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Abstract  23 

Although ammonia-oxidizing archaea (AOA) and bacteria (AOB) co-exist in most non-acidic 24 

agricultural soils, the factors that influence their relative contributions to soil nitrification activity 25 

remain unclear. A 2-4 d whole soil microcosm assay was developed, utilizing the aliphatic C8-26 

alkyne, 1-octyne, to inactivate AOB driven nitrification activity without impacting AOA 27 

nitrification activity. Responses of AOA and AOB nitrification activities (accumulation of NO2
-28 

+NO3
-)  to different concentrations of extractable ammonium (NH4

+) were examined in four 29 

diverse, paired cropped and non-cropped Oregon soils sampled in summer and winter. Maximum 30 

AOA nitrification rates were significantly higher in non-cropped (3.7mg N kg-1 soil d-1) than in 31 

cropped soils (1.0mg N kg-1 soil d-1), and in summer (3.1mg N kg-1 soil d-1) compared to winter 32 

soils (1.6mg N kg-1 soil d-1). The NH4
+ concentration required to significantly stimulate AOB 33 

nitrification activity was significantly higher in cropped soils (67mg N kg-1 soil) than in non-34 

cropped soils (12mg N kg-1 soil). Maximum AOB activity was significantly higher in cropped 35 

(8.6mg N kg-1 soil d-1) than in non-cropped soils (2.9mg N kg-1 soil d-1), and in summer (7.8mg 36 

N kg-1 soil d-1) compared to winter soils (3.8mg N kg-1 soil d-1). This study has revealed that 37 

AOA and AOB nitrification rates respond differently to NH4
+, that cropping influences their 38 

relative contributions to nitrification, and that season of sampling impacts nitrification rates. 39 

 40 

Abbreviations:  AOA, Ammonia oxidizing archaea; AOB ammonia oxidizing bacteria; SC 41 

summer cropped; WC, winter cropped; SNC, summer non-cropped; WNC, winter non-cropped. 42 

 43 
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Introduction  49 

Nitrification is the microbially mediated transformation of ammonium (NH4
+) to nitrite (NO2

-) 50 

and subsequently to nitrate (NO3
-). Ammonia (NH3) oxidation is the first and rate limiting step in 51 

the nitrification process, and is carried out by ammonia-oxidizing archaea (AOA) and bacteria 52 

(AOB). Although AOB have been extensively studied for 130+ years, AOA were only 53 

discovered recently (Konneke et al., 2005; Treusch et al., 2005). Since the discovery of AOA, it 54 

has been revealed that AOA are abundant in soil and frequently outnumber AOB (Alves et al., 55 

2013; Leininger et al., 2006; Nicol et al., 2008; Wessen et al., 2011). Despite AOA abundance, it 56 

remains unclear what factors control the contributions of AOA to soil nitrification. There is 57 

evidence from marine systems to suggest that AOA and AOB exhibit a niche separation based on 58 

their respective affinities for NH3, and that AOA are dominant under low NH3 conditions 59 

(Martens-Habbena et al., 2009). In soil systems there is evidence that pH separates AOA and 60 

AOB contributions, with AOA dominating at low pH, which may be linked to NH3 availability 61 

(Gubry-Rangin et al., 2010; Lehtovirta-Morley et al., 2011; Nicol et al., 2008). In most soils 62 

AOA and AOB coexist, yet it is not known what controls their relative activities. Recently 63 

Taylor et al. (2013) described a procedure that discriminates between AOA and AOB activities 64 

and obtained evidence for seasonal and cropping effects on the contributions of AOA and AOB 65 

to nitrification in soil slurries.  66 

The aim of this study was to extend the above work and examine the response of both total and 67 

relative contributions of AOA and AOB nitrification activities to incremental increases in NH4
+ 68 

concentrations in cropped and non-cropped soils sampled in summer and winter. Gaseous 69 

additions of 1-octyne and NH3 to the soils allowed these experiments to be performed in 70 

unsaturated whole soils. Previous studies have used gaseous NH3 additions to examine 71 

nitrification in soil at various unsaturated water contents (Murphy et al., 1999, 1997; Stark and 72 

Firestone, 1995; Taylor et al., 2013). We hypothesized: i) that AOA would respond to lower 73 

levels of NH4
+ than AOB, given that AOA have been shown to have a much higher affinity for 74 

NH4
+ (Martens-Habbena et al., 2009); ii) that AOA activity would dominate in non-cropped 75 

soils, as they do not receive NH4
+ additions, and AOB would dominate cropped soils, as they 76 

regularly receive NH4
+ fertilization (Taylor et al., 2010, 2013); and iii) that there would be 77 
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greater nitrification activity in summer soils, compared to winter soils for both AOA and AOB 78 

(Taylor et al., 2010).  79 

Materials and methods 80 

Soil sampling  81 

Cropped and non-cropped soils were sampled from four locations in Oregon. Samples were 82 

collected from: i) Columbia Basin Agricultural Research Center, Pendleton; ii) Central Oregon 83 

Agricultural Research Center, Madras; iii) Klamath Basin Research & Extension Center, 84 

Klamath Falls; iv) Hyslop Crop Science Field Research Laboratory, Corvallis. From each 85 

location three samples were collected from cropped and adjacent non-cropped surface soils (0-20 86 

cm). Samples were collected in the summer of 2012 and the winter of 2013, and stored at 4ºC 87 

until used.  88 

Site Description  89 

The Columbia Basin Agricultural Research Center, is located in northeast Oregon 90 

(45°43'9.92"N, 118°37'37.24"W). It receives a mean of 360 mm of precipitation annually and 91 

has a mean annual temperature of 11ºC. The soil at this site is classified as a coarse-silty, mixed, 92 

superactive, mesic Typic Haploxerolls (Soil Survey Staff, 2014). The cropped soil was in a 93 

wheat-fallow cropping rotation and the adjacent non-cropped soil component represents a 94 

remnant grassland that has never been cultivated. The Central Oregon Agricultural Research 95 

