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Introduction
Utilization of rangelands as carbon sinks to mitigate climate 
change

Current climatic conditions continue to show temperature 
extremes which coincide with increasing atmospheric carbon dioxide 
while the call for reduction in Greenhouse Gases (GHGs) emission 
escalates, at least in the literature. Carbon dioxide contributes heavily 
to global warming and a large quantity of anthropogenic activities 
produce carbon dioxide as the major by-product [1]. While climate 
change is projected to exacerbate more focus should be geared toward 
improving the naturally available carbon sinks and efficient technology 
put in place for removal and fluxing of atmospheric carbon dioxide in 
these sinks. The IPCC [1] is of the view that if GHGs emissions are 
not addressed now by 2100, the average global temperature will reach 
3-7%. Emitted carbon dioxide has an atmospheric residence time of
up to 100 years [2] so while we continue to peak the call for reduce
GHGs emissions there is also the need to improve sinks and intensify
its removal, sequestration and storage from the atmosphere if we are to
effectively mitigate climate change.

Evidence of climate change is seen in the increased average sea level, 
violent weathers and spread of diseases [2]. Soil structure breakdown is 
obvious and this is as a result of land misuse, soil mismanagement and 
climate variation, this impacted greatly on the terrestrial face, ecosystem 
services and biodiversity of the agroecosystems [3,4]. This therefore, 
means best land management practices, site- specific technologies, and 
policies that depict rangelands dynamics are essential to improve Soil 
Organic Carbon (SOC) stock, soil quality and longevity. Adoption of 
Recommended Management Practices (RMPs), best management 
practices, land restoration, improved ecosystem biodiversity; better 
understanding of climate-plant-soil-microbial interactions and 
introduction of technological methods can greatly impact the rate 
of carbon sequestration, SOC pools and soil quality on rangelands. 
This review focuses on features of U.S rangelands, protocols and 

management practices available for carbon sequestration, soil quality 
on rangelands and their potential to extract atmospheric CO2 and store 
it in a stable form thusly mitigating climate change.

Rangelands soil organic carbon stock capacity

Rangelands include savannas, prairies, grasslands and shrub lands 
that are not cultivated and account for more than 750 million acres in the 
United States [5]. The world’s agroecosystems (rangelands, croplands, 
and grazing lands), soil biota and non-soil biosphere are not effectively 
managed and they are very important carbon dioxide reservoirs that 
could off-set fossil fuel emission and mitigate climate change through 
carbon sequestration. The agroecosystems have the capacity to sequester 
1.2- 3.1 billion tons of C/yr, and achieve cumulative potential of 30-
60 Pg (Pg= petagram =1015 g) over a 50 year period that could off-set 
up to a third of the yearly increase in atmospheric carbon dioxide that 
is estimated at 3.3 pg C/year [6,7]. This means minimal changes with 
respect to management in soil carbon sequestration across rangeland 
ecosystems could have a great impact on offsetting GHG emissions. 

Rangelands can be large carbon sinks since they are one of the 
most widely distributed landscapes in the world. Approximately 30% 
of the ice-free global land surface is in rangelands that have up to 30% 
terrestrial carbon stocks [8,9]. Rangelands have the potential to remove 
198 million tons of CO2 from the atmosphere per year for 30 years 

Abstract
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methods may be applicable based on cost, suitability and ease of 
use for a national trading platform, hence, a rangeland soil carbon 
protocol methodology is once utilized that harness a combination of 
methods which may be placed along a conceptual spectrum, with high 
confidence levels (and expense) at one end and ease of use (and data 
coarseness) at the other end and a successful methodology lies between 
the two poles [20]. 

Soil carbon constitutes the SOC and Soil Inorganic Carbon (SIC). 
SOC is a dynamic group of compounds formed from carbon originally 
harvested from the atmosphere by plants via photosynthesis. SOC plays 
a pivotal role in nutrient cycles as it is a potent source of energy and 
growth in the plants. SIC is a product of mineral weathering usually in 
the form of carbonate, and not as responsive to management as SOC. 
The SOM has approximately 50% SOC, while soil microbial biomass 
carbon is about 1-3% of total soil carbon [21]. Rangeland soil accounts 
for approximately 90% of the carbon in comparison to the aboveground 
biomass [22]. Clay and iron greatly impact the soil organic carbon and 
reduce the bulky density of soils. SOM influences fertility, productivity 
and stability of the soil. Also, the water holding capacity, pH and soil 
temperature are buffered by SOM and SOC [23]. SOM increases the air 
spaces of soil pores and surface area, impacting positively on water and 
nutrients retention which is especially very important on US rangelands 
which experience less than 600 mm precipitation yearly [20]. Increasing 
the rate of processes that govern C sequestration will increase SOC 
pool resulting in a more fertile soil that promotes vegetation growth 
especially on arid and semi-arid ecological sites where the ecosystem 
dynamics is not well studied. 

Rangeland ecosystem dynamics

Booker et al. [24] reported that rangeland management will 
achieve very little for carbon sequestration because the dynamics of 
rangelands are not well understood; and proposed and current carbon 
sequestration policies and grazing management recommendations in 
the United States are designed based on the equilibrium ecological 
model instead of the non-equilibrium model which better depicts 
rangeland ecosystem dynamics. Climate change greatly impact the 
soil structure and vegetation on agroecosystems, particularly at the 
arid and semi-arid regions where soil water is limited. Site-specific 
RMPs, Conservation Reserve Programs (CRPs), grazing management 
practices should contain protocols that address the ecosystem services 
and depict the dynamics of the ecosystem at different sites. More 
emphasis is put into management of croplands and improved pastures 
even with the unpredictable climate change, and some of these practices 
can be adapted to rangelands. The rangeland ecosystem dynamics 
must be addressed, improved and policy oriented if the soil and the 
nonsoil biosphere are to effectively act as carbon sinks [24]. Selective 
plant breeding and cultivation can be done in areas of rangelands that 
encounter severe soil stress, Integrated Nutrient Management (INM), 
soil amendment strategies (biochar), afforestation, restoration of 
degraded lands and adoption of site-specific RMPs are necessary to 
improve the SOC content and stabilize the soil structure at the xeric 
end of rangelands climate gradients.

Management in of itself cannot reliably increase carbon stock 
on arid and semi-arid rangelands. With improved knowledge of the 
ecological dynamics, ecological sites and distribution management 
can be more responsive, and to date, a site-specific predictive model 
is still not available [25]. Special consideration to ecological site and 
link to ‘best fit’ ecological model is deemed important so as to assess 
the carbon sequestration potential on rangelands [26]. Rangeland soils 
can effectively sequestrate carbon, if policies are  consistent with the 

and when saturation is achieved they could off-set 3.3% CO2 emission 
in the U.S from fossil fuel [10,11]. Since reduction in anthropogenic 
greenhouse gases emission may not accomplish enough on its own, the 
need to sequester carbon already emitted to the atmosphere into stable 
forms is worth exploring and rangelands provide the most viable, ready 
to implement, environmentally friendly and costs effective way when 
compared to geologic and ocean sequestration [11].

Soil organic carbon pool 

Batjes [12] reported that the SOC pool is estimated at 2500 billion 
tons to 2-m depth and has been depleted considerably as a result of 
several soil degradation processes and due to conversion from natural 
to agricultural ecosystems. The SOC pool of agroecosystems is drained 
by some 25-75% depending on soil structure and holistic management 
practices being employed [6], hence management can achieve a lot on 
rangelands. Deforestation, biomass burning and soil erosion contribute 
heavily to reduction of SOC pool, creating a large carbon deficit [13]. 
The soil carbon debt is further exacerbated by practices including 
cultivation of peat lands, combustion of animal dung as domestic fuel 
and removal of crop residues that aggravate the loss of SOC [14]. 

The process of carbon sequestration on rangeland soils can 
increase the SOC concentration, enhance the SOC pool and off- set 
anthropogenic GHGs emissions. This does not only mitigate global 
temperature rise (each ton of carbon incorporated in the soils removes 
3.67 tons atmospheric CO2) but also improve agronomic productivity, 
advance global food security and enhance soil resilience [6]. Climate 
change, particularly drought, may impact greatly on rangelands SOC 
pools, changing them from sinks to emission sources due to the xeric 
nature of the soils which directly affect the photosynthetic rates than 
total respiration rates [15]. Improved understanding of the processes 
and mechanisms that affect SOC dynamics on arid and mesic 
environments, coupled with land management and technology must 
be the focus for rangeland soils to accumulate and conserve carbon. 
The attention must be shift to breeding and growing drought tolerant 
plants with deep root system, growing leguminous crops, and more 
insight into microbial function and processes that impact carbon 
sequestration [16], so as to enhance the SOC pool, improve aggregation 
of soil particles, prevent erosion and increase ecosystem diversity in a 
changing climate. Soil C sequestration can be achieved by roots and 
hyphae as they have the ability to entangle soil particles, emplacing and 
releasing organic compounds that promote aggregation of particles 
[17]. 

The carbon sequestration rates are usually determined by the carbon 
inputs and outputs net equilibrium, which are affected by management, 
production of Soil Organic Matter (SOM) and decomposition of 
organic matter by the soil organisms and climatic variation. The net rate 
of soil carbon sequestration and storage may increase if the microbial 
metabolic process and CO2 production is lessen. However, biochemical 
recalcitrance (remnants of undecayed compounds that becomes less 
decomposable), chemical stabilization and physical protection of SOM 
by soil aggregates are three ways to counter the increase CO2 production 
[18].

Metric ton carbon dioxide equivalent (MTCO2e) is the standard 
measurement for the amount of CO2 sequestered in the soil as SOC. 
Carbon sequestration rates are calculated using CO2 flux data also 
the dry combustion and CO2 emission method or the more classical 
Walkley-Black chromic acid wet oxidation method are applicable 
[19]. However, different quantification methods are harnessed an d 
used, each of the Measurement, Monitoring and Verification (MMV) 
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ecological science of these landscapes, Booker et al. [24] elucidated four 
policy principles that should be implemented so as to remove monetary 
focus and replace rangeland conservation efforts: policy should (1) not 
require short-term explicit carbon counting (2) not assume that changes 
in management can create additional carbon sequestration (3) not use 
arid rangeland sequestration that is not consistent and verified to off-set 
emissions; and (4) should focus on conserving rangelands or reverting 
degraded agricultural lands to rangelands. Application of these 
principles to proposed rangeland carbon sequestration policies would 
shift the attention from focusing on annual fluxes and attain long-term 
protection, soil carbon conservation, and host of environmental and 
social benefits [24].

Carbon sequestration on rangelands: protocol and policy

There is sufficient evidence of climate change and the effects are 
widespread. The 14 warmest years have been observed and all occurred 
since 1980, while the two hottest years on record were 1998 and 2005 
[2]. As science continues to unleash a wealth of knowledge on climate 
change and increasing levels of GHGs, governments are yielding slowly 
to management practices and environmental restoration policies that 
will seek to develop carbon sinks and mitigate emissions of these 
pollutants. 

In 1992, the first treaty was signed in Rio de Janeiro, Brazil, calling 
for the reduction of CO2 and other GHGs by industrialized nations to 
1990 levels by 2000 [2]. The proposal was not binding and as such was 
not met. The UN Framework Convention on Climate Change proposed 
the Kyoto protocol which was adopted in 1997 and enforced in 2005 
[7]. The treaty required the industrialized nations to reduce their fossil 
fuel emissions by 5% below the 1990 levels by 2012 but developing 
countries were exception to the treaty. By 2011, the protocol was signed 
and ratified by 191 states except the U.S. The U. S was required to reduce 
its GHGs emissions to 93% of the 1990 levels which had increased to 
about 18% since. Then in 1998, the U. S. along with 106 nations agreed 
to begin implementation of the Kyoto protocol. The protocol was 
revised in Bonn in July 2001 comprising of two new clauses relevant to 
SOC sequestration: 

1) Countries are allowed to subtract certain increases from their 
industrial C emissions if C was sequestered in ‘sinks’ such as 
forest and soils; and 

2) Trading of emission allowances that can reduce abatement costs 
was also allowed. Providing that standard procedures were 
verified to assess the rate of SOC sequestration and cumulative 
magnitude. The UNFCCC/Kyoto Protocol recognizes soil 
carbon sinks.

