtration to provision of food and medicinal plants. In 
addition, they are important locations for recreation, aesthetic appreciation, and stress relief for people who 
especially reside in urban areas, which contribute to the health of an increasingly urbanized population. Few 
studies have established the relationship between natural environment such as moist forest and human 
wellbeing. Visually attractive and preferred environments are perceived to promote good mental health because 
it improves people ability to face uncertainty (Ivarsson and Hagerhall, 2008). Tropical moist forests provide a 
haven for disease carrying animals such as mammals, birds and insects and help to prevent the spread of diseases 
from animal to humans (Zell, 2004).  

 

4.4. Mitigation of and adaptation to climate change 

Tropical moist forest is a significant store of carbon (Sullivan et al., 2017). The highest densities of global forest 
carbon are located in forests of South America and Western and Central Africa, storing about 120 tonnes of 
carbon per hectare in the living biomass alone, which is above the global average of 75 tonnes per hectare (FAO, 
2020). Tropical forest soils also store about equal quantity (30 percent) of carbon (More details in section 3). 
Forest dead wood and litter also store 10 percent of terrestrial carbon. They are vital for stabilizing and reducing 
the concentration of carbon dioxide in the atmosphere through the process of photosynthesis and respiration 
(Houghton et al., 2015). Given their global significance, as carbon sink reducing deforestation and degradation 
will be an effective means to mitigate and adapt to the effects of climate change.     

 

!  
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5. General challenges and trends 

Tropical moist forest loss accounts for 32 percent of global forest cover loss, with almost half of this figure 
occurring in South American rainforests (Hansen et al., 2013). Previous statistics on tropical deforestation rate 
has differed among many studies due in part to varied methodologies used in different countries for assessing 
deforestation as well as the quality of data countries provide for conducting such assessments (Dupuis et al., 
2020). Tropical forests deforestation continues to occur at an alarming rate, especially in tropical moist forests 
(Giam, 2017). Forest degradation and   deforestation  due to land use change have been estimated to account 
for 12 – 20 percent of global human-caused greenhouse gas emission (Harris et al., 2012). Deforestation has 
been attributed to a myriad of factors notably, land use conversion to agriculture, mining, infrastructure 
extension and urban expansion (Malhi et al., 2013; Putz and Romero, 2015; Garcin et al., 2018). Forest 
degradation is driven by factors such as fires and unsustainable harvesting of forest products.  

Globally, agricultural expansion into new forest frontiers has been identified as one of the main drivers of forest 
loss (Curtis et al., 2018; FAO and UNEP, 2020). Large-scale commercial agriculture has been estimated to 
account for 40 percent of tropical deforestation between 2000 and 2010. Local subsistence agriculture also 
accounted for 33 percent of deforestation within the same period (FAO and UNEP, 2020). Within the moist 
tropical forest areas and especially in tropical Africa, agriculture production is the mainstay of the local 
economy. In most cases, slash and burn is the most common farming practice used by farmers to prepare their 
land through by clearing forest areas to plant their crops but the fields are abandoned after few years (mostly 2 
– 4 years, depending on regions) because of low crop yields and weed invasion (Pedroso-Junior, Adams and 
Murrieta, 2009). Globally, an estimated 35 million to 1 billion people depend on this system of farming for their 
subsistence (Filho, Adams and Murrieta, 2013). This system, which is the conversion phase of the traditional 
shifting cultivation, has been practiced for thousands of years (Garcia et al., 2018). There have been contrasting 
views on the sustainability of slash and burn agriculture, and shifting cultivation in general and their impacts on 
the conservation of tropical forest ecosystems (Pedroso-Junior, Adams and Murrieta, 2009; Filho, Adams and 
Murrieta, 2013). In some instances, the practice is considered unsustainable and a major driver of 
deforestation, especially in areas where population has increased and fallow periods have substantially reduced 
(Mertz et al., 2009).   

 Mining is a threat to the conservation of tropical forests worldwide. Resources extraction including mining is 
seen by many political elite in some countries as a pathway towards development (Bebbington et al., 2018). 
There are mining booms in developing countries in Africa, Latin America and Asia with significant tropical 
forests cover that have weak mineral governance systems and there is often low capacity to enforce regulations 
controlling mining activities (Sonter et al., 2017; Sonter, Ali and Watson, 2018; Hund, Schure and van der 
Goes, 2017). Surface mining is the dominant form of mining in developing countries, and the different phases 
of the mining operations including exploration, exploitation, processing and closure contribute to the forest 
loss (Hosonuma et al., 2012; Hund, Schure and van der Goes, 2017; Sonter, Ali and Watson, 2018). There are 
also indirect impacts on forests through other infrastructural development such as buildings, urban expansion 
to support a growing workforce associated with mining operation further contribute to deforestation 
(Bebbington et al., 2018). For instance, in the Brazilian side of the Amazon, 10 percent (11 670 km2) of 
deforestation between 2005 and 2015 was attributed to mining (Sonter et al., 2017).   
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Tropical moist forests are not naturally adapted to fire and traditionally do not experience frequent and intense 
annual fires because they are characterized by high annual rainfall. However, in recent decades due to climatic 
extreme events such as El Niño associated with climate change coupled with human activities, tropical moist 
forests have become more susceptible to fires, with increasing fire events (Cochrane, 2003; Dwomoh et al., 
2019). Fires have destroyed forest areas, degraded forests, reduce biodiversity, soil microorganism and delivery 
of ecosystem services and thus affect human well-being and livelihood (Bonan, 2008).!In 2015, an estimated 
98 million ha of forest was affected by fire, which was predominantly in the tropical area, where about 4 percent 
of the total forest area was burnt (FAO, 2020). A high proportion (more than two-thirds) of the total forest area 
burnt by fire was in Africa and South America (FAO, 2020) Reduce microbial activity that results immediately 
after fires reduce soil porosity and pH value, which affects plant growth (IUFRO, 2018). In addition, carbon 
storage and climate regulation potential of the forest is either or reduced lost (Bonan, 2008). 

Industrial logging is an integral part of forest management in the tropics. Globally, about 20 percent 
(3.9 million km2) of tropical forests was allocated to selective logging between 2000 and 2005 (Asner et al., 
2009). Forest areas allocated for selective logging continue to expand across all tropical regions, and 
particularly in African countries like Ghana and Gabon, nearly half of forest resources have been allocated for 
timber leases (Hawthorne and Abu-Juam, 1995; Asner et al., 2005). Furthermore, illegal logging activities have 
become widespread in many tropical regions (Hansen and Treue, 2008; de Lima et al., 2018).  Globally, 
logging accounts for more than 50 percent of tropical forest degradation (Hosonuma et al., 2012). Logging 
opens up the forests through the construction of access road and provide access for farmers and hunters to 
expand their activities. In some tropical areas, forests that have been degraded by logging become vulnerable to 
fires due to fuel build up and access (through road construction) and are eventually deforested after repeated 
accidental fires.  

Despite the fact that logging often contributes to tropical forest degradation, sustainable forest harvesting can 
create jobs for rural communities and provide incentives for maintaining forest land use and preventing 
deforestation. Logged forests have the capacity to sustain conservation values and provide critical 
environmental services and functions, including biodiversity, water regulation and carbon stocks (Putz et al., 
2012).  Over the years, there has been an improvement in the application of sustainable forest management 
principles and enhanced harvesting and other silvicultural techniques in many tropical countries (Rutishauser 
and Herold, 2017; FAO, 2020). Indeed, recent global assessment of forest resources and the monitoring of the 
Sustainable Development Goals show that there has been significant progress made towards sustainable forest 
management, with continuing but declining rate of forest loss, more forest areas being protected, more forest 
areas under long-term management plans, and more production forests certified under international standards 
(FAO, 2020). 
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Photo 2. Moist forest in Ghana. Top: Bobiri reserve; Bottom: Birim forest reserve 

 

Photo 3. Wet forest in Ghana, Ankasa Conservation Area 
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3. Wetlands 
Brian Tangen, Sheel Bansal 

U.S. Geological Survey, Northern Prairie Wildlife Research Center,                                                                         
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1. Definition and description!

Wetlands consist of highly diverse ecosystems characterized by periods of standing water, seasonally or 
permanently saturated soils, and vegetation adapted to growing in saturated or flooded conditions (Mitsch and 
Gosselink, 2007). Globally, there are numerous wetland classification systems describing a myriad of wetland 
types such as peatlands, mangroves, marshes, swamps, bogs, fens, kettles (potholes), and upland embedded 
(Finlayson and van der Valk, 1995; Tiner, 2003; Mahdavi et al., 2018). Wetlands generally are segregated into 
two overarching categories: 1) coastal/tidal and 2) terrestrial/inland/non-tidal which can be further subdivided 
into organic- and mineral-soil wetlands, as well as by salinity classes (e.g., freshwater, brackish, saline) (e.g. 
Cowardin et al., 1979; Hiraishi et al., 2014).  

While wetlands cover roughly 5 to 8 percent of the global land area, they represent approximately 20 to 30 
percent of the organic carbon stored in terrestrial soils (Mitsch and Gosselink, 2007; Lal, 2008; Mitsch et al., 
2013; Amendola et al., 2018). Among the various wetland types, peatlands represent the largest global soil 
organic carbon SOC pool (see Factsheets Nos. 11, 12 and 13, Volume 5, this manual) and mangroves are 
important blue carbon systems that incorporate internally originated carbon, as well as carbon deposited from 
outside the system via sedimentation (see Middleton and Ward, this manual). This disproportionate storage of 
SOC is largely due to the flooded and low-oxygen conditions, which contribute to slow decomposition rates in 
comparison to terrestrial ecosystems. However, when wetlands are drained, their soils become aerated and SOC 
stocks are rapidly decomposed and released to the atmosphere as carbon dioxide (CO2). 

In addition to their substantial existing stocks of SOC, wetlands also are recognized for their considerable 
potential to remove CO2 from the atmosphere through high levels of primary productivity, which accumulate 
additional carbon to their SOC stocks, leading to long-term carbon sequestration (e.g. Euliss et al., 2006; Lal, 
2008; Mitsch et al., 2013). The process of carbon sequestration occurs in natural, intact wetlands, but is also 
very relevant to restored or rewetted wetlands where SOC stocks have been diminished through human 
alterations such as drainage or soil tillage (Photo 4; also see factsheet No. 9 "Wetland conservation" and 10 
"Wetland restoration" of this manual [Volume 5]).  
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Policy and management actions focused on restoring degraded wetlands have potential to mitigate human 
greenhouse gas (GHG) emissions, although in some wetland systems SOC accumulation rates can take many 
decades. Protecting SOC stocks of existing, undisturbed wetlands is an effective management strategy to limit 
emission of CO2 to the atmosphere (Tangen and Bansal, 2020).  

Although wetlands represent significant global SOC stores, the flooded and low oxygen environments of some 
(i.e. non-saline) wetlands favor production and emission of methane (CH4), a potent GHG that contributes to 
climate change (Saunois et al., 2020). While wetlands account for a large proportion of global CH4 emissions 
from natural sources (Whiting and Chanton, 2001; Bridgham et al., 2006; Mitsch et al., 2013; Saunois et al., 
2020), CH4 is short-lived. Eventually, CH4 comes into equilibrium with the atmosphere (i.e. wetland CH4 
emissions are equal to CH4 destruction/consumption) so that wetlands generally are long-term carbon sinks 
(Mitsch et al., 2013). 

 

2. Global distribution of hotspot  
 

Figure 10. Distribution of global lakes and wetlands.  

Colors represent specific lake and wetland types, as well as wetland density classifications defined and presented by Lehner and Döll 
(2004).  

The global lakes and wetlands database used to create this map was obtained from the World Wildlife Fund web site 
(https://www.worldwildlife.org/pages/global-lakes-and-wetlands-database). 

