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Abstract

Forest fertilization in British Columbia is increasing, to alleviate timber short-

falls resulting from the mountain pine beetle epidemic. However, fertilization

effects on soil microbial communities, and consequently ecosystem processes,

are poorly understood. Fertilization has contrasting effects on ammonia-oxidiz-

ing bacteria and archaea (AOB and AOA) in grassland and agricultural ecosys-

tems, but there are no studies on AOB and AOA in forests. We assessed the

effect of periodic (6-yearly application 200 kg N ha�1) and annual (c. 75 kg

N ha�1) fertilization of lodgepole pine and spruce stands at five long-term

maximum productivity sites on potential nitrification (PN), and the abundance

and diversity of AOB, AOA and Nitrobacter and Nitrospira-like nitrite-oxidizing

bacteria (NOB). Fertilization increased AOB and Nitrobacter-like NOB abun-

dances at some sites, but did not influence AOA and Nitrospira-like NOB

abundances. AOB and Nitrobacter-like NOB abundances were correlated with

PN and soil nitrate concentration; no such correlations were observed for AOA

and Nitrospira-like NOB. Autotrophic nitrification dominated (55–97%) in

these forests and PN rates were enhanced for up to 2 years following periodic

fertilization. More changes in community composition between control and

fertilized plots were observed for AOB and Nitrobacter-like NOB than AOA.

We conclude that fertilization causes rapid shifts in the structure of AOB and

Nitrobacter-like NOB communities that dominate nitrification in these forests.

Introduction

A catastrophic, climate-induced outbreak of the mountain

pine beetle is currently occurring in interior British

Columbia (B.C.), Canada, with a record 16.3 million

hectares of pine forest showing signs of attack (B.C. Min-

istry of Forests and Range, 2010). As an intervention

strategy, large-scale application of fertilizers to forest soils

in B.C. has been implemented to accelerate growth of

existing stands and shorten rotation times, to overcome

future projected timber shortfalls.

Forest fertilization has variable effects on soil microbial

biomass in the short term (Prescott et al., 1992; Hart &

Stark, 1997; Forge & Simard, 2001); but in the long term,

it often results in decreased microbial biomass and activ-

ity (Ohtonen, 1992; Smolander et al., 1994; Périé & Mun-

son, 2000). A few studies, however, have investigated the

effect of forest fertilization on microbial community

structure (Ohtonen, 1992; Forge & Simard, 2001; Frey

et al., 2004); shifts in microbial community composition

could potentially lead to unpredictable alterations in criti-

cal ecosystem processes, such as nutrient cycling (Schimel,

1995; Balser et al., 2002). One approach to study the

effects of fertilization on soil microorganisms would be to

monitor changes in the total microbial community and

indeed, in agricultural systems, changes in total bacterial

community composition in soil amended with N fertiliz-

ers have been described (Peacock et al., 2001; Enwall

et al., 2007). However, the vast diversity of microorgan-

isms in soil, many with similar functional capabilities,
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means changes in microbial community structure do not

necessarily lead to changes in function. Therefore, a better

approach is to study the fertilization effects on phyloge-

netically constrained groups with specific functions, such

as autotrophic nitrifiers that are key players in the nitro-

gen cycle (Prosser, 1989).

Autotrophic nitrification is a two-step oxidation in the

conversion of ammonia to nitrate, both steps performed

by distinct groups of microorganisms. The first step,

oxidation of ammonia to nitrite, is carried out by ammo-

nia-oxidizing bacteria (AOB) and recently discovered

ammonia-oxidizing archaea (AOA) (Prosser, 1989;

Könneke et al., 2005). The second step, oxidation of

nitrite to nitrate, is performed by nitrite-oxidizing bacte-

ria (NOB) (Prosser, 1989). Nitrobacter is, to date, the

only NOB genus isolated from soils (Pan, 1971; Bock

et al., 1983). However, the presence of 16S rRNA

sequences belonging to another NOB genus, Nitrospira,

has been detected in edaphic environments (Freitag et al.,

2005; Attard et al., 2010). Some fungi and heterotrophic

bacteria are also able to nitrify and have been shown to

be the major nitrifiers in some forest ecosystems (Peder-

son et al., 1999; Jordan et al., 2005).

Most research studying the effects of environmental

parameters on nitrifiers has focused on ammonia oxidiz-

ers (AOB, and to a lesser extent AOA), as the first step of

autotrophic nitrification is often assumed to be rate-limit-

ing (e.g. Webster et al., 2005; Le Roux et al., 2008; Nicol

et al., 2008). However, accumulation of nitrite has been

shown to occur in soil at high ammonia concentrations,

and high pH, through inhibition of nitrite oxidoreductase

by NH3 (Prosser & Cox, 1982; Monreal et al., 1986). In

addition, nitrite oxidation is more inhibited than ammo-

nia oxidation by steam sterilization of soil (Roux-Michollet

et al., 2008) or drought (Gelfand & Yakir, 2008), high-

lighting the need to assess concurrently the responses of

ammonia-oxidizer and nitrite-oxidizer communities to

environmental conditions.

