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The climate is changing 

2 



3 

• Dramatic increases 
in CH4 and N2O in 
the last 200 years 

• High Global 
Warming Potential 
(GWP) due to time 
in the atmosphere 
and infrared 
absorption 

Atmospheric methane, 
nitrous oxide increases 

!  Methane mainly from 
rice paddies, ruminant 
livestock, natural gas, 
landfills 

!  Nitrous oxide mainly 
from agriculture 

!  Rates of increase are 
greater than carbon 
dioxide 

!  Both are more potent 
greenhouse gases 

IPCC (2007) 



Land use change and intensive agriculture 
increase greenhouse gas fluxes 

4 



Experiment sites 

5 

Kellogg Biological Station LTER 
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eralizable N were 3 to 10 times lower in the
poplar sites than in any of the high-N2O
sites (Table 1).

The difference in N2O production be-
tween cropped and successional systems pro-
vides an estimate of background fluxes in
agriculture now missing from current glob-
al flux estimates. The current Intergovern-
mental Panel on Climate Change (IPCC)
methodology for assessing direct N2O
emissions from agricultural fields (17 )
multiplies total N inputs (from synthetic
fertilizer, manure, legumes, and crop resi-
due) by an N2O emission factor calculated
as the difference between N2O flux from
fertilized versus unfertilized experimental
plots plus a background flux equivalent to
that of the unfertilized plot. The difference
between the estimated background flux and
the actual preagricultural flux is missing
(18). In our site, the N2O flux difference
between the unfertilized early successional
site and the late successional forest (15)
would add 40% to estimates of background
N2O emissions, or about 20% to estimates
of annual crop emissions based on IPCC
emission factors alone (19). The magnitude
of this increase further underscores the im-
portance of contemporary agriculture, as
suggested in recent revisions of the global
N2O budget (18). A 20% increase in the
total flux attributed to cultivated soils in the
most recent IPCC assessment (1) adds 0.7
Tg N year!1 to the global N2O flux.

We used current IPCC factors (20) to
estimate the GWP for each of these systems
based on contributions of individual gases.
GWP provides a measure of the cumulative
radiative forcing of various greenhouse gases
relative to some reference gas, usually CO2,
over a specific time horizon, here 20 years
(21). We calculated net CO2 flux on the basis
of changes in soil organic matter and the CO2

cost of agronomic inputs—N fertilizer, lime,

and fuel. Changes in soil organic matter re-
flect the difference between net C uptake by
plants and losses of carbon from crop harvest
and from the microbial oxidation of crop
residues and soil organic matter (22).

The conventional tillage system exhibited
a net GWP of 114 g CO2 equivalents m!1

year!1 (Table 2). About half of this potential
was contributed by N2O production (52 g
CO2 equivalents m!2 year!1), with an equiv-
alent amount (50 g CO2 equivalents m!2

year!1) contributed by the combined effects

of fertilizer and lime. The CO2 cost of fuel
use was also significant but less than that of
either lime or fertilizer. No soil C accumulat-
ed in this system, nor did CH4 oxidation
significantly offset any GWP sources.

The net GWP of the no-till system (14 g
CO2 equivalents m!2 year!1) was substan-
tially lower than that of the conventional
tillage system, mostly because of increased
C storage in no-till soils. Slightly lower
fuel costs were offset by somewhat higher
lime inputs and N2O fluxes. Intermediate to

Fig. 1. CH4 oxidation
(top) and N2O pro-
duction (bottom) in
annual and perennial
cropping systems and
unmanaged systems.
Annual crops were
managed as conven-
tional cropping sys-
tems, as no-till sys-
tems, as low–chemical
input systems, or as
organic systems (no
fertilizer or manure).
Midsuccessional sys-
tems were either nev-
er tilled (NT) or his-
torically tilled (HT)
before establishment.
All systems were rep-
licated three to four
times on the same or
similar soil series; flux-
es were measured
over the 1991–99 pe-
riod. There are no sig-
nificant differences
(P" 0.05) among bars
that share the same
letter on the basis of
analysis of variance.
Triangles indicate av-
erage fluxes when in-
cluding the single day of anomalously high fluxes in the no-till and low-input systems in 1999 and
1991, respectively (15).

