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a b s t r a c t

The process of denitrification has been studied for decades, with current evidence suggesting that an
ecosystem's ability to produce and emit N2O is controlled both by transient ‘proximal’ regulators (e.g.
temperature, moisture, N availability) as well as distal regulators (e.g. soil type, microbial functional
diversity, geography). In this study we use New Zealand soils as a model system to test the impact of
distal regulators (i.e. geography) on microbial communities and their N2O emission potential. Using gas
chromatography, soil chemical analyses, 16S amplicon sequencing, terminal restriction fragment length
polymorphism (T-RFLP) and quantitative PCR (qPCR) on three denitrifier functional genes (nirS, nirK and
nosZ), we assessed the factors linked to N2O emissions across a latitudinal gradient. Results show that soil
drainage class, soil texture class, and latitude were powerful regulators of both emissions and emission
end products (N2 vs. N2O). Mixed models demonstrate that a few variables (including latitude, texture
class, drainage class and denitrifier community data [abundance and diversity] amongst others) were
enough to predict both the amount and type of gas emitted. In addition we show that microbial com-
munity composition (based on 16S rRNA gene sequencing) can also be used to predict both the gas
species and quantity emitted.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Emissions of the potent greenhouse gas (GHG) nitrous oxide
(N2O) from soils are determined by the net rates of N2O production
and transformation to the benign gas N2. This is thought to be
controlled primarily by the process of denitrification (Zumft, 1997;
Saggar et al., 2013). However, other processes including nitrifica-
tion, co-denitrification, ammonia oxidation and anammox can alter
emission profiles (Laughlin and Stevens, 2002; Spott et al., 2011;
Long et al., 2012; Spott and Florian Stange, 2011; Jung et al., 2014;
Stieglmeier et al., 2014). For denitrification, many proximal fac-
tors can influence the ratio and net amount of N lost as N2O or N2.
Among the proximal regulators nitrate (NO3

�) concentration, C
availability, O2 concentration, pH and temperature are the most
studied (Wallenstein et al., 2006; Morley and Baggs, 2010; �Cuhel
þ64 3 479 8540.
orales).
and �Simek, 2011; Senbayram et al., 2012; Cosentino et al., 2013;
Saggar et al., 2013). However, it is hypothesized that these ‘prox-
imal’ regulators only transiently affect microbial communities, or
more likely their transcriptional patterns. At larger time and space
scales other ‘distal’ regulators are hypothesized to alter N2O
emissions by influencing microbial community composition and
diversity, and thus re-arranging the genetic potential encoded
within the different species (Tiedje, 1988; Groffman, 1991; de Klein
et al., 2001; Wallenstein et al., 2006).

Current evidence suggests that the ability of an ecosystem to
emit N2O in response to changes in proximal regulators is modu-
lated by distal regulators (Cosentino et al., 2013) including, but not
limited to, soil type (Bonnett et al., 2013), microbial functional di-
versity (number of different organisms capable of carrying out a
given function) (Philippot et al., 2013) and geography (Braker et al.,
2012; D€orsch et al., 2012). This would indicate that some soils are
naturally more prone to emit GHGs under identical proximal con-
ditions. In essence, this proposes a hypothesis wherein distal reg-
ulators select for microbial populations, establishing a genetic
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Fig. 1. Map of New Zealand's South Island with all 10 study sites. Abbreviations:
Horotiu (HR), Otorohanga (OH), Te Kowhai (TeK), Tokomaru (TM), Manawatu (MW),
Manawatu EI (MWEI), Paparua SP (PSP), Paparua L (PL), Mayfield (MF), Lismore (LM).
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potential. In contrast, proximal regulators that can be transient in
nature (e.g. levels of NO3

�, NH4
þ, labile C, etc), control transcription

of genes thus ‘expressing’ that potential. Alternatively, some vari-
ables like pH can be categorized as both a proximal and distal
regulator depending on context (�Cuhel and �Simek, 2011). While pH
can select for a specific community structure at a distal scale,
proximal effects of pH modulate the final proportion of denitrifi-
cation products. So although certain conditions are prone to in-
crease N2O emissions (e.g. high NO3

�, high soil water content), the
maximum emission potential is predicted by distal factors like
latitude or soil type.

While we aim to evaluate the globally relevant proximal/distal
regulation of denitrification, we use New Zealand grazed pasture
systems as a case study. New Zealand grazed soils receive an un-
even deposition of animal urine and dung, possess variable bio-
logical N fixation and are treated with uniform fertiliser N inputs
that can sustain microbially diverse populations (Cavigelli and
Roberstson, 2001) and increase the country's net yield of the
powerful GHG N2O (de Klein et al., 2001; van der Weerden et al.,
2011). Coupled to an increasing national dairy cattle population
additional increases of N2O emissions are expected in New Zea-
land (New Zealand Government, 2013). As a small country with a
diverse range of climo-edaphic environments and geography, New
Zealand experiences high fluctuations of moisture and tempera-
ture from North to South along its 1600-km length. This range in
geographically linked distal regulators provides a natural experi-
ment for testing the hypotheses noted above. In addition, New
Zealand's GHG emission profile is unique when compared to other
countries since N2O emissions account for a large proportion of
their gas budget. It is therefore of both scientific and of practical
interest to understand how soils will respond to increasing N
loading in order to manage these emissions. To better understand
the potential impact of increasing N deposition from grazing, we
must first understand how different geographic areas with con-
trasting biophysicochemical traits will respond to this increase in
N.

Here we use gas chromatography, soil chemical analyses, high
throughput 16S amplicon sequencing, terminal restriction frag-
ment length polymorphism (T-RFLP) and quantitative PCR (qPCR)
on three denitrifier functional genes (nirS, nirK and nosZ) to assess
the factors linked to pasture soil N2O emission potential across a
latitudinal gradient. Our objectives were to determine: (1) the
putative biological, physical and chemical drivers of N2O emissions,
(2) the correlation of denitrifier population structure and overall
bacterial community composition to N2O emission potential, and
(3) to develop predictivemodels for N2O emissions and N loss using
biophysicochemical data.