Recent studies on agricultural and grassland soils have

revealed contrasting effects of N fertilizers on AOB and

AOA (Shen et al., 2008; Di et al., 2009, 2010; Jia & Con-

rad, 2009; Wang et al., 2009). Indeed, addition of fertiliz-

ers increased AOB abundance and/or induced changes in

AOB community composition, while AOA abundance

and/or community structure were unaffected. In addition,

nitrification activity was correlated with AOB abundance,

but not AOA abundance, suggesting that AOB dominated

nitrification in these N-amended soils (Shen et al., 2008;

Di et al., 2009, 2010). No study, however, has examined

the effect of N fertilization on AOB and AOA in forest

environments. Regarding nitrite oxidizers, N fertilizers

may affect Nitrobacter NOB and Nitrospira NOB differ-

ently. Studies on NOB from waste-water treatment plants

revealed that Nitrobacter-like NOB was more dominant

under high nitrite concentrations and had lower nitrite

affinity than Nitrospira-like NOB (Kim & Kim, 2006;

Nogueria & Melo, 2006; Blackburne et al., 2007). Only

one study has addressed the effect of N fertilization on the

diversity of soil NOB communities and demonstrated that

the composition of Nitrospira, but not the Nitrobacter,

community was changed following fertilization of grass-

lands (Freitag et al., 2005). The objective of our study was

to determine the potential activity, abundance, and diver-

sity of nitrifying communities in soils from stands of

lodgepole pine and interior spruce at five sites subjected to

long-term fertilization. The sites were located in different

biogeoclimatic zones in British Columbia and had differ-

ent soil types. At each site, soils from unfertilized control

stands and stands receiving two fertilization regimes (peri-

odic and annual) were analyzed. Periodic fertilization cor-

responded to application of 200 kg N ha�1 every 6 years

and was initiated at different years between sites. Annual

fertilization comprised 25–50% the amount of added N of

the periodic application. We determined whether periodic

and annual fertilization affected potential nitrification

(PN) and the abundance (quantitative real-time PCR,

qPCR) and composition (PCR-DGGE) of AOB, AOA,

Nitrobacter-like NOB and Nitrospira-like NOB similarly.

For the periodic fertilization regime, we examined over

what time period since fertilization, effects on nitrifier

activity, abundance, and composition were observed. We

also used acetylene inhibition to determine the contribu-

tion of autotrophs to PN in these forests. We predicted an

increase in the abundance of AOB and Nitrobacter-like

NOB under both fertilization regimes, contrasting with no

or negative impact of fertilizers on the abundance of AOA

and Nitrospira-like NOB. We also predicted that the peri-

odic fertilization would have a more pronounced effect on

PN and the abundance of soil nitrifiers than annual fertil-

ization and that the effect of periodic fertilization on nitri-

fiers and PN would decline over time. Finally, we

investigated whether changes PN rates, and in key environ-

mental factors influencing nitrifiers (i.e. soil ammonium,

nitrate, pH), were correlated with changes in nitrifier com-

munity abundance and composition. We hypothesized

variation in PN rates following fertilization would be

related to changes in the abundance and community struc-

ture of AOB and Nitrobacter-like NOB, but not AOA and

Nitrospira-like NOB.

Materials and methods

Forest sites and soil sampling

The studied sites were part of the ‘maximum produc-

tivity’ field installations (EP 866.13) established in the
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1990s by the B.C. Ministry of Forests and Range

(Brockley & Simpson, 2004), located within three major

biogeoclimatic zones in the interior of B.C. (Meidinger

& Pojar, 1991). Two lodgepole pine sites and three

interior spruce sites (Picea glauca [Moench] Voss and

Picea engelmannii Parry, or naturally occurring hybrids

of these species) were sampled, and detailed site

descriptions are given in Table 1. The lodgepole pine

sites were Crater Lake (CL, established 1996) and

McKendrick Pass (MP, established 1995). The spruce

sites comprised Lodi Lake (LL, established 1995), Crow

Creek (CC, established 1994), and Hand Lake (HL,

established 1999). Each site contained three replicate

plots (0.164 ha) of three different fertilization treat-

ments: control (unfertilized), periodic, and annual. Fer-

tilization was undertaken in the spring (May) following

establishment (stand ages ranged from 9 to 15 years)

and was a mixture of sources of N, S, B, P, K, and

Mg (Brockley & Simpson, 2004). Periodic fertilization

treatment was applied every 6 years and contained

(kg ha�1) N (200), S (50), B (1.5), P (100), K (100),

and Mg (25). Fertilizer N is supplied as monoammoni-

um phosphate and urea (Brockley & Simpson, 2004).

Years of periodic fertilizer application differed between

sites (Table 1). In the annual fertilization regime, fertil-

izers were applied to maintain foliar N at 1.3%, which

represented around 25–50% of periodic amount of N

(R.P. Brockley, pers. commun.). Monoammonium phos-

phate, ammonium nitrate, and urea are the sources of

N (Brockley & Simpson, 2004).

Soil samples from the five sites were collected from 17

to 21 June 2009 (3 weeks after annual fertilization at all

sites and the periodic fertilization at Crater Lake). At each

site, soil was sampled in the three replicates plots per

treatment. In each plot, 10 cores of 5 cm diameter and

15 cm deep were taken randomly and divided into

organic and mineral soil layers. For each layer, the 10

subsamples were pooled and then sieved to 2 mm. Soils

were stored for a few days at 4 °C before measurements

of soil pH and PN activity. For measurements of ammo-

nium and nitrate concentrations and molecular analysis,

subsamples of soil were immediately stored at �20 °C
after sieving.