Table 1. Patterns of aboveground net primary production (ANPP), soil nitrogen availability, and soil organic carbon (30) among study sites (10). Values are
means (#SE) of annual ecosystem averages (n $ 8 years), except that organic C values are 1999 means.

Ecosystem management
ANPP
(MT ha!1

year!1)

NO3-N†
(%g g!1)

N mineralization
potential†

(%g g!1 day!1)

Organic C‡
(%)

Organic C‡
(kg m!2)

&C
(g m!2

year!1)

Annual crops (Corn-soybean-
wheat rotation)
Conventional tillage 9.24 (1.41) 6.54 (0.53) 0.13 (0.05) 1.00 (0.07) 0.94 (0.05) 0.0
No till 9.19 (1.48) 4.74 (0.32) 0.17 (0.03) 1.24 (0.05) 1.24 (0.06) 30.0
Low input with legume cover 8.84 (1.39) 4.34 (0.21) 0.23 (0.02) 1.08 (0.03) 1.05 (0.01) 11.0
Organic with legume cover 7.79 (1.11) 3.83 (0.20) 0.21 (0.02) 1.09 (0.05) 1.02 (0.04) 8.0

Perennial crops
Alfalfa 8.18 (1.67) 2.53 (0.17) 0.26 (0.02) 1.30 (0.05) 1.38 (0.08) 44.0
Poplar 10.17 (4.00) 0.30 (0.02) 0.04 (0.01) 1.40 (0.14) 1.26 (0.11) 32.0

Successional communities
Early successional 4.24 (0.37) 0.63 (0.04) 0.08 (0.01) 1.63 (0.06) 1.54 (0.05) 60.0
Midsuccessional (HT)* 2.60 (0.27) 0.37 (0.05) 0.16 (0.04) 1.61 (0.19) 1.37 (0.14) 0.9
Midsuccessional (NT)* 4.93 (0.22) 0.47 (0.03) 0.03 (0.02) 3.63 (0.28) 2.84 (0.22) 0.0
Late successional forest 5.26 (0.11) 1.84 (0.11) 0.28 (0.03) 2.93 (0.47) 2.29 (0.21) 0.0

*HT, historically tilled; NT, never tilled. †0- to 25-cm depth. ‡0- to 7.5-cm depth.
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How do microbial communities change with land 
management? 
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Kellogg Biological Station LTER 

eralizable N were 3 to 10 times lower in the
poplar sites than in any of the high-N2O
sites (Table 1).

The difference in N2O production be-
tween cropped and successional systems pro-
vides an estimate of background fluxes in
agriculture now missing from current glob-
al flux estimates. The current Intergovern-
mental Panel on Climate Change (IPCC)
methodology for assessing direct N2O
emissions from agricultural fields (17 )
multiplies total N inputs (from synthetic
fertilizer, manure, legumes, and crop resi-
due) by an N2O emission factor calculated
as the difference between N2O flux from
fertilized versus unfertilized experimental
plots plus a background flux equivalent to
that of the unfertilized plot. The difference
between the estimated background flux and
the actual preagricultural flux is missing
(18). In our site, the N2O flux difference
between the unfertilized early successional
site and the late successional forest (15)
would add 40% to estimates of background
N2O emissions, or about 20% to estimates
of annual crop emissions based on IPCC
emission factors alone (19). The magnitude
of this increase further underscores the im-
portance of contemporary agriculture, as
suggested in recent revisions of the global
N2O budget (18). A 20% increase in the
total flux attributed to cultivated soils in the
most recent IPCC assessment (1) adds 0.7
Tg N year!1 to the global N2O flux.

We used current IPCC factors (20) to
estimate the GWP for each of these systems
based on contributions of individual gases.
GWP provides a measure of the cumulative
radiative forcing of various greenhouse gases
relative to some reference gas, usually CO2,
over a specific time horizon, here 20 years
(21). We calculated net CO2 flux on the basis
of changes in soil organic matter and the CO2

cost of agronomic inputs—N fertilizer, lime,

and fuel. Changes in soil organic matter re-
flect the difference between net C uptake by
plants and losses of carbon from crop harvest
and from the microbial oxidation of crop
residues and soil organic matter (22).