2. Materials and methods

2.1. Study site and sample collection

Soil samples (0e10 cm) were collected from 10 New Zealand
dairy pasture soils varying in physical and chemical characteristics,
denitrification enzyme activity (DEA) and location (Fig. 1 and
Table 1). Soil cores (25 mm diameter and 100 mm long) were
collected using a steel corer from six random locations (each with
an area of 100 m2) on a single day, only once, for each farm be-
tween August and December 2010 (10 sites � 6 replicates). Field
fresh soil cores were taken to the laboratory, sieved to 2 mm (so
that stones, insects, earthworms, large organic matter particles
and plant roots were removed) and stored at 4 �C in plastic bags. A
sub-sample of each soil replicate was stored at �20 �C for mo-
lecular analyses. Among the 10 soils, two soils (Manawatu and
Paparua) were collected twice from two different locations each
time. Samples from the two Manawatu sites were collected three
weeks apart from two adjoining fields e one with no effluent
irrigation and another that had received dairy shed effluent irri-
gation at the rate of 10,000 l ha�1 every 2 months for the previous
16 years. The most recent effluent application was 2 weeks before
the collection of soil samples. Samples from the two Paparua silt
loam sites were collected from separate dairy farms in different
locations (Springston and Lincoln). The soils collected from these
two locations differed in the amount of annual N applied on farm.
The Lincoln site received 150 kg N ha�1 and the Springston site
received 200 kg N ha�1 annually in 3e4 split applications of
50 kg N ha�1.

The 10 sites (Fig. 1 and Table 1) in this study belonged to three
regions of New Zealand: Hamilton [MWEI, MW, TM], Palmerston
North (North Island) [HR, TeK, OH] and Christchurch (South Island)
[PSP, PL, MF, LM]. The annual rainfall recorded for each of the three
regions were 1108 mm in Hamilton, 917 mm in Palmerston North
and of 618 mm in Christchurch (NIWA online resources: www.
niwa.co.nz/education-and-training/schools/resources/climate/
meanrain; accessed on 28th Nov 2014). Mean annual wet days
ranged from 68 in Christchurch to 124 days in Hamilton. The
infiltration rate of water in the soils of these regions ranged from
rapid in Manawatu soil, slow in Tokomaru soil, moderate to rapid in
soils from Hamilton and moderate in the soils from South island.
The mean daily minimum and maximum temperature on yearly
basis for the three regions did not differ much and varied from 7.3
to 8.7 �C and from 17.2 to 18.9 �C respectively.

http://www.niwa.co.nz/education-and-training/schools/resources/climate/meanrain
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2.2. Soil characteristics

Soil samples were analyzed for soil pH, gravimetric water con-
tent, mineral N (NO3

e and NH4
þ), total nitrogen (TN), total carbon

(TC), Olsen P, soluble C (K2SO4 extractable C from non-fumigated
soils), and microbial biomass carbon (MBC) content. Soil pH was
measured in a 1:2.5 (w/w) soil to water mixture stirred vigorously
then left to stand overnight before measurements using a PHM 83
Autocal pH meter (Blakemore, 1987). Soil water content (SWC) was
determined gravimetrically by first weighing the wet soil samples,
oven-drying at 105 �C for 24 h and re-weighing the dried soil. Soil
NO3

eeN and NH4
þeN were determined by 1 h soil extraction with

2 M KCl solution at soil extract ratio of 1:5, and subsequent analysis
of the filtrate colorimetrically using an automatic analyzer method
(Downes, 1978). TN and TC were determined by combustion using a
LECO CNS-1000 (Bremner, 1996; Nelson and Sommers, 1996). Olsen
P was determined in 0.5 M NaHCO3 soil extracts (Olsen et al., 1954),
by the phosphomolybdate method (Murphy and Riley, 1962) using
a Spectrophotometer PU 8625 UV/VIS at 712 nm. Microbial biomass
carbon (MBC) was determined using the chloroform fumiga-
tioneextraction technique (Vance et al., 1987). The amount of C in
the extracts was determined by the potassium dichromate oxida-
tion method (Jenkinson and Powlson, 1976) in which an aliquot of
soil extract was added to a mixture of sulphuric acid and ortho-
phosphoric acid and boiled under refluxing condition for 30 min.
The excess of dichromate was titrated with ferrous ammonium
sulfate. The MBC contents in the extracts were calculated by sub-
tracting the amounts of C in the unfumigated samples from the
amounts of C in the fumigated samples. Drainage classification of
soils was obtained online using S-map.

Denitrification enzyme activity (DEA) was determined for the
freshly collected sieved (2 mm) soil samples using the slightly
modified method described by Luo et al. (1999). Field moist soil
samples (10 g equivalent dry weight) were placed in 125 ml flasks.
Slurries were prepared by adding 25 ml of a solution containing
2.2 mg NO3

e (35 mmoles NO3
e) as KNO3

e, 2.5 mg C (208 mmol C) as D-
Glucose and 10 mg chloramphenicol. The flasks were sealed with
Suba-Seal® septa (SigmaeAldrich) with air flushed from the flasks
using N2 gas to create anaerobic conditions. Ten percent of the
headspace volume (approx. 10 ml) of the flasks was replaced with
purified (acetone-free) acetylene (C2H2). Gas samples (5 ml) for
time 0 (T0) were taken immediately and replaced with an equal
quantity of N2. The flasks were then placed on an orbital shaker (set
at 125 rpm) and incubated at 25 �C for 6 h. A 5 ml gas sample was
taken after 2, 4, and 6 h of incubation from each flask, and each time
the same amount of N2 gas was replaced in the flasks.
2.3. Denitrification rate and product ratio (N2O/N2O þ N2)

Denitrification rate (DR) was measured for freshly collected
sieved soils using the acetylene inhibition method (Tiedje et al.,
1989). In brief, collected soil samples (50 g dry weight equivalent)
were incubated in duplicates in 1 L glass jars. One half of replicate
jars were incubated without C2H2 and the other half with 10%
headspace inside the jars replaced with C2H2. All jars were incu-
bated at 25 �C for 24 h. Gas samples were taken at time 0, 3, 6, 9, 12
and 24 h with the gas sample replaced each time by the same
volume of air to keep the atmospheric pressure inside the jars
constant. Gas samples were analyzed for N2O in a gas chromato-
graph (GC). The N2O/(N2O þ N2) ratio was calculated from the N2O
emitted from soils during DR measurements incubated without
and with C2H2.
2.4. DNA extraction, qPCR and T-RFLP analyses

DNA was extracted from 0.25 g of each individual replicate soil
using a MoBio PowerSoil™ DNA Isolation Kit (MoBio, Solana
Beach, CA) following the manufacturer's instructions. DNA quality
and quantity was assessed using a Nanodrop Spectrophotometer
(Thermo Fisher). All samples had a 260/280 ratio of 1.8e2.0. No
inhibition of PCR reactions was observed when using working
concentration diluted DNA. For each site DNA extracts were
ranked based on the replicates' DEA value. Paired DNA samples
were then pooled by combining DNA from a high DEA replicate
with a low DEA one to obtain a pooled DNA sample with inter-
mediate DEA. For each site a total of 3 pooled DNA samples were
used for downstream molecular analyses (qPCR and T-RFLP) as
outlined below.