Soil physicochemical properties

Soil ammonium and nitrate were extracted from subsam-

ples (6 g) of frozen soil, shaken for 45 min with 30 mL

of 1 M KCl. The extracts were filtered and analyzed with

a Lachat QuickChem FIA+ (8000 series) instrument

(Hach Company, Loveland, CO).

Soil pH was measured after shaking samples (10 g) in

20 mL of 10 mM CaCl2. T
a
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Potential nitrification (PN)

PN assays were performed under aerobic and nonlimiting

N substrate conditions, on duplicate samples of soil (2 g)

using a soil-slurry method (modified from Hart et al.,

1994). To remove initial nitrate, soil samples were shaken

in potassium phosphate buffer (1 mM; pH 7.2) for

30 min and collected by centrifugation. Washed soil sam-

ples were placed in 125-mL Erlenmeyer flasks and resus-

pended in 20 mL of the same buffer containing NH4Cl

(200 µg N g�1 soil). Erlenmeyer flasks were sealed with

rubber stoppers. For half of the samples, 1% (v/v) acety-

lene was injected into headspaces to block autotrophic

ammonia oxidation. Soil slurries were shaken at 20 °C
for 72 h. NH3 is the preferred form for uptake for

ammonia oxidizers because it can diffuse passively across

the cell membrane while NHþ
4 requires active transport

(Burton & Prosser, 2001). Thus, the pH of the soil slur-

ries was adjusted to 7 with NaOH every 24 h to insure

the presence of NH3 in the solution. At 0, 24, 48, and

72 h, aliquots of slurries were centrifuged, supernatants

filtered (0.2 µm), and nitrate concentrations determined

using Szechrome NAS reagent (Polysciences, Inc., War-

rington, PA). PN activity was expressed as the production

of nitrate over time.

DNA extraction and quantitative PCR

DNA was extracted from frozen soil (0.4 g) as described

by Dandie et al. (2007) and quantified using a picogreen

kit (Invitrogen, Burlington, ON, Canada). qPCR was used

to measure the abundance of the following communities:

AOB, AOA, Nitrobacter-like and Nitrospira-like NOB.

Primers used to target bacterial and archaeal amoA genes

were, respectively, amoA-1F and amoA-2R (Rotthauwe

et al., 1997) and CrenamoA23f and CrenamoA616r

(Tourna et al., 2008). Nitrobacter-like nxrA genes were

amplified using primers F1nxrA and R2nxrA (Wertz

et al., 2008). 16S rRNA genes of Nitrospira were amplified

using primers Nspra675f and Nspra746r (Graham et al.,

2007), recently used for soil samples by Attard et al.

(2010). Thermal-cycling conditions were given as follows:

95 °C for 5 min followed by (i) 10 cycles of 94 °C for

30 s, 30 s at specific annealing temperature and elonga-

tion at 72 °C for 1 min and followed by (ii) 30 cycles of

92 °C for 30 s, 30 s at specific annealing temperature,

and elongation at 72 °C for 1 min. Annealing tempera-

tures were 59 °C for amoA-1F and amoA-2R primers,

57 °C for CrenamoA23f and CrenamoA616r, 58 °C for

F1nxrA and R2nxrA, and 64 °C for Nspra675f and

Nspra746r. Reactions were conducted using an Applied

Biosystems ABI PRISM 7000 thermal cycler (Applied Bio-

systems, Streetsville, ON, Canada) and SYBR Green detec-

tion (Applied Biosystems Power Sybr Green master mix),

0.2 mg mL�1 of BSA and 0.4 µM of primers. Standard

curves were obtained using three replicates of serial dilu-

tions of linearized plasmids containing cloned bacterial

amoA, archaeal amoA, Nitrobacter-like nxrA, and Nitro-

spira-like 16S rRNA sequences. Two independent qPCR

were run for all samples. Melting curve analysis at the

end of all qPCR runs and agarose gel running of qPCR

products were performed to check for amplification and

specificity of the products. No, or low, inhibitory effects

(< 3%) of soil DNA extracts on qPCR amplification were

detected when 105 copies of the standards were spiked

with the soil DNA.

DGGE analyses

Community structures of AOB, AOA, and Nitrobacter-like

NOB were characterized by PCR-DGGE targeting, respec-

tively, the 16S rRNA genes of AOB, archaeal amoA, and

Nitrobacter-like nxrA. No molecular tool targeting specifi-

cally Nitrospira-like NOB is available, to date, to assess

the diversity of these microorganisms. 16S rRNA genes of

AOB were amplified using a nested-PCR approach (Frei-

tag & Prosser, 2003) with 0.2 µM of primers CTO189f

and CTO654r (Kowalchuck et al., 1997) for the first PCR

step and primers 357f-GC (containing a GC clamp) and

518r (Muyzer et al., 1993) for the second PCR step.

Amplification of archaeal amoA genes was performed

using 0.4 µM of primers CrenamoA23f and Crena-

moA616r; no GC clamp was attached on the primers

(Tourna et al., 2008). Nitrobacter-like nxrA sequences

were amplified using two PCR steps and 0.4 µM of prim-

ers as described by Wertz et al. (2008). Briefly, primary

amplification was performed using the same primers as

for qPCR. PCR products were then loaded on agarose

gels, and gel slices containing the nxrA PCR products

were excised, crushed in 200 µL of sterile H2O, and incu-

bated at 4 °C overnight to elute the DNA. Second ampli-

fication was then carried out from the eluted material

with same primers containing a GC clamp added at the

5′ end of the forward primer (Wertz et al., 2008). Ther-

mal-cycling conditions were as described for qPCR,

except that an extension step of 10 min at 72 °C was

added at the end of the runs. Annealing temperatures

were the same as for qPCR for amplifications of archaeal

amoA and Nitrobacter-like nxrA sequences. For amplifica-

tion of 16S rRNA genes of AOB, an annealing tempera-

ture of 55 °C was used.

