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The  denitrifier Pseudomonas  perfectomarina re- 
duced nitrite  under  conditions of kinetic competition 
between  cells  and  gas  sparging  for  extracellular dis- 
solved nitric  and  nitrous oxides, NO., and N,O,,, in a 
chemically  defined marine medium. Time  courses of 
nitrite  reduction  and NO, and N,O, removal were in- 
tegrated  to  give NO, and N,O, yields. At  high  sparging 
rates,  the NO, yield was 250% of nitrite-N  reduced, 
and  the yield of  NO, + NzO, was -75%. Hence inter- 
rupted  denitrification  yields NO,, and NzOaq as major 
products. 

The yields varied  with  sparging  rates  in  agreement 
with a quantitative model of denitrification  (Betlach, 
M. P., and Tiedje, J. M. (1981) Appl. Enuiron.  Micro- 
biol. 42,  1074-1084) that applies  simplified  Michaelis- 
Menten kinetics  to NO; 4 NO., + NzOaq + N,. The  fit 
gave  an  estimate of the maximum  scavengeable NO, 
yield of 73 2 8% of nitrite-N. Thus a minor  path 
independent of NO,, is also  required.  The  fit of the 
model to  data  at lower  sparging  rates,  where  normal 
denitrification  products  predominate,  implies  that  the 
extracellular NO,, pool yield is independent of gas 
sparging  rate. 

Thus  in P. perfectomarina NO., and N,O,, are  inter- 
mediates, or facilely  equilibrate  with  true  intermedi- 
ates, during complete denitrification.  The  recovery of 
most nitrite-N as NO and/or  N20  under  perturbed 
conditions is not an  artifact of irreversible  product 
removal,  but an  attribute of denitrification  in  this spe- 
cies, and most probably it is characteristic of denitri- 
fication  in  other  species as well. 

Payne (1973) proposed  a scheme  in which the  reduction of 
nitrite  to  nitric oxide defined denitrification: 

NO, + NO; 4 NO -+ Nz0 -+ N, 
SCHEME 1 

Modified or  alternative  schemes have  been advanced for the 
roles of NO and NzO in  dissimilatory  nitrate/nitrite reduction 
(Zumft and Vega, 1979; Garber  and Hollocher, 1981; Payne, 
1981a, 1981b; Knowles, 1982) with  the most relevant  alter- 
native  indicating a branch  point at an  intermediate X (Fire- 
stone et al., 1979; Averill and  Tiedje, 1982): 
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NO, + NO; + X -+ N20 ”+ N, 
I t  

NO 
SCHEME 2 

Until very  recently, the involvement of unbound NO in any 
role was primarily  an  indirect inference  from in  vitro experi- 
ments involving  various  NO reductase activities, as in vivo 
experiments were rendered equivocal by the  extreme  pertur- 
bations involved, such  as very  high cell densities  (Garber  and 
Hollocher, 1981) or  presence of inhibitors  or  detergents  (Fire- 
stone et al., 1979; Betlach  and Tiedje, 1981). However, Gor- 
etski  and Hollocher (1988) have now demonstrated  that  un- 
bound NO clearly  plays  some important  role(s)  in  denitrifi- 
cation by several  species of denitrifiers. Using extracellular 
hemoglobin (Hb)  as a trap  under irreversible conditions, these 
authors typically trapped 60-70%  of the  nitrite-N reduced by 
intact cells as HbNO at high [Hb]. 

Here we report  experiments confirming the  importance of 
extracellular NO and N20 for  the  marine species Pseudomo- 
nas  perfectomarina, implying that  marine  denitrifiers may be 
an  important source and/or  sink of the NO observed in 
suboxic marine  environments (Goering, 1985; Ward  and Za- 
firiou, 1988).’ Furthermore,  our  method of detecting NO and 
N,O evolution  in the  presence of a  kinetically  defined alter- 
native  sink,  permitting  measurements  under partially revers- 
ible conditions, gives a  more  complete view of the full sequence 
of events envisioned in  Schemes 1 and 2. 

We  estimate  the availability of NO,, and N20., outside  the 
cell by bubbling denitrifying cell suspensions with a gas 
stream  and  measuring  the volatilized products NO, and  N20, 
in  the  effluent gas stream.  We  assume  that  the bubbling 
process has  no  direct effect on  the cellular  emission or  uptake 
of these gases. Using this  approach, we 1) measure the yields 
of NO,, and N20,, as  functions of physical  removal rate, 2) 
model the  competition between  physical removal and  reup- 
take  in  order  to derive limiting yields at  infinite physical 
removal rate,  and  3)  evaluate  the  results  in  terms of Schemes 
1 and 2. 

