
Can the important microbial diversity and nutrient cycling characteristics of old growth 

Douglas fir forests be maintained in managed second growth forests? 

 

Final Technical Report 

 

FIA-FSP# Y093322 

 

 

Abstract 

 

Phase 1: Diversity measurements 

Forest management practices that alter soil microbial community structure may result 

in an alteration of soil nutrient cycling dynamics and nutrient availability to future timber 

rotations. Nitrogen fixation and nitrification are essential components of the soil N cycle that 

are potentially altered by the conversion of old-growth Douglas fir forests to managed stands, 

variable tree retention and clear-cut harvest. Methane oxidation is an important sink of 

atmospheric methane implicated in global warming. In this study analysis of PCR-DGGE 

patterns was used to analyze the effects of forest management on nitrogen fixing, nitrifying, 

and methane oxidizing microorganisms in soil under three coastal Douglas fir forest research 

plots in summer and fall 2004, and winter 2005, using taxon-specific and universal 16S, nifH 

and amoA primer sets. The results of this study confirmed that management-related effects 

were observed in Paenibacillus sp. 16S rDNA PC3 between unthinned, second-growth plots 

and clear-cut plots (P = 0.001) at Shawnigan Lake and in amoA diversity in unthinned and 

clear-cut plots (P = 0.032). Phylogenetic analysis revealed nifH clustering by date and by 

management practice.  These data allow for comparison of the diversity of select N cycling 

microorganisms in soil Douglas fir stands under various forms of forest management relative 

to old-growth forests, and reveal N cycling microbial community shifts following clear-cut. 

 

Phase 2: Quantification of nifH 

The abundance of nifH, nirS and nirK gene fragments involved in nitrogen (N) 

fixation and denitrification in thinned second growth Douglas-fir (Pseudotsuga menziesii ssp. 

menziesii (Mirb.) Franco) forest soil was investigated using quantitative real-time PCR 

(qPCR). Prokaryotic N cycling in forest soil is an important aspect of N availability in forest 

soil. In this study the abundance of universal nifH, Azotobacter sp. specific nifH, nirS and 

nirK gene fragments in 10% and 70% variable retention were compared to clear-cut and 

unthinned control plots at two long-term research sites on Vancouver Island, Canada. Soil was 

analyzed for organic carbon (C), total C, total N, NH4-N, NO3-N and phosphorus (P), and site 

location accounted for the greatest variation in nutrient status. The effects of tree retention on 

nifH abundance were unclear; 70% tree retention treatment had a significantly greater 

Azotobacter sp. specific nifH abundance than the 100% control treatment in one site. At the 

same site, nirS in the mineral soil layer was significantly reduced by thinning. The abundance 

of nirS and nirK genes were significantly correlated. Additionally, significant correlations 

between Azotobacter sp. specific nifH abundance and C and N in the organic layer, and 

between nirS and nirK and N in the mineral layer were observed. Overall, no clear influence 

of tree thinning on nifH, nirS and nirK were observed. However, soil C and N were found to 

significantly influence N cycling gene abundance. 



 

 

 

Introduction 

 

Phase 1:  Measurements of Diversity 

 

Forest management practises can affect nitrogen availability by altering ecological 

processes such as litter decomposition and nitrogen cycling. Reduction in nitrogen availability 

relative to old-growth forests may suppress the growth potential of second-growth stands. 

Management practices such as stand-thinning, burn-off and clear-cutting can lead to increases 

in mineralizable and leachable N that contributes to a long-term reduction in N availability 

(DeLuca and Zouhar 2000; Prescott 2002; Smith et al. 2008). These practices have the 

potential to significantly alter the soil microbial community (Smith et al. 2008). Forest 

management that seek to retain plant-available N must consider the sources of N availability 

in soil, and preserve the microbial communities responsible. Plant-litter decomposition by soil 

micro- and macro-organisms is often considered to be the primary source of cycled nitrogen 

(Berg and Tamm 1994; Laiho and Prescott 1999; Prescott 2002). In a subalpine fir (Abies 

lasiocarpa) forest, for example, Laiho and Prescott (1999) measured cumulative N inputs of 

1.3 g m
2
 year

-1
 from decomposing fir canopy, ground vegetation and coarse woody debris. 

However, dinitrogen fixation by soil diazotrophs also provides significant N inputs to the soil 

N cycle. In terrestrial ecosystems without anthropogenic nitrogen additions biological 

nitrogen fixation may be an important source of plant-available nitrogen (Cleavland et al. 

1999; Philippot and Germon 2005). Biological nitrogen fixation accounts for 65% of total 

nitrogen fixed globally (Newton 2000); in soil nitrogen fixation may account for between 90–

130 Tg N year
−1

 world wide (Galloway 1998). Free-living diazotrophs in Canadian pine 

forests contribute 0.03 - 0.28 g N m
2
 annually (Cleavland et al. 1999).  

Diazotrophic microorganisms biologically fix nitrogen gas (N2O) into a plant-

accessible form (NH3
+
). The amount of biological nitrogen fixation that occurs in a terrestrial 

ecosystem is in part dependent on the amount and type of nitrogen fixing microorganisms 

present in the environment, as not all of the known genera of diazotrophs have identical 

potential for nitrogen fixation. For example, endophytic diazotrophs fix about 100 times more 

nitrogen than free-living strains (Philippot and Germon 2005). However, free-living 

diazotrophs such as Azotobacter vinelandii and Azospirillum brasilense may be the dominant 

nitrogen source in nutrient-poor soils that lack symbiotic relationships (Cleavland et al. 1999). 

To maintain ecological functioning in second-growth forests, to ensure the long-term viability 

of these forests, and to reduce timber rotation times while retaining ecological sustainability, 

management practices that maintain the populations of these diazotrophic microorganisms 

relative to those found in old-growth forests is essential. 

Methane-oxidizing bacteria (MOB) are another important microbial community 

occurring in forest soils.  These microbes perform an important environmental service, in that 

they oxidize methane as an energy source, consequently decreasing atmospheric methane (a 

greenhouse gas). Tree harvest has been reported to decrease soil methane oxidation by 

bacteria. The longterm effect of different forest management practices on soil methane 

oxidation is not known. 

 



  

 

Phase 2:  Quantification of nifH 

 

Diazotrophs may be studied using the nifH marker gene, which encodes the Fe 

dinitrogenase reductase enzyme, and is contained within the nif gene cluster (e.g., Azotobacter 

vinelandii EC 1.18.6.1.1g1m; Bairoch 1993). General and taxon-specific microbial diversity 

may also be studied using 16S rDNA. Molecular tools such as restriction fragment length 

polymorphism (RFLP), fluorescent-labelled terminal RFLP (T-RFLP), community level 

physiological profiling (CLPP), ester-linked phospholipid fatty acid profiling (PLFA) and 

denaturing gradient gel electrophoresis (DGGE) can be used to compare the diversity of soil 

microbial communities (Bossio et al., 1998; Rosado et al. 1998; Widmer et al. 1999; Shaffer 

et al. 2000; Grayston et al. 2001; Poly et al. 2001; Bürgmann et al. 2003, 2004; Grayston et al. 

2004; Yeager et al. 2005), and to identify ecological indicators associated with productive 

forest. Diazotroph distribution can be predicted on the basis of environmental characteristics 

(Zehr et al., 2003). Conversely, the distribution and structure of the diazotroph community 

may act as a potential indicator of a habitat‟s ecological functioning, including nitrogen status 

(Bürgmann et al., 2004). Molecular tools have helped elucidate the distribution of nifH 

sequences in forest habitats and the effects of forest management on diazotroph communities. 

For example, Widmer et al. (1999) demonstrated that distinct nifH groups could be 

characterized in Douglas-fir (Pseudotsuga menziesii) forest floor litter, mineral topsoil and 

deeper soil. Eight distinct nifH RFLP patterns were observed in the litter layer, corresponding 

primarily to Rhizobium, Sinorhizobium and Azosprillium sequences (Widmer et al., 2000). In 

the mineral layer, the cloned nifH sequences were homologous to genera including 

Bradyrhizobium, Azorhizobium, Herbasprillum and Thiobacillus (Widmer et al., 2000). 

DGGE and RFLP banding patterns indicate that litter and soil nifH communities are 

taxonomically diverse (Widmer et al. 1999; Yeager et al. 2005), and that the genetic diversity 

and plasticity of the nifH gene requires degenerative primers for universal amplification 

(Widmer et al. 1999). Taxon-specific amplification is also possible (Bürgmann et al. 2004). 

Using both universal and taxon-specific nifH amplification, DGGE and may be used to assess 

diazotroph community structure. Methods for assessing sequence diversity are well 

established (Rosado et al. 1998; Shaffer et al. 2000; Widmer et al. 1999; Bürgmann et al. 

2004; Yeager et al. 2005). Using T-RFLP patterns, Yeager et al. (2005) showed that natural 

disturbance in the form of wildfire significantly altered the nifH profile of mixed conifer soils. 

Spore-forming diazotrophs such as Clostridium and Paenibacillus increased in prevalence 

following burning. The nifH diversity following severe and moderate burns was shown to 

return to a lesser baseline level (Yeager et al., 2005). It is unclear what effects manual 

disturbance such as clear-cut, tree thinning and variable harvesting have on nifH sequence 

diversity or diazotroph biomass in forest soils. However, the disruption of forest floor layers, 

the alteration of soil nutrient status (e.g., through canopy thinning and removal of coarse 

woody debris) may alter diazotroph habitats and result in a shift in nifH sequence diversity 

and abundance. Clear-cutting, a common harvesting technique in Canadian forests, represents 

an intensive ecological disturbance. It is less well known what effects other disturbances may 

have on soil microbial populations; variable tree retention or selective harvesting, for example.  

Although the primary focus of this study was the characterization of diazotrophic 

populations in old-growth and managed coastal Douglas fir (P. menziesii ssp. menziesii 



(Mirb.) Franco) forests, it also included analysis of ammonium oxidizing bacteria (AOB), an 

important driver of N cycling dynamics in forest soil. In this study, universal and taxon-

specific nifH 16S taxon-specific rDNA and amoA amplification methods were used to 

characterize diazotroph and AOB community structure in old-growth and clear-cut Douglas 

fir forests for base-line information regarding the effect of disturbance on microbial diversity. 

Assessing the diversity of dinitrogen fixing and ammonium oxidizing microorganisms can 

provide an indication of the possible effects of forest management practices on the N cycling 

community in old-growth, logged and managed second growth Douglas-fir on Vancouver 

Island, B.C., Canada, to determine management practices best suited to preserve soil 

microbial community structure and functioning in forest ecosystems. 

