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Rangelands are geographically 
expansive 

30 % of global land surface area 
30-50 % of US land area 

23 million hectares in California 



Rangeland systems: land on which plant cover 
(climax, sub-climax, or potential) is composed 
principally of grasses, grass-like plants, forbs 
or shrubs suitable for grazing and browsing, 
including both native and introduced plant 
species (USDA, 2009a).   
 
 





Non-forest/ Non-rangelands!
Rangelands!
Forests!

There are approximately 
23 million hectares of 

rangeland in California 



Livestock raised on rangelands are an important 
contributor to California’s agricultural economy 



Conceptual model of carbon and greenhouse 
gas dynamics on California rangelands 



Plant production (a.k.a. forage production) is the primary 
mechanism for carbon sequestration in rangelands 

C	  in	  plant	  
biomass	  

CO2	  uptake	  

Soil	  C	  and	  N	  
Pools	  

CO2,	  CH4	  

and	  N2O	  
emissions	  

CH4	  and	  
N2O	  

uptake	  



30-‐230	  Mg	  C	  ha-‐1	  

Net	  Ecosystem	  Exchange	  
-‐1.4	  to	  +1.9	  Mg	  C	  ha-‐1	  y-‐1	  

0.2-‐70	  kg	  CH4	  head-‐1	  y-‐1	  
Up	  to	  175	  g	  N2O	  head-‐1	  y-‐1	  



Annual grasses and sensitive to climate 
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Rainfall in California is naturally highly variable and is likely to get 
more variable in the future. 



Photo credit: D. Baldocchi Lab 

Eddy covariance provides an estimate of net ecosystem exchange of CO2 



Grant et al. 2012 

These data highlight the sensitivity of rangeland C fluxes to rainfall 



Ma et al. 2007 

The more rainfall, the more likely 
these ecosystems will be a carbon 
sink. 



but respiration was higher in WY 2004. Although WY
2004 rainfall was similar to the long-term mean
(800 mm), rains lasted into June in an unusual 2-month
extension to the wet season (Fig. 1a). Soil moisture was
higher in the control plots during the summer of 2005
relative to other years (Fig. 1b). In May, June, and July
of WY 2004, control plots respired 318 ! 24 g C m"2,
compared with 122 ! 11 g C m"2 yr"1 in WY 2005. Rain-
fall between May and July was quite low in WY 2005
(14 mm) compared with 121 mm in WY 2004 (Fig. 3).

A combination of soil moisture and temperature
explained approximately 50% of the variability in soil
CO2 effluxes using data from all months (data not
shown). However, separation of the data set into grow-
ing-season months (November–March, when soils are
moist and grasses are most active) or intense drought
months (July–August, with no live plants) resulted in
two contrasting models. Soil temperature was the best
predictor of soil CO2 efflux during growing-season
months, characterized by a quadratic relationship
(r2 5 0.45; Fig. 5a), while soil moisture was the best
predictor (with linear fit) during summer drought
months (r2 5 0.84; Fig. 5b), when effluxes of soil CO2

were low (0–0.2 mmol m"2 s"1).

Plant dynamics, net ecosystem production, and soil
C pools

Using data from all years, ANPP increased significantly
with increasing precipitation, including rainfall manip-
ulations (Fig. 6, r2 5 0.75, Po0.03) but no consistent
relationship with rainfall was observed for BNPP.
Trends in total NPP were mixed and there was no
significant effect of rainfall treatment (Table 2). Mean
unadjusted BNPP was 180 ! 87 g m"2 over the study. In
years with higher rainfall in control plots, the ratio of

belowground to aboveground biomass decreased, re-
flecting substantial shifts in plant allocation (Fig. 7). The
root : shoot ratio in control plots was significantly smal-
ler (P 5 0.04) in the wetter WYs 2004 or 2005 (0.11 and
0.18, respectively) compared with the drier WYs 2003
and 2006 (0.3 and 1.5, respectively). We did not observe
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Fig. 4 Total soil C content, 0–10 cm depth, in treatment and

control plots over 3 years.
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Fig. 5 Modeled relationships between soil CO2 efflux and (a)

soil temperature, during growing-season months, characterized

by a quadratic relationship (r2 5 0.45); and (b) soil moisture

during summer drought months, with linear fit (r2 5 0.84). Soil

CO2 fluxes were initially log-transformed.
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Fig. 6 Annual aboveground net primary production (NPP, in

grams of dry biomass) in control and rainfall addition plots.
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Annual grasslands may be losing carbon under 
current management and conditions 

Chou et al. 2008 



Can rangeland management help mitigate  
climate change? 



Grasslands store one-third of the world’s 
soil carbon 

Grasses allocate a large portion of photosynthate belowground to roots  



150 

California Rangelands:  
Wide range in soil carbon pool size 
High soil carbon storage capacity 

From Silver et al.  2010 
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We can detect changes in rangeland soil carbon pools with 
management 

Soils sampled from 35 grazed rangeland 
sites in Marin and Sonoma Counties 

From	  Silver	  et	  al.	  	  In	  prep	  
Field (ranked) 
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Units:	  	  
Mg	  =	  Metric	  ton	  
MMT=	  Million	  metric	  tons	  
CO2e	  =	  CO2	  equivalents	  

California	  	  Rangelands	  and	  Carbon	  SequestraOon	  
23	  million	  hectares	  of	  rangeland	  statewide	  	  
Assume	  50%	  available	  for	  C	  sequestraOon	  projects	  