The conventional tillage system exhibited
a net GWP of 114 g CO2 equivalents m!1

year!1 (Table 2). About half of this potential
was contributed by N2O production (52 g
CO2 equivalents m!2 year!1), with an equiv-
alent amount (50 g CO2 equivalents m!2

year!1) contributed by the combined effects

of fertilizer and lime. The CO2 cost of fuel
use was also significant but less than that of
either lime or fertilizer. No soil C accumulat-
ed in this system, nor did CH4 oxidation
significantly offset any GWP sources.

The net GWP of the no-till system (14 g
CO2 equivalents m!2 year!1) was substan-
tially lower than that of the conventional
tillage system, mostly because of increased
C storage in no-till soils. Slightly lower
fuel costs were offset by somewhat higher
lime inputs and N2O fluxes. Intermediate to

Fig. 1. CH4 oxidation
(top) and N2O pro-
duction (bottom) in
annual and perennial
cropping systems and
unmanaged systems.
Annual crops were
managed as conven-
tional cropping sys-
tems, as no-till sys-
tems, as low–chemical
input systems, or as
organic systems (no
fertilizer or manure).
Midsuccessional sys-
tems were either nev-
er tilled (NT) or his-
torically tilled (HT)
before establishment.
All systems were rep-
licated three to four
times on the same or
similar soil series; flux-
es were measured
over the 1991–99 pe-
riod. There are no sig-
nificant differences
(P" 0.05) among bars
that share the same
letter on the basis of
analysis of variance.
Triangles indicate av-
erage fluxes when in-
cluding the single day of anomalously high fluxes in the no-till and low-input systems in 1999 and
1991, respectively (15).

Table 1. Patterns of aboveground net primary production (ANPP), soil nitrogen availability, and soil organic carbon (30) among study sites (10). Values are
means (#SE) of annual ecosystem averages (n $ 8 years), except that organic C values are 1999 means.

Ecosystem management
ANPP
(MT ha!1

year!1)

NO3-N†
(%g g!1)

N mineralization
potential†

(%g g!1 day!1)

Organic C‡
(%)

Organic C‡
(kg m!2)

&C
(g m!2

year!1)

Annual crops (Corn-soybean-
wheat rotation)
Conventional tillage 9.24 (1.41) 6.54 (0.53) 0.13 (0.05) 1.00 (0.07) 0.94 (0.05) 0.0
No till 9.19 (1.48) 4.74 (0.32) 0.17 (0.03) 1.24 (0.05) 1.24 (0.06) 30.0
Low input with legume cover 8.84 (1.39) 4.34 (0.21) 0.23 (0.02) 1.08 (0.03) 1.05 (0.01) 11.0
Organic with legume cover 7.79 (1.11) 3.83 (0.20) 0.21 (0.02) 1.09 (0.05) 1.02 (0.04) 8.0

Perennial crops
Alfalfa 8.18 (1.67) 2.53 (0.17) 0.26 (0.02) 1.30 (0.05) 1.38 (0.08) 44.0
Poplar 10.17 (4.00) 0.30 (0.02) 0.04 (0.01) 1.40 (0.14) 1.26 (0.11) 32.0

Successional communities
Early successional 4.24 (0.37) 0.63 (0.04) 0.08 (0.01) 1.63 (0.06) 1.54 (0.05) 60.0
Midsuccessional (HT)* 2.60 (0.27) 0.37 (0.05) 0.16 (0.04) 1.61 (0.19) 1.37 (0.14) 0.9
Midsuccessional (NT)* 4.93 (0.22) 0.47 (0.03) 0.03 (0.02) 3.63 (0.28) 2.84 (0.22) 0.0
Late successional forest 5.26 (0.11) 1.84 (0.11) 0.28 (0.03) 2.93 (0.47) 2.29 (0.21) 0.0

*HT, historically tilled; NT, never tilled. †0- to 25-cm depth. ‡0- to 7.5-cm depth.
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   AG    Conventional Agriculture 
   ES    Early Successional 
   SF    Successional Forest 
   DF    Deciduous Forest  

* * * * 

* 
* * * 

Robertson et al, 2000 



Soil properties correlate with greenhouse gas fluxes 
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eralizable N were 3 to 10 times lower in the
poplar sites than in any of the high-N2O
sites (Table 1).