Nitrogen (N) is a limiting nutrient in most Douglas-fir (Pseudotsuga menziesii ssp. 

menziesii [Mirb.] Franco) forest ecosystems. Understanding the links between forest 

management and forest ecosystem function, including the cycling of N, is of paramount 

importance to researchers and forest managers. Management practices such as stand-thinning 

and clear-cutting can alter the soil microbial community, potentially altering the rate and 

amount of net N addition or loss to the forest floor. It has been widely shown that clear cutting 

alters the functional diversity of soil microorganisms and alters soil characteristics 

(temperature, pH, moisture and nutrient status). Stand thinning and clear-cutting can increase 

nitrification, denitrification and leaching of N in soil, all of which can reduce available N 

(Holmes and Zak, 1999; DeLuca and Zouhar 2000; Prescott 2002; Bottomley et al., 2004; 

Smith et al. 2008). Clear-cutting in Douglas-fir forests can also remove associated gene pools 

of diazotrophic microorganisms (Shaffer et al., 2000). It is not yet clear how clear-cutting or 

variable tree retention affects the abundance of N cycling microorganisms, although we 

hypothesized a decrease in microbial functional groups from soil in clear-cut plots due to the 

disturbance and removal of the organic leaf-litter layer, and we expected that the retention of 

a functional leaf litter layer in variable tree retention plots would preserve functional gene 

abundance in Douglas-fir forest soil. In this study we focus on two populations of N cycling 

microorganisms: diazotrophs, which biologically fix N2 gas to ammonia, and the denitrifiers, 

which reduce N oxides and result in a release of N containing gasses.  

 Fixation of N by diazotrophic microorganisms is the primary source of N addition to 

undisturbed, unfertilized forest soil ecosystems (Cleveland et al., 1999; Philippot and Germon. 

2005). The diazotrophic community is most-often studied in situ using the marker gene 

nitrogenase reductase (nifH); the diversity and abundance diazotrophic microorganisms as 

determined by nifH characterization may be used as an indicator of overall soil ecological 

health. Diazotrophs can be symbiotic, associated (e.g., with specific plant or fungal biomass) 

or free-living in the soil.  Endophytic diazotrophs fix ~100 x more N than free-living strains 

(Cleveland et al., 1999); however, free-living diazotrophs such as Azotobacter vinelandii and 

A. chroococcum may fix between 0 and 60 kg ha
-1

 of N per year (Cleaveland et al., 1999). 

Free-living diazotrophs can be an important source of N in coniferous forest soil, particularly 

within Douglas-fir ecosystems in Western North America. The abundance of free-living 

diazotrophs in Douglas-fir forest soil relative to total diazotroph abundance has not been 

previously tested using molecular techniques. Fixed N inputs act as catalyst for interlinked N 

cycling events (e.g., fungal decomposition of woody debris and organic material) (Larson, 

1978). It has long been recognized that N fixation in temperate forest soil is directly related to 

amounts of soil organic matter (Granhall and Lindburg, 1978). However, it is unclear how 

nifH gene abundance related to amount of total and organic carbon (C) and N in forest soil. It 



is also unknown how common silviculture practices (e.g., clear-cut and variable tree 

retention) affect diazotroph abundance or how diazotroph abundance may in turn affect soil 

nutrient cycling.  

 The reduction of inorganic N oxides by denitrifying microorganisms can cause N loss 

from forest soil ecosystems, as well as the release of greenhouse gasses into the atmosphere. 

The loss of N from temperate forest soil as N2O has been reported as ranging from 0.2 to 7.0 

kg ha
-1

 y
-1 

depending largely on soil nitrogen status, soil moisture and temperature (Wolf and 

Brumme, 2002). Robertson and Tiedje (1987) state that soil N loss in coniferous ecosystems 

due to denitrification is regulated by nitrification potential (e.g., nitrate levels) in the soil, and 

while not considered a major N loss component following clear-cutting, is generally on the 

same magnitude as N loss due to leaching. Denitrification is primarily studied molecularly 

using several genes in the denitrification pathway, cytochrome cd1-containing nitrite reductase 

(nirS), Cu-containing nitrite reductase (nirK), nitrous oxide reductase (nosZ) and membrane-

bound nitrate reductase A (narG). The nirS and nirK genes were the denitrification genes used 

in this study. The nirS gene is more diverse than nirK in soil, and the nirK population tends to 

be dominated by a small number of clones (Priemé et al., 2002; Rösch et al., 2002). Little 

work has been done to compare the abundance of genes in the denitrification pathway with 

soil nutrient levels including inorganic N sources.  

In order to compare the effects of silviculture practices on the abundance of 

diazotrophs and denitrifiers, we used real-time polymerase chain reaction (qPCR) assays to 

quantify nifH, nirS and nirK genes in soil. In qPCR, deoxyribonucleic acid (DNA) target 

sequences are amplified as in conventional PCR, but with the concentration of the desired 

amplicon monitored in real-time by fluorescent DNA intercalating agents or hybridizing 

probes (Higuchi et al., 1993; Heid et al., 1996). The in-run fluorescence of the amplification 

reaction is compared with the fluorescence values of known quantities of target standards. 

This method can be used to quantify target sequences in environmental samples. DNA-based 

qPCR protocols for the analysis of functional gene abundance in soil have been developed for 

several N-cycling genes including nifH, ammonia monooxygenase (amoA), nirK, nirS, nosZ 

and narG (Henry et al., 2004; López-Gutiérrez et al., 2004; Okano et al., 2004; Qiu et al., 

2004; Wallenstein and Vilgalys, 2005; Kandeler et al., 2006; Wakelin et al., 2006). These 

studies predominantly employ “universal” oligonucleotide primers, which use degenerate 

nucleotide sequences to target genes that are spread among a wide range of microbial taxa and 

can be highly diverse. This approach is contrasted with species- or group-specific qPCR 

assays that use the abundance of a single sequence or sequences in a closely related group to 

highlight effects of environmental characteristics or changes on microbial functional gene 

abundance. The objective of this study is to use qPCR to quantify nifH-universal, Azotobacter 

sp.-specific nifH, nirS and nirK genes in soil to compare the effects of variable tree retention 

and clear-cut forest management practices in Douglas-fir stands on the abundance of total 

diazotrophs, free-living diazotrophs, and denitrifiers, respectively. 

 



Methods 

Phase 1:  Measurement of diversity 

 

Field site and soil sampling 

This study was conducted at three field sites located on Vancouver Island, British 

Columbia, Canada (Table 1). The Shawnigan Lake and Sayward Forest Level of Growth 

Stock (LOGS) installations are 63- and 61-year-old second-growth Douglas fir plantations, 

respectively. At Shawnigan Lake and Sayward, sampling of the leaf-litter organic soil layer 

(LFH; 2-0 cm) and the mineral layer (Ae and Bh; 0-8 cm) took place in 0.5 ha second-growth 

un-thinned control plots, highly thinned (10% tree retention) and in adjacent clear-cut plots. 

The 0.41 ha old-growth Shawnigan Lake coastal Douglas fir chronosequence plots are >200 

years old, while the chronosequence mature stand was 65-85 years old at the time of sampling. 

Shawnigan Lake sampling took place on July 15, 2004; November 19, 2004; and in 2005 - 

while Sayward sampling took place on August 10, 2004; October 10, 2004; and in 2005 - 

henceforth referred to as the summer 2004, fall 2004 and spring 2005 sampling times, 

respectively.. Soil samples were collected from the leaf-litter organic soil layer and the 

mineral layer separately, with nine (chronosequence) or ten (LOGS) ~200 ml samples 

collected randomly throughout each plot. Samples within each treatment were pooled and 

stored at -20
o
C prior to analysis.  

 

Soil DNA extraction  

DNA was extracted from pooled soil samples using the MoBio UltraClean Microbial 

DNA Isolation Kit (MoBio Laboratories Inc. Carlsbad, CA, U.S.A.) with modification to the 

manufactures protocol to remove forest soil humic substances that co-extract with DNA. 260 

µl of 1x Tris-EDTA (TE) (pH 8) buffer was added to the post-extracted DNA with 40 μl 

ammonium acetate buffer and 6 μl of linear polyacrylamide co-precipitant to aid alcohol 

precipitation of DNA (Bioline Ltd., London, UK). The mixture was incubated at room 

temperature for 15 min and centrifuged at 12500 rpm. The DNA pellet was isolated and 

washed with 70% EtOH, followed by a second centrifuge step. Pellet was air-dried and 

suspended in 50 μl TE. DNA was stored at -20
o
C prior to PCR.  

 

PCR-DGGE of the 16S, amoA, nifH and pmoA genes  

PCR amplification and DGGE analysis of the nifH marker gene were performed using 

conditions described in Widmer et al. (1999) and Bürgmann et al. (2004). The nifH gene was 

amplified using the universal nifH semi-nested primer set (Burgmann et al., 2004) under the 

following: 1x NH4 reaction buffer (Bioline Ltd., London, UK), 2.5 mM MgCl2, each 

deoxynucleoside triphosphate at a concentration of 200 µM, each oligonucleotide primer at a 

concentration of 1 µM and 0.2 µl (1 U) Diamond Taq polymerase (Bioline Ltd., London, UK). 

For the first PCR (25 µl), 5 µl of DNA sample was used and for the nested PCR (50 µl), 5 µl 

of the first PCR product was used. After initial denaturation (6 min at 94°C) 30 amplification 

cycles were performed at 94
o
C for 11 s, 92

o
C for 15 s (denaturation), 8 s at 54°C and 30 s at 

56°C for the first reaction and 8 s at 51°C and 30 s at 53°C for the nested reaction (annealing), 

and 25 s at 72
o
C (extension). The nifH taxon-specific reactions took place under qPCR 

conditions described above, although only a single 50 cycle reaction was used. Annealing 

temperatures for the nifH-g1 (Azotobacter spp.), nifH-b1 (Herbaspirillum seropedica) and 

nifH-a1 (Rhizobiales) primer set amplifications were 60
o
C for 35 s (Bürgmann et al. 2004). 



The amoA gene was amplified using the amoA-1F‟/amoA-2R primer set and protocol from 

Stephen et al. (1999). Analysis of amoA gene pools was conducted for the 2004 sampling 

points only. Paenibacillus sp.-specific 16S was amplified using a nested protocol with 

primary Paen515F/R1401 and secondary F968-GC/R1401 primer sets and amplification 

protocol from Araújo da Silva et al. (2003). Actinomyces-specific amplification took place 

using the F234/R1378 and F234/R513-GC nested primer sets as described in Heuer et al. 

(1997). The pmoA gene of MOB was analyzed in a semi-nested PCR protocol according to 

the method of Horz et al. (2005).  DNA was extracted from soils and use as template for PCR 

amplification .  Successfully amplified pmoA was also cloned into pGem vectors. After 

restriction digest using EcoRI to verify the presence of insert, positive clones were sequenced 

using PCR and LICOR sequencing at the UVIC Sequencing lab. 

Following amplification, PCR products were subjected to DGGE analysis. DGGE was 

performed using the BioRad (Hercules, CA, U.S.A.) universal mutation detection system with 

at 6% (w/v) acrylamide/bisacrylaminde stacking gel with no denaturant and a separating gel of 

8% acrylamide with a denaturing gradient of 35-65% (100% denaturant contained 7 mol l
-1

 

urea and 40% formamide). The gel was run at 60
o
C for 180 minutes at 180 V in 1 x TAE 

buffer (40 mmol l
-1

 Tris-acetate, 1 mmol l
-1

 EDTA, pH 8.3). Gels were stained for 20 min in 

1x TAE with 1:10000 (v/v) SYBR Gold (Invitrogen Corp., Carlsbad, CA, U.S.A.) and 

documented using the Syngene Chemigenius Bioimaging System (Cambridge, UK). Gel 

images presented in the manuscript have been modified using the Invert function in Adobe 

Photoshop CS2 (Adobe Systems Inc., San Jose, California, U.S.A.). DGGE bands were 

excised from the acrylamide gel with a sterile scalpel, placed in 160 µl sterile dH2O, frozen at 

-20
o
C, masticated with a sealed pipette tip, thawed for 1 h, frozen again at -70

o
C for 1 h, 

thawed at 8
o
C overnight and finally re-amplified using the above listed PCR protocols. PCR 

products were purified using the UltraClean DNA Purification Kit (MoBio Laboratories, Inc., 

Solona Beach, CA. U.S.A.) and sequenced by Macrogen, Inc. (Korea).  

