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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).

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

cover） 超 過 10% （FAO, 
2020a）。因砍伐 （tree 
plantation） 否則不算森
林（FAO, 2020a）。另外，以農業或城市 地利  use）為主的 地，即便可

          40.6 億公頃  31%（FAO, 2020b），其中仍
少有 11.1 億公頃的原始森林（primary forest）–由本地物種組成的森林，其中沒有
明顯的 類活動跡象， 態過程（ecological process）也沒有受到嚴重 擾（FAO, 
2020b）。全球有超過 20.5 億公頃（  50%） 畫中（FAO, 
2020b）。 

        約有 11.5 億公頃的森林主要為 產 材和非 材森林產物（Non-Wood 
Forest Products, NWFP） 受到管理，其中 7.49 億公頃被指定為多 途，通常 於

（FAO, 2020b）。 （plantation forest）
（佔  2%），最低的則是歐洲  0.4%）
（44%） 引進的物種（introduced species）所組成。但全球的情況
不盡相同，南 林則
以本地種為主（FAO, 2020b）。

   0.5  
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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).

森林覆蓋全球 40.6 31%
熱帶（tropical）地區（45%），其次是寒帶（boreal）（27%）、溫帶（temperate）
（16%）和亞熱帶（subtropical）地區（11%）（FAO, 2020b）。

2020  

熱帶森林有最 的可 材積（available timber volume）（121 立 公尺／公
頃） 量（carbon storage）（91 
（species  et al., 2020）。
溫帶 （biome）  15%），但在全球的林
產品（forest product）收穫中有很龐 的比例（29%）是來 溫帶森林（Kappen et 
al., 2020）。

世界森林的總碳庫存（carbon stock）為 6620 億噸（662 gigatonnes, Gt），森
林的平均碳密度（carbon density）為 163 噸／公頃（FAO, 2020b）。全球森林的平
均碳密度為 74 噸／公頃 （91 噸／公頃），溫帶森林
居中（53 噸／公頃），寒帶森林則最低（41 噸／公頃）（Kappen et al., 2020）。南
美洲、 非與中 （biomass） ，每

 120 噸的碳 ，44% 物量中
（地上部與地下部 物量的碳含量為 2960 億噸）， 壤有機質（soil organic matter）

（45%）， （dead wood）與枯枝落葉（litter）中有 10% 
的森林碳（圖 2）。 （包括枯枝落葉）在寒帶森林（2020 億噸，佔 態系統
碳庫存的 70%）和溫帶森林（690 億噸，60%）的 態系統碳庫存中所佔比例 ，
但僅有 30% （1550 億噸）（Pan et al., 2011）。

熱帶

寒帶

溫帶

亞熱帶
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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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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).

2020 年森林碳庫中的碳庫存比例（FAO, 2020b）

森林

再造林

避免森林轉換

改善植栽

oodfuel）

火災管理

農業和草原（grasslands）

養分管理

放牧—餵養

保育性農業（conservation agriculture）

改良稻作（improved rice）

放牧—動物管理

放牧—最佳密度

放牧—豆科植物（legumes）

避免草原轉換

濕地（wetlands）

海岸復育（coastal restoration）

泥炭復育（peat restoration）

避免泥炭影響

在枯枝落葉中

全球森林的總碳庫存從 1990 年的 6680 億噸下降到 2020 年的 6620 億噸；與
此同時，碳密度則從 159 噸／公頃增加到 163 噸／公頃（FAO, 2020b）。

全球的植被（vegetation  4500 億噸的碳，但如果
有非林地（non-forest land），便可以儲存約 9160 億噸（Erb et al., 2018）。砍伐
森林（deforestation）和其他形式的地表覆蓋轉換（land-cover conversion）造成現

55% 的庫存差異，剩下的 45% ，
60~69%

異中，森林管理佔
3960 億噸。

透過減少砍伐森林、在被砍伐的森林中再造林（reforest）、將被砍伐的林地植
樹造林（afforest） ，以及透過森林管理增加現有森林的碳庫存，
都可以增加森林的碳儲量。在全球範圍內，減少砍伐森林、植樹造林和改善森林管
理，每年可額外固存（sequester）38 億噸的碳，其中約 16 億噸碳是由於減少砍伐
森林 封存（Nabuurs et al., 2007）。在 20 條緩解（mitigate）氣候變化的 然

徑中，森林途徑提供了將暖化控制在 2℃ 
減緩（Griscom et al., 2017，圖 3）。以 2030 年為參考年，所有 20 條 然途徑的

 238 有成本效益之氣候減緩潛  
113 。再造林、避免森林轉換以及改善林業，提 有成
本效益的減緩機會，充分體現的共同效益 （biodiversity 
habitat）、空氣過濾（air filtration）、 過濾（water filtration）、洪 控制和增
強 壤肥  fertility）（Griscom et al., 2017）。透過減少砍伐森林和森林退化
（forest degradation）  4~58 億
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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).

RECARBONIZING GLOBAL SOILS4 VOLUME 2:  HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 5 RECARBONIZING GLOBAL SOILS4
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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).

在 20 ，森林途徑提供了在 2030 年前，將暖化控制在 2
 Griscom et al., 2017）

         Bastin （2019 ：
林地和森林地區， 出九億公頃的冠層覆蓋度（森林  

25%；在成熟期  2050 億噸的碳。在經濟、政治
   

2030 10

再造林

避免森林轉換

改善植栽
（woodfuel）

火災管理

養分管理
放牧–餵養

保育性農業（conservation agriculture）
改良稻作（improved rice）

放牧–動物管理

放牧–最佳密度

放牧–豆科植物

避免草原轉換

<2  
低成本部分之 <2  

海岸復育（coastal restoration）

泥炭復育（peat restoration）
避免泥炭影響

避免海岸影響
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（water regulation）、溫度控制、

森林可以調節溪流、 持地下 補給（groundwater recharge）、過濾 質、強
化 壤滲透（infiltration）和 壤 分儲存（soil water storage），並減少 體的
壤侵蝕和沉澱。世界上超過 75% 

 2019
減少集 區範圍內的逕流，但會增加下風處的降 和 的可 性（Ellison, Futter and 
Bishop, 2012）。 ，陸地上 40% 的降 是由陸地表 蒸發散 所回收。
熱帶和 tmospheric moisture 供了 個
影響區域雲量（cloud cover）和降 的全球循環系統（Ellison et al., 2017）。這

（Ellison et al., 
2017）。

森林覆蓋（forest cover） 直接影響到區域地表溫度。熱帶地
區森林覆蓋的增加提 了蒸發散率，使 季節更涼爽，並減少了熱相關事件的振幅

在有季節性積雪的地區，如寒帶與部分溫
帶森林， （surface albedo）降低，也會受到冬季暖化的影響（Shukla 
et al., 2019）。

許多野 傳播授 物（pollinator）依賴森林築巢和覓食，地景中的森林和其他
rishnan et al., 2020）。 項國

家評估報告顯  et al., 2019），作物 產  productivity）在靠
近森林的地 得到改善， 森林覆蓋率與農作物收入（crop revenue）之間的關係為正
相關。 （regeneration）

粉者族群數量下降也會阻礙森林的 然更新（natural 
regeneration）（FAO, 2020b）。

為80%的兩棲動物（amphibian）
物種、75%  68%  
and UNEP,  2 3  4.24 億公

 

森林提供的環境服務， harmful particles）、過濾
質，以及當發 壤侵蝕、落 漲潮和海嘯時提供保護，森林提供的環境服務之估計
價值約為其總價值的 2~7%（50~150 兆美元，Kappen et al., 2020）。
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樹冠（tree canopy）和枯枝落葉層（litter layer）
響；樹根系（root syst  ar
殘體（w  溢流（overland flow）。

養分的失衡和循環  
weathering）。

會造成問題。

汙染
對汙

取決於不同物種，部分物種增加酸鹼值和鹼基飽和度（base 
satu

 ox

樹根根系分泌物（exudat e 

oxylic organisms）。

 
aggr

森林提供了營養豐富的糧食、收入、就業 ，有助於糧食安
全（food security）（FAO and UNEP, 2020）。約莫 億 在某種程度上仰賴野
糧食， 類飲
食的多樣化（FAO and UNEP, 2020）。森林還能替農業提供飼料（fodder）、綠肥
（green manure）和堆肥（compost）（FAO and UNEP, 統
能夠
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（agroecosystem）的穩定、 產，進 糧食
安全（FAO and UNEP, 2020）。 件，
以森林為基礎的食品在緊急情況下，如農作物歉收時可充當為重要的安全網，有助於

   

據估計，全球的正規林業部 供了約 4500 萬個 機會，每年的勞動收入超過 
5800 億美元〔包括直接、間接和衍 就業（induced employment，FAO and 
UNEP, 2020）〕，  2000 萬個，每年創
造 1300 億美元的價值。2015 年公告的 movals）價
值幾近 80 億美元（FAO and UNEP, 2020），全球約有 11.5 億公頃的森林，主要因
為 另外還有 7.49 億公頃
的，其 要的 活來源，據估計有 25 億 從

    

 24 億 （即 1 3 的世界 ）提供基本的能源服
務，在確保取得的可負擔性、可靠的現代能源 發揮著關鍵作 （FAO and UNEP, 

佔 在低收入
國家約佔 90% 以上（FAO and UNEP, 2020）。

，包括醫藥 樹
 and UNEP, 2020）。超過 2.8 萬種植物

，其 被發現（Willis, 2017）。傳統醫藥
系統有助於提 世界各地以森林為 之 通常是最容易獲得、 取得、最
經濟實惠、有時在文化上最可以被接受的醫療保健（health care）來源。森林同時能透
過過濾 質，以及為烹飪食物和消 間接地減少藉由

   

對城市地區特別 ，接觸森林對 類健康有正 影響（FAO and UNEP, 2020）。
森林可以改善城市空氣品質、減少城市熱島效應（heat island effect）以及
森林和綠地具有正 的 理影響， 並促進體育運動  

據估計，森林在全球提供了 4515 萬個就業機會，每年的勞動收
入超過 5800 億美元（FAO and UNEP, 2020）。娛樂和旅遊業也促進了農村經濟，每
年約有 80 億 次造訪保護區，貢獻約 6000 億美元。世界有 1.86 億公頃的森林被

旅遊、教育研究，以及保護文化和宗教場所，  2010 年以來，全球指
 18.6  
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Kappen （2020）根據下列三點，估計森林的社會價值：（1）近 2 億仰
賴森林為 的 ，如果不得不 活在無森林的農村社區，他們須負擔居住和飲食的
成本；（2）全球 1260 萬 ；（3 林旅
遊所 。社會價值佔森林總價值的 2~7%（50~150 兆）
對森 就業。截
洲的熱帶森林，

森林
約 20 億公噸的 氧化碳當量，並將固定碳（fixed C
中，

政府間氣候變化專 委員會（Intergovernmental Panel on Climate Change, 
IPCC）第五次評估報告認為，
植樹造林／再造林、永續森林管理（sustainable forest management）和森林復育

  4）。

 IPCC, 2014）

減少砍伐森林

碳（C）：
擾（如火災和蟲害爆發）
種（slash and burn agriculture），減少森林火災。
甲烷（CH4）、氧化亞氮（N2O）：保護泥炭地（peatland）森林，減少野火。

植樹造林／再造林
碳：
這可以包括單作栽培（monocultures）或混合品種的種植，這些活動還可

森林管理

碳： otation cy-
cle）、 施肥，

甲烷、氧化亞氮：修正野

森林復育

碳： y forest）和
ehabilitation）退化

甲烷、氧化亞氮：修正野
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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).

保護現有森林（減少砍伐森林和森林退化）可以保育現有的碳庫存，並減 物
 loss）。減少砍伐森林和森林退化可降低溫室氣

 4~58  。

        植樹造林和再造林（在無森林地上植樹）可以增加森林的林分密度（stocking 
arbon sequestration），以及增加

  
   

、纖維
功能和服務，可以降低溫室氣體排放量，並有助於適應溫室氣體
期 計來源，永續森林管理可以減少森林轉換為非森林 途〔如耕地（cropland）或
定居地（settlement）〕的程度。提供享有低溫室氣體排放的產品，以取代提供相同
服 〔例如

〕
有中度的緩解氣候變化之價值（3~30  

森林透過碳捕獲與儲量（carbon capture and storage）來調節氣候的能 佔森
林總價值的 65~90%（50~150 兆美元）
積的 58%） ，則佔森林總價值的四分之三（Kappen et al., 
2020）。

森林轉 如農業耕地（cropping）和牧場
（pasture）或都市化（urbanization）。  1990 年以來，世界已經消失了 1.78 億公
頃的森林（FAO, 2020b）；1990~2020 年間，由於 些國家減少砍伐森林，加上其

（expansion）， 森林淨消失率
（rate of net forest 年間，每年的森林淨消失率為 780
萬公頃；到了 2000~2010 年間，下降 每年 520 萬公頃；接著 2010~2020 年間，

470 萬公頃 1990 年以來 8100 萬公頃，
但與前 10 年相比，2010~2020  
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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).

依地區劃分的 1990~2020    

10
億

公
頃

百
萬

公
頃

／
年

亞洲 北美洲
和中美洲

南美洲洲 歐洲 非洲

1992~2015    

2010~2020 年，非洲每年的森林淨消失率 90 萬公頃），其次是南美
洲（260 萬公頃）；  1990 年以來的 30 年裡，非洲的森林淨消失率逐年增加，

南美洲的  2000~2010 年間相比，南美洲 2010~2020 年間
的消失率約為前 10   gain 
of forest area）最 ，  2010~2020 
年間的森林 積淨增量遠遠低於 2000~2010 年間之淨增量； 洋洲在 1990~2000 
年間與 2000~2010  and UNEP, 2020，圖 
6）。
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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).

RECARBONIZING GLOBAL SOILS 12 VOLUME 2: HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 13RECARBONIZING GLOBAL SOILS12

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).

1990~2020 年間每年的森林擴展率和砍伐森林率（FAO, 2020）

，需特別關注某些森林如紅樹林（mangroves）和濕潤的
熱帶雨林的損失 3~4 倍，多達 15%
的海洋有機碳（marine organic carbon）可能埋藏在紅樹林中。由於城市發展，以

機。1980~2005 年間，全球紅樹林 積消失 達 20%，每年消失率約為 0.2~0.4%
 5 章紅樹林的熱點）。熱帶潮濕雨林（tropical moist forest）儲存了約

6.5 億噸的碳  30%  100 噸
碳／公頃  2 章熱帶潤濕森林的熱點）

 32%。

森林破碎化（forest fragmentation）是將連續的棲地分割成更 和更孤立的
碎片所引起剩餘的森林碎片（forest fragments） 化（FAO 

and UNEP, 2020）。森林斑塊（forest patch） 積變 和間隔距離增加，使 類、
哺乳動物、昆蟲和植物的豐富度（abundance）減少20~75%，進 影響 態功
能，如種 傳播和 態系統服務〔如碳固存、侵蝕控制、授粉和養分循環（nutrient
cycling）〕（Haddad et al., 2015）。世界上 約 80% 的森林區域是在 於 100 萬

公頃的斑塊中發現的  25% 以上。熱帶雨
林（tropical rainforest）和寒帶針葉林（boreal coniferous forest）是破碎化程度最
低的森林 態系統，這些地區 90% 以上的  100 萬公頃的斑塊。
有將近 3500 萬座森林  7%  1000 公頃的斑塊中

（FAO and UNEP, 2020）。全球有 70% 的森林區域在森林／

範圍內，
同樣也可能遭遇破碎化的危機（Haddadet al., 2015）。

每
年

百
萬

公
頃

森林擴展 砍伐森林
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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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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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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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第 4 冊和第 6 冊中的相關案例研究

非洲 7 6 1

亞洲 多個時段 6 4

歐洲 15 6 5

新植造林 歐洲 23~72 6 6

歐洲 22~80 6 9

歐洲 1 6 10



16
VOLUME 2: HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 17

IPCC. 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Core Writing Team, R.K.
Pachauri and L.A. Meyer (Eds.). IPCC, Geneva, Switzerland, 151 pp

IPCC. 2019. Summary for Policymakers. In P.R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmotte, H.-
O. Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S.
Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M. Belkacemi, J. Malley 
(Eds.) Climate Change and Land: an IPCC special report on climate change, desertification, land degradation, 
sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems. In press.

Kappen, G., Kastner, E., Kurth, T., Puetz, J., Reinhardt, A. & Soininen, J. 2020. The Staggering Value 
of Forests—and How to Save Them. Boston Consulting Group. (also available at: 
https://www.bgc.com/publications/2020/the-staggering-value-of-forests-and-how-to-save-them)

Krishnan, S., Wiederkehr Guerra, G., Bertrand, D., Wertz-Kanounnikoff, S. & Kettle, C.J. 2020. The
pollination services of forests – A review of forest and landscape interventions to enhance their cross-sectoral 
benefits. Forestry Working Paper No. 15. Rome, FAO & Biodiversity International. (also available at: 
http://www.fao.org/3/ca9433en/CA9433EN.pdf)

Nabuurs, G.J. Masera, O., Andrasko, K., Benitez-Ponce, P., Boer, R., Dutschke, M., Elsiddig, E., et al. 
2007: Forestry. In B. Metz, O.R. Davidson, P.R. Bosch, R. Dave, L.A. Meyer (Eds.) Climate Change 2007:
Mitigation. Contribution of Working Group III to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.

Nilsson, S. & Schopfhauser, W. 1995. The carbon-sequestration potential of a global afforestation program. 
Climatic Change, 30: 267–293. https://doi.org/10.1007/BF01091928

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A., Phillips, O.L., Shvidenko, 
A., Lewis, S.L., Canadell, J.G., Ciais, P., Jackson, R.B., Pacala, S.W., McGuire, A.D., Piao, S.,
Rautiainen, A., Sitch, S. & Hayes, D. 2011. A Large and Persistent Carbon Sink in the World’s Forests. 
Science, 333(6045): 988–993. https://doi.org/10.1126/science.1201609

Sheng, Y. 2019. Extensive reforestation in China makes Earth greener [Online]. [Cited 17 December 2020]
http://www.globaltimes.cn/content/1139006.shtml

Shukla, P.R. Skea, J., Slade, R., van Diemen, R., Haughey, E., Malley, J., Pathak, M. & Portugal
Pereira, J. 2019. Technical Summary. In P.R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmotte, H.-O.
Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S.
Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M, Belkacemi, J. Malley
(Eds.) Climate Change and Land: an IPCC special report on climate change, desertification, land degradation, 
sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems. In press.

Tibesigwa, B., Siikamäki, J., Lokina R. & Alvsilver J. 2019. Naturally available wild pollination services 
have economic value for nature dependent smallholder crop farms in Tanzania. Scientific Reports, 9: 3434.
https://doi.org/10.1038/s41598-019-39745-7

RECARBONIZING GLOBAL SOILS 16 

Bastin, J.-F., Finegold, Y., Garcia, C., Mollicone, D., Rezende, M., Routh, D., Zohner, C.M. & 
Crowther, T.W. 2019. The global tree restoration potential. Science, 365(6448): 76–79. 
https://doi.org/10.1126/science.aax0848 

Besseau, P., Graham, S. & Christophersen, T. (Eds.). 2018. Restoring forests and landscapes: the key to a 
sustainable future. Global Partnership on Forest and Landscape Restoration. Vienna, Austria. 
https://www.forestlandscaperestoration.org/restoring-forests-and-landscapes-key-sustainable-future.html 

Ellison, D., Futter, M.N. & Bishop, K. 2012. On the forest cover–water yield debate: from demand- to 
supply-side thinking. Global Change Biology, 18(3): 806–820. https://doi.org/10.1111/j.1365-
2486.2011.02589.x 

Ellison, D., Morris, C.E., Locatelli, B., Sheil, D., Cohen, J., Murdiyarso, D., Gutierrez, V., Noordwijk, 
M. van, Creed, I.F., Pokorny, J., Gaveau, D., Spracklen, D.V., Tobella, A.B., Ilstedt, U., Teuling, A.J., 
Gebrehiwot, S.G., Sands, D.C., Muys, B., Verbist, B., Springgay, E., Sugandi, Y. & Sullivan, C.A.
2017. Trees, forests and water: Cool insights for a hot world. Global Environmental Change, 43: 51–61.
https://doi.org/10.1016/j.gloenvcha.2017.01.002

Erb, K., Kastner, T., Plutzar, C. Bais, A.L.S., Carvalhais, N., Fetzel, T., Gingrich, S., Haberl, H., Lauk, 
C., Niedertscheider, M., Pongratz, J., Thurner, M. & Luyssaert, S. 2018. Unexpectedly large impact of 
forest management and grazing on global vegetation biomass. Nature, 553: 73–76. 
https://doi.org/10.1038/nature25138 

FAO. 2015. Global Forest Resources Assessment 2015. Rome.  http://www.fao.org/3/a-i4808e.pdf 

FAO. 2019. Forests: nature-based solutions for water. Unasylva 251. FAO, Rome. 
http://www.fao.org/documents/card/en/c/ca6842en 

FAO. 2020a. FRA 2020 Terms and Definitions. FAO, Rome. 
http://www.fao.org/3/I8661EN/i8661en.pdf 

FAO. 2020b. Global Forest Resources Assessment 2020. Rome. http://www.fao.org/forest-resources-
assessment/2020 

FAO & UNEP. 2020. The State of the World’s Forests 2020. Forests, biodiversity and people. Rome. 
https://doi.org/10.4060/ca8642en 

Haddad, N.M., Brudvig, L.A., Clobert, J., Davies, K.F., Gonzalez, A., Holt, R.D., Lovejoy, T.E., 
Sexton, J.O., Austin, M.P., Collins, C.D., Cook, W.M., Damschen, E.I., Ewers, R.M., Foster, B.L., 
Jenkins, C.N., King, A.J., Laurance, W.F., Levey, D.J., Margules, C.R., Melbourne, B.A., Nicholls, 
A.O., Orrock, J.L., Song, D.-X. & Townshend, J.R. 2015. Habitat fragmentation and its lasting impact on
Earth’s ecosystems. Science Advances, 1(2): e1500052. https://doi.org/10.1126/sciadv.1500052

VOLUME 2: HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 17

IPCC. 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Core Writing Team, R.K.
Pachauri and L.A. Meyer (Eds.). IPCC, Geneva, Switzerland, 151 pp

IPCC. 2019. Summary for Policymakers. In P.R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmotte, H.- 
O. Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S.
Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M. Belkacemi, J. Malley
(Eds.) Climate Change and Land: an IPCC special report on climate change, desertification, land degradation,
sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems. In press.

Kappen, G., Kastner, E., Kurth, T., Puetz, J., Reinhardt, A. & Soininen, J. 2020. The Staggering Value 
of Forests—and How to Save Them. Boston Consulting Group. (also available at: 
https://www.bgc.com/publications/2020/the-staggering-value-of-forests-and-how-to-save-them) 

Krishnan, S., Wiederkehr Guerra, G., Bertrand, D., Wertz-Kanounnikoff, S. & Kettle, C.J. 2020. The
pollination services of forests – A review of forest and landscape interventions to enhance their cross-sectoral 
benefits. Forestry Working Paper No. 15. Rome, FAO & Biodiversity International. (also available at: 
http://www.fao.org/3/ca9433en/CA9433EN.pdf) 

Nabuurs, G.J. Masera, O., Andrasko, K., Benitez-Ponce, P., Boer, R., Dutschke, M., Elsiddig, E., et al. 
2007: Forestry. In B. Metz, O.R. Davidson, P.R. Bosch, R. Dave, L.A. Meyer (Eds.) Climate Change 2007:
Mitigation. Contribution of Working Group III to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.

Nilsson, S. & Schopfhauser, W. 1995. The carbon-sequestration potential of a global afforestation program. 
Climatic Change, 30: 267–293. https://doi.org/10.1007/BF01091928

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A., Phillips, O.L., Shvidenko, 
A., Lewis, S.L., Canadell, J.G., Ciais, P., Jackson, R.B., Pacala, S.W., McGuire, A.D., Piao, S., 
Rautiainen, A., Sitch, S. & Hayes, D. 2011. A Large and Persistent Carbon Sink in the World’s Forests. 
Science, 333(6045): 988–993. https://doi.org/10.1126/science.1201609

Sheng, Y. 2019. Extensive reforestation in China makes Earth greener [Online]. [Cited 17 December 2020]
http://www.globaltimes.cn/content/1139006.shtml

Shukla, P.R. Skea, J., Slade, R., van Diemen, R., Haughey, E., Malley, J., Pathak, M. & Portugal
Pereira, J. 2019. Technical Summary. In P.R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmotte, H.-O.
Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S.
Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M, Belkacemi, J. Malley
(Eds.) Climate Change and Land: an IPCC special report on climate change, desertification, land degradation, 
sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems. In press.

Tibesigwa, B., Siikamäki, J., Lokina R. & Alvsilver J. 2019. Naturally available wild pollination services 
have economic value for nature dependent smallholder crop farms in Tanzania. Scientific Reports, 9: 3434.
https://doi.org/10.1038/s41598-019-39745-7

RECARBONIZING GLOBAL SOILS16

References

Bastin, J.-F., Finegold, Y., Garcia, C., Mollicone, D., Rezende, M., Routh, D., Zohner, C.M. &
Crowther, T.W. 2019. The global tree restoration potential. Science, 365(6448): 76–79.
https://doi.org/10.1126/science.aax0848

Besseau, P., Graham, S. & Christophersen, T. (Eds.). 2018. Restoring forests and landscapes: the key to a
sustainable future. Global Partnership on Forest and Landscape Restoration. Vienna, Austria. 
https://www.forestlandscaperestoration.org/restoring-forests-and-landscapes-key-sustainable-future.html

Ellison, D., Futter, M.N. & Bishop, K. 2012. On the forest cover–water yield debate: from demand- to 
supply-side thinking. Global Change Biology, 18(3): 806–820. https://doi.org/10.1111/j.1365-
2486.2011.02589.x

Ellison, D., Morris, C.E., Locatelli, B., Sheil, D., Cohen, J., Murdiyarso, D., Gutierrez, V., Noordwijk,
M. van, Creed, I.F., Pokorny, J., Gaveau, D., Spracklen, D.V., Tobella, A.B., Ilstedt, U., Teuling, A.J.,
Gebrehiwot, S.G., Sands, D.C., Muys, B., Verbist, B., Springgay, E., Sugandi, Y. & Sullivan, C.A.
2017. Trees, forests and water: Cool insights for a hot world. Global Environmental Change, 43: 51–61.
https://doi.org/10.1016/j.gloenvcha.2017.01.002

Erb, K., Kastner, T., Plutzar, C. Bais, A.L.S., Carvalhais, N., Fetzel, T., Gingrich, S., Haberl, H., Lauk, 
C., Niedertscheider, M., Pongratz, J., Thurner, M. & Luyssaert, S. 2018. Unexpectedly large impact of 
forest management and grazing on global vegetation biomass. Nature, 553: 73–76.
https://doi.org/10.1038/nature25138

FAO. 2015. Global Forest Resources Assessment 2015. Rome. http://www.fao.org/3/a-i4808e.pdf

FAO. 2019. Forests: nature-based solutions for water. Unasylva 251. FAO, Rome.
http://www.fao.org/documents/card/en/c/ca6842en

FAO. 2020a. FRA 2020 Terms and Definitions. FAO, Rome.
http://www.fao.org/3/I8661EN/i8661en.pdf

FAO. 2020b. Global Forest Resources Assessment 2020. Rome. http://www.fao.org/forest-resources-
assessment/2020

FAO & UNEP. 2020. The State of the World’s Forests 2020. Forests, biodiversity and people. Rome.
https://doi.org/10.4060/ca8642en

Haddad, N.M., Brudvig, L.A., Clobert, J., Davies, K.F., Gonzalez, A., Holt, R.D., Lovejoy, T.E.,
Sexton, J.O., Austin, M.P., Collins, C.D., Cook, W.M., Damschen, E.I., Ewers, R.M., Foster, B.L., 
Jenkins, C.N., King, A.J., Laurance, W.F., Levey, D.J., Margules, C.R., Melbourne, B.A., Nicholls, 
A.O., Orrock, J.L., Song, D.-X. & Townshend, J.R. 2015. Habitat fragmentation and its lasting impact on 
Earth’s ecosystems. Science Advances, 1(2): e1500052. https://doi.org/10.1126/sciadv.1500052



17
VOLUME 2: HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 17

IPCC. 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Core Writing Team, R.K.
Pachauri and L.A. Meyer (Eds.). IPCC, Geneva, Switzerland, 151 pp

IPCC. 2019. Summary for Policymakers. In P.R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmotte, H.-
O. Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S.
Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M. Belkacemi, J. Malley 
(Eds.) Climate Change and Land: an IPCC special report on climate change, desertification, land degradation, 
sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems. In press.