The difference in N2O production be-
tween cropped and successional systems pro-
vides an estimate of background fluxes in
agriculture now missing from current glob-
al flux estimates. The current Intergovern-
mental Panel on Climate Change (IPCC)
methodology for assessing direct N2O
emissions from agricultural fields (17 )
multiplies total N inputs (from synthetic
fertilizer, manure, legumes, and crop resi-
due) by an N2O emission factor calculated
as the difference between N2O flux from
fertilized versus unfertilized experimental
plots plus a background flux equivalent to
that of the unfertilized plot. The difference
between the estimated background flux and
the actual preagricultural flux is missing
(18). In our site, the N2O flux difference
between the unfertilized early successional
site and the late successional forest (15)
would add 40% to estimates of background
N2O emissions, or about 20% to estimates
of annual crop emissions based on IPCC
emission factors alone (19). The magnitude
of this increase further underscores the im-
portance of contemporary agriculture, as
suggested in recent revisions of the global
N2O budget (18). A 20% increase in the
total flux attributed to cultivated soils in the
most recent IPCC assessment (1) adds 0.7
Tg N year!1 to the global N2O flux.

We used current IPCC factors (20) to
estimate the GWP for each of these systems
based on contributions of individual gases.
GWP provides a measure of the cumulative
radiative forcing of various greenhouse gases
relative to some reference gas, usually CO2,
over a specific time horizon, here 20 years
(21). We calculated net CO2 flux on the basis
of changes in soil organic matter and the CO2

cost of agronomic inputs—N fertilizer, lime,

and fuel. Changes in soil organic matter re-
flect the difference between net C uptake by
plants and losses of carbon from crop harvest
and from the microbial oxidation of crop
residues and soil organic matter (22).

The conventional tillage system exhibited
a net GWP of 114 g CO2 equivalents m!1

year!1 (Table 2). About half of this potential
was contributed by N2O production (52 g
CO2 equivalents m!2 year!1), with an equiv-
alent amount (50 g CO2 equivalents m!2

year!1) contributed by the combined effects

of fertilizer and lime. The CO2 cost of fuel
use was also significant but less than that of
either lime or fertilizer. No soil C accumulat-
ed in this system, nor did CH4 oxidation
significantly offset any GWP sources.

The net GWP of the no-till system (14 g
CO2 equivalents m!2 year!1) was substan-
tially lower than that of the conventional
tillage system, mostly because of increased
C storage in no-till soils. Slightly lower
fuel costs were offset by somewhat higher
lime inputs and N2O fluxes. Intermediate to

Fig. 1. CH4 oxidation
(top) and N2O pro-
duction (bottom) in
annual and perennial
cropping systems and
unmanaged systems.
Annual crops were
managed as conven-
tional cropping sys-
tems, as no-till sys-
tems, as low–chemical
input systems, or as
organic systems (no
fertilizer or manure).
Midsuccessional sys-
tems were either nev-
er tilled (NT) or his-
torically tilled (HT)
before establishment.
All systems were rep-
licated three to four
times on the same or
similar soil series; flux-
es were measured
over the 1991–99 pe-
riod. There are no sig-
nificant differences
(P" 0.05) among bars
that share the same
letter on the basis of
analysis of variance.
Triangles indicate av-
erage fluxes when in-
cluding the single day of anomalously high fluxes in the no-till and low-input systems in 1999 and
1991, respectively (15).

Table 1. Patterns of aboveground net primary production (ANPP), soil nitrogen availability, and soil organic carbon (30) among study sites (10). Values are
means (#SE) of annual ecosystem averages (n $ 8 years), except that organic C values are 1999 means.

Ecosystem management
ANPP
(MT ha!1

year!1)

NO3-N†
(%g g!1)

N mineralization
potential†

(%g g!1 day!1)

Organic C‡
(%)

Organic C‡
(kg m!2)

&C
(g m!2

year!1)

Annual crops (Corn-soybean-
wheat rotation)
Conventional tillage 9.24 (1.41) 6.54 (0.53) 0.13 (0.05) 1.00 (0.07) 0.94 (0.05) 0.0
No till 9.19 (1.48) 4.74 (0.32) 0.17 (0.03) 1.24 (0.05) 1.24 (0.06) 30.0
Low input with legume cover 8.84 (1.39) 4.34 (0.21) 0.23 (0.02) 1.08 (0.03) 1.05 (0.01) 11.0
Organic with legume cover 7.79 (1.11) 3.83 (0.20) 0.21 (0.02) 1.09 (0.05) 1.02 (0.04) 8.0