Center is located in central eastern Oregon (44°40'52.38"N, 121° 8'56.14"W). It receives a mean 96 

of 250 mm of precipitation annually and has a mean annual temperature of 9ºC. The soil at this 97 

site is classified as fine-loamy, mixed, superactive, mesic Aridic Argixerolls (Soil Survey Staff, 98 

2014). The cropped soil is cultivated for root crop seed production and the non-cropped soil 99 

occurs under sage brush. Klamath Basin Research & Extension Center is located in south central 100 

Oregon. (42° 9'57.09"N, 121°45'27.53"W). It receives a mean of 300 mm of precipitation 101 

annually and has a mean annual temperature of 8ºC. The soil on this site is classified as sandy, 102 

mixed, mesic Typic Durixerepts (Soil Survey Staff, 2014). Cropped soils are under a wheat 103 

rotation and the adjacent non-cropped soil occurs under a pine woodlot, which has never been 104 

cultivated. Hyslop Crop Science Field Research Laboratory in Corvallis is located in western 105 

Oregon (44°38'1.64"N, 123°11'38.99"W). It receives a mean of 1140 mm of annual rainfall and 106 
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has a mean annual temperature of 11ºC. Soil at this site is classified as fine-silty, mixed, 107 

superactive, mesic Aquultic Argixerolls (Soil Survey Staff, 2014). Cropped soils are under a 108 

wheat-fallow rotation and non-cropped soils were removed from cultivation and seeded over 109 

with mixed grass species ~20 years ago. Soil properties are described in Table 1.  110 

Determination of NO3
-, NO2

- and NH4
+ 111 

Net nitrification activity was determined by quantifying total NO3
- and NO2

- accumulation. Soil 112 

(2.5 g) was extracted with 15 ml distilled water for 15 min. Samples were centrifuged, and the 113 

supernatants analyzed colorimetrically using the method described by Miranda et al. (2001). 114 

Extractable NH4
+ was determined after extracting 2.5 g soils with 15 ml 2 M KCl for 1 h using 115 

the method described in Mulvaney (1996). 116 

Whole soil incubations to determine net nitrification activities 117 

Prior to incubations the gravimetric water content of soil samples was determined. The three 118 

field samples of cropped or non-cropped soil from each location were composited and 119 

homogenized prior to incubation. Soils (10 g) were added to 125-ml Wheaton bottles and wet to 120 

field capacity and allowed to pre-incubate for 24 h at room temperature (23ºC). Pre-incubation 121 

minimized the influence of storage at 4ºC and allowed the added water to equilibrate with the 122 

soil prior to substrate and inhibitor addition. Bottles were capped and sealed with n-butyl 123 

stoppers. Anhydrous NH3 was added in amounts sufficient to achieve approximately 14, 28, 70, 124 

and 140 mg NH4
+-N kg-1 dry soil. KCl-extractable NH4

+ concentrations were measured in soil 125 

samples recovered from bottles treated with acetylene, to obtain an accurate measurement of the 126 

final NH4
+ concentrations achieved in the soils. Acetylene was prepared by a 10-fold dilution, 127 

then adding 300 µl of the dilution to the 125-ml bottles to give a final aqueous concentration of 6 128 

µM (0.02 % v/v). A stock preparation of the AOB inhibitor, 1-octyne, was prepared and added to 129 

bottles as described by Taylor et al. (2013). Briefly, several glass beads were added to a 125-ml 130 

screw cap media bottle fitted with an n-butyl rubber stopper, 40 µl liquid octyne was added, and 131 

the bottle over pressured with 100 ml air. The bottles were shaken vigorously, and aliquots of the 132 

headspace sampled with a gas tight syringe and 2.7 ml octyne gas was added to bottles to give an 133 

aqueous solution concentration of ~4 µM (1.9% v/v). To achieve measureable net nitrification 134 

activity, summer soils were incubated and sampled at 2 d; winter soils were incubated and 135 
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sampled at 2 and 4 d. After each sampling the bottles were left open for 1 h to release the 136 

acetylene and octyne, whereupon the bottles were resealed and fresh octyne and acetylene added 137 

to achieve the initial concentrations. Three replications were used for each treatment. Significant 138 

NO2
- + NO3

- accumulation did not occur in the acetylene controls, suggesting that all nitrification 139 

activity was due to lithotrophic NH3 oxidation. Total net nitrification rates were based on the 140 

accumulation of NO3
- + NO2

- in the absence of gaseous inhibitors. Net nitrification in the 141 

presence of 1-octyne (i.e., octyne resistant) was attributed to AOA activity, with AOB activity 142 

calculated by difference between the total and AOA nitrification rates (i.e., octyne-sensitive).  143 

Determination of Net N Mineralization rates 144 

Net N mineralization was determined with whole soil incubations of 28 d duration. Gravimetric 145 

water content was determined, and 40 g of soil was added to 125-ml bottles. Water content was 146 

adjusted to field capacity, and soils incubated at 25ºC in the presence and absence of 6 µMaq 147 

acetylene. The accumulation of NO3
- + NO2

- and NH4
+ were measured every 7 d. Rates of 148 

mineralization were calculated as the accumulation of NH4
+ in the presence of acetylene from 0-149 

7d.  150 

Determination of soil solution NH4
+ 151 

Determination of soil solution NH4 
+ was carried out using a method adapted from McInnes et al. 152 

(1994) and Taylor and Bottomley (2006). Dry Whatman #1 filter papers (2x2 cm) were weighed, 153 

placed between two other pieces of filter paper, and completely covered by 7.5 g soil. The soil 154 

was then wet to field capacity and anhydrous NH3 additions were made to provide quantities of 155 