Kappen, G., Kastner, E., Kurth, T., Puetz, J., Reinhardt, A. & Soininen, J. 2020. The Staggering Value 
of Forests—and How to Save Them. Boston Consulting Group. (also available at: 
https://www.bgc.com/publications/2020/the-staggering-value-of-forests-and-how-to-save-them)

Krishnan, S., Wiederkehr Guerra, G., Bertrand, D., Wertz-Kanounnikoff, S. & Kettle, C.J. 2020. The
pollination services of forests – A review of forest and landscape interventions to enhance their cross-sectoral 
benefits. Forestry Working Paper No. 15. Rome, FAO & Biodiversity International. (also available at: 
http://www.fao.org/3/ca9433en/CA9433EN.pdf)

Nabuurs, G.J. Masera, O., Andrasko, K., Benitez-Ponce, P., Boer, R., Dutschke, M., Elsiddig, E., et al. 
2007: Forestry. In B. Metz, O.R. Davidson, P.R. Bosch, R. Dave, L.A. Meyer (Eds.) Climate Change 2007:
Mitigation. Contribution of Working Group III to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.

Nilsson, S. & Schopfhauser, W. 1995. The carbon-sequestration potential of a global afforestation program. 
Climatic Change, 30: 267–293. https://doi.org/10.1007/BF01091928

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A., Phillips, O.L., Shvidenko, 
A., Lewis, S.L., Canadell, J.G., Ciais, P., Jackson, R.B., Pacala, S.W., McGuire, A.D., Piao, S.,
Rautiainen, A., Sitch, S. & Hayes, D. 2011. A Large and Persistent Carbon Sink in the World’s Forests. 
Science, 333(6045): 988–993. https://doi.org/10.1126/science.1201609

Sheng, Y. 2019. Extensive reforestation in China makes Earth greener [Online]. [Cited 17 December 2020]
http://www.globaltimes.cn/content/1139006.shtml

Shukla, P.R. Skea, J., Slade, R., van Diemen, R., Haughey, E., Malley, J., Pathak, M. & Portugal
Pereira, J. 2019. Technical Summary. In P.R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmotte, H.-O.
Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S.
Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M, Belkacemi, J. Malley
(Eds.) Climate Change and Land: an IPCC special report on climate change, desertification, land degradation, 
sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems. In press.

Tibesigwa, B., Siikamäki, J., Lokina R. & Alvsilver J. 2019. Naturally available wild pollination services 
have economic value for nature dependent smallholder crop farms in Tanzania. Scientific Reports, 9: 3434.
https://doi.org/10.1038/s41598-019-39745-7

RECARBONIZING GLOBAL SOILS16

Bastin, J.-F., Finegold, Y., Garcia, C., Mollicone, D., Rezende, M., Routh, D., Zohner, C.M. &
Crowther, T.W. 2019. The global tree restoration potential. Science, 365(6448): 76–79.
https://doi.org/10.1126/science.aax0848

Besseau, P., Graham, S. & Christophersen, T. (Eds.). 2018. Restoring forests and landscapes: the key to a
sustainable future. Global Partnership on Forest and Landscape Restoration. Vienna, Austria. 
https://www.forestlandscaperestoration.org/restoring-forests-and-landscapes-key-sustainable-future.html

Ellison, D., Futter, M.N. & Bishop, K. 2012. On the forest cover–water yield debate: from demand- to 
supply-side thinking. Global Change Biology, 18(3): 806–820. https://doi.org/10.1111/j.1365-
2486.2011.02589.x

Ellison, D., Morris, C.E., Locatelli, B., Sheil, D., Cohen, J., Murdiyarso, D., Gutierrez, V., Noordwijk,
M. van, Creed, I.F., Pokorny, J., Gaveau, D., Spracklen, D.V., Tobella, A.B., Ilstedt, U., Teuling, A.J.,
Gebrehiwot, S.G., Sands, D.C., Muys, B., Verbist, B., Springgay, E., Sugandi, Y. & Sullivan, C.A.
2017. Trees, forests and water: Cool insights for a hot world. Global Environmental Change, 43: 51–61.
https://doi.org/10.1016/j.gloenvcha.2017.01.002

Erb, K., Kastner, T., Plutzar, C. Bais, A.L.S., Carvalhais, N., Fetzel, T., Gingrich, S., Haberl, H., Lauk, 
C., Niedertscheider, M., Pongratz, J., Thurner, M. & Luyssaert, S. 2018. Unexpectedly large impact of 
forest management and grazing on global vegetation biomass. Nature, 553: 73–76.
https://doi.org/10.1038/nature25138

FAO. 2015. Global Forest Resources Assessment 2015. Rome. http://www.fao.org/3/a-i4808e.pdf

FAO. 2019. Forests: nature-based solutions for water. Unasylva 251. FAO, Rome.
http://www.fao.org/documents/card/en/c/ca6842en

FAO. 2020a. FRA 2020 Terms and Definitions. FAO, Rome.
http://www.fao.org/3/I8661EN/i8661en.pdf

FAO. 2020b. Global Forest Resources Assessment 2020. Rome. http://www.fao.org/forest-resources-
assessment/2020

FAO & UNEP. 2020. The State of the World’s Forests 2020. Forests, biodiversity and people. Rome.
https://doi.org/10.4060/ca8642en

Haddad, N.M., Brudvig, L.A., Clobert, J., Davies, K.F., Gonzalez, A., Holt, R.D., Lovejoy, T.E.,
Sexton, J.O., Austin, M.P., Collins, C.D., Cook, W.M., Damschen, E.I., Ewers, R.M., Foster, B.L., 
Jenkins, C.N., King, A.J., Laurance, W.F., Levey, D.J., Margules, C.R., Melbourne, B.A., Nicholls, 
A.O., Orrock, J.L., Song, D.-X. & Townshend, J.R. 2015. Habitat fragmentation and its lasting impact on
Earth’s ecosystems. Science Advances, 1(2): e1500052. https://doi.org/10.1126/sciadv.1500052

VOLUME 2:  HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 17 

IPCC. 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Core Writing Team, R.K. 
Pachauri and L.A. Meyer (Eds.). IPCC, Geneva, Switzerland, 151 pp 

IPCC. 2019. Summary for Policymakers. In P.R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmotte, H.- 
O. Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S.
Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M. Belkacemi, J. Malley
(Eds.) Climate Change and Land: an IPCC special report on climate change, desertification, land degradation,
sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems. In press.

Kappen, G., Kastner, E., Kurth, T., Puetz, J., Reinhardt, A. & Soininen, J. 2020. The Staggering Value 
of Forests—and How to Save Them. Boston Consulting Group. (also available at: 
https://www.bgc.com/publications/2020/the-staggering-value-of-forests-and-how-to-save-them) 

Krishnan, S., Wiederkehr Guerra, G., Bertrand, D., Wertz-Kanounnikoff, S. & Kettle, C.J. 2020. The 
pollination services of forests – A review of forest and landscape interventions to enhance their cross-sectoral 
benefits. Forestry Working Paper No. 15. Rome, FAO & Biodiversity International. (also available at: 
http://www.fao.org/3/ca9433en/CA9433EN.pdf) 

Nabuurs, G.J. Masera, O., Andrasko, K., Benitez-Ponce, P., Boer, R., Dutschke, M., Elsiddig, E., et al. 
2007: Forestry. In B. Metz, O.R. Davidson, P.R. Bosch, R. Dave, L.A. Meyer (Eds.) Climate Change 2007: 
Mitigation. Contribution of Working Group III to the Fourth Assessment Report of the Intergovernmental Panel 
on Climate Change. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA. 

Nilsson, S. & Schopfhauser, W. 1995. The carbon-sequestration potential of a global afforestation program. 
Climatic Change, 30: 267–293. https://doi.org/10.1007/BF01091928 

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A., Phillips, O.L., Shvidenko, 
A., Lewis, S.L., Canadell, J.G., Ciais, P., Jackson, R.B., Pacala, S.W., McGuire, A.D., Piao, S., 
Rautiainen, A., Sitch, S. & Hayes, D. 2011. A Large and Persistent Carbon Sink in the World’s Forests. 
Science, 333(6045): 988–993. https://doi.org/10.1126/science.1201609 

Sheng, Y. 2019. Extensive reforestation in China makes Earth greener [Online]. [Cited 17 December 2020] 
http://www.globaltimes.cn/content/1139006.shtml 

Shukla, P.R. Skea, J., Slade, R., van Diemen, R., Haughey, E., Malley, J., Pathak, M. & Portugal 
Pereira, J. 2019. Technical Summary. In P.R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmotte, H.-O. 
Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S. 
Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M, Belkacemi, J. Malley 
(Eds.) Climate Change and Land: an IPCC special report on climate change, desertification, land degradation, 
sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems. In press. 

Tibesigwa, B., Siikamäki, J., Lokina R. & Alvsilver J. 2019. Naturally available wild pollination services 
have economic value for nature dependent smallholder crop farms in Tanzania. Scientific Reports, 9: 3434. 
https://doi.org/10.1038/s41598-019-39745-7 

RECARBONIZING GLOBAL SOILS16

References

Bastin, J.-F., Finegold, Y., Garcia, C., Mollicone, D., Rezende, M., Routh, D., Zohner, C.M. &
Crowther, T.W. 2019. The global tree restoration potential. Science, 365(6448): 76–79.
https://doi.org/10.1126/science.aax0848

Besseau, P., Graham, S. & Christophersen, T. (Eds.). 2018. Restoring forests and landscapes: the key to a
sustainable future. Global Partnership on Forest and Landscape Restoration. Vienna, Austria. 
https://www.forestlandscaperestoration.org/restoring-forests-and-landscapes-key-sustainable-future.html

Ellison, D., Futter, M.N. & Bishop, K. 2012. On the forest cover–water yield debate: from demand- to 
supply-side thinking. Global Change Biology, 18(3): 806–820. https://doi.org/10.1111/j.1365-
2486.2011.02589.x

Ellison, D., Morris, C.E., Locatelli, B., Sheil, D., Cohen, J., Murdiyarso, D., Gutierrez, V., Noordwijk,
M. van, Creed, I.F., Pokorny, J., Gaveau, D., Spracklen, D.V., Tobella, A.B., Ilstedt, U., Teuling, A.J.,
Gebrehiwot, S.G., Sands, D.C., Muys, B., Verbist, B., Springgay, E., Sugandi, Y. & Sullivan, C.A.
2017. Trees, forests and water: Cool insights for a hot world. Global Environmental Change, 43: 51–61.
https://doi.org/10.1016/j.gloenvcha.2017.01.002

Erb, K., Kastner, T., Plutzar, C. Bais, A.L.S., Carvalhais, N., Fetzel, T., Gingrich, S., Haberl, H., Lauk, 
C., Niedertscheider, M., Pongratz, J., Thurner, M. & Luyssaert, S. 2018. Unexpectedly large impact of 
forest management and grazing on global vegetation biomass. Nature, 553: 73–76.
https://doi.org/10.1038/nature25138

FAO. 2015. Global Forest Resources Assessment 2015. Rome. http://www.fao.org/3/a-i4808e.pdf

FAO. 2019. Forests: nature-based solutions for water. Unasylva 251. FAO, Rome.
http://www.fao.org/documents/card/en/c/ca6842en

FAO. 2020a. FRA 2020 Terms and Definitions. FAO, Rome.
http://www.fao.org/3/I8661EN/i8661en.pdf

FAO. 2020b. Global Forest Resources Assessment 2020. Rome. http://www.fao.org/forest-resources-
assessment/2020

FAO & UNEP. 2020. The State of the World’s Forests 2020. Forests, biodiversity and people. Rome.
https://doi.org/10.4060/ca8642en

Haddad, N.M., Brudvig, L.A., Clobert, J., Davies, K.F., Gonzalez, A., Holt, R.D., Lovejoy, T.E.,
Sexton, J.O., Austin, M.P., Collins, C.D., Cook, W.M., Damschen, E.I., Ewers, R.M., Foster, B.L., 
Jenkins, C.N., King, A.J., Laurance, W.F., Levey, D.J., Margules, C.R., Melbourne, B.A., Nicholls, 
A.O., Orrock, J.L., Song, D.-X. & Townshend, J.R. 2015. Habitat fragmentation and its lasting impact on 
Earth’s ecosystems. Science Advances, 1(2): e1500052. https://doi.org/10.1126/sciadv.1500052



18
VOLUME 2: HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 19

2. Tropical moist
forests
Shalom D. Addo-Danso1, Lucy Amissah2, Akwasi Duah-Gyamfi2, 
Stephen Adu-Bredu2

1 Forest and Climate Change Division, Council for Scientific and Industrial Research,
Forestry Research Institute of Ghana, Kumasi, Ghana

2 Biodiversity Conservation and Ecosystem Services Division, Council for Scientific and Industrial 
Research, Forestry Research Institute of Ghana, Kumasi, Ghana

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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 Moist Forests, TMF）提出了不同
公認的定義。 

Myers（1980）將熱帶潤濕森林定義為「常綠或部分常綠森林（evergreen 

  100 毫米，
 24℃以上，且基本上沒有霜

是落葉性（deciduous）的」。其他研究學者（如 Raich et al., 2006；Staal et al.,
2016）將熱帶潤濕森林定義為乾季（dry 等於 3~5 

有 些學者認為潤濕森林和雨林不同，然 有其他學者認為是相同的，將兩個名詞交
替使 ；雨林和潤濕森林是共同分布的，並且經常參雜在 起，沒有明顯的邊界將其
區分（Staal et al., 2016；Nave et al., 2019）。

 
南亞 s）（美
（Oxisols）（Fujii et al., 

（montane forests）和雲霧森林（cloud forests）
（Holl, 2002）。熱帶潤濕森林是最多樣  500~1000 萬個
物種，其中超過 50% 物種都棲息在熱帶潤濕森林（Sommer, 1980; Holl, 2002; 

Thomas and Baltzer, 2002）。全球最重要的熱帶潤濕森林類型包括低地常綠雨林
（lowland evergreen rain  montane rain forests）和

 montane rain forests）、荒原森林（heath forests）、泥炭沼澤
森林（peat swamp  swamp forests）以及紅
樹林（Thomas and Baltzer, 2002）。
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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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熱帶潤濕森林分布在北緯 23.5 度（北回歸線）到南緯 23.5 度（南回歸線）間的
，範圍擴及非洲 。2010 年，熱帶潤濕森林
9.72 64%（Achard et al., 2014）。

（National 
Geographic） （World Wildlife Fund）〕

祉、
重要產品和服務，例如 物（micro-organisms）與動植物
（flora and fauna），是地球 物多樣性的重要部分（FAO, 2017）。 壤有機質及

– –在全球碳循環（carbon cycle
（FAO and ITPS, 2015）。熱帶潤濕 壤中儲存 量的碳（約佔森林總碳
量的 30~60%），這佔比甚 可能超過儲存在植被中的碳含量（Dixon et al., 1994; 
Lal, 2005）。事實上
要多（Jobbágy and Jackson, 2000）。
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，觀察了
橫跨非洲、亞太地區、加勒比海地區、中南美洲和北美洲國家的 67 個
壤深度在 5~800公分的地  109.2 ±10.19 
的估計值（estimate）範圍為 9.9~349.4 噸碳／公頃，其相差 35 倍（附錄 1）。在
過去 40 過綜合（synthesis）、文獻回顧（reviews）和統合分析
（meta-analysis）
如，熱帶潤濕森林和熱帶潮濕雨林（tropical wet 
別為 85 和 115 噸碳／公頃（Brown and Lugo, 

 500 公尺的地區中，完整且成熟的熱帶潤濕常綠森
林在 100  166 噸碳／公頃（Raich et al., 
2006），這比本綜合報告紀錄的平均值多出 1.5 倍。Raich 還指出，他們考察的熱帶

 10 倍，從 31~300 

 100  120~123 噸碳／公頃（Lal, 
 0.1~1 噸碳／公頃／年，有

 2~5 億噸碳／年。在 81 
 0~100  164 噸碳／公頃

（Marín-Spiotta and Sharma,   
 Union of Soil 

Sciences World Reference Base for Soil Resources Reference Soil Group, IUSS 
WRB Reference Soil 

 100  193.3 
噸碳／公頃（Nave et al., 

 115~210 噸碳／公頃（Post et 
al., 1982; Dixon et al., 1994; Jobbágy and Jackson, 2000）。

 綜合所述，研究 員報告的熱帶潤濕森林的 壤有機碳值不盡相同，受諸多因素
所致，其中最主要的原因如下：

◆  ，各學者對該術語的定義
沒有達成共識。

◆  3）
，在許多研究中 0~30

公分（Raich et al., 2006），不過，研究 員試圖透過將資料標準化，把深度
定為 100 Raich et al., 

，並完善了
       

◆  （pantropic）研究中代表性
（如非洲）；例如 31

觀察資料，其資料量佔資料庫的 46%。
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（非洲、美洲和亞太地區）

（表 3）。非洲、美洲  114.9 噸碳／公頃、116.5
噸碳／公頃和 87.1 噸碳／公頃（表 3）。當區域 壤有機碳值與其他研究的估計值
比較時，非洲的平均有機碳估計值  Henry 及其同事研究的非洲熱帶和亞熱帶潤濕
闊葉林（broadleaf forests） 30 公分之處的估計值（57 噸碳／公頃）（Henry 
et al., 2009）。亞太地區的平均 壤有機碳估計值略 於 Abu Bakar（2000）紀錄的

（dipterocarp forests）的數值（50 噸碳／公頃）。

非洲、美洲和亞太地區未受 擾的成熟熱帶潤濕森林 壤有機碳庫存（噸碳／公
頃）估計值（平均值＋標準差）

非洲 9.9~349.4 114.9 ±15.9 31 10~100

美洲 20.2~330 116.5 ±18.4 21 5~800

亞太地區 27.5~300 87.1 ±18.5 15 30~300

N= 觀察的地點數量； 美洲的觀察地點橫跨加勒比海

碳的濃度
洲、亞太地區、加勒比海地區、中南美洲和北美洲國家等 54 份出版物中，整理出將未

資料（附錄 2） 9%，當資料被分成
；轉為耕

森林轉換為牧場後， 8.1%（表
4）， （natural forest） ，

12.9%
22.2%）。
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未受 擾的森林轉換為耕地、牧場和植栽 途後的 壤碳庫存變化

95% 信賴區間。

失的文獻回顧和綜合報告中的數值接近。Guo 和 Gifford（2002）整理 72 份文獻資料

下降了 13% 42%，與本報告評估之結果相
比，轉為耕地的平均值相差約 2 倍。此外， （8.1%）。

385 項研究
（25%

（perennial crops）耕地（30%）（Don, Schumacher and Freibauer, 2011）。另
（agricultural land

與寒帶地區（31%）相比，熱帶地區（41%）與溫帶地區（52%） （Wei 
et al., 2014）。Powers 14
碳變化，發現雖然森林轉換到游耕（shifting cultivation）和永久性耕地後，分別減少
了 15.4% 和 18.5% ，但當森林轉換到牧場 ，卻會
使 壤碳庫存增加。不過，另有其他研究報告表 ，當牧場轉換成次 林時，碳庫存
會下降（Guo and Gifford, 2002）。

般 ，成熟的森林轉換成耕地所造成的碳庫存下降，儘管在變化的幅度上
存在差異，似乎與其他研究 員觀察整個熱帶地區的結果 致。然 ，對耕地來說，
這種趨勢是很有可能被反轉，例如 ，
Laganière、Angers 和 Pare（2010）表 在耕地植樹造林之後， 壤有機碳庫存
增加 26%，但與耕地不同的是
碳庫存的變化是多變的

。例如 ，森林轉為牧場後的碳庫
存變化在美洲最突出， 非洲則最不具代表性（表 5）。這種代表性不 情況，
無法適切地將 利 碳庫存的影響變化推斷到其他區域或全球。Powers 等

（2011）在整個熱帶地區 80 項研究中
化的 837 項觀察資料，發現年均降 量和黏 礦化度（clay soil mineralogy）是關鍵
的影響因素，但他們也提醒讀者 （geographic bias
壤有機碳變化的平均值，除非實地觀察（field observations

 

森林轉換到耕地 -22.3 ±6.55

森林轉換到牧場 8.1 ±3.21

-12.9 ±9.67
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熱帶地區 地利 類型中 壤碳庫存的變化

森林轉換耕地 -33.7 ±10.95 -18.5 ±7.64 -35.2 ±7.67

森林轉換牧場 - 7 ±3.37 14.9 ±9.44

-17.7 ±17.90 -10.4 ±19.64 -7.2 ±12.53

 95% 信賴區間。

（bio-geochemical）過程和溫室氣體與 氣間的交換相當重要（Smith et al., 2016; 
Eiserhardt, Couvreur and Baker, 2017）。熱帶森林在當地提供服務（例如：為當地
社會提
壤 汙 壓實和

 mass）移動，因為樹
陸塊淺層移動

（shallow movement）。透過良好的森林管理維持森林覆蓋，將能減
 

壤提供如氮（N）、磷（P）和鉀（K）等養分，
應以及能源和纖維不可或缺的 產（biomass production）（Smith et al., 
2016）。 例如
在 枯枝落葉、分解枯枝落葉、 壤動植
物的養分轉化、從 氣輸入養分，以及風化原 礦物（primary mineral）（Foster 
and Bhatti, 2006）。作為其他 地利 開墾的森林，會對這些過程 影
響，並減少根部吸收之養分的效  and Bhatti, 2006）。蒸發散和降 之間
的
淋洗作 能將鹽分從 剖 profile）淋出（Schofield and 
Kirkby, 2003）。砍伐樹 會破壞 平衡（hydrological balance）並導致鹽分在底
（subsoil）堆積（Schofield and Kirkby, 2003）。
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「Soil pollution」和「soil 
中 汙  和 ITPS（2015）將

壤汙染（soil pollution）定義為「 壤中存在的化學物質或其他物質不符合要求，
 organism）

 物質
 and ITPS, 2015）。

汙染（soil pollution）， 使 農 化
砷、鉛和鎘等

元素汙染（Rodríguez-Eugenio et al., 2018）。汙
 organisms）〕，並影

供的服務（FAO, 2017）。因農業開墾 失去的森林覆蓋，對 60% 的 壤 型動物
（macrofauna）以及 51%  microbial）群落屬性（即豐富

 et al., 2019）。

環 化（water purification）和保
 holding 重要的

及其孔隙度
（porosity） 孔隙（macro
pores）之影響（Kirkham, 2014）。在森林覆蓋較低的地區，由於雨季和 過後的
尖峰流量（peak flows）較 溪流 增加。此外

 Mello et al., 2018），比較森
林覆蓋為 55% 和 35% 之流域的 質，結果顯 森林覆蓋較低的流域 質較差〔固體
濁度（solid turbidity orm）數值較 〕。因此

（water availability）和品質的潛在變化（Smith 
et al., 2016）。

熱帶 續
農 、

 systems）（Power, 2010）。根
據估計，世界 75% 的主要糧食作物（food crops）都受益於動物授粉，以便

 and UNEP, 2020）。森林為特定的糧食和經濟作物（cash 
（Jamnadass et 

al., 
存和普遍的利益。對於 多數依 非 材森林產物的重

要來源，據估計，全世界約有 10~15 其
 Wildburger and Mansourian, 2015; 

FAO, 2020）。
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事實上，熱帶潤濕森林中的植物物種提供了重要的食物和營養來源，並幫助以森
林 、可得性、利 性和穩
定性（FAO, 2020）。
葉菜類蔬菜（leafy vegetables）、堅果、種 和食 油，幫助實現飲食多樣化，強
化食品的持續流動（Jamnadass et al., 2015）。這在農 臨食物供應和獲取不 的
時期（如乾旱年）特別有 增加了實現營養安全的風險（Jamnadass et al., 2015; 
Amissah and Aflakpui, 2020）。

從經濟和 態的觀點來看，對熱帶潤濕森林都非常重要。其為數百 提供了無
數 （MEA, 2005）。這些服務包括從調節氣溫和淨化
空 。此外，熱帶潤濕森 （尤其是居住在城市地區
的 們）進 娛樂、遊覽賞析和緩解壓 的重要場所，
康。 如潤濕森林） ；視覺上有吸
引

（Ivarsson and Hagerhall, 2008）。 （如哺乳動物、
類和昆蟲）會居住在熱帶潤濕森林的範圍內，

類（Zell, 2004）。

地 （Sullivan et al., 2017），全球森林碳密
度 的森林，  120 噸
的碳  75 噸的全球平均值（FAO, 2020） 與活體

物量 （30%）的碳 3節）。森林 和枯枝落葉也儲存了 
10% 的陸地碳，其對於透過光合作 和呼吸作 穩定及減少 氣中的 氧化碳濃度
相當重要（Houghton et al., 2015）。有鑒於森林對全球有 為碳匯
（carbon sink），因此減少砍伐森林以及減少森林退化將是緩解和適應氣候變化影響
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熱帶潤濕森林的消失佔全球森林覆蓋損失的 32%
雨林（Hansen et al., 2013）。過去關於熱帶森林砍伐率的統計資料在許多研究中不盡
相同，部分原因是不同國家評估砍伐森林的 法不
的資料品質不同（Dupuis et al., 

在熱帶潤濕森林（Giam, 2017）。據估計
林佔全球 類造成之溫室氣體排放的 12~20%（Harris et al., 2012）。砍伐森林的原
因眾多 、採礦、基礎設施擴展和城市擴張等原
因砍伐森林（Malhi et al., 2013; Putz and Romero, 2015; Garcin et al., 
森林退化則是由火災和非永續的森林產品採伐等因素造成的。

在全球間 （Curtis et 
al., 2018; FAO and UNEP, 2020）。據估計，2000~2010 年間， 規模的商業農業
佔熱帶砍伐森林的 40%，當地 給 式農業（subsistence agriculture）也佔了同
期砍伐森林的 33%（FAO and UNEP, 2020）。在熱帶潤濕森林地區中，特別是在
非洲熱帶地區
最常 的耕作措施。此 法是透過清除森林區 ，但是由於作
物產量低以及雜草入侵，幾年後（區域不同，時間 短因此不同，但 部分為兩到四
年）這些 地就會被遺棄了（Pedroso-Junior, Adams and Murrieta, 2009）。全球
估計有 3500 萬到 10 億 依靠 耕火種這種耕作系統維持 計（Filho, Adams and 
Murrieta, 2013）， （Garcia 
et al., 2018）
育的影響 直有著截然不同的觀點（Pedroso-Junior, Adams and Murrieta, 
2009; Filho, Adams and Murrieta, 2013），在某些情況下， 耕火種被認為是沒有
永續性的，是砍伐森林的主因，特別是在 增加和休耕期 幅減少的地區（Mertz et 
al., 2009）。

採礦業威脅了全世界熱帶森林保育 些國家中，包括採礦在內的資源開採被許
多政治菁英（political elite）視為是邁向發展的途徑（Bebbington et al., 2018）。非
洲、拉丁美洲和亞洲等發展中國家採礦業興盛 ，但這些國家
的礦產治理系統薄弱 （Sonter et al., 2017; 
Sonter, Ali and Watson, 2018; Hund, Schure and van der Goes, 2017）。露天
採礦（surface mining）是發展中國家最主要的採礦形式，採礦作業分成不同的階段，
其中包含勘探、開採 ，都會造成森林消失（Hosonuma et al., 2012; 
Hund, Schure and van der Goes, 2017; Sonter, Ali and Watson, 2018）；其
他的基礎設施發展（如建築物

增加砍伐森林的機會
（Bebbington et al., 2018），例如，在亞 遜河的巴 帶，2005~2015 年間， 
10%（1 萬 1670  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).

