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Abstract

The response of nitrous oxide (N2O) emission rates and b-proteobacterial ammonia-

oxidizing (AOB) communities to manipulations of temperature, soil moisture and

nitrogenous fertilizer concentration were studied for 16–20 weeks in a multifactorial

laboratory experiment using a California meadow soil. Interactions among these three

environmental factors influenced the N2O emission rates, and two patterns of N2O

emission rates due to nitrification (NitN2O) were observed. First, in soils receiving low or

moderate amounts of fertilizer, the rates decreased sharply in response to increasing soil

moisture and temperature. Second, in soils receiving high amounts of fertilizer, the rates

were influenced by an interaction between soil moisture and temperature, such that at

20 1C increasing soil moisture resulted in an increase in the rates, and at 30 1C the highest

rate was observed at moderate soil moisture. We used path analysis to identify the

interrelationships that best explain these two patterns. Path analysis revealed that in the

high fertilizer (HF) treatment, the major path by which ammonia influenced NitN2O

rates was indirect through an influence on the abundance of one particular phylogenetic

group (AOB ‘cluster 10’). In contrast, in the low and moderate fertilizer treatments soil

moisture influenced the rates both directly (the major path) and indirectly through AOB

community structure. Although terminal restriction fragment length polymorphism (T-

RFLP) analysis revealed shifts in the community structure of AOB in all treatments, the

shifts at HF concentrations were particularly striking, with dominance by three different

phylogenetic groups under different combinations of the three environmental factors.

The high emission rates observed at the lowest soil moistures suggest that bacterial

nitrifiers may use denitrification as a stress response.
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Introduction

Nitrous oxide (N2O) emission to the atmosphere is a

major environmental concern due to its contribution to

global warming (Dickinson & Cicerone, 1986), and to

destruction of the stratospheric ozone layer (Crutzen,

1970). Nitrous oxide is a byproduct of the first step of

nitrification [that is, oxidation of ammonia to nitrite by

ammonia-oxidizing bacteria (AOB)], as well as an inter-

mediate product of denitrification by denitrifiers

(Conrad, 1996). Previous field and laboratory studies

reported an increase in N2O emission rates with in-

creasing N fertilization in agriculture soils (Mosier et al.,

1991; Skiba & Smith, 2000). Other studies have reported

a positive correlation between temperature and N2O

emission rates (Conrad et al., 1983; Smith et al., 1998),

and between soil moisture and N2O emission rates

(Klemedtsson et al., 1988; Maag & Vinther, 1996). In

contrast, Holtgrieve et al., (2006) reported a negative

correlation between these last two factors. The contri-

bution of nitrification to total N2O emission measured
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in the field and in the laboratory has been observed to

increase with increasing soil ammonium concentrations

and soil moisture (Schuster & Conrad, 1992; Müller

et al., 1998), excluding completely anaerobic conditions

(Klemedtsson et al., 1988), and was observed to decrease

at high temperatures (Maag & Vinther, 1996; Avrahami

et al., 2003). The response of N2O emission rates to these

various components of global environmental change is

particularly important as temperature, soil moisture

and nitrogen deposition have increased in many re-

gions (Vitousek et al., 1997; Easterling et al., 2000), and

are predicted to increase further in the future.

Variation in N2O emission rates has been demon-

strated for different pure cultures of Nitrosospira and

Nitrosomonas europaea strains incubated under similar

conditions (Jiang & Bakken, 1999; Shaw et al., 2006),

suggesting a potential impact of community structure

on N2O emission rates. However, a relationship be-

tween community structure and N2O emission rates

under natural environment conditions has not yet been

demonstrated.

The poor culturability of many environmental micro-

organisms has led to the development of culture-

independent molecular tools for studying microbial

communities. By using functional gene markers to track

community dynamics, one can detect shifts in the

community structure of a group with similar function

(Wellington et al., 2003). The a subunit of ammonia

monooxygenase (amoA) has been used extensively as

a functional gene marker for the study of AOB

(Rotthauwe et al., 1997; reviewed by Avrahami &

Conrad (2005)). The community structure of AOB in

soil has been widely studied, and has been shown to be

influenced by various factors, including ammonia con-

centration (Kowalchuk & Stephen, 2001; Kowalchuk

et al., 2000b), pH (Kowalchuk et al., 2000b; De Boer &

Kowalchuk, 2001), temperature (Avrahami & Conrad,

2003, 2005) and soil moisture (Hastings et al., 2000), the

same factors affecting N2O emission rates.

Most ecological studies of AOB (indeed of most micro-

organisms) have asked whether one environmental factor

could influence their activity and/or community struc-

ture. However, as ecosystems are complex, one challenge

is to understand the link between communities, fluxes of

greenhouse gases, and multiple biological, physical and

chemical conditions. This is especially important given

the possibility of interactions among environmental

factors, resulting in different overall effects than those

predicted from studies of each factor alone. Therefore, it

is important to determine whether interactions among

environmental factors play a role in determining micro-

bial community structure and ecosystem function. In

previous work, we did not observe a significant relation-

ship between potential nitrification activity and commu-

nity structure of AOB after 7 weeks of multifactor

environmental manipulation of Jasper Ridge soil (i.e.

the same soil used for the current study; Avrahami &

Bohannan, 2007). Previous studies have shown that shifts

in the community structure of AOB could only be

observed after incubation of 16 weeks (Avrahami &

Conrad, 2003; Avrahami et al., 2003). Therefore, it

was desirable to continue this experiment (Avrahami &

Bohannan, 2007) for a longer period.

