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Abstract. A method for measuring rates of  nitrification in intact marine 
sediment cores has been modified and adapted for use in freshwater sed- 
iments. The technique involves subsampling a sediment core into mini- 
cores. Half  of  these cores are treated with an inhibitor ofchemolithotrophic 
nitrification and, after incubation, differences in ammonia and nitrate con- 
centration between inhibited and uninhibited systems are calculated. The 
within-treatment variability of  ammonia and nitrate concentrations could 
he reduced by storing the cores overnight prior to subsampling. Estimates 
of  the nitrification rate using the difference in ammonia concentrations 
between the inhibited and uninhibited mini-cores were always greater than 
the rate estimate using the difference in nitrate concentrations. Comparison 
between the results using the nitrification inhibitors allylthiourea (ATU) 
and nitrapyrin (N-Serve) indicated that the former appeared to give larger 
values for the nitrification rate than did the latter. Differences in the effi- 
ciency of  these inhibitors in the control of nitrification under the conditions 
used partly explain these results. Data are also presented on the effect of  
N-Serve and ATU on some other nitrogen transformations affecting am- 
monia and nitrate concentrations. 

Introduction 

The inorganic nitrogen species nitrate and ammonia have a central role in the 
nitrogen cycle of all ecosystems. Attempts, therefore, to obtain a direct measure 
of  the activity of a particular microbial transformation of  either of  these nu- 
trients is problematical. In the case of nitrification, this difficulty has been 
partly overcome by the use of nitrification inhibitors. These allow differences 
in activity between inhibited and uninhibited subsamples to give an estimate 
of nitrifying activity in the sample. Activities which have been measured are 
dark 02 [11, J. Cirello, Ph.D. thesis, Rutgers University, New Brunswick, N.J., 
1975] and CO2 [3, 8, 15, 33, 35] uptake rates and changes in both ammonia 
and nitrate concentrations [7, 14, 18]. 

Nitrification, which occurs in the hypolimnetic waters of  many lakes may 
be important both as an oxygen sink and in providing a substrate for subsequent 
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n i t r o g e n  r e m o v a l  f r o m  the  s y s t e m  [8, 15, 34]. H o w e v e r ,  m a n y  a u t h o r s  c o n s i d e r  
the  s e d i m e n t  w a t e r  i n t e r f ace  to  be  the  p r i m a r y  s i te  o f  n i t r i f y ing  a c t i v i t y  [4, 13, 
14, 35] a l t h o u g h  the re  a re  no  m e a s u r e m e n t s  o f  in situ n i t r i f i ca t i on  ra tes  in  
f r e s h w a t e r  s e d i m e n t s .  Def i c i enc ie s  in the  ex i s t ing  m e t h o d o l o g y  u sed  to  e s t i m a t e  
n i t r i f i c a t i on  ra tes  in  s e d i m e n t s  i n c l u d e  d i s r u p t i o n  o f  c o n c e n t r a t i o n  g rad ien t s ,  
p a r t i c u l a r l y  a m m o n i a  a n d  oxygen ,  w i t h i n  i n t a c t  s e d i m e n t s  by  the  use  o f  s lu r ry  
t e c h n i q u e s  [Hal l ,  P h . D .  thes is ,  Brune l  U n i v e r s i t y ,  U x b r i d g e ,  M i d d l e s e x ,  En-  
g land ,  1981] a n d  the  a b i l i t y  o f  l i t h o t r o p h i c  n i t r i f y ing  o r g a n i s m s  to s u r v i v e  
p e r i o d s  o f a n a e r o b i o s i s  [14, 19]. T h e s e  " i n a c t i v e "  o r g a n i s m s  b e c o m e  ac t i ve  on  
e x p o s u r e  to  o x y g e n  d u r i n g  s lu r ry  p r e p a r a t i o n  a n d  t he r e fo re  c o n t r i b u t e  to  the  
m e a s u r e d  ac t iv i ty .  U s i n g  r e d o x  p o t e n t i a l  m e a s u r e m e n t s  a t t e m p t s  h a v e  been  
m a d e  to  res t r i c t  the  use  o f  s lu r ry  t e c h n i q u e s  to  o x i d i z e d  s e d i m e n t s  [Hal l ,  P h . D .  
thes is ,  1981 ]. H o w e v e r ,  Eh m a y  n o t  be  d i r e c t l y  r e l a t e d  to  oxygen  c o n c e n t r a t i o n s  
[31] a n d  i n t e r p r e t a t i o n  o f  s o m e  resu l t s  was  h i n d e r e d  b y  v a r i a b i l i t y  o f  the  d a t a  
[Hal l ,  P h . D .  thes is ,  1981]. E s t i m a t i o n  o f  the  d i f fe rence  in  a m m o n i a  a n d / o r  
n i t r a t e  c o n c e n t r a t i o n s  b e t w e e n  i n h i b i t e d  a n d  u n i n h i b i t e d  s u b s a m p l e s  has  o b -  
v i o u s  a d v a n t a g e s  o v e r  i n d i r e c t  e s t i m a t e s  o f  n i t r i f i c a t i on  ra tes  us ing  d a r k  O2 o r  
CO2 u p t a k e  ra tes .  T h e  l a t t e r  r e q u i r e  c o n v e r s i o n  to  v a l u e s  o f  n i t r o g e n  o x i d a t i o n .  