NH4
+ ranging between 14, 28, 70, and 140 mg NH4

+-N kg-1 dry soil. Acetylene was added to 156 

inhibit all nitrification activity and soils were incubated at 4ºC for 24 hrs. The filter paper was 157 

weighed to determine water content, NH4
+ on the paper was extracted in 2 M KCl, and the 158 

concentration of NH4
+ in solution determined. A portion of the soil was extracted with 2 M KCl 159 

and extractable NH4
+ determined.  160 

Statistics  161 

Significant differences in the accumulation of NO3
- + NO2

- at different NH4
+ concentrations were 162 

determined using an analysis of variance with Tukey-Kramer adjustment for all pairwise 163 
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comparisons (Supplemental Fig. 1-4). From these data, three parameters related to total, AOA, 164 

and AOB nitrification activity were determined: i) the minimum concentration of NH4
+ needed to 165 

stimulate nitrification activity was chosen as the lowest NH4
+ that stimulated net nitrification 166 

activity above that observed without added NH4
+; ii) the maximum rate of net nitrification 167 

activity was the highest rate of observed net nitrification; and iii) the concentration of NH4
+ 168 

required to saturate nitrification activity was selected as the concentrations after which there was 169 

no significant stimulation of nitrification activity (Fig. 1). Differences in rates of nitrification, 170 

and NH4
+ concentrations between cropped/non-cropped and summer/winter and fraction of 171 

octyne-resistant activity were determined using a two-way analysis of variance, with the four 172 

sites as the level of replication. Analysis was performed using Statgraphics X64 software 173 

(Statpoint Technologies, Warrenton, VA, USA). 174 

 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

 187 



8 

 

Results 188 

Figure 1 demonstrates the total, AOA and AOB nitrification responses in on pair of 189 

representative paired cropped and non-cropped soil. These nitrification response curves were 190 

generated at all locations, for cropped and non-cropped in both summer and winter.   191 

Total net nitrification activity 192 

There were no significant differences in background rates of nitrification by season or cropping 193 

treatment (Table 2). The minimum NH4
+ concentration required to significantly stimulate total 194 

nitrification above background in winter cropped (referred to as WC) varied about four-fold 195 

among the soils (15-67 mg NH4
+-N kg-1 soil, Supplemental Fig.1), whereas total nitrification 196 

activity was only stimulated in one of four winter non-cropped (referred to as WNC) by NH4
+ 197 

additions. In summer cropped (referred to as SC), nitrification activity was significantly 198 

stimulated by NH4
+ concentrations that were higher than needed for WC and varied more than 199 

six-fold (22-145 mg NH4
+-N kg-1 soil, Supplemental Fig. 2). In summer non-cropped (referred to 200 

as SNC), total nitrification activity was stimulated by NH4
+ concentrations that were lower than 201 

needed for SC (14-29 mg NH4
+-N kg-1 soil, Supplemental Fig. 2). 202 

The concentration of NH4
+ needed to saturate total nitrification activity was significantly higher 203 

in cropped soils (127±96 mg NH4
+-N kg-1 soil) compared to non-cropped soils (28±24 mg NH4

+-204 

N kg-1 soil; p=0.01). (Supplemental Fig. 1-4). The mean maximum nitrification activity in 205 

summer soils (8.5±5 mg NO2
- +NO3

--N kg-1 soil d-1) were nearly twice that of winter soils 206 

(4.9±2.3 mg NO2
- +NO3

--N kg-1 soil d-1; p=0.04). Maximum activity in SC soils was achieved by 207 

NH4
+ concentrations with a mean of 115±23 NH4

+-N kg-1 soil and in two cases could not be 208 

saturated even at the highest NH4
+ concentrations (119 and 146 mg NH4

+ -N kg-1 soil). Maximum 209 

nitrification activity in SNC soils were achieved by NH4
+ concentrations that were substantially 210 

lower than SC (28±18 mg NH4
+-N kg-1 soil; p=0.01).   211 

Net AOA nitrification activity 212 

Background AOA activity was detected in five of eight non-cropped soils (two of four WNC and 213 

three of four SNC) ranging from 0.69-1.9 mg NO2
- +NO3

--N kg-1 soil d-1. Background AOA 214 

activity was detected in two of eight cropped soils, (two of four SC) with rates ranging from 215 
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0.84-1.4 mg NO2
- +NO3

--N kg-1 soil d-1. There were no significant differences in background 216 

AOA nitrification activity between seasons or treatments.  217 

The addition of NH4
+ stimulated AOA activity in non-cropped soil, while additional NH4

+ did not 218 

stimulate AOA nitrification activity in cropped soils, implying that in cropped soils, AOA 219 

activity was saturated by background NH4
+ concentrations (4.7±3.7 mg NH4

+-N kg-1 soil). The 220 

minimum NH4
+ concentration required to stimulate AOA activity in non-cropped soils (16±13 221 

mg NH4
+-N kg-1 soil) was significantly higher than the background NH4

+ concentrations in 222 

cropped soils (p=0.015) (Fig. 2). The concentration of NH4
+ required to stimulate AOA activity 223 

was also significantly higher in summer soils (15±12 mg NH4
+-N kg-1 soil) than in winter soils 224 

(5.3±5 mg N kg-1 soil; p=0.02) (Fig. 2). Ammonium-stimulated AOA nitrification activity was 225 

significantly higher in non-cropped soils (2.9±1.3 mg NO2
- +NO3

--N kg-1 soil d-1) compared to 226 

cropped (0.6±.4 mg NO2
- +NO3

--N kg-1 soil d-1; p=0.0001) soils,  and was higher in summer 227 

(2.2±1.8 mg NO2
- +NO3

--N kg-1 soil d-1) than in winter (1.2±1 mg NO2
- +NO3

--N kg-1 soil d-1; 228 

p=0.03) soils. Ammonium-stimulated rates in non-cropped soils were compared to background 229 

rates in cropped soils, as there was no additional stimulation of AOA nitrification activity by 230 

NH4
+ additions in cropped soils. 231 

Maximum AOA nitrification activity was significantly higher in non-cropped (3.7±2.3 mg NO2
- 232 