 

Statistical and phylogenetic analysis 

DGGE banding profiles were converted to a binary matrix and subjected to 

multivariate analysis using Statistica 6.1 (StatSoft Inc. Tulsa, OK, U.S.A.). DGGE profiles 

were compared by principal component analysis (PCA) and the resulting principal component 

co-ordinates were compared with analysis of variance (ANOVA). Significance was 

determined at  = 0.05 for all analysis. Banding patterns were also subjected to Shannon-

Wiener diversity index analysis. The sequenced nifH gene fragments were aligned with 

published nifH sequences in the GenBank database (http://www.ncbi.nlm.nih.gov/) using the 

CLUSTAL W 2.0.6 program (Thompson et al. 1994).  Phylogenetic analysis was performed 

using the neighbour-joining method on a 323 bp nifH fragment that excluded both primer sites 

to allow phylogenetic analysis with a maximum number of published nifH reference 

sequences using BioEdit Sequence Alignment Editor 7.0 (Hall 1999) and the TreeView 1.6.6 

plug-in using 100 bootstrap replicates and using Gram + (high GC) Frankia sp. nifH as the 

outgroup.  

 

Nucleotide sequence accession numbers 

 The 30 nifH sequences isolated from soils were submitted to GenBank and are 

available under accession numbers [submissions processing]. 

 

http://www.ncbi.nlm.nih.gov/


Measuring in situ activity of pmoA 

 

In June 2006 PVC cores were installed in the center of each LOGS plot.  Methane fluxes were 

measured at least one week after the core installation. Gas samples were taken from the 

headspace of the closed chamber at every 15 minutes and stored in exetainers.  Gas samples 

were then returned to the lab and analyzed for CH 4 and CO 2 using GC. Flux rates were 

calculated by linear regression of averages of quadruplicate chambers over time. 



Phase 2:  Quantification of nifH 

 

Field site and soil sampling 

Field sampling for this study was conducted in variable tree retention plots in long-

term levels-of-growing-stock (LOGS) experimental installations located on Vancouver Island, 

British Columbia (B.C.), Canada. The second-growth Douglas-fir plantation near Shawnigan 

Lake, B.C (Shawnigan Lake LOGS site) and a nearby clear-cut plot were sampled on January 

25, 2007 and June 16, 2008. The second-growth Douglas-fir plantation near Sayward B.C. 

(Sayward Forest LOGS site) and a nearby clear-cut plot were sampled on June 11, 2008. 

Selected site characteristics are provided in Table 1. The clear-cut plot near the Shawnigan 

Lake LOGS site (co-ordinates (48° 37' 56.37" N, 123° 43' 35.43" W; 330 m above sea level) 

was subjected to tree removal in 2002, and the clear-cut plot near the Sayward Forest LOGS 

site (co-ordinates: 50° 3' 55.62" N, 125°32' 56.77" W, 282 m above sea level) was subjected 

to tree removal in 2003. For more information about the LOGS sites used in this study refer to 

Diggle (1972) and Beddows (2002). 

At both LOGS sites, sampling of the leaf-litter organic soil layer (LFH; 2-0 cm) and 

the mineral layer (Ae and Bh; 0-8 cm) took place in 0.081 ha treatment plots organized in a 

random complete block design including: thinned (10% and 70% tree-retention) and un-

thinned control plots (100% tree retention; see Table 1 for control tree density), highly 

thinned (10% tree retention). Sampling in nearby clear-cut plots removed 0-8 cm of soil, 

which was primarily mineral soil with some organic material interspersed. The clear-cut plots 

generally contained a cover of coarse woody debris overtop of a highly disturbed layer of soil. 

Due to the removal of the majority of the organic layer during the clear-cut process, soil 

collected in these plots was considered to be mineral soil. Soil samples were collected from 

the leaf-litter organic soil layer and the mineral layer separately, with nine ~200 mL samples 

collected in a 3 x 3 grid throughout each plot. The samples were pooled by plot, stones and 

large woody debris removed, and the samples homogenized. Samples were air-dried at in a 

laminar flow hood for three-days before three sub-samples of 0.5 g were removed from the 

pooled soil from each plot for DNA extraction. The remainder was analyzed for particle size 

composition, organic matter, exchangeable cations and effective cation exchange capacity 

(CEC), total C, total N, organic C, pH, ammonium (NH4-N), nitrate (NO3-N) and available 

phosphorus (P) by the British Columbia Ministry of Forest and Range Analytical Laboratory 

(Victoria, B.C., Canada). A summary of the soil nutrient values are provided in Table 2. 

 

Soil DNA extraction  

DNA was extracted from dried soil using the MoBio UltraClean
TM

 Soil DNA Isolation 

Kit (MoBio Laboratories Inc. Carlsbad, CA, U.S.A.) with modification to the manufactures 

protocol as described by Lerat et al. (2005) to increase extraction yields and reduce organic 

PCR inhibitors (e.g., humic substances) commonly found in forest soil. Briefly, 0.125 g of the 

nuclease inhibitor aurintricarboxylic acid and 50 µl of 200mM AlNH4(SO4)2, a chemical 

flocculent used to remove humic substances that co-extract with DNA, were added to each 

well prior to bead beating. DNA was stored at -20
o
C prior to PCR.  

 

Bacterial cultures 

Control dinitrogen fixing and denitrifier cultures were used for standard curve 

construction. Azotobacter vinelandii ATCC 12518 (American Type Culture Collection,  



Manassas, VA, USA) was cultured on ATCC medium 14 (Azotobacter medium; H2PO4, 0.2 g 

L
-1

; K2HPO4, 0.8 g L
-1

; MgSO47H2O, 0.2 g L
-1

; CaSO42H2O, 0.1 g L
-1

; FeCl3, 0.02 g L
-1

; 

Na2MoO42H2O, 0.002 g L
-1

; Yeast extract, 0.5 g L
-1

; Sucrose, 20.0 g L
-1

; Agar, 15.0 g L
-1

; 

pH 7.2). Azosprillum brasilense ATCC 29729 and Pseudomonas chlorophsis ATCC 13985 

were cultured on nutrient agar (Difco, BD Biosciences, Mississauga, ON, Canada). Bacterial 

cultures were amended to nutrient broth (Difco) for 72 h at 30.0°C. DNA was extracted from 

broth cultures using MoBio UltraClean
TM

 Microbial DNA Isolation Kit. Pseudomonas 

aeruginosa ATCC 47085D-5 genomic DNA was used for nirS standards. DNA was stored at 

-20
o
C prior to PCR.  

 

Real-time PCR quantification nitrogen cycling genes 

Quantitative real-time PCR reactions were developed using existing primer sets for 

nifH-universal (Widmer et al., 1999), nifH-g1 (Bürgmann et al., (2004), nirS (Braker et al., 

1998) and nirK (Chénier et al., 2003) gene amplifications (Table 3). Reactions took place in 

the Roche LightCycler 1.2 (Roche Applied Science, Indianapolis, IN, U.S.A).  Primer 

sequences and characteristics can be found in Table 3. The nifH-universal amplifications took 

place in a nested reaction under the following: 1x NH4 reaction buffer (Bioline Ltd., London, 

UK), 2.5 mM MgCl2, each deoxynucleoside triphosphate at a concentration of 200 µM, each 

oligonucleotide primer at a concentration of 1 µM and 0.2 µl (1 U) Diamond Taq polymerase 

(Bioline Ltd., London, UK). For the first PCR (25 µL), 5 µL of DNA sample was used and for 

the nested PCR (50 µL), 5 µL of the first PCR product was used. After initial denaturation (6 

min at 94°C), 30 amplification cycles were performed for 11 s at 94
o
C and 15 s at 92

o
C 

(denaturation), 8 s at 54°C and 30 s at 56°C for the first reaction and 8 s at 51°C and 30 s at 

53°C for the nested reaction (annealing), and 25 s at 72
o
C (extension). PCR conditions for the 

second PCR in the nifH-universal nested protocol were 5x MasterPLUS SYBR Green I 

master-mix (Roche Applied Science, Indianapolis, IN, U.S.A), 1 mM MgCl2, each 

deoxynucleoside triphosphate at a concentration of 50 µM, each oligonucleotide primer at a 

concentration of 0.75 µM and 5 µl of the first nested PCR reaction.  For the nifH-g1 reactions, 

initial denaturation was 6 min at 94°C, and 40 amplification cycles were performed for 11 s at 

94
o
C and 15 s at 92

o
C (denaturation), 8 s at 58°C and 30 s at 60°C (annealing), and 25 s at 

72
o
C (extension). The PCR conditions for nirS and nirK amplification were 40 cycles of 1 

min at 94°C (denaturing), 1 min at 65°C (annealing), and 1 min at 72°C (extension), followed 

by a final extension of 3 min at 72°C. The qPCR reaction solutions for nifH-g1, nirS and nirK 

were identical to that provided for nifH-universal. Fluorescence was monitored during the 

extension step for all quantitative PCR reactions.  

 

Standard curve development 

Known quantities of pure culture genomic DNA were amplified using SYBR-Green 

qPCR to generate a standard curve for each gene target (Figure 1).  Ten times dilution series 

were used for each target, and the linear regression of DNA concentration and relative 

fluorescent units (RFU) at a threshold fluorescence value (critical threshold or Ct value) were 

used to quantify gene targets soil DNA extracts by comparing the RFU at the Ct to the 

standard curve. The genome or gene quantities used in standard curve generation were 

determined as follows. DNA extracted from bacterial pure cultures was assessed for 

quantity/quality using a spectrophotometer to measure absorbance at wavelengths of 260/280 

nm. DNA was quantified as µg ml
-1 

and converted to genome or gene copy number using 



published genome sizes in a protocol modified slightly from the approach of Harrow et al. 

(2007). Genome sizes of approximately 6.80 Mb, 4.70 Mb and 5.00 Mb were used for 

Azospirillum brasilense Sp7 (Martin-Didonet, et al., 2000), Azotobacter vinelandii 

(Maldonado et al., 1994), and Pseudomonas chlororaphis (Grothues and Tümmler, 1991) as 

determined by pulse-field gel electrophoresis. The A. vinelandii genome is generally agreed to 

be between 4.50-4.70 Mb (e.g., Maldonado et al., 1994; Fogel et al., 1999), although the U.S. 