R e c e n t l y ,  a m e t h o d  has  been  d e s c r i b e d  to  m e a s u r e  n i t r i f i c a t i on  ra t e s  d i r ec t l y  
in  u n d i s t u r b e d  m a r i n e  s e d i m e n t  co res  [18]. T h i s  p a p e r  d e s c r i b e s  a m o d i f i c a t i o n  
o f  th i s  t e c h n i q u e  for  f r e shwa te r  s e d i m e n t s .  T h e  n i t r i f i ca t i on  i n h i b i t o r  N - S e r v e  
h a s  b e e n  u sed  in m o s t  r e s e a r c h  i n v e s t i g a t i o n s  [3, 7, 8, 15, 19, 33, 35]; A T U  
has  been  u sed  less f r equen t l y  [11, 25, Ci re l lo ,  Ph .D .  thes is ,  1975]. T h e  pe r fo r -  
m a n c e  o f  the  2 i n h i b i t o r s  is c o m p a r e d  here .  

Mater ia l s  and M e t h o d s  

Thc study site was Grasmere, a lake whose basic limnological characteristics and sampling sites 
have bcen described [16, 23]. Sediment samples were collected from either the 20 m or 5 m sites 
(A & D respectively) using a Jenkin corer. The samples were returned to the laboratory and stored 
overnight a 4~ 