Real-time quantitative PCR (qPCR) was used to quantify bacte-
rial nirS, nirK, nosZ, and rpoB as described previously (Deslippe
et al., 2014). Primers used for qPCR were nirS Cd3aF, R3cd (Enwall
et al., 2010), nirK Copper 583F, 909R (Dandie et al., 2011), nosZ 2F,
2R (Henry et al., 2006) and rpoB 1698 F (50-AACATCGGTTTGAT-
CAAC-30), 2041 R (50-CGTTGCATGTTGGTACCCAT-30) (Dahllof et al.,
2000). All reactions were carried out in a LightCycler® 480 Sys-
tem (Roche) with SsoFast EvaGreen® SuperMix (Biorad). Reactions
were carried out using 5 ng genomic DNA, 300 nM each primer and
Ssofast supermix (Biorad) in a final volume of 10 ml. Each qPCR plate
included relevant known template standards made from cloned
PCR products. Standard curves were created from serial dilutions of
linearized, insert-containing plasmids. Product specificity and
contamination for each plate were assessed using melt curves and
negative (no DNA) controls for each primer respectively.

Terminal restriction fragment length polymorphism (T-RFLP)
analysis was carried out as described in Deslippe et al. (2014).
Primers for amplification of nirS, nirK and nosZ are the same as for
qPCR except that fluorophore (carboxyfluorescein [FAM]) labeled
reverse primers were used. PCR reactions were carried out using
20 ng genomic DNA, 1 mmol of each primer and 2� Thermo-Start
PCR Master Mix (Thermo Scientific) in a final volume of 30 ml. All
reactions were carried out using a Maxy Gene Gradient THERM-
1000 (Axygen) thermocycler. PCR products were digested using
HhaI (New England Biolabs), cleaned and analyzed using an
ABI3730 Genetic Analyzer (Applied Biosystems). The threshold-
normalized T-RFLP data was used in the calculations of gene rich-
ness and evenness.

2.5. 16S rRNA gene amplicon sequencing and analysis

16S rRNA gene amplification and amplicon sequencing on the
Illumina MiSeq platform were done following the Earth Micro-
biome Project standard protocol (Caporaso et al., 2012) for each
individual site replicate. Sequences were quality filtered using
Qiime default parameters (Caporaso et al., 2010). Open reference
Operational Taxonomic Unit (OTU) picking was performed using
the Greengenes reference library (McDonald et al., 2012) in order to
bin sequences into clusters based on 97% sequence similarity.
Samples were rarified (i.e. randomly re-sampling the pool of se-
quences ten times) to 28,700 sequences per sample. Resulting OTU
tables were used to calculate alpha diversity, beta diversity and for
classification of OTUs using Qiime.

2.6. Statistical analysis

Analyses were performed in JMP (SAS Institute, Cary, NC,
USA). Principal components analysis (PCA) consisted of datasets



Table 1
Description and chemical characteristics measured in 0e100mmdepth soils at all sampled sites. Data aremean (n¼ 6) ± standard error of mean (SEM); EI¼ effluent irrigated;
L¼ Lincoln; SP¼ Springston; TN¼ Total nitrogen; TC¼ Total carbon; SWC¼ soil water content; DEA¼ denitrification enzyme activity; MBC¼microbial biomass carbon. Level
of significance determined by ANOVA.

Variable Horotiu (HR) Lismore (LM) Manawatu (MW) Manawatu EI (MWEI) Mayfield (MF)

Soil properties
Soil class Silt loam Stony silt loam Fine sandy loam Fine sandy loam Silt loam
Latitude 37�46030.8000S 43�53017.4400S 40�22056.9900S 40�22058.2600S 43�38030.1200S
Longitude 175�18023.2700E 171�38028.4300E 175�32024.4900E 175�32021.6500E 171�43047.2800E
SWC (%) 54.28 ± 3.21 31.68 ± 3.99 36.12 ± 3.42 52.79 ± 2.57 24.32 ± 1.42
pH 5.8 ± 0.1 5.7 ± 0.2 6.3 ± 0.4 5.9 ± 0.1 4.8 ± 0.2
NO3

� (mg kg�1 soil) 10.5 ± 3.9 10.6 ± 3.7 21.2 ± 10.0 58.8 ± 8.5 8.1 ± 2.1
NH4

þ (mg kg�1 soil) 12.8 ± 2.5 12.9 ± 2.2 3.8 ± 0.7 0.9 ± 0.2 8.1 ± 2.1
TN (g kg�1 soil) 6.5 ± 0.2 3.8 ± 0.3 4.4 ± 0.3 5.2 ± 0.6 4.4 ± 0.4
TC (g kg�1 soil) 62.8 ± 1.9 38.2 ± 1.8 44.6 ± 2.9 50.9 ± 4.8 43.7 ± 4.3
Olsen P (mg kg�1 soil) 24.1 ± 0.9 55.8 ± 14.0 58.1 ± 14.3 60.7 ± 14.6 53.2 ± 7.8
DEA (mg N2O�N kg�1 soil h�1) 924.1 ± 336.4 469.9 ± 246.5 1130.2 ± 597.5 2533.3 ± 928.0 1026.4 ± 293.3
Denitrification rate (mg N2O�N kg�1 soil h�1) 17.4 ± 8.2 2.9 ± 1.1 5.3 ± 0.8 7.3 ± 0.7 4.6 ± 1.0
N2O (mg N2O�N kg�1 soil h�1) 10.4 ± 6.2 1.5 ± 0.7 4.7 ± 0.3 7.0 ± 0.4 2.1 ± 1.2
N2 (mg N kg�1 soil h�1) 7.0 ± 4.8 1.4 ± 0.5 0.6 ± 0.8 0.4 ± 0.3 2.5 ± 0.9
N2O/N2OþN2 0.6 ± 0.2 0.5 ± 0.1 0.9 ± 0.1 1.0 ± 0.0 0.4 ± 0.2
Soluble C (mg g�1 soil 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0
MBC (mg g�1 soil) 0.5 ± 0.0 0.7 ± 0.1 0.8 ± 0.1 1.0 ± 0.2 0.4 ± 0.2
16S OTU97% Richness 4866 ± 163 4001 ± 714 4879 ± 153 4813 ± 198 2433 ± 589