PCR products were loaded onto 8% polyacrylamide

gels containing a gradient of 30–60% denaturant, 100%

denaturing solution being defined as 7 M urea and 40%

formamide. Gels were run for 16 h at 75 V in 19 TAE

buffer at 60 °C using the D-code Universal Mutation
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Detection System (Bio-Rad, Mississauga, ON, Canada).

Gels were stained with Sybr Green (Invitrogen) and then

imaged using a UV source system (Typhoon Variable

Mode Imager; GE Healthcare, Baie D’Urfe, QC, Canada)

and corresponding software (TYPHOON SCANNER CONTROL

v5.0; GE Healthcare). DGGE banding profiles from all

soil samples were analyzed using GEL COMPARII software

(Applied Maths, Kortrijk, Belgium) to obtain matrices

consisting of the position and relative intensity of each

DNA band.

Statistical analyses

Because periodic treatment was initiated at different years

between sites (Table 1) and because the numbers of pine

and spruce sites were different, data from each site were

analyzed individually.

One-way analysis of variance (ANOVA) and Tukey’s test

were performed to determine, for each soil layer (organic

and mineral), whether soil ammonium, nitrate, pH, PN,

and nitrifier abundances differed between fertilization

treatments or between organic and mineral soil layers.

ANOVA and Tukey’s test were also carried out to deter-

mine, for each soil layer under a particular treatment, dif-

ferences between PN levels measured in the presence or

absence of acetylene.

Pearson’s test was used to determine whether (i) PN

was significantly correlated with soil ammonium, nitrate,

or pH and (ii) nitrifier abundances were significantly cor-

related with PN, soil ammonium, nitrate, or pH.

Two types of data matrices were constructed from

DGGE profiles: (i) a matrix consisting of the relative

intensity of each DNA band (i.e. ratios of the intensity of

each band vs. the total band intensity) and (ii) a binary

matrix consisting of the presence/absence of each DNA

band. Matrices were then analyzed using PRIMER-E Ltd

software (Plymouth, UK). Rank similarity matrices were

computed and used to construct nonmetric multidimen-

sional scaling (MDS) representations of similarities in

community genetic structure among soil samples. Two-

way analysis of similarity (ANOSIM) was performed to test

the significance of the treatment effects and of the soil

layer effects on the nitrifier community structures.

To determine the correlations between nitrifier com-

munity structure and PN, soil ammonium, nitrate or pH,

spearman correlation coefficients were computed using

GINKGO software (http://biodiver.bio.ub.es/ginkgo/Ginkgo.

htm).

Results

PN and environmental variables

Sampling took place 3 weeks after annual fertilization of

the five sites and periodic fertilization at Crater Lake,

1 year after periodic fertilization at McKendrick Pass and

Lodi Lake, and 2 and 3 years after periodic fertilization at

Crow Creek and Hand Lake, respectively (Table 1). PN

was, in general, significantly higher in organic than min-

eral soil layers (data not shown). At Crater Lake, which

had received periodic fertilization just 3 weeks before

sampling (previous application was 6 years ago), no dif-

ferences in PN rates were observed between treatments

(Fig. 1). PN was higher in organic soil layers in forest

stands receiving periodic fertilization than in those stands

that had received annual fertilization or were unfertilized,

at sites that had been fertilized 1 or 2 years prior to sam-

pling (McKendrick Pass, Lodi Lake, and Crow Creek)

(Fig. 1). In contrast, at the Hand Lake site (3 years since

periodic fertilization (Table 1), PN activity was similar in

the periodic and unfertilized stands, but highest in the

stands receiving annual fertilization (Fig. 1).
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Fig. 1. PN in organic (a) and mineral (b) soil layers of plots from Crater Lake (CL), McKendrick Pass (MP), Lodi Lake (LL), Crow Creek (CC), and

Hand Lake (HL) sites. Time since last periodic fertilization was 3 weeks for CL, 1 year for MP and LL, 2 years for CC, and 3 years for HL. Letters

indicate, for each site, significant differences (P < 0.05) between control plots (unfertilized) and fertilized plots (periodic and annual treatments).

*When PN measured without acetylene was significantly higher than PN measured in the presence of acetylene (acetylene being used to block

autotrophic nitrification).
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In treatment plots exhibiting high PN rates and low

variability in activity within replicates, the contribution of

autotrophic microorganisms to PN was significantly

higher than heterotrophs (results of acetylene inhibition

tests, Fig. 1) and ranged from 54.6% to 96.9% of the total

PN activity.

Concentrations of soil ammonium and nitrate and soil

pH are presented in Table S1. Fertilization had weak and

inconsistent effects, or no effect, on soil pH (Table S1).

PN rate was strongly and positively correlated with soil

nitrate concentration at all sites (R2 ranged from 0.83 to

0.97, P = 0.0001) except Crater Lake (weak correlation of

R2 = 0.28, P = 0.01). No correlations were observed

between PN and soil ammonium concentration or soil

pH, except a weak correlation between PN and ammo-

nium at Hand Lake (R2 = 0.23, P = 0.04) and a moderate

relation between PN and soil pH at McKendrick Pass

(R2 = 0.45, P = 0.001).