MATERIALS AND METHODS~ 

RESULTS 

Experimental  Design  and  Kinetic Scheme-Experiments 
utilized anaerobic  batch  cultures of P. perfectomarina in a 

0. C. Zafiriou, submitted for publication to Nature. 
Portions of this paper (including “Materials and Methods,” Table 

3, Fig. 5, and equations and supporting data) are presented in mini- 
print at  the end of this paper. Miniprint  is easily read with the aid of 
a  standard magnifying glass. Full size photocopies are included in the 
microfilm edition of the Journal that is available from Waverly Press. 
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chemically defined marine medium under nitrogen with suc- 
cinate  as carbon source, excess ammonia available for N 
assimilation, and  nitrite at oceanically relevant concentra- 
tions as limiting electron acceptor. A computer-controlled 
experimental and  data acquisition system continuously 
sparged the media with oxygen-free N, at known, reproducible 
rates  and quantified NO and N,O in  the effluent gases over 
the time course of nitrite  respiration.  Sterile media were  used 
as controls. The system frequently recalibrated the detectors 
to optimize accuracy. Rate laws and  constants for transfer 
(sparging) of dissolved NO and N,O from sterile media into 
the gas phase were determined in separate experiments. 

The yields of gases removed were determined by integrating 
over the time courses of their evolution. The total yields over 
the course of nitrite exhaustion are the quantities reported. 
The  data from a series of experiments at various gas flow 
rates were fitted to a kinetic approximation (Miniprint  Sup- 
plement) derived from Scheme 3: 

1 To 1 k4 1 k5 
N* 

SCHEME 3 

Scheme 3 is an elaboration of Schemes 1 and 2. Following 
Betlach  and Tiedje (1981), we 1) assume that NO., and N,O,, 
are  in steady state, controlled by Michaelis-Menten kinetics, 
2) add the competing physical removal pathways introduced 
by bubbling with gas, and 3) allow for both direct reduction 
to N,O (Zumft and Vega, 1979) and unknown losses, N*, 
presumably by N assimilation or "direct" N, formation. Re- 
duced nitrite-N initially partitions in fixed proportions 
among NOaq(rz/zr), NO.,-independent N20., (rl/zr), and 
other  fates (r,,/xr). NO,, formation (r2) is balanced by phys- 
ical (k,) and biological (k3)  removal; likewise, NzO, produc- 
tion by rl  and k, is balanced by k, and k6 terms. 

Time  Course and Flow Dependence of Gas evolution-Fig. 1 
shows a typical experiment. After a brief lag, nitrite was 
reduced to undetectable levels at a nearly constant  rate.  In 
near synchrony, NO, and NzO, concentrations rose to similar 
plateaus  and  then declined to undetectable levels.  Cell num- 
bers increased only slightly, primarily after  nitrite was de- 
pleted. At  higher nitrate concentrations, or during aerobic 
respiration, cell numbers increased rapidly, but  at oceanically 

Time (hr) 

FIG. 1. Typical time course of [NO;] (A-A), cell  density 
(A-A), NO (o"--o), and N,O (U) in the effluent gas 
stream, 0.26 liter (standard temperature and pressure)/min 
Nz. 

relevant nitrite levels (0-20 p M )  growth  was  slow.  Slow  growth 
does not imply senescence or damage by bubbling, as cells 
were capable of rapid aerobic growth at the end of gas evolu- 
tion, bubbled and unbubbled cultures reduced nitrite at simi- 
lar rates, and replenishment of nitrite immediately after  its 
exhaustion initiated  a second, similar time course. Bubbling 
did not cause detectable cell aggregation or decrease cell 
counts. Additional experiments (Miniprint Supplement) 
showed that qualitatively similar results are found when in- 
oculation, medium composition, and  other  parameters are 
varied. 

The results of 14 experiments at various flows (Table 1) 
qualitatively establish several major points. In unbubbled 
cultures NO., did not build up;  <0.2% of the  nitrite reduced 
was present  as NO,, (not shown). The NO yields  from  bubbled 
cultures ranged from 11 to 63% and tended to increase with 
increasing bubbling rate. The errors  are large enough that  it 
is unclear whether a  plateau value for the NO,, yield was 
achieved at high  gas  flows. The N,O yields, which  ranged 
from 26 to 42% of nitrite-N, showed a maximum at interme- 
diate bubbling rates. This  intermediate maximum is expected 
from Scheme 3 because at low gas flow NPOaq  removal as N,O, 
competes poorly with uptake and reduction, while at high 
flow most of the precursor, NO.,, is physically removed as 
NO,. 