Department of Energy Joint Genome Institute A. vinelandii AvOP genome sequencing project 

lists its genome size as 5.34 Mb. This information has not yet been published. We have used 

the most recent published values for the A. vinelandii genome size available. The genome size 

was multiplied by the average molecular mass of a base pair (609.6 g mol
-1

) (Harrow et al., 

2007) to determine the molecular mass of a single genome copy, and the known mass of each 

bacterial genomic DNA extract was converted into the number of genome copies µl
-1

. Due to 

the variability of A. vinelandii ploidy (from 1 to ~100 genome copies can be found in each 

cell depending on growth stage) (Nagpal et al., 1989; Maldonado et al., 1994), quantifying 

nifH based on gene copy number is not recommended using standards based on pure culture 

genomic DNA. Instead, gene copy number was used to quantify gene targets.  

 

Experimental design and statistical analysis 

The study sites (Shawnigan Lake LOGS and Sayward LOGS) each contained 27 

treatment plots organized in a completely random design. This study used only three of the 

eight original treatments. The plots used in this study were subjected to long-term thinning at 

the same rate for at least 50 years. Three replicate plots were sampled for each treatment with 

a total of nine samples removed per plot. The samples were pooled by plot and three sub-

samples per plot used in the final analysis to reduce artefacts resulting from micro-site 

heterogeneity in each plot. Because the clear-cut plots were not part of the original 

experimental design they are included in this study for comparative purposes only and were 

not included in the statistical analysis.  

Statistical analysis of gene target abundance was performed using a main-effects analysis of 

variance (ANOVA) (Site × Soil layer × Treatment) with <0.05, using Statistica 6.1 (StatSoft 

Inc. Tulsa, OK, U.S.A.).The Tukey test was used for all pair-wise comparisons. Abundance of 

nifH-universal, nifH-g1 and nirK targets conformed to assumptions for ANOVA. The residual 

errors were random and normally distributed around a zero mean. There were no outliers in 

the abundance of nifH-universal, nifH-g1 and nirK targets as determined by the application of 

Cook‟s D statistic analysis of studentized residuals. For comparison of nifH -universal, nifH-

g1 and nirK abundance with soil nutrient values, linear regression analysis was performed. 

Average gene abundance was calculated for each treatment plot from the quantified sub-

samples and compared to the average nutrient value of the plot. 

 



Results  

 

Phase 1: Measurement of diversity 

 

DGGE of taxon-specific 16S genes 

 The Shawnigan Lake site Paenibacillus sp. PC3 coordinates were significantly (P = 

0.001) different between the unthinned control (2162 Douglas fir tree stems ha
-1

) and clear-

cut plots (Fig. 1a). PC3 accounted for 13.55% of the banding variability. There were no 

significant effects of sampling data or soil layer on Paenibacillus sp. 16S rDNA DGGE 

banding patterns (Fig. 2); likewise, at the Sayward Forest site management practices did not 

result in a significant alteration in PCA coordinates. The first principal component (PC1) of 

the Paenibacillus sp. 16S rDNA DGGE banding patterns accounted for 41.89% of the 

variability of the data-set and correlated significantly (R
2
 = 0.74; P < 0.001) with Shannon‟s 

diversity (H‟) (Fig. 3). The remaining principal components did not significantly correlate 

with H‟. Significant differences in soil layer (mineral vs. organic) were found in PC2 (P = 

0.007) of the Actinomyces 16S community (Fig. 1b). PC2 accounted for 16.11% of DGGE 

banding diversity. No Actinomyces 16S principal component correlated significantly with H‟ 

following regression analysis.  

 

DGGE of amoA and nifH functional genes  

Universal amoA and universal and taxon-specific nifH DGGE analyses were 

performed to determine the effects of forest management practices on microbial functional 

genes important to the N cycle. PC1 of amoA gene DGGE banding patterns was significantly 

different (P = 0.032) between clear-cut and control plots at both Shawnigan Lake and 

Sayward Forest, regardless of soil layer (mineral or organic) or sampling date (summer 2004 

or fall 2004) (Fig. 1c). The amoA PC1 significantly correlated with H‟ (P < 0.001) and 

explained 36.57% of the data-set variability. Fig. 1 demonstrates the potential for significant 

differences in the microbial community due to management practices (Fig. 1a,c) or between 

soil layers (Fig. 1b). Sampling date did not significantly affect the community structure 

between the analyzed groups, although additional field seasons would help increase the 

confidence of this observation. Interpretation of DGGE banding patterns can be used as a 

proxy of community structure analysis but conclusions about alternations to specific gene 

sequences cannot be made without DNA sequencing and phylogenetic analysis.  

A composite, representative DGGE gel of universal nifH is shown in Fig. 4. There 

were no significant differences between sampling time, soil layer, site and management 

practices on soil diazotroph diversity. However, a number of treatment-specific bands were 

observed in the soil mineral layer. These bands were excised, purified, re-amplified and 

sequenced. Phylogenetic analysis revealed clustering of nifH sequences based on management 

practices (clear-cut and unthinned control) (Fig. 5). Further analysis is needed to determine if 

the clear-cut nifH clusters can be used as indicators of disturbance. All nifH sequence 

fragments obtained in this analysis demonstrated varying degrees of homology to 

Azospirillum brasilense (NBCI accession no. X51500) with NCBI Blast alignment 

(http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi) identities ranging from 85-91%.   

PCA of the Rhizobiales-specific nifH DGGE banding matrix did not result in significant 

differences between treatments (Fig. 6). However, coordinate locations revealed that N-

fertilization and high-thinning increased diversity in the order Rhizobiales, while lowest 



DGGE band diversity was found in the old-growth and mature forest plots from the 

Shawnigan Lake chronosequence plots. Aditionally, Azotobacter sp. nifH and Herbaspirillum 

sp. nifH anaylsis did not result in significant differences when PC coordinates were subjected 

to ANOVA, although bands that are found exclusively in control plots and absent in clear-cut 

plots are highlighted in the composite, representative DGGE gel image shown in Fig. 7. 

Together, these data provide insights into effects of forest management on N-fixing and 

ammonium oxidizing bacteria (AOB), and provide baseline diversity data for the forest plots 

sampled in this study. 

 

Analysis of pmoA 

 

No significant differences in number of pmoA bands visualized (Fig. 8) were observed 

between old-growth and mature Douglas-Fir plots, indicating similar levels of diversity. 

However, band pattern similarity among the old-growth plots was more variable than the 

pattern similarity among mature plots, which probably reflects the greater landscape 

heterogeneity of the old-growth plots (Fig. 9).  Unique matches from the direct sequencing of 

excised and re-amplified DG bands were obtained vs. Genbank sequences in some cases, such 

as a sequence match with Vlp 12 and Vlp 13 in all the mature plots and 2 out of 3 old-growth 

plots. In some cases, there were more then one sequence match, all with equal probability, 

even though the bands originated from different gradient-areas of the gel. Either the excised 

band was not a single sequence of correct size and / or the sequence was not of sufficient 

length to give a unique match. 

In the clonal analysis, MOB from forest soils seemed to be related to uncultured type 

II methanotrophs with clear differences between MOB found in control plots on one hand and 

MOB found in thinned forest.  Uncultured type II methanotrophs related to Methylosinus sp. 

were predominant overall, while uncultured type II methanotrophs related to uncultured forest 

clones and acidophilic Methylocapsa acidophila were more predominant in the LOGS plots. 

In the field-situated chambers, forest consumed atmospheric CH 4 with little 

difference between the control, thinned, fertilized and old growth forests (Fig. 10).  

Consumption was slightly elevated in the old growth stand. Temperature and moisture of the 

soil may account for some seasonal decrease of methane oxidation activity. Forest soils at 

Sayward had higher rates of methane oxidation which may be a consequence of a greater 

precipitation. 



Phase 2:  Measurement of nifH genes 

 

Soil nutrients 

Soil nutrient status was affected by date and site location (Table 2). Organic C, total C, 

total N and N03-N showed significant differences between the January 2007 and June 2008 

sampling dates at the Shawnigan Lake LOGS site. NH4-N and available P were significantly 

different between the Shawnigan Lake LOGS site and the Sayward Forest LOGS site June 

2008 sampling dates. Tree retention levels did not significantly affect nutrient status for any 

nutrient at either site. Differences were similarly observed in both the organic and mineral soil 

layers, although the mineral layer had a significantly lower amount of all nutrients analyzed in 

this study. 

 

Standard curves 

Standard curves were developed for nifH-universal nifH-g1 and nirK gene targets 

(Figure 1). Primers used in qPCR analysis were all optimized for the robust, efficient and 

sensitive amplification of target amplicons to avoid the amplification of non-target amplicons 

or primer self-complementation. Melt-curve analysis was performed on all amplifications to 

ensure target amplicons matched the melting temperatures of the positive control strains (data 

not shown). The qPCR assay for nifH-universal targets used a semi-nested protocol. 

Previously conducted phylogenetic analysis following denaturing gradient gel electrophoresis 

(DGGE) using the nifH-universal PCR protocol revealed that amplicons displayed varying 

degrees of homology to A. brasilense (NBCI accession number X51500) with NCBI Blast 

alignment identities ranging from 85-91% (data not shown). Therefore, A. brasilense (ATCC 

29729) was used to develop the universal nifH standard curve, the equation for which was 

determined to be: log nifH genes g
-1

 soil (dw) = -0.4019(Ct) + 15.025 (R
2
 = 0.997). Where Ct 

is the cycle at which the critical threshold of fluorescence is reached during amplification. For 

nifH-universal qPCR the critical threshold was 0.533 RFU, efficiency was 2.588 and error 

was 0.0423. The detection limit was about 1 x 10
4
 log nifH genes g

-1
 soil. Azotobacter sp. 

nifH-g1 primer specificity was tested using DGGE. Amplicons from soil-extracted DNA 

matched A. vinelandii DGGE banding (data not shown). Azotobacter sp. nifH-g1 qPCR 

standard curve was determined to be: log nifH-g1 genes g
-1

 soil (dw) = -0.2821(Ct) + 12.172 

(R
2
 = 0.997). For nifH-g1 qPCR the critical threshold was 0.502 RFU, efficiency was 1.834 

and error was 0.0220. The detection limit was about 1 x 10
2
 log nifH-g1 genes g

-1
 soil. The 

nirK standard curve using P. chlorophsis genomic DNA was determined to be: log nirK gene 

copies g
-1

 soil (dw) = -0.2961(Ct) + 12.644 (R
2
 = 0.996). For nirK qPCR the critical threshold 

was 1.01 RFU, efficiency was 1.970 and error was 0.0418. The detection limit was about 1 x 

10
2
 log nirK gene copies g

-1
 soil. 

 

Quantification of nitrogen cycling genes 

The effect of variable tree retention on the abundance of universal nifH, Azotobacter 

sp.-specific nifH, and nirK genes in both the organic and mineral soil layer was tested using 

qPCR at the LOGS sites and nearby clear-cut plots at Shawnigan Lake (January 2007 and 

June 2008) and Sayward Forest (June 2008 only) (Figure 2). Universal nifH abundance was 

significantly affected by date and site location (P <0.001) (Figure 2a). Soil layer and retention 

level had no significant effects on universal nifH abundance. Mean abundance ranged from 

5.03 to 8.12 log genes g
-1

 soil, corresponding to the Sayward Forest June 2008 clear-cut and 



the organic layer of the 70% retention treatment at the Shawnigan Lake LOGS site in January 

2007, respectively.  Variability of the universal nifH dataset was generally higher than the 

other gene targets used in this study. Standard error ranged from 0.06 to 1.12 log genes g
-1

 

soil, corresponding to the organic layer of the 70% retention treatment at the Sayward Forest 

LOGS site in June 2008 and the Shawnigan Lake clear-cut in June 2008, respectively.  