16S rRNA Phyla (%)
Crenarchaeota 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Euryarchaeota 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.01 0.00 ± 0.00
Archaea;Other 0.19 ± 0.05 0.18 ± 0.18 0.41 ± 0.18 0.19 ± 0.06 0.10 ± 0.07
Acidobacteria 19.10 ± 1.77 17.38 ± 3.08 11.80 ± 1.06 11.78 ± 0.89 7.29 ± 1.39
Actinobacteria 7.25 ± 1.80 6.13 ± 0.70 10.18 ± 1.95 13.08 ± 1.14 14.81 ± 4.31
Armatimonadetes 0.11 ± 0.03 0.07 ± 0.03 0.06 ± 0.03 0.04 ± 0.02 0.00 ± 0.00
BRC1 0.00 ± 0.01 0.00 ± 0.00 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.00
Bacteroidetes 5.07 ± 1.15 11.19 ± 4.27 10.16 ± 1.66 7.52 ± 0.66 6.35 ± 2.75
Chlamydiae 0.17 ± 0.05 0.03 ± 0.04 0.04 ± 0.01 0.03 ± 0.01 0.01 ± 0.01
Chloroflexi 0.10 ± 0.03 0.02 ± 0.02 0.16 ± 0.05 0.11 ± 0.05 0.03 ± 0.01
Cyanobacteria/Chloroplast 0.07 ± 0.03 0.10 ± 0.07 0.11 ± 0.03 0.09 ± 0.07 0.02 ± 0.02
Deinococcus�Thermus 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Firmicutes 5.50 ± 1.93 7.46 ± 3.52 7.10 ± 1.80 5.39 ± 2.85 19.69 ± 7.45
Gemmatimonadetes 0.41 ± 0.08 0.41 ± 0.14 0.25 ± 0.08 0.22 ± 0.07 0.15 ± 0.11
Nitrospira 0.45 ± 0.12 0.15 ± 0.18 0.18 ± 0.03 0.19 ± 0.05 0.00 ± 0.00
OD1 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00
OP11 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Bacteria;Other 19.14 ± 1.30 17.53 ± 1.92 21.44 ± 1.51 22.81 ± 1.55 11.66 ± 4.71
Planctomycetes 0.98 ± 0.16 0.76 ± 0.22 0.65 ± 0.08 0.72 ± 0.15 0.58 ± 0.23
Proteobacteria 30.68 ± 1.15 26.64 ± 3.20 27.89 ± 1.34 27.59 ± 1.52 36.26 ± 5.98
Spirochaetes 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.01 0.00 ± 0.00
TM7 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.01 0.00 ± 0.00
Verrucomicrobia 10.37 ± 1.66 11.79 ± 1.43 9.35 ± 1.53 10.04 ± 1.17 3.01 ± 2.01
WS3 0.17 ± 0.07 0.06 ± 0.11 0.08 ± 0.04 0.03 ± 0.02 0.00 ± 0.00
Unclassified;Other 0.20 ± 0.09 0.07 ± 0.03 0.12 ± 0.07 0.17 ± 0.10 0.07 ± 0.06

Functional genes
nirK Phylotype Richness 3 ± 1 11 ± 4 20 ± 4 31 ± 7 5 ± 3
nirS Phylotype Richness 16 ± 12 16 ± 3 24 ± 2 15 ± 1 16 ± 6
Total nir Phylotype Richness 19 ± 12 27 ± 2 44 ± 2 46 ± 7 21 ± 9
nosZ Phylotype Richness 15 ± 1 19 ± 2 20 ± 6 27 ± 3 21 ± 4
nirK Diversity 0.92 ± 0.40 2.36 ± 0.32 2.97 ± 0.18 3.42 ± 0.21 1.46 ± 0.71
nirK Evenness 0.23 ± 0.10 0.60 ± 0.08 0.75 ± 0.05 0.86 ± 0.05 0.37 ± 0.18
nirS Diversity 2.44 ± 1.17 2.76 ± 0.16 3.19 ± 0.09 2.71 ± 0.07 2.72 ± 0.38
nirS Evenness 0.63 ± 0.30 0.71 ± 0.04 0.82 ± 0.02 0.70 ± 0.02 0.70 ± 0.10
nosZ Diversity 2.71 ± 0.07 2.96 ± 0.08 2.98 ± 0.30 3.28 ± 0.11 3.03 ± 0.18
nosZ Evenness 0.70 ± 0.02 0.77 ± 0.02 0.77 ± 0.08 0.85 ± 0.03 0.79 ± 0.05
rpoB gene copies g�1 soil 1.41Eþ09 ± 2.67Eþ08 7.14Eþ08 ± 4.41Eþ07 6.05Eþ08 ± 1.37Eþ08 8.06Eþ08 ± 8.28Eþ07 6.43Eþ08 ± 3.36Eþ08
nirK gene copies g�1 soil 4.37Eþ08 ± 4.56Eþ07 2.69Eþ08 ± 2.76Eþ07 2.19Eþ08 ± 1.59Eþ08 5.92Eþ08 ± 3.28Eþ07 1.56Eþ08 ± 8.35Eþ07
nirS gene copies g�1 soil 3.08Eþ08 ± 8.45Eþ07 2.97Eþ08 ± 7.77Eþ07 3.26Eþ08 ± 2.59Eþ08 2.54Eþ07 ± 8.70Eþ06 1.01Eþ08 ± 2.23Eþ07
nirSþK gene copies g�1 soil 7.46Eþ08 ± 8.43Eþ07 5.67Eþ08 ± 1.03Eþ08 5.45Eþ08 ± 9.94Eþ07 6.17Eþ08 ± 3.66Eþ07 2.56Eþ08 ± 8.02Eþ07
nosZ gene copies g�1 soil 8.64Eþ06 ± 5.25Eþ06 1.84Eþ07 ± 1.38Eþ07 2.72Eþ07 ± 1.18Eþ07 4.78Eþ07 ± 3.76Eþ07 1.45Eþ07 ± 2.12Eþ06
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organized as data matrices composed of relative sequence
abundance, chemical data, T-RFLP data and/or qPCR data. Data
was organized with rows representing different samples, and
columns representing individual variables. Correlated variables
were identified by Spearman's non-parametric pairwise corre-
lations and further confirmed by means of regression analysis
and analysis of variance (ANOVA). Statistical models were
created to identify variables that could be used to predict N2, N2O
and the N2O/N2O þ N2. Co-linear variables were first identified,
and strongly correlated variables eliminated with the remaining
variables used to generate models. Models were then checked for
assumptions by plotting residuals against predicted values.
Normality of residuals was also established by using a goodness
of fit test.