!  
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3. Global carbon stocks and additional carbon 
storage potential 

Table 6. Wetland soil organic carbon (SOC) stocks (mass or mass per area) and carbon 
sequestration (Cseq) rates (mass per year or mass per area per year) 

Here, we present global SOC estimates for wetlands in general, as well as for specific wetland types ‘(See ‘Location’ for 
scope of estimates). We also present regional SOC estimates to demonstrate specific hotspots of wetland SOC. The 
following SOC estimates are examples from a wide range of published literature, represent various wetland types and 
soil depth increments (e.g., 0–30 cm, 0–100 cm), and are not all-encompassing.  

Location Methodology SOC stocks 
(Pg C) 

SOC stocks 
(tC/ha) 

Cseq 
Potential 
(Tg C/yr) 

Cseq 
Potential 
(tC/ha/yr) 

More information Reference 

Global 

Stocks/ 
sequestration 120–646  137 0.3–1.8 

Various wetland 
types. Estimates 
from literature 
reviews and 
modeling. 

Scharpenseel 
(1993); Mitra et al. 
(2005); Bridgham 
et al. (2006); 
Köchy et al. 
(2015); Villa and 
Bernal (2018) 

Stocks 

 340–471   

Coastal organic 
soil wetlands. 
Estimates from 
literature review. 

Hiraishi et al. 
(2014)  108–286   

Coastal mineral 
soil wetlands. 
Estimates from 
literature review. 

 22–135   

Inland mineral 
soil wetlands. 
Estimates from 
literature review. 

Sequestration  237.4 42.6 2.1 

Tidal wetlands. 
Estimates from 
literature reviews 
and modeling. 

Chmura et al. 
(2003); Ouyang 
and Lee (2020) 

Stocks/ 
Sequestration 6.4  18.4–24 1.3–6.5 

Mangroves 
Estimates from 
literature review. 

Middleton and 
Ward, this manual; 
Chmura et al. 
(2003); Bouillon 
et al. (2008); 
Breithaupt et al. 
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Location Methodology SOC stocks 
(Pg C) 

SOC stocks 
(tC/ha) 

Cseq 
Potential 
(Tg C/yr) 

Cseq 
Potential 
(tC/ha/yr) 

More information Reference 

(2012); Alongi 
(2014); Hutchison 
et al. (2014); 
Hamilton and 
Friess (2018) 

Stocks 600–
644 

   
Peatlands. 
Estimates from 
literature review. 

Beer et al., this 
manual; Yu et al. 
(2010); Leifeld 
and Menichetti, 
(2018) 

Tropics Stocks 200    

Tropical 
wetlands. 
Estimates from 
literature review. 

Neue et al., (1997) 

North 
America 

Stocks/ 
Sequestration 

161.0–
215.0 

 57.2  

Various wetland 
types. Estimates 
from literature 
reviews. 

Bridgham et al. 
(2006); Kolka et 
al. (2018) 

 48–82  0.8–3.1 

Mineral soil 
wetlands (Prairie 
Pothole Region). 
Estimates based 
on 
measurements. 

Euliss et al. 
(2006); Badiou et 
al. (2011) 

1.9    
Tidal wetlands. 
Estimates from 
literature review. 

Windham-Myers 
et al. (2018) 

United 
States Stocks 1.2–1.4    

Tidal wetlands. 
Estimates from 
modeling. 

Hinson et al. 
(2017) 

China Stocks 5–16.7 41.7   

Various wetland 
types. Estimates 
from literature 
review, modeling, 
and 
measurements. 

Zheng et al. 
(2013); Wang et al. 
(2014); Xiao et al. 
(2019); Han et al. 
(2020) 
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4. Importance of wetland conservation for the 
provision of specific ecosystem services 

Wetland conservation is important because human activities can negatively impact wetland processes, 
functions, and ecosystem services provided to society. For example, wetlands often are drained to support 
urbanization, agriculture, forestry, grazing, and peat extraction, and the combined effects of these actions 
effectively eliminate the provisioning of standard ecosystem services by wetlands such as water and nutrient 
retention, wildlife habitat, biodiversity, and recreation (e.g. Millennium Ecosystem Assessment, 2005; Zedler 
and Kercher, 2005; Brinson and Eckles, 2011; Russi et al., 2013). Ecosystem services provided by wetlands 
also can be diminished through hydrologic alterations associated with withdrawing surface water or 
groundwater for human uses such as irrigation. In addition to drainage and removal of water, wetlands can be 
affected by levees and dams, dredging and channelization, and water-level manipulation. Existing wetlands also 
can be degraded by activities associated with aquaculture or energy production. Therefore, preservation of 
existing wetlands, as well as restoration of degraded wetlands, is important for maintaining and enhancing 
wetland ecosystem services. 

!  
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4.1. Minimization of threats to soil functions 

Table 7. Soil threats 

Soil threats  

Soil erosion 

Human activities upstream or within watershed (e.g., drainage, agriculture, 
urban development) can result in erosion or sedimentation (e.g. Luo et al., 
1997; Gleason and Euliss, 1998; Craft and Casey, 2000; Gell et al., 2009). 
Maintaining or reestablishing natural hydrology and vegetation (including 
buffers) can minimize these threats. Moreover, conservation of coastal or 
riverine wetlands can help prevent shoreline and bank erosion, as well as 
slumping (Millennium Ecosystem Assessment, 2005; Gedan et al., 2011). 

Nutrient imbalance 
and cycles 

Natural microbial, plant, and animal communities of wetlands, as well as 
wetland soils, are responsible for cycling and storing nutrients such as N and 
P. The ability of wetlands to process nutrients results in downstream benefits 
through improved water quality (Howard-Williams, 1985; Bowden, 1987; 
Reddy et al., 1999; Faulwetter et al., 2009). 

Soil contamination / 
pollution 

Natural and created wetlands can act as landscape filters of 
contaminated/polluted waters by intercepting, processing/cycling 
(e.g., denitrification), and storing nutrients and contaminants in soils 
and biomass. 

Soil biodiversity loss 
Wetlands maintain soil biodiversity across the landscape by 
supporting microbial communities that are distinct from terrestrial 
and degraded systems. 

Waterlogging Wetlands can function as groundwater recharge sites. 

 

!  
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4.2. Increases in production and food security  

Wetlands provide water for human and livestock consumption (Photos 4, 5), as well as irrigation. Wetlands also 
provide food resources by supporting fish and wild game (e.g. Batt et al., 1989), and facilitate the production of 
grains and other food. For instance, rice paddies cover over 1.5 million km2 and provide grain for a large 
proportion of the world’s population (Van Nguyen and Ferrero, 2006), and coastal wetlands support global 
fisheries (Barbier, 2019; Middleton and Ward, this manual). Moreover, populations of many developing 
countries rely on wetlands for subsistence agriculture, along with other ecosystem services (Silvius et al., 2000; 
Irfanullah et al., 2008; González-Marín et al., 2017). 

 

4.3. Improvement of human well-being!

Wetlands provide numerous ecosystem services that benefit society (Millennium Ecosystem Assessment, 2005; 
Zedler and Kercher, 2005; Brinson and Eckles, 2011; Russi et al., 2013). Wetlands can reduce impacts of 
flooding by storing and interrupting floodwater, improve water quality by removing excess nutrients and 
pollutants, and recharge groundwater. Wetlands provide a source of freshwater, as well as food, fiber, and goods 
produced from plants (e.g. Bansal et al., 2019). In addition to supporting tourism and recreational activities, 
wetlands also help sustain biodiversity and provide wildlife habitat (Batt et al., 1989; Szabo and Mundkur, 
2017). 

 

4.4. Mitigation of and adaptation to climate change 

Wetlands store a large amount of carbon and generally are considered an atmospheric carbon sink. Despite 
being considerable sources of CH4, recent analyses into the short lifetime of CH4 in the atmosphere shows that 
CH4 is oxidized in the atmosphere and in soils at comparable rates as it is produced. Therefore, wetland CH4 
does not contribute to climate warming after a sufficient time period (> 50 years; Neubauer and Megonigal, 
2015) following the formation/restoration of wetlands. Wetland drainage results in the emission of CO2 and 
nitrous oxide (N2O) to the atmosphere, which can exacerbate global climate change (Tangen et al., 2015). 
Conversely, wetland conservation can avoid CO2 emissions and restoration can result in removal of atmospheric 
CO2. 

 

!  
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5. General challenges and trends 

Effects of human activities (e.g., drainage, aquaculture, urbanization) on wetlands and provisioning of their 
ecosystem services are wide ranging. Wetland drainage, land use, and pollution affect wetland microbial and 
wildlife communities, vegetation, soils, and carbon and nutrient cycling (Holden et al., 2004; Blann et al., 
2009; Kayranli et al., 2010; Gleason et al., 2011; Islam et al., 2016; Zhang et al., 2016; McGonigle and 
Turner, 2017; Minick et al., 2019). The primary threat to wetlands globally is artificial drainage to make lands 
available for urban and agricultural uses (e.g., Reis et al., 2017). Estimates suggest that greater than 50 percent 
of the global wetland area has been lost, with much higher percentages reported regionally (Junk et al., 2013; 
Dahl, 2014; Davidson, 2014; Hu et al., 2017; Li et al., 2018). Among the seven global geographical units, 
Asia and North America have the greatest area of wetlands (Reis et al., 2017). While North American wetland 
losses have slowed considerably due to policy and management, rates of Asian losses remain high because of 
pressures from a growing human population (Reis et al., 2017). Wetland drainage lowers the water table and 
desiccates soils, resulting in loss of SOC as CO2 to the atmosphere by stimulating microbial respiration 
(Armentano and Menges, 1986; Maltby and Immirzi, 1993). Drainage also can shift wetlands from CH4 
sources to sinks and can alter abiotic conditions and microbial communities that regulate N and P cycling 
(Howard-Williams, 1985; Bowden, 1987; Reddy et al., 1999; Bridgham et al., 2006; Faulwetter et al., 2009). 

Among land use changes, human activities associated with artificial drainage often increase soil bulk density and 
compaction, with subsequent runoff and shifts in nutrient cycling (e.g., Fenstermacher et al., 2016; Tangen 
and Bansal, 2020). Human activities also can result in contamination of wetlands by urban runoff, agricultural 
chemicals, and byproducts of energy production (Pascual-Aguilar et al., 2015; Post van der Burg and Tangen, 
2015; McMurry et al., 2016; Schade-Poole and Möller, 2016). Aquaculture, specifically rice farming, can 
remove large amounts of potassium from wetland soils (Islam et al., 2016). Salinization of wetland soils occurs 
from alterations to freshwater flows, land-clearance, irrigation, disposal of wastewater effluent, sea level rise, 
storm surges, and salts from road de-icing and oil drilling activities (Herbert et al., 2015; Post van der Burg and 
Tangen, 2015). Salinization results in lower water quality, decreased carbon storage, and increased stress on 
wetland biota (Herbert et al., 2015). High pH (>8.5) alkalinization of wetlands can follow hydrologic alteration 
designed to promote agricultural activities. Alkalinization reduces carbon uptake from impaired plant growth 
and increases carbon losses from elevated leaching and respiration (Jobbágy et al., 2017). Wetland soil 
acidification can occur from increased sulfur deposition, desiccation from drainage or diverted water, increased 
groundwater acidification, and inputs from agricultural and mining runoff, which can negatively impact wetland 
fauna and flora (Lamers et al., 1998). Additional threats to wetlands include nutrient and chemical pollution 
(Lee et al., 2006; Verhoeven et al., 2006; Post van der Burg and Tangen, 2015; McMurry et al., 2016) and 
invasive species (e.g., Zedler and Kercher, 2004; Lavergne and Molofsky, 2006; Bansal et al., 2019). Wetlands 
also can be affected by altered precipitation and temperature regimes, as well as by sea-level rise, associated with 
climate change (e.g., Cahoon et al., 2006; Johnson and Poiani, 2016; Osland et al., 2016; Gabler et al., 2017; 
Chen et al., 2018; Leng et al., 2019). 