+NO3
--N kg-1 soil d-1) than in cropped soils (0.9+0.5 mg NO2

- +NO3
--N kg-1 soil d-1) (p= 0.004) 233 

(Fig 3). The mean level of NH4
+ required to saturate AOA nitrification activity was significantly 234 

higher in non-cropped (21±17 mg NH4
+-N kg-1 soil) soils compared to cropped soils (4.5±3.8 mg 235 

NH4
+-N kg-1 soil; p=0.009) (Fig 3). 236 

Fraction of AOA/total nitrification activity  237 

The fraction of AOA activity was significantly greater in SNC (73%±9) than in SC (24%±20) 238 

across all NH4
+ concentrations (p<0.0001). The fraction of AOA activity was also significantly 239 

greater in WC (54%±30) than in WNC (16%±8) (p<0.0001). The fraction of octyne resistant 240 

nitrification activity in SNC was also significantly greater than in WNC soils (p=0.0002), but did 241 

not differ between SC and WC (p=0.23). There was a significant interaction (p=0.04) between 242 

cropped/non-cropped and season, so soils were separated for analysis. 243 

  244 
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Net AOB nitrification activity  245 

AOB nitrification rates were calculated as the difference between total and AOA nitrification 246 

rates. Background AOB activity was detected in only three of eight winter soils (0.5 -1.9 mg 247 

NO3
-+NO2

- -N kg-1 soil d-1), and undetected in summer soils. 248 

The NH4
+ concentration required to significantly stimulate AOB activity above background was 249 

significantly higher in cropped (67±49 mg NH4
+-N kg-1 soil) than in non-cropped (12±10 mg 250 

NH4
+-N kg-1 soil) soils (p=0.004) (Fig. 2). AOB activity was stimulated by NH4

+ additions in all 251 

cropped soils, while it was only stimulated two of eight non-cropped soils. When there was no 252 

stimulation of AOB nitrification activity, the background KCl extractable NH4
+ was considered 253 

to be the saturating concentration of NH4
+. There was no effect of season on the concentration of 254 

NH4
+ required to stimulate AOB activity.  255 

The concentration of NH4
+ required to support the maximum rate of AOB nitrification activity 256 

was significantly higher in cropped (116±31 mg NH4
+-N kg-1) than in non-cropped (30±47 mg 257 

NH4
+-N kg-1) soils (p=0.0036) (Fig. 3). Mean maximum AOB activity was significantly higher in 258 

cropped (8.6±6.0 mg NO3
- + NO2

--N kg-1 soil d-1) than in non-cropped (2.9±1.9 mg NO3
- + NO2

--259 

N kg-1 soil d-1) soils (p=0.009) (Fig. 3).  260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 
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Discussion  275 

In this study we have built upon earlier work that showed that the linear C8 alkyne, 1-octyne, 276 

selectively and irreversibly inactivates NH3 oxidation by AOB at very low concentrations (1 277 

µMaq), but does not inhibit AOA activity unless used at 10 to 20-fold higher concentrations 278 

(Taylor et al., 2013). Using this method, we examined the influence of season, cropping, and 279 

NH4
+ additions on short-term (≤4 d) rates of AOA (octyne-resistant) and AOB (octyne-sensitive) 280 

nitrification, in adjacent cropped and non-cropped soils from four of the major agricultural 281 

production regions of Oregon. As mentioned in the introduction, although several studies have 282 

been reported in the literature which show that NH3/NH4
+ availability, cropping practice, and 283 

season are major factors influencing the relative sizes of AOA and AOB populations in soil, 284 

there has been little work to compare the relative nitrifying activities of AOA and AOB in soil in 285 

response to these different cropping and seasonal soil conditions (Taylor et al., 2012).  286 

In this study the most important factor influencing the relative magnitudes of AOA and AOB 287 

nitrification activities was whether the soils were cropped or non-cropped. The maximum AOA 288 

rates of nitrification in cropped soils were generally lower than non-cropped soils. For example, 289 

SC soils had a mean AOA rate of 1.3±0.7 versus 4.8±2.4 mg NO3
- + NO2

- -N kg-1 soil d-1 in SNC 290 

soils. In addition, the AOA rates in cropped soils were not significantly stimulated by additions 291 

of NH4
+, whereas AOA activity was stimulated by NH4

+ additions in all SNC, suggesting that 292 

AOA activity was NH4
+ limited in the latter soils. Because non-cropped soils had no history of 293 

either cultivation or N fertilization, NH4
+ limitation of AOA activity presumably reflects the fact 294 

that the indigenous pool of mineralizable N was insufficient to meet the AOA nitrifying potential 295 

at the time of sampling. Furthermore, because the maximum AOA rates were two to four-fold 296 

higher in SNC than WNC, the data confirm that the potentially active AOA population was 297 

larger in summer than winter. Research findings have been mixed on whether nitrification 298 

activity by soil AOA depends upon exogenous additions of NH4
+. For example, several studies 299 

have shown that soil AOA will proliferate and/or incorporate 13CO2 into thaumarchaeal DNA 300 

when N mineralization is the sole source of NH4
+ (Jia and Conrad, 2009; Zhang et al., 2010). 301 

This result might be expected if soil AOA possess a high affinity for NH4
+ as shown in the 302 

marine thaumarcheon, N. maritimus (Martens-Habbena et al., 2009). Other soil studies have 303 

shown, however, that AOA population growth can be stimulated above background by additions 304 
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of low concentrations of NH4
+ in the order of 14-28 mg NH4

+-N kg-1 soil; implying that AOA are 305 

NH4
+ limited under some soil conditions, and/or that some AOA soil populations do not have 306 

exceptionally high affinity for NH4
+/NH3 (Taylor et al., 2013; Verhamme et al., 2011). Clearly, 307 

our data illustrate that the NH4
+ concentration required to support maximum activity of AOA 308 

varies among soils and that season of sampling might also be influential. 309 

In contrast to AOA activity, AOB nitrification rates were stimulated by NH4
+ additions to higher 310 

maximum activities in cropped soils than in non-cropped soils, suggesting that cropped soils 311 

contain higher population densities of AOB than non-cropped soils. This is not too surprising 312 

since the SC soils were sampled from under crops several weeks after spring N fertilization. In 313 