Otorohonga (OH) Paparua L (PL) Paparua SP (PS) Te Kowhai (TeK) Tokomaru (TM) Significance

Level of significance
Silt loam Silt loam Silt loam Silt loam Silt loam
38�11019.7000S 43�38043.9100S 43�38015.9700S 37�44057.5500S 40�22058.2600S
175�12035.6700E 172�25021.8600E 172�28013.8100E 175�10027.0600E 175�36031.0100E
54.45 ± 1.72 30.52 ± 3.31 33.46 ± 3.25 39.95 ± 1.42 39.10 ± 8.38 <0.0001
5.6 ± 0.0 6.4 ± 0.1 6.0 ± 0.1 5.6 ± 0.0 5.7 ± 0.2 <0.0001
12.6 ± 2.2 34.4 ± 9.9 32.8 ± 7.7 13.5 ± 2.4 5.4 ± 0.7 <0.0001
11.6 ± 0.8 6.7 ± 0.8 4.5 ± 1.0 13.4 ± 4.4 5.6 ± 3.5 <0.0001
8.4 ± 0.4 3.0 ± 0.3 3.6 ± 0.2 2.7 ± 0.4 2.7 ± 0.2 <0.0001
82.7 ± 2.7 36.9 ± 2.7 40.0 ± 1.5 25.9 ± 3.6 36.3 ± 4.1 <0.0001
22.5 ± 1.2 28.8 ± 4.6 37.0 ± 13.0 23.9 ± 3.3 50.6 ± 13.4 <0.0001
173.3 ± 66.4 1930.3 ± 292.6 3738.2 ± 680.4 180.4 ± 164.3 608.4 ± 257.4 <0.0001
6.8 ± 2.0 3.3 ± 1.1 4.7 ± 0.1 21.8 ± 3.6 19.1 ± 4.5 <0.0001
2.8 ± 1.2 0.0 ± 0.0 0.0 ± 0.0 10.1 ± 6.5 4.7 ± 0.6 <0.0001
3.9 ± 1.8 3.3 ± 1.1 4.7 ± 0.1 11.7 ± 4.9 14.4 ± 4.5 <0.0001
0.4 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.5 ± 0.3 0.3 ± 0.1 <0.0001
0.3 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 <0.0001
0.5 ± 0.1 0.6 ± 0.0 0.6 ± 0.2 0.5 ± 0.1 0.6 ± 0.1 <0.0001
4119 ± 966 4438 ± 513 4239 ± 398 4878 ± 130 4469 ± 265 <0.0001

0.02 ± 0.01 0.05 ± 0.05 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.01 0.00
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.01 0.01
0.16 ± 0.10 0.64 ± 0.26 0.10 ± 0.05 0.03 ± 0.02 0.15 ± 0.10 <0.0001
22.62 ± 3.12 19.68 ± 3.72 16.73 ± 4.80 18.67 ± 2.99 19.76 ± 4.34 <0.0001
5.68 ± 1.56 8.39 ± 1.81 5.31 ± 1.37 6.52 ± 1.86 6.79 ± 1.83 <0.0001
0.14 ± 0.02 0.16 ± 0.05 0.06 ± 0.04 0.06 ± 0.02 0.09 ± 0.03 <0.0001
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.01 0.32
6.01 ± 2.46 5.34 ± 0.56 10.43 ± 3.85 7.74 ± 1.18 11.40 ± 1.64 <0.0001
0.04 ± 0.02 0.09 ± 0.03 0.16 ± 0.15 0.08 ± 0.05 0.04 ± 0.02 <0.0001
0.03 ± 0.03 0.11 ± 0.03 0.04 ± 0.03 0.10 ± 0.06 0.16 ± 0.05 <0.0001
0.05 ± 0.01 0.10 ± 0.09 0.02 ± 0.02 0.07 ± 0.04 0.13 ± 0.07 0.01
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.60
3.23 ± 2.01 4.73 ± 5.38 4.63 ± 1.66 4.72 ± 2.42 5.19 ± 1.13 <0.0001
0.31 ± 0.03 0.47 ± 0.14 0.28 ± 0.15 0.17 ± 0.09 0.09 ± 0.03 <0.0001
0.26 ± 0.14 0.52 ± 0.08 0.21 ± 0.12 0.15 ± 0.08 0.12 ± 0.04 <0.0001
0.01 ± 0.01 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.01 0.00 ± 0.00 0.38
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.60
19.03 ± 1.40 19.16 ± 1.26 21.69 ± 1.96 19.32 ± 0.98 15.57 ± 0.86 <0.0001
0.72 ± 0.11 0.81 ± 0.18 0.75 ± 0.18 1.09 ± 0.17 0.63 ± 0.13 <0.0001
30.81 ± 2.43 29.73 ± 0.51 26.88 ± 1.45 27.83 ± 3.67 26.11 ± 1.69 <0.0001
0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.01 0.00 ± 0.00 0.02
0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.55
10.68 ± 7.10 9.66 ± 2.38 12.40 ± 4.57 13.22 ± 2.72 13.61 ± 1.26 0.00
0.06 ± 0.02 0.04 ± 0.03 0.19 ± 0.12 0.13 ± 0.06 0.04 ± 0.03 <0.0001
0.13 ± 0.08 0.30 ± 0.08 0.13 ± 0.11 0.09 ± 0.08 0.10 ± 0.06 0.00

4 ± 3 5 ± 2 9 ± 3 7 ± 3 26 ± 5 <0.0001
13 ± 7 5 ± 2 24 ± 1 9 ± 2 11 ± 5 0.01
17 ± 4 10 ± 4 33 ± 4 16 ± 2 37 ± 9 0.00
16 ± 2 12 ± 2 14 ± 3 16.67 ± 5.77 21.00 ± 0.58 0.00
1.19 ± 1.04 1.61 ± 0.45 2.16 ± 0.33 1.84 ± 0.42 3.26 ± 0.18 <0.0001
0.30 ± 0.26 0.41 ± 0.11 0.55 ± 0.08 0.46 ± 0.10 0.82 ± 0.05 <0.0001
2.48 ± 0.49 1.61 ± 0.45 3.19 ± 0.05 2.22 ± 0.24 2.34 ± 0.41 <0.0001
0.64 ± 0.13 0.41 ± 0.12 0.82 ± 0.01 0.57 ± 0.06 0.60 ± 0.11 <0.0001
2.75 ± 0.10 2.48 ± 0.15 2.65 ± 0.21 2.76 ± 0.40 3.03 ± 0.03 <0.0001
0.71 ± 0.03 0.64 ± 0.04 0.69 ± 0.06 0.72 ± 0.10 0.79 ± 0.01 <0.0001
1.64Eþ09 ± 8.30Eþ08 3.51Eþ08 ± 4.77Eþ07 4.30Eþ08 ± 9.14Eþ07 6.96Eþ08 ± 1.97Eþ08 1.03Eþ09 ± 1.39Eþ08 0.00
1.93Eþ08 ± 1.55Eþ08 2.48Eþ08 ± 2.81Eþ07 1.52Eþ08 ± 1.66Eþ07 1.66Eþ08 ± 1.37Eþ08 4.24Eþ08 ± 8.09Eþ07 <0.0001
4.63Eþ08 ± 9.82Eþ07 5.19Eþ07 ± 3.58Eþ07 1.50Eþ08 ± 6.51Eþ07 3.88Eþ08 ± 2.27Eþ08 2.87Eþ08 ± 1.40Eþ08 0.01
6.56Eþ08 ± 9.09Eþ07 2.99Eþ08 ± 6.29Eþ07 3.02Eþ08 ± 5.07Eþ07 5.54Eþ08 ± 2.04Eþ08 7.12Eþ08 ± 1.26Eþ08 <0.0001
5.63Eþ06 ± 5.92Eþ05 9.87Eþ05 ± 4.96Eþ05 2.08Eþ07 ± 1.01Eþ07 4.56Eþ07 ± 9.92Eþ06 1.41Eþ07 ± 4.21Eþ06 0.01
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3. Results