Nitrification Rate  Measurement  

(a) Each sediment core sample was subsampled into 6 mini-cores using the extrusion apparatus 
which has been previously described [30]. The mini-cores were 30 ml, central luer, polypropylene 
syringes (2.1 cm id) with the flanges removed and the cut edge beveled to approximately 60 ~ The 
overlying water volume of each mini-core was adjusted to 15 ml by inserting the syringe piston. 
Four cores were subsampled on each sampling date. (b) The nitrification inhibitor, either N-Serve 
(Dow Chemical Co.) or ATU (BDH Ltd), was injected into the surface sediment (1.0 cm) of 3 of 
the mini-cores to obtain a final inhibitor concentration of 10 rag/liter. The N-Serve was dissolved 
in acetone and ATU in double distilled water to stock solution concentrations of 10 g/liter. The 
total volume of inhibitor solution added was 3.5 ~1 in seven 0.5 #l aliquots. The additions were 
made 0.5 cm into the sediment at regular spacings to minimize diffusion distances. The inhibitors 
were also added to the overlying water of these mini-cores to final inhibitor concentrations of 10 
mg/liter. The remaining 3 mini-cores were used as controls and were treated with equivalent 
volumes of acetone (N-Serve series) or double distilled water (ATU series). 
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Each set o f  6 mini -cores  was pe rmanen t ly  labeled to ensure  that  the inhibi tors  were always added  
to the same  mini -core  tubes.  This  prevented  any sorbed N-Serve  being released into un inh ib i ted  
samples  [5]; it is not  known if  A T U  has  s imilar  properties.  The  mini -cores  were incubated in a 
water  bath at in situ tempera tures(6-7~ for 1.5-2.5 days  with cons tan t  aerat ion o f  the overlying 
water. Two cores were subsampled  for each inhibi tor  on each sampl ing  date. (c) After  incubat ion,  
the  overlying water  o f  each mini -core  was r emoved ,  filtered th rough  previously  ignited and  washed  
W h a t m a n  G F / F  filters, and  stored frozen ( - 1 0 ~  for analysis.  The  surface 1.0 cm of  each mini -  
core was similar ly r emoved  into a preweighed vial. After r emova l  o f  an a l iquot  for dry weight 
analysis  (70~ for 48 hours),  the vial was reweighed. A m m o n i a  was extracted f rom the sed iment  
by agitat ion (10 min)  in the  presence o f  a known v o l u m e  o f  1% (w/v) KCI solution;  all ni trate was 
a s s u m e d  to be soluble and  r emoved  in the  extract. Increasing the  KCI concentra t ion,  or  agitat ion 
t ime,  did  not  increase the  recovery o f  a m m o n i a .  The  extract was filtered through W h a t m a n  GF /  
F filters and  stored frozen for analysis.  Such prepared samples  could be s tored for at least 5 clays 
wi thout  change in a m m o n i a  and  nitrate concentrat ions .  (d) As t h e - m e c h a n i s m s  under lying the 
exchange o f  inorganic ni t rogen species between the sed iments  and  overlying water  are not  fully 
unders tood,  it was a s s u m e d  that  the a m m o n i a  and  nitrate fractions in these 2 phases  could not  be 
treated separately. Therefore,  for statistical analysis  o f  differences in concent ra t ions  between treat- 
ments ,  the individual  replicates for each analysis  (see below) o f  sed imen t  extract  and  overlying 
water  were s u m m e d .  Th i s  resulted in 3 replicate values  o f  a m m o n i a  or nitrate concentra t ion  in 
each mini -core .  Differences were tested us ing a 2-level nes ted analysis  o f  variance.  Errors m a y  
occur  in this analysis  as it was not  de t e rmined  if  the a s s u m p t i o n s  required for the  use o f  parametr ic  
statistical tests were valid for these data. (e) W hen  significant differences were detected between 
inhibi ted and  un inh ib i ted  cores, the  actual differences were calculated and  reported as dNH3 or 
d N O  3 values.  These  represent  2 independen t  es t imates  o f t h e  same  nitrification rate. (t) Periodically, 
over lying water  f rom a Jenkin  core sample  was enr iched with a m m o n i a  and  incubated on an orbital 
incubator  at 20~ Samples  were r emoved  for ni trate analysis  every 24 hours  for a m a x i m u m  o f  
4 days.  Th i s  covered the m a x i m u m  incubat ion t ime o f  the sed imen t  mini-cores .  On  no occasion 
was nitri te or  ni t rate  produced  dur ing  this  period. 

Chemical  Analysis  

All chemical  analyses  were per formed on a P y e - U n i c a m  ACI chemis t ry  uni t  coupled to a Beckman 
6-550 spec t rophotometer .  Pr in tout  was obta ined  via an  interface with a Hewlet t -Packard 9815A 
calculator. 

A m m o n i a  was de te rmined  by the cyanurate-sal icylate  m e t h o d  [9] with the final concentra t ion  
o f  reagents  in the  react ion mix ture  modif ied as follows: sod ium salicylate 10.5 g/liter, s o d i u m  
nitroprusside 0.285 g/liter, sod ium eyanurate 0.39 g/liter, and  sod ium hydroxide 0.05 M. Colour was 
developed for 8 m i n  at 33~ and  absorbance  read at 660 nm.  Throughout this paper,  a m m o n i a  
in aqueous  solut ion will be referred to as a m m o n i a ,  a l though at env i ronmen ta l  pH  (6.0-7.6),  very 
little would be present  in the  undissocia ted  form. 

Nitrate  was de te rmined  by reduct ion to nitrite by hydrazine in the presence o f  Zn 2§ and  Cu 2+ 
ions [ 10]. Final  reagent concent ra t ions  in the reduct ion mixture  were as follows: sod ium hydroxide  
0.09 M, hydraz ine  0.059 g/liter, Zn 2+ 0.016 g/liter, Cu 2* 0.078 g/liter. A reduct ion t ime  o f  7 m in  
at 33~ was allowed. The  nitri te fo rmed was subsequent ly  de te rmined  by diozat izat ion [2] with 
the following reagent: su lphan i l amide  5 g/liter, H3PO4 (cone.) 50 ml/li ter,  N- l -nap thy le thy lene -  
d i amine  d ihydrochlor ide  0.25 g/liter. Colour  deve lopmen t  was allowed for 3 m ix  at 33~ and  
absorbance  read at 540 nm.  C o m p a r i s o n  o f  ni trate and  nitrite s t andard  solut ions  indicated a 
s to ichiometr ic  reduct ion unde r  these condit ions.  