Emissions data: CA GHG Inventory 2010 
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= 21 MMT CO2e/y 

Units:	  	  
Mg	  =	  Metric	  ton	  
MMT=	  Million	  metric	  tons	  
CO2e	  =	  CO2	  equivalents	  

California	  	  Rangelands	  and	  Carbon	  SequestraOon	  
23	  million	  hectares	  of	  rangeland	  statewide	  	  
Assume	  50%	  available	  for	  C	  sequestraOon	  projects	  

Emissions data: CA GHG Inventory 2010 



At a rate of 0.5 Mg C ha-1 y-1 
= 21 MMT CO2e/y 

Units:	  	  
Mg	  =	  Metric	  ton	  
MMT=	  Million	  metric	  tons	  
CO2e	  =	  CO2	  equivalents	  

California	  	  Rangelands	  and	  Carbon	  SequestraOon	  
23	  million	  hectares	  of	  rangeland	  statewide	  	  
Assume	  50%	  available	  for	  C	  sequestraOon	  projects	  

Emissions data: CA GHG Inventory 2010 
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= 42 MMT CO2e/y 
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At a rate of 1 Mg C ha-1 y-1 
= 42 MMT CO2e y-1 

• Livestock	  	  
~	  15	  MMT	  CO2e	  y-‐1	  

	  

• Commercial/residenOal	  
~	  42	  MMT	  CO2e	  y-‐1	  

	  

• Electrical	  generaOon	  
	  ~112	  MMT	  CO2e	  y-‐1	  

	  



The potential for grazing to increase  
carbon sequestration 



Rangeland soils appear to be adapted to grazing  
(not overgrazing) 
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Conant and Paustian 2002 

Improved grazing practices can sequester soil carbon 



Carbon sequestration potential  
from improved grazing practices: 

 
1.3 to 3.2 Mg CO2e ha-1 y-1 (Eagle et al. 2011) 

Scaled to 50% of California rangelands: 15-37 Tg CO2e y-1 
 

1 Mg C ha-1 y-1 (Conant et al. 2001)  
Scaled to 50% of California rangelands: 42 Tg CO2e y-1  

 



Organic matter amendments increased soil carbon by 
50 Mg C ha-1 in the top meter of soil 
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From	  Silver	  et	  al.	  	  In	  prep	  Analysis of 35 fields (1050 samples) from Marin and Sonoma Counties 



Davidson 2009 

Manure applications have the potential to increase 
nitrous oxide emissions 



Organic matter amendments to rangelands can 
increase carbon sequestration 



Plant production (aka forage) has increased every year following a one 
time compost application 
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Net Ecosystem Production 
Compost increase net C storage by 0.5 to 1.2 Mg C ha-1 y-1 
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Pre-treatment     2009            2010            2011      

Ryals et al. in review 

Organic matter amendments increase soil C pools 



Compost added an average of 3 Mg C/ha to the soil over 
three years 

Ryals et al. in review 
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Organic matter amendments can be stored in pools 
with long turnover times 

Analysis of 14C in soil carbon fractions                                        Silver et al. in prep. 
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Model results suggest that C persists in soil for > 100 years 

Ryals et al. in prep 



Ryals et al. in prep 



Scalability 

Photo	  credit:	  John	  Wick	  



One quarter of the rangeland area in California: 
 

= 23 Tg of CO2e y-1 (without including compost C) 
 
 

= 337 Tg of CO2e y-1 (with compost C additions)  

Scalability 



Potential compost production: 27 to 33 MMT y-1  
 

Enough to reapply to 25% of California’s 
rangelands every 17-40 years 

 
 
 

Availability of compost 



GHG Mitigation 
GHG Emissions 
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Life cycle assessment suggests much higher climate 
change mitigation potential 

Emissions from Ag and forestry 
sector (2008) 

Emissions from commercial 
sector (2008) 

Redrawn from DeLonge et al. 2013 

Applied to 5% of CA Rangeland 



Gaps in knowledge 

Compost quality and 
greenhouse gas emissions Arid and  

semi-arid systems 



Key Findings: 
  
California’s rangelands are extensive and diverse. Even small rates of C sequestration and 
emissions reduction across these landscapes have the potential to make significant contributions 
to the State’s climate change mitigation goals.  
  
Differences in the life history strategy of annual grasslands compared to perennial systems  are 
likely to lead to significant differences in management outcomes for climate change mitigation. 
  
A large proportion of California’s rangelands are likely to be degraded with regard to soil C 
pools, and thus have significant potential for increased C sequestration in soils through 
management. 
  
Organic mater amendments, and particularly composted organic wastes, are a viable strategy for 
C sequestration on rangelands in California’s Mediterranean climate. This management approach 
has the added benefit of greenhouse mitigation in other sectors (i.e. waste management, confined 
livestock operations). 
  
Well managed, rotational grazing is not likely to decrease soil C pools on rangelands, and could 
increase C storage. Identification and testing of sustainable grazing practices will be particularly 
important to meeting growing demands for meat and dairy products with population growth in 
the State. 
  
Climate change is posing new challenges to rangeland management in California.  
	  



•  Carbon and greenhouse gas dynamics  of California’s diverse 
rangelands 

•  Grazing management to reduce greenhouse gas emissions and 
increase C storage.   

•  The use of organic matter amendments for climate change 
mitigation  

 
•  The interactions of grazing and fire management  
 
•  Modeling the effects of management alternatives (including 

those outlined above) under changing climate  

Research Priorities 