In the present work, we examined the effects of

changes in environmental factors involved in global

change (i.e. temperature, soil moisture and nitrogen

inputs) on N2O emission rates from Jasper Ridge soil

after incubation of 16–20 weeks. We explored by statis-

tical analysis the two different patterns of N2O emission

rates due to nitrification (NitN2O) observed. Our goal

was testing by alternative causal models, the hypothesis

that community structure plays an important role in

determining NitN2O emission rates along with other

biotic and abiotic parameters.

Material and methods

Soil sampling and experimental set-up

A soil sample was taken from the upper 10 cm of a

grassland in the Jasper Ridge Biological Preserve (three

cores, 2 cm in diameter). The Jasper Ridge Biological

Preserve is in the eastern foothills of the Santa Cruz

Mountains in northern California, USA. The soil charac-

teristics and the site have been described previously

(Avrahami & Bohannan, 2007). The soil sample was sieved

to o2 mm aggregate size and stored at 4 1C for 4–6 weeks

before the laboratory experiment was established.

The laboratory experiment was set up in a full

factorial design, including two temperatures typical of

winter and summer (20 1C and 30 1C), three soil moist-

ure levels commonly experienced in this soil [30%, 45%

or 60% of maximum water holding capacity (WHC)]

and three fertilizer concentrations that span a wide

range of nitrogen inputs [between 0.05% and 0.3%

(w/w)], resulting in 18 different treatment combina-

tions. The commercial fertilizer used (Nutralene;

Nu-Gro Technologies Inc., ON, Canada) contains slow

release granules of methylene urea, thus allowing for

gradual release of nitrogen. Each treatment combination

was replicated twice. Samples of low and moderate

concentrations [i.e. 0.05% and 0.1% (w/w); denoted as

LF (low fertilizer) and MF (moderate fertilizer) treat-

ments, respectively] were incubated for 20 weeks, while

samples of high fertilizer concentration [i.e. 0.3%

(w/w); denoted as HF treatment] were incubated for

16 weeks. The endpoint of the experiment varied with

treatment because we suspected that different treat-
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ments took differing lengths of time for community

responses to occur (i.e. less ammonium required a

longer time). We assumed that after 16–20 weeks, the

system reached a steady-state based on previous stu-

dies, where the soils were amended with HF concentra-

tion and changes in community structure occurred only

after 16 weeks and were stable up to 20 weeks (Avra-

hami & Conrad, 2003; Avrahami et al., 2003). Samples

for estimation of ammonium and nitrate concentrations

were taken from all treatments after 1, 3, 5, 7, 9 and 12

weeks, and at the end of the experiment (i.e. after either

16 or 20 weeks of incubation). Samples from weeks

1, 3, 5 and 7 were examined previously (Avrahami &

Bohannan, 2007). Ammonium and nitrate concentra-

tions were determined by an Alpkem analyzer,

(Alpkem, Wisonville, OR, USA) after extraction of soil

samples with 1 M KCl. Soil extractions were frozen at

�20 1C before analysis. The pH was determined after

suspension of the soil both in 0.01 M CaCl2 and in water.

Nitrous oxide emission rates

At the end of the experiment, 5 g samples of soil were

taken in triplicate from each replicate of all treatment

combinations, and placed into sealed 120 mL serum

bottles. The contribution of nitrification to nitrous oxide

(N2O) release was estimated by comparing the N2O

released from samples amended with 10 Pa acetylene

to that released from samples without addition of acet-

ylene (i.e. estimation of N2O emission due to denitrifi-

cation and due to total emission, respectively) as

described previously (Gödde & Conrad, 1999). The bot-

tles were incubated for 47–78 h at 25 1C, and during this

period gas samples were taken at four to six time points

and analyzed in a Shimadzu GC-14A (Shimadzu,

Columbia, MD, USA) gas chromatograph equipped with

electron capture detector (ECD; Ni63, Shimadzu, Colum-

bia, MD, USA). The rates were determined from the

slope of the linear regression of N2O emission on time.

DNA extraction and polymerized chain reaction (PCR)
amplification of amoA gene

Samples for community analysis were taken three times

during the experiment: (1) after 7 weeks of incubation,

(2) after 12 weeks of incubation and (3) at the end of

the experiment. Samples from week 7 were examined

previously (Avrahami & Bohannan, 2007). DNA was

extracted from a 500 mg subsample (wet weight) of each

sample using the Fast DNAs SPIN Kit for Soil (BIO 101,

Carlsbad, CA, USA), in accordance with the manufac-

turer’s instructions. DNA was cleaned of possible

PCR inhibitors using the Wizard DNA clean up kit

(Promega, Madison, WI, USA). The samples were

amplified using amoA primers and protocols identical

to those described previously (Avrahami & Bohannan,

2007). All PCR were performed in triplicate.