Following the revision of the Kyoto Protocol, the ‘clean skies and 
global change’ initiatives along with two voluntary alternatives to the 
Protocol were announced by President Bush: 

1) “We look for ways to increase the amount of carbon stored by 
the American farms and forests through strong conservation title in the 
Farm Bill” (President Bush, 14 February 2002)

2) There subsists a room for “sequestration of GHGs in agricultural 
and forestry sinks” (Economic report to the U.S. Congress, 
2002).

Rangeland management can achieve a lot for carbon sequestration 
making them attractive carbon sinks, and as such identifying and 
implementing policy instruments should not be disregarded in an 
attempt to do so. Restoration of degraded soil and ecosystems as well 

as increasing the SOC pool must not be ignored from a global policy 
perspective; it’s just being environmentally friendly. Not only that these 
sinks will filter the excess CO2 in the atmosphere but also increase soil 
structure, agricultural productivity and resilience while mitigating 
climate change. The Clean Development Mechanism (CDM, Article 
12), emission trading (Article 17) or joint implementation activities 
(Article 6) of the Kyoto Protocol may also provide entrustment in SOC 
sequestration.

In 2003, the Chicago Climate Exchange (CCX) trading program, 
which was the world’s largest rangeland soil carbon offset program, was 
introduced [2,25]. The aim of the program was to give air pollution 
credits to firms that exceed emission-reduction goals. A minimum 
of 5 year contractual commitment was required by rangeland project 
managers, and nondegraded and previously degraded rangelands were 
also eligible for carbon sequestration projects if they adapt improved 
grazing management practices: light to moderated stocking rates, 
appropriate distribution, proper season of use, and rapid drought 
response systems on rangelands [26]. An independent CCX-authorized 
verifier also conducts in-field inspections at least once per year to 
ensure policy practices are met.

Modification of existing land conservation programs to include 
SOC management is currently attracting attention among researchers 
and policy makers [27]. Many of these amendments have been discussed 
in the literature, inclusive of studies on lands enrolled in the CRP and 
facts sheets issued by the Conservation Innovation Grant program 
and the Conservation of Private Grazing Land initiative as reviewed 
by Schuman et al. [8]. With better understanding of why rangeland 
owners participated in existing conservation programs as well as 
implementation of conservation practices may provide insight for 
identifying features that will attract the interest in carbon sequestration 
[27].

Some policies and most proposals for the cap-and-trade and 
payment for environmental services offer incentives for increasing the 
average carbon flux annually from the atmosphere to soils through 
management changes. However, it is difficult to sequestrate carbon at 
the xeric end of rangelands and as such insignificant and in some cases 
negative net carbon flux is likely even if we  assume that management 
practices can increase terrestrial carbon sequestration [27]. The four 
policy principles reported on for rangeland ecosystem dynamics for 
carbon sequestration on arid U.S. rangelands that would make them 
modern rangeland ecology were proposed in acknowledgement of the 
deficient at these sites.

Rangeland carbon credit and carbon offset

Carbon fluxes on rangelands are influenced by several factors such 
as precipitation, temperature, vegetation and soil properties that can 
counter frequently used and well-understood management practices, 
as such, focus on offset projects that target the management of lands 
to soil carbon storage is necessary. Development of cost effective 
carbon sequestration projects that are dependent upon, accounting for, 
and managing the uncertainty inherent in rangeland ecosystems and 
projects is also necessary [25]. 

A Sustainably Managed Rangeland Soil Carbon Sequestration 
Offset Project protocol was initiated by the CCX in 2009 which required 
a long term (minimum 5 years), legally binding commitment that 
explained management practices which increases soil carbon stocks on 
Rangelands in specific geographic areas to management. The project 
aimed at increasing soil carbon stocks through practices that identify 
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and accommodate periods of grazing, ensure sustainable forage-
animal balance and provides for a contingency plan for management 
during drought. Having recognized that actual carbon sequestration 
on rangelands varies with management practices, ecological sites, and 
climate conditions, as part of a conservative approximation of the mean 
soil carbon uptake, CCX established the Offset issuance rates which are 
discounted from the mean of the range of the soil carbon sequestration 
values.

20% of the offsets earned by each CCX rangeland soil project was 
placed in a Soil Carbon Reserve Pool account as a precaution against 
reversal in carbon sequestration due to failure to follow contractual 
management practices and/or drought occurrence but shall remain 
the property of the project owner(s) upon satisfaction of the five year 
agreement [28]. The CCX reserved the right to prohibit project owners 
from future participation if they failed to conform to the practices 
specified in the contractual agreement. An agent called the Offset 
Aggregator is responsible for combining and forming a larger trading 
unit for project owners involving less than 10,000 metric tons of CO2 
per year. 

De Steiguer et al. [25] reported on a study in Wyoming that 
examined the costs of creating offset credits on a 40, 000-acre cow/calf 
operation through a variety of practices such as sagebrush thinning, 
alfalfa interseeding, movement of cattle from sensitive grazing areas 
during the summer and fencing. The findings showed that, over a 20-
year period, carbon credits could attract a cost between $8 and $17 
per MTCO2e which would make rangelands compete favorably with 
croplands and forest lands for sale of carbon credits. However, CCX 
offset credit prices as of 2008, were lowest of all times, ranging from 
below $1 to above $5 per TCO2e.

De Steiguer et al. [25] also highlighted another study of carbon 
sequestration on semi-arid state-owned rangelands in Arizona in which 
a simulation of range management conditions was done for 12 different 
soil profiles. The results indicated that some semi-arid rangeland soils 
could provide economic opportunities seeing that the soils could be 
candidates for carbon offsets management.  

Private land management incentivization

Approximately 254 million acres (100 million ha) of private grazing 
lands are in the U.S. having the capability to store an additional 60 
million tons of C (220 MTCO2 e) per annum [25]. While conventional 
conservation programs aimed at preserving the soil structure and 
maintaining the ecosystem, carbon sequestration practices may be 
integrated or potentially amend these programs to improve the SOC 
content and maximize the soil carbon storage potential. Rangeland 
management policy for C sequestration practices should educate and 
incentivize private rangeland owners of the environmental benefits that 
are associated with increasing the SOC pool.

 A current study of private rangeland owners from Utah showed 
little interest (37%) for potential participation in a carbon sequestration 
program if it should be initiated, taking into consideration its 
climate and financial gains associated [27]. The lacking in interest 
for participation in the program was explained to be as result of little 
knowledge of soils ability to act as a carbon reserves through enhanced 
carbon sequestration by improving the rangeland biospheres. Cook and 
Ma [27] added that special emphasis is needed to develop innovative 
strategies that will actively communicate the C sequestration process 
with rangeland owners as well as ways of making land management 
more attractive.

To further incentivize agricultural and private landowners to 
management of their lands in an effort to mitigate climate change 
through C sequestration, the Chicago Climate Exchange (CCX) carbon 
market was developed in 2008. This was program that allowed ranchers 
to participate in a voluntary carbon market through generating, 
trading and selling carbon credits. Thus, in 2009 the CCX Sustainably 
Managed Rangeland Soil Sequestration Offset Protocol too effect and 
the Trigg family enrolled some 50,000 acres of rugged rangelands and 
earned $90,000 after selling the carbon credits generated to an energy 
company in Texas [29]. The Trigg family was also the first rancher in 
the state to register and sell credits from state-owned land. Since some 
ranchers were not familiar with the details of the carbon sequestration 
process, monetary incentive was unattractive and they were more in 
support of the co-benefits associated with management [30,31]. Albeit, 
the program is no longer active [29], we have seen where its economic 
benefits can be of importance to rangeland owners who are considering 
transitioning rangelands into carbon dioxide sinks and to part take in 
carbon markets if they should be re-initiated in the future.

Incentivization through Payment for Ecosystems Services (PESs) is 
another market-based avenue that could indemnify land managers for 
environmental management and protection through soil conservation 
and ecosystem restoration while enhancing the carbon stock [32]. 
Sommerville et al. [33] added that a PES implementation framework 
is needed to form that vital element in creating positive incentives that 
will influence decision making behavior. Also, an ecological function 
subject to trade, establishment of standard units of exchange, and a 
supply-demand and intermediation flows between those who sell and 
buy ecosystem services are some characteristic features that must be 
addressed for economically rewarding resource management through 
PESs [34].

In addition, US government policies are increasingly more 
conservation-direct as it relates to private rangeland management, this 
is largely supported by programs in the 2002 Farm Bill [16], which 
include the (1) “Conservation of Private Grazing Land Program, (2) 
Conservation Security Program, (3) Environmental Quality Incentives 
Program, (4) Grassland Reserve Program, (5) Wildlife Habitat 
Incentives Program and (6) Wetlands Reserve Program, ”however, 
these programs were more so forms of pecuniary incentives but can 
be modified to increase C sequestration interest with best management 
practices. 

Land Management Practices- Current and Proposed
Grazing management practices

The literature explains grazing to be one of the management 
practices that aid in the physical break down, increase rate of residual 
plant material decomposition and soil incorporation, hence, restoration 
of badly degraded rangeland soils [16]. The group summarizes the 
effects of different management practices on SOC sequestration rates 
on rangelands across ecosystems. They focused mainly on grazing, 
nitrogen fertilization, legume interseeding and restoration practices 
in different locations and how they impact SOC sequestration rates 
with time. Several other studies have shown that grazing intensity 
and frequency may impact greatly on carbon storage in some areas on 
rangelands, albeit the effects are usually difficult to foretell and often 
times inconsistent due to opposition from abiotic factors.

 Heavy and continuous cattle grazing have deteriorated grasslands 
over many years resulting in severe soil disturbance [16,24]. In some 
cases, short term light or heavy grazing induced changes in plant 
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species composition contributes to increase in SOC content [16]. The 
group highlighted an example during a grazing season where moderate 
and heavy stocking rates were employed in a shortgrass steppe and 
a northern mixed-grass prairie. The results showed a modified plant 
community composition where the proportion of cool-season (C3) 
perennial grasses were reduced while an increased in the predominant 
warm season (C4) perennial grass, blue grama population was observed 
and a reduction in the production potential of rangelands by up to 33%, 
but increases the SOC because there was greater transfer of carbon to 
belowground plant parts in blue grama. 

In an attempt to discuss the effects of management on SOC 
sequestration, Derner et al. [16] highlighted a study where estimated 
increases in soil C sequestration rates of 0.12 Mg C ha-1yr-1 (108.78 lbs 
ac-1 yr-1) and 0.07 Mg C ha-1yr-1 (63.46 lbs ac-1 yr-1)in the soil surface 30 
cm were observed when subjected to grazing at moderate and heavy 
stocking rates respectively in a shortgrass steppe compared to adjacent 
non-grazed exclosures. Increase in SOC was also observed during light 
or heavy stocking rates in northern mixed-prairie (0.30 Mg C ha-1yr-1 or 
271.96 lbs ac-1 yr-1) while rotationally-deferred grazing, short-duration 
rotational grazing and continuous season-long grazing at heavy stocking 
rates, did not affect carbon sequestration in a northern mixed-grass 
prairie. This variation in SOC sequestration hints to the complexity of 
interaction of management and environmental conditions. Schuman et 
al. [35] reported that severe drought and heavy grazing can culminate 
significant deficits in SOC that was previously stored, and also shift the 
microbial community resulting in further losses in soil C. This means 
more emphasis must be concentrated on addressing the interaction of 
management and the environment.

Booker et al. [24] explain that much of the focus to increase carbon 
sequestration on rangelands is geared towards grazing management yet 
the effects on carbon cycling are usually unpredictable. They reason 
that abiotic factors often times dominate the natural processes such 
as grazing on arid rangelands because the ecological sites are usually 
not well understood and underrepresented in grazing studies, and this 
accounts for the variability observed in SOC sequestration rates. As 
a result, manipulating grazing systems on the abiotically-controlled 
non-equilibrium arid systems of the rangelands in the US will not give 
rise to significant carbon sequestration or stocking [36], but more so 
impacting on vegetation state transitions. 