Three  replicate de te rmina t ions  were m a d e  per sample  and  2 more  conta ined internal s tandard  
a m m o n i a  or  ni trate so lu t ions  to es t imate  the recovery efficiency o f  the  de terminat ions .  The  m e a n  
percentage recoveries  o f  both a m m o n i a  and  nitrate s tandard  solutions,  in the presence o f  KCI, the  
nitrification inhibi tors  and  acetone,  th roughout  the  s tudy period are shown in Table  1. The  ab-  
sorbance o f  the  sample  blank for the  de te rmina t ion  o f  a m m o n i a  in the  presence o f  KCI was found 
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Tab le  1. The  effect o f  extractant ,  solvents ,  and  in- 
hibi tors  on the  recovery o f  a m m o n i a  and  nitrate f rom 
s tandard  solut ions 

% recovery o f  
s tandard  solut ions  

Standard  solut ion 
m a d e  up with A m m o n i a  Nit ra te  

1% KC1 100 64 
10 rag/liter A T U  120 71 
10 mg/l i ter  N-Serve  79 9 
Acetone control  77 8 

to increase in relation to tha t  obta ined  in water. However ,  blank corrected values  for s tandard  
a m m o n i a  concent ra t ions  were no t  significantly different. T h e  increased absorbance  for the  a m m o n i a  
analysis  in the  presence o f  A T U  necessi ta ted a correction for all analyses  in which A T U  was 
present .  All reported resul ts  are corrected in this  way. T he  low recovery o f  nitrate,  part icularly in 
the  presence o f  acetone,  indicates the  impor tance  o f  internal  s t andard  addi t ion  to es t imate  the  
recovery efficiency o f  chemical  de te rmina t ions .  Failure to include such controls  could lead to 
considerable  errors in the data.  Nitri te was not  de t e rmined  on any  samples .  

Inhib i tor  S tud ies  

T h r o u g h o u t  this  report,  v o l u m e s  o f  acetone equal  to that  used in the  addi t ion o f  N-Serve  were 
used as a control.  It was a s s u m e d  that  double  distilled water,  used as a solvent  for A T U ,  would 
have  no effect on any o f  the  ni t rogen t r ans fo rmat ions  studied. In each o f  the  following exper iments ,  
the  t r ea tmen t s  refer to the following addi t ions ,  each in triplicate: (a) 10 mg/l i ter  N-Serve,  (b) the  
acetone control,  and  (c) 10 mg/l i ter  A T U .  Control  flasks receiving no addi t ions  were also included.  

Nitrification. Enr ichmen t  cultures o fchemol i t ho t roph ic  nitr ifying bacteria were prepared by di lut ing 
G r a s m e r e  surface sed imen t s  1:10 with overlying water  and  dispensing 200 ml  al iquots  into 250 
ml Erh lenmeyer  flasks. After  addi t ion  o f  I mg  NH3-N,  incubat ion  was cont inued  at r oom tem-  
perature  (~20~ with or  wi thout  aerat ion.  Samples  for ni trate and  nitrite analysis  were taken every 
24 hours .  W h e n  nitrate was being produced and  nitrite was undetectable,  the  inhibi tors  and  acetone 
were added.  Incubat ion  was cont inued  for 96 hours  with daily analysis  o f  ni trate concentra t ions .  

Nitrogen Mineralization (Ammom/ication). T he  overlying water f rom a Jcnkin  core was used to 
prepare an  0.025% (w/v) solut ion o f  gluten (BDH Ltd) which was incubated at r oom temperature .  
High concent ra t ions  o f  a m m o n i a  were detected in this  culture after 48 hours.  The  en r i chmen t  was 
subcul tured into fresh sterile m e d i u m  and  incubat ion con t inued  with daily analysis  o f  a m m o n i a  
concentra t ions .  When  a m m o n i a  was being produced,  the culture was thoroughly  mixed  and  100 
ml  al iquots  d ispensed into 150 ml  Erh lenmeyer  flasks. The  t r ea tments  were applied and  incubat ion  
con t inued  for 72 hours  with daily analysis  o f  a m m o n i a  concentrat ions .  