Terminal Restriction Fragment Length Polymorphism
(T-RFLP) fingerprinting analysis

Fingerprinting analysis using T-RFLP was conducted,

and resulting data analyzed as described previously

(Avrahami & Bohannan, 2007). Briefly, purified PCR

products (approximately 100 ng) were digested sepa-

rately with 5 U of the restriction endonuclease Bsh 1236 I

(MBI Fermentas, Hanover, MD, USA) following the

instructions of the manufacturer. The subsequent T-

RFLP fingerprinting analysis was performed at the

Genomics Technology Support Facility (Michigan State

University, E. Lansing, MI, USA; http://genomics.m-

su.edu/), as described previously (Horz et al., 2004).

The relative abundances of individual T-RFs in a given

amoA PCR product were calculated based on the peak

height of the individual T-RFs in relation to the total

peak height of all T-RFs detected in the respective

T-RFLP community fingerprint pattern. The peak

heights were automatically quantified by the GENESCAN

software (Perkin-Elmer, Foster City, CA, USA). To verify

the assignments of T-RFs to our detected amoA phylo-

types, we also tested individual clones by T-RFLP

fingerprinting analysis (see details in ‘Results’).

Cloning and sequencing

PCR products which exhibited different fingerprint

patterns were cloned, using a TOPO cloning kit (pCR

2.1 vector for Escherichia coli TOP 10F0; Invitrogen, Leek,

the Netherlands) following the manufacturer’s instruc-

tions. Clones were compared with each other and with

environmental samples by denaturing gradient gel

electrophoresis (DGGE) as described previously (Avra-

hami & Bohannan, 2007). Clones exhibiting identical

bands to those of the experimental samples were se-

quenced (DNA Sequencing Facility, Genaissance Phar-

maceuticals Inc., New Haven, PA, USA), analyzed by

FINCHTV 1.3.1 (http://www.geospiza.com/finchtv) and

the ARB program package (http://www.arb-home.de)

as described previously (Avrahami et al., 2003). All

sequences of amoA genes retrieved in this work have

been deposited in the GenBank nucleotide sequence

database under accession nos. DQ396811–DQ396858,

as described previously (Avrahami & Bohannan, 2007).

Real-time PCR amplification

Real-time PCR (Quantitative PCR or qPCR) amplifica-

tion was performed using the same primer sets and
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protocols as described previously (Horz et al., 2004;

Avrahami & Bohannan, 2007). The results for each

sample were normalized to a reference sample (i.e.

one sample of this experiment) analyzed in all runs, to

reduce run-to-run variation, and the ratio between each

sample to the reference sample is presented as ‘total

abundance’ below. In order to estimate the abundance

of each cluster separately, we multiplied the total abun-

dance of the amoA gene (estimated by qPCR) by the

proportion of each cluster (estimated via T-RFLP). This

product is presented below as the ‘scaled abundance’ as

described previously (Avrahami & Bohannan, 2007). In

order to estimate possible PCR interference and/or

inhibition from soil substances, we amplified a plasmid

with an insert from Nitrosospira multiformis (accession

no. AY177933) mixed with 0.3 mL of DNA from experi-

mental samples as described previously (Avrahami &

Bohannan, 2007). The quantification analysis was

performed as described previously (Horz et al., 2004).

Statistical analysis

All statistical analyses were performed in SAS version

9.1 (SAS Institute Inc., Cary, NC, USA). The data were

transformed to achieve normality. For each dataset, the

transformation that resulted in the best fit of the dataset

to a normal distribution was chosen. For most datasets,

a log-transformation was best, with the exception of the

N2O emission rates due to nitrification (NitN2O) and

ammonium concentration data (square root transformed),

the scaled abundance of AOB cluster 3a, 9 and 10 data

(log followed by additional log transformation) and the

pH data (invert-transformed).

ANOVA was performed using both the GLM and MIXED

procedures in SAS. Means were estimated as least square

means and the degrees of freedom were estimated

using the Satterthwaite approximation. For brevity, the

results presented below are followed by the F-value,

degrees of freedom and P-value for the highest order

significant result only. For additional information,

please see the complete ANOVA tables presented in the

Supporting information. Note that the LF and MF

treatments were analyzed together due to the overlap

in ammonia concentrations after 20 weeks (Table 1).

The relationship of community structure, total abun-

dance and environmental parameters to NitN2O emis-

sion rates was analyzed with multiple regression

performed using the REG procedure in SAS 9.1. The

best-fit models included the scaled abundance of each

of the three phylogenetic groups and the ammonia

concentration as the explanatory variables for the HF

treatment, and soil moisture, temperature, nitrate con-

centration, and the relative abundance of cluster 9 and

10 as the explanatory variables in LF and MF treat-

ments. We used path analysis, an extension of multiple

regression (Sokal & Rohlf, 1995), to further explore the

interrelationships among those variables significantly

related to NitN2O emission rates. We hypothesized

two models. One assumes that ammonia concentration

is related to NitN2O emission rates, at least in part,

through changes in the scaled abundance of the differ-

ent AOB groups in the HF treatment. The other assumes

that soil moisture and temperature are related to nitrous

oxide emission rates, at least in part, through changes in

the nitrate concentration and through the relative abun-

dance of the AOB groups cluster 9 and 10. Note that

although ammonia concentrations in the HF treatment

were influenced by the interaction between soil moisture

and temperature, we could not include these factors in

the path analysis due to the interaction between them.