These experiments establish directly that purgeable NO,, 
and N20,, are involved in the major, possibly the only, reduc- 
tive N pathway under our conditions. Over  half of the  nitrite 
reduced could be recovered as NO, and at  the highest flows 
the  total recovery of gaseous N compounds averaged 73 f 8%. 
The major question thus became whether extracellular yields 
approach 100% or some lower  value implying the necessity 
for additional, NO,,-independent pathways. 

Parameters of Scheme 3-Fitting the  data  to Scheme 3 
yielded an evaluation of its suitability and  a more quantitative 
estimate of partitioning of reduced N among various path- 
ways. First, we verified the reasonableness of our simplifica- 
tion of the full Michaelis-Menten kinetics (zero order uptake 
of nitrite,  first order uptake of dissolved gases) by comparing 
Michaelis-Menten K ,  values of substrates with their concen- 
trations in the medium. Table 1 gives initial  nitrite concen- 
trations  and  estimates of the dissolved  gas concentrations. 
Figs. 2 and 3 show K,,, estimates for nitrite  and NO.,.  As 
required, the apparent K, for nitrite was  well  below the  nitrite 
concentrations for >90% of the time courses and  the K ,  for 
NO,, was  well  above the estimated values of  [NO,,]. K,,, (N,O) 
was not measured; however, Betlach and Tiedje (1981) re- 
ported  a value of 540 nM, more than twice the highest esti- 
mated [N20,] and 10-fold above its average concentration in 
our experiments. 

To evaluate the likely  degree of distortion  in  the  r  and k 
terms of Scheme 3 if our kinetic approximations are signifi- 
cantly in error, we also calculated results assuming drastically 
different NO,, uptake kinetics. The best-fit parameters found 
using the approximations (justified above) of zero-order ni- 
trite reduction and  first-order  uptake of NO., and NzOsq are 
given in Table 2 (top  line). The second line presents the 
results calculated assuming uptake second-order in [NO,,] 
(Miniprint  Supplement). The resulting values for rz/zr, 73 & 
8% for first-order NO., uptake versus 63 f 5% for second- 
order NO., uptake, indicate that  the NO yields are very 
insensitive to uptake order. Assuming zero-order NO uptake 
kinetics (as would result from saturated Michaelis-Menten 
uptake) predicts an NO yield independent of flow rate  and is 
clearly inappropriate (Fig. 4). 

The flow rate-gas yield behavior predicted from the  best- 
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TABLE 1 
Nitrite  dissimilation  experiments 

NO and N20  concentrations 

Flow Initial d[NO;) 
rate” [NO;] /d tb  

Cells’ Recoveriesd Gaseous‘ Solution‘ 

NO 
recovery recovery recovery [NOImx IN2OImex [ N O A .  [N20.& N20 Total 

literslmin PM nMjs ml (X 10-3 % % % ppm nM 

0.15 12.8 0.88 0.5 11.2  27.6  38.8  1.39  2.24  55.2 180 
0.15  12.6  0.98 1.2 23.5  25.2  48.8 1.96 2.34 61.5 200 
0.18 8.2 0.45 1.1 - f  39.8 - I  1.47  26.6 77 
0.25 12.3  1.12 2.4  37.7  36.1 73.8  2.91  2.27  58.7  136 
0.25  7.7  0.60  0.89  23.7  40.8  64.5 1.63 1.32  31.5 73 
0.35 8.2 0.45  1.4 - f  42.0 - f  - f  0.79  20.4  37 
0.50 8.2 0.32  1.8  43.4  34.5  77.9  0.52  0.32  11.9 16 
0.50  10.9 0.45 2.9  49.2  27.2  76.4  0.87  0.37  16.9  23 
0.50  7.6  0.58  1.2 39.3 32.0 71.3  1.00  0.55  21.9  30 
0.50  11.4  0.85  1.9  37.9  33.6  71.5  1.14  0.75  32.0  43 
0.56  11.7  0.73 1.2 39.4  26.1  65.5  0.82  0.60  25.8  32 
1.00  12.2  0.78  2.5  47.7  25.8  73.5  0.59 0.31  17.6 13 
1.50  7.4  0.45  1.2  50.5 - f  -I 0.30 - I  7.9  4.0 
1.50 8.7  0.48 0.9  63.3 - I  -I 0.48 - f  8.5 4.3 

Dry gas at  standard temperature and pressure. 
Zero-order rate over central >80% of progress curve. 
Initial values; increase <40% before nitrite exhaustion. 
As percent of added nitrite-N. 