 The quantification of Azotobacter sp. nifH-g1 revealed significant effects of sampling 

site and date (P <0.001) and tree retention (P =0.024), and a significant site x layer interaction 

(P <0.001) (Figure 2b). On average, the Sayward Forest LOGS site (June 2008) had a greater 

abundance of nifH-g1 (3.19 log genes g
-1

 soil) compared to the Shawnigan Lake LOGS site in 

either January 2007 (2.83 log genes g
-1

 soil) or June 2008 (2.75 log genes g
-1

 soil). While soil 

layer was significantly different within each sampling date, it was not significant (P = 0.054) 

when the data was pooled for statistical analysis. The effects of tree retention on nifH-g1 

abundance were unclear, as only the Sayward Forest LOGS site in June 2008 differed 

significantly due to retention; the 70% retention treatment had a significantly (P = 0.033) 

greater nifH-g1 abundance than the 100% control treatment. The SEM ranged from 0.06 to 

0.40 log genes g
-1

 soil for the organic layer of the control treatment at Shawnigan Lake LOGS 

site in January 2007 and the mineral layer at the 70% Shawnigan Lake LOGS site in June 

2008, respectively. Means of nifH-g1 abundance ranged from 2.10 to 3.74 log genes g
-1

 soil, 

which correspond to the clear-cut site at the Shawnigan Lake clear-cut in January 2007 and 

the mineral layer of the 10% retention treatment at the Sayward Forest LOGS site in June 

2008, respectively.  

 Site and layer both significantly (P <0.001) influenced nirS abundance (Figure 2c). 

Significant site by treatment and layer by treatment effects were observed, most notably in the 

Sayward Forest LOGS site, where the control treatment had significantly greater nirS 

abundance than the 10% (P = 0.013) and 70% (P = 0.026) thinning treatments. However, 

there were no clear trends that would indicate that tree thinning significantly reduces nirS 

levels in Douglas-fir forest soil.  

Site and layer had significant (P <0.001) effects on nirK abundance (Figure 2d). A clear 

pattern of nirK abundance unfolds in the organic layer; the Sayward Forest LOGS site, 

which had a greater productivity and lower NO3-N values, had significantly less nirK genes g
-

1
 soil than the less productive Shawnigan Lake LOGS site in the organic layer of all 

treatments. In the mineral layer, however, no differences were noted between sites. A 

significant site x layer interaction (P <0.001) was also observed. The nirK assay had lower 

variability than either of the nifH quantifications. Mean nirK abundance ranged from 4.70 to 

7.05 gene copies g
-1

 soil for the organic layer in the control treatment plot at the Sayward 

Forest LOGS site and the control treatment and the mineral layer of the control treatment plot 

at the Sayward Forest LOGS site. The SEM ranged from 0.08 to 0.62 log nirK gene copies g
-1

 

soil for the mineral layer of the control treatment at the Sayward Forest LOGS site and the 

organic layer of the control treatment at the Sayward Forest LOGS site, respectively. NirS and 

nirK genes were strongly correlated in both organic and mineral layers of Shawnigan Lake 

LOGS site soil:   

nirK = 0.9228(nirS) + 1.6802 (R
2
 = 0.938, P < 0.001) 

There was no clear correlation was observed between the two genes in the Sayward Forest 

LOGS site soil:  

nirK = 0.869(nirS) + 1.9783 (R
2
 = 0.196, P = 0.075) 

 



Relationships between soil nutrients and nitrogen cycling genes 

Correlation-regression analysis was performed on the abundance of nifH-universal 

nifH-g1 and nirK gene targets and the amounts of organic and total C, as well as organic and 

total N in the soil for both the organic (Table 4) and mineral (Table 5) soil layers. The 

abundance of universal nifH did not correlate significantly with any soil nutrient in the 

organic layer. The nifH-g1 target correlated significantly with organic C, total C and total N. 

For each soil nutrient, nifH-g1 abundance correlated at both sites and dates except organic C, 

which did not correlate with nifH-g1 at the Shawnigan Lake LOGS (January 2007) sampling. 

Total carbon in particular had a strong (R
2
>0.5; P<0.05) relationship with nifH-g1 at the 

LOGS sites at Shawnigan Lake (January 2007 and June 2008) and Sayward Forest (June 2008 

only). The nirK target did not correlate significantly with any nutrient at any sampling point, 

except for a weak correlation with total N at the Shawnigan Lake LOGS (January 2007) 

sampling (R
2
=0.46; P=0.045). In the mineral layer there were weak correlations of universal 

nifH abundance with organic C and total N when data were pooled by sampling point. The 

nifH-g1 target correlated strongly with organic C at the Sayward Forest LOGS site (June 

2008), with total N at the Shawnigan Lake LOGS site (June 2008), and with NH4-N at the 

Shawnigan Lake LOGS site (January 2007). The abundance of nirK correlated strongly with 

organic C, total C and total N.  

 

 

Discussion 

 

Phase 1.   

 

DGGE analysis of nitrogen fixing and ammonium oxidizing microorganisms was used to 

assess forest management impacts on N cycling in soil under Douglas fir stands. Taxon-

specific 16S and nifH, as well as universal amoA and nifH PCR-DGGE assays were used to 

target communities that have important ecological roles in forest soil. Multivariate analysis 

was applied to DGGE banding patterns and compared with univeriate measures of diversity. 

Multivariate analysis revealed shifts in the microbial communities in soil under Douglas-fir 

forests that had been clear-cut relative to managed second-growth stands. PCA analysis of 

DGGE profiles showed that the primary principal components (PC1) for all communities 

examined, with the exception of Actinomyces 16S, correlated significantly with SWDI (H‟) 

(e.g., Fig. 3). However significant effects of management and soil layer were shown in 

principal components (e.g., PC2 and 3) that did not significantly correlate with H‟. For 

example, Paenibacillus sp. 16S diversity had significant difference in management practices 

at one site only in PC3, and Actinomyces 16S diversity was significantly affected by soil 

layer only in PC2. It has been shown that univariate measures of diversity such as H‟ may not 

fully account for species shifts if total diversity remains intact (Hartman and Widmer 2006).  

 PCA analysis of Paenibacillus sp. 16S diversity showed site-specific alternation due 

to clear-cut logging, although total nifH diversity did not differ significantly. The diversity of 

Paenibacillus sp., a diazotrophic genus of spore-forming bacteria, has been shown to shift in 

response to disturbance such as burning (Yeager et al. 2005). Additionally, population shifts 

may indicate the loss of substrate-specific microbial strains. For example, clear-cut logging of 

Douglas fir forests was shown to remove restriction fragments that were detected in 

unharvested tree stands; Shaffer et al., (2000) showed that a nifH 237-303 bp RFLP band that 



was indigenous to the plant litter layer of a Douglas fir forest was not present in clear-cut 

soils. Clear-cuts have a lower nitrogen fixation rate than Douglas-fir forests (Shaffer 2000), 

and support less microbial biomass. Clear-cuts also increased amoA diversity in this study, 

leading to the potential for increased nitrification under this management practice, which may 

alter biogeochemical cycling resulting in the loss of nitrogen in clear-cut plots. It is well 

known that N loss due to nitrification and NO3
-
 leaching leads to a loss of N from clear-cut 

soils (Sollins and McCorison 1981; Sollins et al. 1981; Paavolainen and Smolander 1998; 

Bottomley et al. 2004); it is less well understood how alterations in AOB community structure 

lead to N loss from forest soil. It has been shown that management-related effects on the soil 

community were correlated with soil nutrient status and pH (Grayston et al. 2004). Other 

management-related effects on forest soil organisms include the loss of ectomycorrhizal 

fungal community structure and abundance (e.g., Jones et al. 2003) in clear-cut plots. The loss 

of microbial functional groups and a reduction of overall microbial abundance is a 

consequence of clear-cut and other methods of intense soil disturbance (Lundgren 1982; 

Shaffer et al. 2000). Clear-cut may remove unique nifH gene pools in Douglas fir forests due 

to the removal of their primary habitat: Douglas fir litter. The alternation of the nifH 

community resulted in a halving of biological nitrogen fixation (Shaffer et al. 2000). It 

remains to be seen if variable green-tree retention preserves community structure in soil under 

Douglas fir stands. This study demonstrates that although diversity of the nifH functional 

group is preserved in plots under variable retention, shifts in the nifH community may have 

non-target effects on nutrient cycling processes in forest soil. The disruption of these 

processes may have long-term effects on timber rotations and tree-harvesting cycles. The 

methods used in this study may be used to facilitate high-throughput screening of community 

structure alterations in forest soil as a method to further assess the effect of forest 

management on microbial groups that play an important role in N cycling.  

 There were no significant seasonal effects of 16S, amoA or nifH diversity following 

PCA analysis of DGGE patterns. However, seasonal and management clustering was 

observed in nifH phylogenetic analysis (Fig. 5). Seasonal effects on microbial community 

structure have been observed in both managed and unmanaged agricultural and forest soil 

ecosystems such as temperate grassland soil (Grayston et al. 2001), canola rhizospheres 

(Dunfield and Germida 2003) and tomato field soil (Bossio et al. 1998), among others. Mergel 

et al. (2001) reported seasonal fluctuations of diazotrophic bacteria in Norway spruce forest 

soil, as well as seasonal differences in other microbial functional groups that are active in N 

cycling. Holmes and Zak (1999) also reported seasonal alterations in N cycling microbial 

dynamics in their study of hardwood soil ecosystems. However, while Piceno et al. (1999) 

reported minor seasonal differences in nifH diversity in salt march rhizosphere sediments, the 

authors also reported seasonal constancy in DGGE banding profiles.  Improved long-term 

monitoring of nifH diversity would allow for a better understanding of seasonal cycles of 

diazotroph community structure in forest soil.   

The results of this study indicate that implementing high-throughput methods to assess 

effects of forest management on diazotroph communities is an appropriate method of rapidly 

determining indicators of ecological function across treatments, soil layers and seasons within 

the soil ecosystems assessed. The universal nifH banding patterns and phylogenetic analysis 

shown in Figs. 4 and 5, respectively, have aided in the assessment of diazotroph diversity in 

soils under various forest management practices, have provided base-line community data for 

the plots used in this study that may be used in future studies to assess further long-term 



management effects, and has provided indicators of ecological disturbance in these research 

plots.  

This study demonstrated that clear-cutting reduced Paenibacillus sp. and ammonium 

oxidizing bacterial diversity (Fig. 1) and changed diazotroph community structure (Figs. 4,5). 