Results

Nitrous oxide emission rates

The rates of total nitrous oxide (N2O) emission and N2O

emission due to nitrification resulted in similar patterns

(Fig. 1). Given that nitrification was the major contri-

butor to N2O emissions in most treatments, all further

analyses were done on the N2O emission rate due to

nitrification (NitN2O) data. Overall, the NitN2O emis-

sion rates were influenced by the interaction between

the three treatments (F4,18 5 6.09, P 5 0.0028), indicating

that the effects of the three treatments are not additive.

The pattern in the HF treatment was strikingly different

from that of the LF and MF treatments, respectively

(Fig. 1); NitN2O emission rates in the HF treatment were

influenced by the interaction between soil moisture and

Table 1 Range of ammonium and ammonia concentrations at the end of the experiment

Fertilizer treatment

Ammonium concentrations

[mg N-NH4
1 per gram of dry soil]

Ammonia concentrations

[ng N-NH4
1 per gram of dry soil]

Low fertilizer (LF) concentration (0.05%) 28 � 2 to 84 � 1 1 to 94 � 21

Moderate fertilizer (MF) concentration (0.1%) 89 to 156 � 11 10 � 1 to 134 � 2

High fertilizer (HF) concentration (0.3%) 343 � 79 to 692 � 180 200 � 100 to 53 350 � 800
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temperature (F2,6 5 13.68, P 5 0.0058), such that at 20 1C,

elevated soil moisture resulted in an increase in NitN2O

emission rates, and at 30 1C the highest rate was observed

at moderate soil moisture (i.e. 45% of maximum WHC;

Fig. 1). The rates in the LF and MF treatments were

influenced by soil moisture (F2,12 5 62.24, Po0.0001) and

by temperature (F1,12 5 14.76, P 5 0.0023), such that both

elevated soil moisture and elevated temperature resulted

in a decrease in NitN2O emission rates with no interac-

tion between these factors (Fig. 1).

Ammonium concentration and pH

We calculated ammonia concentrations at the end of the

experiment from our measurements of ammonium

concentration, pH and temperature (using the formula

in Emerson et al., 1975). Ammonia concentrations were

influenced by an interaction among the temperature,

soil moisture and fertilizer treatments (F4,18 5 10.03,

P 5 0.0002). The ranges of ammonium and ammonia

concentrations in each treatment at the end point of the

experiment are summarized in Table 1. The values dur-

ing incubation (1–20 weeks) are summarized in Table S5

in the Supporting information, indicating that ammo-

nium was not a limiting factor during the incubation.

Ammonium concentrations at the end of the experi-

ment were significantly correlated with pH values

(r 5�0.69, Po0.0001) and ammonia concentrations

were directly related to pH (as they were calculated

from measurements of ammonium concentrations, tem-

perature and pH). The pH values were also affected by

the interaction among the temperature, soil moisture

and fertilizer treatments (F4,18 5 6.89, P 5 0.0015). The

values in the LF and MF treatments were between 5.1

and 6.1, while in the HF treatment the values varied

between the 30% and 45–60% WHC treatments (5.9–6.7

and 6.8–8.8, respectively). Ammonia concentration and

pH values in the HF treatments were influenced by an

interaction between soil moisture and temperature

(F2,6 5 8.73, P 5 0.0167; F2,6 5 5.43, P 5 0.0450, respec-

tively; Fig. 2), such that an increase in soil moisture

resulted in a decrease in ammonia and pH, and the

effect was stronger at higher temperature.

Nitrate concentration

Nitrate concentrations in the LF and MF treatments at the

end of the experiment were influenced by interactions

between temperature and soil moisture and between

temperature and fertilizer concentrations (F1,12 5 7.36,

P 5 0.0082; F1,12 5 12.89, P 5 0.0037 and Fig. 3a and b,

respectively), such that the concentrations increased with

the increase in soil moisture (with the effect strongest at

20 1C) and with increased fertilizer (with the effect stron-

gest at 30 1C).

AOB community structure

The community structure of AOB was analyzed by

T-RFLP fingerprint analysis for estimation of relative

abundance, while DGGE was used for screening of

clones comparing them with the environmental sam-

ples and choosing clones for sequencing. We chose

restriction endonuclease Bsh 1236 I for our T-RFLP
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analysis based on analysis of three clone libraries from

our soil as described before (Avrahami & Bohannan,

2007), including one library of 48 clones (DQ396811–

DQ396858) derived from this study. All three libraries

contained clones from identical phylogenetic groups

although in different relative abundances. The phylo-

genetic groups which could be recognized via T-RFLP

were (1) AmoA cluster 10 (Avrahami et al., 2003), with

Nitrosospira sp. AF as a representative pure culture

(indicated by four T-RFs: 60, 133, 329 and 341 bp); (2)

AmoA cluster 3a (denoted previously as clade ‘JR1’ by

Horz et al., 2004), with N. multiformis as a representative

pure culture (indicated by one T-RF of 434 bp); (3)