Booker et al. [24] supported the idea that grazing on a particular 
ecological site may influence increasing growth of woody plants such 
as shrubs, which may positively impact the carbon dynamics. This is 
because shrub growth can sequester more carbon in woody material 
that lingers for longer time in the soil compared to herbaceous plants 
[37]; however, this is dependent upon the ecological site and the 
grazing system employed [24]. The absence of water in rangeland soils 
at the xeric end of the climatic gradients with heavy grazing can give 
rise to the growth of woody shrubs while the presence of water coupled 
with light grazing can contribute to increase woody shrubs density [24]. 
In addition, they found that organic carbon is suggested to be better 
retained in drier regions compared to wetter regions because the latter 
regions are prone to oxidative carbon losses owing to the increase woody 
vegetation density. Also, with increased growth of woody shrubs, grass 
population may reduce, as a result of root competition and shading, 
giving rise to soil exposure and deterioration which could mean loss in 
soil carbon stock. Attempting to strike an ecological diversity balance 
in species composition in these regions by manipulating the woody 
vegetation density and grass growth through grazing management 
practices, where possible, together with a better understanding of 

vegetation state transition, can have tremendous effect on soil carbon 
stock, thus, making the soil more resilient to climate change. 

After the Trigg family enrolled some acres of badly degraded 
rangelands in the CCX program, they decided to restore the soil via 
a transition to holistic management practices (HMPs) [29], which 
were in alignment with the CCX Rangeland Offset Protocol [28], 
since prior grazing management practices yielded little carbon. They 
did HM courses and got technical and financial support through 
the USDA, Natural resources Conservation Services (NRCS) and 
Environmental Quality Incentives Program (EQIP). Their biggest 
challenge was modifying the location and grazing pattern of the cattle 
especially if they were subjected to extensive grazing for long periods. 
With the support of a grazing management consultant, they organized 
the pasture into management areas based on ease of movement and 
terrain, reduced the size of the paddocks to attain the infrastructure 
for rotational stocking and reduced stocking periods. The result of 
implementation of rotational stocking, planning and documenting 
activities was improved vegetation and more resilient grasses, and 
better distribution of perennial shrubs thus, contributing to better soil 
water usage and reduced erosion. 

Nitrogen fertilization 

In a review, Derner et al. [16] use previous field study results to 
show that sufficient nitrogen input can increase production and water 
use efficiency, since rangelands are usually deficient in nitrogen.  
Management practices using Tall grass prairie and CRP on Kansas, 
Wyoming and Saskatchewan rangelands have yielded increase soil C 
sequestration rates of 1.6 Mg C ha-1yr-1, 0.41 to 1.16 Mg C ha-1yr-1, and 
5.4 to 9.3 Mg C ha-1yr-1 respectively. In another study in Oklahoma, 
SOC changes on “WW-Spar” Old World bluestem pastures were even 
greater after five years of annual intermediate N fertilizer application. 
Although nitrogen input supports increase SOC sequestration, the 
benefit is offset by CO2 and N2O emissions and CH4 uptake in soils 
during the application process, this is more so evident for croplands. 
Fertilization can be costly and as such this is not a permanent method 
for improving the soil quality on rangelands but an intermediate step to 
achieve good soil structure that will be more resilient to climate changes 
in years to come. 

Legumes interseeding

As a result of nitrogen application drawback, the thought of 
nitrogen fixing legumes on rangelands has been a matter of discussion 
by researchers for many years as an alternative method to nitrogen 
inputs [16]. The group highlighted interseeding studies of some alfalfa 
species that significantly increased the total soil nitrogen, forage quality 
and aboveground production which was parallel with increases in SOC 
sequestration. This group also reported increases in SOC by 4% to 
17% across three post-interseeding dates (3-, 14- and 36 years) using 
yellow-flowered alfalfa into a northern-mixed prairie resulting in C 
sequestration rates of 1.56, 0.65 and 0.33 Mg C ha-1yr-1 respectively, and 
no evidence of increase in emissions of GHG N2O as a result of the 
interseeding. 

Degraded lands restoration

Restoration of badly degraded rangelands soils (and ecosystems) 
that were formerly under cultivation, mining, depletion of woody 
vegetation and restoring soil stability with permanent vegetation is 
another area of management that needs urgent attention and has a 
high potential to sequestrating soil carbon. Reports on field studies 
have shown that cultivation of rangeland soils have significantly reduce 
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SOC in the upper surface of the soil horizon when compared to native 
rangelands. Derner et al. [16] used the following examples where a 
62% reduction in SOC in the upper 15 cm was observed over 60 years 
when shortgrass steppe soils were cultivated, and upon abandoning 
cultivation without re-establishing vegetation showed an increase 20% 
SOC in the upper surface after 50 years, and since these soils only 
contained 67% of the SOC found in native shortgrass steppe, hints to 
the capability of these degrade soils to sequester C. Derner et al. [16]  
cited an example of Post and Kwon [38] where they reported an average 
increase of 0.33 Mg C ha-1yr-1 (299 lbs ac-1 yr-1). 

Since most of these lands have lost a great deal of the SOC stock, 
the CRP is a recommended judicious land use practice that has been 
effective in the enhancement of SOC pool and reducing sediment load 
[7]. Employment of this program estimated SOC sequestration rates of 
600-1000 kg C/ha/year [39], while other reports highlighted consistent 
increase in SOC content on ploys set aside on the grass ley system. 
Derner et al. [16] reported on another field study where adoption of 
CRP on degraded semi-arid savanna rangelands in Texas, Kansas and 
Nebraska resulted in a SOC sequestration rate of 0.8 to 1.1 Mg C ha-

1yr-1(725.22 to 997.17 1bs ac-1 yr-1) and an average 0.9 Mg C ha-1yr-1 from 
Texas to North Dakota. 

Albeit a mere 2.3 M ha of the land was allowed for surface coal 
mining in the US between 1977 and 2001 [40], it is important to restore 
these soils because of the soil salvage processes (collection of the two 
surface profiles) that support high rates of SOC sequestration capability 
due to dilution of the SOC pool when SOM rich surface horizons mix 
with subsoil horizons consisting of lower SOM content [16]. The group 
explained that mined soils have a SOC sequestration potential similar 
to marginal, highly erodible croplands restored to grasslands. The soil 
quality diminishes greatly for stored mine soils since the rate of organic 
matter degradation/decomposition enhances, likewise increase loss of 
plant residue inputs and general loss of microbial functions. Increases 
in SOC of about 400% over a 30 year period on reclaimed mine soils 
(0-15 cm depth) in Wyoming.

Many reports have shown increases in soil carbon storage on 
marginal agricultural lands to grasslands by way of restoring some of 
the carbon lost via soil erosion and tillage as a result of years of soil 
disturbance. While plants are the main source of adding carbon to 
the terrestrial environment, much of the available studies focus on 
revegetation and vegetation manipulation of these marginal agricultural 
lands to grasslands and little attention is given to restoring degraded 
rangelands [41,42]. Removal of some invasive species (e.g. cheat grass) 
associated with increase fire tendency, and organic amendment (manure 
and compost) are consideration that may enhance soil and carbon 
storage respectively [24]. Again these applications are not studied at the 
more arid end of the spectrum, and may not be practical either.

Soil erosion

In the US some estimated 15 MMT of soil carbon is added to 
the atmosphere yearly as a result of water erosion [43]. However, soil 
erosion also resulted from natural processes, poor grazing practices, 
construction, cultivation, and other management practices that reduce 
the net soil carbon stock to an elevated atmospheric carbon flux [24]. 
The extent of soil erosion is dependent on primary factors such as 
vegetation cover, vegetation residue, soil type, slope and precipitation 
that can be maneuver by monitoring grazing intensity [44]. Residual dry 
matter has been utilized by many natural resource protection programs 
as an indicator for the appropriate amount of livestock impact, since it 
has been found to be a key factor in retaining SOC on croplands [45]. 

Also, current studies on croplands indicate that erosion can function as 
a carbon sink in some cases [46,47]. 

Accelerated soil erosion is the most severe degradative process, it 
greatly impact the SOC pool by decreasing the biomass productivity 
and reduces the quality and quantity of biomass in the soil [7]. During 
erosion, redistribution of SOC over landscape, depressional sites and 
aquatic ecosystem may be released as CO2 during mineralization [7]. 
Better understanding of the impact of soil erosion on the SOC dynamics 
and C translocation is necessary so as to effectively assess the role of 
the erosional processes on GHGs emissions. Accelerated soil erosion 
is a major factor depleting SOC on deep slopes, while on flat soils with 
no erosional risks, mineralization usually dominates. This is supported 
by many field experiments where long-term SOC loss in prairie soils 
was due to severe soil erosion, which may account for one-half to two-
thirds of the original carbon pool, while biological oxidation of soil 
organic matter resulted in SOC loss during the mineralization process 
[7]. It is recommended that implementation and adoption of effective 
conservation farming systems such as recommended management 
practices and restoration of degraded soils coupled with judicious 
management of soil erosion are necessary to maintain and enhance 
the soil carbon stock and C sequestration. More about soil erosion 
and interpreting indicators of rangeland health is found on the CCX 
website.

Fire

Fire is generally considered an important regulator of rangeland 
vegetation as it tends to bring the woody plants population under 
control which in turn supports the growth of forbs, grasses and grass-
like plants. Due to deficiency in research studies that are linked to 
specific ecological sites, the effect of rangeland fires on carbon stock 
over the long term is not entirely lucid. However, there is variation in fire 
characteristics, the weather, and the carbon stores that are mainly below 
ground. Specific vegetation state may be maintained by the use of fire, 
as shrub encroachment in grassland is prevented by frequent burning. 
Bremer and Ham [48] showed that in a tall grass prairie annual burning 
resulted in moderate soil carbon loss, while no decrease in soil carbon 
was accumulated was reported by [49]. In contrast, regular fire may also 
result in the removal of woody vegetation and a grassland transition 
followed. An example is seen when cheat grass replaced sagebrush after 
being eliminated in Great Basin sagebrush.

Reforestation and afforestation

Replanting of trees that have been removed through cutting or fire 
is known as reforestation while planting of tress in areas that are not 
currently forest is referred to as afforestation; these are ecological site 
specific management practices that are assumed to increase carbon 
stocks on rangelands [50,51]. Trees are difficult to grow at xeric end 
of the gradients of rangelands; however, the mesic regions are known 
to grow broadleaf and coniferous trees. Several reports suggested that 
introducing or reintroducing broadleaf trees have favorable impact on 
carbon sequestration on rangelands seeing that they have large root 
systems that promote the growth of forbs and grasses beneath the 
canopy on some rangeland systems [50-53].

Reforestation positively impact the soil carbon stock and 
sequestration rate on rangelands, however, since some regions are 
site specific, environmental and social tradeoffs arise. Trees use 
large quantity of water which may reduce water availability for other 
vegetation, because they impact greatly the hydrological cycle and put 
a major limitation on plants growth, thus creating a tradeoff between 
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water use and carbon fixation [51,54]. They reported that soil type, 
species, nutrient management and the climate impact the rate and 
magnitude of carbon sequestration with afforestation and as such may 
not always positively influence the SOC pool. A study on pastures 
afforestated with radiate pine (Pinus radiate) in New Zealand showed 
a decrease in the SOC by 15%  to a depth of 12-18 cm and concluded 
that this practice can result in net mineralization of the SOC pool. In 
another study reforestation of pasture with pine resulted in a decrease 
in the SOC compared to pasture and eucalyptus plantation [7].

Approximately 60% of each kg of carbon fixed annually returns to 
the atmosphere during respiration, and transpiring trees use up to 500 
kg of water for each kg carbon fixed, this is far more than 1000 times the 
net carbon gain [24,55]. Also, increasing the density of thick trees may 
also crowd out some grasses and forbs, and may not compliment grazing 
management practice or support shrub land or grassland habitats [24]. 
Therefore management practices that seek to create a balance between 
vegetation transitions, growth region selective for trees and shrubs and 
address water scarcity should be areas of relevance. In addition, visual 
and cultural preferences better align management practices that target 
promotion of wider biodiversity goals with carbon sequestration [56].