業 伐  logging） 是 熱 帶 地 區 森 林 管 理 的 個 主 要 作， 在
2000~2005 年間，全球約有 20%（390 （selective 
logging）（Asner et al., 2009）， 於擇伐的森林 積在所有熱帶地區中持續擴

，特別是在迦納和加彭等非洲國家，將近半數的森林資源 於 材租賃（timber 
leases）（Hawthorne and Abu-Juam, 1995; Asner et al., 2005）。此外，非法砍伐
（illegal  and Treue, 2008; de
Lima et al., 2018）。在全球，伐 佔熱帶森林退化的 50% 以上（Hosonuma et al., 
2012）
在某些熱帶地區 ，由於燃料堆積和修建通道（透過道路建設）

，但永續的森林採伐可以為農村社區創造就業機
會，並為維持森林的 地利 和防 砍伐森林提供獎勵措施
持保育價值，並提供關鍵的環境服務和功能，

（Putz et al., 
及其他育林（  and Herold, 2017; 
FAO, 
在永續森林管理 取得了重 進展，也就是森林損失率持續下降，更多的林區受到
保護以及被納入 期管理計畫，另外，更多的  forests）也得到
國際標準的認證（FAO, 2020）。

       
熱帶 ，近幾 年來，由於與氣候變遷相關的聖
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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).

 迦納的潤濕森林。上圖：Bobiri 保護區；下圖：Birim 森林保護區

迦納 Ankasa 保護區的雨林
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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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濕地 多樣化 系統所組成，其特點是擁有 間的靜 （standing 
 

 and Gosselink, 2007）。全球有許多濕地分類系統描述了無
數的濕地類型，例如泥炭地、紅樹林、草本沼澤（marshes）、 （swamp）、
酸性泥炭沼澤（bogs）、礦質泥炭沼澤（fens）、鍋穴（keetles）〔壺穴（potholes）〕

 and van der Valk, 1995; Tiner, 2003; Mahdavi et al., 
2018）。濕地整體通常被劃分為兩個類別：（1）沿海／潮汐和（2）陸地／內陸／非
潮汐 （mineral-soil）濕地，以及分為不同鹽
度等級 （brackish）、 （saline）〕（如 Cowardin et al., 
1979; Hiraishi et al., 2014）。

 5~8%
20~30%（Mitsch and Gosselink, 2007; Lal, 2008; Mitsch et al., 2013; Amendola 
et al., 2018）。在各種濕地類型中
第 5 冊第 11、12 和 13 章資料表單）， 紅樹林是重要的藍碳（blue carbon）系
統 （sedimentation）從系統外部沉積
的碳 Middleton 和 Ward

（decomposition rates）。 當濕地被抽乾時， （aerated），

除了現有的 量 壤有機碳庫存外，濕地還被認為有相當 的潛 ，可以透過

（primary productivity）從 氣中清除 氧化碳，從 為其 壤
有機碳庫存累積額外的碳，促成 期的碳固存（例如 Euliss et al., 2006; Lal, 2008; 
Mitsch et al., 2013） ，但也與已復育或已
復濕的濕地（restored and rewetting wetlands）非常相關，這些濕地的 壤有機
碳庫存因 為的改變〔如排 或 壤耕犁（tillage）〕 減少（照片 4，
另       ）。

U.S. Geological Survey, Northern Prairie Wildlife Research Center, Jamestown, North Dakota, 
United States of America
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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)

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.
(2012); Alongi 
(2014); Hutchison
et al. (2014); 
Hamilton and
Friess (2018)
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儘管 （accumulation rates）可能需要
幾 10 年的時間
（greenhouse gas）的排放速度。此外，保護

   

儘管濕地是全 碳儲存地 地 和低氧
環境有利於產 和排放甲烷，此種氣體為 種導致氣候變化之強 的溫室氣體（Saunois 
et al., 2020）。雖然濕地在全 （Whiting and 
Chanton, 2001; Bridgham et al., 2006; Mitsch et al., 2013; Saunois et al., 
2020），但甲烷僅短暫存在 （即濕地的甲烷排

   

全球湖泊與濕地的分布

不同 ，以及代表 Lehner 和 Doll（2004）定義及提
出的濕地密度分類。

（https://www.worldwildlife.org/pages/global-lakes-and-wetlands-database）

說明
湖泊

河流

沼澤／淹沒的森林

沿海濕地

酸性泥炭沼澤、礦質泥炭沼澤、泥炭沼澤（泥炭地）

間歇濕地／湖（intermittent wetland/lake）

50~100% 的濕地

25~50% 的濕地

0~25% 的濕地
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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)

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.
(2012); Alongi 
(2014); Hutchison
et al. (2014); 
Hamilton and
Friess (2018)
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濕地 壤有機碳庫存（質量或單位 積質量）和碳固存率（每年質量或每年單位 積
質量）

全球

庫存／固存 120~646 137 0.3~1.8
各種濕地類型。
根據文獻回顧和
建模估算。

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

庫存

340~471
（organic 
soil）濕地。
根據文獻回顧估
算。

Hiraishi et al. 
(2014)

108~286 地。根據文獻回
顧估算。

22~135 地。根據文獻回
顧估算。

固存 237.4 42.6 2.1
潮汐濕地。根據
文獻回顧和建模
估算。

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

庫存／固存 6.4 18.4~24 1.3~6.5 紅樹林。根據文
獻回顧估算。

Middleton and 
Ward, this man-
ual; Chmura et 
al. (2003); Bouil-
lon et al. (2008); 
Breithaupt et al. 
(2012); Alongi 
(2014); Hutchi-
son et al. (2014); 
Hamilton and 
Friess (2018)
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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

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)

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.

庫存
600~
644

泥炭地。
根據文獻回顧估
算。

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

熱帶地
區

庫存 200
熱帶濕地。根據
文獻回顧估算。

Neue et al. (1997)

北美洲

161.0~
215.0

57.2
數種濕地類型。根
據文獻回顧估算。

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

48~82 0.8~3.1
原壺穴地區
（Prairie Pothole 
Region）〕。根
據測量結果估算。

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

1.9
潮汐濕地。根據
文獻回顧估算。

Windham-Myers 
et al. (2018)

美國 庫存 1.2~1.4
潮汐濕地。根據
建模估算。

Hinson et al. 
(2017)

中國 庫存 5~16.7 41.7
數種濕地類型。根
據文獻回顧、建模
和測量結果估算。

Zheng et al. 
(2013); Wang et 
al. (2014); Xiao et 
al. (2019); Han et 
al. (2020)

「地
區」欄位）
定熱點 ，代表了各種濕地類

（increments）（如 0~30 公分、0~100 公分），但僅節錄部分內容。

庫存／固存



41
RECARBONIZING GLOBAL SOILS40

Location Methodology SOC stocks
(Pg C)

SOC stocks
(tC/ha)

Cseq
Potential
(Tg C/yr)

Cseq
Potential
(tC/ha/yr)

More information Reference

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)

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.

41

濕地保育 分重要，因為 類活動會對濕地的過程、功能和提供給社會的 態系統
。例如，為了要促進都市化、農業、林業、放牧和泥炭萃取（peat 

extraction） 掉之 ，還會消除濕地
樂）（如

Millennium Ecosystem Assessment, 2005; Zedler and Kercher, 2005; 
Brinson and Eckles, 2011; Russi et al., 2013）。濕地所提供的 態系統服務也會
因爲抽取地表 （surface water （如灌溉） 文
減少。除了排 濕地還可能受到堤防（levees） （dams）、疏浚
（dredging）和渠化（channelization）以及 位操控（water-level manipulation）
的影響，現有 退化。因此，保護現
有的濕地， 服務非常重要。
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壤威脅

導致侵蝕或沉積（如 Luo et al., 1997; Gleason and 
Euliss, 1998; Craft and Casey, 2000; Gell et al., 2009）。
保持或 被（包括緩衝帶）可以減緩這些
威脅。此外，保育海岸或河岸濕地（riverine wetlands）
有助於 塌（Millennium 
Ecosystem Assessment, 2005; Gedan et al., 2011）。

養分的失衡和循環 下游帶來好處（Howard-Williams, 1985; 
Bowden, 1987; Red-dy et al., 1999; Faulwetter et al., 
2009）。

汙染 存養
分和汙染物，作為受汙
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片 4、5
動物食物資源（如 Batt et al., 1989），並 如，世

稻  paddies） 積超過 150 萬平 公 為全球 部分 提供糧食（Van 
Nguyen ande Ferrero, 2006）， 海岸濕地則 撐全球的漁業（Barbier, 2019; 
Middleton and Ward, 本 ）。此外，許 靠濕地來
給 業以及其 態系統服務（Silvius et al., 2000; Irfanullah et al., 2008; 
González-Marín et al., 2017）。

濕 地 提 量 態 系 統 服 務， 使 社 會 獲 益 良 多（Millennium Ecosystem 
Assessment, 2005; Zedler and Kercher, 2005; Brinson and Eckles, 2011; Russi et 
al., 多
餘的養分和汙 以及

 Bansal et al., 觀光業
和娛 住（Batt et al., 
1989; Szabo and Mundkur, 2017）。

濕地儲存 量的碳，通常被視為 氣中的碳匯。儘管 部分的甲烷都源於濕地，
但近期有項研究分析甲烷在 氣中的短 命週期，分 壤中的
氧化速度與甲烷的產 速度不相上下，因此，濕

 50 年，Neubauer and Megonigal, 2015）不會造成氣候暖化。濕地

2 （Tangen 
et al., 2015）
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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).

分廣泛 汙
壤與碳和養分循環（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）。全球濕地的主要威脅是 排 排 是為了提
供 地給城市和農業使 （如 Reis et al., 2017）。據估計，全球濕地 積已損失超
過 50% （Junk et al., 2013; 
Dahl, 2014; Davidson, 2014; Hu et al., 2017; Li et al., 
洲和北美洲的濕 （Reis et al., 2017），雖然北美的濕地消失受政策和管理

（Reis et al., 2017）。濕地排 降低了地下 位（water table）並使 壤乾燥，透
過刺激微 呼吸，造成 有機碳以 化碳的形式流失 氣中（Armentano 
and Menges, 1986；Maltby and Immirzi, 1993）， 排 也 可 以 將 濕 地 從 甲 烷
的來源轉變為匯（sinks）
（Howard-Williams, 1985; Bowden, 1987; Reddy et al., 1999; Bridgham et al., 
2006; Faulwetter et al., 2009） 。

（soil 
bulk density） （如 Fenstermacher 
et al., 2016; Tangen and Bansal, 2020）。 類 活 動 還 可 能 導 致 城 市 逕 流、 農 業
化學品 的副產品對濕地之汙染（Pascual-Aguilar et al., 2015; Post van 
der Burg and Tangen, 2015; McMurry et al., 2016; Schade-Poole and Möller, 

 et 
al., 、灌溉、汙  of wastewater 
effluent）、海平 上升、風暴潮（storm surges）以及道路除冰 油鑽探（oil 

 et al., 2015; Post van 
der Burg and Tangen, 

物族群的壓  et al., 2015）。此外，旨在促進農業活動的 文改變之後，
 pH 值（>8.5）鹼化 ，

並會增加因淋洗 （Jobbágy et al., 2017）。另外，濕地
壤酸化可能發 硫沉降增加

 et al., 1998）。濕地
遭受的其他威脅包括養分和化學汙染（Lee et al., 2006; Verhoeven et al., 2006; Post 
van der Burg and Tangen, 2015; McMurry et al., 2016），以及外來物種入侵（例如
Zedler and Kercher, 2004; Lavergne and Molofsky, 2006; Bansal et al., 2019）。
濕地還可能受到與氣候變遷有關的降 和溫度制度改變以及海平 上升的影響（如
Cahoon et al., 2006; Johnson and Poiani, 2016; Osland et al., 2016; Gabler et al., 
2017; Chen et al., 2018; Leng et al., 2019）。
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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).

北美洲中部的草原壺穴地區（Prairie Pothole Region）（鍋穴）的天然草原
（左）和耕地（右）中的濕地。 影響的濕地，
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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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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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下降
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4  
organic carbon）送出泥炭地。

、下陷（subsidence）、侵蝕
特性（hydrological properties） 的喪失（Joosten and Clarke, 2002; Silvius et al., 

2008）（圖 13）。越深層的泥炭 被排乾，則其排放量就越  et al., 

2011） 。
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lowering of the water table causing the drying of the peat soil. Drainage causes the exposure of the soil organic
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oxide (N2O), while methane (CH4) is emitted from the drainage ditches, which also transport dissolved organic 
carbon (DOC) out of the peatland. 
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hydrological properties (Joosten and Clarke, 2002; Silvius et al., 2008) (Figure 13). The deeper the peat soil
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碳固存

全球和 性的氣候調節

樣性

歷史資訊來源

減少火災風險

泥炭地覆蓋率（%）

世界上 少有 180 個國家擁有泥炭地（Parish et al., 2008），其存在於各種的氣

候區 ，熱帶、寒帶和溫帶地區，以及沿海
 3%，約 423~463 （圖 12）（Leifeld 

and Menichetti, 2018; Xu et al., 2018）。

 

 PEATMAP 的全球泥炭地分布圖（Xu et al., 2018） 

碳儲存
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全球 600~644

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

boreal 
sub-arctic）
地區

1120 427~547
包括泥炭地森林，此預估值是根
據泥炭體積、碳密度和時間歷程
（time histor

溫帶地區 1182 21.9
Leifeld and 
Menichetti 
(2018)

熱帶地區 2850 104.7

此預估值是由不同來源所計算
出，此碳庫存值包括 124~194

   （Dixon 
et al., 1994; IPCC, 2001）

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

 3%  1 5：6000~6440 
億噸碳（Leifeld and Menichetti, 2018; Yu et al., 2010）。此碳庫存超過地球植被中
所儲存的碳 （Turetsky et al., 2015）。以下對

 9）。
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泥炭地提供各種 系統服務，包括調節 功能，並庇護著獨 物多樣性
（圖 11） ，有助於全球氣候調節，並在炎熱時期降低溫
度，有助於地 氣候調節（Hooijer, 2005; Silvius et al., 2008）。泥炭地調節集

泥炭地由於其地 ，以及沼澤內的養
分可 性低，因 具有邊際農業潛 l agricultural capability）。然 原
始泥炭地擁有許多植物物種，可 於糧食與飼料（Wichtmann et al., 2016; Giesen 
and Sari, 2018）。泥炭地通常是採集漿果、蜂蜜和蕈菇類 要場所，
是社區的 。濕潤泥炭地管理措施  4.3 緩解和適應氣候變化，以
及  5 冊第 11、12、13 章資料表單的「泥炭地管理措施」）可以減少和避

  al., 2018）。

原始泥炭地能夠降低火災風險 。在
，火災頻繁並威脅著公共健康和經濟（Marlier et al., 2019; 

The World Bank, 2016）。以泥炭地為主的 區，其飲 的供應取決於 態系統
的管理（如 Hooijer, 2005; Silvius et al., 1984）。泥炭地和相關濕地的遊覽和娛樂價
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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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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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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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經保育、復育和適當管理的潮濕泥炭地具有強 和適應氣候變遷的 。根
據 IPCC（2014），與慣 以排 為基礎的泥炭地使 相比，受保育和濕地管理狀態
的泥炭地可以避免 0~20 。Couwenberg
（2011）估計，中歐的泥炭地保育和濕地種植（paludiculture）2 可以避免 25~60

70~117 噸
   

泥炭地的保育、濕地種植和濕地管 了適 ，有助於減緩極端氣候事件
的風險，如洪 、乾旱和風暴，特別是在海岸泥炭地。避免排 可以部分阻 河岸泥

（FAO, 
2014）。以維持泥炭地潮濕狀態的基礎下 –確保

– （Wichtmann et 
al., 2016）。

完整的泥炭 態系統可作為碳匯，但當 和退化時，它們會變 的溫室
氣體排放源（FAO, 2014） ，或者因為下沉使

（圖 13）
，以此換取短期

利潤（Sumarga et al., 2016）

、清除泥炭林
耗損加劇（Silvius et al., 
佔陸地 0.45%，但 少有 5% 的全球溫室氣體排放（IPCC, 2014）。退

。此外，排
（Hooijer, 2005）。另外，由於

持續 ，在未來幾 年內，越來越多的沿海泥炭地區容易遭
       

2 濕地種植在保持泥炭完整性的條件下，從潮濕或復 ，能促
5 冊第 13 章資料表單
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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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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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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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據估計，全球 11~15% 的泥炭地被排乾，主要做為種植、林業
（FAO, 2020）。其中歐洲和東南亞的泥炭地被排乾的 積最  2017）。

2011 年以來，科學界、 （如聯合國糧食及農業組織、
聯合國環境署）對泥炭地重要性的認識
的 壤有機碳和其他泥炭地服務的耗損，國家
議題。

些全球架構、公約和多邊環境協議都 勵保育泥炭地和避免排 ， 這些皆
與實現巴黎協定（Paris Agreement）和永續發展 標（Sustainable Development 
Goals, SDGs）的第 6、12、 13 和 15 項、拉姆薩爾濕地公約（Ramsar Convention
on Wetlands）、 聯 合 國 氣 候 變 化 綱 要 公 約（United Nations Framework
Convention on Climate Change, UNFCCC）、聯合國 物多樣性公約（The United 
Nations Convention of Biological Diversity, CBD）、2015~2030 仙台減災綱領（The 
Sendai Framework for Disaster Risk Reduction 2015~2030, SDFRR）3 以及其他區
域倡議有關（FAO, 2020）。這些公約指出，

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

頻率增加

的喪失

 
（FAO, 2020）

增加 溫室氣體的釋放

 
降低：

損失

對當地和全球氣候的影響
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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

5 冊第 11~13 章資料表
單。全世界的專家都認同以下幾點的重要性：

◆   將泥炭地納入國家政策和國際監測與回報體系，
 5 冊第 11 章資料表單的「有關保育

原 ；
◆  優先採  5 冊第 11 章

 資料表單的 ，並由政策、財政和法

◆
 律
在不可能保育的情況下，為社區和利益相關者創造條件

，包括知識和諮詢網路、獎勵措施、投資和以

 共識   復濕和植被復原
（revegetation）」的第 12 章資料表單，以及有關濕地種植的第 13 章資料表
單）；

◆  ，使泥炭地再次成為碳匯
（即地表下 10~20 公分之間）， ；

◆  解決研究和知識差距，
泥炭地的復育、管理和濕地種植之有效性、成本和效益等等相關資料，並探索

第 4 冊和第 6 冊中的相關案例研究

不詳 6 20

為園藝種植介質 歐洲 10 6 21
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5. Mangroves
Beth A. Middleton, Eric J. Ward

U.S. Geological Survey, Wetland and Aquatic Research Center, Lafayette, U.S.A.

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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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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Mangroves

（halophytic tree）組成的森林，存在於亞熱帶
和熱帶之海岸沿線的潮間帶（intertidal zone）、河 和島嶼上（圖 14，Middleton 
and McKee, 2001）
統服務 （nursery habitat）
計、保護野 動物、暴風防護、 材、薪材（fuelwood）和糧食安全（Barbier et al., 
2011）都使紅樹林成為優先保育和復育的區域（McLeod et al., 2011）。紅樹林可以
非常有效地累積泥炭 （detritus）可構成某些島嶼的根
基，如 斯堡礁群（Belizean Barrier Reef Complex）（Middleton and McKee, 
2001）。

紅樹林透過初級 ，以及有時從其周圍環境外的沉積物捕獲碳，因此紅樹林
是世界上最重要的藍碳 態系統（blue carbon ecosystem）之  et al., 
2011）。 達 8~15% 的海洋有機碳埋藏在紅樹林中（Breithaupt et al., 2012）。
相較於其他森林種類 3~4 倍的碳（Sanderman et al., 
2018）。

（Donato et al., 
2011）。 （Hutchinson et al., 2014），但最近的研究指出，
在有碳酸鈣（calcium carbonate）的 壤中， 壤有機碳庫存被低估了 50% 之多，

在三 洲的（deltaic）沿海環境中則被 估了 86% 之多（Rovai et al., 2018）。
2000~2005 年間，紅樹林 積每年約減少 0.2~2.1%（Friess et al., 2019），每年釋
放 0.2~1.2 億噸的碳（Giri et al., 2011）。因此，砍伐紅樹林可能佔全球森林消失導
致的碳排放總量之 10%（Donato et al., 2011）。

藉由氣根（aerial roots）和胎 胚胎（viviparous embryos）等 式，紅樹林
（Alongi, 2012）。 〔包

含河岸、邊緣、盆地和矮樹（dwarf） 森林類型〕，紅樹林的複雜性較
低（Lugo and Snedaker, 1974）。新世界的紅樹林物種，與印度 太平洋地區的紅
樹林物種則有明顯不同（Lugo and Snedaker, 1974; Duke et al., 2008）。

U.S. Geological Survey, Wetland and Aquatic Research Center, Lafayette, U.S.A.
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Table 11. Soil organic carbon stocks and annual C accumulation or emissions reported for 
mangrove forests

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)

- - 2.1 tC/ha/yr
Global review;

Total soil C accumulation

Chmura et
al. (2003)
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        紅樹林是存在於亞熱帶和熱帶海洋之海岸沿線的森林（Middleton and McKee, 2001）

    

聯合國環境規劃署世界保護監測中 的 般資料授權（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?useExi 

sting=1&layers=62b6797f5091428fa89e10f7b3a1f73c）

全球與紅樹林有關的碳其量可觀， utchison et 
al., 2014）。由於硫酸鹽（sulfate）的減少，碳排放（特別 類型
還低（Windham-Meyers et al., 2018），但紅樹林仍被視為碳熱點（Kolka et al., 2018; 
Al-Haj and Fulweiler, 碳」4 
庫存有不同的含意，但在規定和評估中往往缺乏這種細微的差別（Friess et al., 2020）。
紅樹林的復育可以成為增加碳儲量的重要途徑（ 「復育紅樹林」 ）。表 11 
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Table 11. Soil organic carbon stocks and annual C accumulation or emissions reported for 
mangrove forests

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)

- - 2.1 tC/ha/yr
Global review;

Total soil C accumulation

Chmura et
al. (2003)

RECARBONIZING GLOBAL SOILS68

全球

- 6.4 -
全球製圖，解析度 30 公
尺的資料。

Sander
et al. 
(2018)

446.9 ±175.4

244.2 ±215.9

- - 各種深度

文獻回顧；誤差值是標
準差；

量

Hutchi
et al. 
(2014)

平均值：
515.9

- - 公尺畫素；

當量

量。

異
地圖：https://dat-
averse.harvard.edu/
dataverse/GMCSD

Hamilton 
and Friess 
(2018)

- -
2400萬噸碳
／年

各種深度

文獻回顧：

Alongi 
(2014)

- -
1840萬噸碳
／年

Bouillon 
et al. 
(2008)

- -
1.74 噸碳／公
頃／年

Alongi 
(2012)

- -
2.04 ±1.53 噸
碳／公頃／年

文獻回顧；誤差值是標
準差

Hutchi
et al. 
(2014)

- -
1.3~2.0 噸碳
／公頃／年

文獻回顧；信賴區間範
圍是 95%；

Breit
et  

- -
2.1 噸碳／公
頃／年

全球文獻回顧：
Chmu
et al. 
(2003)
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哥灣 - - 2.0~6.5 噸碳／
公頃／年

累積量
太平洋和
印度洋 - - 2.6~3.4 噸碳／

公頃／年

澳洲赫伯
特河之河

-
bert 
River Es-
tuary）

於個別樣區
為 0.3~6.5 - 1.8 噸碳／公頃

／年（平均值）； 0.8~1.6 公尺
品和沉積物岩芯

（sediment cores）

Brunskill et 
al. (2002)

全球

- - 90~970 噸碳／
年

各種深度

文獻回顧；可能避免的
損失（伐林所造成）

Alongi 
(2014)

- - 0.01~0.02 噸碳
／公頃／年

文獻回顧；非常態分
布，甲烷排放

Al-Haj and 
Fulweiler 
(2020)

（loss on ignition）、乾式燃燒（dry 
combustion）和使 集氣室技術（chamber collection techniques）收集的甲烷排
放。

* 這些紅樹林系統沿著海岸與島嶼形成，其分布緯度限制在亞熱帶與熱帶區域（20℃

等溫線）， （wave energy）（Alongi, 2002）和冷凍傷害／死亡
率（Osland et al., 2017）
上升率、地形坡度（landform  forcing）、沉降率以及海岸下
陷程度（Feller et al., 2017）。
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壤威脅

保護海岸免受海嘯和風暴潮的影響（Alongi, 2012；Hutchison 
et al., 2014）；沉積物攔集（trapping）（Kamal et al., 2017）

汙染

   
   ogen eutrophica-

tion）的問題（Burford and Longmore, 2001），對池塘造成
汙染。

 e soil）
（Alongi, 2002）。

 
2002）。

（Gunawardena 
and Rowan, 2005; Sathirathai and Barbier, 2001; Hutchison et al., 2013）。此
外，紅樹林提供食物和燃料， （nursery）（Alongi, 
2012）。 建築、 ；

天然產品 甲殼類動物、蜂蜜、飲料、
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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).