SC, the rates of AOB nitrification were significantly stimulated above background by a mean of 314 

95.9± 55.4 mg NH4
+-N kg-1 soil, whereas in SNC, AOB activities were significantly stimulated 315 

above background by lower concentrations of NH4
+ (22.2 ±13.7 mg NH4

+-N kg-1 soil). This 316 

observation indicates that the active AOB populations in non-cropped soils might have a higher 317 

affinity for NH4
+ than the AOB active in cropped soils. Evidence has been obtained from pure 318 

culture studies that the Ks for NH4
+/NH3 varies among different members of the soil dominant 319 

Nitrosospira lineage (Bollmann et al., 2005; Taylor and Bottomley, 2006), and also that 320 

sensitivity to high NH4
+ concentrations differs among subgroups of Nitrosospira (Webster et al., 321 

2005). Although we did not compare AOB community composition between cropped and non-322 

cropped soil, AOB population composition has been shown to differ between soils that are N 323 

fertilized versus those not fertilized with N and that AOB abundance increases in N fertilized 324 

soils (Di et al., 2009; Prosser and Nicol, 2012; Taylor et al., 2010 Zeglin et al., 2011). In SC 325 

soils, the AOA fraction of total nitrification was highest at NH4
+ concentrations ≤70 mg-N kg-1 326 

soil, and the increase in the fraction of AOB nitrification at higher NH4
+ concentrations is most 327 

readily explained by AOB populations that develop greater NH3 oxidizing capacity albeit with 328 

lower affinity for NH4
+/NH3. We also noted that whereas the AOB activity of WC soils saturated 329 

at ~70 mg NH4
+-N kg-1 soil, it could not be saturated in two of the SC soils. Again, this result 330 

suggests that the AOB populations responsive to NH4
+ in SC soils possessed different kinetic 331 

properties of NH3 oxidation than those potentially active in WC soils. The difficulty in saturating 332 

nitrification in some SC might be due to the fact that most of the added NH4
+ was bound to soil 333 

exchange sites and soil solution NH4
+ concentrations did not rise >2mM (Supplemental Fig. 5); 334 
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Ks NH4
+ values of some AOB fall in the range of 1-2 mM at circumneutral pH (Hyman and 335 

Wood, 1985; Suwa et al., 1994; Suzuki et al., 1974).  336 

Lower AOA nitrification activity in cropped soils compared to non-cropped soils may infer that 337 

long-term N fertilization negatively impacts AOA populations. Evidence from enrichment and 338 

pure culture studies has shown that some AOA are sensitive to moderate concentrations of NH4
+ 339 

> 2-3 mM (French et al., 2012; Hatzenpichler, 2012; Konneke et al., 2005). In our study, 340 

although nitrification by AOA saturated at low NH4
+, this activity was not reduced by adding 341 

NH4
+ concentrations realistic of fertilizer N applications. This lack of sensitivity to NH4

+ can be 342 

explained by NH4
+ concentrations in soil solution, which  did not exceed 2 mM even at the 343 

highest NH4
+ concentrations applied (Supplemental Fig. 5), which is a value typically used to 344 

culture AOA in the laboratory (Hatzenpichler, 2012; Martens-Habbena et al., 2009; Tourna et al., 345 

2011).  346 

Evidence was obtained in this study that season of sampling significantly influenced AOB 347 

maximum nitrification rates, and weakly influenced maximum AOA rates (p=0.07). Other 348 

studies have shown that season influences AOA and AOB amoA gene abundances, and 349 

nitrification potential rates fluctuated throughout the year  (O’Sullivan et al., 2013; Taylor et al., 350 

2012). In our study, the soil incubations were conducted at 25ºC regardless of season of 351 

sampling, yet some studies indicate that soil AOA may show preference for either higher or 352 

lower temperatures than 25°C. For example, N. viennensis is a soil AOA isolate that exhibits 353 

maximum nitrification activity at >35ºC (Tourna et al., 2011), and another study demonstrated 354 

that AOA community composition shifted when soil was incubated at 30ºC with little discernible 355 

change occurring at incubations ≤25°C (Tourna et al., 2008). In contrast, Alves et al. (2013) 356 

showed that the AOA composition of Arctic soil enrichment cultures shifted in response to 357 

incubation at 4ºC versus 20ºC, and nitrification activity did not persist in enrichments made at 358 

28ºC suggesting that differences in temperatures between 4 ºC and 20°C might be sufficient to 359 

influence AOA community composition and their nitrification activity. 360 

Previous research has examined the potential of acetylenic compounds to inhibit nitrification in 361 

soils. For example, McCarty and Bremner (1986) demonstrated that a wide range of acetylenic 362 

compounds inhibit nitrification to varying degrees, and that 1-octyne inhibited 49-77% of 363 

nitrification activity in 7-d incubations of three Iowa soils. Our study raises the possibility that 364 
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selective inhibitors could be employed to reduce the rate of nitrification as a technique in 365 

ammoniacal N management. Our data demonstrates that nitrification activity of AOA respond 366 

generally to lower NH4
+ concentrations than AOB, and express lower maximum nitrification 367 

rates than AOB in cropped soils. Placing this into a cropping perspective, two of the largest 368 

acreage field crops produced in Oregon are grass seed and winter wheat with recommended 369 

fertilizer N rates of 106 and 185 kg N ha-1, respectively (Gardner et al., 2000; Petrie et al., 2006). 370 

Our study demonstrated that these rates of fertilization were often sufficient to saturate total 371 

nitrification activity, and we calculated that under ideal conditions, AOB activity could nitrify all 372 