AmoA cluster 9 (Avrahami et al., 2003), with Nitrosospira

sp. Nsp65 as a representative in pure culture (indicated

by T-RFs 427 and 428 bp in length) and (4) AmoA

cluster 3b, with Nitrosospira briensis as a representative

in pure culture (indicated by one T-RF of 93 bp). The last

group was observed only in one sample studied. The

community structure of most samples incubated under

the LF and MF treatments was dominated by AmoA

cluster 10 (93–100%). However, the relative abundance

of cluster 10 was influenced by an interaction among

temperature, soil moisture and fertilizer treatments

(F2,12 5 4.85, P 5 0.0285), such that it was decreasing

with increasing soil moisture, and the effect was stron-

ger at a combination of 30 1C and the MF treatment

(decreasing to 65.2%, Fig. 4). The relative abundance of

cluster 9 was influenced only by soil moisture

(F2,12 5 36.84, Po0.0001), such that increasing soil

moisture resulted in an increase in its relative abun-

dance (2%, 2.5% and 8.8% at 30%, 45% and 60% WHC,

respectively). In contrast, the relative abundance of

cluster 3a was not influenced by any of these factors.
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The community structure of soil samples incubated at

a combination of the HF and 45–60% WHC treatments

for 12 and 16 weeks changed strikingly (Fig. 5a and b,

respectively). Cluster 10 dominated (95.7 � 1.6% after 16

weeks) under the 20 1C and HF treatment combination,

with no significant differences among the soil moisture

treatments. Cluster 9 dominated (73.5 � 5.4%, after 16

weeks) under the 30 1C, either 45% or 60% WHC and HF

treatment combinations; cluster 3a was in highest rela-

tive abundance (19.4 � 7.4 at week 16) in this treatment

combination as well. These trends were similar after both

12 and 16 weeks of incubation (although they were more

striking after 16 weeks).

Total abundance and scaled abundance of AOB

The total abundance of AOB was estimated by amplifica-

tion of the amoA gene using real-time PCR amplification.

The abundance of each sample was normalized to a

reference sample (i.e. one sample of this experiment)

analyzed in all runs, to reduce run-to-run variation. Total

abundance in soil samples incubated for 16 weeks at

20 1C increased with increased soil moisture in the HF

treatment, but at 30 1C the highest total abundance was

measured under moderate soil moisture (i.e. 45% WHC).

In contrast, in the LF and MF treatments, temperature

was the only factor influencing total abundance

(F1,12 5 15.22, P 5 0.0021), such that the increase in tem-

perature resulted in a decrease in total abundance (ratio

of 37.1 and 1.1 at 20 and 30 1C, respectively). However,

total abundance was not related to NitN2O emission

rates in the LF and MF treatments.

The ‘scaled abundance’ data (Avrahami & Bohannan,

2007) were calculated from these data (i.e. multiplica-

tion of T-RFLP and qPCR data). An interaction between

temperature and soil moisture influenced the scaled

abundance of cluster 9 and 3a in the HF treatment

(F2,6 5 10.33, P 5 0.0114; F2,6 5 17.59, P 5 0.0031, respec-

tively; Fig. 6) in a similar manner as total abundance,
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Fig. 4 Effects of temperature and soil moisture on the relative

abundance (1.0 represents 100%) of ammonia-oxidizing bacteria

(AOB) cluster 10 in the low and moderate fertilizer (LF and MF)

treatments. Note: Fertilizer treatments are denoted as LF and MF,

and represent LF and MF concentrations (0.05% and 0.1% of

fertilizer, respectively). % of WHC indicates the percent of the

soil’s maximum water holding capacity. Error bars are 95%

confidence limits.
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Fig. 5 Effects of temperature and soil moisture on the relative

abundance of ammonia-oxidizing bacteria (AOB) clusters 10, 9,

3a and 3b after 12 weeks of incubation (a) and 16 weeks of

incubation (b) in the high fertilizer (HF; 0.3% of fertilizer)

treatment. WHC indicates the percent of maximum water hold-

ing capacity of the soil. In the HF treatment incubated at 30 1C

the duplicates are displayed separately after 16 weeks of incuba-

tion due to major differences in their community structures (D1

denotes duplicate 1 and D2 denotes duplicate 2).

N 2 O E M I S S I O N VA R I E S W I T H C O M M U N I T Y S T R U C T U R E 649

r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 15, 643–655



while scaled abundance of cluster 10 was influenced by

temperature (F1,6 5 15.49, P 5 0.0077) and by soil moist-

ure (F2,6 5 34.49, P 5 0.0005), such that its values were

decreasing with increasing temperature and increasing

with increasing soil moisture.

Relationship between scaled abundance and NitN2O
emission rates in the HF treatment

The best fit multiple regression model was one that

included the following predictor variables: ammonia

concentration, scaled abundance of cluster 10, scaled

abundance of cluster 3a and scaled abundance of cluster

9 (F4,7 5 8.24, P 5 0.0088). This model could explain 83%

of the variance in NitN2O emission rates (r2 5 0.825,

r2
adj ¼ 0:725).