復育後的紅樹林在 25~30 年後所擁有的碳量會與原來完整的紅樹林相當（如柬埔
寨，Sharma et al., 2020），因此， （Hutchison 
et al., 2014）（  5 冊第 14 章資料表單的「復育紅樹林」）。紅樹
林 ，有助於形成泥炭和沉積物（Barbier et 
al, 

 et al., 2017; Friess et al., 2020）。全球在
20~100 年的時間中，甲烷排放可能會抵消紅樹林 8~20% 的碳固存和緩解全球暖化的

 et al., 
 

（Turetsky et al., 2015）將會有所降低。

        城市發展、 甲殼類、 的過度
開採，    

       
    

   
    

  
   

雖然從 20 世紀末  21 世紀初，森林砍伐 汙
染、    

       ，若其未分解的材質部分不再保持超過有機物分解的速
率，    

   
   

       「藍碳」庫存有著非常不同的含意，但規定和評估中往往
乏這    
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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).

 島（Sanibel Island）丁達林國家
區（Ding Darling National Wildlife Refuge） 潮 間 帶 的   紅 樹（Avicennia 
germinans）和美國紅樹（Rhizophora mangle）

第 4 冊和第 6 冊中的相關案例研究

亞洲 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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（black soils）是 。
在有利的氣候條件下

當重要。

（surface horizon）
少 25 公分。 認為有兩類 類和 類）：這兩個類別的區分是為了識別某

，因此更需要保護 ，仍包
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層，基本上擁有 ≤3 的彩度（chroma）（表 濕潤
狀態），彩度 ≤3  ≤5 則為乾燥 系（Munsell 
colours）〕；

 ≥25 公分；
層上部 25 公分的有機碳含量在 ≥1.2%（或在熱帶地區 ≥0.6%）和 

≤20% 之間；
表 層的陽離 交換能  exchange capacity）為 ≥25 

／kg），以及
 ≥50%。 

（granular）

（sub-angular）結構 ，或是在

未受到退化影響之富

 stability）。

性質：

 ，基本上擁有 ≤3 的彩度 ，彩度 
≤3  ≤5 

 ≥25 公分；以及
 25 公分的有機碳含量在 ≥1.2%（或在熱帶地區 ≥0.6%）和 

≤20% 之間。 

壤科學家通常將世界上的 鈣 s）、栗鈣
和 World Reference Base, WRB，世界 壤參比分類系統）、
中國 壤分類中的均腐 以及 壤分類學（soil taxonomy）中的

沃 作為 的類型（Liu, 2012）。雖然這些是主要的類別，但
（Chernic）、 （Mollic）、 瘠

當提到主要 時，全球有四處須著重討論 圍地出現
在北美中部地區 區；栗鈣 （Phaeozems）
則以不連續的帶狀出現 始於歐洲中南部
的半濕潤乾草原（sub-humid steppes），並延伸橫跨俄羅斯到東部

；第四個主要地點為南美洲的彭巴草原
（Pampas） 分領

。因此，世界上 9.16 億公頃的 分佈在北半球
，即南美洲的拉布拉他平原（La Plata basin）。當
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，提供多種益處
15）。

有鑑於此四個地區共同構成世界上主要的天然糧倉，因此對
於這種分布以及此種    

（Phaeozems
，但實際上擁

 Soil Organic Carbon map, GSOCmap）
，

只包含以下 壤類型： 鈣 栗鈣 和  2019; FAO, 
2009）  548 億噸
值為 66.4 噸／公頃（表 14）。

表  （Phaeozems）
在 30 

19.7 89.6

18.2 62.2

16.9 47.5

54.8 66.4
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包含充 的養分，可供農作物 所需，也含 量有機碳，同時具有良好物理
性質。 （Eckmeier 
et al., 2007）。此外，在實 永續管理措施時，因有適當的 pH 值、充 的有效氮、
鉀，並含 多數的微量營養素（micro-nutrient）且程度適當等相關特徵，使得 能
夠保持或改善 壤養分平衡和循環（Balashov and Buchkina, 2011; Zhang et al., 
2013）。 在 壤容積密度（bulk density）、 壤團粒形成（aggregation）、濕
潤團粒穩定性（wet-aggregate stability）和 滲透率（water infiltration rate）

有 性質。這些性質 的供 和乾
旱，並改善 質（Balashov and Buchkina, 2011; Chen et al., 2014）。富含碳的
壤是糖、胺基酸（amino acids）和羧酸（carboxylic acids）等成分的儲備庫，是
壤微 物群落 的天然資源（Zhang and Han, 2015）。 中的養分，如氮和

 2004）。

且其物理結構佳，
最多產的 壤；因此， 被密集、廣泛地耕作。全球分析指出，在 於種植農作
物的總 地中 有 19% ，則有 
62%  2015; HWSD, 2009）。

在俄羅斯 2.21 億公頃的農 中，60~70% 的 壤為 鈣 層（Avetov et al., 
2011）。在斯洛伐克， 積為 47 萬 4885 公頃（Kobza and Pálka, 2017），約

 20%。在中國  3500 萬公頃（Liu et al., 
2012），  20 世紀 50 年代以來 直是該國的重要產糧區；2014 年 產了
全中國 15.9% 的 稻、33.6% 的 米和 33.9% 的 豆（中國國家統計局；Bureau of 
statistics of China, 2015）。在美國， 沃 ）覆蓋約 1.96 億公頃，其中
36.9% 於畜牧業和作物 產（Wickham et al., 2014）。南美洲的 多數的 沃

於穀物和油料作物、果園、草 和飼料作
酪農業  et al., 2011）。 
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福祉。全 ，包括穀物、豆類 ，
前哥
炭、 骨等材料和有機物，形成現在被稱為亞 遜  Dark Earths）
的肥 （Schmidt et al., 2014; Anne, 2015; Kern et al., 2019）。

們 、產品和文化的
價值（Cui et al., 

例如，
根據全球 壤有機碳地圖顯 部 30 公分的平 壤有機碳庫存為 66.4 噸／
公頃 （57.34 噸／公頃）（FAO and ITPS, 
2019）。迄今，儘管全球關於 潛在溫室氣體排放的資訊很少，但眾所周知
廣泛且密集地耕種（穀物、牧草 。根據不

為集約式農業（intensive farming）系統後，在
50~100 年內耗損了 20~50% 壤有機碳；例如，在美國密集 植系統

 100 年內減少了 50% 以上（Gollany et al., 
機碳的 所造成，引起 壤品質和

壤結構衰弱， 的 地
利 和 效益（圖 15），

（Liu et al., 2012）。
對緩解和適應氣候變化是相當重要。
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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). 

緩解和適應
氣候變遷

•
•
•
•
•

•
•
•
•  

•
• GHS 化學品全球調和制度的平衡
• 有助於減少全球暖化

• 提供有營養的食物
•
•
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 1 3 可耕地被侵蝕（Balyuk and Medvedev, 2012）。從 1979~2014 年間，
在中國   

 420.9  et al., 

蝕性因數的數值顯著增加（上升 10~270%）（Rezapour and Alipour, 
2017）。

    

 15%、 
25% 和 40%（Iutynskaya and Patyka, 
機物已經損失 30%（Balyuk and Medvedev, 

 100~125 年期間裡，0~25公分層的碳已耗損約 30~45%（Krupenikov, 1992; 
 連作（monocropping）

   和 0.48%（Liu 
et al., 2005）。過度的耕  
（Agriculture and Agri-Food Canada, 2003，加拿 農業及農業食品部）。砍伐森
林和隨後的耕種導致巴 地區的有機碳值明顯下降（60~85%）（Rezapour 
and Alipour, 

的惡化（Durán, 2010）。在烏拉圭，僅經過 50  50% 
以上（Baethgen and Morón, 2000）。
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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).

       ，若沒有適當的肥培管理 ；已從在
俄羅斯 察到易流失的養分，特別是氮（從 2001 年的 -41.4 公
下降到 2009 年的 -56.4 公 ／公頃）和鉀（2001~2009 年期間從 -32.9 公 ／公 

頃下降到 -64.2 公 ／公頃），變得越來越貧瘠（Grekov et al., 2011; Medvedev, 
2012）。烏克蘭 的養分庫存明顯減少（Balyuk and Medvedev, 2012），過度

 and Agri-Food Canada, 
2003） ，觀察到總氮（67~88%）
（9~18%）和可交換性陽離  cations）（4~60%）的數值有明顯
的損耗（Rezapour and Alipour, 2017）。

。經過 75 年的耕作 穩定
團粒（water-stable aggregates）總量下降了 26.9 ±1.0%， 其黏 含量亦下降 
26.9 ±1.0%（Balashov and Buchkina, 2011）。烏克蘭的 項研究顯 約
40%  and Medvedev, 2012）。過度耕種和夏季休耕使

 and Agri-Food Canada, 

     

（次級）過程的結果
。根據在俄羅斯的研究指出，

（Grekov et al., 2011;  
Medvedev, 2012）。 的酸化，尤其在烏克蘭的切爾卡瑟（Cherkassy）和蘇梅
（Sumy）地區，在經歷 40~50 年的耕種後，pH 值下降 0.3~0.5 個單位（Grekov 
et al., 2011; Medvedev, 2012）。在中國東北 地區，從 2005~2014 年間， 壤
pH 值下降了 0.27 倍 （Tong, 
2018）。

總 之， 正 壤有機碳耗損 、鹽化和酸
化等相關威脅

 16）。 
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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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第 4 冊和第 6 冊中的相關案例研究

  
亞洲 16 4 10

歐洲 5 4 26

阿根廷彭巴 灌注和播撒 拉丁美洲和
加勒比海地
區

1 4 30

阿根廷彭巴地區的免耕和覆蓋作物
拉丁美洲和
加勒比海地
區

2~8 4 31

烏拉圭和阿 的作物與牧
草輪作

拉丁美洲和
加勒比海地
區

10~48 4 39

加 托巴省埃利
北美洲 6 4 42
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這裡的「草原」（grassland） 詞是指廣義的放牧地，與聯合國教科文組織的定義
致，即「被草本植物（herbaceous）覆蓋的 率低於 10%，樹

 10~40% 草 並茂的草原」。草原的特點是，草和草本植物通常出現
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根據模擬的碳債（carbon   
         

 
 

原系統，包括北美 原（prairies）、亞洲的乾草原（steppes）、非洲
的稀樹草原（veldts）、澳洲和非洲的疏林草原（savannahs），以及南美的彭巴草原
（pampas）、拉諾斯草原（llanos）和賽拉多草原（cerrados）。

就氣候和 原具有
原

 density，Viglizzo et al., 
 et al., 2019; Xu et al., 2017）都出現淨損失。已確定

的
 use 碳

損失的風險；（2） 耗，
故 區，恢

草原

般來說， 草原
 and Gifford, 或草原轉換為

耕地後卻 草原 （Sanderman, 
Hengl and Fiske, 2017）。此外，改善管理措施可以增加密集放牧的牧草地的有機物質投
入， （grass silage） （Khalil et al., 2020）。同樣
地，特 化的草原和疏林
草 點的機會。

變。例如，Khosravi 等 抽樣
法和空間統計來評估伊朗克爾曼省半乾旱放牧地碳固存熱點的驅動  Sanderman、
Hengl 和 Fiske（2017）則透過評估因 利 覆蓋變遷（land use and 
land cover change） 有機碳耗損量和空間分布，來辨識出全球潛在的 壤
有機碳固存熱點（圖  
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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.

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

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)

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)
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A

B

草原 素是
數據的侷限性和複雜 草原 壤碳反應。
雖然受管理的草原  0.7 ±0.16 噸碳／公頃／年 EFDC, 

 Fluid Dynamics code） ，但實
 16）。

作物
放牧

 

    

           
  

（Sanderman, Hengl and Fiske, 2017）（圖 18）。
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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.

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

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)

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)
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A
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圖 17B 與 Sanderman、Hengl 和 Fiske（2017）的補充資料顯 放牧地〔即

 Geosphere-Biosphere Program, 
類類別的草原

全球
（放牧地）  Century、

Daycent、 
GLEAM* 
模擬

未說明

0.23（平均）
0.13~0.32
（範圍）

改善放牧管理後的 Hender-
son et al. 
(2015) 

全球
（牧草地）

0.16（平均）
0.05~0.32
（範圍）

阿根廷（半
乾旱疏林草
原） 碳 1.9~2.75

點。潛在總獲得為
58 噸碳／公頃，

Abril and 
Bucher 
(2001)

澳洲（溫帶
牧草地）

在 15~25 年間

量

0~30 0.5~0.7 改善永久牧草地的
養分、放牧管理

Chan et al.  
(2011)

歐洲（溫帶）

基於 24 項研
究中的 89 個
觀察點之模擬
估計值

0~23.5
（平均）

1.05（100 年） 
3.23（20 年）

耕地轉換為草原。

的百分比變化來計
算比率 )

Poeplau et 
al.  (2011)

美國
（東南部）

35

原
之平均結果

0~25 0.84 ±0.11 試驗平均時間為
17 年

Poeplau et 
al. (2010)

英國北愛爾
蘭〔唐郡
（County 
Down）〕

測量比率與
**DNDC 模擬

比率，為各實
驗的平均值

0~15

0.46 ±0.06
（測量）

0.37 ±0.01
（DNDC 模

型）

在有草料管理（青
貯料／乾草）的草
原
驗（42 年）

Khalil et 
al. (2020) 

村）

測量 23 個地

樣本

0~30
0~90

0.60 ±0.16
0.9

平均時期為 23 年，
氮獲得為 0.07 噸
氮／公頃／年

Schipper et 
al.  (2014)
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由於各研究的
限。對於
和氣候因素、
以及研究的時間範圍。

*GLEAM–全球畜牧業環境評估模型（Gerber et al., 2013）；

**DNDC-  –分解，DNDC95 版）

遜南部）
（ clay oxisol）
上植樹12 年後
的測量結果

0~100 1.47
種植在牧場上的桉
樹（12 年）。養
分不受限制。

Oliveira et 
al. (2018)

蝕；諸如增加覆蓋物等的相關措施，
（soil conservation service），
（Keesstra et al., 2016）。

養分失衡和循環  
et al., 2019）。

草原上過度放牧，有助於管理鹽度風險
（Lavado and Taboada, 1987）。

在半乾旱地區，從種植作物轉換為草原
鹼度（sodicity）（Yu et al., 2018）。

汙
（Smith et al., 2019）。
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壤有機物是良好 壤品質、功能和健康的基本要素
（macronutrients）和微量營養素（micronutrients）， 壤有機碳的 準是決定全
球糧食和營 al, 2016）。
善糧食安全和適應氣候變遷。在熱帶環境下， 機碳增加，每年可以獲得產
量的共同效益（約 0.07 噸乾物質／噸 壤有機碳固存）（Soussana et al., 2019）。
全世界估計有 26 億公頃牧地 於 產反芻動物（Henderson et al., 2015），為靠畜

   

草原  et al., 
2019）。健康的 壤定義 積草原很重要，因這些草原 提
供 草原 也提供

草原   Jackson, 
2003）

（Keesstra et al., 2016）。

低牲畜放養率的永久草原
區較低（Miao et al., 2015）。

（Smith et al., 2019）。
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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 
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.

形成 壤有機碳固存的熱點（Sanderman, Hengl and Fiske, 2017）。相反地，在熱
帶和新熱帶地區， （如 Burrows et al. , 
2002），
與 64 年後未燒毀的地塊相比，在 64 年內經常燃燒的地塊之表 壤有機碳，預估會
下降 36 ±13%（Pellegrini et al., 2018）。

有 草原  Gleysols），
可能是 氧化碳損失的熱點（Leiber-Sauheitl et al., 2014），如在德國北部的 壤，
其溫室氣體淨平衡達到 7~9 噸碳／公頃／年。

，
 Lal, 2016; Soussana et al., 2019）。研究對草原

潛 不盡相同。Henderson 等 015）估計，隨著管
理的改善和豆科植物的播種，放牧地每年可固存約 8000 萬噸碳，同時增加超過 9 億

，產量的增加涉及到和溫
室氣體排放間的權衡取捨，其以反芻牲畜腸道的甲烷增加之形式來呈現。

雖然過去的草原 草原
有 阻擋最佳放牧管理

（圖 18）。 （Herraro 
et al., 2009）

草原
，將增加過度放牧的風險

 歷史上在溫帶和熱帶地區的草原  17），將有助於
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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 
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.

不受限的

受限
社會／政治上

草原
向反饋循環（positive feedback 

 et al., 2015）。此外，可推斷未來將出現更嚴重的乾旱，將讓

 2001~2019 有機碳的效應與 33

 et al., 2020）。
 1  

     
Baldock, 2010）
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of study 
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Volume
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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

第 4 冊和第 6 冊中的相關案例研究

澳洲南部和東部牧地草原系統的放牧
管理 東南太平洋 4~10 4 9
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巴
來

拉丁美洲和
加勒比海地
區
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加勒比海地
區
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北美委內瑞拉平原區緩解因旱林轉 拉丁美洲和
加勒比海地
區
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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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，因其可在不同的時間點儲存碳，將碳從
氣中移除，進 減少溫室氣體的排放，對地球的氣候調節有所貢獻。尤其

壤可以儲存 量的有機碳（ 壤有機碳）。儲存在 壤中的有機碳不僅在數量很重
要，品質也很重要，會影響到有機碳的持久性（如 Cotrufo et al., 2019）。特別是

庫（pool）中，例如顆粒狀有機物質（particulate 
organic matter）以及與礦物質相關的有機物

的轉換率（turnover rate）
，則更顯重要

翻擾，且密封（都市化）的情況亦較不明顯。在這樣的條件下，有機殘留物（枯枝落
葉 ，可以透過礦化（mineralization）和腐植化

；
（如 30 公分、1

計算此範圍內的相關輸入資料， （實地測量或估計）、 （測

性質，如總
深度、有機物含量、質地、團粒形成和孔隙度、腐植質類型），但其也受到環境和場
域條件（如氣候和坡度）、 地使 和管理歷史的影響（Wiesmeier et al., 2019）。

（如砍伐森林、過度放牧、加強侵蝕的耕犁做法）
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Background: N忒ural Earth (www.naturalearthdata.com)

在這項研究中 （UNEP-WCMC
地的定義，即 地是由數值 程模型（digital elevation model）僅基於 度（當海
拔 >2500 公尺時）， （當海拔 <2500 公尺時），

估算出來（Kapos, 2000; UNEP-WCMC, 2002）。全球 地 積為 3930 萬平 公
 27%（FAO, 2020 即將發表） 。

根據 地綠 覆蓋指數資料（Mountain Green Cover Index Data）（永續發展 標
指標  2015  1292 萬 4600 

的潛在活躍熱點，甚 可以庫存更多的碳。正如 Lehmann 等 （2020）所強調的，
為了緩解氣候變遷 ，但更要持續注意從前的活動，來

，增加侵蝕或加強有機物的快速礦化（Hock et al., 2019）。詳

響（如 Shi et al., 2020）。因此
鍵議題。

在表 33（附件 2）中，我們收集相關文獻
碳庫存（圖 19）
是 （表 33）。舉例來說
樣本中被測得， （pedotransfer function）來估算（此法通常會

。此外
深度來計算碳庫存： 些研究 員只測量表 （topsoil， 般為 0~10 公分或 0~30
公分） （0~40、0~50、0~60 公分等）

（subsoil
（soil 

profile）來計算（表 33）
機碳庫存量 。因此
的差異
差異以及其與環境特性間的關係。
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森林 
草原

 
混合

表 33 中所列文獻資料的樣區位置之地圖（附  2）

Shapefiles 格式檔案由 多樣性評估（Global Mountain Biodiversity 
Assessment, GMBA）為製作，供 Mountain Portal 線上軟體使 來描 脈
（University of Bern, 2020）。「混合」

如附  2 所 ，單 脈（和 研究 往往
會掩蓋與環境因素 有關的更廣泛趨勢。例如，表 33 的資料指
出，  61~278 草原（照
片 8）的礦物質 層的有機碳則平均庫存低於 100 噸／公頃。地中海地區的 地（如
義 利  

脈，其有機碳庫存介在 38~165 噸／公頃之間，其中可發現森林和草原
差異微
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The SOC stock ranges shown in each work, however, are sometimes even larger. All these data exclude 
Histosols (peatland soils), as they are treated in a specific chapter (See hot-spot n°4 “Peatlands”, this volume).
In the Himalayas (9 articles), soil profiles store on average between up to ~ 400 t/ha of SOC (Photo 10); the 
huge elevation and climatic gradients, however, make these data poorly representative. Mountains in tropical
areas tend to stock more SOC: for example, the first 70 cm of soil on Mount Cameroon stores 150–300 t/ha
(with maximum values in rainforests, Tsozuè et al. 2019), while the steep slopes of SW Uganda (Twongyirwe et 
al. 2013) store up to 170 t/ha in the top 30 cm (Photo 11). Soils in the Usambara Mountains (Eastern Arc
Mountains, Tanzania) store up to 270 t/ha in the top 100 cm.

Loss of OC is usually observed when land-use is changed from native forest to cultivation, particularly in the 
tropics. On the slopes of Mt. Kilimanjaro, for example, SOC stocks are reduced by ca. 23–38 percent when 
natural vegetation is removed to make space for cultivations (maize or coffee, Pabst et al. 2016). Tea plantations, 
however, can sometimes help soils store larger quantities of SOC compared to both degraded and primary 
forests (Chiti et al. 2018). Dinakaran et al. (2018) show how agricultural soils in the Himalayas are
characterized by extremely depleted OC pools compared to forest or grassland soils.

The effect of land abandonment followed by shrub encroachment or reforestation, which are dominating
processes in European mountains, is less clear, particularly in temperate areas (e.g. Campo et al. 2019).

Photo 10. A gentle slope along the Khumbu Valley (5065 m asl, Nepal), characterized by a C-rich Brunic Dystric Arenosol (Aeolic, Raptic)
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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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In the Himalayas (9 articles), soil profiles store on average between up to ~ 400 t/ha of SOC (Photo 10); the 
huge elevation and climatic gradients, however, make these data poorly representative. Mountains in tropical
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Mountains, Tanzania) store up to 270 t/ha in the top 100 cm.
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tropics. On the slopes of Mt. Kilimanjaro, for example, SOC stocks are reduced by ca. 23–38 percent when 
natural vegetation is removed to make space for cultivations (maize or coffee, Pabst et al. 2016). Tea plantations, 
however, can sometimes help soils store larger quantities of SOC compared to both degraded and primary 
forests (Chiti et al. 2018). Dinakaran et al. (2018) show how agricultural soils in the Himalayas are
characterized by extremely depleted OC pools compared to forest or grassland soils.

The effect of land abandonment followed by shrub encroachment or reforestation, which are dominating
processes in European mountains, is less clear, particularly in temperate areas (e.g. Campo et al. 2019).
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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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。所有這些資料都不包括
有 （Histosols；泥炭 ，  4 章的「泥炭
地」熱點） （九篇文章）  400 噸／公頃的
壤有機碳（照片 10） ，使這些資料的代表性極差。

（Mount Cameroon）
地趨前 70 公分的 壤儲存 150~300 噸／公頃（雨林中的最 值，Tsozue et al.,
2019）， 烏 達 南部的陡坡（Twongyirwe et al., 2013）則在頂部 30 公分儲存

達 170 噸／公頃（照片 11）。烏桑巴拉 脈（Usambara Mountains）〔坦尚尼
亞東部弧形 脈（Eastern Arc Mountains）〕的 壤在頂部 100 公分處，其 壤有

 270 噸／公頃。

        當 地使 變為耕種時，通常會觀察到有機碳的損失，特別是在熱
帶地區。例如 （Mt. Kilimanjaro）的 區，當移

植（ 米或咖啡，Pabst et al., 2016）時 壤有機碳庫存減少約
23~38%。然 ，與退化森林和原始森林相比，茶園
機碳（Chiti et al., 2018）。Dinakaran 

地復育
 Campo et al., 2019）。

（Khumbu Valley） （海拔 5065 公尺，尼泊爾），
（Brunic Dystric Arenosol）〔風成的（Aeolic），

不連續的（Raptic）〕
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¨ nutrient cycle regulation;
¨ soil habitat & biodiversity;
¨ cultural & natural archives;
¨ recreational & spiritual services.

FAO (2019) estimated that, as of 2017, mountains were home to around 15 percent of the world population 
(about 1.1 billion people). Mountain soils benefit, in many ways, not only the people living in the world’s
mountains but also billions more living downstream. Mountains provide food, fodder, medicinal plants and 
other wood and non-wood forest products, and are recharge areas for water in aquifers used by a consistent part 
of the world’s population. However, mountain people are still economically marginalized and heavily affected 
by poverty and high rates of vulnerability to food insecurity.  According to the recent FAO data, as of 2017, one 
in two rural mountain dwellers living in developing countries were vulnerable to food insecurity (FAO, 2020).
Vulnerability to food insecurity in rural mountain areas has been increasing since 2000, the first year when such 
data was monitored. The number of vulnerable people has increased in all regions of the developing world, but
some have suffered more than others. Indeed, during the last 5 years, rural mountain dwellers in Africa saw the 
biggest increase in food insecurity. Between 2012 and 2017, more than 25 million rural mountain people have 
become vulnerable to food insecurity. Hence, the relevance of investing in mountain areas and protecting 
mountain soils to achieve the zero-hunger SDG goal becomes evident.

A wide range of soil ecosystem services is related with the water cycle, including the retention of water available 
to plants and the soil biota; the regulation of run-off, and thus the reduction of flooding and erosion risks
through the balance with infiltration; water filtration, (the ability of soils to filter water, neutralizing or degrading
potentially harmful substances), and contributions to the groundwater recharge. In particular, run-off 
regulation limits erosion rates and consequent nutrients loss on mountain slopes, where the soil formation rates 
are lowered by the harsh climate. 

Mountains soils also act in climate regulation both at the local scale (through evapotranspiration, which cools
down the air temperature and is especially relevant in urbanized areas) and on the global scale, through the
storage of organic C that prevents its emission into the atmosphere as GHG. Additionally, forests are also known
by being sinks of methane, a GHG with high warming capacity (e.g. Delmas et al., 1992; Zhao et al. 2019b).