Sites where there is woody vegetation are usually drought and 
fire prone ecological sites, hence, there are some concerns when it 
comes to reforestation and afforestation since burning may result in 
a net carbon lost. Plantation trees such as eucalyptus are fast growing 
and suppress beneath canopy vegetation through shading, heavy duff 
and allelopathy, in addition, they are extremely vulnerable to fire. As 
such, characteristics of the surrounding vegetation, density of woody 
vegetation and the resulting fuel structure are essential and must be 
addressed [24].

Soil quality and SOC

Soil affects the vegetation of rangelands since it influences water 
availability, soil temperature regime, elemental balance, microbial 
biomass carbon and the activity and species diversity of soil flora 
and fauna [6,7]. Enhancing the SOC concentration is very important 
to improving the soil physical, chemical and biological qualities. The 
size, shape, arrangement of solids and voids, porosity, fluid holding 
and retention capacity, organic and inorganic substances and ability 
to accommodate vigorous root growth and development describe the 
soil structure [57], which determines the soil quality. The soil structure 

which is expressed as the degree of stability of aggregates is mediated 
by the SOC, biota, clay and carbonates, however, their interactions can 
be synergistic or disruptive to the aggregation process. Also, the SIC 
contributes significantly to the soil quality by increasing aggregation, 
especially in arid and semiarid environments. Modification of soil 
structure through management practices and environmental changes 
can increase soil carbon sequestration, agronomic productivity, fertility, 
enhance porosity and water quality [57]. 

Lal [6] documented that improving soil quality can be achieved by 
increasing the SOC concentration in poorly managed and maintained 
soils, the benefits associated with management practices that target 
increasing the carbon stock includes (Figure 1): (i) Increase soil 
aggregation and aggregate stability, (ii) increase soil’s cation and anion 
exchange capacity, (iii) reduce crusting, compaction and erosion, (iv) 
increase buffering capacity and moderation of elemental balance, (v) 
decrease in losses of soil water through increase water infiltration rate 
and reduction in evaporation, (vi) improvements in total and macro-
porosity,(vii) increase microbial biomass C, along with activity and 
species diversity of soil biota, and (viii) increase methane oxidation 
capacity, and moderating the rates of nitrification and denitrification. 
Favorable management practices addressing those crucial factors as 
well as the climatic variations can result in increased SOC concentration 
and agronomic productivity. 

Impact of climate change on soil organic carbon

Climate change is one of the most contending abiotic factors that 
impact soil quality by affecting soil aggregation through alteration 
in temperature regimes and soil moisture levels, which can cause 
reorientation of soil particles that at times may be beneficial. Aggregation 
is usually affected by freeze-thaw cycles in moist, temperate regions 
[57]. However, changes in temperature and water availability impact 
the decomposition rates of microbial and biotic activity and species 
composition in the ecosystem [7,57]. Climatic changes can alter the 
biomass return to the soil since temperature and moisture changes may 
affect SOC pool and the physical properties of the soil [7]. Increase 
respiration and biological activity resulted at warmer temperatures and 
higher standing stock of SOC at lower temperatures, while frigid and 
wet soils usually have less available SOC compared to warm and dry 
soil [57]. 

Lal [7] documented that a decrease in effective precipitation with 
increase temperature may cause a decline in the net primary productivity 
in some regions of the tropics while increasing it in the boreal forest 
regions. It is estimated that an increase in the average yearly temperature 
by 1°C is equivalent to a pole ward shift in the vegetation zones by about 
200 km, even though the initial effects may be subtle [58,59]. The rate 
of mineralization is exacerbated with increase temperatures resulting in 
a decrease in the SOC pool and increasing tendency for erosion. Also 
regions that are carbon sinks could possible become net carbon sources 
as a result of the projected temperature increase.

Lal [7] highlighted a study on the impact of climate change on 
the Mediterranean basin that predicted an average altitudinal shift 
in the vegetation belt of 500 m with a 3°C rise in temperature. They 
reported that temperature increases would deplete the SOC pool by 
28% in the upper layers in the humid zone, 20% in the sub-humid 
zone and 15% in the arid zone. In another study, Cheddadi et al. [60] 
predicted that an increase in the atmospheric CO2 to 500 ppmv with 
a correlating temperature increase by 2°C parallel with a reduction 
in precipitation by 30% could significantly change the Mediterranean 
vegetation. Rosenzweig and Hillel [61] also provided a comprehensive 
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Figure 1: Soil quality improvements by increase in SOC pool in agricultural 
soils (Lal, 2011).
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review on the impact of climate change on biomass and agronomic 
production in different ecoregions that could improve the knowledge 
and understanding of rangelands and climate variations. 

Limited rainfall can cause the soil to undergo frequent changes in 
the moisture regime, resulting in wet-dry cycles that are influenced 
mainly by the climatic factors. The variation in moisture levels and 
wet-dry cycles impact soil aggregation by disrupting the swelling clays 
and only positively impact the soil in the initial stages. Wetting causes 
clay particles to breakdown, form bridges and coatings while drying 
[62], thus, decreasing aggregate stability as a result of comminution 
[63]. Several studies have shown that wet-dry cycles affect the porosity 
and quantity of POM incorporated into soil aggregates and are crucial 
in aggregation in soils of arid, semiarid and sub-humid regions [57]. 
Increase aggregate stability on arid environments can be achieved 
through factors such as crusting, carbonates, and earthworms; crusting 
reduces detachment and erosion. Some arid environments soils have 
increased levels of aggregation and stable micro-aggregation than soils 
in humid areas (Mediterranean) [57]. 

Some reports have suggested that management practices such as 
irrigation; mulching and cover cropping can modify temperature and 
moisture regimes and moderate the impact of the wet-dry cycles. No-
till soils would be exposed to less severe wet-dry cycles due to surface 
residue protection while amendment of soil with humic substances can 
reduce slaking or soil breakdown [57].

Soil moisture
Several reports have shown that soil water flow, availability and 

storage is influenced mainly by the soil structure and texture [57]. 
The movement of water deeper into soil horizons, increased leaching, 
improved infiltration and reduced runoff can be achieved when the 
bypass flow in soil is increased, which is incumbent on the aggregation 
and the interconnected pores [57]. Nissen and Wander [64] added 
that water stress in arid conditions could be contributed to by reduced 
matrix flow. Soil moisture is a very important health parameter on 
rangelands, especially on arid and semi-arid environments where it 
is the primary limiting factor. The effect of animal and the period of 
grazing (i.e., the spatio-temporal impacts) can also account for some 
of the variations seen in soil moisture, hence, management decisions 
could impact positively on soil moisture [65].

The SOC pools of the North American Great Plain rangelands have 
shown increases to a depth of 30 cm with increasing precipitation. 
However, a report has shown that lower SOC pools, greater root C/
soil C ratios and induced-grazing compositional shift to greater C4 
dominance in the semi-arid shortgrass steppe of the Great Plains with 
respect to grazing were thought to be the reasons for the difference in 
SOC between the semi-arid and mesic rangelands [16]. The authors 
further elucidated that the changes in species composition as a result of 
induced-grazing with respect to changes in soil C in shortgrass steppe 
were due to magnitude and proportion of fine roots mass in the upper 
soil horizon [16].

In another field study a negative relationship between C sequestration 
and mean annual precipitation was observed for the 0-10 cm and 0-30 
cm depths of the soil profile across stocking rates [16]. Approximate 440 
mm and 600 mm precipitation for the 0-10 cm and 0-30 cm soil depths 
respectively was the threshold values from which positive to negative 
C change took place. C sequestration did not increase above these 
threshold precipitation values and assumed to possibly decrease the 
SOC [16]. Also in another report, nine long-term grazed and ungrazed 

(20-71 years) sites along a semi-mesic precipitation gradient (330-480 
mm) in Canada showed no differences for SOC [66]. Authors reasoned 
that the effect of precipitation on nitrogen turnover and availability may 
be the controlling factor for transition in C sequestration on semi-arid 
to mesic environments and the apparent reduction in C sequestration 
in wet regions is thought to be as result of increased microbial biomass 
C and N and continuous break down of organic matter resulting in 
increased nutrient cycling [16]. 

Nutrient management 

Judicious nutrient management practice is crucial to rangelands 
soil for C sequestration. The SOC concentration increases to a greater 
extent with the application of organic manures and compost (integrated 
nutrient management) than the same quantity of nutrients of 
commercial inorganic fertilizers [67]. The quantity of humic substances 
and biomass carbon produced or returned to the soil is dependent 
on the effects of the fertilizer used, thusly the SOC pool is influenced 
thereof. This therefore means prudent supply of nutrients (such as 
nitrates, phosphates and other essential nutrients) must be in balance 
in the soil so as to enhance the biomass production to appreciable levels 
that can mitigate elevated atmospheric CO2. 

Lal [7] reported from the literatures that increase in SOC 
concentration can be achieved with long term manure applications, 
which may also improve soil particle aggregation. He noted that soils 
that are amended with organic manures are better able to sequester 
carbon with the application of conservation tillage for longer time. Only 
54% of the 820 MMT of manure produced in Europe yearly is being 
applied to arable lands, yet, it is documented that 100% incorporation 
of the said manure into arable lands in the European Union could 
achieve a net sequestration of 6.8 Tg C/year which could mitigate about 
0.8% of the 1990 CO2-C emission for the region [68].  

Technological Synthesis
Deep root plant breeding

Active agricultural intervention could further intensify C 
sequestration to deeper depths through breeding of plants with 
improved and deeper rooting habits and architectures on rangelands. 
The soil structure and its steady-state carbon, nutrient and water 
retention, as well as sustainable production could be improved with 
breeding of plants with bushy and deeper root systems [69]. Kell [69] 
reported that breeding strategy can sequester carbon in a steady-state 
by increasing the rooting depths of grasses and crop plants, but found 
this to be dependent mainly on its lifetime in different molecular forms 
in the soil. 

It is of the view of a few others that the physico-chemical properties 
of the soil entirely control root depths and as such breeding of plants 
with improve root depths or application of genetics might not achieve 
C sequestration on agricultural lands [69], however, experimental 
findings oppose this idea [70,71], also several simple gene-base 
arguments nullify the view. Kell [69] highlighted the findings for two 
studies; an experiment with same soil but different organisms showed 
a significant variation in the plant root depths while in another study 
different cultivars of the same plant in the same soils or growth media 
revealed plant root depths with a great deal of variation. 

Smith [72] reported that increasing the root depths can potentially 
achieve C sequestration of 0.3- 0.8 Mg C ha-1, even though this is a small 
amount it would be beneficial to the SOC pool just by adding to the 
sink capacity. Also Lal [7] outlined that the soil once sequestered this 
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reasonable and conservative amount of carbons, and just by doubling 
the root steady-state depth for 1 m to 2 m can extract substantial 
amount of CO2 from the atmosphere [69]. Rangeland management can 
seek to incorporate this technology in semi-arid and arid environments 
to increase C sequestration and improve carbon stock and soil quality.

Root architecture

The literature has a wealth of articles describing many mutated 
architectural genes that are responsible for root hair formation, root 
length, root branching, etc; however, at present there is similarly 
limited knowledge about the effect of mutations on their characteristics 
and mode of actions by which they impact the phenotype [69]. 
Root architecture is also governed by hormonal behaviors from soil 
organisms and the host plant, and to a lesser extent the physico-
chemical environment [73,74].

Rooting depth

Kell [69] highlighted several articles that present considerable 
opportunities to increase the rooting depth of plant types or cultivars 
by employing the appropriate breeding strategies. Very importantly, 
at present there are cultivated agricultural crops that have root system 
extensions not much beyond 1 m whereas many do hinting to the 
possibility of breeding this trait [69].

Root length is a customary function of aridity, for example 
phreatophytes [75], some common long-rooted plants are common to 
arid regions, albeit this trait mainly relates to the ability to obtain water 
from deep sources. The idea of whether plants extract water from the 
soil or add it (hydraulic redistribution) i.e. the root-water-soil dynamics 
is not fathom [76]. There are supporting evidence that deep root plays 
a key role in C sequestration [69], soil structural improvement [77], 
hydrology improvement [78] and improving agronomic productivity 
due to increase SOC [79]. 