 



          RECARBONIZING GLOBAL SOILS 44 

 

Photo 4. Wetlands in a natural grassland (left) and cropland (right) setting in the Prairie Pothole Region (kettles) of central North America. 
Natural wetlands store greater amounts of soil organic carbon than wetlands impacted by human activities such as drainage and tillage 

Photo 5. Livestock in the Prairie Pothole Region of central North America utilize wetlands as a water source, as well as for grazing 
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Table 8. Related cases studies available in volumes 4 and 6 

Title Region 
Duration 
of study 
(Years) 

Volume Case-
study n° 

Management of Common Reed (Phragmites 
australis) in Mediterranean wetlands, Spain Europe Unknown 6 18 

Preserving Soil Organic Carbon in Prairie 
Wetlands of Central North America 

North 
America Various 6 19 

Maintenance of Marshlands in Urban Tidal 
Wetlands in New York City, United States 

North 
America 100 6 31 
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1. Definition and description 

Peatlands, also called organic soils, bogs, fens, swamps or mires, are the world’s most carbon-dense terrestrial 
ecosystems and store most of the carbon in the soil (also called peat) (FAO, 2014). Peat soil – referenced in soil 
classification systems as Histosol (IUSS WRB, 2015) or included in organic soils (IPCC, 2014) – is composed 
mainly of organic matter from partially decomposed dead plant material that has accumulated in wet and oxygen-
deficient soil conditions caused by a high water table. In their natural, water-saturated state, most peatlands are 
slow carbon sinks that sequester soil organic carbon (SOC), provide numerous ecosystem services (Figure 11), 
and are key in climate change mitigation and adaptation efforts.  

Maintenance of the high water table level in a peatland is the key to avoid carbon losses and mitigate fire risk. 
Peatlands worldwide have been drained and degraded for agriculture, forestry, plantations, and for peat 
extraction for energy. Drainage or the artificial removal of surface and sub-surface water from an area, leads to 
lowering of the water table causing the drying of the peat soil. Drainage causes the exposure of the soil organic 
matter to oxygen and, when oxidized by microbial activity, the stored carbon is released as CO2 and nitrous 
oxide (N2O), while methane (CH4) is emitted from the drainage ditches, which also transport dissolved organic 
carbon (DOC) out of the peatland.  

Peatland degradation results in loss of biodiversity, subsidence, erosion, leakage of nutrients, and loss of 
hydrological properties (Joosten and Clarke, 2002; Silvius et al., 2008) (Figure 13). The deeper the peat soil 
is drained, the higher the emissions (Couwenberg et al., 2011), and the negative effects of peatland drainage 
are amplified by changes to the natural wetland vegetation that accumulates peat. Drained peatlands are prone 
to long-lasting fires that aggravate degradation and cause high carbon losses. 
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Figure 11. Ecosystem services provided by natural healthy peatlands (FAO, 2020). 

 

2. Global distribution of hotspot 

Peatlands exist in at least 180 countries (Parish et al., 2008), in diverse climatic regions, altitudes and on all 
continents – tropical, boreal and temperate regions, in coastal, as well as inland and high mountains. Peatlands 
cover only three percent of the land surface – approximately 4.23 to 4.63 million km2 (Figure 12) (Leifeld and 
Menichetti, 2018; Xu et al., 2018). 

 

 

Figure 12. Global peatland distribution map derived from PEATMAP (Xu et al., 2018).!
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3. Global carbon stocks and additional carbon 
storage potential 

Peatlands, covering only 3 percent of the global land, store up to one fifth of the total global soil organic carbon 
stock – 600 – 644 Gt C (Leifeld and Menichetti, 2018; Yu et al., 2010). A carbon stock that exceeds the carbon 
stored in the Earth’s vegetation and may be equal to the carbon in the atmosphere (Turetsky et al., 2015). The 
following estimates of C stock per ha should be taken only as examples (Table 9). 

 

Table 9. Soil organic carbon stocks reported for peatlands 

Location 
C stock per 
unit area 
(tC/ha) 

C stock total 
(over total 
peat depth) 
(GtC) 

More information Reference 

Global  600–644  

Yu et al. (2010); 
Leifeld and 
Menichetti (2018) 

Northern 
boreal and 
sub-arctic 
regions  

1 120 427–547 

Includes peatland forests, 
estimates based on peat 
volume, carbon density and 
time history approaches 

Temperate 
regions 

1 182 21.9 Time history approach 
Leifeld and 
Menichetti (2018) 

Tropical 
regions 

2 850 104.7 

Estimates calculated on 
different sources, C stock 
includes 124 (Dixon et al., 
1994) to 194 (IPCC, 2001)    t C 
per ha of biomass 

Dargie et al. (2017), 
Diemont et al. 
(1997), Immirzi et al. 
(1992) 

 

 

!  
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4. Importance of peatland conservation for the 
provision of specific ecosystem services 

Peatlands offer a variety of ecosystem services including regulation and production functions and shelter a 
distinct biodiversity (Figure 11). Peatlands contribute to global climate regulation through being a major sink 
of atmospheric carbon, and to local climate regulation by lowering temperatures during hot periods (Hooijer, 
2005; Silvius et al., 2008). Peatlands regulate water supply at a catchment level, securing drinking and 
irrigation water, and mitigate floods and droughts.  

 

4.1. Increases in production and food security  

Peatlands have a marginal agricultural capability because of their very high groundwater table, the low bulk 
density and bearing capacity, the high acidity and the low availability of nutrients in bogs. However, pristine 
peatlands provide many plant species that are utilized for food and fodder (Wichtmann et al., 2016; Giesen and 
Sari, 2018). They are often significant sites for gathering berries, honey and mushrooms, hunting and fishing, 
representing a significant protein source for communities. Wet peatland management practices (see below 
“4.3” on climate change mitigation and adaptation, and Factsheets Nos.11, 12, 13 on Peatland management 
practices, Volume 5, this manual) allow reducing and avoiding CO2 emissions, maintenance of SOC and 
support food security (Surahman et al., 2018). 

 

4.2. Improvement of human well-being  

Pristine peatlands contribute to human well-being by lowering the risk of fires, regulating water supply and 
offering alternative livelihoods. In areas where peatlands are extensively drained, frequent fires threaten public 
health and the economy (Marlier et al., 2019; The World Bank, 2016). Supply of drinking water in catchments 
dominated by peatlands depend on the management of these ecosystems (see e.g. Hooijer, 2005; Silvius et al., 
1984). The aesthetic and recreation values from peatlands and associated wetlands offer opportunities for 
income from ecotourism (Silvius et al., 2008). 

 

!  
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4.3. Mitigation of and adaptation to climate change 

Conserved, restored and properly managed wet peatlands have a great climate change mitigation and adaptation 
potential. According to the IPCC (2014), conserving and managing peatlands in wet condition can avoid the 
emission of 0–20 tonnes CO2eq /ha/year compared to conventional drainage-based peatland uses. 
Couwenberg et al. (2011) estimated that peatland conservation and paludiculture! in Central Europe can avoid 
the emission of 25–60 tonnes CO2eq /ha/year, while undrained peatlands in Southeast Asia can avoid 70–117 
tonnes CO2eq /ha/year (Cooper et al., 2020). 

Conservation, paludiculture and wet management of peatlands boost adaptive capacity and help mitigate risks 
of extreme weather events like floods, droughts, and storms, especially in coastal peatlands. Land loss of riverine 
peatlands can be partly halted by avoiding drainage, while paludiculture and management practices can help 
diversify livelihoods and strengthen adaptive capacity (FAO, 2014). Wet-based extraction of timber and non-
timber products – securing a high water table – are being developed to avoid drainage and consequent C losses 
(Wichtmann et al., 2016).  

 

5. General challenges and trends 

Intact peatland ecosystems serve as carbon sinks, but when drained and degraded, they turn into long-term 
sources of GHG emissions (FAO, 2014), which continue until the peat is completely oxidized or until it is no 
longer drainable because subsidence lowers the peat surface until it reaches the water table level (Figure 13). 
The implementation of drainage-based land-use systems has often yielded short-term profits (Sumarga et al., 
2016) in exchange for long-term losses of ecosystem services and increased risk for neighbouring communities. 

Draining, clearing of peat forests, plantations with fertilizer use, and land clearing by burning have led to a 
dramatic loss of SOC (Silvius et al., 2008) and a range of other problems as per Figure 13. The current drained 
peatlands cover only 0.45 percent of the land surface but contribute at least 5 percent to the global GHG 
emissions (IPCC, 2014). Degradation also causes increased nutrient release from peat into water, and the 
reduction in the peatlands water-buffering capacity. In addition, drainage systems require constant 
maintenance, and intense fertilization is needed for production on peat (Hooijer, 2005). Additionally, due to 
the constant subsidence in combination with a rising sea level, increasingly large coastal peatland areas are going 
to be prone to regular, and partly permanent flooding during the next decades (Sumarga et al., 2016; Hooijer 
et al., 2015). 

 

 

 

2 Paludiculture produces biomass from wet or rewetted peatlands under conditions that maintain the peat 
integrity, facilitating peat accumulation and ensuring the provision of peatland ecosystem services. Also see 
Volume 5, factsheet n°13 
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Eleven to 15 percent of global peatlands are estimated to be drained, mainly for cropping, forestry, grazing or 
energy use (FAO, 2020). The greatest areas of drained peatlands are in Europe and Southeast Asia (Crump, 
2017). Since 2011, efforts by the scientific community, civil society and international organisations have 
increased (e.g. FAO, UNEP) awareness of the importance of peatlands. Heads of states, policy makers and 
agricultural producers have paid attention, although further actions are needed to stop wider-scale losses of 
SOC and other peatland services.  

Peatland conservation and avoidance of drainage is encouraged by several global frameworks, conventions and 
multilateral environmental agreements. It is relevant for the fulfilment of the Paris Agreement and the 
Sustainable Development Goals (SDGs 6, 12, 13 and 15), the Ramsar Convention on Wetlands, the United 
Nations Framework Convention on Climate Change (UNFCCC), the Convention on Biological Diversity 
(CBD), The Sendai Framework for Disaster Risk Reduction 2015–2030 (SDFRR)3, among other regional 
initiatives (FAO, 2020). These conventions state that peatland conservation is relevant to maintain vital 
ecosystem services and support human well-being, highlighting the importance of prioritizing this practice. 

      

 

Figure 13. Effects of peatland drainage with canals to establish agriculture, plantations or other extractive activities (FAO, 2020). 

 

 

3 https://www.undrr.org/implementing-sendai-framework/what-sf 
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6. General recommendations 

Targeted recommendations can be found in Factsheets 11 to 13 (Volume 5, this manual) related to specific 
practices on peatlands. Experts worldwide have agreed on the importance of: 

 

!! integrating peatlands into national policies and international monitoring and reporting 
frameworks to support peatland conservation, restoration and climate-neutral sustainable use at a 
landscape level (Factsheet No. 11, Volume 5 (this manual) on Conservation of pristine peatlands 
and avoiding drainage of peatlands); 

!! prioritizing peatland conservation strategies that involve communities and stakeholders 
(Factsheet No. 11, Volume 5 (this manual) on Conservation of pristine peatlands and avoiding 
drainage of peatlands), supported by policies, financial and legal mechanisms to safeguard natural 
peatlands from degradation; 

!! when conservation is not possible, facilitating the conditions for communities and stakeholders to 
transfer from drainage-based management to sustainable management practices, including 
knowledge and advisory networks, incentives, investment and consensus-based management 
approaches (Factsheet No. 12 on Restoration of peatlands (rewetting and revegetation), and 13 
on Paludiculture); 

!! minimizing the loss of SOC and turn peatlands into carbon sinks again, water table levels should 
be established close to the soil surface (i.e. between 20 cm and 10 cm below the surface), and 
water-tolerating vegetation should be re-established and disseminated; and 

!! addressing research and knowledge gaps to generate data on peatlands’ extent, contribution to 
SOC loss, effectiveness, costs and benefits of restoration, management and paludiculture, and 
explore competitive alternative crops to improve decision-making processes. 