Among the other regulating services performed by mountain soils, is the ability to store, cycle and exchange 
nutrients with the other ecosystem components, thus preserving soil fertility and keeping healthy soils for food 
production. Soil management can largely contribute to enhance OC storage both in terms of amount and 
residence time (OC sink function).

Mountain soils also greatly contribute to biodiversity, hosting a huge variety of organisms living and growing in 
soils. The soil biodiversity expresses itself not only in terms of number and variety of species and individuals,
but also in terms of the gene pool, and it’s estimated to exceed the aboveground biodiversity.

Finally, soils also perform less visible services related to the aesthetic perception and the quality of the
landscape, that are important for human well-being. Because of limited development in mountain regions, they 
can also host remnants of the past and give scientists many insights on past climate, vegetation, etc.

Given the variety of ecosystem services performed by mountain soils, the goal of sustainable soil management is 
fundamental if we want to keep mountain soils healthy and functioning to their full potential.
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碳排放，進
全球氣候調節。 地 壤還提供為多項與 供應、過濾和調節有關的服務 這些
服務可以管控純 源的獲得 與地 補給。Geitner （2019）文獻回顧
在 性質的
獨特組合產物，並將其列出如下：

保 性（water retention）；

全球氣候調節；

烏 達 南部布恩迪國家公園（Bwindi National Park）中被熱帶 地雨
林覆蓋的陡坡以及附近的耕地



113
VOLUME 2: HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 113

¨ nutrient cycle regulation;
¨ soil habitat & biodiversity;
¨ cultural & natural archives;
¨ recreational & spiritual services.

FAO (2019) estimated that, as of 2017, mountains were home to around 15 percent of the world population 
(about 1.1 billion people). Mountain soils benefit, in many ways, not only the people living in the world’s
mountains but also billions more living downstream. Mountains provide food, fodder, medicinal plants and 
other wood and non-wood forest products, and are recharge areas for water in aquifers used by a consistent part 
of the world’s population. However, mountain people are still economically marginalized and heavily affected 
by poverty and high rates of vulnerability to food insecurity.  According to the recent FAO data, as of 2017, one 
in two rural mountain dwellers living in developing countries were vulnerable to food insecurity (FAO, 2020).
Vulnerability to food insecurity in rural mountain areas has been increasing since 2000, the first year when such 
data was monitored. The number of vulnerable people has increased in all regions of the developing world, but
some have suffered more than others. Indeed, during the last 5 years, rural mountain dwellers in Africa saw the 
biggest increase in food insecurity. Between 2012 and 2017, more than 25 million rural mountain people have 
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聯合國糧食及農業組織（FAO, 2019）估計，  2017 年，世界上約有 15% 
 11 

  

  

    

調節逕流從 透過滲透平衡減少 質
，可中和或降解潛在的有害物質），以及對地下

響 降低， 逕流調節將特別能夠限

地 壤在 ，在都市化地區尤其重
要）以及全球範圍內（透過儲存有機碳 ，都
有發揮氣候調  of 

 Delmas et al., 1992; Zhao et al., 
2019b）。

多樣性不僅表現在物種和個體的數量及種類上，更表現在基因庫（gene pool）
上；據估計，

最後 ；雖然這些服務不太明顯
，讓

科學家對過去的

，並使
其能充  
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5. General challenges and trends

Besides soil ecosystems services, Geitner et al. (2019) also listed the main soil threats that can put mountain
soils in danger. As soil ecosystem services are affected by chemical and physical properties such as texture,
organic matter content, permeability, and structure, they can be negatively impacted by changes in these 
properties after natural or anthropogenic disturbance. Among the main threats putting at risk the functions of
mountain soil, erosion and nutrients loss are particularly relevant in mountain areas where the effect of slope,
combined with slow soil formation rates, can limit soil development. As well compaction (i.e. a significant 
reduction of soil porosity resulting from improper soil management practices (e.g. timber harvesting 
techniques, overgrazing...) can heavily affect mountain soils, compromising the infiltration capacity and the
regulation of surface run-off, thus favoring accelerated erosion. Other threats are related to the loss of organic 
matter, which can affect both organic and mineral soils and can contribute to the release of greenhouse gases 
into the atmosphere. The loss of biodiversity can also alter mountain soils, and affect other services which are 
fundamental for healthy soils. Very often, soil threats (e.g. erosion and compaction) are triggered by land-use 
changes such as deforestation, and overgrazing (Photo 12 and Photo 14), urbanization, the building of
infrastructures, or other disturbances (for example, wildfires). Soil sealing can also have negative effects on soil
ecosystem services such as run-off regulation and biodiversity. This is particularly true in densely settled areas
such as touristic resorts in the Alps, where the surface available for services and infrastructures is naturally 
limited by land conformation. The growth of tourism (for example, construction of ski runs, lifts, and hotels), 
the expansion of traffic, energy projects (including power lines, dams, hydroelectric plants, and reservoirs), 
intensified agricultural use, settlement development, and human-induced climate change are placing a growing
impact on the environment. The soil in the Alps is not exempt from this development. Land use change and 
anthropogenic climate change result in severe sealing, erosion, and degradation. 

The Member States of the Alpine Convention (AC) thus adopted the Soil Conservation Protocol at the 5th 
Alpine Conference in 1998, which is an instrument under international law that deals specifically and directly 
with soil conservation in a particular region (Markus, 2017). Specific attention has been dedicated to the
protection of soils with particularly characteristic features, such as in wetland and moors, with the designation 
and management of endangered areas and areas threatened by erosion. 

Attention and efforts by the scientific community, civil society, and international organizations have increased
the awareness of the importance of mountain soils (for example, FAO, national and international soil science
societies). In 2015 (UN International Year of Soils) FAO, a collaboration with the Mountain Partnership
Secretariat5, the Global Soil Partnership6 and the University of Turin (Italy) promoted an awareness-raising
campaign focused on mountain soils, with the publication of a book called “Understanding Mountain Soils”. 
More than 100 authors contributed to this book, through the presentation of worldwide case studies on the 
specificities of mountain soils, including their potential for climate change mitigation. 

The case studies ranged from oceanic alpine landscapes in Scotland (Britton et al., 2015) including ecosystems
typical of many mountain areas on the northwestern fringe of Europe, to the mountain wetlands of Lesotho 

5 https://alpinesoils.eu/gspesp/mountain_p_secretariat/
6 http://www.fao.org/global-soil-partnership/en/
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Photo 12. Top: Vulnerable and eroded slopes after deforestation in the Kisoro District, SW Uganda (Bwindi mountains, with the Virunga
Volcanoes in the background). Bottom: Diffused erosion affecting recently deforested slopes along the Rift Valley escarpment, Elgeyo-
Marakwet County, Kenya
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上圖：烏 達 南部基索羅區（Kisoro District）森林砍伐後之脆弱
（Bwindi mountains）

（Virunga Volcanoes）〕。下圖： （Elgeyo-Marakwet  
County） 裂 懸崖（Rift Valley escarpment）沿線最近被砍伐的 坡遭受擴
散式侵蝕（Diffused erosion）
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5. General challenges and trends

Besides soil ecosystems services, Geitner et al. (2019) also listed the main soil threats that can put mountain
soils in danger. As soil ecosystem services are affected by chemical and physical properties such as texture,
organic matter content, permeability, and structure, they can be negatively impacted by changes in these 
properties after natural or anthropogenic disturbance. Among the main threats putting at risk the functions of
mountain soil, erosion and nutrients loss are particularly relevant in mountain areas where the effect of slope,
combined with slow soil formation rates, can limit soil development. As well compaction (i.e. a significant 
reduction of soil porosity resulting from improper soil management practices (e.g. timber harvesting 
techniques, overgrazing...) can heavily affect mountain soils, compromising the infiltration capacity and the
regulation of surface run-off, thus favoring accelerated erosion. Other threats are related to the loss of organic 
matter, which can affect both organic and mineral soils and can contribute to the release of greenhouse gases 
into the atmosphere. The loss of biodiversity can also alter mountain soils, and affect other services which are 
fundamental for healthy soils. Very often, soil threats (e.g. erosion and compaction) are triggered by land-use 
changes such as deforestation, and overgrazing (Photo 12 and Photo 14), urbanization, the building of
infrastructures, or other disturbances (for example, wildfires). Soil sealing can also have negative effects on soil
ecosystem services such as run-off regulation and biodiversity. This is particularly true in densely settled areas
such as touristic resorts in the Alps, where the surface available for services and infrastructures is naturally 
limited by land conformation. The growth of tourism (for example, construction of ski runs, lifts, and hotels), 
the expansion of traffic, energy projects (including power lines, dams, hydroelectric plants, and reservoirs), 
intensified agricultural use, settlement development, and human-induced climate change are placing a growing
impact on the environment. The soil in the Alps is not exempt from this development. Land use change and 
anthropogenic climate change result in severe sealing, erosion, and degradation. 

The Member States of the Alpine Convention (AC) thus adopted the Soil Conservation Protocol at the 5th 
Alpine Conference in 1998, which is an instrument under international law that deals specifically and directly 
with soil conservation in a particular region (Markus, 2017). Specific attention has been dedicated to the
protection of soils with particularly characteristic features, such as in wetland and moors, with the designation 
and management of endangered areas and areas threatened by erosion. 

Attention and efforts by the scientific community, civil society, and international organizations have increased
the awareness of the importance of mountain soils (for example, FAO, national and international soil science
societies). In 2015 (UN International Year of Soils) FAO, a collaboration with the Mountain Partnership
Secretariat5, the Global Soil Partnership6 and the University of Turin (Italy) promoted an awareness-raising
campaign focused on mountain soils, with the publication of a book called “Understanding Mountain Soils”. 
More than 100 authors contributed to this book, through the presentation of worldwide case studies on the 
specificities of mountain soils, including their potential for climate change mitigation. 

The case studies ranged from oceanic alpine landscapes in Scotland (Britton et al., 2015) including ecosystems
typical of many mountain areas on the northwestern fringe of Europe, to the mountain wetlands of Lesotho 

5 https://alpinesoils.eu/gspesp/mountain_p_secretariat/
6 http://www.fao.org/global-soil-partnership/en/
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Volcanoes in the background). Bottom: Diffused erosion affecting recently deforested slopes along the Rift Valley escarpment, Elgeyo-
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，Geitner （2019
、有機物含量、滲透性和結

構等化學與物理性質的影響 性質的變化會對

是關鍵； 同樣地，
壓實 、過度放牧等等因素

。其他威脅則與有機物的流失有關 ，並
，並影響其他對

。很多時候
，例如砍伐森林和過度放牧（照片 12 和照片 14）、都市化、基礎設

施建設 （例如野火） （soil sealing

密集的地區尤為如此；在那裡
限制 （例如建造滑雪道 、交通的擴展、能源計畫（包
括輸電線路
氣候變遷，

有鑒於此，阿爾卑斯 公約（Alpine Convention, AC）的成員國在 1998 年第
五屆阿爾卑斯 會議上通過了 壤保育議定書（Soil Conservation Protocol）；這是

（Markus, 
2017）。 如濕地和泥炭沼地（moor）

科學界
所增強（例如，聯合國糧食及農業組織、 。2015 年（此

 International Year of Soils），聯合國糧食及農業組織
 Partnership Secretariat）5

（Global Soil Partnership）6  of Turin）合作，推動
以 地 壤為重點的意識提升運動（awareness-raising campaign），並且出版名為

 Mountain Soils）的書，共計 100 多位作者促成
此書出版 性質 壤緩

 et al., 
 

5 https://alpinesoils.eu/gspesp/mountain_p_secretariat/
6 http://www.fao.org/global-soil-partnership/en/
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(Mapeshoane, 2015). From these studies it appears clear that a better understanding of the mechanisms 
underlying the spatial variability in soil C stocks and fluxes is urgently needed, to predict the fate of mountain 
soil C under a changing climate and land-use.

6. General recommendations for the hotspot

To increase the effectiveness of mountain soils in OC sequestration, we can act in several ways to promote SOC
accumulation and increase its residence time in soils that is, to delay its return into the atmosphere. Several 
guidelines can be proposed, but all of them are related to one or more of the following processes (Post and
Kwon, 2000):

¨ increasing the input of organic matter (grazing, cover crops, afforestation…)
¨ changing the decomposability of organic matter, which is usually low in mountain areas due to 

harsh climate, by favoring its incorporation into the soil (for example, by enhancing mixing by 
organisms or by direct below-ground input)

¨ favouring the interaction between organic matter and the soil mineral phase, that is, promoting 
aggregation types that protect organic matter from fast mineralization

¨ developing effective guidelines aiming at maintaining and increasing the OC sequestration
potential in mountain soils (Links4Soils, 2020)

¨ avoiding excessive irrigation, leading to nutrients loss and erosion. Drip irrigation or sub-
irrigation are optimal systems in terms of water-use efficiency. Additionally, they minimize 
nutrients leaching and water erosion

¨ increasing organic matter content in agricultural soils with suitable fertilization.  Apply animal
manure and/or compost to improve soil aggregation through the input of organic matter. When 
possible, cover manure to limit the decline of soil fertility (i.e. via ammonia volatilization) and the 
dilution effect caused by rainfall and irrigation

¨ whenever possible, encouraging integrated systems (e.g. crop-livestock systems or crop-livestock-
forest-systems, Photo 13), as well as reduced- or no-tillage practices that slow down the
mineralization rate of the soil organic matter

¨ preserving the areas with carbon-rich soils such as peatlands and forests not only as OC reservoirs 
but also as unique sources of biodiversity

¨ avoiding or limit agricultural burning, especially in areas affected by erosion
¨ avoiding overgrazing leading to soil erosion on slopes and floods in lowlands. Organize pasture 

rotation and haymaking practices where possible.

累積 。我們提出幾個
（Post and Kwon, 2000）：

增加有機物的投入（放牧、覆蓋作物、植樹造林…）

   在 區氣候較惡劣，有機物的可分解性通常很低。改變有機物的可分解性，將

（例如， 。

  （soil mineral phase） 也就是說，

促進可保護有機物不被快速礦化的團粒形成類型

  （Links4Soils, 

2020）

，滴灌（drip 

irrigation）或地下灌溉（subirrigation）是最佳系統，同時還能最 化養分淋

 ，

來輸入有機質，進 改善 壤的團粒形成。如果可以，則 糞肥覆蓋 表，來

限制  

溉所導致的稀釋效應（dilution effect）

  只要有可能， （如作物–畜牧系統或作物–畜牧–森林系統，

照片 13 率（mineralization rate）的少耕或免
耕措施 

  保護富含碳的地區，如泥炭地和森林等， 這些地區不僅是有機碳儲藏庫，也

避免或限制農業焚燒，特別是在受侵蝕影響的地區

 避免過度放牧 。如果可能，組

織牧草地輪作和製備乾草的措施。

研究中可以看出，我們急需更好的瞭解，去明
的空間變化機制，
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(Mapeshoane, 2015). From these studies it appears clear that a better understanding of the mechanisms 
underlying the spatial variability in soil C stocks and fluxes is urgently needed, to predict the fate of mountain 
soil C under a changing climate and land-use.

6. General recommendations for the hotspot

To increase the effectiveness of mountain soils in OC sequestration, we can act in several ways to promote SOC
accumulation and increase its residence time in soils that is, to delay its return into the atmosphere. Several 
guidelines can be proposed, but all of them are related to one or more of the following processes (Post and
Kwon, 2000):

¨ increasing the input of organic matter (grazing, cover crops, afforestation…)
¨ changing the decomposability of organic matter, which is usually low in mountain areas due to 

harsh climate, by favoring its incorporation into the soil (for example, by enhancing mixing by 
organisms or by direct below-ground input)

¨ favouring the interaction between organic matter and the soil mineral phase, that is, promoting 
aggregation types that protect organic matter from fast mineralization

¨ developing effective guidelines aiming at maintaining and increasing the OC sequestration
potential in mountain soils (Links4Soils, 2020)

¨ avoiding excessive irrigation, leading to nutrients loss and erosion. Drip irrigation or sub-
irrigation are optimal systems in terms of water-use efficiency. Additionally, they minimize 
nutrients leaching and water erosion

¨ increasing organic matter content in agricultural soils with suitable fertilization.  Apply animal
manure and/or compost to improve soil aggregation through the input of organic matter. When 
possible, cover manure to limit the decline of soil fertility (i.e. via ammonia volatilization) and the 
dilution effect caused by rainfall and irrigation

¨ whenever possible, encouraging integrated systems (e.g. crop-livestock systems or crop-livestock-
forest-systems, Photo 13), as well as reduced- or no-tillage practices that slow down the
mineralization rate of the soil organic matter

¨ preserving the areas with carbon-rich soils such as peatlands and forests not only as OC reservoirs 
but also as unique sources of biodiversity

¨ avoiding or limit agricultural burning, especially in areas affected by erosion
¨ avoiding overgrazing leading to soil erosion on slopes and floods in lowlands. Organize pasture 

rotation and haymaking practices where possible.

  
 

Kisimiri Chini〔坦尚尼亞阿魯沙區（Arusha District）
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        原，圖 
21） 公尺（在寒帶泥炭地）到超過 1500  尺〔在雅庫特
（Yakutia）〕不等。最冷的永凍 在南極洲的橫貫南極 脈（Transantarctic 
Mountains，-36℃）和北半球的加拿 北部（-15℃，Obu et al., 2019, 2020）。相
較之下  0℃ 之地區的泥炭地

是形成於寒冷的冰川期（如 1 萬 2000 年前），並在較溫暖的間冰期（interglacials）
持續存在  30~70 公尺）形成於全新世（Holocene， 
5000 年  400~150  Ice Age）。
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million km , and subsea permafrost accounts for about 2.5 million km  (Obu et al., 2019; Overduin et al., 
2019). The Southern Hemisphere has three orders of magnitude less permafrost than the Northern 
Hemisphere, most of which occurs in Antarctica, where 21 700 km  is underlain by permafrost (IPCC, 2019).
The Tibetan Plateau is the largest alpine permafrost area outside the polar regions, covering 1.1 million km2

(IPCC, 2019). The 2.5 million km of submarine permafrost formed when sea level was more than 100 m lower
during past glacial periods. Though it has been degrading since inundation, subsea permafrost persists in areas 
of the Arctic continental shelves (Figure 21 blue-greenish colors, Overduin et al., 2019).

3. Global carbon stocks and additional carbon 
storage potential

The cold temperatures and unique soil processes of permafrost have led to the accumulation of deep deposits 
rich in organic matter (Figure 20 and Figure 22, Table 20, Hugelius et al., 2014). Understanding the amount
and degradability of soil organic matter stored in permafrost is crucial as increasing temperatures in northern 
high latitudes lead to permafrost thaw and loss (Figure 23 and 

Figure 24). This permafrost degradation can accelerate decomposition of organic matter previously stored in
permafrost. Microbial decomposition produces carbon dioxide (CO2), methane (CH4), and nitrous oxide
(N2O), the three most influential long-lived greenhouse gases (Schuur et al., 2015; Voigt et al., 2020).

Globally, permafrost regions store ~1460–1600 Gt7 of soil organic carbon (SOC; Hugelius et al. 2014, IPCC,
2013, 2019, Schuur et al 2015; Figure 22, Table 20). This represents approximately twice as much carbon as 
is currently present in the atmosphere (Figure 22). The rest of Earth’s biomes, excluding the Arctic and Boreal 
regions, are estimated to contain 2 050 to 2 800 Gt SOC in the top 3 m of soil (Schuur et al., 2015, Jackson et 
al., 2017). This means that even though these northern regions account for only 15 percent of global soil area,
they contain approximately 42 percent of global soil carbon (taking the 2 050 Gt from Schuur et al., 2015).
Recent studies suggest that up to half of the global soil carbon pool (estimated at 2 800 Gt C to a depth of 3 m;
Jackson et al., 2017) is stored in the permafrost region (Figure 22). In addition to these relatively well-
constrained SOC pools, there could be an additional deep permafrost pool of 350-465 Gt C (mean ~400 Gt,
Figure 22). This would be in addition to the already included deep SOC from yedoma (Strauss et al., 2017) and 
Arctic delta estimates. This additional pool is estimated using a depth interval of 3-10 m and carbon content of
11–14 kg C/m  (Schuur et al., 2015).

Most of the SOC in permafrost regions occurs in circumarctic ecosystems (Figure 21). However, we estimate
that alpine permafrost zones outside the circumarctic contain 83.2 Gt SOC (Table 20). This estimate includes
SOC in global mountain permafrost (IPCC, 2019) and an updated estimate of SOC in the top 3 m of the Tibetan 
Plateau (36.6 Gt C; Ding et al., 2019). We note that 46 percent of this Tibetan C is estimated to be in 
permafrost. There is less SOC in alpine permafrost compared to circumarctic permafrost because of its smaller 
area and lower C density (kg C/m ) (IPCC, 2019; Hugelius et al., 2014). The same elevational pattern holds

7 1Gt = 1 billion tons
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2. Global distribution of hotspot

The global permafrost distribution is controlled by long-term mean air temperature. Locally, the distribution of 
permafrost is also affected by the properties of the ground surface and various ecosystem factors. Permafrost is
more likely to occur in areas of low snow cover, insulative soil (e.g. peat) or vegetation, and absence of surface 
water. Permafrost regions are commonly subdivided by the proportion of the land area underlain by frozen
material (Figure 21): continuous permafrost with >90 percent coverage, discontinuous permafrost with 50–90
percent coverage, sporadic permafrost with 10–50 percent coverage, and isolated permafrost, which has <10
percent coverage (not included in Figure 21).

Figure 21. Extent of permafrost on the Northern Hemisphere

This map has been graciously adapted by G. Fylakis from GRID-Arendal based on data from Overduin et al. (2019) and Obu et al. (2019) 
and a product of the NUNATARYUK project in collaboration with GRID Arendal.

Permafrost occurs on land in polar and high mountain areas, and as submarine permafrost in the bottom
sediments of shallow shelf regions of the polar oceans (Figure 21). Estimating its total coverage is challenging
because permafrost occurrence is spatially heterogeneous and difficult to measure remotely. For example, the 
permafrost region (including permafrost-free patches) of the Northern Hemisphere is estimated to be 
21 million km  (22 percent of exposed land area, brownish colors in Figure 21), but modelling studies indicate 
that only 13.9 million km  of this area is actually underlain by permafrost (Obu et al., 2019). Lowland (non-
alpine) permafrost accounts for 10.1 to 19.6 million km , mountain (alpine) permafrost accounts for 3.6 to 5.2

全球永凍 的分布受 期平均氣溫的控制。就局部地 性 ，永凍 的分布也受
到地表性質 、有絕緣性
（insulative soil，如泥炭）或植被 域。永凍 區通常依照有冰
凍物質在其下的陸 積比例，來加以細分（圖21）：覆蓋率 於 90% 的連續性永凍

 permafrost）、覆蓋率為 50~90% 的不連續永  
rost）、覆蓋率為10~50%的零散 permafrost），以及覆蓋率

rost，未列入圖 21）。

冰川和格陵蘭島冰原

10~50%）
50~90%）

90%）

本 地 圖 由 GRID Arendal 的 G. Fylakis 根 據 Overduin 等  和 Obu 等
 NUNATARYUK 計畫與 GRID Arendal 合作的產物

        永凍 現在極地 區的陸地上 存在於極地海洋 陸棚區（shelf 
regions）的底部沉積物中時，則稱作海底永凍  permafrost）（圖
21）。 ； （spatially 
heterogeneous）出現 。例如 （包括無永凍

估計有 2100  22%，圖 21 ，
，此區域實際只有 1390 （Obu et al., 

2019）。低地  1010~1960 占 
360~520  250 （Obu et al., 2019; 
Overduin et al., 2019）。南半球的永凍 北半球少 1000 倍，且 分都位在南極
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million km , and subsea permafrost accounts for about 2.5 million km  (Obu et al., 2019; Overduin et al., 
2019). The Southern Hemisphere has three orders of magnitude less permafrost than the Northern 
Hemisphere, most of which occurs in Antarctica, where 21 700 km  is underlain by permafrost (IPCC, 2019).
The Tibetan Plateau is the largest alpine permafrost area outside the polar regions, covering 1.1 million km2

(IPCC, 2019). The 2.5 million km of submarine permafrost formed when sea level was more than 100 m lower
during past glacial periods. Though it has been degrading since inundation, subsea permafrost persists in areas 
of the Arctic continental shelves (Figure 21 blue-greenish colors, Overduin et al., 2019).

3. Global carbon stocks and additional carbon 
storage potential

The cold temperatures and unique soil processes of permafrost have led to the accumulation of deep deposits 
rich in organic matter (Figure 20 and Figure 22, Table 20, Hugelius et al., 2014). Understanding the amount
and degradability of soil organic matter stored in permafrost is crucial as increasing temperatures in northern 
high latitudes lead to permafrost thaw and loss (Figure 23 and 

Figure 24). This permafrost degradation can accelerate decomposition of organic matter previously stored in
permafrost. Microbial decomposition produces carbon dioxide (CO2), methane (CH4), and nitrous oxide
(N2O), the three most influential long-lived greenhouse gases (Schuur et al., 2015; Voigt et al., 2020).

Globally, permafrost regions store ~1460–1600 Gt7 of soil organic carbon (SOC; Hugelius et al. 2014, IPCC,
2013, 2019, Schuur et al 2015; Figure 22, Table 20). This represents approximately twice as much carbon as 
is currently present in the atmosphere (Figure 22). The rest of Earth’s biomes, excluding the Arctic and Boreal 
regions, are estimated to contain 2 050 to 2 800 Gt SOC in the top 3 m of soil (Schuur et al., 2015, Jackson et 
al., 2017). This means that even though these northern regions account for only 15 percent of global soil area,
they contain approximately 42 percent of global soil carbon (taking the 2 050 Gt from Schuur et al., 2015).
Recent studies suggest that up to half of the global soil carbon pool (estimated at 2 800 Gt C to a depth of 3 m;
Jackson et al., 2017) is stored in the permafrost region (Figure 22). In addition to these relatively well-
constrained SOC pools, there could be an additional deep permafrost pool of 350-465 Gt C (mean ~400 Gt,
Figure 22). This would be in addition to the already included deep SOC from yedoma (Strauss et al., 2017) and 
Arctic delta estimates. This additional pool is estimated using a depth interval of 3-10 m and carbon content of
11–14 kg C/m  (Schuur et al., 2015).