Kell reviewed studies that documented improved root architecture 
and plant yield with the application of quantitative trait loci (QTLs), 
and a number of other plants such as Panicum virgatum (switch grass), 
vetiver (Chrysopogon zizanoides L.) and grasses that significantly 
contribute to C sequestration due to their below-ground biomass. Also 
there have been at least five widely cultivated crop plants can produce 
roots beyond 2 m.

Perenniality

Perennials per se typically develop remarkably longer roots than 
modern domesticated annual crops [80,81], they are model plants to 
prevent nitrogen runoff [82] and sequester substantial amount of carbon 
in soil [83]. Perenniality and large root architectures can be separated 
or coupled for rangeland purposes yet remain uncertainties. However, 
conservation of flowering times genes between monocots and dicots 
seem to contribute to perenniality [84,85] unlike root architecture. 

Recommended management practices

Adoption of RMPs coupled with land use change can be a very 
important technological tool for SOC sequestration [7], and every 
effort should support the application on rangelands. Restoration of 
degraded lands and ecosystems, conversion of marginal agricultural 
soils to restorative lands use and perennial vegetation with the adoption 
of site-specific RMPs can greatly improve the sink capacity of SOC [7]. 
Implementation of RMPs prevent tillage-induced soil disturbances, 
minimizes soil erosion, conserve soil water and return large quantities 
of root and above-ground biomass to the soil [7]. Crop residues and 

biosolids increase the C input and SOC stock [86], conjointly Graham 
et al. [87] added that biosolids inputs in the surface layer increases SOC. 
Management of agriculture lands along with the adoption of RMPs 
has resulted in SOC sequestration through aggregation, humification, 
translocation in the sub-soil and formation of secondary carbonates [7]. 

Agricultural practices proposal

According to Meinhausen et al. [88], to mitigate global temperature 
rise to 2°C sustainable management of soils of agroecosystems is 
necessary. The group proposed a technological option (Figure 2) that 
will aim at improving and innovating agricultural practices that target 
reduction of gaseous emissions through soil-water-crop management 
and sequestration emissions by way of land use, farming systems 
and soil-water-crop management that could result in the reduction 
of input by half while doubling the productivity and enhancing the 
soil-ecosystem-social resilience. There is much to be extracted from 
this technological synthesis for rangeland ecosystem management for 
increasing the SOC pool and improving soil quality and resilience.

The proposed synthesis for sequestering emissions involves 
judicious land use, application of appropriate farming systems and 
management of soil-water-crop, which would results in increase soil, 
ecosystem and social resilience. Land use through implementation of 
restorative perennial systems, introduction of species with wide adoption 
capability, application multiple ecosystem services, conservation of 
soil, water and nutrients; cover cropping and mulching, ley farming, 
agroforestry and energy plantation and polyculture are some farming 
systems proposed; while soil-water-crop management can be achieved 
through conservation tillage, integrated nutrient management (manure, 
compost, biological nitrogen fixation, biofertilizer), fertigation, bio-
plastic film and soil amendments (e.g. biochar) technologies and is 
prescribed to increase the soil, ecosystem C pools and their residence 
time (Figure 2) [6].

Soil amendment- Biochar

Soil biochar amendment is another proposed technological 
option for increasing SOC pool [89,90]. Biochar is formed from low 
temperature pyrolysis of biomass in the absence of oxygen to produce 
charcoal. Sohi et al. [91] reported that soil biochar amendment may 
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Figure 2: Proposed technological options for improved and innovative 
agricultural practices that increase soil-ecosystem C pool- soil C residence 
time.
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sequester 1 billion tons C/yr or more [92]. The literature provided a 
handful of long term field-based studies that give some reliable data on 
C sequestration through the application of biochar (2-5 tons ha-1) on 
grazing and croplands [6]. 

Lin [90] reported that yard trimming, tree leaves and forest litter 
are possible feedstock sources to produce biochar but the feedstock 
source can impact the properties and quality of the biochar obtained, 
thus, organic waste-based biochar is recommended as it showed high 
carbon stability, increase soil alkalinity along with excellent water and 
nutrient holding capacities. Others support the use of soil biochar 
amendment once it does not involve removal biomass that protect soil 
surface [14,91,92]. In a field study on soil amended with biochar that 
was exposed to weathering conditions, the SOC of the soil remained 
constant throughout the 12 month period hinting to the stability of 
biochar in amended soil systems [90]. Lin [90] also added that biochar 
incorporation into top cropland soils can permanently sequester 
average 98 ton C ha-1 from the atmosphere via photosynthesis and 
pyrolysis while reducing the application of chemical fertilizers. 

Challenges
The review uncovered some factors that create limitations for 

rangelands (and other agroecosystems) to sequester carbon at 
reasonable levels that would make them functionally fulfilling their 
C sink capacity. It is evident that more research and development 
priorities is needed to address rangeland ecological dynamics so that 
there will be better understanding of the ecological sites and the link 
to ‘best fit’ ecological models since management in of itself will not 
reliably increase carbon sequestration especially along the semi-arid 
and arid gradients of rangelands [24]. Also, management strategies to 
incorporate protection of carbon stocks already present in soils and 
rangelands conversion from intensive land use are still limited [24].

There is very little intuitive understanding of the fundamental 
and functional processes and mechanisms that affect SOC dynamics 
under normal and varying precipitation patterns on semi-arid and 
arid ecosystems of rangelands; for example the microbial function and 
processes, how they are impacted by land management, environment 
and interactions need to be explored [16]. A controlling factor 
that affects nutrient cycling (cost and benefits) in the ecosystem is 
management-environment interactions that if addressed can provide 
better understanding of climate-plant-soil-microbial interactions 
when coupled with prescribed land management practices (grazing 
management) [16]. 

The CCX voluntary carbon market was abandoned in 2010 [29] 
because of a number of inconsiderable but very important factors 
such as insufficient understanding of the C sequestration process on 
rangelands [30,31], difficulty of sequestering carbon at the arid sites 
[16], low carbon prices, prediction of the effects of a national carbon 
tax by the global nature of beef production, the legality of enrolling 
state-owned lands [26], some ranchers were skeptic of the potentially 
intrusive obligations and liabilities associated with the carbon market, 
the motivations behind the notion of climate change and the feeling 
that the traders, speculators and middlemen would be the ones making 
the real money [25]. In addition, incentives for enrolling rangelands in 
mitigation projects were not financially attractive and environmentally 
proactive in regards to increasing and conserving SOC stocks [24,25].

Lal pointed out that there are concerns about the residence time 
of carbon sequestered in the soil owing to the projected climate 
change and increasing anthropogenic activities such as urbanization, 

desertification and deforestation and the relevant processes of soil C 
sequestration (e.g., aggregation, humification and secondary carbonate 
formation). There are also questions about the possibility of establishing 
saturation of terrestrial C sink capacity of the world soil too soon, since 
desertification and soil degradation seem to be happening at a faster 
rate than soil management or land restoration [6]. Also adoption of 
RMPs is soil-specific; hence, the soil and biome required developed and 
validated site-specific technologies, and there is also the need to carry 
out analysis of the life cycle of RMPs at farms, watersheds, and regional 
scales so as to assess the net SOC gains due to the concealed C cost 
associated with RMPs [6].

Breeding plants with deeper root systems can do a lot for carbon 
sequestration and improving soil quality, however, more study on roots 
interactions with the soil micro-organisms and invertebrates is found 
wanting, the genes that are responsible for root development, as well 
as the effects of the biochemical turnover associated with deeper root 
plants are still outstanding [69].

Opportunities
The growing interest to find the most appropriate and site-specific 

land management practices that will seek to increase terrestrial carbon 
stocks on rangelands can possibly modify government natural resource 
conservation programs as well as the carbon market policies if it 
should be re-initiated in the future. Although carbon sequestration on 
rangeland is a not a permanent solution to the increasing atmospheric 
CO2, it can extract appreciable amounts, improve the soil quality and 
resilience and buy us time until an alternative solution to fossil fuel is 
developed and implemented [7,16].

Carbon sequestration on rangelands is environmentally friendly, 
inexpensive and natural process of mitigating climate change when 
compared to other methods, unlike others, the co-benefits of increasing 
the SOC pool includes improving biodiversity, enhance agronomic 
productivity, reduce erosional losses, restore degraded lands, improve 
the quantity and quality of water resources and advance global food 
security [6].

The carbon credit market was projected to reach $500 billion in 
trading by 2020; however, it is believed that with developed policies 
along with accurate, credible and cost-effective protocols that better 
reflect rangeland dynamics and the aim of the carbon market, educating 
ranchers about the carbon sequestration process and increasing the 
carbon credit prices would make rangeland projects sustainable and 
successful [25]. The Trigg family was successful in increasing the 
carbon stocks on some rugged rangelands by transitioning the land to 
more sustainable, carbon-oriented forms of ranching and was one of 
the few to earn an income from selling the carbon credits and as such, 
insight can be garnered from the experience if future carbon markets 
should re-initiated [29].

References

1. IPCC (2007a) Climate Change 2007: The Physical Science Basis. Working 
Group I. Cambridge University Press, Cambridge, UK.

2. Girard JE (2014) Global warming and climate change: Principles of Environment 
Chemistry. (3rd edn), Jones & Barlett Learning, LLC, Burlington, MA.

3. IPCC (2007b) Climate Change 2007: Impacts, Adaptation and Vulnerability. 
Working Group II Contribution to the 4th Assessment Report. Cambridge 
University Press, Cambridge, UK.

4. Post E, Forchhammer MC, Bret-Harte MS, Callaghan TV, Christensen TR, et 
al. (2009) Ecological dynamics across the arctic associated with recent climate 
change. Sci 325: 1355-1358.

http://www.ipcc.ch/publications_and_data/ar4/wg1/en/contents.html
http://www.ipcc.ch/publications_and_data/ar4/wg1/en/contents.html
http://www.jblearning.com/catalog/9781449693527/
http://www.jblearning.com/catalog/9781449693527/
http://www.ipcc.ch/pdf/assessment-report/ar4/wg2/ar4_wg2_full_report.pdf
http://www.ipcc.ch/pdf/assessment-report/ar4/wg2/ar4_wg2_full_report.pdf
http://www.ipcc.ch/pdf/assessment-report/ar4/wg2/ar4_wg2_full_report.pdf
http://www.sciencemag.org/content/325/5946/1355
http://www.sciencemag.org/content/325/5946/1355
http://www.sciencemag.org/content/325/5946/1355


Citation: McDermot C, Elavarthi S (2014) Rangelands as Carbon Sinks to Mitigate Climate Change: A Review. J Earth Sci Clim Change 5: 221. 
doi:10.4172/2157-7617.1000221

Page 11 of 12

Volume 5 • Issue 8 • 1000221
J Earth Sci Clim Change 
ISSN:2157-7617 JESCC, an open access journal 

5. Havstad K, Peters D, Allen-Diaz B, Bartolome J, Bestelmeyer B, et al. (2009) 
The Western United States Rangelands: A Major Resource 75-93. In: Wedin 
WF, Fales SL [edn.] Grasslands: Quietness and Strength for a New American 
Agriculture. Soil Science Society of America, Madison, WI, USA.

6. Lal R (2011) Sequestering carbon in soils of agro-ecosystems. Food Policy 
36: S33-S39.

7. Lal R (2004) Soil carbon sequestration to mitigate climate change. Geoderma 
123: 1-22.

8. Schuman GE, Janzen HH, Herrick JE (2002) Soil carbon dynamics and 
potential carbon sequestration by rangelands. Environ Pollut 116: 391-396.

9. Neely C, Bunning S, Wilkes A (edn) (2009) Review of evidence on drylands 
pastoral systems and climate change: Implications and opportunities for 
mitigation and adaptation. FAO, Rome, Italy.

10. Follett RF, Kimble JM, Lal R [eds.] (2001a) The potential of U.S. grazing lands 
to sequester carbon and mitigate the greenhouse effect. Lewis Publishers: 
Boca Raton, FL, USA 442.