 

Table 10. Related cases studies available in volumes 4 and 6 

Title Region 
Duration 
of study 
(Years) 

Volume Case-
study n° 

Biomass from reeds as a substitute for peat 
in energy production in Lida region, Grodno 
Oblast, Belarus 

Eurasia Unknown 6 20 

Sphagnum farming for replacing peat as 
horticultural growing media, Lower Saxony, 
Germany 

Europe 10 6 21 
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1. Definition and description 

Mangroves are forests with special assemblages of halophytic tree species, which occur along sub-tropical and 
tropical ocean coastlines in intertidal zones, estuaries and islands (Figure 14; Middleton and McKee, 2001). 
Their importance in carbon sequestration as well as their many other ecosystem services (e.g., fisheries 
production, nursery habitats, water filtering/detoxification, human livelihood, wildlife support, storm 
protection, timber, fuelwood, and food security; Barbier et al., 2011) makes them priority areas for 
conservation and restoration (McLeod et al., 2011). Mangrove forest can be very effective peat accumulators, 
with undecomposed root detritus building the foundation of certain islands such as in the Belizean Barrier Reef 
Complex (Middleton and McKee, 2001). 

Globally, mangroves are among the world’s most important blue carbon ecosystems because these capture 
carbon via primary productivity and sometimes sedimentation from outside their immediate setting (McLeod et 
al., 2011). As much as 8-15percent of marine organic carbon burial may occur in mangrove forests (Breithaupt 
et al., 2012). Mangrove forests are capable of storing 3 to 4 times as much carbon in the soil as other forest types 
(Sanderman et al., 2018). 

Most of the carbon in mangrove ecosystems is held in the top few meters of their organic soils (Donato et al., 
2011). While carbon held in their biomass can be substantial (Hutchinson et al., 2014), recent research 
suggests that soil organic carbon stocks have been underestimated by as much as 50percent in soils with calcium 
carbonate and overestimated by as much as 86 percent in deltaic coastal settings (Rovai et al., 2018). Mangrove 
area was lost at the rate of about 0.2–2.1 percent per year between 2000–2005 (Friess et al., 2019), releasing 
0.02 to 0.12 Pg carbon per year (Giri et al., 2011), so that mangrove deforestation may contribute 10percent 
of total carbon emissions from loss of global forests (Donato et al., 2011).  

Through means such as aerial roots and viviparous embryos the trees in mangrove ecosystems have adaptation 
to survive saline and flooded conditions (Alongi, 2012). However, mangrove forests are relatively low in 
complexity compared to their freshwater counterparts, and include riverine, fringe, basin and dwarf (or scrub) 
forest types (Lugo and Snedaker, 1974). There are distinctly different mangrove species occurring in the New 
World vs. the Indo-West Pacific Region (Lugo and Snedaker, 1974; Duke et al., 2008). 
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2. Global distribution of hotspot 

Mangroves are forests that occur along sub-tropical and tropical ocean coastlines (Middleton and McKee, 2001) 
 

 

Figure 14. Global distribution of mangroves (dark green shading in coastal regions) (Giri et al.,2011) 

General data license from UN WCMA Environment Program (https://www.unep-wcmc.org/policies/ general-data-license-excluding-
wdpa#data_policy; 
https://www.arcgis.com/home/webmap/viewer.html?useExisting=1&layers=62b6797f5091428fa89e10f7b3a1f73c)  

3. Global carbon stocks and additional carbon 
storage potential 

Global carbon related to mangrove is substantial with significant storage in soil, and plant biomass (Hutchison 
et al., 2014). Carbon emissions, especially methane, tends to be lower than in freshwater wetland types because 
of sulfate reduction (Windham-Meyers et al., 2018), but mangrove forests are still viewed as carbon hotspots 
(Kolka et al., 2018; Al-Haj and Fulweiler, 2020). Different land uses/covers have very different implications 
for ‘blue carbon’" stocks of mangrove ecosystems, although regulations and assessments often lack this nuance 
(Friess et al., 2020). Mangrove restoration can be an important avenue toward additional C storage (also see 
chapter: “Restoration of forest mangroves”). Table 11 provides some recent estimates of global C stocks in 
mangrove. 

 

4 Blue carbon is the carbon stored in coastal and marine ecosystems. Coastal ecosystems - mangroves, salt 
marshes and seagrass meadows - sequester and store large quantities of blue carbon in both the plants and the 
sediment below. 
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Table 11. Soil organic carbon stocks and annual C accumulation or emissions reported for 
mangrove forests. 

The reviewed methodologies include a mix of approaches including loss on ignition for soil organic carbon, dry 
combustion, and methane emissions using chamber collection techniques.  

1Pg = 1 000 Tg = 1 000 000 000 t.  

Location* 
C stock per 
unit area 
(tC/ha) 

C stock 
total 
(PgC) 

Annual C 
accumulation 
or emission 

Depth More information Reference 

Global 

- 6.4 - Surface 1 m 
of soil 

Global mapping, 30 m 
resolution data; 

Total soil C storage 

Sanderman 
et al. 
(2018) 

Soil: 446.9 ± 
175.4 

Biomass: 
244.2 ± 
215.9 

- - Various 
Review; error is S.D.; 

C storage in soils and 
biomass 

Hutchison 
et al. (2014) 

Mean: 515.9 - - 

Soil stocks to 
1 m; 30 m 
pixels; five 
biomass eq. 

C storage in soil and 
biomass.  

Biomass equations vary 
by latitude 

Map: 
https://dataverse.harvard. 
edu/dataverse/GMCSD 

Hamilton 
and Friess 
(2018) 

 

- - 24 TgC/yr 

Various 

Review; 

Total soil C accumulation 

Alongi 
(2014) 

- - 18.4 TgC/yr Bouillon et 
al. (2008) 

- - 1.74 tC/ha/yr Alongi 
(2012) 

- - 2.04 ± 1.53 
tC/ha/yr 

Review; error is S.D.; 

Total soil C accumulation 
Hutchison 
et al. (2014) 

- - 1.3 to 2.0 
tC/ha/yr 

Review; range is 95 
percent CI; 

Total soil C accumulation; 

Breithaupt 
et al. (2012) 
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Location* 
C stock per 
unit area 
(tC/ha) 

C stock 
total 
(PgC) 

Annual C 
accumulation 
or emission 

Depth More information Reference 

- - 2.1 tC/ha/yr 
Global review; 

Total soil C accumulation 

Chmura et 
al. (2003) 

Gulf of 
Mexico, 
US 

- - 2.0 – 6.5 
tC/ha/yr 

Review, loss on ignition 
(mostly);  

Total soil C accumulation Pacific 
and 
Indian 
Ocean 

- - 2.6 – 3.4 
tC/ha/yr 

Herbert 
River 
Estuary, 
Australia 

0.3-6.5 at 
individual 
plots 

- 1.8 tC/ha/yr 
(mean); 0.8 to 1.6 m 

SOC accumulation (not 
including calcium 
carbonate); Field surveys, 
grab samples and 
sediment cores 

Brunskill et 
al. (2002) 

Global 

- - 90–970 
TgC/yr 

Various 

Review; Potential avoided 
loss by deforestation 

Alongi 
(2014) 

- - 0.01–0.02 
tC/ha/yr 

Review; non-normal 
distribution, Methane 
emission 

Al-Haj and 
Fulweiler 
(2020) 

* These systems form in positions along coasts and islands with latitudinal limits in the subtropics and tropics (20o C 
isotherm) where wave energy (Alongi, 2002) and freezing damage/mortality (Osland et al., 2017) are low. The extent of 
mangrove habitat at a given location is a function of local rates of relative sea level rise, landform slope, tidal forcing, 
sedimentation rates and coastal subsidence (Feller et al., 2017). Mangrove forests are also absent from arid coasts that 
receive little precipitation and freshwater input, where these ecosystems are replaced by hypersaline salt flats (Osland 
et al., 2018). 

 

!  
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4. Importance of mangrove conservation for the 
provision of specific ecosystem services  

4.1. Minimization of threats to soil functions  

Table 12. Soil threats 

Soil threats  

Soil erosion Coastal protection from tsunamis and storm surges (Alongi, 2012; Hutchison 
et al., 2014; Sediment trapping (Kamal et al., 2017) 

Soil contamination / 
pollution 

Water purification (Hutchison et al., 2014); Shrimp farming can result in 
pollution to the pond from pesticides, antibiotics (Braun et al., 2019) and 
nitrogen eutrophication (Burford and Longmore, 2001). 

Soil acidification Pond aquaculture can lead to acid sulfate soils (Alongi, 2002). 

Soil biodiversity loss Plant-soil-microbial relationships are understudied (Alongi, 2002). 

 

 

4.2. Increases in production and food security  

Mangrove forests provide support for timber and other valuable products as well as support for fisheries and 
biodiversity (Gunawardena and Rowan, 2005; Sathirathai and Barbier, 2001; Hutchison et al., 2013). Also, 
mangroves provide food and fuel, and act as a nursery for semi-terrestrial and aquatic animals (Alongi, 2012). 
Humans extract various forest products including wood for fuel, construction, paper and fishing gear. Other 
non-wood products are collected for animal fodder, natural products (e.g. fish, crustaceans, honey, beverages, 
other food, drugs), and household items (e.g. clothing fiber, dye, incense) (FAO, 2007).  

 

4.3. Improvement of human well-being  

Mangroves support human well-being by delivering human necessities such as food, shelter and livelihood while 
contributing to the resilience of local communities (Barbier et al., 2011). 
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4.4. Mitigation of and adaptation to climate change 

Restored mangrove forests hold an equivalent amount of carbon as the original intact mangroves after 25-30 
years (e.g. Cambodia; Sharma et al., 2020), thus restoration programs have high potential in terms of carbon 
sequestration (Hutchison et al., 2014) (Also see Factsheet No. 14, Volume 5, “Restoration of mangroves” of 
this manual). Mangrove forests have a role in coastal geomorphology via their high productivity, which 
contributes to peat formation and sediment deposition (Barbier et al., 2011). Many mangrove restoration 
projects fail due to inappropriate species or site selection because of socio-economic limitations, but the 
number of large-scale successes has increased in recent years (Feller et al., 2017; Friess et al., 2020). Methane 
emissions may offset 8–20 percent of carbon sequestration and global warming potential in mangroves at the 
global scale at 20–100 year timescales (Rosentreter et al., 2018). However, when calculating a total global 
warming potential, one must also consider avoided emissions, such as the reduced risk of carbon release from 
peat fires (Turetsky et al., 2015) after hydrological restoration. 

 

5. General challenges and trends 

Mangroves are being lost and degraded because of land conversion for agriculture, urban development, and 
overexploitation of timber and food sources (fish, crustaceans, shellfish) (Alongi, 2012). Global mangrove 
deforestation rates during the late 20th century of 0.7 – 2.1 percent per year have decreased to 0.2 to 0.4 
percent per year in the early 21st century (Friess et al., 2019). Some estimates of overall mangrove loss between 
1980 and 2005 are as high as 20 percent, with an annual decline of 1 – 2 percent (FAO, 2003) (see also the 
Global Mangrove Watch Viewer for specific annual breakdown of loss (Global Mangrove Alliance, 2020)). 
Regionally, nearly 80 percent of global mangrove loss between 2000 and 2016 was concentrated in Southeast 
Asia with conversion for agriculture and aquaculture as the most important deforestation driver (Goldberg et 
al., 2020). 

While deforestation rates have decreased from the late 20th century to the early 21st century, an unknown 
extent of mangrove area is degraded from hydrological alteration, urban pollution, and overharvesting of food 
and timber resources (Friess et al., 2019). 