Mature second growth stands retained Rhizobiales nifH diversity relative to old-growth plots 

(Fig. 6), as did the leaf litter organic later in highly-thinned (10% tree retention relative to 

unthinned control plots) treatments. However, the mineral layer of the highly-thinned 

treatment showed a decrease in Rhizobiales nifH diversity. These data allow for base-line 

comparison of the diversity of select N cycling microorganisms in soil Douglas fir stands 

under various forms of forest management relative to old-growth forests. As old-growth 

forests are thought to contain important levels of biodiversity, including microbial community 

diversity, it is notable that second-growth forests have comparable levels of genetic diversity 

to old growth stands and may increase functional diversity due to management related shifts 

in microbial community structure.  

 

 

Phase 2.  Quantification of nifH genes 

  

The quantification of nifH was not based on cell number, as is typical of culture-based (e.g., 

most-probable-number) or visualization-based (e.g., fluorescent in situ hybridization) assays 

or even some qPCR protocols (e.g., Okano et al., 2004; Harrow et al., 2007). Relative 

quantification is also used, although due to lack of normalization it is not able to be compared 

between studies. We chose a gene-centric approach for two reasons: i) the plasticity of  the A. 

vinelandii genome precluded a cell-based assay for this target; and ii) we wished to foster 

comparability in between assays conducted within this study (e.g., the comparison between 

universal and Azotobacter sp.-specific nifH) and between other studies and data-sets.  

 Many researchers develop qPCR protocols for functional gene analysis to attempt to 

design primers with as much universality as possible. Due to the broad phylogenetic range of 

functional genes and the larger degree of sequence divergence between phylogenetic groups it 

is often difficult to include all possible sequences for a particular gene. Another problem with 

this approach is PCR bias, which may exclude rare or divergent sequences during 

amplification. PCR bias may also lead to underestimation of gene copy numbers in soil. For 

example, a single nucleotide mismatch in 16S primers caused up to a significant 1000 fold 

decrease in the estimated gene copy number when using real-time PCR (Bru et al., 2008). 

Differences were greatest when mismatches were located towards the 3‟ end of the forward 

and reverse primers. To prevent such an effect, we recommend that researchers quantifying 

functional genes in soil determine the dominant strains containing genes of interest, and 

design specific primer sets to target these organisms.  

We compared a broad-ranging primer set in a nested PCR reaction for universal nifH 

amplification developed by Widmer et al. (1999) to a taxon-specific nifH protocol developed 

by Bürgmann et al. (2004). The abundance of the nifH-g1 target was considerably less than 

total universal nifH abundance, accounting for only about 10% of the total nifH community. 

As shown by Bürgmann et al. (2004), the nifH-universal amplified Rhizobium phaseoli, 

Sinorhizobium meliloti, R. tropici Clostridium pasteurianum, A. vinelandii, Pseudomonas 

stutzeri, R. leguminosarum, Paenibacillus azotofixans and Nostoc muscorum. It did not 

amplify Frankia sp., Azoarcus communis or A. brasilense. The latter result is contradicted by 



our phylogenetic analysis following nifH-universal PCR-DGGE, which showed that the 

majority of amplified targets were highly homologous to A. brasilense nifH sequences. The 

nifH-g1 primer set was shown to weakly amplify P. azotofixans and Frankia sp. in addition to 

preferential amplification of A. vinelandii and A. chroococcum (Bürgmann et al., 2004). 

Despite the potential for minor amplification of non-target nifH sequences the nifH-g1 

protocol proved to be adequate for quantification of Azotobacter sp. targets, and can be used 

to assess the abundance of one group of asymbiotic N
2
-fixing bacteria. 

Asymbiotic N2-fixing bacteria are active primarily in the organic leaf litter soil layer. 

Acetylene reduction assays have shown that nitrogen fixation in a Scots pine forest ranged 

from 0.0070.002 to 0.3420.042 nmoles C2H4 gdw
-1 

h
-1 

in the Ao-horizon, depending on 

season, moisture, organic material and soil depth (Granhall and Lindberg, 1978). Mineral 

layer acetylene reduction ranged from 0.0090.004 to 0.0020.001 nmoles C2H4 gdw
-1 

h
-1 

(Granhall and Lindberg, 1978). In this study there were no significant differences of nifH 

gene copies between soil layers (Figure 2a,b). However, correlations between soil nutrient 

values and nifH gene copy number were stronger in the organic layer, indicating that the 

asymbiotic N2-fixing bacteria monitored in this study greatly influenced their habitat in this 

niche. In N-limited natural ecological systems these relationships are important for ecological 

functioning, and thus require a greater degree of understanding. Additionally, qPCR does not 

differentiate between active, dormant and dead cells, nor does it provide information on 

activity levels of N2-fixing bacteria or nifH gene expression. Bürgmann et al. (2003) 

developed a protocol for monitoring Azotobacter sp.-specific nifH expression in A. vinelandii 

inoculated liquid and soil culture. The authors showed that expression can be correlated with 

nitrogenase activity, while neither is indicative of cell density of N2-fixing bacteria. The 

application of this protocol to monitor in situ N2-fixing populations will greatly assist the 

elucidation of the effects of environmental disturbance on diazotrophic activity. 

The loss of diazotropic communities may limit available N in forest soil. Granhall 

(1981) hypothesized that the removal of organic material during clear-cutting would have 

adverse effects on the sustainability of diazotrophic populations due to the links between soil 

organic material and diazotrophic activity. Clear-cutting removes nifH gene pools (Shaffer et 

al., 2000). In this study we have shown that clear-cutting can reduce nifH gene abundance 

(Figure 2), it does not altogether remove the gene from the soil ecosystem. Thus, the removal 

of the organic layer during harvesting and the subsequent loss of diazotrophic activity are 

thought to be of greatest consequence in loss of ecosystem functioning in harvested plots.  

 

Quantification of nirS and nirK genes 

 In this study we developed a qPCR protocol for the nirS and nirK primers designed by 

Baker et al. (1998) and Chénier et al., (2003), respectively. The nirS and nirK protocols were 

based on P. aeruginosa (ATCC 47025) and P. chlorophsis (ATCC 13985) nucleotide 

positions, respectively. Real-time PCR and melt-curve analysis revealed lack of non-target 

positive fluorescence and no detectable primer self complementation. Similar to the nifH-g1 

protocol, the nirS and nirK amplifications were designed for specificity to a specific taxon, 

rather than attempt to use a universal primer set. Universal primers have many uses, but for 

real-time PCR can amplify targets weakly, leading researchers to resort to performing 

experiments on soil inoculated with target organisms rather than the endogenous community. 

They may also have a high level of primer self complementation and template-mismatch (Bru 



et al., 2008). We found that the nirS and nirK primers amplified robust and specific 

amplification of target DNA in variable retention and clear-cut plots.  

Site was a major influence for both the nirS and nirK gene abundance. Unlike nirK, there 

were significantly fewer nirS genes in the thinned treatments in the Sayward forest site. Site 

clearly affected the abundance of nirK in the organic layer of variable tree retention plots and 

in soil in clear-cut plots (Figure 2d). The Sayward Forest LOGS site had a higher productivity 

than the Shawnigan Lake LOGS site, yet had significantly less nirK genes g
-1

 soil. This can 

partially be explained by the significantly lower amount of nitrate available in the soil at the 

Sayward Forest LOGS site (Table 2). The lack of differences between sites in the mineral soil 

layer can therefore be concluded to be due to the lack of significant differences in 

concentrations of organic and total C, total N, ammonium and nitrate. Correlations between 

nirS and nirK abundance and soil nutrients in the variable tree retention plots further elucidate 

the interactions between gene copy number and soil nutrient status.  

The nirS and nirK genes both catalyze the reduction of nitrite to nitric oxide. These 

genes do not appear together in the same strain (Coyne et al., 1989), and do not demonstrate 

any functional differences. While there is no obvious relationship between these genes, they 

exhibited a close linear relationship at the Shawnigan Lake LOGS site in both soil layers 

(Figure 3). Above a threshold of available substrate, denitrifying bacteria can facultatively 

switch to nitrite reduction in the absence of oxygen. These results indicate that organisms 

containing nirS and nirK react in a similar to the available nitrite levels in the soil analyzed in 

this study. 

 

Relationships between soil nutrients and nitrogen cycling genes 

It is clear from examining Tables 4 and 5 that the majority of relationships tested did 

not produce significant correlations. However, three important patterns emerged following 

regression analysis, which provide insight into the relationships between nitrogen cycling 

functional gene abundance and soil nutrient status. These are i) that the universal nifH 

protocol is not ideal for the quantification of free-living diazotrophic populations likely due to 

the variability of the degenerate semi-nested primer sets and mismatch errors, ii) nifH-g1 

primarily correlated with soil C and N in the organic layer, while iii) nirK primarily correlated 

significantly with soil C and N in the mineral layer in this study. The abundance of 

Azotobacter sp.-specific nifH and the nirK gene showed high levels of correlation with soil 

nutrient values. Correlations between nifH gene abundance and soil nutrient concentrations 

were primarily found in the organic soil layer. This was expected as N2-fixation primarily 

occurs in this layer in forest soil.  

In previous studies the effects of C and N quality and quantity on nitrogen fixation 

have been inconsistent. In general, the availability of labile C stimulates N fixation (Kondo 

and Yasuda, 2003a,b; Bürgmann et al., 2005), though not always (Keeling et al., 1998). 

Nitrogen fixation can also be inhibited (Tan et al., 2003) or stimulated (Poly et al., 2001) by 

available N in the soil. We found that Azotobacter sp.-specific nifH gene abundance increased 

when organic C, total C and total N declined. As organic C increased from 46.4% to 82.66%, 

nifH-g1 copies g
-1

 soil fell from log 3.39 to log 2.13. Similar relationships were observed with 

total C and total N. We hypothesize that the fixation of N2 made available organic N that 

facilitated the breakdown of soil organic material by fungal and bacterial communities. N2-

fixation is linked to the activity of decay fungi, specifically white-rot fungi, and may act as a 



catalyst for interlinking ecological events such as litter breakdown (Larsen et al., 1978; 

Granhall and Lindburg, 1978; Thompson and Vitousek, 2006).  

The nirS and nirK qPCR protocol developed in this study also shows potential for 

relating ecological functioning to functional gene abundance. Rates of denitrification are 

highly correlated with soil organic C (Burford and Breemner, 1975). The nirS gene was 

significantly correlated with organic C, total C, and total N in the mineral layer soil samples 

from the Sayward Forest LOGS site. Correlations between nirK abundance and organic C, 

total C and total N in the mineral layer at both sites. The strong relationships between nirS 

and nirK in the mineral layer was unexpected, as denitrification is thought to predominate in 

the organic soil layer (Laverman et al., 2000), and it was therefore hypothesized that the 

nutrient values in the organic layer would be coupled to nirK abundance with higher levels of 

correlation than in the mineral layer. Denitrification rates in forest soil are influenced greatly 

by several environmental factors, including temperature and water content (Maag and Vinther, 

1996). The nature of the relationships between nirS and nirK gene abundance and soil 

temperature and moisture are currently unknown, although these factors may have greater 

influence at the upper soil layers, leading to the differences observed in this study.   