Perennial crops
Alfalfa 8.18 (1.67) 2.53 (0.17) 0.26 (0.02) 1.30 (0.05) 1.38 (0.08) 44.0
Poplar 10.17 (4.00) 0.30 (0.02) 0.04 (0.01) 1.40 (0.14) 1.26 (0.11) 32.0

Successional communities
Early successional 4.24 (0.37) 0.63 (0.04) 0.08 (0.01) 1.63 (0.06) 1.54 (0.05) 60.0
Midsuccessional (HT)* 2.60 (0.27) 0.37 (0.05) 0.16 (0.04) 1.61 (0.19) 1.37 (0.14) 0.9
Midsuccessional (NT)* 4.93 (0.22) 0.47 (0.03) 0.03 (0.02) 3.63 (0.28) 2.84 (0.22) 0.0
Late successional forest 5.26 (0.11) 1.84 (0.11) 0.28 (0.03) 2.93 (0.47) 2.29 (0.21) 0.0

*HT, historically tilled; NT, never tilled. †0- to 25-cm depth. ‡0- to 7.5-cm depth.
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Microbes are the primary mediators of methane and 
nitrous oxide 

9 

CH4 N2O 



Land management, sustainability and 
microbial communities 
•  How do microbial communities change with land 

management? 
•  What is the relationship between denitrifying bacteria and 

N2O in agricultural soils? 
•  How long does it take for a community to recover from 

agriculture?  Do all groups recover in the same way? 
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Sampling design 
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   AG    Conventional Agriculture 
   ES    Early Successional 
   SF    Successional Forest 
   DF    Deciduous Forest  

Sampled two plots of 4 treatments 
In two years – 2008 and 2009 
 
-  10 cm cores 
-  Soil from 5 flags pooled and sieved 
-  Soil frozen after being collected 
-  Microbial community analysis 
-  Soil analysis 

How do microbial communities change with land 
management? 
 



(Meta)genomics approach to survey the 
microbial community 

(454 technology) 
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Shotgun 
metagenomes 

Extract 
DNA 

Targeted  
metagenomes 

PCR 

Collect, composite 
 and sieve 



13 

Targeted  
metagenomes 

PCR 

16S 
Taxonomic composition 



Who’s there and are there 
differences between 
treatments? 
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Null hypothesis – no difference in community 
composition between treatments 
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Biogeochemistry and bacterial community change 
concomitantly 
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What phyla are there? 

17 
(1) Proteobacteria [class added], (2) Acidobacteria, (3) Verrucomicrobia,  
(4) Actinobacteria, (5) Bacteroidetes, (6) Planctomycetes, (7) Chloroflexi,  
(8) Gemmatimonadetes, (9) Nitrospirae, (10) Firmicutes, and  
(11) 30 additional phylum corresponding to less than 4% of the total 
distribution. 
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Shifts within phyla differentiate communities 
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•  Disproved null hypothesis – there is a difference in 
community composition between sites 

•  Communities change concomitantly with soil 
biogeochemistry 

•  Community composition differs in agriculture from 
forested sites 

19 

Microbial community taxonomic 
composition varies between treatments 



Functional analysis of the 
community 
The important thing to understand is not just who’s there, 
but what are they doing. What is their role in ecosystem 
functioning, particularly in greenhouse gas production or 
consumption? 

Challenges: 
•  Not many isolated or sequenced soil microbes 
•  Even closely related species can have different functional 

capacity 
•  Organisms not closely related can have similar functional 

capacity  
20 



Determining the composition and abundance of genes 
suggests the communities’ functional potential 

8/6/12 1:31 PMKEGG PATHWAY: Nitrogen metabolism - Reference pathway

Page 1 of 1http://www.genome.jp/kegg-bin/show_pathway?map00910

    Nitrogen metabolism - Reference pathway

[ Pathway menu | Organism menu | Pathway entry | Show description | User data mapping ]