 Mangrove forests converted to other land uses may lose their ability to increase the elevation of their surface if 
undecomposed mangrove materials can no longer stay ahead of the rate of organic decomposition (McKee et al., 
2007). Conversion for agriculture and aquaculture is accompanied by loss of carbon stores from both biomass 
and soil (Friess et al., 2020). Shrimp farming results in nitrogen eutrophication of ponds (Burford and 
Longmore, 2001). 

Different land uses have very different implications for ‘blue carbon’ stocks, although regulations and 
assessments often lack this nuance (Friess et al., 2020). Protecting mangroves from conversion to agriculture, 
including for rice, shrimp and oil palm cultivation, and restoring mangroves where biophysically and socio-
economically feasible, can contribute significantly to reducing global CO2 emissions from the land use sector 
(Lovelock et al., 2011). 
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!

Photo 6. Avicennia germinans and Rhizophora mangle in the intertidal zone at Ding Darling National Wildlife Refuge, Sanibel Island, 
Florida, United States of America 

 

Table 13. Related cases studies available in volumes 4 and 6 

Title Region 
Duration 
of study 
(Years) 

Volume Case-
study n° 

Mangrove restoration in abandoned ponds 
in Bali, Indonesia Asia 10 6 17 
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1. Definition and description!

Black soils are inherently productive and fertile soils that are critical for food production globally. Given 
favorable climatic conditions, these soils allow high crop productivity. However, inappropriate management 
practices of black soils can lead significant losses of SOC, decline in soil quality, and resulti in emissions of 
carbon into the atmosphere. Sustainable use and management of black soils toward maintaining or increasing 
SOC stock is crucial for ensuring global food security and mitigation climate change. 

Black soils are mineral soils which have a black surface horizon enriched with organic carbon that is at least 25 
cm deep. Two categories of black soils (1st and 2nd categories) are recognized. The categories are 
distinguished to recognize the higher value, and thus greater need for protection, of some soils (Category 1), 
while still including a wider range of soils within the overall black soil definition (Category 2) (FAO, 2019). 

The first category of black soils (which are the most vulnerable and endangered, and need the highest rate of 
protection at the global level) are those having all five properties given below: 
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!! The presence of black or very dark surface horizons typically with a chroma of !3 moist, a value of 
!3 moist and !5 dry (by Munsell colours); 

!! The total thickness of black surface horizons "25 cm;  
!! Organic carbon content in the upper 25-cm of the black horizons between "1.2 percent (or " 0.6 

percent for tropical regions) and !20 percent;  
!! Cation exchange capacity (CEC) in the black surface horizons "25 cmol/kg; and 
!! A base saturation in the black surface horizons "50 percent. 

 

Most, but not all 1st category Black soils have a well-developed granular or fine sub-angular structure and high 
aggregate stability in the black surface horizons that are in a non- or slightly degraded state, or in the humus-
rich underlying horizon which has not been subjected to degradation. 

The second category black soils (mostly endangered at the national level) are those having all three properties 
given below: 

 

!! The presence of black or very dark surface horizons typically with a chroma of !3 moist, a value of 
!3 moist and !5 dry (by Munsell colours);  

!! The total thickness of the black surface horizons of " 25 cm; and 
!! Organic carbon content in the upper 25-cm of the black horizons between "1.2 percent (or " 0.6 

percent for tropical regions) and !20 percent. 
 

This category does not include the CEC and base saturation criteria of the first class. 

 

2. Global distribution of hotspot 

On a world-wide basis, soil scientists generally include as types of black soils, the Chernozems, Kastanozems 
and Phaeozems (WRB), Isohumosols from Chinese soil classification, and Mollisols of Soil Taxonomy (Liu, 
2012). Although these are the main classes, other classes are included in the concept of black soils, such as soils 
with Chernic, Mollic, Umbric, Hortic and Pretic horizons. 

Among the main soil types, four locations can be highlighted globally. Chernozems (Mollisols) occurring 
extensively in the central region of North America, across the central plains of United States and southern region 
of Canada. Kastanozems and Phaeozems appear as discontinuous belts, which extend across southeastern 
Europe and central Asia. The western belt begins in the sub-humid steppes of southcentral Europe and extends 
across Russia and into the eastern belt, which is best represented in northeast China (Isohumosols). The fourth 
major location corresponds to the Pampas of South America, covering most of central-eastern Argentina, most 
of Uruguay´s territory, and part of the southern region of Brazil. Thus, the of the world’s 916 million hectares 
of black soils occur in three regions of the northern hemisphere and one region south of the equator, the Parana-
La Plata basin of South America. The understanding of this distribution as well as the genesis, uses and 
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management, and threats to these soils, is crucial given that, when considering the natural fertility and land use 
of the black soils, these four regions collectively form the one of main world’s natural granary (Liu et al., 2010).  

 

3. Global carbon stocks and additional carbon 
storage potential 

In the WRB system of classification, the soils identified as Chernozems, Kastanozems and Phaeozems are 
included in the concept of black soils. Although in natural conditions they have high organic carbon content, in 
reality large areas of these soils are now degraded.  

The SOC stock evaluation by using GSOCmap and WRB classification provided a general C stock in the Black 
Soils, presented in a global level and including only the soil types: Chernozems, Kastanozems and Phaeozems 
(FAO, 2019; FAO, 2009). The results showed that total SOC stock of Black Soils is 54.8 Pg, with an average 
value of SOC stock of 66.4 t/ha (Table 14). 

 

Table 14. Total SOC stock and mean SOC stock of black soils within 30 cm soil layer for 
the Chernozems, Kastanozems and Phaeozems classes in the WRB system 

    Soil Reference Group WRB SOC stock (Pg) Mean SOC (t/ha) 

    Chernozems 19.7 89.6 

    Phaeozems 18.2 62.2 

    Kastanozems 16.9 47.5 

    Total of Black soils 54.8 66.4 

 

 

4. Importance of black soil conservation for the 
provision of specific ecosystem services 

Black soils are the most productive carbon-rich soils and provide multiple benefits including ecosystem services, 
food production and security, human well-being, and climate change mitigation and adaptation (Figure 15).  

!  
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4.1. Minimization of threats to soil functions 

Black soils include those with abundant nutrients for crops´ growth and organic carbon as well as good physical 
properties. The distinctive characteristics of the first category of black soils are their dark-colored, humus-rich 
surface horizon, and the high base saturation (Eckmeier et al., 2007). In addition, characteristics such as 
appropriate pH, adequate available nitrogen, potassium, and suitable levels of most micro-nutrients, allow Black 
soils to maintain or improve soil nutrient balance and cycling, when practices of sustainable management are 
used (Balashov and Buchkina, 2011; Zhang et al., 2013). Black soils have good soil physical properties in terms 
of soil bulk density, soil aggregation, wet-aggregate stability, and water infiltration rate. Those characteristics 
allow these soils to regulate water supply in the field in terms of the mitigation of floods and droughts and of 
water quality (Balashov and Buchkina, 2011; Chen et al., 2014). As carbon-rich soils they are a reserve of 
components such as sugar, amino acids and carboxylic acids, which are natural resources for growth of soil 
microbial community (Zhang and Han, 2015). Nutrients in black soils, such as nitrogen and phosphorus, also 
contribute to abundant soil biodiversity (Galloway, 2004). 

 

4.2. Increases in production and food security  

The high soil organic matter content, good soil fertility and physical structure of black soils makes them the 
most fertile and productive soils in natural conditions, and they are therefore intensively and extensively 
cultivated. Global analysis showed that out of the total land dedicated to growing crops, 19 percent of the 
farmland is currently comprised of black soils, and out of the total area covered by black soils, 62 percent is used 
as croplands (USGS, 2015; HWSD, 2009). 

In Russia, among the 221 million hectares of agricultural lands, 60-70 percent is of soils with Chernozemic 
horizons (Avetov et al., 2011). In Slovakia, black soils are covering an area of 474 885 hectares (Kobza and 
Pálka, 2017), which is approximately 20 percent of total area of agricultural soils in the country. In China, the 
total area of black soils is 35 million hectares (Liu et al., 2012), black soils have been important food basket 
since 1950s, producing 15.9 percent, 33.6 percent, and 33.9 percent of rice, corn, and soybeans of whole 
China in 2014 (Bureau of statistics of China, 2015). In the United States, black soils (Mollisols) cover about 
196 million hectares, 36.9 percent of which are used for livestock and crop production (Wickham et al., 2014). 
Most of the Mollisols in South America are used for grain and oilseed crops, orchards, forage, and crops for fiber 
production. They are also used for cattle raising and dairy farming, feeding the cattle with grains, forage crops 
or natural pastures (Durán et al., 2011). 

 

!  
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4.3. Improvement of human well-being!!

Black soils contribute to human wellbeing by providing nutritious food, enriching folks culture and offering 
alternative livelihoods. Multiple nutritious foods are produced in black soils region globally including cereals, 
beans, meat, etc. In Brazil, the contribution of pre-Colombian indigenous communities, which for hundred 
years cultivated the low lands in the Amazon region, adding materials such as charcoal, fish bones, with organic 
matter, formed fertile soils now called Amazonian Dark Earths (Schmidt et al., 2014; Anne, 2015; Kern et al., 
2019). In northeast China, people associate the black soils with a symbol of healthy and positive characters to 
enhance the value of their personality, products and culture (Cui et al., 2017). The aesthetic and recreation 
values of black soils also offer opportunities for increasing income of farmers. 

 

4.4. Mitigation of and adaptation to climate change 

Black soils have a high potential to mitigate climate change due to their inherently high SOC content. For 
example, according to the results of Global Soil Organic Carbon map (GSOCmap), average SOC stock of Black 
soils is 66.4 t/ha in top 30 cm, which is higher than the average of SOC stock in all soil types (57.34 t/ha) (FAO 
and ITPS, 2019). Although at the global level there is to date little information on potential GHG emissions 
from black soils, it is known that black soils are both extensively and intensively farmed (cereal, pasture, range 
and forage system) resulting in significant losses of organic carbon. According to various estimates, black soils 
lost 20 to 50 percent of SOC in 50 to 100 years after conversion from natural system to intensive farming 
system. For example, in the United States of America, in intensive continuous corn cropping system, SOC 
decreased by more than 50 percent in 100 years (Gollany et al., 2011). The significant losses of SOC in black 
soils are typically the result of inappropriate land use and poor management practices, leading to a decline in 
soil quality and soil structure as well as increased soil erosion, resulting in emissions of carbon into the 
atmosphere. On the other hand, appropriate land use and soil management can lead to an increase of SOC and 
improved soil quality and multiple benefits (Figure 15) that can partially mitigate the rise of atmospheric CO2 
in black soil regions (Liu et al., 2012). In conclusion, sustainable use and management of black soils toward 
maintaining or increasing SOC stock could be crucial for climate change mitigation and adaptation. 
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Figure 15. Mutiple benefits of black soils 
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5. General challenges and trends related to the black 
soils 

5.1. Soil organic carbon loss 

Land use change and inappropriate use and management soils lead to significantly decrease of soil organic 
carbon in Black Soils, in all regions of the world. The amount of soil organic matter content in weak, medium 
and severely eroded black soils has declined by 15, 25, and 40 percent, respectively in Russia (Iutynskaya and 
Patyka, 2010). Another study showed that 30 percent of organic matter has been lost in black soils of Ukraine 
(Balyuk and Medvedev, 2012). Black soils of the Republic of Moldova lost about 30 – 45 percent of carbon from 
the 0 – 25 cm layer over a period of 100 – 125 years (Krupenikov, 1992; Ciolacu, 2017). Chinese black soils 
have experienced an average annual rate of decline in soil carbon of 0.91, 0.97 and 0.48 percent, under 
monocropping systems of corn, soybean and wheat, respectively, in the 0 to 90 cm soil layers (Liu et al., 2005). 
Excessive cultivation and summer fallowing have caused a 50 percent decline in soil organic matter in the 
Canadian prairie soils (Agriculture and Agri-Food Canada, 2003). Deforestation and subsequent cultivation 
have resulted in a pronounced depletion at the values of organic carbon (60–85 percent) in regions of black 
soils in Brazil (Rezapour and Alipour, 2017). Soil organic matter has decreased by 35.6 – 52.5 percent after a 
long cropping period in black soils in Argentina; all this demands the establishment of conservation practices to 
reduce losses of SOC and deterioration of soil quality (Durán, 2010). In Uruguay, SOC decreased more than 
50 percent after only 50-year period (Baethgen and Morón, 2000). 