3.1. Site biophysicochemical characterization

Soil biophysicochemical data is presented in Table 1 with pair-
wise comparisons for each measured physicochemical variable
shown in Table S1. In summary, most site chemical properties did
not diverge significantly with <2-fold variance from the mean
observed for SWC, pH, TN, TC, Olsen P, soluble C and MBC. The
remaining variables were site dependent as determined by
comparing the mean from single sites (representing the highest
and lowest means) to the overall mean for all sites (expressed in



Fig. 2. N2 and N2O production by soil drainage (left panel) and texture (right) class.
(Mean values are reported ±standard error).
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brackets as positive or negative fold-change from overall mean):
NO3

e [þ3, �4], NH4
þ [þ2, �9], DEA [þ3, �7], DR [þ2, �3], N2O

[þ2, �434], and N2 [þ3, �14]. Most dramatic was the N2O/
(N2O þ N2) values for soil from both Paparua sites that demon-
strated an incredible ability to convert N2O to N2 with an 8.13Eþ15-
fold decrease compared to the mean.

Data obtained from 16S rRNA gene analysis showed that
although site-to-site variation did occur, observed OTU richness
and the following observed phyla did not range widely with vari-
ance observed <2-fold different from the mean for highest and
lowest observation in: Acidobacteria, Actinobacteria, Bacteroidetes,
Fig. 3. Principal component analysis (top) and factor loadings (bottom) representing the effe
of denitrifiers (center panel), and overall bacterial community composition (based on rela
taxonomic classification based on identified 16S rRNA gene OTU97%). The percentage of the
the axes.
Bacteria; Others, Planctomycetes, Proteobacteria, and Unclassified;
Others. OTU richness, however, was 2-fold lower than the mean in
one site (Mayfield). Archaeal groups and other poorly described
phyla did not represent a large part of the community but large
fold-scale changes from the mean were observed for the highest
and lowest values (Crenarchaeota [þ6, �8.85Eþ15], Euryarchaeota
[þ4, �1.87Eþ15] and Archaea; Other [þ3, �8], BRC1
[þ3, �7.62Eþ15], OD1 [þ2, �1.06Eþ15], OD11 [þ10, �7.37Eþ15],
Spirochaetes [þ4, �1.93Eþ15], and TM7 [þ3, �2.69Eþ15]). The
remaining phyla showing large fold changes from the mean were:
Armatimonadetes [þ2, �45], Chlamydiae [þ3, �10], Chloroflexi
[þ2, �4], Cyanobacteria/Chloroplast [þ3, �5], Firmicutes [þ3, �2],
Gemmatimonadetes [þ2, �3], Nitrospira [þ2, �8.00Eþ15], Verru-
comicrobia [þ1, �3], WS3 [þ2, �107].

Functional gene data indicated little site-to-site functional
community changes, with variance observed <2-fold different from
the mean for highest and lowest observation for richness, diversity
and evenness for all genes (Table 1). The two exceptions were nirS
and nirK richness that had fold-changes in values (nirK [þ3, �4],
nirS [þ2, �3]) from the total mean for single sites. The population
size of the different functional groups as determined by gene
abundance showed large fold-change differences between the
largest and smallest population when compared to the mean for
each target (in fold-changes): rpoB [þ2, �2], nirK [þ2, �2], nirS
[þ2, �9], nosZ [þ2, �21].

3.2. N2O emission potentials changes across biological, chemical
and physical gradients

The total amount of N lost as gases (N2O þ N2) from soils
through denitrification varied significantly across all samples from
cts of soil physicochemical properties (left panel), profiling of the population structure
tive abundance of phylogenetic groups classified down to genera or lowest possible
variation in the samples described by the plotted principle components is indicated on



Table 2
Nonparametric comparisons of N2O/N2O þ N2 across multiple predictors. p-values � 0.05 are indicated in bold.

Category Variable �Variable Score mean difference Std Err Dif Z p-Value

Location South Island North Island �18.30 4.58 �3.99 <0.0001
Soil drainage class Well drained Moderately drained 19.51 4.14 4.71 <0.0001

Well drained Poorly drained 14.23 4.19 3.40 0.00
Poorly drained Moderately drained 8.96 3.17 2.82 0.00

Soil texture class Stony silt loam Silt loam 10.76 6.06 1.78 0.08
Stony silt loam Fine sandy loam �8.88 2.67 �3.33 0.00
Silt Loam Fine sandy loam �26.36 5.12 �5.15 <0.0001