This study is the first to apply real-time PCR quantification compare the dynamics of 

nifH and nirK abundance to total soil C, organic C, total N, ammonium and nitrate 

concentrations. Our development of qPCR protocols for nifH, nirS and nirK genes will assist 

researchers in the characterization of important N cycling events through the in situ 

quantification of functional genes in the soil environment. Furthermore, we aided in the 

elucidation of the relationships between nifH, nirS and nirK abundance and soil nutrient 

dynamics. The basis of this study was to provide tools for researchers and forest managers to 

better understand the effects of variable tree retention and clear-cutting on the abundance N2-

fixers and denitrifiers, and to elucidate the interactions between soil nutrient status and N 

cycling microorganisms. To do this we developed qPCR protocols for universal nifH, 

Azotobacter sp. nifH, nirS and nirK quantification from previously designed PCR primer sets, 

and developed standard curves for their use. We showed that retention of up to 10% of the 

tree volume of an unthinned control stand would not significantly deplete nifH, nirS and nirK 

abundance. Strong correlations between nifH and soil C and N in the organic layer, as well as 

between nirS, nirK and soil C and N in the mineral layer demonstrate the functional 

relationship between gene abundance and soil nutrient status. The retention of the soil organic 

leaf-litter layer, where the majority of nutrient cycling events take place in forest soil 

ecosystems, contributes greatly to the preservation of a functioning soil ecosystem. 



Conclusion & Management Implications 

 

In summary, the work found that emulation of old growth forests by maintaining levels of 

coarse woody debris preserves the diversity and structure of key soil organisms (N-fixers and 

methanotrophic bacteria) in most respects.  However, some N-fixers in the Rhizobiales may 

not be preserved by maintaining coarse woody debris in variably-retained stands.  Diversity 

and population levels of the most important free-living nitrogen-fixing bacteria were severely 

reduced by disturbance of the upper organic layer of soils, even if much coarse woody debris 

was present (i.e., in clear-cuts).  By implication, clear-cutting has a significant impact on the 

functional attributes of diverse soil communities; it is not enough to simply look at overall 

microbial diversity as a measure of ecosystem function and sustainability. Regarding the 

concept of environmental thresholds, there is likely no gradually achieved „threshold‟ when it 

comes to maintaining actual community structure.  The sudden exponential loss of nitrogen 

fixers in clear-cuts with copious woody debris suggests that intact soil function and fertility 

will depend on the presence of intact organic soil layers (litter layers) and their associated 

components.  Further study of Rhizobiales populations in old growth versus managed stands 

will be required to fully understand functional thresholds applicable to variably retained vs. 

old growth stands.   As it stands, it appears that variable retained stands can be managed so 

that they remain within the nominal functional performance of methanotrophic and nitrogen-

fixing bacteria.  The main journal article dealing with these results was submitted to in-house 

review last month, for ultimate submission to J. of Applied & Environmental Microbiology 

(rather than Microbial Ecology), and a related journal article is being reviewed by Can. J. 

Microbiology. 
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TABLES & FIGURES FOR PHASE 1:  MEASURMENTS OF DIVERSITY 

 

Table 1. Field site characteristics at the Shawnigan Lake Chronosequence and the Shawnigan 

Lake and Sayward Forest LOGS research forests.  

 
  Site Characteristics 

Field Site Treatments 
Primary Tree 

Species 
Soil Type Elevation 

 Old Growth 
Coastal 

Douglas fir 

Humo-Ferric 
Podzol 

465 m 
(40% 
slope) 

Shawnigan Lake 
Chronosequence

a
 

Mature Silty Loam 

     

Shawnigan Lake 
LOGS

b
 

Unthinned control 

Coastal 
Douglas fir 

 

335 m 

Highly thinned 
(10% retention) 

Humo-Ferric 
Podzol 

Clear-cut Loam 

N-Fertilized  

     

Sayward Forest 
LOGS

b
 

Unthinned control 

Coastal 
Douglas fir 

Humo-Ferric 
Podzol 

274 m Highly thinned 
(10% retention) 

Sandy Loam 

Clear-cut  

 
a
Trofymow 1997; 

b
Beddows 2002. 
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Fig. 

1. Principal component analysis of PCR-DGGE banding patterns in Douglas fir research plots 

for: a) Paenibacillus 16S rDNA demonstrating significant management related effects at the 

Shawnigan Lake site in PC3 (P = 0.001) between the unthinned control and clear-cut plots; b) 

Actinomyces 16S rDNA demonstrating significant effects of soil layer on community 

structure; and c) ammonium oxidizing bacteria amoA gene differences between clear-cut and 

control at both Sayward and Shawnigan lake sites throughout all sampling dates (summer 

2004, fall 2004 and spring 2005).  
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Fig. 2. Composite, representative PCR-DGGE gel image for Paenibacillus 16S rDNA 

analysis from two Douglas fir forest sites over three sampling times. The gene fragments were 

obtained using primary Paen515F/R1401 and secondary F968-GC/R1401 primer sets for a 

nested PCR reaction.  
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Fig. 

3. Treatment effects on microbial diversity measured using PCA and Shannon-Weiner 

diversity (H‟) following Paenibacillus 16S rDNA PCR-DGGE analysis. a) Regression 

analysis of PCA coordinates against Shannon-Weiner diversity (H‟) demonstrating the 

significant correlation with H‟ and PC1 coordinates. b) The percentage of total variance 

explained by each component. While PC1 accounted most significantly for overall variation 

and correlated with H‟, the use of principal components increased the dimensionality and 

sensitivity of DGGE banding analysis.   
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Fig. 4. Composite, representative PCR-DGGE gel image for universal nifH analysis from two 

Douglas fir forest research sites over three sampling dates. The gene fragments were obtained 

using primary nifH-forA/nifH-Rev and secondary nifH-forB/GC-nifH-Rev primer sets for a 

nested PCR reaction. Azotobacter vinelandii ATCC 12518 

 Was used as a positive control (Az).  
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Fig. 5. Phylogenetic analysis of sequenced nitrogenase reductase (nifH) diazotroph marker 

gene fragments (position: 131-334 bp from start of Azotobacter vinelandii (M20568) nifH 

sequence) from Douglas fir forest plots compared to known nifH sequences obtained from 

GenBank. Sequences were obtained following direct amplification from isolated DGGE bands 

from mineral layer soil DNA extractions from Summer 2004(Su04), Fall 2004 (Fall04) and 



Spring 2005 (Sp05) sampling dates at Shawningan Lake (SL) or Sayward Forest (Sy) sites in 

clearcut (CC; underlined) or unthinned control (CT; grey italics) plots. Frankia sp. (X73983, 

X76399) were used for the out-group. Clustering based on sampling date and management 

type was observed.  
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Fig. 6. Principal component analysis of Rhizobiales nifH PCR-DGGE banding patterns in 

Douglas fir stands showing mineral and organic layer nifH diversity for old-growth and 

mature forest stands at the Shawnigan Lake chronosequence and the high-thinning and N 

fertilized plots at the Shawnigan Lake LOGS site. Diversity increased from the bottom left 

(N-fertilized-organic) to the top right (high-thinning-mineral). In managed plots higher 

numbers of DGGE bands were observed, suggesting nifH community shifts relative to old-

growth and mature Douglas fir forests.  



nifH – universal Azotobacter sp. nifH Herbaspirillum sp.  nifH

CT               CC    CT              CC                 CT               CC
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Fig. 7. Universal and taxon-specific nifH community structure in two Douglas fir forest sites 

at the Spring 2005 sampling point. DGGE bands unique to clear-cut plots for Azotobacter sp. 

nifH (diamond) and unthinned control plots for Herbasprillum sp. nifH (triangle) may provide 

indicators of management impacts at the sites sampled in this study. Azotobacter vinelandii 

ATCC 12518 was used as a positive control (Az).  



 

 
 

 

Figure 8.  DGGE gel pmoA bands visualized and matched using Gene Tools Software. 



 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 9.  Left:  Means and sd obtained from pmoA band numbers derived from DGGE.  Right:  Principal Components Analysis 

 of pmoA band pattern associations derived from DGGE  
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Figure 10.  Methane consumption rates (a) for each treatment for three sampling events. Each bar represents the average of triplicate 

forest plots. Temperature (b) and soil moisture content (c) are also shown. SN corresponds to Shawnigan site and SD to Sayward site. 

 



TABLES & FIGURES FOR PHASE 2:  QUANTIFICATION OF NIFH 

 

Table 1. Selected properties of field sites used in this study.  

LOGS
a
 Coordinates Date First Last Control Density Site Index Elevation AAP

e
 Soil 

Site Latitude Longitude Est.
 b

 Treat.
 c
 Treat.

 c
 (stems ha

-1 
) m (Age 50) (m ASL

d
) (mm) Texture 

Shawnigan Lake 48° 38' 1.23" N 123° 42' 44.72" W 1948 1970 2003 2162 29 335 1174 Loam 

Sayward Forest 50° 2' 24.20" N 125° 33' 25.50" W 1950 1969 1993 1796 34 274 1494 Silt Loam 
aLevels of Growing Stock 
bEstablished 
cTreatment 
dAbove sea level 
eAverage annual precipitation



Table 2. Summary of soil nutrients in the organic and mineral soil layers of Douglas-fir stands, and in nearby clear-cut plots, in 

Shawnigan Lake and Sayward Forest LOGS installations.  

     Soil Nutrient c 

Site and  Soil  Org. Cb Total C Total N C:N NH4-N NO3-N Avail. P 

Datea Layer   (%) (%) (%) Ratio (ppm) (ppm) (ppm) 

          

SL2007 

Organic 

 54.15 (5.96)a 29.81 (3.59)a 0.72 (0.07)a 41.21 (2.82)a 16.25 (5.02)a 0.37 (0.24)a 163.49 (45.60)a 

SL2008  67.84  (10.04)b 39.11 (5.64)b 0.87 (0.11)ab 45.08 (3.28)a 19.62 (2.28)a 0.37 (0.69)a 120.27 (35.24)a 

SY2008  66.01 (10.89)b 38.29 (6.22)b 0.95 (0.19)b 40.79 (2.49)a 61.29 (37.84)b 0.10 (0.19)b 64.92 (22.30)b 

          

SL2007 

Mineral 

 9.51 (1.054)a 4.48 (0.92)a 0.12 (0.02)a 38.85 (5.55)a 1.43 (0.58)a 0.05 (0.14)a 56.32 (17.5)a 

SL2008  12.68 (2.18)b 6.68 (1.10)b 0.17 (0.02)b 38.43 (2.89)a 5.15 (0.91)b < 0.01 (--)b 61.15 (24.32)a 

SY2008  12.18 (1.74)b 6.68 (1.51)b 0.18 (0.04)b 37.90 (4.01)a 11.84 (9.60)b < 0.01 (--)b 13.46 (7.73)b 

          

SL2007 
Clear-

Cut 

 na na Na na na na Na 

SL2008  11.94 (0.99)a 6.04 (1.10)a 0.17 (0.04)a 37.07 (6.29)a 6.31 (2.42)a < 0.01 (--)a 19.68 (6.18)a 

SY2008   11.77 (1.27)a 6.55 (0.54)a 0.17 (0.01)a 38.46 (3.48)a 7.99 (2.48)a < 0.01 (--)a 10.08 (4.07)b 
a SL2007, Shawnigan Lake January 2007; SL2008, Shawnigan Lake June 2008; SY2008, Sayward Forest June 2008 
b Loss on ignition carbon 
cMean (standard error of the mean) Values followed by the same letter denote non-significance ( = 0.05) following Tukey adjustment for multiple comparisons.  