Nitrate Removal Nitrate  r emova l  could be ei ther ass imi la tory  or d iss imi la tory  as metabol ic  end 
products  were not  de termined.  Gra smere  sed imen t  was di luted 1:10 with overlying water  and  7 
ml  vo lumes  d ispensed  into 10 ml Hypo vials (Pierce Chemica l  Co.). After  addi t ion o f  I m g  NO 3- 
N, the  vials were degassed by bubbl ing  with oxygen-free he l ium for 15 min .  The  vials were sealed 
with neoprene  septa  and  the t rea tments  applied. Incubat ion  was cont inued  for 2 -3  days at 10~ 
Al iquots  were r e m o v e d  f rom each vial, filtered th rough  W h a t m a n  G F / F  filter paper, and  analysed 
for the  nitrate remaining.  
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Table 2. Comparison of nitrification rate estimates using the inhibitors N-Serve 
and ATU on 3 separate occasions 

29 

3rd February '82 25th February '82 1 lth March '82 Inhibitor 
used Core dNH3 ~ dNO3 ~ d N H 3  d N O 3  d N H 3  dNO3 

N-Serve l 4.896 0 . 7 7 7  4.039 NS 3.851 1.070 
2 4.122 NS 4.446 NS 3.755 0.876 

ATU 1 6.676 1 .728  6 . 3 8 0  2 . 2 6 7  5 . 4 1 7  3.492 
2 8.280 1 .793  9 . 2 8 9  4 . 6 0 0  4 . 6 7 7  3.032 

NS = not significant 
rates in mgN m -2 day -~ 

Results  

Nitrification Rate Estimates 

Before reporting any data on rates of  nitrification, some general observations 
must  be made on the effect o f  nitrification inhibition on ammon ia  and nitrate 
concentrat ions in the mini-core systems. Nitrate concentrat ion in the sediment 
extracts were often below the sensitivity o f  the analytical technique (the inter- 
stitial waters were diluted approximately 1:7). This is in keeping with other 
observations on Grasmere sediments which indicated that nitrate reductase 
activity is the main controlling factor o f  nitrate concentrat ions in the inter- 
stitial water [23]. Therefore, d N O  3 values for the nitrification rate esimates 
are almost  totally composed  of  changes in the nitrate concentrations in the 
overlying water. Samples with the inhibitor added showed almost  a complete 
loss of  nitrate f rom the overlying water. Assuming nitrate reduction does not 
occur to any extent in the aerobic water column,  the nitrate must  diffuse into 
the sediments. A m m o n i a  concentrat ions in the overlying water o f  inhibited 
cores increased with time. Al though organisms capable o f  producing a m m o n i a  
from gluten could be enriched from the overlying water, there are no available 
data on in situ activity. As the overlying water showed no potential for nitri- 
fication and, moreover ,  a m m o n i a  concentrat ions in the overlying water o f  
uninhibited cores showed little change from time zero values, the sediments 
are the most  likely source o f  this ammonia .  The increase in overlying water 
a m m o n i a  concentrat ions was concommi tan t  with an increase in exchangeable 
a m m o n i a  concentrat ions in the sediments. The failure to enrich nitrifying 
organisms from the overlying water o f  the sediment cores over  the t ime course 
o f  the rate measurement  (1.5-2.5 days) also indicates that any change in am- 
monia  and nitrate concentrat ions between inhibited and uninhibited mini-cores 
must  be due to sediment nitrifying activity. 

Storing the sediment samples 'overn ight  had a considerable effect on the 
within t reatment  variability o f  both a m m o n i a  and nitrate concentrations. Anal- 
ysis o f  data f rom cores which had been subsampled immediately indicated 
that, on average, the treatments accounted for 47% (range 2%-92~ o f  the 
variability o f  the data. After overnight storage, this figure increased to a mean 
value o f  79% (range 51%-99%). 
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Results  f rom nitrification rate est imates,  using bo th  inhibitors,  on 3 sampling 
dates  are shown in Table  2. Dupl ica te  cores were used for each inhibi tor  on 
each occasion. Al though the da ta  are l imited, it is possible to make  some  general 
observat ions .  On all occasions,  with ei ther  inhibitor,  the nitrification rate es- 
t imate  based on dNO3 values is always lower than  the es t imate  based on dNH3. 
Secondly the es t imate  based on either dNH3 or dNO3 appears  to be higher 
with A T U  than with N-Serve  as the inhibitor.  