Abundance of nitrifier communities

Amplification of archaeal amoA sequences and Nitrobact-

er-like nxrA sequences by qPCR could not be obtained

for samples from all sites (Fig. 2).

Abundances of archaeal amoA genes and Nitrospira-like

16S rRNA genes did not differ between fertilization regimes

in either organic (Fig. 2) or mineral soil layers (data not

shown). However, fertilization induced some changes in

bacterial amoA and Nitrobacter-like nxrA copy numbers

(Fig. 2). At the McKendrick Pass site, similar to PN, abun-

dance of bacterial amoA gene was the highest under the

periodic fertilization regime in both organic (Fig. 2) and

mineral layers (data not shown). At the Hand Lake site,

bacterial amoA and Nitrobacter-like nxrA genes in organic

soils were more abundant under the annual fertilization

treatment, where PN was also the highest, compared to the

other treatments (Fig. 2). AOA/AOB amoA gene ratios ran-

ged from 0.03 to 110.6 and were < 1 in organic soils that

had received periodic and annual fertilization at Lodi Lake

and annual fertilization at Hand Lake.

Abundances of archaeal amoA genes did not vary

between soil layers (data not shown). Bacterial amoA

gene, Nitrobacter-like nxrA, and Nitrospira-like 16S rRNA

gene copy numbers differed inconsistently between soil

layers in 33%, 11%, and 13% of the plots, respectively

(data not shown).

No correlations were observed between archaeal amoA

and Nitrospira-like 16S rRNA gene copy numbers and
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Fig. 2. Abundances of amoA of AOB, amoA of AOA, Nitrobacter-like nxrA, and Nitrospira-like 16S RNA genes in organic soil of plots from

Crater Lake (CL), McKendrick Pass (MP), Lodi Lake (LL), Crow Creek (CC), and Hand Lake (HL) sites determined by qPCR. Slopes, efficiencies (E),

and R2: amoA of AOB gene copy numbers: slope = �3.35 to �3.56, E = 90.7–98.7, R2 = 0.994–0.999; amoA of AOA gene copy numbers:

slope = �3.69 to �3.80, E = 82.6–86.4, R2 = 0.990–0.998; Nitrobacter-like nxrA gene copy numbers: slope = �3.32 to �3.38, E = 97.5–99.9,

R2 = 0.990–0.995; Nitrospira-like 16S RNA gene copy numbers: slope = �3.50 to �3.80, E = 82.9–91.9, R2 = 0.996–0.999. Time since last

periodic fertilization was 3 weeks for CL, 1 year for MP and LL, 2 years for CC, and 3 years for HL. Letters indicate, for each site, significant

differences (P < 0.05) between control plots (unfertilized) and fertilized plots (periodic and annual treatments). ND, gene copies not detected by

qPCR.
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PN, soil ammonium, nitrate, or pH (data not shown).

In contrast, abundances of bacterial amoA or Nitrobacter-

like nxrA genes were positively correlated with PN

and soil nitrate concentration at all sites except Crow

Creek (Table 2). At McKendrick Pass, the abundance of

bacterial amoA genes was correlated with soil pH

(Table 2).

Nitrifier community structure

Comparisons of community structures were carried out

by taking into account (i) in a first analysis the relative

intensities of the different bands (Figs 3, S1 and 4) and

(ii) in a second analysis the presence/absence of bands

(data not shown). Both analyses revealed similar results

in terms of fertilization, soil layer, site effects, correlation

with PN or edaphic parameters excepted for Nitrobacter

community structure in Crater Lake.

Differences in AOB community structure between con-

trol and fertilized treatments (periodic and/or annual)

were observed at all sites excepted Hand lake (Fig. 3).

Interestingly, at the Crater Lake site, AOB in plots that

had just received the periodic fertilization 3 weeks before

sampling exhibited different community structure than

the unfertilized control and annually fertilized plots

(Fig. 3).

AOA community structure varied between treatments

only at Lodi Lake (difference between control and peri-

odic fertilization, R = 0.25, P = 0.04, Fig. S1).

Community composition of Nitrobacter-like NOB dif-

fered between the unfertilized and periodic fertilization

treatments at the three sites (McKendrick Pass, Lodi Lake,

and Crow Creek) where periodic fertilization was applied

1 or 2 years previously (Fig. 4). Differences in Nitrobacter

community structure between unfertilized and annual fer-

tilization regimes were also observed at these sites (Fig. 4).

In contrast, no effect of fertilization on Nitrobacter

community structure was observed at Hand Lake (last

periodic fertilization 3 years ago) (Fig. 4). For Crater Lake

(no periodic fertilization for 6 years before recent applica-

tion), no differences in community composition were

observed from analysis, taking into account the relative

intensities of the DGGE bands (Fig. 4), while differences

between unfertilized plots and plots under periodic and

annual treatments were observed when only the presence/

absence of bands was compared (R = 0.39, P = 0.008).

At all sites, the community composition of AOA, AOB,

or Nitrobacter-like NOB did not differ between soil layers

(Figs 3, S1 and 4). However, nitrifier community struc-

ture varied greatly between sites (i.e. 74% to 80% of pair-

wise site comparisons showed significant differences in

community structures).

Only a few erratic correlations were observed between

nitrifier community structure and PN rates or edaphic

parameters (Table 3).