 

5.2. Soil erosion 

Erosion induced by rainfall and wind degrades the quality of black soils. A study showed that about a third of 
arable land is eroded from the black soils of Ukraine (Balyuk and Medvedev, 2012). From 1979 to 2014, 
cropping system conversion from forestry to dry lands aggravated erosion from 204.4 to 420.9 tons per km2 
per year in the black soil region of northeast China (Ouyang et al., 2018). Changes in particle-size distribution 
and mainly organic matter of soils due to deforestation were responsible for a significant increase in the values 
of soil erodibility factor (a rise of 10–270 percent) on a study on these soils in Brazil (Rezapour and Alipour, 
2017). Loss of soil by wind were observed in the lowlands with black soils in Eastern Austria, and new 
windbreaks are planted annually, thus increasing the protected areas by several thousand hectares per year 
(Strauss and Klaghofer, 2006).  

 

!  
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5.3. Soil nutrients imbalance 

With the intensive use of black soils, without proper management of fertility, the levels of nutrients decrease 
significantly. Increasing deficiency of labile nutrients, especially nitrogen (declining from -41.4 kg/ha in 2001 
to - 56.4 kg/ha in 2009) and potassium (declining from -32.9 to - 64.2 kg/ha between 2001 and 2009) has 
been observed in black soils of Russia (Grekov et al., 2011; Medvedev, 2012). Stocks of nutrients have 
noticeably decreased in black soils of Ukraine (Balyuk and Medvedev, 2012), and excessive cultivation and 
summer fallowing have lowered soil nutrients in the Canadian prairie soils (Agriculture and Agri-Food Canada, 
2003). A pronounced depletion was observed in values of total N (67–88 percent), cation exchange capacity 
(9–18 percent) and exchangeable cations (4–60 percent) after deforestation of black soils in Brazil (Rezapour 
and Alipour, 2017). 

 

5.4. Soil compaction 

Soil compaction is a common cause of black soil degradation. After 75 years of cultivation, the total amount of 
water-stable aggregates declined by 26.9±1.0 percent and the clay content by 26.9±1.0 percent in black soils 
from Russia (Balashov and Buchkina, 2011). A study in Ukraine showed that approximately 40 percent of the 
black soils have a compacted layer (Balyuk and Medvedev, 2012). Excessive cultivation and summer fallowing 
have degraded the Canadian prairie soils, resulting in poor surface structure (Agriculture and Agri-Food 
Canada, 2003). Without significant variation, 14–20 percent higher bulk density and 10–22 percent lower 
porosity values were observed in cultivated black soils compared to forest lands in Brazil (Rezapour and Alipour, 
2017). 

 

5.5. Salinization and acidification 

Salinization and acidification are consequences of both natural (primary) and human-induced (secondary) 
processes. But human induced salinization and acidification by inappropriate soil and fertilizer management are 
the main challenges in regions of black soils. Secondary salinization of irrigated soils, accompanied by a 
reduction of the humus rich layer depth was reported in Russia (Grekov et al., 2011; Medvedev, 2012). 
Acidification of black soils, especially in the regions of Cherkassy and Sumy in Ukraine, was observed, where 
the value of pH dropped 0.3–0.5 units after 40–50 years cultivation (Grekov et al., 2011; Medvedev, 2012). 
A decrease of soil pH by a factor of 0.27 was observed in Northeast China black soils region, from 2005 to 
2014, showing a trend of acidification due to overuse of nitrogen fertilizers in intensive cropping systems 
(Tong, 2018). 

In conclusion, Black soils are facing services threats in terms of soil organic carbon loss, soil nutrient imbalance, 
soil compaction and salinization and acidification. Actions are needed for sustainable management on black 
soils for insuring the productivity and ecological services of these carbonrich soils (Figure 16).  
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Figure 16. Main challenges to black soils 
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Photo 7. Profiles of Chernossolo (A), Vertissolo (B) and Neossolo (C) and landscape associated in the Pampas Biome, southern Brazil 
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Table 15. Related cases studies available in volumes 4 and 6 

Title Region 
Duration 
of study 
(Years) 

Volume Case-
study n° 

16 years of no tillage and residue cover 
on continuous maize in a Black soil of 
China 

Asia 16 4 10 

Organo-mineral fertilization on a 
Ukrainian black soil Europe 5 4 26 

Application of swine and cattle manure 
through injection and broadcast systems 
in a black soil of the Pampas, Argentina 

Latin America 
and the 
Caribbean 

1 4 30 

No tillage and cover crops in the Pampas, 
Argentina 

Latin America 
and the 
Caribbean 

2 to 8 4 31 

Crop-pasture rotation on Black Soils of 
Uruguay and Argentine 

Latin America 
and the 
Caribbean 

10 to 48 4 39 

Willow Riparian Buffer Systems for 
Biomass Production in the Black Soils of 
Elie, Manitoba, Canada 

North America 6 4 42 
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1. Definition and description 

The term “grassland” is used here in the wider sense of grazing land, consistent with the UNESCO definition 
of “land covered with herbaceous plants with less than 10 percent tree and shrub cover and wooded grassland 
as 10–40 percent tree and shrub cover”. Grasslands are characterized by grasses and forbs normally occurring 
where there is sufficient moisture for grass growth but where environmental conditions do not support tree 
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cover.! Regionally other names also describe grassland systems, including prairies in North America, Asian 
steppes, veldts in Africa, savannahs in Australia and Africa, and pampas, llanos and cerrados in South America.  

Grasslands are highly diverse in terms of the characteristics of the climate and natural landscape, their land use 
and management, and in the level and stability of their soil carbon. Grasslands can contain high SOC 
densities/stocks compared to other managed ecosystems, but net losses have occurred in both intensively 
managed pasture and extensive grazing lands with inappropriate livestock production practices such as stocking 
density (Viglizzo et al., 2019) in combination with soil and climate factors (Smith et al., 2019; Xu et al., 2017). 
Identified hotspots for management include (i) areas with high soil organic carbon (SOC) stocks that are at or 
close to the natural equilibrium levels so that there is less potential to increase SOC but a risk of loss, particularly 
through LUC: (ii) areas with low to medium levels of SOC where past management has resulted in some 
depletion and there is a high potential to build stocks; and (iii) degraded areas where substantial losses of organic 
matter have occurred due to natural or anthropogenic factors where potential to restore soil health and soil 
carbon levels is highly uncertain. Here, the hotspot analysis focusses on identification of grassland areas with 
high C sequestration potential. In general, variables influencing the spatial distribution of SOC sequestration 
hotspots in grazing lands include plant type (life-form), vegetation cover and soil clay content. 

In general, LUC from forest to grassland may not reduce SOC levels (Guo and Gifford, 2002), other than 
relatively small depletion in the short-term following conversion, whereas high rates of loss can follow 
conversion of forest or grassland to cropping. There is potential for conversion of croplands to permanent 
grassland to represent hotspots for soil C sequestration (Sanderman, Hengl and Fiske, 2017). Moreover, 
improved management practices can increase organic matter input in intensively grazed pastures and those used 
for production of grass silage and hay (Khalil et al., 2020). Adoption of integrated crop-livestock-forestry 
systems and restoration of degraded grasslands and savannah livestock farming systems, especially in semi-arid 
regions similarly represent opportunities for SOC sequestration hotspots. 

 

2. Global distribution of hotspot 

Hotspot identification methods and mapping are highly variable. For example, Khosravi et al. (2015) used a 
direct sampling approach and spatial statistics to assess the drivers of C sequestration hotspots in semi-arid 
rangelands of the Kerman province of Iran, while Sanderman, Hengl and Fiske (2017) identified hotspots for 
potential SOC sequestration globally by estimating amounts and spatial distribution of SOC loss due to historic 
land use and land cover change (Figure 17). High SOC rundown relative to historic native levels (some losses 
>50 percent), give the greatest potential for soil C sequestration including by conversion of cropland to 
permanent grasslands.  

Based on modelled carbon debt the global potential soil carbon sequestration is 133 GtC for the top 2 m of soil, 
with 48 GtC being in grasslands and savannahs (Sanderman, Hengl and Fiske, 2017). Rangelands of Argentina, 
southern Africa and Australia stand out as hotspots of SOC loss (Figure 17) and also hotspots for potential soil 
carbon sequestration through improved management practices.  

 



VOLUME 2 – HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 95 

 

Figure 17. Global distribution of cropping and grazing in 2010, (A) and modelled SOC change in the top 2 m (B) 

In A, colour gradients indicate proportion of grid cell occupied by given land use. In B, legend is presented as a histogram of SOC loss 
(tC/ha), with positive values indicating loss and negative values net gains in SOC 

(Adapted from Sanderman, Hengl and Fiske, 2017) Permission given 25 March 2020 

Note: the potential carbon sink is, realistically, not 100 percent of the SOC debt but, at best, may be 10 – 30 percent of the long-term 
loss (Sanderman, Hengl and Fiske, 2017) (Figure 18)!

 

3. Global carbon stocks and additional carbon 
storage potential  

Quantifying SOC sequestration potential and defining hotspot boundaries in grasslands can be challenging. 
Major contributing factors are data limitations and the complex interactions that determine vegetation 
productivity and soil C responses for different grassland management systems. While it has been estimated that 
managed grassland ecosystems can act as carbon sinks, storing on average 0.7 ± 0.16 tC/ha/yr (EFDC, 2018), 
actual rates are highly variable and uncertain (Table 16). 

Figure 17B and Supplementary data from Sanderman, Hengl and Fiske (2017) show that grazing lands 
(grassland and savanna IGBP land classification categories) collectively lost more SOC than any other land use 
with the greatest contribution from arid and semi-arid regions. The rangelands of Argentina, southern Africa, 
and Australia represent hotspots of SOC loss when estimated as a percent of historic SOC. 

A 

B 
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Table 16. Soil carbon sequestration potential reported for pastures and rangelands 

Meaningful comparisons of results are limited by differences in methods, depths and time periods. For any change in 
management practice or land use, the change in SOC stocks will depend on soil and climate factors, baseline SOC 
stocks (degraded soils have a higher potential to gain SOC), and the timeframe of the study.  