Table 3. Oligonucleotide primers used for PCR amplification of bacterial genes 
Gene Target Sequence (5‟-3‟)a Position 

(nt) 

Reference 

Organism 

Source 

Nitrogenase 

reductase (nifH) 

Universal 

FA – GCI WTI TAY GGN AAR GGN GG 

FB – GGI TGY GAY CCN AAV GCN GA 

R – GCR TAI ABN GCC ATC ATY TC 

 

19-482, 

112-482 

A. brasilense 

ATCC 29729 

 

(Widmer et al., 

1999) 

 

 

nifH-g1 

F – GGT TGT GAC CCG AAA GCT GA 

R – GCG TAC ATG GCC ATC ATC TC 

112-482 A. vinelandii 

ATCC 12518 

 

(Bürgmann et al., 

2003) 

Nitrite 

reducase (nirS) 

F – CCT AYT GGC CGG CRC ART 

R – GCC GCC GTC RTG VAG GAA 

 

763-1019 P. aureofaciens  

ATCC 47085 

 

(Braker et al., 

1998) 

Nitrite 

reducase (nirK) 

F – GGG CAT GAA CGG CGC GCT CAT GGT GCT GCC 

R – CGG GTT GGC GAA CTT GCC GGT GGT CCA GAC 

 

560-935 P. aureofaciens  

ATCC 13985 

 

(Chénier et al., 

2003) 
 aDegenerate nucleotide coding follows International Union of Pure and Applied Chemistry (IUPAC) conventions: B, G + T; M, A + C; N, A + C + G + T; R, A 

+ G; S, G + C; Y, C + T; W, A + T. 



Log nirS  genes /g soil  = -0.4059(Ct) + 12.97

(R2 = 0.998)

                   N = 3; +/- SEM
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Figure 1. Real-time PCR standard curves for a) nifH (universal) constructed using 

genomic DNA extracted from Azosprillum brasilense ATCC 29729 pure culture, b) nifH-

g1 (Azotobacter vinelandii specific) using genomic DNA extracted from A. vinelandii 

ATCC 12518 pure culture, c) nirS using Pseudomonas aeruginosa ATCC 47085 genomic 

DNA and d) nirK using DNA extracted from P. chlorophsis ATCC 13985 pure culture.  
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Figure 2. Real-time PCR quantification of a) nifH (universal), b) nifH-g1 (A. vinelandii 

specific), c) nirS and d) nirK in Douglas-fir forest soil under variable tree retention and 

clear-cut. SL2007, SL2008 and SY2008 refer to Shawnigan Lake LOGS 2007 sampling, 

Shawnigan Lake LOGS 2008 sampling and Sayward Forest LOGS 2008 sampling, 

respectively. The dashed lines separating the LOGS variable tree retention treatments and 

the clear-cut treatments in the mineral layer graphs denote that the clear-cut plot was 

located nearby the LOGS installation at both Shawnigan Lake and Sayward Forest, but 

was not part of the original experimental design, and thus not subjected to ANOVA. N = 

9;  1 Standard error of the mean (SEM). 



 50 

Table 4. Regression analysis of nifH-g1, nifH-universal and nirK gene targets in Shawnigan Lake and Sayward Forest LOGS 

installations versus measurements of soil nutrient status in the organic leaf-litter soil layer. 
Soil 

Nutrient  

Site and 

Datea 

niH-

univ Int.b  R2 c Pd  

niH-

g1 Int. R2  P  nirS Int. R2  P  nirK Int. R2  P 

                      

Org. C  SL2007 -0.021 4.48 0.155 0.294  -0.021 4.48 0.155 0.294  na  na  na  na   na na na na 

 (LOIe %)  SL2008 -0.035 8.13 0.087 0.441  -0.036 4.86 0.540 0.024  16.6 -19.9 0.378 0.078  -0.021 7.76 0.383 0.076 

  SY2008 0.066 2.78 0.131 0.294  -0.051 6.32 0.622 0.012  19.6 -25.0 0.138 0.324  0.012 4.42 0.051 0.561 

  Total -0.011 6.87 0.020 0.483  -0.046 5.82 0.602 <0.001  8.98 22.4 0.154 0.106  0.003 5.63 0.001 0.892 

                      

Tot. C   SL2007 0.004 6.29 0.010 0.793  -0.075 5.62 0.761 0.002  na  na  na  na   na na na na 

(%)  SL2008 -0.047 7.57 0.048 0.569  -0.071 5.15 0.642 0.010  9.08 -8.91 0.359 0.087  -0.034 7.70 0.335 0.103 

  SY2008 0.060 4.57 0.088 0.439  -0.092 6.48 0.662 0.008  18.1 -44.8 0.438 0.052  0.017 4.58 0.031 0.649 

  Total -0.018 6.83 0.020 0.480  -0.081 5.81 0.697 <0.001  4.75 15.1 0.135 0.132  0.001 5.75 0.000 0.968 

                      

Tot. N   SL2007 1.766 5.07 0.028 0.664  -3.332 5.78 0.550 0.022  na  na  na  na   na na na na 

(%)  SL2008 -3.901 9.12 0.134 0.333  -3.244 5.23 0.551 0.022  0.207 

-

0.227 0.469 0.042  -2.006 8.11 0.460 0.045 

  SY2008 0.269 6.19 0.042 0.596  -2.841 5.64 0.557 0.021  0.391 

-

0.867 0.189 0.242  0.748 4.52 0.054 0.546 

  Total -0.446 6.55 0.007 0.682  -2.809 5.29 0.469 <0.001  0.038 0.716 0.012 0.660  -0.987 6.69 0.041 0.419 

                      

NH4 -N  SL2007 0.043 5.65 0.089 0.436  -0.043 4.06 0.474 0.040  na  na  na  na   na na na na 

 (ppm)  SL2008 -0.162 8.92 0.095 0.419  -0.125 4.86 0.334 0.103  2.94 4.07 0.230 0.191  -0.042 7.19 0.082 0.456 

  SY2008 0.003 6.24 0.273 0.149  -0.005 3.22 0.057 0.535  93.2 -370 0.258 0.163  0.007 4.79 0.213 0.212 

  Total 0.006 5.99 0.042 0.303  -0.003 3.00 0.017 0.516  -26.0 169 0.119 0.160  -0.007 6.08 0.095 0.214 

                      

NO3-N  SL2007 0.329 5.62 0.036 0.625  -0.470 3.54 0.137 0.327  na  na  na  na   na na na na 

 (ppm)  SL2008 -0.336 6.48 0.071 0.489  0.043 2.40 0.004 0.877  0.010 0.314 0.001 0.989  0.212 6.29 0.196 0.233 

  SY2008 -0.937 6.69 0.1 0.406  -0.629 3.01 0.029 0.660  0.089 

-

0.318 0.009 0.806  0.760 5.16 0.061 0.523 

  Total 0.011 6.17 0 0.978  -0.067 2.93 0.002 0.812  0.249 -1.00 0.047 0.387  0.544 5.67 0.139 0.128 
a SL2007, Shawnigan Lake January 2007; SL2008, Shawnigan Lake June 2008; SY2008, Sayward Forest June 2008 
b Intercept  
cR2 values above 0.5 are denoted in bold 
d P-values denoting significance ( = 0.05) are bolded 
e Loss on ignition carbon 
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Table 5. Regression analysis of nifH-g1, nifH-universal and nirK gene targets in Shawnigan Lake and Sayward Forest LOGS 

installations versus measurements of soil nutrient status in the mineral silt loam soil layer. Mineral soil nitrate levels were below 

detection limits. 
Soil 

Nutrient 

Site and 

Datea  

niH-

univ Int.b R2 c Pd  niH-g1 Int. R2  P  nirS Int. R2 P  nirK Int. R2 P 

                      

Org. C SL2007  0.279 4.75 0.099 0.409  0.134 2.26 0.318 0.114  na na na na  na na na na 

 (LOIe %) SL2008  -0.477 11.8 0.489 0.036  -0.042 3.77 0.028 0.668  2.79 -3.22 0.084 0.448  -0.106 8.23 0.590 0.016 

 SY2008  -0.167 8.57 0.052 0.553  0.145 1.79 0.538 0.025  -2.18 22.6 0.638 0.010  -0.060 7.61 0.390 0.072 

 Total  -0.351 10.6 0.307 0.003  -0.001 3.46 0.000 0.972  -0.537 15.2 0.033 0.469  -0.086 7.96 0.500 0.001 

                      

Tot. C  SL2007  -0.218 8.38 0.046 0.576  0.131 2.95 0.232 0.189  na na na na  na na na Na 

(%) SL2008  -0.931 12.0 0.474 0.040  -0.018 3.35 0.001 0.928  0.664 2.91 0.019 0.725  -0.193 8.18 0.504 0.032 

 SY2008  -0.221 8.02 0.070 0.491  0.159 2.50 0.487 0.037  -2.07 16.6 0.763 0.002  -0.074 7.38 0.459 0.045 

 Total  -0.486 9.46 0.304 0.003  0.027 3.28 0.010 0.614  -0.888 11.3 0.205 0.059  -0.115 7.66 0.398 0.005 

                      

Tot. N  SL2007  -3.85 7.85 0.005 0.861  1.519 2.97 0.005 0.861  na na na na  na na na Na 

(%) SL2008  -35.6 12.0 0.353 0.092  2.482 6.04 0.580 0.017  0.017 0.079 0.023 0.700  -8.783 8.42 0.529 0.026 

 SY2008  -8.22 8.00 0.079 0.463  0.159 2.50 0.487 0.037  -0.062 0.473 0.820 0.001  -3.137 7.44 0.673 0.007 

 Total  -16.9 9.20 0.255 0.007  1.511 3.21 0.023 0.4534  -0.029 0.325 0.296 0.019  -4.521 7.68 0.436 0.003 

                      

NH4 -N SL2007  0.214 7.10 0.018 0.732  0.336 3.06 0.612 0.013  na na na na  na na na Na 

 (ppm) SL2008  0.967 0.79 0.345 0.096  -0.191 4.22 0.099 0.411  1.56 -3.73 0.153 0.298  0.023 6.77 0.005 0.859 

 SY2008  -0.028 6.87 0.044 0.586  0.010 3.43 0.084 0.450  -8.27 51.5 0.302 0.125  -0.011 7.01 0.378 0.078 

 Total  -0.035 6.78 0.030 0.387  0.009 3.39 0.021 0.468  -7.30 46.8 0.412 0.004  -0.008 6.96 0.067 0.301 
a SL2007, Shawnigan Lake January 2007; SL2008, Shawnigan Lake June 2008; SY2008, Sayward Forest June 2008 
b Intercept  
cR2 values above 0.5 are denoted in bold 
d P-values denoting significance ( = 0.05) are bolded 
e Loss on ignition carbon 
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Figure 3. Linear regression plot of nirS and nirK gene abundance at Shawnigan Lake and 

Sayward Forest LOGS sites in June 2008. The data points for each site represent the mean of 

three independent DNA extractions performed from pooled soil samples from each site. The data 

points for each site include both organic and mineral layer soil samples.  
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