NH4
+ -N applied to grass seed and wheat in 12-22 d, while AOA activity would take 88-154 d to 373 

nitrify the same quantity of NH4
+. The data collected in this study suggest that if a suitable 374 

inhibitor for field use could be found, selective inhibition of AOB activity might be a simple N 375 

management strategy to reduce N loss from some cropping systems. 376 

Acknowledgements 377 

This research was supported by USDA NIFA award no. 2012-67019-3028, the U.S. Department 378 

of Agriculture (grant 2005-35319) and the Oregon State University Provost Distinguished 379 

Graduate Fellowship. Field sites were maintained by the Hyslop Field Research Laboratory, the 380 

Columbia Basin Agricultural Research Center, the Klamath Basin Research and Extension 381 

Center, and the Central Oregon Agricultural Research Center. We would like to thank Brina 382 

Tennigkeit for assistance with laboratory analysis, and we are extremely grateful to our 383 

colleagues at the field stations who sampled the soil at the different times of year.  384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 



15 

 

References  392 

 393 

Alves, R.J.E., Wanek, W., Zappe, A., Richter, A., Svenning, M.M., Schleper, C., Urich, T., 394 

2013. Nitrification rates in Arctic soils are associated with functionally distinct 395 

populations of ammonia-oxidizing archaea. ISME J. 7, 1620–1631. 396 

Bollmann, A., Schmidt, I., Saunders, A.M., Nicolaisen, M.H., 2005. Influence of starvation on 397 

potential ammonia-oxidizing activity and amoA mRNA concentrations of Nitrosospira 398 

briensis. Appl. Environ. Microbiol. 71, 1276–1282. 399 

Di, H.J., Cameron, K.C., Shen, J.P., Winefield, C.S., O’Callaghan, M., Bowatte, S., He, J.Z., 400 

2009. Nitrification driven by bacteria and not archaea in nitrogen-rich grassland soils. 401 

Nat. Geosci. 2, 621–624.  402 

French, E., Kozlowski, J.A., Mukherjee, M., Bullerjahn, G., Bollmann, A., 2012. 403 

Ecophysiological characterization of ammonia-oxidizing archaea and bacteria from 404 

freshwater. Appl. Environ. Microbiol. 78, 5773–5780.  405 

Gardner, E.H., Jackson. T.L., and Youngberg, H., 2000. Bentgrass seed FG 7. Oregon State 406 

University, Corvallis, OR  407 

Gubry-Rangin, C., Nicol, G.W., Prosser, J.I., 2010. Archaea rather than bacteria control 408 

nitrification in two agricultural acidic soils. FEMS Microbiol. Ecol. 74, 566–574.  409 

Hatzenpichler, R., 2012. Diversity, physiology, and niche differentiation of ammonia-oxidizing 410 

archaea. Appl. Environ. Microbiol. 78, 7501–7510.  411 

Hyman, M.R., Wood, P.M., 1985. Suicidal inactivation and labelling of ammonia mono-412 

oxygenase by acetylene. Biochem. J. 227, 719–725. 413 

Jia, Z., Conrad, R., 2009. Bacteria rather than Archaea dominate microbial ammonia oxidation in 414 

an agricultural soil. Environ. Microbiol. 11, 1658–1671.  415 

Konneke, M., Bernhard, A.E., de la Torre, J.R., Walker, C.B., Waterbury, J.B., Stahl, D.A., 416 

2005. Isolation of an autotrophic ammonia-oxidizing marine archaeon. Nature 437, 543–417 

546.  418 

Lehtovirta-Morley, L.E., Stoecker, K., Vilcinskas, A., Prosser, J.I., Nicol, G.W., 2011. 419 

Cultivation of an obligate acidophilic ammonia oxidizer from a nitrifying acid soil. Proc. 420 

Natl. Acad. Sci. 108, 15892–15897.  421 



16 

 

Leininger, S., Urich, T., Schloter, M., Schwark, L., Qi, J., Nicol, G.W., Prosser, J.I., Schuster, 422 

S.C., Schleper, C., 2006. Archaea predominate among ammonia-oxidizing prokaryotes in 423 

soils. Nature 442, 806–809. 424 

McCarty, G.W., Bremner, J.M., 1986. Inhibition of nitrification in soil by acetylenic compounds. 425 

Soil Sci. Soc. Am. J. 50, 1198–1201. 426 

Martens-Habbena, W., Berube, P.M., Urakawa, H., de la Torre, J.R., Stahl, D.A., 2009. 427 

Ammonia oxidation kinetics determine niche separation of nitrifying Archaea and 428 

Bacteria. Nature 461, 976–979. 429 

McInnes, K.J., Weaver, R.W., Savage, M., 1994. Soil water potential in: Methods of Soil 430 

Analysis Part 2: Microbiological and Biochemical Properties, pp. 54–78, In R.W. Weaver 431 

et al., SSSA Book Series 5. Soil Science Society of America, Madison, WI. 432 

Miranda, K.M., Espey, M.G., Wink, D.A., 2001. A rapid, simple spectrophotometric method for 433 

simultaneous detection of nitrate and nitrite. Nitric Oxide. 5, 62–71.  434 

Mulvaney, R.L., 1996. Methods of Soil Analysis Part 3: Chemical Methods, pp. 1123–1184. In 435 

D.L Sparks, Nitrogen-inorganic forms SSSA Book Series 5. Soil Science Society of 436 

America, Madison, WI. 437 

Murphy, D.V., Bhogal, A., Shepherd, M., Goulding, K.W.T., Jarvis, S.C., Barraclough, D., 438 

Gaunt, J.L., 1999. Comparison of 15N labelling methods to measure gross nitrogen 439 

mineralisation. Soil Biol. Biochem. 31, 2015–2024.  440 

Murphy, D.V., Fillery, I.R.P., Sparling, G.P., 1997. Method to label soil cores with 15NH3 gas as 441 

a prerequisite for 15N isotopic dilution and measurement of gross N mineralization. Soil 442 