Inhibitor Studies 

The  relative abili ty o f  bo th  N-Serve  and A T U ,  at concentra t ions  of  10 mg/  
liter, to inhibi t  chemol i tho t roph ic  nitrifiers was tested on enr ichment  cultures 
o f  these organisms.  The  product ion  o f  nitrate in cultures with act ive aerat ion 
is shown in Fig. 1. These  results are presented as mean  nitrate concentra t ion 
in the 3 replicate flasks for each t rea tment .  All cultures showed similar  rates 
o f  ni trate product ion  up to day  5 o f  incubat ion (confidence l imits have  been 
omi t t ed  to preserve clarity). The  rate o f  nitrification in control  cultures between 
days 5 and  8 o f  incubat ion was 0.26 mg N/liter/day. Both N-Serve  and A T U  
inhibi ted nitrate p roduc t ion  for 24 hours  after addit ion.  The  decrease in nitrate 
concentra t ions  during this t ime could be due to rapid  assimilat ion,  or dis- 
s imila t ion in anaerobic  microsites.  After  this initial inhibi t ion phase, however ,  
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Fig. 2. The effect of 10 
mg/liter N-Serve (O-----(3) 
and ATU (El----El) and 
the acetone control (V) on 
nitrate production by en- 
richment cultures of  
chemolithotrophic nitrify- 
ing organisms under static 
conditions. Vertical bars 
indicate 95% confidence 
limits. Control �9 ~. 

nitrate production resumed in both inhibitor treatments. The rate in the N- 
Serve treatments recovered to 0.185 mg N/liter/day whereas that in the ATU 
treatment was only 0.035 mg N/liter/day. Although nitrification resumed 24 
hours after the addition of both inhibitors, the reduced rate of nitrate production 
observed with the ATU treatment indicates that this was the most persistant 
of the 2 inhibitors over the maximum incubation time of 2.5 days. To preserve 
clarity, the results of the acetone control treatment have not been included 
although inhibitory effects were noted, there being no significant difference (P = 
0.05) between acetone and N-Serve treatments. N-Serve is known to be volatile 
and this is one of the factors affecting its use as an inhibitor of nitrification 
[ 12, 24]. The recovery of nitrification noted in Fig. 1 could be due to the rapid 
loss of N-Serve, or the carrier solvent acetone, during aeration. The results of 
a similar experiment, but without aeration, are shown in Fig. 2. Both inhibitors 
and the acetone control inhibited nitrification; moreover, the inhibitory effect 
was prolonged over the full incubation period. Again the decrease in nitrate 
concentrations for 24 hours after the addition of  the inhibitor was observed. 
This decrease was greater than the initial fall noted under the aerated conditions. 
After this phase, nitrate concentrations remained stable in the ATU treatment 
but continued to decrease in both the N-Serve and acetone treatments. The 
control cultures probably become oxygen or ammonia limited after 6 days 
incubation. 
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Table 3. Production of ammonia by gluten enrich- 
ment cultures (incubated at room temperature for 72 
hours) after treatment with (a) 10 mg/liter N-Serve, (b) 
the acetone control, and (c) 10 me/liter ATU (values 
are expressed as percentage production of control) 

Acetone 
N-Serve control ATU 

1 83  86  98 
2 9O 89 100 

Table4, Removal of nitrate from anaerobic sediment 
slurries (incubated at 10~ for 48 hours) in the presence 
of(a) 10 mUliter N-Serve, (b) the acetone control, and 
(c) 10 me/liter ATU (values are expressed as a per- 
centage of removal in control) 

Acetone 
N-Serve control ATU 

1 198 318 145 
2 198 158 152 

I t  is apparen t  that,  at the concentra t ion  added  (0.79 g/liter), acetone inhibi ts  
nitrification and that  the persistence o f  bo th  N-Serve  and  acetone is increased 
under  static condit ions.  Fur ther  evidence for the loss o f  N-Serve  and  acetone 
f rom the aerated cultures came  f rom the recovery  efficiencies o f  the nitrate 
analysis o f  the eultures. In the aerated cultures, the recovery  o f  nitrate 24 hours  
after  the addi t ion o f  N-Serve  and  acetone was 30%; this increased to between 
75 and 80% after  48 hours.  In the unaera ted  cultures, the recovery  in the 
presence o f  N-Serve  or acetone never  exceeded 20% over  the incubat ion period. 
U n d e r  the condi t ions  o f  the nitrif ication rate measuremen t ,  A T U  appears  to 
be the m o r e  efficient inhibi tor  o f  nitrification. 