For path analysis, we hypothesized a causal model

that related ammonia concentration both directly and

indirectly to NitN2O emission rates (Fig. 7a). The stron-

gest causal path was the indirect effect of ammonia

through the scaled abundance of cluster 10 to NitN2O

emission rates (path coefficient 5�0.90), followed by

the direct effect of ammonia on NitN2O emission rates

(path coefficient 5 0.78), and by the indirect effect of

ammonia through the scaled abundance of cluster 9 to

NitN2O emission rates (path coefficient 5�0.46), with a

relatively weak indirect effect of ammonia through the

scaled abundance of cluster 3a.

Relationship between scaled abundance and NitN2O
emission rates in the LF and MF treatments

The best fit multiple regression model was one that

included the following predictor variables: soil moist-

ure, temperature, nitrate concentration, relative abun-

dance of cluster 9 and of cluster 10 (F5,18 5 23.16,

Po0.0001). This model could explain 87% of the var-

iance in NitN2O emission rates (r2 5 0.866, r2
adj ¼ 0:828).
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Fig. 6 Effect of the interaction between temperature and soil

moisture on total abundance of ammonia-oxidizers in the high

fertilizer (HF; 0.3% of fertilizer) treatment. The total abundance

has been normalized to a standard sample (see the text). The

stacked bars represent the contribution of each phylogenetic

group to the total abundance. Note: % of WHC indicates the

percent of the soil’s maximum water holding capacity. The

duplicates incubated at 30 1C and 60% WHC are displayed

separately due to major differences in their community struc-

tures (D1 denotes duplicate 1 and D2 denotes duplicate 2). Error

bars are 95% confidence limits of the total abundance.

Fig. 7 Path diagram of the hypothesized models of nitrous

oxide emission rates due to nitrification in the high fertilizer

treatment (a) and the low and moderate fertilizer treatments (b).

Direct effects are designated as A, B, C, D and E, and indirect

effects as F–B, G–C, H–D and H–B. Path coefficients for the latter

are written on the first arrow and letter only, but represent the

complete path. NH3, ammonia concentration; NitN2O, nitrous

oxide emission rates due to nitrification; SAC3a, scaled abun-

dance of cluster 3a; SAC9, scaled abundance of cluster 9; SAC10,

scaled abundance of cluster 10; NO3
�, nitrate concentration;

RAC9, relative abundance of cluster 9; RAC10, relative abun-

dance of cluster 10.
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For path analysis, we hypothesized a causal model

that related soil moisture and temperature both directly

and indirectly to NitN2O emission rates (Fig. 7b). The

strongest causal path was the direct effect of soil moist-

ure (path coefficient 5�0.61), followed by the indirect

effect of soil moisture through the relative abundance of

cluster 9 and of cluster 10 to NitN2O emission rates

(path coefficient 5�0.39 and 0.35, respectively). The

direct effect of temperature (path coefficient 5�0.25), and

the indirect effect of soil moisture through nitrate concen-

tration to NitN2O emission rates (path coefficient 5�0.20)

were also important paths, while the indirect effect of

temperature through nitrate concentration was a relatively

weak path.

Discussion

In this work, we addressed the potential ecosystem

consequences of changes in environmental conditions

and in the abundance and community structure of AOB.

One of the ecosystem consequences of nitrification activ-

ity is the emission of nitrous oxide, a greenhouse gas

with approximately 300 times the global warming

potential of carbon dioxide (IPCC, 2001), and a lifetime

of about 150 years (Watson et al., 1992). To address this

topic, we manipulated temperature, soil moisture and

fertilizer concentration in a meadow soil incubated in the

laboratory for 16–20 weeks. Two distinct patterns of N2O

emission due to nitrification (NitN2O) were observed

in the laboratory experiment: (1) in the HF treatment at

20 1C, elevated soil moisture resulted in an increase in

the rates, and at 30 1C the highest rate was observed

in the moderate soil moisture treatment, and (2) in the LF

and MF treatments, elevated soil moisture and elevated

temperature resulted in a decrease in NitN2O emission

rates.

We explored the interrelationships among the abiotic

and biotic factors that could underlie the two patterns

of NitN2O emission. NitN2O emission rates in the HF

treatment were influenced by an interaction between

temperature and soil moisture. This same interaction

also influenced the pH, ammonia concentration (after 16

weeks of incubation), and the scaled abundances of

clusters 9 and 3a. Path analysis suggested that the major

path by which ammonia influenced NitN2O emission

rates was indirectly through its influence on the scaled

abundance of cluster 10, but also through its influence

on scaled abundance of cluster 9. AmoA cluster 10 was

the dominant population of AOB in the nonmanipu-

lated source soil (Horz et al., 2004), and after short-term

incubation in the laboratory (Avrahami & Bohannan,

2007). To date, sequences closely related to Nitrosospira

sp. AF (cluster 10) have only been detected in a slightly

acidic soil (pH 5.5) from Tennessee incubated at

23–25 1C (Stephen et al., 1999; Chang et al., 2001), similar

conditions (in pH and temperature) to those of our

incubation. Consistent with our study, sequences belong

to AmoA cluster 9 (most closely related to Nitrosospira sp.