11. EIA [Department of Energy Information Administration] (2008) Emissions of 
greenhouse gases report. Report No. DOE/EIA-0573, Washington D.C, USA.

12. Batjes NH (1999) Management Options for Reducing CO2 Concentrations 
in the Atmosphere by Increasing Carbon Sequestration in the Soil. ISRIC, 
Wageningen, The Netherlands.

13. Fargione J, Hill J, Tilman D, Polasky S, Hawthorne P (2008) Land clearing and 
biofuel carbon debt. Sci 319: 1235-1238.

14. Molina M, Zaelke D, Sarma KM, Anderson SO, Ramanathan V, et al. (2009) 
Reducing abrupt climate change risk using the Montreal protocol and other 
regulatory actions to complement cut in CO2 emissions. PNAS 106: 20616-
20621. 

15. Balogh JS, Czobel S,  Foti Z, Nagy O, Szirmai E, et al. (2005) The influence 
of drought on carbon balance in loess grassland. Cereal Res Commun 33: 
149-152.

16. Derner JD, Schuman GE (2007) Carbon sequestration and rangelands: a 
synthesis of land management and precipitation effects. J Soil Water Conserv 
62: 77-85.

17. Bronick CJ, Lal R (2005) Soil structure and management: a review. Geoderma 
124: 3-22.

18. Jastrow JD, Miller RM (1998) Soil aggregate stabilization and carbon 
sequestration: Feedbacks through organomineral associations 207-223. In: 
Lal R, Kimble J, Follett R, Stewart BA (edn) Advances in Soil Science: Soil 
Processes and the Carbon Cycle. CRC Press: Boca Raton, FL, USA.

19. Walkley A, Black IA (1934) An examination of the Degtjareff method for 
determining organic carbon in soils: Effect of variations in digestion conditions 
and of inorganic soil constituents. Soil Sci 63: 251-263.

20. Fynn AJ, Alvarez P, Brown JR, George MR, Kustin C, et al. (2009) Soil Carbon 
Sequestration in U.S. Rangelands: Issue paper for protocol development. 
Environmental Defense Fund, NY, U.S.A. 

21. Wilke BM (2005) Determination of chemical and physical soil properties. 
In: Margesin R, Schinner F (edn) Manual for soil analysis: monitoring and 
assessing soil bioremediation, XVI 47-96. Springer: New York, NY, USA.

22. Schuman GE, Herrick JE, Janzen HH (2001) The dynamics of soil carbon 
in rangelands. In: Follett RF, Kimble JM, Lal R (edn), The Potential of U. S. 
Grazing Lands to Sequester Carbon and Mitigate the Greenhouse Effect 401–
430, Lewis Publishers, Boca Raton, FL.

23. Pattanayak SK, McCarl BA, Sommer AJ, Murray BC, Bondelid T (2005) Water 
quality co-effects of greenhouse gas mitigation in US agriculture. Climatic 
Change 71: 341-372.

24. Booker K, Huntsinger L, Bartolome JW, Sayre NF, Stewart W (2013) What can 
ecological science tell us about opportunities for carbon sequestration on arid 
rangelands in the United States? Global Environ Change 23: 240-251.

25. De Steiguer JE, Brown JR, Thorpe J (2008) Contributing to the mitigation of 
climate change using rangeland management. Rangelands 30: 7-11.

26. Norgaard RB (2009) Ecosytem services: from eye-opening metaphor to 
complexity blinder. Ecol Econ 69: 1219-1227.

27. Cook SL, Ma Z (2014) Carbon sequestration and private rangelands: Insights 
from Utah landowners and implications for policy development. Land Use 
Policy 36: 522-532. 

28. http://www.chicagoclimatex.com/content.jsf?id=1101.

29. Gosnell H, Robinson MN, Charnley S (2011) Profiting From the Sale of Carbon 
Offsets: A Case Study of the Trigg Ranch. Rangelands 33: 25-29.

30. Cheatum M, Casey F, Alvarez P, Parkhurst B (2011) Payments for ecosystem 
services: A California rancher perspective. Conservation Economics White 
Paper. Conservation Economics and Finance Program. Defenders of Wildlife, 
Washington, D.C. 

31. Ma Z, Coppock DL (2012) Perceptions of Utah ranchers towards carbon 
sequestration: implications for programs and policies. J Environ Manage 111: 
78-86.

32. Milder JC, Scherr SJ, Bracer C (2010) Trends and future potential of payment 
for ecosystem services to alleviate rural poverty in developing countries. Ecol 
Soc 15: 4.

33. Sommerville MM, Jones JPG, Milner-Gulland EJ (2009) A revised conceptual 
framework for payments for environmental services. Ecol Soc 14: 34.

34. Kosoy N, Corbera E (2010) Payments for ecosystem services as commodity 
fetishism. Ecol Econ 69: 1228-1236.

35. Schuman GE, Ingram LJ, Stahl PD, Vance GF (2005) Dynamics of long-term 
carbon sequestration on rangelands in the western USA. In: 20th International 
Grassland Congress, Dublin, Ireland. 

36. Briske DD, Derner JD, Brown JR, Fuhlendorf SD, Teague WR, et al. (2008) 
Rotational grazing on rangelands: reconciliation of perception and experimental 
evidence. Rangeland Ecol Manage 61: 3-17.

37. Silver WL, Ryals R, Eviner V (2010) Soil carbon pools in California’s annual 
grassland ecosystems. Rangeland Ecol Manage 63: 128-136.

38. Post WM, Kwon KC (2000) Soil carbon sequestration and land use change: 
processes and potential. Global Change Bio 6: 317-327.

39. Follett RF, Pruessner EG, Samson-Liebig SE, Kimble JM, Waltman SW 
(2001b) Carbon sequestration under the Conservation Reserve Program in the 
historic grasslands of the United States of America. In: Lal R (edn) Soil Carbon 
Sequestration and the Greenhouse Effect. Soil Science Society of America 
Special Publication 57. American Society of Agronomy, Madison, WI.

40. Galetovic J (2005) Personal communication.

41. Diaz D, Charnley S, Gosnell H (2009) Engaging Western landowners in climate 
change mitigation: a guide to carbon-oriented forest and range management 
and carbon market opportunities. USDA Forest Service, Pacific Northwest 
Research Station, General Technical Report 801, Portland, OR, USA.

42. Derner JD, Schuman GE, Jawson M, Shafer SR, Morgan JA, et al. (2005) 
USDA-ARS global change research on rangelands and pasturelands. 
Rangelands 27: 36-42.

43. Lal R, Kimble JM, Follett RF, Cole CV (1999) The Potential of U.S. Cropland 
to Sequester Carbon and Mitigate the Greenhouse Effect. Environ Sci Policy 
2: 177-185. 

44. Bartolome JW, Frost WE, McDougald NK, Connor JM (2006) rev. ed. California 
Guidelines for Residual Dry Matter (RDM) Management on Coastal and Foothill 
Annual Rangelands. Univ Calif Div Agric Nat Res Rangeland Manage Series 
Pub 8092, Oakland, CA.

45. Subak S (2000) Agricultural soil carbon accumulation in North America: 
considerations for climate policy. Global Environ Change-Human Policy 
Dimensions 10: 185-195.

46. Van Oost K, Quine TA, Govers G, de Gryze S, Six J, et al. (2007) The impact of 
agricultural soil erosion on the global carbon cycle. Sci 318: 626-629.

47. Harden JW, Berhe AA, Torn M, Harte J, Liu S, et al. (2008) Soil erosion: Data 
say C sink. Sci 320: 178-179.

48. Bremer DJ, Ham JM (2010) Net carbon fluxes over burned and unburned 
native tallgrass prairie. Rangeland Ecol Manage 63: 72-81.

49. Fornara DA, Tilman D (2008) Plant functional composition influences rates of 
soil carbon and nitrogen accumulation. J Ecol 96: 314-322.  

50. Morgan JA, Follett RF, Allen LH, Del Grosso S, Derner JS, et al. (2010) 
Carbon sequestration in agricultural lands of the United States. J Soil Water 
Conservation 65: 6A-13A.

51. Jackson RB, Jobba´gy EG, Avissar R, Roy SB, Barrett DJ (2005) Trading water 
for carbon with biological carbon sequestration. Sci 310: 1944-1947.