Sites Manawatu Lismore 5.83 2.08 2.80 0.01
Manawatu (EI) Horotiu 5.83 2.08 2.80 0.01
Manawatu (EI) Lismore 5.83 2.08 2.80 0.01
Te Kowhai Paparua (L) 5.83 1.95 2.99 0.00
Te Kowhai Paparua(SP) 5.83 1.95 2.99 0.00
Tokomaru Paparua (L) 5.83 1.95 3.00 0.00
Tokomaru Paparua(SP) 5.83 1.95 3.00 0.00
Manawatu Horotiu 4.67 2.08 2.25 0.02
Manawatu (EI) Manawatu 0.67 2.07 0.32 0.75
Te Kowhai Mayfield 0.50 2.08 0.24 0.81
Te Kowhai Otorohonga 0.33 2.08 0.16 0.87
Otorohonga Mayfield 0.00 2.08 0.00 1.00
Paparua(SP) Paparua (L) 0.00 0.00
Mayfield Lismore �0.17 2.08 �0.08 0.94
Te Kowhai Lismore �0.17 2.08 �0.08 0.94
Lismore Horotiu �0.83 2.07 �0.40 0.69
Otorohonga Lismore �1.17 2.08 �0.56 0.58
Mayfield Horotiu �1.33 2.08 �0.64 0.52
Otorohonga Horotiu �1.50 2.08 �0.72 0.47
Te Kowhai Horotiu �1.83 2.08 �0.88 0.38
Tokomaru Te Kowhai �2.50 2.08 �1.20 0.23
Tokomaru Mayfield �2.83 2.07 �1.37 0.17
Tokomaru Otorohonga �3.83 2.08 �1.84 0.07
Tokomaru Horotiu �4.83 2.07 �2.34 0.02
Mayfield Manawatu �5.50 2.08 �2.64 0.01
Otorohonga Manawatu �5.50 2.08 �2.64 0.01
Mayfield Manawatu (EI) �5.83 2.08 �2.80 0.01
Otorohonga Manawatu (EI) �5.83 2.08 �2.80 0.01
Paparua (L) Horotiu �5.83 1.95 �2.99 0.00
Paparua (L) Lismore �5.83 1.95 �2.99 0.00
Paparua (L) Manawatu �5.83 1.95 �2.99 0.00
Paparua (L) Manawatu (EI) �5.83 1.95 �2.99 0.00
Paparua (L) Mayfield �5.83 1.95 �2.99 0.00
Paparua (L) Otorohonga �5.83 1.95 �2.99 0.00
Paparua(SP) Horotiu �5.83 1.95 �2.99 0.00
Paparua(SP) Lismore �5.83 1.95 �2.99 0.00
Paparua(SP) Manawatu �5.83 1.95 �2.99 0.00
Paparua(SP) Manawatu (EI) �5.83 1.95 �2.99 0.00
Paparua(SP) Mayfield �5.83 1.95 �2.99 0.00
Paparua(SP) Otorohonga �5.83 1.95 �2.99 0.00
Te Kowhai Manawatu �5.83 2.08 �2.80 0.01
Te Kowhai Manawatu (EI) �5.83 2.08 �2.80 0.01
Tokomaru Lismore �5.83 2.08 �2.81 0.01
Tokomaru Manawatu �5.83 2.08 �2.81 0.01
Tokomaru Manawatu (EI) �5.83 2.08 �2.81 0.01
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2.9 to 21.8 mg N2OeN kg�1 soil h�1 (Fig. 2 and Table 1). The lowest
rate of N2OþN2eN productionwas observed for the stony silt loam
Lismore samples (Fig. 2) while silt loam samples tended to be 6e8
fold higher for N2 production for high denitrifying sites. The sandy
loam soils showed lower levels of N2 and higher N2O emissions
when compared to the soils of other two textural classes. These
discrepancies in denitrification as a function of texture class were
also observed when the rate of N2O vs. N2 being emitted was
compared. Fine sandy loam soils, despite having only intermediate
levels of denitrification, emitted >90% of their N as N2O, whereas
stony and silt loams tended to emit most of their N in the form of
N2. However, data from DEA assays did not confirm this as values
were poorly correlated with DR, N2, N2O and N2O/(N2O þ N2). DR
data was consistent when drainage class, or texture grouped data,
but DEA values were not conserved across assays or the soil clas-
sifications (Fig. S1).
PCA analysis was used to visualize similarity among commu-
nities and to identify variables that could explain these discrep-
ancies (Fig. 3). Analysis of physicochemical, microbial functional
(population structure of denitrifiers as determined based on qPCR
of functional targets, and functional gene diversity) and overall
bacterial community composition as measured using 16S rRNA
gene sequences demonstrated that for all data sets the two sandy
silt loam Manawatu sites clustered separately and coincided with
the sites displaying the highest N2O emissions. Overall bacterial
community composition and physicochemical data also clustered
these sites together, and indeed were better suited at clustering
these high N2O emitters, than population structure of denitrifiers.
Sites with high N2O/N2O þ N2 ratios were highly correlated to low
soluble C and NH4eN, as well as high microbial biomass carbon,
NO3eN, and denitrification potential. Population structure of de-
nitrifiers also linked high N2O/N2O þ N2 ratios to high 16S rRNA,



Fig. 4. Relationships between latitude and biophysicochemical variables across sampled sites.
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nirK and nosZ gene diversity, as well as nirK and nosZ gene
abundance.

3.3. Identifying drivers of N2O emissions

Latitude, as well as soil drainage, and texture class were iden-
tified as distal regulators of N2O/(N2O þ N2) ratios using Spear-
man's non-parametric comparisons (Table 2). Latitude was
significantly correlated (p < 0.00) to all denitrification measures,
although the data cloud suggested different responses. We hy-
pothesized that proximal regulators would be influenced by lati-
tude (a distal regulator). Most measured variables were
significantly correlated to latitude although they did not always
show a linear response (Fig. 4 and Fig. S2). The strongest linear
relationship with latitude was with soil water content (SWC)
[R2 ¼ 0.58, p < 0.00], with the strongest non-linear relationships
being with nirK diversity [Gaussian, R2¼ 0.60, p < 0.00] and NH4eN
[Quadratic, R2 ¼ 0.62, p < 0.00]. nirS diversity and nosZ gene
abundance showed no relationship to latitude.

3.4. Predicting N2O emissions

Accurate predictive models were constructed for N2, N2O and
N2O/(N2O þ N2) based on biophysicochemical data (Fig. 5 and
Table S2). For each prediction the smallest number of variables
yielding the most accurate prediction are presented. Three models
were constructed for N2, while a single model was created for N2O
and N2O/(N2O þ N2) respectively. R-squared values for the models
indicated that only a few variables were sufficient to predict
observed emission potential values. Although many more variables
were tested, most were co-linear and did not provide additional
predictive power. Latitude, soil texture and drainage class and
NH4

þeNwere the variables most commonly used as predictors in all
models. For one of the N2 models (#1), TN was the only additional
variable needed. The N2O/(N2O þ N2) model required the most
variables yet it was also the most accurate. Olsen P, TC, TN, total nir
diversity, latitude, NH4eN, drainage class, nirK diversity, texture
class and rpoB gene abundance were used to predict N2O/
(N2O þ N2).

To determine whether overall community composition could be
used as a predictor of N2, N2O and N2O/(N2O þ N2), we identified
specific phylogenetic groups (based on grouped 16S rRNA gene
OTU97% classified down to genera or lowest possible taxonomic
classification) within the community that were strong indicators of
observed values. 16S taxonomy based model accuracy was lower
when compared to biophysicochemical data based predictive
models (Fig. 6 and Table S3). However, all R-squared values for the
models ranged between 0.70 and 0.84. Taxonomic groups used as



Fig. 5. Predictive models for N2, N2O and N2O/N2O þ N2 based on biophysicochemical data. Details of statistical analysis and predictive variables shown in Table S2.

S.E. Morales et al. / Soil Biology & Biochemistry 82 (2015) 87e98 95
predictors in each model were different, with 5e8 groups enough
to predict the final values. There was no overlap in the final taxo-
nomic groups used for each model.
4. Discussion

Predicting N2O emissions at large scales can be challenging due
to the myriad of factors that can influence denitrification and N2O
reduction. Incomplete knowledge of the players involved (Sanford
et al., 2012; Jones et al., 2013), and of regulatory processes at
cellular levels (Liu et al., 2013; Mania et al., 2014) only add to the
challenge. As a result, predictive models that account for all
possible regulators are inefficient and lack the predictive power
needed (Saikawa et al., 2013). Here we present data demonstrating
that high levels of correlation between regulators and co-linear
relationships among many variables allow the large list of
possible regulators to be reduced to a few key determinants. We
also provide data supporting the hypothesis that biogeography
plays a central role in shaping microbial communities, and thus
could influence future emission scenarios due to global climate
change.