Most of the SOC in permafrost regions occurs in circumarctic ecosystems (Figure 21). However, we estimate
that alpine permafrost zones outside the circumarctic contain 83.2 Gt SOC (Table 20). This estimate includes
SOC in global mountain permafrost (IPCC, 2019) and an updated estimate of SOC in the top 3 m of the Tibetan 
Plateau (36.6 Gt C; Ding et al., 2019). We note that 46 percent of this Tibetan C is estimated to be in 
permafrost. There is less SOC in alpine permafrost compared to circumarctic permafrost because of its smaller 
area and lower C density (kg C/m ) (IPCC, 2019; Hugelius et al., 2014). The same elevational pattern holds

7 1Gt = 1 billion tons
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2. Global distribution of hotspot

The global permafrost distribution is controlled by long-term mean air temperature. Locally, the distribution of 
permafrost is also affected by the properties of the ground surface and various ecosystem factors. Permafrost is
more likely to occur in areas of low snow cover, insulative soil (e.g. peat) or vegetation, and absence of surface 
water. Permafrost regions are commonly subdivided by the proportion of the land area underlain by frozen
material (Figure 21): continuous permafrost with >90 percent coverage, discontinuous permafrost with 50–90
percent coverage, sporadic permafrost with 10–50 percent coverage, and isolated permafrost, which has <10
percent coverage (not included in Figure 21).

Figure 21. Extent of permafrost on the Northern Hemisphere

This map has been graciously adapted by G. Fylakis from GRID-Arendal based on data from Overduin et al. (2019) and Obu et al. (2019) 
and a product of the NUNATARYUK project in collaboration with GRID Arendal.

Permafrost occurs on land in polar and high mountain areas, and as submarine permafrost in the bottom
sediments of shallow shelf regions of the polar oceans (Figure 21). Estimating its total coverage is challenging
because permafrost occurrence is spatially heterogeneous and difficult to measure remotely. For example, the 
permafrost region (including permafrost-free patches) of the Northern Hemisphere is estimated to be 
21 million km  (22 percent of exposed land area, brownish colors in Figure 21), but modelling studies indicate 
that only 13.9 million km  of this area is actually underlain by permafrost (Obu et al., 2019). Lowland (non-
alpine) permafrost accounts for 10.1 to 19.6 million km , mountain (alpine) permafrost accounts for 3.6 to 5.2

，得以累積（圖 20
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within the circumarctic, with mountain regions showing 50 percent less C density compared to tundra lowlands
(Schuur et al., 2015; Strauss et al., 2017).

The permafrost coverage can be patchy and discontinuous, especially in the southern edge areas of the 
permafrost zone and/or areas of lower altitude. Because of this, only ~1000 Gt C (derived from Hugelius et al.,
2014, Strauss et al., 2017, and mountain permafrost estimate in IPCC, 2019) of the global permafrost region 
C stock is stored in permafrost, while up to ~600 Gt C are stored in permafrost-free soils or sediments within
the region (Table 20).

Besides C, nitrogen (N) stocks of permafrost soils are estimated to range between 22 to 106 Gt N, with a best 
estimate of 66 Gt N (Harden et al., 2012). This N is of concern because it could constrain the loss and uptake
of C and potentially cause a climate feedback via N2O. If only a minor portion of this soil N is released as N2O 
during nitrification and denitrification, the climate feedback loop from permafrost thaw and resulting 
greenhouse gas production would be even larger.

Table 20. Soil organic C stocks reported for permafrost

Unit Depth (cm) Region SOC stock
(Gt C)

stock 
uncertainty 
range
(Gt C)

Reference

Turbels 0–300
lowland 
permafrost

476 359–593 Hugelius et al. (2014)

Orthels 0–300
lowland 
permafrost 98 61–135 Hugelius et al. (2014)

Histels 0 –300
lowland 
permafrost 153 139–167 Hugelius et al. (2014)

Histosols 0 –300
lowland 
permafrost 149 130–167 Hugelius et al. (2014)

Non-Gelisols,
mineral 0–300

lowland 
permafrost 158 131–185 Hugelius et al. (2014)

Permafrost deep 
peatlands >300

lowland 
permafrost 32 21–43

Hugelius et al.
(2020)

Deltaic alluvium >300–5400
lowland 
permafrost 91 39–143 Hugelius et al. (2014)
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Figure 22. Terrestrial carbon stocks and atmospheric carbon in relation to the carbon stored in the permafrost region

The size of the circles is proportional to the size of the carbon stock. The stocks are given in gigatons (Gt)

The global soil estimate (3350 Gt) is based on soils to 3 m (2800 Gt) as well as other pools in deep permafrost (500 Gt) and tropical
peatlands (50 Gt; Jackson et al., 2017)

(Adapted and updated from Strauss et al., 2017). Based on data from different International Panel on Climate Change (IPCC) reports
(e.g. IPCC, 2019) and Hugelius et al. (2014; 2020)

Following IPCC 2013, the ocean stocks (not visualized) contain 900 Gt in the surface ocean, 37100 Gt in the intermediate and deep sea,
3 Gt in the marine biota and 700 Gt as dissolved organic carbon. For the ocean floor sediments 1750 Gt are estimated.

3.1. Potential mechanisms for additional C storage

While permafrost ecosystems typically support relatively low net primary productivity and total living biomass 
compared to temperate and tropical ecosystems (Abbott et al., 2016), permafrost soils have sequestered C over 
tens of millennia through different natural mechanisms. The active layer of permafrost soils is exposed to
seasonal cycles of freeze and thaw, which cause complex soil mixing processes called cryoturbation. Over time, 
cryoturbation incorporates SOC from the surface into deeper soil, where SOC is protected from
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the global climate. By 2100, the near-surface (0–3 m) permafrost area may decrease by 2–66 percent for the 
International Panel on Climate Change (IPCC) mitigation scenario (RCP2.6) and 30–99 percent for the high-
emission scenario (RCP8.5) (IPCC, 2019). Between 2010 and 2300, simulations indicate a decrease of 6 to 
16 million km2 in permafrost area for the high-emission scenario (RCP8.5).

Projections of SOC stability are substantially more uncertain than projections of permafrost degradation. For
the high warming scenario (RCP8.5), projected losses in SOC vary between 74 and 652 Gt C (mean loss of 341 
Gt C; McGuire et al., 2018). For this scenario, the C uptake by vegetation C is likely not large enough to 
compensate for the losses of permafrost C, with net changes in ecosystem C ranging from a 641 Gt C loss to a
167 Gt C gain (mean, 208 Gt C loss) (McGuire et al., 2018). Under moderate warming (RCP4.5), gains in
vegetation C across the circumarctic could result in overall net gains in ecosystem C by the year 2300 (-8 to 
244 Gt C gains; RCP4.5 scenario; McGuire et al., 2018). It is important to note that the spread between model
results is very large and that many current models have only rudimentary representation of permafrost C and 
mechanisms of its mobilization across depths. This introduces uncertainty and potential underestimation of
SOC mineralization.

Figure 23. Projected permafrost areal change (x-axis) of the topmost 3 m until 2100

The high-emission scenario is illustrated in red (RCP8.5), the low-emission scenario (RCP 2.5) in blue. The greyish areas represent the 
overlap in the ranges

A reduction of up to 75 percent of the permafrost area, meaning a loss of more than 10 million km2, is possible. (Adapted from IPCC, 
2019).

One of the specific limitations of current modelling approaches is that models only simulate gradual, top-down 
thaw via a deepening of the active layer from the surface. Observations now show that permafrost containing
high and moderate amounts of ground ice is affected by abrupt thaw events, such as thermokarst and thermo-
erosion. These events can be triggered gradual warming, wildfires, excess rainfall, shore and hillslope erosion,
human disturbance or other factors (Grosse et al., 2011; Turetsky et al., 2020). Abrupt permafrost
disturbances are widespread across the permafrost distribution classes (i.e. continuous, discontinuous, etc.;
Figure 21), including relatively warm and very cold permafrost regions (Nitze et al., 2018). Thermokarst and 
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increased precipitation, evapotranspiration, and river discharge to the Arctic Ocean, decreases in permafrost 
may lead to soil drying (IPCC, 2019) as the landscape loses its frozen underpinning. In mountain permafrost
regions, permafrost degradation has changed some alpine ecosystems through altered soil temperature and
permeability, decreasing the climate regulating service of a vast region and leading to lowered groundwater and 
new and shrinking lakes on the Tibetan Plateau. Minimizing these threats requires coordinated global action to 
limit anthropogenic warming as much as possible (IPCC, 2019).

4.2. Increases in production and food security

Food and water security have been and will be negatively impacted by changes in snow cover, lake and river ice, 
and permafrost in many Arctic regions. These changes have disrupted access to herding, hunting and fishing 
grounds, and caused the instability of agricultural land (IPCC, 2019).

Lowland permafrost is expected to contain a significant amount of natural mercury, which may be released into
the environment after thaw, affecting drinking water and ecosystem food webs (IPCC, 2019). In some high
mountain areas, water quality has been affected by contaminants, particularly mercury, released from melting 
glaciers and thawing permafrost already (IPCC, 2019). The release of heavy metals and other legacy 
contaminants currently stored in glaciers and permafrost, is projected to reduce water quality for freshwater 
biota as well as human household and agricultural use. Additionally, permafrost degradation can enhance the 
release of other elements (e.g., aluminum, manganese and nickel) (IPCC, 2019). Permafrost degradation is also 
a major and increasing source of bioavailable dissolved organic C, which can degrade drinking water and affect 
food webs in aquatic and marine ecosystems. The release of metals, C, and nutrients could consequently affect
the food security of humans living in the permafrost zone.

4.3. Improvement of human well-being

The combination of thawing permafrost, loss of sea ice, extreme weather events, and rising sea level has multiple 
negative impacts on Arctic livelihoods Climate-driven environmental change harms the livelihoods, wellbeing,
and cultural identity of all Arctic residents (AMAP, 2017; IPCC, 2019). In some Arctic regions, tipping points 
may have already been reached such that adaptive practices can no longer insulate local peoples from the worst
effects of climate change. People displaced by the collapsing ground and eroding coastlines of the permafrost
zone are among the first climate refugees. Coastal erosion and thawing permafrost forced entire villages to 
relocate at enormous economic and cultural cost (Welch, 2019).

Another risk from permafrost soil is the potential for thawing permafrost to release ancient pathogens 
(Legendre et al., 2015, non-pathogenic in this case). A 2016 outbreak of anthrax likely from frozen ground on
the Yamal Peninsula in Siberia led to the culling of more than 200 000 reindeer and the death of one human 
(Hueffer et al., 2020). The potential for viruses and diseases to be revived from permafrost should be of concern 
in the context of global warming, though it is unclear how widespread or common such events could be.
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4. Importance of permafrost conservation for the 
provision of specific ecosystem services

The Arctic may seem remote and disconnected from current events, but the unprecedented environmental 
changes occurring there have important consequences for our global society. The loss of permafrost and
associated greenhouse gas release could weaken the permafrost zone’s service as a long-term C storage and sink 
(Schuur and Mack, 2018; IPCC, 2019). Thaw and release of just a fraction of this frozen C in the form of
greenhouse gases into the atmosphere would accelerate and magnify global climate warming. This destabilizing
feedback could cause further degradation of permafrost in both polar and mountain areas (Schuur et al., 2015).
It is unlikely that such large thaw induced losses could be compensated by increased plant growth or northward
shifts in biomes. Because these permafrost feedbacks are still not incorporated into IPCC projections, current 
climate policy may not achieve desired targets.

In addition to the global consequences of GHGs emissions, permafrost thaw and degradation affects local 
habitats, degrading some of the last pristine areas on Earth. These local dynamics affect human communities 
living on permafrost through water quality and quantity, natural hazards, and stability of infrastructure and land
loss. Changes in ground stability and weather patterns are altering travel routes, impeding access to culturally 
significant hunting and gathering areas and travel to other communities. Reliable transportation and timing of 
resources are fundamental to northern indigenous livelihoods. 

Another ecosystem service that could be threatened by climate change is freshwater storage. Ground ice in the
permafrost zone contains a globally-significant volume of freshwater: 22 to 300 × 103 km3, which represents
up to 90 cm sea level rise (Abbott et al., 2019). While complete ground ice melt is not a realistic scenario for 
the 21st century, the projected widespread loss of near-surface permafrost, where most of the ground ice is 
located, suggests that this is a factor to be accounted for over the next few centuries.

In summary, permafrost is no longer permanent. Climate change and human disruption of the soil are causing
irreversible changes to circumpolar and alpine permafrost areas. 

4.1. Minimization of threats to soil functions

The only viable way to reduce permafrost soil threats is to reduce anthropogenic climate change. It appears that
much of the SOC of the permafrost zone can be protected if human emissions are actively reduced. Specifically,
greenhouse gas release, lateral C export, and disturbance such as wildfire and thermokarst are all reduced when 
human emissions are rapidly reduced (Abbott et al., 2016; Turetsky et al., 2020). Otherwise, because of its vast 
size and remote location, on-the-ground interventions are not feasible for most of the permafrost zone. Ice-rich
permafrost, like the yedoma region, and steep mountain permafrost areas are particularly prone to hazards
because permafrost and ground ice exert strong controls on ground stability (Krautblatter et al., 2013, IPCC,
2019; Strauss et al., 2017; Turetsky et al., 2020). Projected permafrost thaw will affect Arctic hydrology and 
wildfire, with impacts on vegetation and soil. About 20 percent of Arctic land permafrost is vulnerable to abrupt
permafrost thaw and ground subsidence, which is expected to increase small lake area by over 50 percent by 
2100 for RCP8.5 (Turetsky et al., 2020). Even as the overall regional water cycle intensifies, including 
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in the context of global warming, though it is unclear how widespread or common such events could be.
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4. Importance of permafrost conservation for the 
provision of specific ecosystem services

The Arctic may seem remote and disconnected from current events, but the unprecedented environmental 
changes occurring there have important consequences for our global society. The loss of permafrost and
associated greenhouse gas release could weaken the permafrost zone’s service as a long-term C storage and sink 
(Schuur and Mack, 2018; IPCC, 2019). Thaw and release of just a fraction of this frozen C in the form of
greenhouse gases into the atmosphere would accelerate and magnify global climate warming. This destabilizing
feedback could cause further degradation of permafrost in both polar and mountain areas (Schuur et al., 2015).
It is unlikely that such large thaw induced losses could be compensated by increased plant growth or northward
shifts in biomes. Because these permafrost feedbacks are still not incorporated into IPCC projections, current 
climate policy may not achieve desired targets.

In addition to the global consequences of GHGs emissions, permafrost thaw and degradation affects local 
habitats, degrading some of the last pristine areas on Earth. These local dynamics affect human communities 
living on permafrost through water quality and quantity, natural hazards, and stability of infrastructure and land
loss. Changes in ground stability and weather patterns are altering travel routes, impeding access to culturally 
significant hunting and gathering areas and travel to other communities. Reliable transportation and timing of 
resources are fundamental to northern indigenous livelihoods. 

Another ecosystem service that could be threatened by climate change is freshwater storage. Ground ice in the
permafrost zone contains a globally-significant volume of freshwater: 22 to 300 × 103 km3, which represents
up to 90 cm sea level rise (Abbott et al., 2019). While complete ground ice melt is not a realistic scenario for 
the 21st century, the projected widespread loss of near-surface permafrost, where most of the ground ice is 
located, suggests that this is a factor to be accounted for over the next few centuries.

In summary, permafrost is no longer permanent. Climate change and human disruption of the soil are causing
irreversible changes to circumpolar and alpine permafrost areas. 

4.1. Minimization of threats to soil functions

The only viable way to reduce permafrost soil threats is to reduce anthropogenic climate change. It appears that
much of the SOC of the permafrost zone can be protected if human emissions are actively reduced. Specifically,
greenhouse gas release, lateral C export, and disturbance such as wildfire and thermokarst are all reduced when 
human emissions are rapidly reduced (Abbott et al., 2016; Turetsky et al., 2020). Otherwise, because of its vast 
size and remote location, on-the-ground interventions are not feasible for most of the permafrost zone. Ice-rich
permafrost, like the yedoma region, and steep mountain permafrost areas are particularly prone to hazards
because permafrost and ground ice exert strong controls on ground stability (Krautblatter et al., 2013, IPCC,
2019; Strauss et al., 2017; Turetsky et al., 2020). Projected permafrost thaw will affect Arctic hydrology and 
wildfire, with impacts on vegetation and soil. About 20 percent of Arctic land permafrost is vulnerable to abrupt
permafrost thaw and ground subsidence, which is expected to increase small lake area by over 50 percent by 
2100 for RCP8.5 (Turetsky et al., 2020). Even as the overall regional water cycle intensifies, including 
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Wildfire frequency and intensity are projected to increase during this century across most tundra and boreal 
regions (Abbott et al., 2016), and also in some mountain regions. Interactions between climate and shifting 
vegetation will influence future fire intensity and frequency (Schuur and Mack, 2018; IPCC, 2019; Holloway 
et al., 2020). The years 2019 and 2020 were characterized by extraordinary intense wildfire seasons in Siberia 
(NASA, 2020), as well as extreme heat waves in northern high latitudes. In Verkhoyansk, located in the northern 
part of the Republic of Sakha (Yakutia), a record temperature of 38°C was measured in June 2020 (WMO,
2020). Fires endanger infrastructure and human well-being by reducing air quality. They also burn surface soil
organic matter, causing an immediate release of soil C to the atmosphere. On longer timescales, wildfire can 
remove the insulating layer on top of permafrost soils, degrading permafrost and enhancing soil organic C
decomposition (Holloway et al., 2020).

Another challenge is that permafrost decline alters the frequency, magnitude and location of most of the natural 
hazards. Exposure of people and infrastructure to natural hazards has increased due to growing population,
tourism and socio-economic development. Seventy percent of Arctic infrastructure is located in regions at risk 
from permafrost thaw and subsidence by the year 2050 (IPCC, 2019). Even cold Arctic permafrost in northern 
Siberia is projected to be affected by thaw subsidence by the end of the 21st century (Nitzbon et al., 2020). In 
May 2020 the largest reported diesel spill to date in the Arctic region from a tank facility at a power plant in 
Norilsk was linked to infrastructure damage furthered by permafrost thaw likely caused by human disturbance.

Permafrost thaw also has negative impacts on infrastructure in high mountain areas (IPCC, 2019). Cable cars,
mountain huts, power lines, and rockfall or avalanche protections built on permafrost in the European Alps,
mostly found in the high mountain region above 2.500 m, have been destabilized by permafrost thaw
(Krautblatter et al., 2013). On the Tibetan Plateau, deformation or damage has been found on roads, power
lines and an oil pipeline. Tourism and recreation activities such as hiking, skiing and mountaineering have been 
negatively affected by permafrost thawing. In several regions, worsening trail safety has reduced mountaineering 
opportunities and will further endanger subsistence and recreational activities in mountainous areas.

4.4. Mitigation of and adaptation to climate change

Arctic residents, especially indigenous peoples, have adjusted the timing of important activities and practices to
respond to changes in seasonality and safety of land, ice, and snow travel conditions. Municipalities and industry 
are beginning to address infrastructure failures associated with flooding and thawing permafrost and some 
coastal communities are planning village relocations. Retrofitting and redesigning infrastructure has the 
potential to halve the costs arising from permafrost thaw and related climate-change impacts by 2100. For
infrastructure on permafrost, engineering practices suitable for polar and high mountain environments have
been developed to support adaptation (Doré et al., 2016). It is suggested that effective mitigation efforts during
the remainder of this century could attenuate the negative consequences of the permafrost climate feedback.
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6. Related terminology

6.1. Soil related terminology

Turbels: cryoturbated permafrost soils

Orthels: non-cryoturbated permafrost-affected mineral soils

Histels: organic permafrost soils

6.2. Permafrost specific terms 

Simplified from van Everdingen et al. 2005

Active layer: top layer of ground subject to seasonal thawing and freezing in areas underlain by permafrost

Cryoturbation: soil movements causes by to freeze-thaw cycles, including expansion and contraction due to 
temperature changes and the growth and disappearance of ground-ice bodies,

Ice wedge: A massive, generally wedge-shaped body with its apex pointing downward. Ice wedges occur in 
thermal contraction cracks in which water from melting snow penetrates in the spring. Repeated annual
contraction cracking of the ice in the wedge, followed by freezing of water in the crack, gradually increases the 
width and depth of the wedge

Lowland permafrost: Permafrost existing in high latitudes and outside alpine areas

Mountain permafrost (also alpine permafrost): Permafrost existing at high altitudes, also occurring in 
middle and low latitudes

Permafrost: Ground (including soil or rock) that remains at or below 0°C for at least two following years

(Ice wedge) polygons: A type of patterned ground consisting of a closed, roughly equidimensional figure 
bounded by more or less straight sides. Causes by soil shrinking, water infiltration and thick wedged shape ice 
bodies (ice wedges) in the ground.

Solifluction (also frost creep): Slow downslope flow of saturated unfrozen earth materials

Talik: A layer or body of unfrozen ground within or through permafrost

Thaw subsidence: Drop in elevation of the ground surface due to ice volume loss caused by thaw

Thermo-erosion: The erosion of ice-rich permafrost by the combined thermal and mechanical action of moving
water

Thermokarst: Process: melting of excess ground ice and subsequent thaw settlement, often caused by a water
body (thermokarst lake); Landform: topography resulting from the melting of excess ground ice and subsequent
thaw settlement. Thermokarst terrain is so named because of its superficial resemblance to the karst topography 
typical of limestone regions

Yedoma: Pleistocene ice-rich permafrost with syngenetic ice-wedges. Widespread in Siberia, Alaska, and 
Yukon (Canada) and prone to rapid-thaw processes.
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body (thermokarst lake); Landform: topography resulting from the melting of excess ground ice and subsequent
thaw settlement. Thermokarst terrain is so named because of its superficial resemblance to the karst topography 
typical of limestone regions

Yedoma: Pleistocene ice-rich permafrost with syngenetic ice-wedges. Widespread in Siberia, Alaska, and 
Yukon (Canada) and prone to rapid-thaw processes.
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1. Definition and description

The expectation has been raised that carbon sequestration in soils can provide a bridge to reduce the impacts of 
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population living in drylands, and particularly for small rural producers, who are the most vulnerable to 
degradation (Thomas, 2008). Capturing SOC through the restoration of degraded drylands is paramount,
especially in regions where it is technically and socioeconomically a viable option (FAO, 2002). The capacity 
for carbon sequestration in drylands is potentially high because their historical losses due to degradation are
still far from the maximum point of restoration (United Nations, 2011).

In order to determine the contribution of drylands to the potential for SOC sequestration, a meta-analysis is 
presented with bottom-up scaling, based on information from 33 local studies and nine regional studies, with 
measurement periods or projection long enough (34±23 years) to reflect annual variations in SOC stores, in 
response to land use under different management practices and diverse environmental conditions. For this 
study, the potential for sequestration of SOC was quantified based on the dryland surface of UNEP-WCMC 
(Sörensen, 2007) comparing other available sources with a high level of agreement (geographic area with 
intersection) but with different delimitation approaches (Trabucco and Zomer, 2019; Sayre et al., 2020). These 
approaches use (with different precision and breadth) the various intervals of the aridity index (AI), which was 
established by the United Nations Environment Program, and which represents the dimensionless relationship 
between annual precipitation (P) and potential evapotranspiration (PET) (Trabucco and Zomer, 2019). The AI
= 0.65 divides the planet's lands into two classes: arid and humid, referred to as dry and humid domains. There
are four subclasses of the dry domain: hyper-arid, arid, semi-arid, and sub-humid, that correspond to the upper
intervals of the AI 0.05, 0.2, 0.5, and 0.65, respectively (Cherlet et al., 2018).

2. Global distribution of hotspot

There is no absolute consensus on the distribution of drylands on a global scale. The area can vary from 26.3
percent by Köppen (1931) to 52.3 percent by UNCBD (2007). Divergences occur due to the different
concepts and objectives on the part of the organizations in charge of promoting their knowledge and
conservation. The United Nations Convention to Combat Desertification (UNCCD) excludes hyper-arid zones 
(AI <0.05) as they are regions not prone to desertification (Zdruli, Kapur and Celik 2010). At the same time,
the United Nations Convention on Biological Diversity (UNCBD) considers not only hyper-arid ecosystems but 
also other ecosystems with higher humidity (AI> 0.65) that are functionally connected and that in some cases 
are difficult to separate from drylands (Sörensen, 2007).

In 1977 the United Nations Conference on Desertification (UNCOD) adopted a Plan of Action to Combat 
Desertification (PACD). Despite this and other efforts, the United Nations Environment Programme (UNEP)
promoted the production of the world's aridity maps. One of the first maps was created by the Climate Research 
Unit (CRU) of the University of East Anglia (UEA) and the Global Resource Information Database (GRID) of 
the United Nations Development Program (UNDP) for the first edition of the World Desertification Atlas 
(Harris et al., 2014). Based on this information, the drylands limits were defined for the Millennium Ecosystem
Assessment in 2000. Subsequently, some authors updated this information to improve the precision of the 
limits of tropical dry and sub-humid forests and deserts (Miles et al., 2006) or include additional information on 
drylands under an ecoregions approach (Sörensen, 2007).
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Figure 29. SOC relative increase (Base Factor) in soils with non-conventional treatments and reference soils with conventional treatment 
over 20 years, based on the data in Appendix 1

The Base factor is the relative soil carbon storage compared to the native or traditional system (Ogle, Breidt and Paustian, 2005) and is
used to compute the relative change in storage from the reference native condition following long-term cultivation (i.e. 20 years)

Global potential of Drylands

Soil organic carbon recovery is typically a slow process, lasting decades to centuries, depending on the 
system's carbon balance (Bai et al., 2008). Considering that a fifth of the drylands have maintained, adopted,
or improved their soil management practices during the last 20 years (IPCC, 2000 in FAO, 2002), the global
sequestration may reach 5.2 Gt C (2020–2040, in the first 30 cm of depth). This amount means an average 
potential of 0.26 tC/ha/yr for global drylands, if we consider available data sets and the average of all reports
with rates lower than 2 tC/ha/yr (Table 25, Table 26 and Figure 30).
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Figure 29. SOC relative increase (Base Factor) in soils with non-conventional treatments and reference soils with conventional treatment 
over 20 years, based on the data in Appendix 1

The Base factor is the relative soil carbon storage compared to the native or traditional system (Ogle, Breidt and Paustian, 2005) and is
used to compute the relative change in storage from the reference native condition following long-term cultivation (i.e. 20 years)
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Soil organic carbon recovery is typically a slow process, lasting decades to centuries, depending on the 
system's carbon balance (Bai et al., 2008). Considering that a fifth of the drylands have maintained, adopted,
or improved their soil management practices during the last 20 years (IPCC, 2000 in FAO, 2002), the global
sequestration may reach 5.2 Gt C (2020–2040, in the first 30 cm of depth). This amount means an average 
potential of 0.26 tC/ha/yr for global drylands, if we consider available data sets and the average of all reports
with rates lower than 2 tC/ha/yr (Table 25, Table 26 and Figure 30).
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Table 25. Global Potential Restoration SOC (30 cm of depth) under unconventional 
agricultural and livestock systems, annually and after 20 years, by Aridity Index 
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Photo 15. Poor water management leads to desiccation or salinization of the soil. Lucerne irrigation in Cuatro Ciénegas, Mexico

Photo 16. Use of native grasslands for feeding sheep and camelids in Central Andean Dry Puna. Oruro, the Plurinational State of
Bolivia
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Correcting salinization

Rainfed agriculture and irrigation largely determine groundwater quality and quantity, the first case through 
infiltration and the second through the extraction (Mortimore et al., 2009). Salinity affects SOC stocks and 
biodiversity (Lal, 2003). However, the irrigation can improve water and nitrogen balances in soil, which leads
to a correction in plant productivity and carbon inputs to the soil (Ghosh and Mahanta, 2014). When this
practice is improper it can increase salinity levels in soils, especially in regions with higher evapotranspiration
(generally lower aridity index). The introduction of species such as Prosopis juliflora in salinity affected soils in
northeast India has increased SOC amount by 10 t/ha over five years (Garg, 1998).