http://agrilifecdn.tamu.edu/briske/files/2013/01/RangelandResourcesUSBC09_4.pdf
http://agrilifecdn.tamu.edu/briske/files/2013/01/RangelandResourcesUSBC09_4.pdf
http://agrilifecdn.tamu.edu/briske/files/2013/01/RangelandResourcesUSBC09_4.pdf
http://agrilifecdn.tamu.edu/briske/files/2013/01/RangelandResourcesUSBC09_4.pdf
http://www.sciencedirect.com/science/article/pii/S0306919210001454
http://www.sciencedirect.com/science/article/pii/S0306919210001454
http://www.sciencedirect.com/science/article/pii/S0016706104000266
http://www.sciencedirect.com/science/article/pii/S0016706104000266
http://www.nrel.colostate.edu/ftp/conant/afri/wiki/Carbon_sequestration_rangelands_Schuman.pdf
http://www.nrel.colostate.edu/ftp/conant/afri/wiki/Carbon_sequestration_rangelands_Schuman.pdf
ftp://ftp.fao.org/docrep/fao/012/i1135e/i1135e00.pdf
ftp://ftp.fao.org/docrep/fao/012/i1135e/i1135e00.pdf
ftp://ftp.fao.org/docrep/fao/012/i1135e/i1135e00.pdf
http://eco.ibcas.ac.cn/group/baiyf/pdf/gxzy/9_The_Potential_of_U.S._Grazing_Lands_to_Sequester_Carbon_and_Mitigate_the_Greenhouse_Effect.pdf
http://eco.ibcas.ac.cn/group/baiyf/pdf/gxzy/9_The_Potential_of_U.S._Grazing_Lands_to_Sequester_Carbon_and_Mitigate_the_Greenhouse_Effect.pdf
http://eco.ibcas.ac.cn/group/baiyf/pdf/gxzy/9_The_Potential_of_U.S._Grazing_Lands_to_Sequester_Carbon_and_Mitigate_the_Greenhouse_Effect.pdf
http://www.eia.gov/environment/emissions/ghg_report/pdf/0573%282009%29.pdf
http://www.eia.gov/environment/emissions/ghg_report/pdf/0573%282009%29.pdf
http://www.isric.org/sites/default/files/NRP410200031.pdf
http://www.isric.org/sites/default/files/NRP410200031.pdf
http://www.isric.org/sites/default/files/NRP410200031.pdf
http://www.sciencemag.org/content/319/5867/1235.short
http://www.sciencemag.org/content/319/5867/1235.short
http://www.pnas.org/content/106/49/20616.abstract
http://www.pnas.org/content/106/49/20616.abstract
http://www.pnas.org/content/106/49/20616.abstract
http://www.pnas.org/content/106/49/20616.abstract
http://www.experts.scival.com/hungary/pubDetail.asp?t=pm&id=17244370834&n=J.+Balogh&u_id=112&oe_id=1&o_id=7
http://www.experts.scival.com/hungary/pubDetail.asp?t=pm&id=17244370834&n=J.+Balogh&u_id=112&oe_id=1&o_id=7
http://www.experts.scival.com/hungary/pubDetail.asp?t=pm&id=17244370834&n=J.+Balogh&u_id=112&oe_id=1&o_id=7
http://www.jswconline.org/content/62/2/77.abstract
http://www.jswconline.org/content/62/2/77.abstract
http://www.jswconline.org/content/62/2/77.abstract
http://www.sciencedirect.com/science/article/pii/S0016706104000898
http://www.sciencedirect.com/science/article/pii/S0016706104000898
http://www.osti.gov/scitech/biblio/464188
http://www.osti.gov/scitech/biblio/464188
http://www.osti.gov/scitech/biblio/464188
http://www.osti.gov/scitech/biblio/464188
http://globalrangelands.org/dlio/56686
http://globalrangelands.org/dlio/56686
http://globalrangelands.org/dlio/56686
http://eco.ibcas.ac.cn/group/baiyf/pdf/gxzy/9_The_Potential_of_U.S._Grazing_Lands_to_Sequester_Carbon_and_Mitigate_the_Greenhouse_Effect.pdf
http://eco.ibcas.ac.cn/group/baiyf/pdf/gxzy/9_The_Potential_of_U.S._Grazing_Lands_to_Sequester_Carbon_and_Mitigate_the_Greenhouse_Effect.pdf
http://eco.ibcas.ac.cn/group/baiyf/pdf/gxzy/9_The_Potential_of_U.S._Grazing_Lands_to_Sequester_Carbon_and_Mitigate_the_Greenhouse_Effect.pdf
http://eco.ibcas.ac.cn/group/baiyf/pdf/gxzy/9_The_Potential_of_U.S._Grazing_Lands_to_Sequester_Carbon_and_Mitigate_the_Greenhouse_Effect.pdf
http://link.springer.com/article/10.1007%2Fs10584-005-5925-0
http://link.springer.com/article/10.1007%2Fs10584-005-5925-0
http://link.springer.com/article/10.1007%2Fs10584-005-5925-0
http://www.sciencedirect.com/science/article/pii/S0959378012001148
http://www.sciencedirect.com/science/article/pii/S0959378012001148
http://www.sciencedirect.com/science/article/pii/S0959378012001148
http://www.farmland.org/programs/environment/workshops/documents/Mitigation.pdf
http://www.farmland.org/programs/environment/workshops/documents/Mitigation.pdf
http://www.sciencedirect.com/science/article/pii/S0921800909004583
http://www.sciencedirect.com/science/article/pii/S0921800909004583
http://www.sciencedirect.com/science/article/pii/S0264837713001907
http://www.sciencedirect.com/science/article/pii/S0264837713001907
http://www.sciencedirect.com/science/article/pii/S0264837713001907
http://www.chicagoclimatex.com/content.jsf?id=1101
http://ceoas.oregonstate.edu/people/files/gosnell/Gosnell et al 2011 Trigg Ranch Case Study.pdf
http://ceoas.oregonstate.edu/people/files/gosnell/Gosnell et al 2011 Trigg Ranch Case Study.pdf
http://www.carangeland.org/images/payments_for_ecosystem_services_a_california_rancher_perspective.pdf
http://www.carangeland.org/images/payments_for_ecosystem_services_a_california_rancher_perspective.pdf
http://www.carangeland.org/images/payments_for_ecosystem_services_a_california_rancher_perspective.pdf
http://www.carangeland.org/images/payments_for_ecosystem_services_a_california_rancher_perspective.pdf
http://www.pubfacts.com/detail/22831793/Perceptions-of-Utah-ranchers-toward-carbon-sequestration:-policy-implications-for-US-rangelands.
http://www.pubfacts.com/detail/22831793/Perceptions-of-Utah-ranchers-toward-carbon-sequestration:-policy-implications-for-US-rangelands.
http://www.pubfacts.com/detail/22831793/Perceptions-of-Utah-ranchers-toward-carbon-sequestration:-policy-implications-for-US-rangelands.
http://www.ecologyandsociety.org/vol15/iss2/art4/
http://www.ecologyandsociety.org/vol15/iss2/art4/
http://www.ecologyandsociety.org/vol15/iss2/art4/
http://www.ecologyandsociety.org/vol14/iss2/art34/
http://www.ecologyandsociety.org/vol14/iss2/art34/
http://www.sciencedirect.com/science/article/pii/S0921800909004510
http://www.sciencedirect.com/science/article/pii/S0921800909004510
http://books.google.co.in/books?id=CtD-6CPdZCgC&pg=PA590&lpg=PA590&dq=Dynamics+of+long-term+carbon+sequestration+on+rangelands+in+the+western+USA.&source=bl&ots=LWe5zRn-58&sig=TKy1MlAQChh1tvx4Bi3LtSWa2Dg&hl=en&sa=X&ei=5REgVIGsE8fGuASqjoH4BA&ved=0CB4Q6AEwAA#v=onepage&q=Dynamics of long-term carbon sequestration on rangelands in the western USA.&f=false
http://books.google.co.in/books?id=CtD-6CPdZCgC&pg=PA590&lpg=PA590&dq=Dynamics+of+long-term+carbon+sequestration+on+rangelands+in+the+western+USA.&source=bl&ots=LWe5zRn-58&sig=TKy1MlAQChh1tvx4Bi3LtSWa2Dg&hl=en&sa=X&ei=5REgVIGsE8fGuASqjoH4BA&ved=0CB4Q6AEwAA#v=onepage&q=Dynamics of long-term carbon sequestration on rangelands in the western USA.&f=false
http://books.google.co.in/books?id=CtD-6CPdZCgC&pg=PA590&lpg=PA590&dq=Dynamics+of+long-term+carbon+sequestration+on+rangelands+in+the+western+USA.&source=bl&ots=LWe5zRn-58&sig=TKy1MlAQChh1tvx4Bi3LtSWa2Dg&hl=en&sa=X&ei=5REgVIGsE8fGuASqjoH4BA&ved=0CB4Q6AEwAA#v=onepage&q=Dynamics of long-term carbon sequestration on rangelands in the western USA.&f=false
http://ext100.wsu.edu/kittitas/wp-content/uploads/sites/19/2013/07/Briske-Teague-Havstad-2008-rotational-grazing-on-rangelands1.pdf
http://ext100.wsu.edu/kittitas/wp-content/uploads/sites/19/2013/07/Briske-Teague-Havstad-2008-rotational-grazing-on-rangelands1.pdf
http://ext100.wsu.edu/kittitas/wp-content/uploads/sites/19/2013/07/Briske-Teague-Havstad-2008-rotational-grazing-on-rangelands1.pdf
http://www.bioone.org/doi/abs/10.2111/REM-D-09-00106.1?journalCode=rama
http://www.bioone.org/doi/abs/10.2111/REM-D-09-00106.1?journalCode=rama
http://www.esd.ornl.gov/~wmp/PUBS/post_kwon.pdf
http://www.esd.ornl.gov/~wmp/PUBS/post_kwon.pdf
http://www.fs.fed.us/pnw/pubs/pnw_gtr801.pdf
http://www.fs.fed.us/pnw/pubs/pnw_gtr801.pdf
http://www.fs.fed.us/pnw/pubs/pnw_gtr801.pdf
http://www.fs.fed.us/pnw/pubs/pnw_gtr801.pdf
http://www.ars.usda.gov/SP2UserFiles/person/1354/22.Derneretal-Rangelandsglobalchangearticle2005.pdf
http://www.ars.usda.gov/SP2UserFiles/person/1354/22.Derneretal-Rangelandsglobalchangearticle2005.pdf
http://www.ars.usda.gov/SP2UserFiles/person/1354/22.Derneretal-Rangelandsglobalchangearticle2005.pdf
http://www.crcpress.com/product/isbn/9781575041124
http://www.crcpress.com/product/isbn/9781575041124
http://www.crcpress.com/product/isbn/9781575041124
http://www.sciencedirect.com/science/article/pii/S0959378000000261
http://www.sciencedirect.com/science/article/pii/S0959378000000261
http://www.sciencedirect.com/science/article/pii/S0959378000000261
http://www.sciencemag.org/content/318/5850/626.abstract
http://www.sciencemag.org/content/318/5850/626.abstract
http://www.sciencemag.org/content/320/5873/178.citation
http://www.sciencemag.org/content/320/5873/178.citation
http://www.srmjournals.org/doi/abs/10.2111/REM-D-09-00010.1
http://www.srmjournals.org/doi/abs/10.2111/REM-D-09-00010.1
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2745.2007.01345.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2745.2007.01345.x/abstract
http://www.fluxfarm.com/uploads/3/1/6/8/3168871/carbon_sequestration_in_agricultural_lands.pdf
http://www.fluxfarm.com/uploads/3/1/6/8/3168871/carbon_sequestration_in_agricultural_lands.pdf
http://www.fluxfarm.com/uploads/3/1/6/8/3168871/carbon_sequestration_in_agricultural_lands.pdf
http://www.sciencemag.org/content/310/5756/1944.full
http://www.sciencemag.org/content/310/5756/1944.full


Citation: McDermot C, Elavarthi S (2014) Rangelands as Carbon Sinks to Mitigate Climate Change: A Review. J Earth Sci Clim Change 5: 221. 
doi:10.4172/2157-7617.1000221

Page 12 of 12

Volume 5 • Issue 8 • 1000221
J Earth Sci Clim Change 
ISSN:2157-7617 JESCC, an open access journal 

52. O’Halloran TL, Law BE, Baldocchi DD, Bonan GB, Randerson JT (2009)
Potential biogeochemical and biogeophysical consequences of afforestation in 
North America. American Geophysical Union Fall Meeting. San Francisco, CA.

53. Baldocchi DD, Chen Q, Chen X, Ma S, Miller G, et al. (2010) The dynamics of
energy, water and carbon fluxes in a blue oak (Quercus douglasii) savanna in 
California, USA. In: Hill MJ, Hanan NP (Eds.), Ecosystem Function in Global
Savannas: Measurement and Modeling at Landscape to Global Scales. CRC/
Taylor and Francis, New York 135-151.

54. Jackson RB, Farley KA, Hoffmann WA, Jobba´ gy EG, McCulley RL (2007)
Carbon and water tradeoffs in conversions to forests and shrublands. In:
Canadell JG, Pataki DE, Pitelka LF (edn) Terrestrial Ecosystems in a Changing 
World. Springer, Berlin, pp. 237-244. 

55. Sabate´ S, Gracia CA (2011) Water processes in trees: transpiration and
photosynthesis. In: Birot Y, Gracia C, Palahı´ M (edn) What Science Can Tell Us 
1,Water for Forests and People in the Mediterranean Region—A Challenging
Balance 72-75 European Forest Institute, Joensuu, Finland.

56. Caparro´s A, Ovando P, Oviedo JL, Campos P (2010) Accounting for carbon
in avoided degradation and reforestation programs in Mediterranean forests.
Environ Develop Econ 16: 405-428.

57. Lal R, Griffin M, Apt J, Lave L, Morgan MG (2004) Ecology. Managing soil 
carbon. Science 304: 393.

58. Ozenda P, Borel JL (1990) The possible responses of vegetation to a global
climate change. Scenario for Western Europe with special reference to the
Alps. In: Boer M, de Groot RS (edn) Landscape-Ecological Impact of Climate
Change. Proc. European Conf., Lunteren, Amsterdam, The Netherlands 221-
249.

59. Hendry GAF, Grime JP (1990) Natural vegetation. In: Cannell MGR, Hooper
MD (edn.) The Greenhouse Effect and the Terrestrial Ecosystems in the UK.
HMSO, London 27-31.

60. Cheddadi R, Guiot J, Jolly D (2001) The Mediterranean vegetation: what if the
atmospheric CO2 increased? Landscape Ecol 16: 667-675.

61. Rosenzweig C, Hillel D (1998) Climate Change and the Global Harvest:
Potential Impacts of the Greenhouse Effect on Agriculture. Oxford Univ. Press, 
New York 324.

62. Harris MA, Omoregi SN (2008) Post-mining deterioration of bauxite overburdens 
in Jamaica: storage methods or subsoil dilution? Environ Geol 54: 111-115.

63. Singer MJ, Southard RJ, Warrington DJ, Janitzky P (1992) Stability of synthetic 
sand clay aggregates after wetting and drying cycles. Soil Sci Soc Am J 56:
1843-1848.

64. Nissen TM, Wander MM (2003) Management and soil-quality effects on
fertilizer-use efficiency and leaching. Soil Sci Soc Am J 67: 1524-1532.

65. Thomas DA, Squires VR (1991) Available Soil Moisture as a Basis for Land
Capability Assessment in Semi-Arid Regions. Plant Ecol 91: 183-189.

66. Henderson DC, Ellert BH, Naeth MA (2004) Grazing and soil carbon along a
gradient of Alberta rangelands. J Range Manage 57: 402-410.

67. Gregorich EG, Drury CF, Baldock JA (2001) Changes in soil carbon under long-
term maize in monoculture and legume-based rotation. Canadian J Soil Sci
81: 21-31.