In this study we focused on 10 soils representing 3 textures (fine
sandy loam, silt loam and stony silt loam) and 3 drainage classes
(i.e. well drained, poorly drained and moderately drained) known
to influence N2O emissions at the field scale, and commonly found
in NZ. Soils also provided a latitudinal gradient to assess the impact
of geography. General observations supported prior studies with
drainage class influencing the rate and form of N gas being emitted
(Saggar et al., 2004, 2007). It should be noted that rather than a
linear response, with total N emissions increasing with increasing
water content, emissions of N were highest in poorly drained soils
followed by well drained soils, with moderately drained soils being
the least favored soils for emissions. Well drained soils had the
highest N2O/(N2O þ N2) ratio, presumably displaying a response to
oxygen availability negatively influencing N2O reduction (Morley
and Baggs, 2010; Bakken et al., 2012), or an effect of gas diffu-
sivity in each soil (Balaine et al., 2013). Soil texture was seen to
influence emissions as well, but multiple gas phenotypes could be
seen within single textures suggesting that site differences beyond
physical characteristics can modulate emissions as reported in
other studies (Nadeem et al., 2013). However general observations
could be made based on patterns and not absolute emission
numbers. Silt loam emissions (dominated by N2) are as seen in
other studies (Hamonts et al., 2013), suggesting a dependence on
matric potential and the general influence of water with these soils
resembling poorly drained soils. On the other hand, the fine sandy
loam soils most closely resembled well-drained soil emission pro-
files. This further suggests that changes across soil types are likely
driven by changes in water-filled pore space (WFPS) at the time of
sampling, soil porosity and oxygen levels caused by physical
changes in soil structure (Cosentino et al., 2013; Hamonts et al.,
2013; Saggar et al., 2013).

Since biological catalysts drive most biochemical trans-
formations in soils, physical changes and observed variations in
emissions should reflect changes in microbial communities at the
population, or transcription level. Our results support this and
show that DEA and DR, as well as the N2O/(N2O þ N2) are linked to
microbial community composition, as well as physicochemical
properties. It also suggests that although expression of genes, and
fine scale changes in emissions, are regulated by transient signals
(proximal regulators) distal regulators could be playing a very
important role. We further explored this by examining the role of
latitude as a driver of N2O emissions. Although microbial commu-
nities can show more subtle responses to biogeography than their
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eukaryotic counterparts (i.e. plants and animals), new molecular
tools have started to provide insights into this area (Lear et al., 2013,
2014; Steven et al., 2013; Vos et al., 2013). Our results further
support the role of biogeography in shapingmicrobial communities
with both microbial numbers as determined by rpoB gene copy
numbers and 16S OTU richness increasing as sites move closer to
the equator. Functional groups did not follow this pattern, instead
displaying a response suggestive of the intermediate disturbance
hypothesis (Roxburgh et al., 2004; Svensson et al., 2012) where
highest diversity for nirK and nosZ were observed at central lati-
tudes within the range used in this study. However, our study
provides an incomplete accounting of the players involved. Newly
described organisms (harboring a nosZ gene belonging to the new
clade II cluster) capable of reducing nitrous oxide have been
described, and shown to mediate soil N2O emissions (Jones et al.,
Fig. 6. Predictive models for N2, N2O and N2O/N2O þ N2 based on specific phylogenetic
groups (classified down to genera or lowest possible taxonomic classification) iden-
tified by clustering 16S rRNA gene sequences into OTU97% (Fig. 6). Details of statistical
analysis and predictive variables shown in Table S3.
2014). Thus our data underestimates the potential for N2O reduc-
tion, and these unaccounted for players could compensate for de-
clines in the populations monitored in this study (belonging to the
original clade I cluster).

Based on the observed patternswe developed predictivemodels
using those factors identified as being important in controlling
microbial populations and observed phenotypes (i.e. emission
profiles). We found that relatively few factors were required to
predict emissions observed using microcosms. Although the
models are based on a simplistic view of the mechanisms con-
trolling whole communities and biochemical processes, this sug-
gests that these variables are powerful indicators of microbial
processes. Surprisingly, pH was not identified as a predictor of
emissions despite its known effect on denitrification (Goodroad
and Keeney, 1984; Liu et al., 2014; Yamulki et al., 1997; �Cuhel
et al., 2010; �Cuhel and �Simek, 2011; D€orsch et al., 2012; Raut
et al., 2012). We can only speculate that given the conserved
management in these sites, the range of soil pH observed in this
study was not large enough to allow for a pattern to emerge. When
the models were shifted from using data on population structure of
denitrifiers and physicochemical parameters to the more complex
phylogenetic view of the process, models were not as accurate.
More specific variables (physicochemical), rather than the less well
defined ones (taxonomic rank abundance based on grouped OTUs),
are the best markers probably because they are more closely linked
to the phenotype. Since 16S genes can be very similar within or-
ganisms with very distinct genotypes and phenotypes this is not
surprising (Gevers et al., 2005).

Our findings also highlight an often reported observation, but
provide a new perspective. DEAmeasurements have been shown to
overestimate or disagree with observed field measurements or DR
(Martin et al., 1988; White and Reddy, 1999). Our data suggests that
denitrification increases as sites move further North towards the
equator, and this may be a direct response to temperature or in-
direct response through soil water content at sampling. However,
the observed DEA values here suggest an inverse pattern where the
potential for denitrification is highest in southern most sites. This
pattern would indicate that soils closest to the equator are deni-
trifying close to, or at their limit, with N2O emissions at their
maximum as calculated from DEA. In contrast, soils in cooler re-
gions show limited denitrification, which in turn limits their N2O
emissions. It could then be hypothesized that under changing
climate scenarios, as temperatures rise these sites would represent
potential denitrification hotspots if their potential, as determined
by DEA, were met.

In conclusion, analysis of soil physical, chemical and microbio-
logical parameters revealed that N2O emission potentials (tested in
controlled lab conditions) are linked over large scales by changes in
soil texture and drainage as well as latitude. These changes are
associated to variations in microbial populations at geographical
scales.We found that by identifying these putative regulators of gas
emissions, we could predict potential emissions of N2 and N2O as
well as the ratio of N2O/(N2OþN2) with high accuracy using a small
subset of variables. Further temporal studies are now needed to
evaluate the accuracy of these models under fluctuating conditions
both in situ and in vitro.
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