Discussion

Effects of timing and intensity of fertilization

on PN and nitrifier abundance and community

structure

We examined the effect of two forest fertilization

regimes, differing in N concentration and frequency of

application, on PN and nitrifier abundance and diversity.

The periodic fertilization regime consisted of a large N

(200 kg ha�1) application every 6 years, and the annual

fertilization regime consisted of a yearly application of N

at 25–50% the concentration of the periodic fertilization.

The last periodic fertilizations were applied 3 weeks, or 1,

2 or 3 years before sampling, depending on the site

(Table 1). A major goal of this study was, therefore, to

Table 2. Pearson coefficients R2 and significance for correlations of community abundance (AOB or Nitrobacter-like NOB) with PN, soil

ammonium, nitrate, and pH in Crater Lake (CL), McKendrick Pass (MP), Lodi Lake (LL), Crow Creek (CC), and Hand Lake (HL)

R2 coefficients (P values) for samples from sites

CL MP LL CC HL

AOB abundance vs.

PN 0.22 (0.04) 0.51 (0.001) 0.59 (0.0002) 0.25 (0.03) 0.61 (0.0001)

Ammonium 0.005 (0.78) 0.001 (0.87) 0.01 (0.74) 0.002 (0.85) 0.19 (0.07)

Nitrate 0.56 (0.0003) 0.6 (0.0002) 0.75 (0.00004) 0.19 (0.06) 0.65 (0.0005)

pH 0.04 (0.39) 0.57 (0.0002) 0.06 (0.34) 0.03 (0.46) 0.07 (0.27)

Nitrobacter abundance vs.

PN ND ND 0.51 (0.001) 0.14 (0.12) 0.41 (0.004)

Ammonium ND ND 0.0002 (0.95) 0.02 (0.54) 0.05 (0.34)

Nitrate ND ND 0.62 (0.0001) 0.1 (0.19) 0.44 (0.003)

pH ND ND 0.05 (0.38) 0.09 (0.22) 0.18 (0.08)

ND, not determined. Significant values are shown in bold.
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Fig. 3. MDS representation of AOB community structure in plots

from Crater Lake (CL), McKendrick Pass (MP), Lodi Lake (LL), Crow

Creek (CC), and Hand Lake (HL) sites. Similarities or differences in

community structure between fertilization treatments (control,

periodic, and annual) and soil layers [organic (O) and mineral (M)] are

indicated. Time since last periodic fertilization was 3 weeks for CL,

1 year for MP and LL, 2 years for CC, and 3 years for HL.
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Fig. 4. MDS representation of Nitrobacter-like NOB community

structure in plots from Crater Lake (CL), McKendrick Pass (MP), Lodi

Lake (LL), Crow Creek (CC), and Hand Lake (HL) sites. Similarities or

differences in community structure between fertilization treatments

(control, periodic, and annual) and soil layers [organic (O) and mineral

(M)] are indicated. Time since last periodic fertilization was 3 weeks

for CL, 1 year for MP and LL, 2 years for CC, and 3 years for HL.
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assess how long after application of fertilizers any effects

on nitrifier communities last. In forest stands at sites that

had received periodic fertilization 1–2 years prior to sam-

pling (i.e. McKendrick Pass, Lodi Lake and Crow Creek),

soil PN was enhanced compared to unfertilized stands

(significant effect for McKendrick Pass and Crow Creek

sites). This increase in PN was always associated with a

shift in community structure of AOB and Nitrobacter-like

NOB at the three sites and a shift in the AOA commu-

nity structure at Lodi Lake. Abundances of AOB and

Nitrobacter-like NOB also tended to be higher in soils

that had received the periodic fertilization treatment

compared to unfertilized controls at these sites, but this

was significant only for AOB at McKendrick Pass, proba-

bly due to the high variation in abundance data. These

findings match well with the previous studies in grass-

lands and agricultural systems, which have also shown an

increase in nitrification or PN rates correlating with an

increase in AOB abundance and change in community

structure following fertilization (Shen et al., 2008; Di

et al., 2009, 2010; Jia & Conrad, 2009). In contrast, at

Hand Lake where the last periodic fertilization was

3 years before sampling, PN, nitrifier abundance, and

diversity in soils receiving this treatment did not differ

from the control. This may indicate an elasticity of nitri-

fier communities between 2–3 years after fertilization. Le

Roux et al. (2008) similarly reported a resilience of PN

and AOB abundance 12–18 months after cessation of

simulated grazing (inducing a reduction in ammonia

availability to the levels of ungrazed soils). The more

rapid changes in nitrifier communities compared to our

study are probably due to a lower N input in the grazing

study.

Interestingly, at the site that had only received the peri-

odic fertilization treatment 3 weeks prior to sampling

(Crater Lake), although there were no changes in PN and

nitrifier abundance between this treatment and the unfer-

tilized controls, the community structure of AOB was

already affected by the periodic fertilization treatment.

This suggests that a shift in AOB community structure is

required before enhancement of nitrification. This is in

agreement with Webster et al. (2005) who showed a delay

of 20–35 days preceding nitrification in natural grasslands

following application of urea. They suggested that the

delay in nitrification was associated with the presence of

nitrifying bacteria that are sensitive to high ammonia

concentrations, Nitrosospira cluster 3a, and that an

increase in relative abundance of high ammonia-tolerant

strains belonging to Nitrosospira cluster 3b was required

to increase nitrification. Le Roux et al. (2008) showed

that application of simulated grazing (i.e. treatment com-

prising urine input) led first to changes in AOB commu-

nity structure, with subsequent increases in AOB

abundance and PN activity. However, in contrast to Web-

ster et al. (2005), changes in AOB diversity in their study

did not correspond to similar shifts between Nitrosospira

cluster 3a and 3b.