Location Methodology Depth 
(cm) 

Cseq potential 
(tC/ha/yr) More information Reference 

Global 
(rangelands) 

Modelling using 
Century, Daycent, 
GLEAM*  

Not 
specified 

0.23 (Av) 

0.13–0.32 
(Range) Modelled C 

sequestration 
potential with 
improved grazing 
management 

Henderson et 
al. (2015) 

Global 
(pasturelands) 

0.16 (Av) 

0.05–0.32 
(Range) 

Argentina 
(semi-arid 
savanna) 

Measurement of 
SOC 1.9–2.75 

Restoration of highly 
degraded sites. 
Potential total gain of 
58 tC/ha equal to loss 
due to overgrazing by 
cattle 

Abril and 
Bucher (2001) 

Australia 
(temperate 
pasture) 

Measurements in 
3 long-term trials 
over 15-25yrs 

0 –30 0.5 –0.7 
Improved nutrient, 
grazing management 
in permanent pastures 

Chan et al. 
(2011) 

Europe 
(temperate) 

Modelled 
estimates based 
on 89 
observations in 
24 studies  

0–23.5 

(av) 

1.05 (100 yrs) 

3.23 (20 yrs) 

Conversion of 
cropland to grassland. 
(% SOC change used 
to calculate rates) 

Poeplau et al. 
(2011) 

United States 
of America 
(south-east) 

Av. results from 
35 long-term 
studies on 
conversion of 
annual cropland 
to grassland 

0–25 0.84 ± 0.11 Trials averaged 17 yrs Franzluebbers 
(2010) 

N. Ireland, UK 
(County Down) 

Measured vs 
DNDC** modelled 
rates as the mean 
across treatments  

0–15 

0.46 ± 0.06 
(measured) 

0.37 ± 0.01 
(DNDC model) 

Long-term fertilisation 
trial (42 yrs) in 
grassland managed 
for fodder (silage/hay) 

Khalil et al. 
(2020) 
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Location Methodology Depth 
(cm) 

Cseq potential 
(tC/ha/yr) More information Reference 

New Zealand 
(Grazing hill 
country) 

SOC measured at 
23 sites with 
archived samples 

0–30 

0–90 

0.60 ± 0.16 

0.9 

Average period 23 
years; N gains of 0.07 
tN/ha/yr 

Schipper et al. 
(2014) 

Brazil 
(Southern 
Amazon) 

Measurements 
for 12 yrs after 
tree planting in 
clay oxisol 

0–100 1.47 
Eucalypts planted in 
pasture (12 yrs). 
Nutrients not limiting.  

Oliveira et al. 
(2018) 

* GLEAM - Global Livestock Environmental Assessment Model (Gerber et al., 2013);  

** DNDC - The Denitrification-Decomposition (DNDC95 version) 

 

4. Importance of grassland conservation for the 
provision of specific ecosystem services  

4.1. Minimization of threats to soil functions 

Table 17. Soil threats 

Soil threats  

Soil erosion 
Soil carbon sequestration makes soils less prone to water and wind erosion by 
improving soil structure; practices such as increasing cover for increasing SCS 
reduce vulnerability to landslides (Keesstra et al., 2016). 

Nutrient imbalance 
and cycles  

Increased soil organic matter aids in storing, cycling and transforming nutrients 
(Smith et al., 2019) 

Soil salinization and 
alkalinization 

Avoiding overgrazing on grasslands with saline groundwater helps manage 
salinity risk (Lavado and Taboada, 1987). 

Conversion from cropping to grassland in semi-arid regions increases SOC and 
decreases soil salinity and sodicity (Yu et al., 2018). 

Soil contamination / 
pollution 

Soil carbon sequestration enhances soil health and buffers pollutants, also 
protecting water quality (Smith et al., 2019) 
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Soil threats  

Soil acidification Conversion of grasslands to forest results in soil acidification (Jobbágy and 
Jackson, 2003) 

Soil biodiversity loss 
Soil carbon sequestration improves soil health, enhancing habitats for soil biota 
(Keesstra et al., 2016). 

Soil compaction Permanent grasslands with low stocking rates generally have lower bulk density 
than heavily grazed areas (Miao et al., 2015). 

Soil water 
management 

Practices for soil carbon sequestration can also help regulate timing and 
magnitude of peak water flows (Smith et al., 2019). 

 

 

4.2. Increases in production and food security  

Soil organic /matter is essential   for good soil quality, functionality, and health. Through supply of macro- and 
micronutrients, the level of SOC is a strong determinant of global food and nutritional security (Lal, 2016). 
Practices that sequester SOC also tend to improve food security and climate change adaptation. With increasing 
SOC, co-benefits for yields (ca. 0.07 ton (t) of dry matter/t SOC sequestration) could be obtained each year 
under tropical conditions (Soussana et al., 2019). Ruminant livestock production on the estimated 2.6 billion 
ha of grazing lands worldwide (Henderson et al., 2015) contribute to the livelihoods of the billion people who 
depend on livestock production (Herrero et al., 2009). 

 

4.3. Improvement of human well-being  

SOC sequestration in grasslands positively affects the physical and cultural environment for humans (Smith et 
al., 2019). A healthy soil is important in defining large areas of grasslands that provide ecosystem services for 
some of the world’s poorest peoples. Through effects on nutrition and water quality, provision of certain plant-
based medicines and aesthetic benefits, soil health in these landscapes determine human well-being. 

 

4.4. Mitigation of and adaptation to climate change 

Soil carbon sequestration represents a potentially large sink for atmospheric CO2, supports resilience to 
climatic changes, and underpins adaptation of food production to climate change (e.g. Lal, 2016; Soussana et 
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al., 2019). Estimates of the potential climate change mitigation in grasslands vary. Henderson et al. (2015) 
estimated that, with improved management and legume sowing, grazing lands could sequester about 80 Mt C/yr 
while increasing forage production by over 900 Mt dry matter, resulting in economic and food security benefits. 
However, increased production involves a trade-off with GHG emissions in the form of higher enteric methane 
from ruminant livestock.  

 

5. General challenges and trends 

While the biophysical potential for gains in SOC is generally greatest in grassland soils where past management 
has depleted natural levels of organic matter, there are often socio-economic barriers to large scale adoption of 
best practices in grazing management (Figure 18). Growth in demand for animal protein (meat and milk) is 
projected to continue (Herraro et al., 2009). While expansion in production was historically driven by 
increasing the extent of grazing through LUC, the current trend is more towards intensification on current 
grassland areas. Higher grazing pressure in combination with climate changes, such as warmer temperatures 
and less reliable precipitation, increases the risk of overgrazing with loss of grass cover and erosion and, hence, 
exacerbates the challenge of increasing or maintaining SOC stocks. Examples of specific challenges are:   

Forest 

Historic deforestation for livestock production in grasslands in temperate and tropical regions (Figure 17) 
contributes to hotspots for SOC sequestration (Sanderman, Hengl and Fiske, 2017). Conversely, use of fire to 
manage forest encroachment and grazing productivity in savannahs particularly in the tropics and neotropics 
(e.g. Burrows et al., 2002) can result in non-CO2 GHG emissions and also loss of stored nitrogen and carbon 
from soils. Surface SOC in plots burnt frequently over 64 years were estimated to have declined by 36±13 
percent Compared to unburnt plots after 64 years (Pellegrini et al., 2018).   

Peatland and Wetlands 

Organic soils such as histic Gleysols that are drained for grassland livestock production can be hotspots for CO2 
loss (Leiber-Sauheitl et al., 2014) with the net GHG balance reaching 7–9 t C/ha/yr on soils in northern 
Germany. 

Climate change 

Anthropogenic warming increases the challenge for sequestration in grasslands as higher soil temperature 
initiates a positive feedback loop as soil microbe convert more SOC to CO2 (Amundson et al., 2015). Moreover, 
the scope to increase organic matter inputs will be limited by projected more intense droughts in future 
exacerbating land degradation due to over-grazing. 

All 

A meta-analysis of changes in SOC for 2001–2019 examined the effects on SOC and underlying mechanisms 
of 33 influencing factors, including LUC and LU for livestock grazing (Xu et al., 2020). It was concluded that 
increasing C inputs is one of the best measures to sequester SOC, consistent with the identification of hotspots 
in Figure 17.  
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Figure 18. Constraints on grassland sequestration potential (Adapted from Sanderman, Farquharson and Baldock, 2010) 

At any location, the maximum feasible sequestration potential in grasslands and, therefore, the absolute and relative significance of 
livestock farming hotspots is dependent on soil and climate conditions and economic, social, and political constraints. These constraints 
may change over time, e.g. with local impacts of climate change!

 

Table 18. Related cases studies available in volumes 4 and 6 

Title Region 
Duration 
of study 
(Years) 

Volume Case -
study n° 

Grazing management in rangeland grassland 
systems in South and East Australia 

Southeast 
Pacific 4 to 10 4 9 

Mediterranean savanna-like 
agrosilvopastoral grassland system in Spain, 
Italy and Portugal 

Europe 4, 22 and 
37 4 17 

Increasing Yield and Carbon Sequestration in 
a Signalgrass Pasture by Liming and 
Fertilization in Sao Carlos (SP, Brazil) 

Latin America 
and the 
Caribbean 

6 4 32 

Integrated farming in tropical 
agroecosystems of Brazil 

Latin America 
and the 
Caribbean 

4 to 12 4 34 

Mitigation of SOC losses due to the 
conversion of dry forests to pastures in the 
plains of Venezuela 

Latin America 
and the 
Caribbean 

5 and 18 4 40 



VOLUME 2 – HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 101 

References 

Abril, A. & Bucher, E.H. 2001. Overgrazing and soil carbon dynamics in the western Chaco of 
Argentina. Applied Soil Ecology, 16(3): 243-249. https://doi.org/10.1016/S0929-1393(00)00122-0 

Burrows, W.H., Henry, B.K., Back, P.V., Hoffmann, M.B., Tait, L.J., Anderson, E.R., Menke, N., 
Danaher, T., Carter, J.O. & McKeon, G.M. 2002. Growth and carbon stock change in eucalypt woodlands 
in northeast Australia: ecological and greenhouse sink implications. Global Change Biology, 8: 769-784. 
https://doi.org/10.1046/j.1365-2486.2002.00515.x 

Chan, K.Y., Conyers, M.K., Li, G.D., Helyar, K.R., Poile, G., Oates, A. & Barchia, I.M. 2011. Soil 
carbon dynamics under different cropping and pasture management in temperate Australia: Results of three 
long-term experiments. Soil Research, 49(4): 320-328. https://doi.org/10.1071/SR10185 

EFDC (European Fluxes Database Cluster). 2018. European Fluxes Database Cluster [online]. [Cited 06 
January 2021]. http://www.europe-fluxdata.eu/ (Source: Katja Klumpp, INRA, France).  

Gerber, P.J., Steinfeld, H., Henderson, B., Mottet, A., Opio, C., Dijkman, J., Falcucci, A. & Tempio, 
G. 2013. Tackling climate change through livestock: a global assessment of emissions and mitigation 
opportunities. FAO, Rome. (also available at: http://www.fao.org/3/i3437e/i3437e.pdf) 

Franzluebbers, A.J. 2010. Achieving soil organic carbon sequestration with conservation agricultural 
systems in the southeastern United States. Soil Science Society of America Journal, 74(2): 347-357. 
https://doi.org/10.2136/sssaj2009.0079 

Guo, L.B. & Gifford, R.M. 2002. Soil carbon stocks and land use change: a meta-analysis. Global change 
biology, 8(4): 345-360. https://doi.org/10.1046/j.1354-1013.2002.00486.x 

Henderson, B.B., Gerber, P. J., Hilinski, T. E., Falcucci, A., Ojima, D. S., Salvatore, M. & Conant, R. 
T. 2015. Greenhouse gas mitigation potential of the world’s grazing lands: Modeling soil carbon and nitrogen 
fluxes of mitigation practices. Agriculture, Ecosystems & Environment, 207: 91-100. 
https://doi.org/10.1016/j.agee.2015.03.029 

Herrero, M., Thornton, P.K., Gerber, P. & Reid, R.S. 2009. Livestock, livelihoods and the environment: 
understanding the trade-offs. Current Opinion in Environmental Sustainability, 1(2): 111-120. 
https://doi.org/10.1016/j.cosust.2009.10.003 

Jobbágy, E.G. & Jackson, R.B. 2003. Patterns and mechanisms of soil acidification in the conversion of 
grasslands to forests. Biogeochemistry, 64: 205–229. https://doi.org/10.1023/A:1024985629259 

Keesstra, S.D., Bouma, J., Wallinga, J., Tittonell, P., Smith, P., Cerdà, A., Montanarella, L., Quinton, 
J.N., Pachepsky, Y., van der Putten, W.H., Bardgett, R.D., Moolenaar, S., Mol, G., Jansen, B. & 
Fresco, L.O. 2016. The significance of soils and soil science towards realization of the United Nations 
Sustainable Development Goals. SOIL, 2(2): 111–128. https://doi.org/10.5194/soil-2-111-2016 