Not measured. 
e Gas values measured solution values derived from calculation in Miniprint Supplement. 

Time (hr) 

FIG. 2. Nitrite uptake by P. perfectomarina and derived 
estimates of Michaelis-Menten parameters. Intensive sampling 
of medium  from a  culture being sparged at 200 ml (standard temper- 
ature  and pressure)/min N,. 

.- 4 1.0 
X 
0 
0 0.5 .- 
.- 

n n  
0.00 0.05 0.i o 

1 0.15 

Time (hr) 

FIG. 3. NO, uptake by P. perfectomarina and derived es- 
timates of Michaelis-Menten parameters. An anaerobic P. per- 
fectomarina culture in a 2-liter headspace-free syringe was spiked 
with -4 PM NO,, in the presence of 100 PM [NO;], and  the mixture 
was pumped at a constant  rate into  a gas-stripping device coupled to 
the NO detector, permitting continuous measurement of  [NO.,] uer- 
sus time. 

fit parameters is shown in Fig. 4 along with the  data.  The 
features identified qualitatively above, a maximum in N,O 
yield and an asymptotic behavior of  NO yield, are reproduced 
at intermediate flow, as shown by the best-fit lines. The value 
of r2, the asymptote of the integrated NO yield at high  flow, 
is 73 f 8%. Although the reliability of this value is imprecisely 
known, the uncertainties seem too small to accommodate a 
value of 100% for rz. Hence we conclude that most, but not 
all of the nitrite-N reduced is purgable as NO.,. Using external 
Hb as  a  trap, Goretski and Hollocher3 also found the rates of 
HbNO formation rates at high [Hb] for P. Perfectomarina to 
he about 65% of nitrite reduction obtained in separate exper- 
iments. 

The fate of the remaining (100 - rz)% of nitrite-N reduced 
is uncertain. Although the value of ro is greater than  that of 
rl (Table 2), its  uncertainty is very  large, casting doubt on its 
significance. That ro is likely  zero is also consistent with the 
richness of the medium in ammonia-N for assimilation, the 
most likely  sign of the calibration error for N20, (Miniprint 
Supplement),  and the absence of any published evidence for 
direct Nz formation. Thus rl, the “direct” path  to N20.,, is 
thought to be the second most significant term required by 
the  data  and Scheme 3. 

The value of kS, the  rate constant for cellular uptake of 
NO,,, is also significantly above  zero. Hence under precisely 
the  same  conditions  and  contemporaneously  with  its  evolution, 
NO,, is consumed biologically. The two-parameter emission- 
uptake fit (Fig. 4) for NO,, has an P value 0.9, and hence is 
a good quantitative description of the data. Although we 
present  and analyze the integrated time courses here, exami- 
nation of the temporal patterns also shows that stepwise 
evolution and temporally discrete reduction of these inter- 
mediates is not  a major process, in agreement with the analy- 
sis of Betlach and Tiedje (1981). 

The results for N20.,  show a “direct” path yielding about 
11% of total reduced N  as N20, representing at most about 
one-quarter of the total N20 yield. Hence most N20 derives 
from NO,, via the r2 - k, sequence. The N,O,, uptake rate 

T. C .  Hollocher, personal communications. 
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TABLE 2 
Parameters f i t  to Scheme 3 

NO  uptake 
order  assumed 

Fates of nitrite-N”  Uptake of NO, and N,Oaqb Physical gas removal kinetics‘ 

ro rl rz k3 k,   k,  k6 

S -’ s-’ F” 

1 16.1 ? 12  10.8 * 4 73.1 f 8  0.0083 k 0.002  0.001 z i  0.0003  0.0221 k 0.007 0.0103 f 0.0002 
2 62.6 f 5 0.031 f 0.007  0.0221 k 0.007  0.0103 f 0.0002 

a Percent of nitrite-N. 
For  first-order  uptake values in s”; for second-order uptake nM” s-’. 
Apparatus-dependent physical removal rates of dissolved gases measured in sterile medium. F is gas flow at 

standard  temperature and pressure in  liters/min. 

0 1  
0.0 0.5 1 .o 1.5 

Flow Rate (I/rnin) 

FIG. 4. Predicted (Unes) and experimental integrated yields 
of NO, (W) and N20, (0- - -0) as functions of bubbling 
rate. Data from Table 1, curves from Scheme 3, and equations in 
Miniprint  Supplement. 

constant  is  also  greater  than zero, demonstrating  simultane- 
ous N20  production  and  uptake.  The NzO., uptake  rate  con- 
stant is nearly  an  order of magnitude  smaller  than  that for 
NO.,. 