Nsp.65) were detected in an Israeli irrigated soil (i.e. high

temperature and nitrogen concentration) (Oved et al.,

2001), and in German meadow soil incubated at 30 1C

and fertilizer concentration of 100–200mg N-NH4
1 per

gram of dry soil (values between our MF and HF

treatments) (Avrahami & Conrad, 2003). Previous studies

indicated that ammonium concentration and availability

can influence the community structure of AOB (Bruns

et al., 1999; Kowalchuk et al., 2000a, b) and of nitrous

oxide emission (Schuster & Conrad, 1992; Müller et al.,

1998). Previous work on our soil found that these three

environmental factors could interact to alter the potential

nitrification activity (Barnard et al., 2006; Avrahami &

Bohannan, 2007) and abundance and community struc-

ture of AOB (Horz et al., 2004; Avrahami & Bohannan,

2007). Nevertheless, a short period (i.e. 7 weeks) of envi-

ronmental manipulation of this same soil in the labora-

tory did not reveal any significant relationship between

potential nitrification activity and the community struc-

ture or abundance of AOB (Avrahami & Bohannan,

2007). In our current study (i.e. after 16–20 weeks

of incubation), we observed a significant relationship

between community structure of AOB and nitrous oxide

emission rates.

Interestingly, the major path by which ammonia

influenced potential nitrification activity in our samples

(Fig. S2 in the Supporting information) was indirectly

through its influence on the abundance of another

particular phylogenetic group (‘cluster 3a’), which did

not play a role in nitrous oxide emissions. This group

was increasing in relative abundance along with cluster

9 under the same treatment combination (i.e. 30 1C and

moderate/high soil moisture). Previous studies demon-

strated an increase in the relative abundance of cluster 3

compared with other clusters as a response to increases

in nitrogen (Kowalchuk et al., 2000a, b); this is also true

for our soil both in the field (Horz et al., 2004) and after

short-term incubation in the laboratory (Avrahami &

Bohannan, 2007). However, other studies demonstrated

that this group is highly versatile in its response to

both nitrogen (Avrahami et al., 2003) and temperature

(Avrahami & Conrad, 2003, 2005), suggesting that this

group may represent more than one ecotype. We ob-

served differences in the major groups involved in

nitrous oxide production and nitrification. This may

be due to taxon-specific differences in potential nitrifi-

cation activity and in situ emission of N2O (i.e. without

addition of ammonium). In addition, as N2O is a

byproduct of nitrification, one cannot predict by

stoichiometry alone, the N2O emission rates expected.
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Together, these observations suggest that one cannot

assume that under different environmental conditions,

the ratio of nitrification products to N2O emission will

be similar, or that different groups of AOB will exhibit

similar ratios of these two products.

Ammonia also influenced NitN2O emission rates

‘directly’ although to a lesser degree than its indirect

effects. These ‘direct’ effects could potentially include

the influence of ammonia on gene expression or physiol-

ogy of AOB. Alternatively, the ‘direct’ effect of ammonia

could include the influence on the abundance, commu-

nity structure, gene expression and/or physiology of

other organisms capable of oxidizing ammonia, such as

Archaeal ammonia-oxidizers (AOA; Leininger et al.,

2006). Although we did not track AOA in our experiment,

AOA are indeed abundant in the source soil (data not

shown). However, we have evidence that suggests that

AOA may not be as active in our soils as AOB. In 12

samples of soil from the Jasper Ridge Global Change

Experiment, chosen to represent a range of nitrogen

contents and potential nitrification rates, AOB community

structure was tightly linked to PNA (Pearson r 5 0.9201),

while AOA community structure was not (Pearson

r 5 0.3099). AOA may also not respond to environmental

perturbations as readily as AOB; for example, Adair &

Schwartz (2008), did not find a relationship between AOA

populations and any of the environmental parameters

they measured in semiarid soil, although they did for

AOB. Finally, N2O emission due to nitrification has not

been documented for AOA (although this may be due to

the relatively few cultured AOA isolates).

NitN2O emission rates in the LF and MF treatments

were influenced by temperature and soil moisture.

In contrast to previous studies of temperate soils (Maag

& Vinther, 1996; Klemedtsson et al., 1988), an increase in

soil moisture caused a decrease in N2O emission rates.

However, potential nitrification activity increased

in response to the increase in soil moisture (Fig. S1 in

the Supporting information), which is consistent with

previous reports (Maag & Vinther, 1996). Differences in

microbial community structure may help explain this

discrepancy. It is known that temperate soils, character-

ized by a cold and wet climate, are dominated by AOB

belonging to AmoA clusters 1, 2 and 4 (Avrahami &

Conrad, 2003). These types are not found in subtropical

soils (Avrahami & Conrad, 2005), nor are they present in

Jasper Ridge soil, which was dominated by AOB from

AmoA cluster 10 (Nitrosospira sp. AF-like) as noted

above. Jasper Ridge is in a region with a Mediterra-

nean-type climate (with long, hot, dry summers). We

hypothesize that communities dominated by cluster 10

respond uniquely to hot dry conditions, perhaps as a

stress response, as proposed below. However, more

soils from various climatic regions would need to be

surveyed for both NitN2O emission rates and commu-

nity composition to test this hypothesis.