          RECARBONIZING GLOBAL SOILS 102 

Khalil, M.I., Fornara, D.A. & Osborne, B. 2020. Simulation and validation of long-term changes in soil 
organic carbon under permanent grassland using the DNDC model. Geoderma, 361: 114014. 
https://doi.org/10.1016/j.geoderma.2019.114014 

Khosravi, M.A., Heshmati, G.A. & Salman, M.A.R. 2015. Identifying carbon sequestration hotspots in 
semiarid rangelands (Case study: Baghbazm region of Bardsir city, Kerman province). Journal of Rangeland 
Science, 5(4): 325-335  

Lal, R. 2016. Soil health and carbon management. Food and Energy Security, 5: 212–22. 
https://doi.org/10.1002/fes3.96 

Lavado, R.S. & Taboada, M.A. 1987. Soil salinization as an effect of grazing in a native grassland soil in the 
Flooding Pampa of Argentina. Soil Use and Management, 3(4): 143-148. https://doi.org/10.1111/j.1475-
2743.1987.tb00724.x 

Leiber-Sauheitl, K., Fuß, R., Voigt, C. & Freibauer, A. 2014. High CO2 fluxes from grassland on histic 
Gleysol along soil carbon and drainage gradients. Biogeosciences, 11: 749. https://doi.org/10.5194/bg-11-
749-2014 

Oliveira, J. de M., Madari, B.E., Carvalho, M.T. de M., Assis, P.C.R., Silveira, A.L.R., de Leles Lima, 
M., Wruck, F.J., Medeiros, J.C. & Machado, P.L.O. de A. 2018. Integrated farming systems for improving 
soil carbon balance in the southern Amazon of Brazil. Regional Environmental Change, 18(1): 105–116. 
https://doi.org/10.1007/s10113-017-1146-0 

Pellegrini, A.F.A., Ahlström, A., Hobbie, S.E., Reich, P.B., Nieradzik, L.P., Staver, A.C., 
Scharenbroch, B.C., Jumpponen, A., Anderegg, W.R.L., Randerson, J.T. & Jackson, R.B. 2018. Fire 
frequency drives decadal changes in soil carbon and nitrogen and ecosystem productivity. Nature, 553(7687): 
194–198. https://doi.org/10.1038/nature24668 

Poeplau, C., Don, A., Vesterdal, L., Leifeld, J., Van Wesemael, B.A.S., Schumacher, J. & Gensior, A. 
2011. Temporal dynamics of soil organic carbon after land-use change in the temperate zone–carbon 
response functions as a model approach. Global Change Biol., 17(7): 2415–2427. 
https://doi.org/10.1111/j.1365-2486.2011.02408.x 

Sanderman, J., Farquharson, R. & Baldock, J. 2010. Soil carbon sequestration potential: a review for 
Australian agriculture. A report prepared for the Department of Climate Change and Energy Efficiency. 
CSIRO National Research Flagships. (also available at: 
https://publications.csiro.au/rpr/download?pid=csiro:EP10121&dsid=DS8) 

Sanderman, J., Hengl, T. & Fiske, G.J. 2017. Soil carbon debt of 12,000 years of human land use. 
Proceedings of the National Academy of Sciences, 114(36): 9575–9580. 
https://doi.org/10.1073/pnas.1706103114 

Schipper, L.A., Parfitt, R.L., Fraser, S., Littler, R.A., Baisden, W.T. & Ross, C. 2014. Soil order and 
grazing management effects on changes in soil C and N in New Zealand pastures. Agriculture, Ecosystems & 
Environment, 184: 67-75. https://doi.org/10.1016/j.agee.2013.11.012 



VOLUME 2 – HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 103 

Smith, P., Adams, J., Beerling, D.J., Beringer, T., Calvin, K.V., Fuss, S., Griscom, B., Hagemann, N., 
Kammann, C., Kraxner, F., Minx, J.C., Popp, A., Renforth, P., Vicente Vicente, J.L. & Keesstra, S. 
2019. Land-Management Options for Greenhouse Gas Removal and Their Impacts on Ecosystem Services 
and the Sustainable Development Goals. Annual Review of Environment and Resources, 44(1): 255–286. 
https://doi.org/10.1146/annurev-environ-101718-033129 

Soussana, J.-F., Lutfalla, S., Ehrhardt, F., Rosenstock, T., Lamanna, C., Havlík, P., Richards, M., 
Wollenberg, E. (Lini), Chotte, J.-L., Torquebiau, E., Ciais, P., Smith, P. & Lal, R. 2019. Matching 
policy and science: Rationale for the ‘4 per 1000 - soils for food security and climate’ initiative. Soil and 
Tillage Research, 188: 3–15. https://doi.org/10.1016/j.still.2017.12.002 

Viglizzo, E.F., Ricard, M.F., Taboada, M.A. & Vázquez-Amábile, G. 2019. Reassessing the role of 
grazing lands in carbon-balance estimations: Meta-analysis and review. Science of the Total Environment, 661: 
531-542. https://doi.org/10.1016/j.scitotenv.2019.01.130 

Xu, S., Sheng, C. & Tian, C. 2020. Changing soil carbon: influencing factors, sequestration strategy and 
research direction. Carbon Balance and Management, 15(1): 2. https://doi.org/10.1186/s13021-020-
0137-5 

Yu, P., Liu, S., Han, K., Guan, S. & Zhou, D. 2017. Conversion of cropland to forage land and grassland 
increases soil labile carbon and enzyme activities in northeastern China. Agriculture, Ecosystems & 
Environment, 245: 83–91. https://doi.org/10.1016/j.agee.2017.05.013 

 

 

! !



          RECARBONIZING GLOBAL SOILS 104 

  
!  

Mountain 
soils 



VOLUME 2 – HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 105 

8. Mountain soils 
Silvia Stanchi1,4, Michele Eugenio D’Amico1, Emanuele Pintaldi1,                  
Nicola Colombo1,2,4, Rosalaura Romeo3, Michele Freppaz1,4 

1 University of Turin, Department of Agricultural, Forest and Food Sciences, Grugliasco, Italy 
2 University of Turin, Department of Earth Sciences, Torino, Italy 
3 Mountain Partnership Secretariat, Food and Agriculture Organization of the United Nations, 
Rome, Italy 
4 University of Turin, Natrisk, Grugliasco, Italy 

 

 

1. Definition and description 

Soils can act as relevant carbon (C) reservoirs and/or sinks, as they can store C for variable times, removing it 
from the atmosphere, thus contributing to the regulation of climate at the planet scale by reducing GHG 
emissions. Mountain soils in particular can store high amounts of organic C (soil organic C - SOC). Not only 
the amount of OC stored in soils is important, but also its quality, which in turn affects its persistence (e.g. 
Cotrufo et al., 2019). In particular, SOC can be retained in different pools such as particulate organic matter 
and mineral-associated organic matter, which show different turnover rates in soils, depending on soil type and 
management. These general considerations hold for all soils, but they are particularly relevant in mountain areas 
where the natural vegetation cover is preserved, soils are mainly undisturbed, and sealing (urbanization) is less 
pronounced. In such conditions, the organic residues (litter, dead organisms) are not removed from the system, 
and can enter the carbon cycle by mineralization and humification, and be stored into the soil (mostly as SOC) 
for long time periods.   

The SOC stock is generally defined as the amount of organic C stored in a fixed land surface (e.g., 1 hectare). 
This amount of SOC refers to a given soil depth (e.g., 30 cm, 1 m) or the whole soil profile, and the input data 
for the calculation are the soil bulk density (measured in the field or estimated), the stone content (measured or 
estimated), and the SOC content.  

The extent to which this storage function is fulfilled depends on the soil type (and thus on several soil properties 
such as total depth, organic matter content, texture, aggregation and porosity, humus type), but it is also affected 
by environmental and site conditions (e.g. climate and slope), land-use and management history (Wiesmeier et 
al., 2019). In particular, land-use change and soil management practices (e.g., deforestation, overgrazing, 
tillage practices enhancing erosion) can affect the ability of soils to store carbon, and its residence time in soils.  
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For this study, the UNEP-WCMC definition of mountains was used, i.e., mountain land is estimated from a 
digital elevation model based uniquely on elevation (when >2500 m a.s.l.), or a combination of elevation, slope, 
and local elevation range when < 2 500 m a.s.l. (Kapos, 2000; UNEP-WCMC, 2002). The global mountain 
area is 39.3 million km2, or 27 percent of the Earth's land surface (FAO, 2020, forthcoming); of this surface, 
a large part is covered by forests. According to the Mountain Green Cover Index Data (SDG Indicator 15.4.2), 
as of 2015 mountain forests covered about 12 924 600 km2.  

Given the extent of mountain forests in the world and their potential for biomass production, it is evident that 
mountain areas are potentially active as hotspots of SOC stocks, and could stock even more carbon. As 
underlined by Lehmann et al. (2020), a deep understanding of C dynamics in soils is needed to mitigate climate 
change, but constant care is to be preferred to one-time actions to prevent C emissions into the atmosphere. 
Mountains and mountain soils are also very vulnerable to climate change, which can increase erosion or enhance 
the fast mineralization of organic matter due to higher temperatures and modifications in the precipitation 
regimes (Hock et al., 2019). Detailed inventories of SOC stocks can help to simulate climate and land-use 
changes, and their consequences on soils (e.g. Shi et al., 2020). Thus, the management of mountain land and 
soils is a crucial issue in climate change mitigation strategies. 

 

2. Global distribution of hotspot 

In Table 33 (Annex 2), we collected relevant literature, focusing on SOC stocks in mountains all over the world 
(Figure 19). One relevant drawback for comparing the estimations of average SOC stock values in the different 
mountain ranges is that the authors used a broad variety of methods (Table 33). For example, bulk density can 
be measured from specific samples or estimated using pedotransfer functions (often leading to an 
overestimation of bulk density values, and thus of stocks). Moreover, each study considers different soil depths 
for C stocks calculation: some researchers measure it only in topsoil (generally, 0–10 cm or 0–30 cm), others 
consider different depths (0–40, 0–50, 0–60 cm, etc.), some divide topsoil from subsoil stocks, others equalize 
all stocks to 1 m depth, and others calculate it on the whole soil profile (Table 33). When dealing with forest 
soils, some researchers calculate stocks included in organic horizons, while others neglect this amount. Thus, a 
precise comparison between SOC stocks between different mountain ranges, dependent on climate and 
vegetation or land-use differences, is impossible. Only broad differences and relationships with environmental 
properties can be estimated. 
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Figure 19. A map showing the localization of the literature data presented in Table 33 (Annex 2) 

Shapefiles were produced by the Global Mountain Biodiversity Assessment (GMBA) for the Mountain Portal representing mountain 
ranges (University of Bern, 2020). The category “Mixed” refers to the presence of more than one land use/cover 

 

3. Global carbon stocks and additional carbon 
storage potential  

As visible in Annex 2, the large variation among OC stocks within single mountain ranges (and study sites as 
well) tends to hide broader trends related to environmental factors, such as land-use and climate. For example, 
based on data from Table 33, in the European Alps, forest soils stock between 61 and 278 t/ha of OC, while 
grasslands (Photo 8) have average OC stocks in mineral horizons below 100 t/ha. Mountains in Mediterranean 
areas (such as the Apennines in Italy, Photo 9), the Pyrenees between France and Spain, and many mountain 
ranges in Spain store between 38 and 165 t/ha, with minor difference between forest and grassland soils. 

 



          RECARBONIZING GLOBAL SOILS 108 

 

Photo 8. Entic Umbric Podzol at 2600 m a.s.l on the southern slope of Mont Blanc (4810 m a.s.l. NW-Italian Alps) 

 

Photo 9. Shallow and stony but OC-rich Rendzic Leptosol in the alpine elevation belt in the Apennines, Central Italy 
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