4.2. Increases in production and food security

Food security in drylands has high risks because the frequent climatic variations affect expected production
systems more strongly, especially those for self-consumption (Photo 16). Increasing the SOC pool of degraded 
agricultural land by one ton can increase crop yields from 20 to 40 kg/ha for wheat, 10 to 20 kg/ha for maize, 
and 0.5 to 1 kg/ha for cowpea (Lal, 2004).

4.3. Mitigation of and adaptation to climate change

Scientists and politicians have warned that environmental degradation and climate change cause massive 
displacements of people every day (Cruz et al., 2017). These phenomena affect the soil's ability to produce 
healthy and nutritious food for humans and other organisms (Parr et al., 1992). SOC sequestration could lessen 
the impact of climate change. The Brazilian semi-arid region (Caatinga) projects long-term losses (80 years) of 
650 Tg C in a surface of 50 Mha due to global warming (Althoff et al., 2015). This damage can be reduced by
increasing the soil rest period from 20 to 50 years and extending the Caatinga cutting intervals from 10 to 20 
years. With this, both firewood and carbon's sustainable production can achieve in this region (Choné et al., 
1991; Araújo-Filho et al., 2013).

5. General challenges and trends

None of the environment's problems can be rationally addressed until its dimensions in space and time are 
known. The economic costs of knowing the profit and loss history of the soils and their producers will be 
significant, true; however, they would reflect a more transparent and consistent strategy to achieve the
conservation of the soil and other natural resources that we can still use (Trimble and Crosson, 2000).
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infiltration and the second through the extraction (Mortimore et al., 2009). Salinity affects SOC stocks and 
biodiversity (Lal, 2003). However, the irrigation can improve water and nitrogen balances in soil, which leads
to a correction in plant productivity and carbon inputs to the soil (Ghosh and Mahanta, 2014). When this
practice is improper it can increase salinity levels in soils, especially in regions with higher evapotranspiration
(generally lower aridity index). The introduction of species such as Prosopis juliflora in salinity affected soils in
northeast India has increased SOC amount by 10 t/ha over five years (Garg, 1998).
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systems more strongly, especially those for self-consumption (Photo 16). Increasing the SOC pool of degraded 
agricultural land by one ton can increase crop yields from 20 to 40 kg/ha for wheat, 10 to 20 kg/ha for maize, 
and 0.5 to 1 kg/ha for cowpea (Lal, 2004).

4.3. Mitigation of and adaptation to climate change

Scientists and politicians have warned that environmental degradation and climate change cause massive 
displacements of people every day (Cruz et al., 2017). These phenomena affect the soil's ability to produce 
healthy and nutritious food for humans and other organisms (Parr et al., 1992). SOC sequestration could lessen 
the impact of climate change. The Brazilian semi-arid region (Caatinga) projects long-term losses (80 years) of 
650 Tg C in a surface of 50 Mha due to global warming (Althoff et al., 2015). This damage can be reduced by
increasing the soil rest period from 20 to 50 years and extending the Caatinga cutting intervals from 10 to 20 
years. With this, both firewood and carbon's sustainable production can achieve in this region (Choné et al., 
1991; Araújo-Filho et al., 2013).

5. General challenges and trends

None of the environment's problems can be rationally addressed until its dimensions in space and time are 
known. The economic costs of knowing the profit and loss history of the soils and their producers will be 
significant, true; however, they would reflect a more transparent and consistent strategy to achieve the
conservation of the soil and other natural resources that we can still use (Trimble and Crosson, 2000).
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Table 27. Related cases studies available in volumes 4 and 6

Title Region
Duration 
of study 
(Years)

Volume
Case-
study n°

Short-time effects of no-tillage in olive 
orchards in Lebanon NENA 5 4 1

Irrigation and SOC sequestration in the 
region of Navarre in Spain Europe 6 to 20 4 19

Application of mulching in subtropical
orchards in Granada, Spain Europe 5 4 20

Reduced tillage frequency and no-till to
allow ground covers and seeding cover
crops in rainfed almond fields, Spain

Europe 10 4 21

Biochar and compost application in an olive 
orchard, Spain Europe 4 4 22

Syntropic Agriculture in a Mediterranean 
Context Europe 2 4 23

Pickle Melon (Cucumis melo) production in 
Karapõnar, Central Turkey Eurasia 60 4 24

Irrigated Wheat-Maize-Cotton in the 
Harran Plain, Southeast Turkey Eurasia 30 4 25

Management of ornamental lawns and 
athletic fields in California, United States

North 
America

2, 10, 20
and 33

6 29
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11. Technosols and 
urban soils
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1. Definition and description

Urban areas constitute less than 2 percent of world’s land area (Yang and Zhang, 2015) but have been found to 
contain, on average, 1.5 to 3 times more carbon than natural soils. Urban soils function as “hotspots,” or a 
concentrated medium, of carbon storage (Edmondson et al., 2012). Urban soils are commonly human-made 
and include Technosols constructed with various organic and inorganic materials. Urban areas are hotspots of 
carbon stocks on a global scale because they may be subject to rapid gain or loss of carbon. Constructed soils
commonly contain high amounts of organic materials because they are well managed and consequently, they 
contain higher amounts of soil organic carbon (SOC) than their rural counterparts. Soil organic (SOC) and soil
inorganic carbon (SIC) vary greatly within a city. Their content is mostly controlled by historical and current 
land use. Buried fill materials (e.g. fly ash) or a cultural layer (e.g. carbonate materials) can contain extremely
high levels of black carbon (BC) or inorganic carbon with minimal loss over long periods. Rapid weathering of
concrete materials (Ca-silicate) also contributes to the rapid increase of SIC content in the soil. High SOC
content is mostly the result of active management, which introduces large amounts of carbon and nitrogen into 
the soil and allows the buildup of biomass over time. This process is particularly dominant in arid climates that 
have minimal biological productivity. SOC content in buried soils is largely preserved due to low respiration
activities and mineralization rates. 
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with iron and aluminum oxides and other clay minerals; and (3) high levels of calcium. Fire, ozone, and 
ultraviolet radiation can degrade BC (Czimczik and Masiello, 2007). Coal ash and construction debris can have 
elevated levels of trace metals and polycyclic aromatic hydrocarbons (PAHs). Black carbon has a high affinity for 
persistent organic pollutants, such as PAHs and polychlorinated biphenyls (PCBs). The strong sorption of these 
compounds by BC can lower the exposure potential and toxicological risks (Koelmans et al., 2006).

3.2. Spolic soils

Spolic soils formed in human-transported materials with low amounts of human artifacts (less than 10 percent). 
In the soil survey of New York City, soils that were in the Spolic material class and were in well-established 
turfgrass cover were also found to have considerable amounts of SOC (Table 29).

Table 29. Soil organic carbon stocks in Spolic soils sampled in New York City, United 
States of America at 0–100 cm depth

Location Soil Type (U.S. Soil Taxonomy) Cseq
(tC/ha)

Material type Pedon ID

New York Coarse-loamy, spolic, mixed, 
active, acid, mesic Anthropic 
Udorthents

364.9112

Human-
transported 
material; <10
percent
artifacts

S1998NY061010

Bronx 205.54 S2000NY005006

Queens

Coarse-loamy over sandy,
spolic, mixed, superactive,
nonacid, mesic Anthropic 
Udorthents

204.58 S1998NY081001

Brooklyn
Coarse-loamy, spolic, mixed, 
active, acid, mesic Anthropic 
Udorthents

191.69 S2011NY047001

Source: National Cooperative Soil Survey Characterization Database13

Spolic soils, formed in human-transported materials, make up about 16 percent of the mapped land area of New
York City. In these soils, stocks of soil organic carbon (SOC) to a depth of 100 cm average 151.51 tC/ha. This
figure is slightly higher than the average for native soils in areas of woodlands in the city (109.65 t/ha). Pouyat
et al. (2009) proposed that turfgrass soils in Baltimore reached maximum SOC levels in 40 years and mentioned

12 Photo 19
13 http://ncsslabdatamart.sc.egov.usda.gov/
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Table 28. Soil organic carbon stocks in the fine-earth fraction of Combustic and Artifactic 
soils sampled in New York City, United States of America at 0–100 cm depth

Location Soil Type (U.S. Soil Taxonomy)
Cseq
(tC/ha) Material class Pedon ID

Staten 
Island Combustic, mixed, mesic Typic 

Udipsamments

3781.46

Coal
combustion 
bottom ash

S1995NY085007

2860.56 S2009085002

Camden 1180.60 S2010NJ007001

Bronx
Sandy, combustic, mixed, mesic 
Anthroportic Udorthents 508.939 S2011NY005001

Queens

Loamy-skeletal, artifactic, mixed,
superactive, nonacid, mesic Anthropic
Udorthents

612.2210

Urban 
construction 
debris

S2011NY081001

Bronx

364.04 S2009NY005001

292.22 S2009NY005002

Queens 286.44 S2011NY081002

Source: National Cooperative Soil Survey Characterization Database11

The Combustic soils cover only about 0.1 percent of the mapped land area of New York City. In these soils, 
stocks of soil organic carbon (SOC) to a depth of 100 cm average 2 207.36 tC/ha. The Artifactic soils comprise
almost 6 percent of the city’s mapped land area. In these soils, stocks of SOC to a depth of 100 cm average 
306.22 t/ha. Given that SOC stocks for native soils in areas of woodland average 109.65 t/ha both types of
high-artifact soil represent a significant increase in carbon sequestration. In the soil sealing or pavement 
process, the burial of large amounts of ash, charcoal, asphalt fragments, biochar, and similar materials beneath 
the impervious surface would provide a good method to sequester carbon (Lorenz and Lal, 2015).

Black carbon (BC) is more resistant to degradation than thermally unaltered organic carbon (from plant and
animal residues). BC stability in soils is promoted by: (1) biological or physical mixing that removes the BC from
the soil surface and redistributes it to subsurface horizons; (2) the formation of organo-mineral associations 

9 Photo 17
10 Photo 18
11 http://ncsslabdatamart.sc.egov.usda.gov/
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Washbourne et al. (2015) estimated the removal of 85 tons of CO2 /ha per hectare by calcium carbonate 
precipitation in the top 100 mm of soil in just 18 months at a demolition site in Newcastle, England. At the site,
fine materials from onsite production of secondary concrete aggregates were incorporated into the soil.

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

4.1. Minimization of threats to soil functions

Table 31. Soil threats

Soil threats

Soil erosion

Maintaining groundcover, establishing vegetation after completion of
construction activities (Lorenz and Lal, 2015), land leveling, and terracing of
slopes for residential or commercial development reduce soil erosion 
(Vasenev and Kuzyakov, 2018). SOC improves aggregation, structure stability,
and infiltration.

Nutrient imbalance 
and cycles 

Soil organic matter (SOM) improves nutrient cycling. Adding SOM, such as
compost, is an effective and common practice used by urban gardeners
(Brown et al. 2016). Benefits include increased organic matter, slow-release of
nutrients, increased cation exchange capacity (CEC), increased water-holding
capacity, and dilution of trace elements or other contaminants in the soil
(NRCS Urban Technical Note 4).

Soil salinization and 
alkalinization

Urban soils have higher pH than soils in native areas (Craul, 1999) related to
mixing of construction debris (Morel, Chenu and Lorenz, 2014) and 
weathering of artifacts. This higher pH affects the solubility of nutrients and
trace metals in soil and can reduce the need for liming in some areas.

Soil contamination /
pollution

Additions of SOC, such as compost, can dilute contaminant concentrations in 
soil. SOC can also immobilize and reduce the bioavailability of several
contaminants (NRCS Urban Technical Note 4; Ge et al., 2000), such as soil
lead related to strong bonds at soil particle surface (exchange sites). It may,
however, increase the bioavailability of arsenic (Fleming et al., 2013).

RECARBONIZING GLOBAL SOILS186

 

  

 



187
VOLUME 2: HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 187

Washbourne et al. (2015) estimated the removal of 85 tons of CO2 /ha per hectare by calcium carbonate 
precipitation in the top 100 mm of soil in just 18 months at a demolition site in Newcastle, England. At the site,
fine materials from onsite production of secondary concrete aggregates were incorporated into the soil.

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

4.1. Minimization of threats to soil functions

Table 31. Soil threats

Soil threats

Soil erosion

Maintaining groundcover, establishing vegetation after completion of
construction activities (Lorenz and Lal, 2015), land leveling, and terracing of
slopes for residential or commercial development reduce soil erosion 
(Vasenev and Kuzyakov, 2018). SOC improves aggregation, structure stability,
and infiltration.

Nutrient imbalance 
and cycles 

Soil organic matter (SOM) improves nutrient cycling. Adding SOM, such as
compost, is an effective and common practice used by urban gardeners
(Brown et al. 2016). Benefits include increased organic matter, slow-release of
nutrients, increased cation exchange capacity (CEC), increased water-holding
capacity, and dilution of trace elements or other contaminants in the soil
(NRCS Urban Technical Note 4).

Soil salinization and 
alkalinization

Urban soils have higher pH than soils in native areas (Craul, 1999) related to
mixing of construction debris (Morel, Chenu and Lorenz, 2014) and 
weathering of artifacts. This higher pH affects the solubility of nutrients and
trace metals in soil and can reduce the need for liming in some areas.

Soil contamination /
pollution

Additions of SOC, such as compost, can dilute contaminant concentrations in 
soil. SOC can also immobilize and reduce the bioavailability of several
contaminants (NRCS Urban Technical Note 4; Ge et al., 2000), such as soil
lead related to strong bonds at soil particle surface (exchange sites). It may,
however, increase the bioavailability of arsenic (Fleming et al., 2013).

RECARBONIZING GLOBAL SOILS186

 

        
  

   



188



189

 
  

 
    

 

   

 

   

 
  



190
VOLUME 2: HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 191

©
 U

SD
A-

N
R

C
S

©
 U

SD
A-

N
R

C
S

RECARBONIZING GLOBAL SOILS190

2018). In addition to their inherent properties, urban soils have ability to capture and store atmospheric carbon
through mineral weathering of silicate minerals. Such minerals originate from crushed concrete and result in 
secondary precipitation of carbonates, a SIC source in urban soils (Washbourne et al., 2015).

SOC accumulation in urban soils also increases their adaption to climate change, in particular such extreme 
events as drought and thunderstorms with high precipitation (Robin et al., 2018).

5. General challenges and trends

Creation of constructed Technosols (human-transported materials)

The process of soil construction creates greater carbon storage within subsoil layers (Rees et al., 2019). Soil
carbon content may occur in higher concentrations in subsurface horizons due to material source and 
development practices. Some human-transported and human-altered materials can have elevated contaminant 
levels.

Possible greenhouse gas (GHG) emissions

On-going maintenance of turfgrass and green areas requires the use of equipment that contributes to carbon 
dioxide emissions (Selhorst and Lal, 2013).

Soil sealing

Sealing promotes the retention of soil carbon stocks at the time of encapsulation; however, soils encapsulated 
by impervious surfaces potentially have lower soil carbon stocks due to the removal of topsoil that has high SOC
content. Topsoil can be removed during construction activities, and the soil below the sealed surface has only a
limited ability to accumulate more soil carbon (Lu et al., 2020).

Wetlands

Due to construction activities, a loss of wetlands caused by draining or filling an area reduces the ability of the 
wetland to sequester SOC. The natural primary carbon collection environments are diminished, and existing 
carbon stocks in the wetland system are subject to volatilization.

Soil compaction

Compaction resulting from construction activities during site development can delay the successful
establishment of plants, restrict root growth and depth, and increase soil erosion and runoff.

Green Infrastructure

Urban trees and lawns contribute to higher SOC stocks in urban soils (Nowak and Crane, 2002; Zirkle, Lal and 
Augustin, 2011). Organic soil amendments, such as compost and various mulches, also increase SOC stocks in
urban green infrastructure. Additionally, street trees can provide SOC in dominantly impervious areas and other 
urban areas with high-density development; however, there are high installation and management costs (Kovacs 
et al., 2013).  Green roofs are constructed soils that have high SOC content. They have increasing significance 
and growing extent in urban areas (Oberndorfer et al., 2007).
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Table 32. Related cases studies available in volumes 4 and 6

Title Region
Duration 
of study 
(Years)

Volume
Case-
study n°

Carbon storage in soils built from waste for
tree plantation in Angers, France Europe 3 6 22

Urban agriculture on rooftops in Paris, France -
the T4P research project (Pilot Project of
Parisian Productive Rooftops)

Europe 5 6 23

Organic amendments for soils rehabilitation of
open-pit mines in Spain Europe

6, 10 and 
18

6 24

Urban Forestry effects on soil carbon in 
Leicester, United Kingdom of Great Britain and 
Northern Ireland

Europe
20 to 
100

6 25

Urban Agriculture in Tacoma, Washington,
United States of America

North 
America

1 6 26

Soil Organic Carbon in forested and non-
forested urban plots in the Chicagoland 
Region, United States of America

North 
America

Various 6 27

Compost application to restore post-
disturbance soil health in Montgomery 
County, Virginia, United States

North 
America

4 6 28

Management of ornamental lawns and athletic 
fields in California, United States

North 
America

2, 10, 20
and 33

6 29

Water and residues management on a golf
course, Nebraska, United States

North 
America 4 6 30

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

North 
America

100 6 31
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Annexes
Annex 1. Tropical Moist Forest – Supplementary 
documents

Annex 1A. Data on Soil Organic Carbon in moist tropical forests,
including references

Site Country Continent SOC 
(tC/ha)

Soil
depth 

(cm)
Reference

Bimbia- Bonadikombo 
Community Forest Cameroon Africa 17.7 30 Longonje et al.

(2018)

Doume Communal Forest Cameroon Africa 39.39 20 Zekeng et al. (2020)

Eastern Cameroon (old Forest) Cameroon Africa 106.4 100 Sugihara et al. (2019)

Mount Cameroon Cameroon Africa 65.4 30 Tegha et al. (2016)

Technical Operational Unit
(Campo-Ma'an) Cameroon Africa 78.5 50 Lontsi et al. (2019)

Kisangani- Biosphere Reserve 
(YOKO)

Democratic Republic
of the Congo Africa 44.2 90 Doetterl et al. (2015)

Kisangani- Biosphere Reserve 
(Yangambi)

Democratic Republic
of the Congo

Africa 109.5 90 Doetterl et al. (2015)

Belete Forest Ethiopia Africa 88.3 50 Lemma et al. (2006)

Gera Ethiopia Africa 47.88 30 Mohammed et al.
(2006)

Shashamane Forest Ethiopia Africa 89.13 80 Lemenih et al.
(2005)

Upper Gacheb Catchment Ethiopia Africa 183.5 80 Kasa et al. (2017)

Wushwush Ethiopia Africa 9.9 10
Solomon et al.
(2002)

Mount. Birougou National Park Gabon Africa 93 100 Guatam et al. (2018)
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Mountain 
range

N° of 
articles Countries Land use/cover Reference C stock 

(t/ha)
Depths
(cm)

O 
horizons LUC

SW Uganda 1 Uganda
Mixed (forest,
agroforestry,
crops)

Twongyirwe et al.
(2013) 69–80 0–30 No No

Yunnan 1 China Mixed (forest,
grassland, crops) Duan et al. (2014) 40–760 profile No No

others 1 Arctic Areas Alpine tundra Palmtag et al. (2015) 83–300 0–100 Yes No

others 1 Portugal Forest Fonseca et al. (2019) 140–200 0–30 Yes Yes

others 5 Europe

Forest Baritz et al. (2010) 11–126 0–20 Yes No

Forest
Be vá ová et al.
(2018)

6–58 A 
horizon Yes No

Forest De Vos et al. (2015) <50–400 Profile Yes No

Forest,
grassland, cop

Poeplau and Don 
(2013)

10–24 0–30 Yes Yes

Forest Vanguelova et al.
(2016) No

others 1

Europe,
United 
States of 
America

Mixed (forest,
alpine tundra)

Egli et al. (2012) ~10–250 profile No No

others 2 World
Alpine tundra

Bockheim and
Munroe (2014) 152 0–30 No No

Forest Lal et al. (2005) 96–723 No

others 1 China Alpine tundra Chen et al. (2016) 95–311 0–50 No No

In the first column, “others” include works dealing with C stocks in many mountain ranges, in whole countries or
continents.

The category “Mixed” in the column “Land use/cover” refers to the presence of more than one land use/cover.

*: median values.

LUC indicates the focus on land-use change in the paper, as reported in Figure 19 of the main chapter’s document.
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

to perennial grass
without liming

G 41.0 44.1 13 0.24 1.006

Periodic application of
P, K, Mb. Conversion 
to perennial grass with 
liming

Hudson,
Australia

AI 0.65, 411 m
a.s.l., 
temperate, hill, 
Luvic Phaozem,
0.3 depth

G 38.6 39.6 8 0.12 1.003
Continuous cutting 
with inorganic fertilizer
90 kgN/ha/yr

Young et al.
(2009)

G 38.2 42.3 8 0.52 1.014

Conversion to 
perennial grasses. Use
of inorganic fertilizer
for pastures C3-C4 50
kg/ha/yr

Wagga Wagga,
Australia

AI 0.65, 198 m
a.s.l., 
temperate, hill, 
Kandosol , 0.2
depth

CG 43.0
0 33.6 25 -0.38 0.991 3 pass tillage, stubble

burnt, wheat/wheat
Chan,
Roberts, and 
Heenan
(1992)

C 43.0
0 48.0 25 0.20 1.005

No tillage, stubble 
retained,
wheat/clover rotation,
keep mown

Yarramanbah,
Australia

AI 0.65, 147 m
a.s.l., 
temperate,
plain, Luvic
Phaeozem, 0.3
depth

G 27.8 29.3 8 0.19 1.007
Continuous cutting 
with inorganic fertilizer 
100 kg/ha/yr

Young et al.
(2009)

Santa 
Teresinha, Brazil

AI 0.5, Eutric
Leptosol, 281
m a.s.l., tropic, 
hill, 0.5 depth

F 32.5 26.0 100 -0.07 0.998
Cut every 20 years
with controlled fire

Althof et al.
(2015)F 32.5 28.3 100 -0.04 0.999 Cut every 10 years

with controlled fire

F 32.5 32.5 100 0.00 1.000
Only one court of
Caatinga, without fire

Bugacpuszta,
Hungary

AI 0.65, 109 m
a.s.l., 
temperate,
plain, Eutric
Regosol, 0.3 
depth

G 20.4 22.2 1 1.86 1.091

The highest
precipitation and 
lowest temperature.
Positive extreme case 
(highest capture value 
in the normal case 
studies).

Pinter et al.
(2008)
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Annex 3. Drylands – Supplementary documents

Table 34. Rates of change (ΔSOC) and SOC increase factors (ΔF) by conventional and 
unconventional practices (h) in croplands (C), grasslands (G), and forest (F) of 
representative reference conditions (HA»F), according to equation 2.24 of IPCC (2019) in 
diverse drylands in the world

Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s) Reference

Santa Maria,
Argentina

AI 0.2, 1916 m
a.s.l., 
temperate,
mountain,
Aridic Fluvisol, 
0.3 depth

C 36.4 32.1 50 -0.08 0.998
Conventional tillage +
use of organic fertilizer

FAO (2004)G 36.4 36.9 50 0.01 1.000 Meadow maintenance

C 36.4 56.6 50 0.40 1.011
No-till + animal 
manure 1.5 t/ha/yr,
with organic fertilizer

Tucuman,
Argentina

AI 0.5, 360-
420 m a.s.l.,
subtropic, plain,
Haplic
Kastanozem,
0.3 depth

C 65.0 67.6 3 0.04 1.013 No-tillage + use of
inorganic fertilizers

Farage et al.
(2007); FAO
(2004)

C 65.0 77.4 3 0.19 1.063
Green manures + 
compost

C 43.3 39.4 50 0.73 0.998 Continuous cultivation

C 43.3 41.5 50 0.73 0.999 No-till

C 43.3 48.3 50 0.73 1.002
No-till, No inorganic
fertilizers, Manure 
3.3 t/ha/yr.

G 43.3 42.6 50 0.73 1.000 Meadow maintenance

Big Jacks, 
Australia

AI 0.65, 446 m
a.s.l., 
temperate, hill, 
Luvic 
Phaeozem, 0.3
depth

G 47.4 45.7 8 -0.22 0.995
Continuous cutting 
with inorganic fertilizer
115 kgN/ha/yr Young et al.

(2009)

G 73.6 79.9 8 0.79 1.011 Native vegetation

Book Book,
Australia

AI 0.65, 336 m
a.s.l., 
temperate, hill, 
Subnatric 
yellow Sodosol,
0.3 depth

G 41.0 41.0 13 0.00 1.000
Periodic application of
P, K, Mb; Annual
pasture without liming

Chan,
Roberts, and 
Heenan
(1992)

G 41.0 42.4 13 0.11 1.003 Periodic application of
P, K, Mb. Conversion 
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

to perennial grass
without liming

G 41.0 44.1 13 0.24 1.006

Periodic application of
P, K, Mb. Conversion 
to perennial grass with 
liming

Hudson,
Australia

AI 0.65, 411 m
a.s.l., 
temperate, hill, 
Luvic Phaozem,
0.3 depth

G 38.6 39.6 8 0.12 1.003
Continuous cutting 
with inorganic fertilizer
90 kgN/ha/yr

Young et al.
(2009)

G 38.2 42.3 8 0.52 1.014

Conversion to 
perennial grasses. Use
of inorganic fertilizer
for pastures C3-C4 50
kg/ha/yr

Wagga Wagga,
Australia

AI 0.65, 198 m
a.s.l., 
temperate, hill, 
Kandosol , 0.2
depth

CG 43.0
0 33.6 25 -0.38 0.991 3 pass tillage, stubble

burnt, wheat/wheat
Chan,
Roberts, and 
Heenan
(1992)

C 43.0
0 48.0 25 0.20 1.005

No tillage, stubble 
retained,
wheat/clover rotation,
keep mown

Yarramanbah,
Australia

AI 0.65, 147 m
a.s.l., 
temperate,
plain, Luvic
Phaeozem, 0.3
depth

G 27.8 29.3 8 0.19 1.007
Continuous cutting 
with inorganic fertilizer 
100 kg/ha/yr

Young et al.
(2009)

Santa 
Teresinha, Brazil

AI 0.5, Eutric
Leptosol, 281
m a.s.l., tropic, 
hill, 0.5 depth

F 32.5 26.0 100 -0.07 0.998
Cut every 20 years
with controlled fire

Althof et al.
(2015)F 32.5 28.3 100 -0.04 0.999 Cut every 10 years

with controlled fire

F 32.5 32.5 100 0.00 1.000
Only one court of
Caatinga, without fire

Bugacpuszta,
Hungary

AI 0.65, 109 m
a.s.l., 
temperate,
plain, Eutric
Regosol, 0.3 
depth

G 20.4 22.2 1 1.86 1.091

The highest
precipitation and 
lowest temperature.
Positive extreme case 
(highest capture value 
in the normal case 
studies).