68. Smith P, Powlson DS (2000) Considering manure and carbon sequestration.
Sci 287: 428- 429.

69. Kell DB (2011) Breeding crop plants with deep roots: their role in sustainable
carbon, nutrient and water sequestration. Annals of Botany 108: 407-418.

70. Doussan C, Pages L, Pierret A (2003) Soil exploration and resource acquisition 
by plant roots: an architectural and modelling point of view. Agronomie 23: 419-
431.

71. Kato Y, Abe J, Kamoshita A, Yamagishi J (2006) Genotypic variation in root
growth angle in rice (Oryza sativa L.) and its association with deep root
development in upland fields with different water regimes. Plant Soil 287: 117-
129.

72. Smith P (2004) Carbon sequestration in croplands: the potential in Europe and 
the global context. European J Agronomy 20: 229-236.

73. Santner A, Calderon-Villalobos LI, Estelle M (2009) Plant hormones are
versatile chemical regulators of plant growth. Nature Chemical Biology 5: 301-
307.

74. Cahill JFJr, McNickle GG, Haag JJ, Lamb EG, Nyanumba SM, et al. (2010)
Plants integrate information about nutrients and neighbors. Science 328: 1657.

75. Pataki DE, Billings SA, Naumburg E, Goedhart CM (2008) Water sources and
nitrogen relations of grasses and shrubs in phreatophytic communities of the
Great Basin Desert. J Arid Environ 72: 1581-1593.

76. Burgess SSO, Bleby TM (2006) Redistribution of soil water by lateral roots
mediated by stem tissues. J Experimental Botany 57: 3283-3291.

77. Gregory AS, Webster CP, Watts CW (2010) Soil management and grass
species effects on the hydraulic properties of shrinking soils. Soil Science
Society of America J 74: 753-761.

78. Macleod CJA, Binley A, Hawkins SL (2007) Genetically modified hydrographs: 
what can grass genetics do for temperate catchment hydrology? Hydrological
Processes 21: 2217-2221.

79. Lal R (2010b) Enhancing eco-efficiency in agro-ecosystems through soil 
carbon sequestration. Crop Sci 50: S120-S131.

80. DuPont ST, Culman SW, Ferris H, Buckley DH, Glover JD (2010) No-tillage
conversion of harvested perennial grassland to annual cropland reduces root
biomass, decreases active carbon stocks, and impacts soil biota. Agriculture,
Ecosystems and Environment 137: 25-32.

81. Van Tassel DL, DeHaan LR, Cox TS (2010) Missing domesticated plant forms: 
can artificial selection fill the gap? Evolutionary Applications 3: 434-452.

82. Randall GW, Mulla DJ (2001) Nitrate nitrogen in surface waters as influenced 
by climatic conditions and agricultural practices. J Environ Quality 30: 337-344.

83. Kardol P, Wardle DA (2010) How understanding aboveground–belowground
linkages can assist restoration ecology. Trends in Ecol Evolution 25: 670-679.

84. Wang R, Farrona S, Vincent C (2009) PEP1 regulates perennial flowering in 
Arabisalpina. Nature 459: 423-427.

85. http://www.plosone.org/art icle/info%3Adoi%2F10.1371%2Fjournal.
pone.0010065 

86. Paustian K, Andren O, Janzen HH, Lal R, Smith P, et al. (1997) Agricultural soils 
as a sink to mitigate CO2 emissions. Soil Use Manage 13: 230- 244.

87. Graham MH, Haynes RF, Meyer JH (2002) Soil organic matter content and
quality: effects of fertilizer applications, burning and trash retention on a long-
term sugarcane experiment in South Africa. Soil Biol Biochem 34: 93-102.

88. Meinhausen M, Meinhausen N, Hare W, Raper SCB, Frieler K, et al. (2009)
Greenhouse gas emission targets for limiting global warming to 2°C. Nature
458: 1158-1162.

89. Zimmeman AR (2010) Abiotic and microbial oxidation of laboratory-based black 
carbon (biochar). Environ Sci Tech 44: 1295-1301.

90. Lin Y (2010) Biochar fertilization for soil quality improvement and carbon
sequestration. Masters Thesis Delaware State University, Dover, DE.

91. Sohi SP, Krull E, Lopez-Capel E, Bol R (2010) A review of biochar and its use
and function in soil. Advances in Agronomy 105: 47-82.

92. Lehmann J, Gaunt J, Rondon M (2006) Bio-char sequestration in terrestrial
ecosystems - a review. Mitigation and Adaptation Strategies for Global Change 
11: 403-427.

http://sites.biology.duke.edu/jackson/
http://sites.biology.duke.edu/jackson/
http://sites.biology.duke.edu/jackson/
http://sites.biology.duke.edu/jackson/
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8349991&fileId=S1355770X10000082
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8349991&fileId=S1355770X10000082
http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=8349991&fileId=S1355770X10000082
http://www.ncbi.nlm.nih.gov/pubmed/15087532
http://www.ncbi.nlm.nih.gov/pubmed/15087532
http://nora.nerc.ac.uk/7645/1/Greenhouse_effect.pdf
http://nora.nerc.ac.uk/7645/1/Greenhouse_effect.pdf
http://nora.nerc.ac.uk/7645/1/Greenhouse_effect.pdf
http://link.springer.com/article/10.1023%2FA%3A1013149831734
http://link.springer.com/article/10.1023%2FA%3A1013149831734
http://onlinelibrary.wiley.com/doi/10.1029/98EO00362/abstract
http://onlinelibrary.wiley.com/doi/10.1029/98EO00362/abstract
http://onlinelibrary.wiley.com/doi/10.1029/98EO00362/abstract
http://connection.ebscohost.com/c/articles/28816294/post-mining-deterioration-bauxite-overburdens-jamaica-storage-methods-subsoil-dilution
http://connection.ebscohost.com/c/articles/28816294/post-mining-deterioration-bauxite-overburdens-jamaica-storage-methods-subsoil-dilution
https://www.soils.org/publications/sssaj/abstracts/56/6/SS0560061843
https://www.soils.org/publications/sssaj/abstracts/56/6/SS0560061843
https://www.soils.org/publications/sssaj/abstracts/56/6/SS0560061843
https://www.soils.org/publications/sssaj/abstracts/67/5/1524
https://www.soils.org/publications/sssaj/abstracts/67/5/1524
http://link.springer.com/chapter/10.1007%2F978-94-011-3264-0_14#close
http://link.springer.com/chapter/10.1007%2F978-94-011-3264-0_14#close
https://journals.uair.arizona.edu/index.php/jrm/article/view/12456
https://journals.uair.arizona.edu/index.php/jrm/article/view/12456
http://pubs.aic.ca/doi/abs/10.4141/S00-041
http://pubs.aic.ca/doi/abs/10.4141/S00-041
http://pubs.aic.ca/doi/abs/10.4141/S00-041
http://www.ncbi.nlm.nih.gov/pubmed/10671170
http://www.ncbi.nlm.nih.gov/pubmed/10671170
http://cdn.f1000.com/posters/docs/252825694
http://cdn.f1000.com/posters/docs/252825694
http://hal.archives-ouvertes.fr/docs/00/88/61/93/PDF/hal-00886193.pdf
http://hal.archives-ouvertes.fr/docs/00/88/61/93/PDF/hal-00886193.pdf
http://hal.archives-ouvertes.fr/docs/00/88/61/93/PDF/hal-00886193.pdf
http://link.springer.com/article/10.1007%2Fs11104-006-9008-4#close
http://link.springer.com/article/10.1007%2Fs11104-006-9008-4#close
http://link.springer.com/article/10.1007%2Fs11104-006-9008-4#close
http://link.springer.com/article/10.1007%2Fs11104-006-9008-4#close
http://www.sciencedirect.com/science/article/pii/S1161030103000996
http://www.sciencedirect.com/science/article/pii/S1161030103000996
http://www.nature.com/nchembio/journal/v5/n5/abs/nchembio.165.html
http://www.nature.com/nchembio/journal/v5/n5/abs/nchembio.165.html
http://www.nature.com/nchembio/journal/v5/n5/abs/nchembio.165.html
http://www.sciencemag.org/content/328/5986/1657.abstract
http://www.sciencemag.org/content/328/5986/1657.abstract
http://www.ess.uci.edu/pub/686
http://www.ess.uci.edu/pub/686
http://www.ess.uci.edu/pub/686
http://jxb.oxfordjournals.org/content/57/12/3283.long
http://jxb.oxfordjournals.org/content/57/12/3283.long
https://www.soils.org/publications/sssaj/abstracts/74/3/753
https://www.soils.org/publications/sssaj/abstracts/74/3/753
https://www.soils.org/publications/sssaj/abstracts/74/3/753
http://onlinelibrary.wiley.com/doi/10.1002/hyp.6780/abstract
http://onlinelibrary.wiley.com/doi/10.1002/hyp.6780/abstract
http://onlinelibrary.wiley.com/doi/10.1002/hyp.6780/abstract
https://www.crops.org/publications/cs/abstracts/50/Supplement_1/S-120
https://www.crops.org/publications/cs/abstracts/50/Supplement_1/S-120
http://www.sciencedirect.com/science/article/pii/S0167880910000034
http://www.sciencedirect.com/science/article/pii/S0167880910000034
http://www.sciencedirect.com/science/article/pii/S0167880910000034
http://www.sciencedirect.com/science/article/pii/S0167880910000034
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3352511/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3352511/
http://nature.berkeley.edu/classes/espm-120/Website/Randall2001.pdf
http://nature.berkeley.edu/classes/espm-120/Website/Randall2001.pdf
http://www.ncbi.nlm.nih.gov/pubmed/20888063
http://www.ncbi.nlm.nih.gov/pubmed/20888063
http://www.ncbi.nlm.nih.gov/pubmed/19369938
http://www.ncbi.nlm.nih.gov/pubmed/19369938
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0010065
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0010065
http://onlinelibrary.wiley.com/doi/10.1111/j.1475-2743.1997.tb00594.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1475-2743.1997.tb00594.x/abstract
http://www.sciencedirect.com/science/article/pii/S0038071701001602
http://www.sciencedirect.com/science/article/pii/S0038071701001602
http://www.sciencedirect.com/science/article/pii/S0038071701001602
https://www1.ethz.ch/iac/people/knuttir/papers/meinshausen09nat.pdf
https://www1.ethz.ch/iac/people/knuttir/papers/meinshausen09nat.pdf
https://www1.ethz.ch/iac/people/knuttir/papers/meinshausen09nat.pdf
http://pubs.acs.org/doi/abs/10.1021/es903140c
http://pubs.acs.org/doi/abs/10.1021/es903140c
http://www.sciencedirect.com/science/article/pii/S0065211310050029
http://www.sciencedirect.com/science/article/pii/S0065211310050029
http://www.css.cornell.edu/faculty/lehmann/publ/MitAdaptStratGlobChange 11, 403-427, Lehmann, 2006.pdf
http://www.css.cornell.edu/faculty/lehmann/publ/MitAdaptStratGlobChange 11, 403-427, Lehmann, 2006.pdf
http://www.css.cornell.edu/faculty/lehmann/publ/MitAdaptStratGlobChange 11, 403-427, Lehmann, 2006.pdf

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Utilization of rangelands as carbon sinks to mitigate climate change
	Rangelands soil organic carbon stock capacity 
	Soil organic carbon pool  
	Rangeland ecosystem dynamics 
	Carbon sequestration on rangelands: protocol and policy 
	Rangeland carbon credit and carbon offset 
	Private land management incentivization 

	Land Management Practices- Current and Proposed 
	Grazing management practices 
	Nitrogen fertilization  
	Legumes interseeding 
	Degraded lands restoration
	Soil erosion
	Fire
	Reforestation and afforestation 
	Soil quality and SOC 
	Impact of climate change on soil organic carbon 

	Soil moisture 
	Nutrient management  

	Technological Synthesis 
	Deep root plant breeding 
	Root architecture 
	Rooting depth 
	Perenniality 
	Recommended management practices 
	Agricultural practices proposal 
	Soil amendment- Biochar 

	Challenges
	Opportunities 
	Figure 1
	Figure 2
	References