The  results o f  2 exper iments  showing the effect o f  10 mg/ l i ter  N-Serve,  the 
acetone control,  and  10 mg/l i ter  A T U  on ammoni f i ca t ion  o f  gluten in an 
enr ichment  culture are shown in Table  3. The  produc t ion  o f  a m m o n i a  is ex- 
pressed as a percentage o f  the product ion  in control  cultures. These percentages 
were only calculated i f  the a m m o n i a  concentra t ions  between t rea tments  and  
controls  were significantly different (P = 0.05). In the first exper iment ,  all treat- 
men t s  showed a significant reduct ion in a m m o n i a  produc t ion  over  the control  
cultures. The  N-Serve  and  acetone control  t rea tments  were not  significantly 
different but  bo th  were significantly lower (P > 0.05) than  the A T U  t rea tment .  
Similar  results were obta ined  in the second exper iment  except that  A T U  had 
no effect on a m m o n i a  product ion.  F r o m  these results it appears  that  acetone 
has an inhibi tory  effect on nitrogen minera l iza t ion  f rom gluten by  the organisms 
present  in this en r i chment  culture. Allyl thiourea m a y  have  a slight inhibi tory 
act ion but  this appears  to be variable.  

The  effect o f  N-Serve ,  the acetone control,  and A T U  on nitrate r emova l  



Nitrification Rate Measurement in Sediments 33 

from anaerobic  sediment  is shown in Table  4. The  results are expressed as a 
percentage o f  the removal  in control  vials. All t reatments  showed a st imulation 
o f  ni trate metabol ism but  the magnitude o f  this st imulation did not  show any 
consistent trends. 

Discuss ion  

The  observat ion that ammonia  accumulated in aerobic water overlying sedi- 
ments  in which nitrification was inhibited was interesting. In his classic paper, 
Mor t imer  surmised that the bulk o f  ammon ia  released f rom the sediments was 
associated with the reduct ion o f  ferric to ferrous iron and the subsequent in- 
crease in solubility o f  base complexes.  Therefore,  an oxidized surface mud  
presented a barrier to a m m o n i a  release due mainly to its cation binding po- 
tential and also, to a smaller extent,  the occurrence o f  nitrification [27]. In 
sediment  cores which mainta ined an aerobic sediment  water interface but  
received a nitrification inhibitor,  ammon ia  was released into the overlying 
water. It would be interesting to compare  amm o n ia  release due to chemical 
inhibi t ion o f  nitrification and that  due to the onset o f  reducing conditions. The 
latter would cause chemical  changes in the sediment  as well as inhibiting ni- 
trification. The  lower est imate o f  the nitrification rate using dNO3 as opposed 
to d N H  3 was not  unexpected as nitrate could diffuse deeper  into the sediments 
where it might be dissimilated. The  maintenance o f  high oxygen concentrat ions 
in the overlying water  would cause the redox discontinuity layer, a region o f  
maximal  nitrate reductase act ivi ty [27], to be structured at some depth into 
the sediments.  The  present studies on the effects o f  the inhibitors on anaerobic 
nitrate metabol ism indicate that this activity will be stimulated. 

There  have been a number  o f  studies on the effect o f  N-Serve on denitrifi- 
cation [17, 28, 29, W. H. Cribbs, Ph.D. thesis, Universi ty  o f  Georgia, Athens, 
U.S.A., 1978]. N-Serve concentrat ions o f  up to 10 ppm were found to have 
no effect on denitrification by a precultured Pseudomonas spp. whereas up to 
50 ppm had no effect on soil denitrification. The  carrier solvent (ethanol, final 
concentrat ion 1%) had been r emoved  f rom the soil before the test began [17]. 
High concentrat ions o f  N-Serve (50 ppm) initially st imulated N 2 0  evolut ion 
from soil [Cribbs, Ph.D. thesis, 1978] whereas field level application (0.2-20 
ppm) was inhibi tory to N 2 0  and N2 evolut ion [28]. An accelerated loss o f  
nitrate has been observed with N-Serve in sand culture experiments.  Similar  
results were obtained i f  the carrier solvent, acetone, was added alone [29]. 