Biol. Biochem. 29, 1731–1741. 443 

Nicol, G.W., Leininger, S., Schleper, C., Prosser, J.I., 2008. The influence of soil pH on the 444 

diversity, abundance and transcriptional activity of ammonia oxidizing archaea and 445 

bacteria. Environ. Microbiol. 10, 2966–2978. 446 

O’Sullivan, C.A., Wakelin, S.A., Fillery, I.R.P., Roper, M.M., 2013. Factors affecting ammonia-447 

oxidising microorganisms and potential nitrification rates in southern Australian 448 

agricultural soils. Soil Res. 51, 240–252. 449 

Petrie, S.E., Wysocki, D.W., Horneck, D.A., Lutcher, L.K., Hart, J.M., and. Corp. M.K., 2006. 450 

Winter Wheat in Continuous Cropping Systems. FG 84. Oregon State University, 451 

Corvallis, OR. 452 



17 

 

Prosser, J.I., Nicol, G.W., 2012. Archaeal and bacterial ammonia-oxidisers in soil: the quest for 453 

niche specialisation and differentiation. Trends Microbiol. 20, 523–531.  454 

Soil Survey Staff, 2014. Natural Resources Conservation Service, United States Department of 455 

Agriculture. Web Soil Survey. Available online at http://websoilsurvey.nrcs.usda.gov/. 456 

Accessed [3/1/2014]. 457 

Stark, J.M., Firestone, M.K., 1995. Mechanisms for soil moisture effects on activity of nitrifying 458 

bacteria. Appl. Environ. Microbiol. 61, 218–221. 459 

Suwa, Y., Imamura, Y., Suzuki, T., Tashiro, T., Urushigawa, Y., 1994. Ammonia-oxidizing 460 

bacteria with different sensitivities to (NH4)2SO4 in activated sludges. Water Res. 28, 461 

1523–1532.  462 

Suzuki, I., Dular, U., Kwok, S.C., 1974. Ammonia or ammonium ion as substrate for oxidation 463 

by Nitrosomonas europaea cells and extracts. J. Bacteriol. 120, 556–558. 464 

Taylor, A.E., Bottomley, P.J., 2006. Nitrite production by Nitrosomonas europaea and 465 

Nitrosospira sp. AV in soils at different solution concentrations of ammonium. Soil Biol. 466 

Biochem. 38, 828–836.  467 

Taylor, A.E., Vajrala, N., Giguere, A.T., Gitelman, A.I., Arp, D.J., Myrold, D.D., Sayavedra-468 

Soto, L., Bottomley, P.J., 2013. Use of aliphatic n-alkynes to discriminate soil 469 

nitrification activities of ammonia-oxidizing thaumarchaea and bacteria. Appl. Environ. 470 

Microbiol. 79, 6544-6551.  471 

Taylor, A.E., Zeglin, L.H., Dooley, S., Myrold, D.D., Bottomley, P.J., 2010. Evidence for 472 

different contributions of archaea and bacteria to the ammonia-oxidizing potential of 473 

diverse Oregon soils. Appl. Environ. Microbiol. 76, 7691–7698.  474 

Taylor, A.E., Zeglin, L.H., Wanzek, T.A., Myrold, D.D., Bottomley, P.J., 2012. Dynamics of 475 

ammonia-oxidizing archaea and bacteria populations and contributions to soil 476 

nitrification potentials. ISME. J 6, 2024–2032. 477 

Tourna, M., Freitag, T.E., Nicol, G.W., Prosser, J.I., 2008. Growth, activity and temperature 478 

responses of ammonia-oxidizing archaea and bacteria in soil microcosms. Environ. 479 

Microbiol. 10, 1357–1364.  480 

Tourna, M., Stieglmeier, M., Spang, A., Könneke, M., Schintlmeister, A., Urich, T., Engel, M., 481 

Schloter, M., Wagner, M., Richter, A., Schleper, C., 2011. Nitrososphaera viennensis, an 482 

ammonia oxidizing archaeon from soil. Proc. Natl. Acad. Sci. 108, 8420-8425. 483 



18 

 

Treusch, A.H., Leininger, S., Kletzin, A., Schuster, S.C., Klenk, H.-P., Schleper, C., 2005. Novel 484 

genes for nitrite reductase and Amo-related proteins indicate a role of uncultivated 485 

mesophilic crenarchaeota in nitrogen cycling. Environ. Microbiol. 7, 1985–1995.  486 

Verhamme, D.T., Prosser, J.I., Nicol, G.W., 2011. Ammonia concentration determines 487 

differential growth of ammonia-oxidising archaea and bacteria in soil microcosms. ISME 488 

J. 5, 1067–1071. 489 

Webster, G., Embley, T.M., Freitag, T.E., Smith, Z., Prosser, J.I., 2005. Links between ammonia 490 

oxidizer species composition, functional diversity and nitrification kinetics in grassland 491 

soils. Environ. Microbiol. 7, 676–684. 492 

Wessen, E., Soderstrom, M., Stenberg, M., Bru, D., Hellman, M., Welsh, A., Thomsen, F., 493 

Klemedtson, L., Philippot, L., Hallin, S., 2011. Spatial distribution of ammonia-oxidizing 494 

bacteria and archaea across a 44-hectare farm related to ecosystem functioning. ISME J. 495 

5, 1213–1225. 496 

Zeglin, L.H., Taylor, A.E., Myrold, D.D., Bottomley, P.J., 2011. Bacterial and archaeal amoA 497 

gene distribution covaries with soil nitrification properties across a range of land uses. 498 

Environ. Microbiol. Rep. 3, 717–726.  499 

 Zhang, L.-M., Offre, P.R., He, J.-Z., Verhamme, D.T., Nicol, G.W., Prosser, J.I., 2010. 500 

Autotrophic ammonia oxidation by soil thaumarchaea. Proc. Natl. Acad. Sci. 107, 501 

17240–17245. 502 

 503 

 504 

 505 

 506 

 507 

 508 

 509 

 510 



19 

 

Figure Captions  511 

Figure 1: Rates of Total, AOA and AOB nitrification rates in soil. Dark circles represent total 512 

nitrification activity, open circles represent AOA nitrification activity, and dark triangles 513 

represent mean AOB activity, calculated as the difference between total and AOA activity. † 514 