The direct and indirect effects of temperature and soil

moisture on NitN2O emission rates in the LF and MF

treatments were further studied. Path analysis indicated

that the major path by which soil moisture influenced

NitN2O emission rates was directly, rather than indir-

ectly through effects on community structure. Reduced

water and ammonia resulted in a major increase in N2O

emission rates. Stark & Firestone (1995) suggested that

low soil moisture could lead to low ammonia concen-

trations and subsequent substrate limitation of ammo-

nia oxidizers. We hypothesize that under such

conditions the denitrification pathway of AOB might

serve as a stress response, allowing the organisms to

gain enough energy to survive, similar to that observed

under oxygen limitation (Goreau et al., 1980; Lipschultz

et al., 1981). The denitrification pathway has been

reported recently among Nitrosospira species (Shaw

et al., 2006; Garbeva et al., 2007). This hypothesis could

be tested by labeling the nitrogen compounds involved

(i.e. nitrite and ammonia), and following the fate of the

labeled products (including N2O) (Nielsen, 1992).

Our observations of increased N2O emission rates

under low soil moisture are of potential environmental

significance given the vast area of arid soils on Earth, soils

characterized by long periods of dry conditions. Most

studies of nitrous oxide flux have been performed in cold

temperature soils and may present an inaccurate view of

the response of N2O flux to environmental change.

Soil moisture also influenced NitN2O emission rates

indirectly through changes in the relative abundances

of clusters 9 and 10, although to a lesser extent than its

direct effects. These findings support previous reports

of variation in N2O emission rates of different pure

cultures of AOB (Jiang & Bakken, 1999; Shaw et al.,

2006), although pure cultures belonging to clusters 9

and 10 have never been tested. The indirect effect of

soil moisture through nitrate concentration was also not

minor (path coefficient 5�0.20), consistent with pre-

vious reports suggesting that nitrate concentrations

are a good predictor of N2O emission rates (Mogge

et al., 1999; Gödde & Conrad, 2000). Temperature had

mainly direct effects, although smaller in magnitude

than the effects of soil moisture.

It has long been debated how microbial community

structure and ecosystem functions are linked. Our study

suggests ways that this linkage can occur. For example,

the striking shift in community structure and abun-

dance observed in our HF treatment suggests that

AmoA cluster 9 and 3a were outcompeted by AmoA

cluster 10 under a wide range of conditions, with the

exception of high temperature and nitrogen. The ecolo-

gical consequences of this finding are that a community
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shift may play an important role in linking environ-

mental change to nitrogen loss when ammonia is in

excess, such as in agriculture soil, or in environments

with high rates of mineralization such as those with

frequent freeze–thaw cycles (Christensen & Tiedje,

1990; Flessa et al., 1995). Furthermore, community struc-

ture may play a role in determining feedbacks impor-

tant in global change. As temperature and precipitation

change in response to global change, the response of

N2O emissions may vary locally depending on local

AOB community structure.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. Effect of temperature, soil moisture and fertilizer concentration on nitrous oxide emission rates due to nitrification (lines) and

on potential nitrification activity (bars). Key: % of WHC represents the percent of the soil’s maximum water holding capacity.

Fertilizer treatments are denoted as LF, MF and HF and represent low, moderate and high fertilizer concentrations (0.05, 0.1 and 0.3%

of fertilizer, respectively). Rates were calculated per gram dry soil (gds). Error bars are 95% confidence limits.

Fig. S2. Path diagram of the hypothesized models analyzed using path analysis for potential nitrification activity and. Direct effects are

designated as A, B, C and D and indirect effects as E—B, F—C, G—D. Path coefficients for the latter are written on the first arrow and

letter only, but represent the complete path. NH3=ammonia concentration, PNA= potential nitrification activity, SAC3a=scaled

abundance of cluster 3a, SAC9=scaled abundance of cluster 9, SAC10=scaled abundance of cluster 10.

Table S1. Results of ANOVA of NitN2O emission rates.

Table S2. Results of ANOVA of NitN2O emission rates in HF treatment only.

Table S3. Results of ANOVA of NitN2O emission rates in LF and MF treatments only.

Table S4. Results of ANOVA of potential nitrification activity.

Table S5. Range of ammonium and ammonia concentrations during the experiment.

Table S6. Results of ANOVA of ammonium concentration at the end of the experiment.

Table S7. Results of ANOVA of ammonia concentration at the end of the experiment.

Table S8. Results of ANOVA of pH values at the end of the experiment.

Table S9. Results of ANOVA of ammonia concentration in HF treatment only.

Table S10. Results of ANOVA of pH values in HF treatment only.

Table S11. Results of ANOVA of nitrate concentration in LF and MF treatments only.

Table S12. Results of ANOVA of the relative abundance of cluster 10 in LF and MF treatments only.

Table S13. Results of ANOVA of the relative abundance of cluster 9 in LF and MF treatments only.

Table S14. Results of ANOVA of the total abundance in LF and MF treatments only.

Table S15. Results of ANOVA of scaled abundance of cluster 9 in HF treatment only.

Table S16. Results of ANOVA of scaled abundance of cluster 3a in HF treatment only.

Table S17. Results of ANOVA of scaled abundance of cluster 10 in HF treatment only.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any

queries (other than missing material) should be directed to the corresponding author for the article.
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