Reference pathway  Go      100%    

Shotgun 
metagenomes 

Functional potential of the 
microbial community 



-   Undersampling of communities 
-   Database limitations 
-   Sequencing active and dormant community 
-   Sequencing errors 

Caveats with metagenomic sequencing 



Why metagenomics is terrible 
and why we use it anyway 
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8/6/12 1:31 PMKEGG PATHWAY: Nitrogen metabolism - Reference pathway

Page 1 of 1http://www.genome.jp/kegg-bin/show_pathway?map00910

    Nitrogen metabolism - Reference pathway

[ Pathway menu | Organism menu | Pathway entry | Show description | User data mapping ]

Reference pathway  Go      100%    

Annotate shotgun reads 



Matrix of normalized gene abundance 
by treatment 
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Functional potential changes with land management 
 

26 

Analysis of 7058 genes annotated by MG-RAST against the SEED database 



Functional potential of communities differs 
with treatment 

•  Shotgun metagenomics can be used to look at the 
functional potential of a sample. It reflects only what’s 
present in the soil, not what metabolism is occurring. 

•  There are differences in the functional potential of the 
communities that parallel that of taxonomic composition 
and soil biogeochemistry 

27 



What is the relationship between 
denitrifying bacteria and N2O in 
agricultural soils? 

28 



Denitrifying microbes 
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Denitrification contributes to the differentiation of 
communities 
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More denitrification potential in Ag soils 
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Not only abundance contributes to N2O flux 

32 
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Not only abundance contributes to N2O flux 



Types of denitrification 

 Heterotrophic denitrification 

Autotrophic denitrification  (AOBs) 

N2O 

N2O N2 

NO2
- NH2OH NH4

+ 
H2O 

O2 

NO3
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nirK 
NO2

- 

Conditions   Function 

Anoxic               Energetics 

Oxic                     Nitrite  
              detoxification 

nirK 



Variability in denitrifier composition 
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High denitrifer diversity 
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Types of denitrification 

 Heterotrophic denitrification 

Autotrophic denitrification  (AOBs) 

N2O 

N2O N2 

NO2
- NH2OH NH4

+ 
H2O 
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NO3
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nirK 
NO2
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Proportion of Ammonium Oxidizing Bacteria 
(AOB) increases significantly in AG 
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AOB proportion correlates with 
fertilization level and N2O production 
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39 

KBS Microbial metagenomics course  



Microbial communities in Ag sites with 
higher nitrogen availability are also 
poised for N2O production 
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What is the relationship between denitrifying bacteria 
and N2O in agricultural soils ? 
 
•  Denitrifier abundance and composition changes with 

agricultural management.  Communities more diverse than 
previously thought and poised for denitrification. 

•  May be potential for microbial mediation 

41 



How long does it take for a community 
to recover from agriculture?  Do all 
groups recover in the same way? 
 

42 
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Microbial communitySoil properties
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Microbial communitySoil properties
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More than 20 year recovery for denitrifiers 
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Methanotrophs take more than 40 years to recover 
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CH4 N2O 



More on denitrifiers 
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AOB proportion correlates with 
fertilization level and N2O production 

50 

50 

KBS Microbial metagenomics course  
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AOB proportion correlates with cover 
crops and N2O production 

Brendan O’Neill and Heli Juottonen  
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Suggests source of nitrogen 
is not important for AOBs or 
N2O production 
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Carbon availability also important 
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Brendan O’Neill  
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Types of denitrification 
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More denitrifiers and more with the 
potential just produce N2O but ratios 
and mechanisms still not understood  
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Methanotrophs 
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Methanotrophs use methane as a sole 
source of carbon and energy 
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Methanotroph richness correlates with 
methane consumption 

•  Uri Levine 
•  Bernard Schroeter 
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Methane in biofuel crops 
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GLBRC Extensive Sites 

" Leilei Ruan and G. Philip Robertson 

"  Clone libraries 

"   Classification of pmoA / amoA 

GFClassify –  
    Ribosomal Database Project 
    Jordan Fish 



Methane in biofuel 
crops 
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" Leilei Ruan and G. Philip Robertson 
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Werling et al, PNAS 2014 

•  Productive 
•  Perennial  
•  Polycultures 
•  Appropriate  
      Placement 



Amendments to recover methane oxidation 
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