Represents the minimum concentration required to significantly stimulate nitrification activity, 515 

determined using an ANOVA with Tukeys HSD for all pairwise comparisons. ‡ Represents the 516 

maximum observed mean nitrification activity. § Represents the minimum level of NH4
+ required 517 

to saturate nitrification activity, determined using an ANOVA with Tukeys HSD for all pairwise 518 

comparisons. Error bars represent the standard deviation (n=3) 519 

  520 

 Figure 2: Minimum concentration of NH4
+ required to stimulate nitrification activity. Dark bars 521 

represent the concentration of NH4
+ required to stimulate AOA activity, and grey bars represent 522 

the concentration of NH4
+ required to stimulate AOB activity. Error bars represent the standard 523 

deviation (n=4) 524 

Figure 3: Maximum nitrification activity. Dark bar represent maximum AOA nitrification 525 

activity, and grey bars represent AOB nitrification activity. Error bars represent the standard 526 

deviation (n=4) 527 

Supplemental Figure 1: Rates of total nitrification activity of soils sampled in winter 2013. 528 

Values with different letters are significantly different as determined with an ANOVA and 529 

Tukeys HSD test (p-value ≤ 0.05). Closed circles represent cropped soils, open circles represent 530 

non-cropped soils and error bars represent standard deviation (n=3). 531 

Supplemental Figure 2: Rates of total nitrification activity of soils sampled in summer 2012. 532 

Values with different letters are significantly different as determined with an ANOVA and 533 

Tukeys HSD test (p-value ≤0.05). Closed circles represent cropped soils, open circles represent 534 

non-cropped soils and error bars represent standard deviation (n=3). 535 

Supplemental Figure 3: Octyne resistant nitrification activity of soils sampled in winter 2013. 536 

Values with different letters are significantly different as determined with an ANOVA and 537 

Tukeys HSD test (p-value ≤0.05). Closed circles represent cropped soils, open circles represent 538 

non-cropped soils and error bars represent standard deviation (n=3). 539 
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Supplemental Figure 4: Octyne resistant nitrification activity of soils sampled in summer 2012. 540 

Values with different letters are significantly different as determined with an ANOVA and 541 

Tukeys HSD test (p-value ≤0.05). Closed circles represent cropped soils, open circles represent 542 

non-cropped soils and error bars represent standard deviation (n=3) 543 

 Supplemental Figure 5: The fraction of total nitrification activity that is resistant to 1-octyne. 544 

Panels A-D represent soils sampled in winter, and E-F represent soils sampled in summer. Black 545 

bars represent cropped soils, grey bars represent non-cropped soils, and error bars represent 546 

standard deviation (n=3). 547 

Supplemental Figure 6: The response of soil solution NH4
+ to increases in KCl extractable NH4

+, 548 

in whole soil microcosms. Soils were incubated at 4ºC for 24 h after the addition of different 549 

amounts of NH3. Panel A represents cropped soils, and panel B non-cropped soils. Symbols 550 

designate soils from Pendleton ( ), Madras ( ), Corvallis ( ), and Klamath Falls ( ). 551 
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Table 1: Soil Physical and chemical properties of soils used in this study 552 
 553 

†: Water holding capacity 554 
‡: cation exchange capacity  555 
§: Gene copies 106 from Taylor et al. (2013)  556 
¶: NH4

+ production rates (mg N kg-1 DW soil day-1)  557 
#: Determined by the Central Analytical lab, Oregon State University.  558 
†† Gene copies 106 from Taylor et al. (2010) 559 
‡‡: Background KCl extractable NH4

+ mg N kg -1 soil 560 

Location  Pendleton  Madras Klamath  Corvallis 

Land use Non-cropped Cropped  Non-cropped Cropped  Non-cropped Cropped  Non-cropped Cropped  

% sand/silt/clay 14.2/71.8/14 38.5/35.7/25.8 83/4/13 19.9/57.5/22.6 

pH  7.26 6.15 7.68 6.87 7.36 6.42 6.18 6.38 

WHC -33 kPa† 0.45 0.35 0.38 0.39 0.32 0.22 0.26 0.32 

Total C (g kg-1)# 20.7 10.6 8.7 8.7 13.4 6.6 25.7 12.9 

Total N (g kg-1)# 1.8 0.9 0.9 0.8 1.1 0.6 1.7 0.6 

NH4
+ summer‡‡  3.61 6.8 8.48 11.6 0.56 8.26 2.09 4.18 

NH4
+ winter‡‡  3.18 3.1 1.29 2.92 9.54 0.92 1.93 1.44 

CEC(meq/100g)‡ 21.9 15.1 20.5 22.0 13.6 10.7 16.9 14.2 

AOA amoA§ 352±197 123±73 474±47 283±244 419±228 307±48 3.9±2.7†† 0.9±0.7†† 

AOB amoA§ 5.9±2.6 5.6±0.9 0.5±0.2 15.6±15 9.4±8.7 9.8±2.1 1.0±0.5†† 0.8±0.2†† 

N-mineralization¶ 1.5±2.4 0.7±0.1 1.3±0.4 0.8±0.2 1.0±0.3 1.5±0.3 1.2±0.56 0.5±0.09 
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Table 2: Background total net nitrification rates  561 

  Background Nitrification‡ 

Season Site Cropped Non-cropped 

Winter    

 Pendleton 0.37±0.2 0.17±0.3 

 Madras 0.76±0.3 0.08±0.8 

 Klamath 0.61±0.04 2.8±1.0 

 Corvallis 0.60±0.2 1.4±0.13 

Summer    

 Pendleton 0.31±0.3 0.37±0.4 

 Madras 0.78±1.4 0.92±0.3 

 Klamath 1.7±0.2 0.81±0.04 

 Corvallis 0.14±0.2 0.59±0.06 

    

Means given ± standard deviation   562 
† mg NH4

+ -N kg-1 soil  563 
‡Background net nitrification  564 
 565 