In contrast to the periodic fertilization regime, annual

fertilization did not induce increases in soil PN with the

exception of the Hand Lake site. The Hand Lake site was

the last established and had received annual fertilization for

only 10 years, and the other four sites had received 13–
15 years of fertilization, so there may have been acclima-

tion to the low annual nitrogen application at the older

sites. Higher rates of soil PN and AOB abundance with

increasing concentrations of ammonium amendment have

Table 3. Spearman coefficients ρ and significance for correlations of nitrifier community structure with PN, soil ammonium, nitrate, and pH in

Crater Lake (CL), McKendrick Pass (MP), Lodi Lake (LL), Crow Creek (CC), and Hand Lake (HL)

ρ coefficients (P values) for samples from sites

CL MP LL CC HL

AOB community structure vs.

PN �0.02 (0.49) 0.08 (0.23) 0.13 (0.2) �0.07 (0.32) �0.11 (0.22)

Ammonium �0.07 (0.25) 0.17 (0.04) 0.1 (0.18) 0.21 (0.03) 0.2 (0.02)

Nitrate �0.11 (0.22) 0.5 (0.002) 0.37 (0.02) 0.13 (0.19) 0.29 (0.003)

pH �0.04 (0.39) 0.09 (0.12) 0.07 (0.26) 0.22 (0.03) �0.06 (0.39)

AOA community structure vs.

PN �0.08 (0.36) 0.27 (0.08) 0.23 (0.04) 0.008 (0.45) �0.007 (0.57)

Ammonium 0.24 (0.04) �0.17 (0.09) 0.12 (0.12) 0.05 (0.33) �0.03 (0.4)

Nitrate 0.18 (0.1) 0.12 (0.12) 0.16 (0.85) 0.03 (0.42) 0.2 (0.03)

pH 0.15 (0.12) 0.01 (0.4) 0.05 (0.29) �0.03 (0.42) �0.17 (0.09)

Nitrobacter community structure vs.

PN �0.03 (0.42) 0.26 (0.08) �0.07 (0.36) �0.03 (0.43) �0.14 (0.14)

Ammonium �0.03 (0.39) �0.01 (0.48) 0.24 (0.03) 0.24 (0.06) 0.08 (0.17)

Nitrate 0.06 (0.28) 0.18 (0.06) �0.06 (0.42) 0.42 (0.03) �0.33 (0.4)

pH 0.1 (0.12) �0.02 (0.47) 0.04 (0.38) 0.49 (0.001) 0.12 (0.22)

Significant values are shown in bold.

ª Her Majesty the Queen in Right of Canada 2011 FEMS Microbiol Ecol 79 (2012) 142–154
Reproduced with the permission of the Minister of Department of Forest Sciences

150 S. Wertz et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/79/1/142/669431 by guest on 24 April 2024



been reported in previous studies (Avrahami & Conrad,

2003; Okano et al., 2004). At Crater Lake and McKendrick

Pass, while no differences in soil PN and nitrifier abun-

dances were observed between control and annual fertiliza-

tion regimes, community composition of AOB varied

between these treatments. Community structure of Nitrob-

acter-like NOB also differed between control and annual

fertilization regimes at McKendrick Pass, Lodi Lake, and

Crow Creek. This demonstrates that communities of AOB

and Nitrobacter-like NOB with different compositions can

exhibit similar PN rates, which is in accordance with the

presence of functional redundancy within these communi-

ties, as observed by Wertz et al. (2006, 2007).

Nitrifier community composition varied greatly

between the five sites differing in tree species, soil type,

and biogeoclimatic zones. Similar changes between forest

sites and tree type have been reported for AOA and AOB

(Boyle-Yarwood et al., 2008), suggesting an influence of

forest vegetation, soil, and climate on the diversity of nit-

rifiers. However, in our study, no such differences

between sites were observed in terms of nitrifier abun-

dance or activity.

In plots where PN was increased by fertilization, the con-

tribution of autotrophic microorganisms to the activity

was higher than heterotrophs (accounting for 54.6–96.9%
of the total activity). In previous studies, nitrification in

forest soils has been shown to be dominated either by auto-

trophic (e.g. Martikainen, 1984) or by heterotrophic

microorganisms (e.g. Pederson et al., 1999; Jordan et al.,

2005), but the dominance of autotrophs or heterotrophs

were not correlated with pH or N availability.

PN levels were generally lower in mineral than organic

soil layers. These differences with depth are consistent

with other studies (e.g. Clays-Josserand et al., 1988; Di

et al., 2010) and are probably related to differences in N

availability. However, the community structure of AOA,

AOB, and Nitrobacter-like NOB did not differ between

the two soil layers. AOA abundance did not change

between the two horizons, and abundances of AOB, Ni-

trobacter, and Nitrospira-like NOB did not vary, or chan-

ged inconsistently, between organic and mineral layers. In

contrast, some studies have shown a decrease in AOB

abundance and an increase in AOA abundance and/or

AOA/AOB ratio with depth (Leininger et al., 2006; Di

et al., 2010). However, greater soil depths (e.g. > 15 cm),

likely incorporating a greater range of environmental con-

ditions, were analyzed in these previous studies.