Pinter et al.
(2008)
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Table 34. Rates of change (ΔSOC) and SOC increase factors (ΔF) by conventional and 
unconventional practices (h) in croplands (C), grasslands (G), and forest (F) of 
representative reference conditions (HA»F), according to equation 2.24 of IPCC (2019) in 
diverse drylands in the world

Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s) Reference

Santa Maria,
Argentina

AI 0.2, 1916 m
a.s.l., 
temperate,
mountain,
Aridic Fluvisol, 
0.3 depth

C 36.4 32.1 50 -0.08 0.998
Conventional tillage +
use of organic fertilizer

FAO (2004)G 36.4 36.9 50 0.01 1.000 Meadow maintenance

C 36.4 56.6 50 0.40 1.011
No-till + animal 
manure 1.5 t/ha/yr,
with organic fertilizer

Tucuman,
Argentina

AI 0.5, 360-
420 m a.s.l.,
subtropic, plain,
Haplic
Kastanozem,
0.3 depth

C 65.0 67.6 3 0.04 1.013 No-tillage + use of
inorganic fertilizers

Farage et al.
(2007); FAO
(2004)

C 65.0 77.4 3 0.19 1.063
Green manures + 
compost

C 43.3 39.4 50 0.73 0.998 Continuous cultivation

C 43.3 41.5 50 0.73 0.999 No-till

C 43.3 48.3 50 0.73 1.002
No-till, No inorganic
fertilizers, Manure 
3.3 t/ha/yr.

G 43.3 42.6 50 0.73 1.000 Meadow maintenance

Big Jacks, 
Australia

AI 0.65, 446 m
a.s.l., 
temperate, hill, 
Luvic 
Phaeozem, 0.3
depth

G 47.4 45.7 8 -0.22 0.995
Continuous cutting 
with inorganic fertilizer
115 kgN/ha/yr Young et al.

(2009)

G 73.6 79.9 8 0.79 1.011 Native vegetation

Book Book,
Australia

AI 0.65, 336 m
a.s.l., 
temperate, hill, 
Subnatric 
yellow Sodosol,
0.3 depth

G 41.0 41.0 13 0.00 1.000
Periodic application of
P, K, Mb; Annual
pasture without liming

Chan,
Roberts, and 
Heenan
(1992)

G 41.0 42.4 13 0.11 1.003 Periodic application of
P, K, Mb. Conversion 
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

Athi 
Kamunyuni,
Kenya

AI 0.5, 900 m
a.s.l., subtropic, 
mountain,
Epileptic
Regosol, 0.3 
depth

C 26.7 25.90 50 -0.02 0.999 Conventional practice

FAO (2004)G 26.7 30.48 50 0.08 1.003 Conventional grazing

C 26.7 35.96 50 0.19 1.007 Manure 1.25 t/ha/yr

Darajani, Kenya

AI 0.5, 656 m
a.s.l., tropic, 
table, Eutric
Regosol, 0.3 
depth

CG 33.7 32.55 50 -0.02 0.999 Intercropping corn-
millet crops

FAO (2004)

CG 33.7 61.15 50 0.55 1.016

Manure 4.5 t/ha/yr,
burning of residues
and fallow. Alternate
corn-millet crops

CG 33.7 67.53 50 0.68 1.020

Manure 4.5 t/ha/yr,
without burning of
residues, no fallow.
Intercroping corn-
millet crops

Kaiani, Kenya

AI 0.5, 1039 m
a.s.l., subtropic, 
mountain,
Aridic Regosol,
0.3 depth

C 35.2 35.09 50 0.00 1.000 Conventional
practices

FAO (2004)
C 35.2 52.15 50 0.34 1.010

Manure 2 t/ha/yr,
Millet-cowpea
intercrop.

C 35.2 53.94 50 0.37 1.011

Manure 2 t/ha/yr.
Millet-cowpea
intercrop. Vegetable
waste 0.3 t/ha/yr

Kymausoi,
Kenya

AI 0.5, 894 m
a.s.l., subtropic, 
mountain,
Ferric Luvisol,
0.3 depth

F 38.4 38.4 50 -0.02 1.000 Native vegetation

FAO (2004)

CG 33.5 32.2 50 0.10 0.999 Conventional practice

CG 33.5 39.4 50 0.33 1.004 Vegetable waste 0.3
t/ha/yr

CG 33.5 53.8 50 0.73 1.012
Manure 1.5 t/ha/yr;
Plant waste 3 t/ha/yr

Calpulalpan,
Mexico

AI 0.5, 2648 m
a.s.l., 
temperate,

C 0.1 11.1 50 0.22 3.200
Corn monoculture and 
harvest residue
removal

Báez Pérez et 
al. (2021)

RECARBONIZING GLOBAL SOILS246 VOLUME 2: HOT SPOTS AND BRIGHT SPOTS OF SOIL ORGANIC CARBON 247RECARBONIZING GLOBAL SOILS246

Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

Szurdokpospoki
Hungary

AI 0.65, 205 m
a.s.l., 
temperate,
mountain,
Haplic
Phaeozem, 0.3
depth

F 38.9 38.2 1 -0.73 0.981

The lowest
precipitation and 
highest temperature.
Extreme negative case

Gawalpahari,
India

AI 0.5, 259 m
a.s.l., tropic, hill, 
Aridic Luvisol, 
0.6 depth

SC 16.6 18.3 2 0.81 1.049

Incorporation of 0.81
tC/ha/yr of liter and 
total sequestration 
estimate of
2.94 tC/ha/yr

Bhojvaid and
Timmer
(1998)

Lingampally,
India

AI 0.5, 568 m
a.s.l., tropic, 
plain, Chromic
Luvisol, 0.3
depth

C 19.3 18.4 50 -0.02 0.999 Conventional practice

FAO (2004)

C 19.3 30.9 50 0.23 1.012
Incorporation of
vegetal waste into the 
soil

C 19.3 35.6 50 0.33 1.017

Manure 3 t/ha/yr.
Plant residues, green
manures, worm
compost

Malligere, India

AI 0.5, 756 m
a.s.l., subtropic, 
hill, Chromic
Luvisol, 0.3
depth

C 18.5 22.4 50 0.73 1.004

Current practice.
Waste grazing.
Inorganic fertilizers
urea and 
diammonium
phosphate (75 
kg/ha/yr)

FAO (2004)

C 18.5 29.8 50 0.73 1.012

Manure. Waste 
grazing. Inorganic 
fertilizers 75 kg/ha/yr
diammonium
phosphate and 75 kg 
urea/ha/yr

Metalkunta,
India

AI 0.65, 619 m
a.s.l., tropic, 
plain, Plinthic
Luvisol, 0.3
depth

C 25.0 27.7 50 0.73 1.002 Conventional practice

FAO (2004)

C 25.0 45.2 50 0.73 1.016 Incorporation of plant
residues

Ojuelos, Mexico

AI 0.5, 2219 m
a.s.l., 
temperate, hill, 
Epileptic
Cambisol, 0.3
depth

G 44.0 44.1 28 0.00 1.000
Pasture with moderate 
grazing Delgado -

Balbuena et 
al. (2013)

G 44.0 51.2 28 0.26 1.006 Scrubbing

∆
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

Athi 
Kamunyuni,
Kenya

AI 0.5, 900 m
a.s.l., subtropic, 
mountain,
Epileptic
Regosol, 0.3 
depth

C 26.7 25.90 50 -0.02 0.999 Conventional practice

FAO (2004)G 26.7 30.48 50 0.08 1.003 Conventional grazing

C 26.7 35.96 50 0.19 1.007 Manure 1.25 t/ha/yr

Darajani, Kenya

AI 0.5, 656 m
a.s.l., tropic, 
table, Eutric
Regosol, 0.3 
depth

CG 33.7 32.55 50 -0.02 0.999 Intercropping corn-
millet crops

FAO (2004)

CG 33.7 61.15 50 0.55 1.016

Manure 4.5 t/ha/yr,
burning of residues
and fallow. Alternate
corn-millet crops

CG 33.7 67.53 50 0.68 1.020

Manure 4.5 t/ha/yr,
without burning of
residues, no fallow.
Intercroping corn-
millet crops

Kaiani, Kenya

AI 0.5, 1039 m
a.s.l., subtropic, 
mountain,
Aridic Regosol,
0.3 depth

C 35.2 35.09 50 0.00 1.000 Conventional
practices

FAO (2004)
C 35.2 52.15 50 0.34 1.010

Manure 2 t/ha/yr,
Millet-cowpea
intercrop.

C 35.2 53.94 50 0.37 1.011

Manure 2 t/ha/yr.
Millet-cowpea
intercrop. Vegetable
waste 0.3 t/ha/yr

Kymausoi,
Kenya

AI 0.5, 894 m
a.s.l., subtropic, 
mountain,
Ferric Luvisol,
0.3 depth

F 38.4 38.4 50 -0.02 1.000 Native vegetation

FAO (2004)

CG 33.5 32.2 50 0.10 0.999 Conventional practice

CG 33.5 39.4 50 0.33 1.004 Vegetable waste 0.3
t/ha/yr

CG 33.5 53.8 50 0.73 1.012
Manure 1.5 t/ha/yr;
Plant waste 3 t/ha/yr

Calpulalpan,
Mexico

AI 0.5, 2648 m
a.s.l., 
temperate,

C 0.1 11.1 50 0.22 3.200
Corn monoculture and 
harvest residue
removal

Báez Pérez et 
al. (2021)
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

Szurdokpospoki
Hungary

AI 0.65, 205 m
a.s.l., 
temperate,
mountain,
Haplic
Phaeozem, 0.3
depth

F 38.9 38.2 1 -0.73 0.981

The lowest
precipitation and 
highest temperature.
Extreme negative case

Gawalpahari,
India

AI 0.5, 259 m
a.s.l., tropic, hill, 
Aridic Luvisol, 
0.6 depth

SC 16.6 18.3 2 0.81 1.049

Incorporation of 0.81
tC/ha/yr of liter and 
total sequestration 
estimate of
2.94 tC/ha/yr

Bhojvaid and
Timmer
(1998)

Lingampally,
India

AI 0.5, 568 m
a.s.l., tropic, 
plain, Chromic
Luvisol, 0.3
depth

C 19.3 18.4 50 -0.02 0.999 Conventional practice

FAO (2004)

C 19.3 30.9 50 0.23 1.012
Incorporation of
vegetal waste into the 
soil

C 19.3 35.6 50 0.33 1.017

Manure 3 t/ha/yr.
Plant residues, green
manures, worm
compost

Malligere, India

AI 0.5, 756 m
a.s.l., subtropic, 
hill, Chromic
Luvisol, 0.3
depth

C 18.5 22.4 50 0.73 1.004

Current practice.
Waste grazing.
Inorganic fertilizers
urea and 
diammonium
phosphate (75 
kg/ha/yr)

FAO (2004)

C 18.5 29.8 50 0.73 1.012

Manure. Waste 
grazing. Inorganic 
fertilizers 75 kg/ha/yr
diammonium
phosphate and 75 kg 
urea/ha/yr

Metalkunta,
India

AI 0.65, 619 m
a.s.l., tropic, 
plain, Plinthic
Luvisol, 0.3
depth

C 25.0 27.7 50 0.73 1.002 Conventional practice

FAO (2004)

C 25.0 45.2 50 0.73 1.016 Incorporation of plant
residues

Ojuelos, Mexico

AI 0.5, 2219 m
a.s.l., 
temperate, hill, 
Epileptic
Cambisol, 0.3
depth

G 44.0 44.1 28 0.00 1.000
Pasture with moderate 
grazing Delgado -

Balbuena et 
al. (2013)

G 44.0 51.2 28 0.26 1.006 Scrubbing
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

C 14.5 15.7 50 0.73 1.002 Conventional practice.
Waste grazing

C 14.5 38.0 50 0.73 1.032
Manure 6.75 t/ha/yr.
Plant waste 2 t/ha/yr

C 14.5 18.1 50 0.73 1.005 Manure 3.75 t/ha/yr.
Waste grazing

Aldeia di
Biscaia, Portugal

AI 0.65, 265 m
a.s.l., 
temperate, hill, 
Aridic Regosol,
0.05 depth

FG 35.1 35.9 5 0.19 1.005

Incorporation of shrub
residues 23.4 t/ha, for
two years, with 
complementary 
applications of N
(80 kg/ha) and P (35
kg/ha)

Madeira et al. 
(2012);
Merino et al.
(2019)

Évora, Portugal

AI 0.5, 
Mediterranean 
plain, Luvisol, 
0.3 depth,
38º28’N,
7º28’W

Rotation lupin-
wheat-forage 
oat – barley

C 61.0 61.0 11 0.00 1.000 Conventional tillage

Carvalho et al.
(2012)

C 65.0 75.0 11 10.00 1.153 Reduced tillage

C 66.0 82.0 11 16.00 1.242
No-till + cereal straw
removal

C 66.0 120.0 11 54.00 1.818 No-till without straw
removal

Old Peanut,
Senegal

AI 0.5, 9 m
a.s.l., tropic, 
plain, Sandy
Dior and 
Hydromorphic
Deck, 0.3
depth

C 11.9 12.4 25 0.02 1.002 Compost 2 t/ha/yr

Tschakert,
Khouma and 
Sène (2004); 
FAO (2004)

G 11.9 13.4 25 0.06 1.005 Converting from crop 
to pasture with grazing

C 11.9 14.4 25 0.1 1.008 Manure 4 t/ha/yr

C 11.9 15.4 25 0.14 1.012

Fallow 3 yr and 
manure 2 t/ha/yr.
Rotation 4 yr of
cultivation

G 11.9 16.2 25 0.17 1.014
Converting from crop 
to pasture without
grazing.
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

mountain,
Andic
Cambisol, 0.3
depth

C 0.1 24.1 50 0.48 5.800

Rotation of corn with 
other crops with
permanent application 
of manure

Sidi El Aidi, 
Morroco

AI 0.5, 269 m
a.s.l., 
temperate,
plain, Vertic
Calcixeroll Clay, 
0.5 depth

C 41.1 45.6 11 0.41 1.010 Zero tillage

Bessam and
Mrabet
(2003)

C 41.1 48.3 11 0.66 1.016 Conventional tillage

Dagaceri,
Nigeria

AI 0.5, 399 m
a.s.l., tropic, 
plain, Luvic
Arenosol, 0.3 
depth

CG 13.6 17.67 50 0.08 1.006 Conventional practice

FAO (2004)

CG 13.6 25.84 50 0.24 1.018
Manure 1.29 t/ha/yr,
short fallow, waste
grazing

Futchimiram, 
Nigeria

AI 0.2, 318 m
a.s.l., tropic, 
plain, Chromic
Arenosol, 0.3 
depth

C 5.5 3.85 50 -0.03 0.994 Continuous cultivation

FAO (2004)

C 5.5 5.10 50 -0.01 0.999 Conventional practice

C 5.5 5.90 50 0.01 1.001 Vegetal waste 0.5 
t/ha/yr

C 5.5 11.61 50 0.12 1.022

5-year fallow, 5-year
cultivation two
applications of organic
fertilizer of 3 t/ha/yr,
and waste grazing

Kasha, Nigeria

AI 0.2, 343 m
a.s.l., tropic, 
plain, Eutric
Gleysol, 0.3
depth

C 7.5 7.7 50 0.00 1.001 Conventional practice

FAO (2004)

C 7.5 16.2 50 0.17 1.023 Fallow, Manure 3 t/ha

Tumbau, Nigeria

AI 0.5, 420-
460 m a.s.l.,
tropic, plain, 
Eutric Regosol,
0.3 depth

C 14.5 12.0 50 -0.05 0.997 Conventional tillage

Farage et al. 
(2007); FAO
(2004)

C 14.5 12.3 50 -0.05 0.997
Inorganic fertilizers
only

C 14.5 18.5 50 0.08 1.006 Compost, legumes,
retained plant residues

C 14.5 19.5 50 0.10 1.007
Additional
afforestation
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

C 14.5 15.7 50 0.73 1.002 Conventional practice.
Waste grazing

C 14.5 38.0 50 0.73 1.032
Manure 6.75 t/ha/yr.
Plant waste 2 t/ha/yr

C 14.5 18.1 50 0.73 1.005 Manure 3.75 t/ha/yr.
Waste grazing

Aldeia di
Biscaia, Portugal

AI 0.65, 265 m
a.s.l., 
temperate, hill, 
Aridic Regosol,
0.05 depth

FG 35.1 35.9 5 0.19 1.005

Incorporation of shrub
residues 23.4 t/ha, for
two years, with 
complementary 
applications of N
(80 kg/ha) and P (35
kg/ha)

Madeira et al. 
(2012);
Merino et al.
(2019)

Évora, Portugal

AI 0.5, 
Mediterranean 
plain, Luvisol, 
0.3 depth,
38º28’N,
7º28’W

Rotation lupin-
wheat-forage 
oat – barley

C 61.0 61.0 11 0.00 1.000 Conventional tillage

Carvalho et al.
(2012)

C 65.0 75.0 11 10.00 1.153 Reduced tillage

C 66.0 82.0 11 16.00 1.242
No-till + cereal straw
removal

C 66.0 120.0 11 54.00 1.818 No-till without straw
removal

Old Peanut,
Senegal

AI 0.5, 9 m
a.s.l., tropic, 
plain, Sandy
Dior and 
Hydromorphic
Deck, 0.3
depth

C 11.9 12.4 25 0.02 1.002 Compost 2 t/ha/yr

Tschakert,
Khouma and 
Sène (2004); 
FAO (2004)

G 11.9 13.4 25 0.06 1.005 Converting from crop 
to pasture with grazing

C 11.9 14.4 25 0.1 1.008 Manure 4 t/ha/yr

C 11.9 15.4 25 0.14 1.012

Fallow 3 yr and 
manure 2 t/ha/yr.
Rotation 4 yr of
cultivation

G 11.9 16.2 25 0.17 1.014
Converting from crop 
to pasture without
grazing.
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

mountain,
Andic
Cambisol, 0.3
depth

C 0.1 24.1 50 0.48 5.800

Rotation of corn with 
other crops with
permanent application 
of manure

Sidi El Aidi, 
Morroco

AI 0.5, 269 m
a.s.l., 
temperate,
plain, Vertic
Calcixeroll Clay, 
0.5 depth

C 41.1 45.6 11 0.41 1.010 Zero tillage

Bessam and
Mrabet
(2003)

C 41.1 48.3 11 0.66 1.016 Conventional tillage

Dagaceri,
Nigeria

AI 0.5, 399 m
a.s.l., tropic, 
plain, Luvic
Arenosol, 0.3 
depth

CG 13.6 17.67 50 0.08 1.006 Conventional practice

FAO (2004)

CG 13.6 25.84 50 0.24 1.018
Manure 1.29 t/ha/yr,
short fallow, waste
grazing

Futchimiram, 
Nigeria

AI 0.2, 318 m
a.s.l., tropic, 
plain, Chromic
Arenosol, 0.3 
depth

C 5.5 3.85 50 -0.03 0.994 Continuous cultivation

FAO (2004)

C 5.5 5.10 50 -0.01 0.999 Conventional practice

C 5.5 5.90 50 0.01 1.001 Vegetal waste 0.5 
t/ha/yr

C 5.5 11.61 50 0.12 1.022

5-year fallow, 5-year
cultivation two
applications of organic
fertilizer of 3 t/ha/yr,
and waste grazing

Kasha, Nigeria

AI 0.2, 343 m
a.s.l., tropic, 
plain, Eutric
Gleysol, 0.3
depth

C 7.5 7.7 50 0.00 1.001 Conventional practice

FAO (2004)

C 7.5 16.2 50 0.17 1.023 Fallow, Manure 3 t/ha

Tumbau, Nigeria

AI 0.5, 420-
460 m a.s.l.,
tropic, plain, 
Eutric Regosol,
0.3 depth

C 14.5 12.0 50 -0.05 0.997 Conventional tillage

Farage et al. 
(2007); FAO
(2004)

C 14.5 12.3 50 -0.05 0.997
Inorganic fertilizers
only

C 14.5 18.5 50 0.08 1.006 Compost, legumes,
retained plant residues

C 14.5 19.5 50 0.10 1.007
Additional
afforestation
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

Argiustolls , 0.3
depth G 47.9 58.3 12 0.86 1.018 Continuous heavy 

grazing

Fort Collins, 
United States
of America

AI 0.5, 1930 m
a.s.l., 
temperate,
plain, Fine-
loamy, mixed, 
mesic, Ustollic
Haplargid, 0.3
depth

G 37.4 38.2 55 0.01 1 Short grasses

Reeder and 
Shuman 
(2002)G 37.3 42.3 55 0.09 1.002 Short grasses

G 58.3 66.5 12 0.68 1.012 Mix grasses

G 58.3 67.4 12 0.76 1.013 Mix grasses

Pacific 
Northwest,
United States
of America

AI 0.5, 795 m
a.s.l., 
temperate, hill, 
Luvic 
Phaeozem, 0.3
depth

C 61 41.8 55 -0.35 0.994 Native vegetation to 
continuous cultivation

Brown and 
Huggins
(2012)

C 61 60.6 12 -0.03 1 Burning waste
Horner et al.
(1960)

C 61.0 63.1 10 0.21 1.003 No-till
Brown and 
Huggins
(2012)

C 61.0 69.3 12 0.69 1.011 Mixed-perennial crops
+ Crop rotation
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

C 11.9 16.4 25 0.18 1.015

Fallow 3 yr, 2 t
Leucaena, rotation
with cultivation every 
4 yr

G 11.9 17.7 25 0.23 1.019

Conversion from crop 
to pasture without
grazing with tree 
plantations of
Faidherbia albida

C 11.9 18.2 25 0.25 1.021
Fallow 10 yr, manure 2 
t/ha/yr, rotation with 
6 year of cultivation

C 11.9 22.7 25 0.43 1.036

Improved millet,
manure, incorporation 
of Laucaena, inorganic
fertilization, animal 
traction and fallow 1 yr

Kordofan-Kaba,
Senegal

AI 0.2, 580-
640 m a.s.l., 
tropic, plain, 
Chromic
Vertisol, 0.2
depth

C 8.5 7.1 27 -0.17 0.994 Long continuous crop 
of sorghum

Ardö and 
Olsson
(2004); 
Farage et al.
(2007)

C 8.5 8.9 27 0.04 1.001

Conversion from only 
cultivation to 
cultivation: fallow
(5:20)

C 4 4.6 27 0.15 1.006

Tree sowing.
Conversion from
cultivation to 
cultivation: fallow
(5:20)

Kordofan-
UmmHiglig, 
Senegal

AI 0.2, 559 m
a.s.l., tropic, 
plain, Arenic
Cambisol, 0.3
depth

C 10.1 8.6 27 -0.15 0.994
Long continuous crop 
of sorghum

Ardö and 
Olsson
(2004)

C 10.1 10.5 27 0.04 1.001

Conversion from only 
cultivation to 
cultivation: fallow
(5:20)

Cheyenne,
United States
of America

AI 0.5, 1917 m
a.s.l., 
temperate,
plain, Aridic

G 47.9 58 12 0.84 1.018 Continuous light
grazing

Schuman
(2009)
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

Argiustolls , 0.3
depth G 47.9 58.3 12 0.86 1.018 Continuous heavy 

grazing

Fort Collins, 
United States
of America

AI 0.5, 1930 m
a.s.l., 
temperate,
plain, Fine-
loamy, mixed, 
mesic, Ustollic
Haplargid, 0.3
depth

G 37.4 38.2 55 0.01 1 Short grasses

Reeder and 
Shuman 
(2002)G 37.3 42.3 55 0.09 1.002 Short grasses

G 58.3 66.5 12 0.68 1.012 Mix grasses

G 58.3 67.4 12 0.76 1.013 Mix grasses

Pacific 
Northwest,
United States
of America

AI 0.5, 795 m
a.s.l., 
temperate, hill, 
Luvic 
Phaeozem, 0.3
depth

C 61 41.8 55 -0.35 0.994 Native vegetation to 
continuous cultivation

Brown and 
Huggins
(2012)

C 61 60.6 12 -0.03 1 Burning waste
Horner et al.
(1960)

C 61.0 63.1 10 0.21 1.003 No-till
Brown and 
Huggins
(2012)

C 61.0 69.3 12 0.69 1.011 Mixed-perennial crops
+ Crop rotation
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Site HA»F HF
SOCO

t/ha
SOCO-T

t/ha
O-T

yr
ΔSOC

t/ha/yr ΔF h (not encoded)
Practice(s)

Reference

C 11.9 16.4 25 0.18 1.015

Fallow 3 yr, 2 t
Leucaena, rotation
with cultivation every 
4 yr

G 11.9 17.7 25 0.23 1.019

Conversion from crop 
to pasture without
grazing with tree 
plantations of
Faidherbia albida

C 11.9 18.2 25 0.25 1.021
Fallow 10 yr, manure 2 
t/ha/yr, rotation with 
6 year of cultivation

C 11.9 22.7 25 0.43 1.036

Improved millet,
manure, incorporation 
of Laucaena, inorganic
fertilization, animal 
traction and fallow 1 yr

Kordofan-Kaba,
Senegal

AI 0.2, 580-
640 m a.s.l., 
tropic, plain, 
Chromic
Vertisol, 0.2
depth

C 8.5 7.1 27 -0.17 0.994 Long continuous crop 
of sorghum

Ardö and 
Olsson
(2004); 
Farage et al.
(2007)

C 8.5 8.9 27 0.04 1.001

Conversion from only 
cultivation to 
cultivation: fallow
(5:20)

C 4 4.6 27 0.15 1.006

Tree sowing.
Conversion from
cultivation to 
cultivation: fallow
(5:20)

Kordofan-
UmmHiglig, 
Senegal

AI 0.2, 559 m
a.s.l., tropic, 
plain, Arenic
Cambisol, 0.3
depth

C 10.1 8.6 27 -0.15 0.994
Long continuous crop 
of sorghum

Ardö and 
Olsson
(2004)

C 10.1 10.5 27 0.04 1.001

Conversion from only 
cultivation to 
cultivation: fallow
(5:20)

Cheyenne,
United States
of America

AI 0.5, 1917 m
a.s.l., 
temperate,
plain, Aridic

G 47.9 58 12 0.84 1.018 Continuous light
grazing

Schuman
(2009)
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