It is difficult to compare  published results on the bio-activi ty o f  N-Serve as 
many  factors are involved.  The  extent  to which individual  factors are manifest  
also depends on the chemical  composi t ion o f  the envi ronment .  These have 
been discussed in more  detail elsewhere [24]. Also various carrier solvents have 
been used and the final concentrat ions o f  these in the samples could also affect 
microbial  activity in the sample [5]. The  au thor  is unaware o f  any studies on 
the bioact ivi ty o f  A T U  except towards the nitrifying bacteria and apparently 
related organisms [6, 20]. However ,  the effect of  thiourea on anaerobic nitrate 
removal  has been shown to be variable [21]. 

The apparent  inhibi t ion o f  nitrogen mineral izat ion from gluten, particularly 
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by acetone, is difficult to interpret in terms of  its effect on the nitrification-rate 
estimate. As acetone is added to both the inhibited and uninhibited mini-core 
series, the inhibition would be the same in all cores. Therefore, any effect on 
the nitrification rate would only occur if the rate was dependent upon the 
ammonia concentration. Different genera of  ammonia oxidizing organisms 
appear to have different kinetics [1] but little is known on the kinetics of  
ammonia oxidase. As the nitrification rate estimated never accounted for more 
than 40% of  the total extractable ammonia pool, the effect of  the solvent on 
nitrogen mineralization might be negligible. In addition, it is not known whether 
the total KCi extractable ammonia pool is available to the nitrifying organisms 
and whether, during the incubation times used in these experiments, only the 
interstitial water ammonia fraction would be involved. 

Using an isotope dilution technique 20 mg/liter N-Serve, and the acetone 
equivalent, was found to have no effect on ammonia production in aerobic 
marine sediment slurries [ 18]. The present results indicate that 10 mg/liter N- 
Serve, and the acetone equivalent inhibited this activity in freshwater enrich- 
ment cultures. The N-Serve stock solution concentrations were the same in 
both investigations. This could indicate that different species of  ammonia- 
producing microorganisms exhibit different sensitivity towards N-Serve and 
acetone. 

There is little doubt that both N-Serve and ATU, at concentrations of  10 
mg/liter, are inhibitory towards the initial oxidation of  ammonia to nitrite [6, 
15, 21, 26, 33, 36]. However, many factors are known to affect the degree of  
inhibition affected by N-Serve and these have been reviewed [24]. There have 
been few studies on the factors that affect the control of  nitrification by ATU 
[6, 26, 36] and, as yet, little is known, for example, on the effect of  pH, tem- 
perature, or species specificity. In the present work, it is apparent that the 
volatility of N-Serve is a major factor affecting its activity. In addition, the 
carrier solvent, acetone, at the concentration applied, also inhibits nitrification. 

These effects partly explain the higher estimates of  nitrification rates obtained 
with ATU. However, as diffusion is relied upon to disperse the inhibitor through 
the sediment, it would be expected that a water soluble compound would be 
more effective than N-Serve which requires an organic carrier solvent. N-Serve 
is now available in a water soluble form [32] and comparisons between this 
formulation and ATU would clearly be useful. Alternatively, regular additions 
of  N-Serve could be made to maintain inhibitory concentrations [ 18]. However, 
the present results on the effects of  acetone on nitrogen transformations in 
Grasmere sediments indicate that this would not be satisfactory. The effects of  
ATU on the general activity of  the heterotrophic microflora is, however, less 
well documented than those of  N-Serve and more research in this area would 
be desirable. 

The mini-core method used to estimate nitrification rates in the present work 
is time consuming. Also, aeration of  the overlying water, which is necessary 
to maintain oxidizing conditions, may increase the oxygen concentration and 
therefore, due to increasing the concentration gradient, cause the redox potential 
discontinuity layer to be structured deeper into the sediments. This could result 
in overestimation of the actual nitrification rate [18]. However, the ease of 
manipulation of  the subsamples does allow great flexibility. The ability to 
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c o n t r o l  t h e  in situ e n v i r o n m e n t  f o r  n i t r i f i c a t i o n  p r o v i d e s  a u s e f u l  r e s e a r c h  t o o l  

f o r  i n v e s t i g a t i n g  n o t  o n l y  t h e  in situ r a t e s  o f  a c t i v i t y  b u t  a l s o  t h e  f a c t o r s  t h a t  

a f f e c t  t h e  e c o l o g y  o f  t h e  c h e m o l i t h o t r o p h i c  n i t r i f i e r s  i n  s e d i m e n t s .  
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