Comparison of fertilization effects on AOB,

AOA, Nitrobacter- and Nitrospira-like NOB

The effects of fertilization on AOB and Nitrobacter-like

NOB communities differed from AOA and Nitrospira-like

NOB communities. The abundances of AOA and Nitro-

spira-like NOB in soil were not responsive to fertilization.

In contrast, AOB and Nitrobacter-like NOB tended to be

more abundant in soils receiving fertilization treatments

compared to unfertilized controls. The community struc-

ture of AOA was affected by fertilization only at the Lodi

Lake site. On the contrary, significant changes in AOB

community composition with application of N fertilizers

were observed at four sites and at three sites for Nitrob-

acter-like NOB. Similar contrasting responses to N

amendments between AOB and AOA communities have

been reported in recent studies from agricultural and

grassland soils (as noted in the introduction). The impact

of N fertilization on soil NOB diversity has been previ-

ously investigated only in one study (Freitag et al., 2005)

by targeting 16S rRNA genes of these organisms. In con-

trast to our study, the authors showed no changes in the

diversity of Nitrobacter community between long-term

fertilized (amount of N similar to that of our periodic

regime) and unfertilized grassland soils. The close similar-

ity of 16S sequences among Nitrobacter genus (Orso

et al., 1994) might explain the absence of observed

changes in this previous study. Interestingly, the diversity

of Nitrospira community was reported to be more diverse

under long-term fertilization compared to unfertilized

management (Freitag et al., 2005).

Abundances of AOB and Nitrobacter-like NOB were

positively correlated with PN at all sites (except Crow

Creek), with no such correlations observed for AOA and

Nitrospira-like NOB. Similarly, Di et al. (2009, 2010) and

Jia & Conrad (2009) demonstrated that nitrification rates

were correlated with AOB, but not AOA abundances in

N-amended grassland and agricultural soils. A strong

positive correlation between Nitrobacter-like NOB abun-

dances and potential nitrite oxidation contrasting with a

weak and negative relation between Nitrospira-like NOB

abundances and the activity, in soils under tillage or no

tillage, were reported by Attard et al. (2010). In our

study, nitrification assays were measured under high N

concentration and at pH neutral (to insure ammonia

availability); thus, some nitrifiers may not be active under

these conditions but may contribute to nitrification in

situ. Indeed, Stopnisek et al. (2010) showed that AOA

dominate ammonia oxidation in an organic acidic forest

peat soil characterized by low soil ammonium concentra-

tion. The authors also demonstrated that AOA abun-

dance was not influenced by ammonium amendment,

suggesting that AOA oxidized preferentially ammonia

produced at low rates from mineralization of organic

matter. However, in our study, a strong correlation was

observed between PN and soil nitrate concentration

in situ in all sites except Crow Creek. In addition, in the

same sites, abundances of AOB and Nitrobacter-like
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NOB, not AOA and Nitrospira-like NOB, were also corre-

lated with soil nitrate concentration. This suggests that

changes in PN in response to N fertilization reflect

changes in nitrification activity in situ and that AOB and

Nitrobacter-like NOB play a more important role in nitri-

fication than AOA and Nitrospira-like NOB following fer-

tilization in these sites. Some AOA and Nitrospira-like

NOB strains may not solely oxidize ammonia or nitrite

as energy sources, but may also, or mostly, grow by

mixotrophic and/or heterotrophic metabolism. Indeed,

assimilation of organic carbon has also been demon-

strated for Nitrospira-like bacteria of waste-water treat-

ments plants (Daims et al., 2001) and suggested for the

putative AOA Crenarchaeum symbosium (Hallam et al.,

2006).

Changes in PN rates were not significantly correlated

with overall changes in nitrifier community structure, but

were correlated with abundances of AOB and Nitrobacter-

like bacteria. The only exception was a weak correlation

between AOA composition and PN at the Lodi Lake site.

Attard et al. (2010) demonstrated that potential nitrite

oxidation was linked to Nitrobacter-like community struc-

ture, but to a lesser extent than the abundance of these

organisms. The absence of coupling between variations in

overall nitrifier community structure and PN may indi-

cate the presence of functional redundancy or that only a

small portion of the nitrifier community was active or

responded to N fertilization.

In conclusion, periodic application of 200 kg N ha�1

fertilizer to lodgepole pine and interior spruce stands

increased PN rates for up to 2 years following fertilizer

application, while annual fertilization did not induce

any effect on PN except at Hand Lake. Some variations

in PN, nitrifier abundance, and community structure

were observed with time since periodic fertilizer appli-

cation, with no impact of the periodic fertilization

regime detected 3 years following fertilization, possibly

indicating resilience of the nitrifier community. Fertil-

ization increased AOB and Nitrobacter-like NOB abun-

dances at some sites, but did not influence AOA and

Nitrospira-like NOB abundances. AOB and/or Nitrobacter-

like NOB abundances were correlated with PN at all

sites; no such correlations were observed for AOA and

Nitrospira-like NOB. Reasons for these differences (tol-

erance or sensitivity to high N conditions, degree of

contribution to nitrification or implication in other

ecosystem processes) still need to be elucidated.

Approaches targeting functional gene transcripts and/or

DNA stable isotope probing (13CO2 assimilation) could

help to understand the contributions of AOB, AOA,

Nitrobacter, and Nitrospira communities to nitrification

activity and to identify active nitrifiers within these

communities.
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