In  summary,  the  data  are  consistent  with  the model repre- 
sented  in  Scheme 3. Most  but  not  all  nitrite-N reduced 
becomes  available as extracellular NO.,, which is largely taken 
up  and reduced further  to N20,,. This NPOaq is also available 
for further reduction.  Only about 11%  of the N,O-N, a quarter 
of the  total,  appears  to  be  produced by “direct” NO; -+ N 2 0  
path  that  circumvents NO.,. Goretski  and Hollocher (1988) 
likewise found  that a component of  N,O production could not 
be eliminated by high concentrations of the  extracellular  NO 
trap  Hb. 

DISCUSSION 

The principal  question previously  posed has been whether 
or not  NO  (location unspecified) is  an “obligate-free inter- 
mediate”  (Payne, 1981b; Garber  and  Hollocher, 1981). The 
best  currently achievable operational  criterion for “free”  ap- 
pears  to be “extracellular,” as demonstrated by Hb  trapping 
(Goretski  and Hollocher, 1988) or gas-liquid  equilibration. 
Such  experiments  clearly  define  free  extremely rigorously, 
since without  doubt  intracellular  free  intermediates  also  exist. 
The  striking  result is that a  large fraction of the reduced N 
flux satisfies  this rigorous criterion,  testifying  to  the power of 
the  constraint.  The isotopic experiment of Firestone  et al. 
(1979) also  indicated a  free  pool of very similar size to  the 
extracellular  one described here;  it was not  demonstrated  that 
the  trapping was fully saturated. 

Since species in facile  equilibrium with a true  intermediate 
are difficult to  distinguish  from  the  intermediate  itself, we 
cannot  differentiate between Schemes 1 and 2, although  NO 
is  mechanistically a true  intermediate  in 1 and  not  in 2. Both 
schemes  permit  NO  and N20  to  satisfy necessary (but  not 

sufficient)  criteria for an  intermediate: 1) presence,  shown by 
trapping, 2) antecedency to  products, shown by diminished 
product yields upon removal  from and/or  enhanced yields 
upon  addition  to a reacting  system. 

Extracellular NO as a  Product-Equating ‘‘NOg[ to gas- or 
Hb-scavengeable, extracellular NO is justified by the absence 
of mechanisms for these processes to influence intracellular 
pools directly. However, the  external NO sink indirectly per- 
turbs  intracellular pools by inducing  a net diffusive flux from 
the cell, as analyzed in  detail  in  the Appendix of Goretski  and 
Hollocher (1988). The experiment of these  authors  establishes 
that  at  the  limit of maximal trapping (scavenging rate  con- 
stant for NO, approximately 1000-5OOO/s) this  net induced 
flux is -65% of the  nitrite reduced in  the case of P. perfecto- 
marina.’ This proves that  HbNO  can become the major prod- 
uct of the  reaction  and  opens  the question of whether  the 
extreme  conditions have  “sucked out”  NO  in  an  entirely 
unnatural  manner.  Our  experiments  at high flow and  extrap- 
olation  to  infinite flow rates showed similar limiting product 
(NO,) yields as  the  HbNO yields of Goretski  and Hollocher 
(1988)  even though  our scavenging rate  constant was about 
100,000 times lower, corresponding to NO  residence times  in 
solution of several minutes.  This correspondence of yields 
under greatly  differing conditions, using different  trapping 
methods, suggests that  operationally  the  definition of “extra- 
cellular” is robust.  Our  trapping timescale is also  sufficiently 
slow to suggest that  in  nature  environmentally realistic chem- 
ical and biological NO  sinks may provide alternative fates. 

NO and N20,  as Intermediates-Although under  strong 
perturbation NO,, and NzO,, are major products of nitrite 
reduction,  these  maximum  product yields may not be valid 
estimates of the role of  NO,, (and N,O,,) as  intermediates  in 
balanced denitrification (1 NO; -+ -% N,). Cells switching 
from N P  to NO as  their  principal  product  are deprived of 
about half ( %  x 73%) of the supply of electron acceptors and 
of N  species  reduced  beyond the 2+ level, potentially eliciting 
chemical or regulatory  feedbacks not included in  Scheme 3. 
However, the  kinetics  predicted by Scheme 3 fit the  data from 
all  our  experiments (Fig. 4), which involved removal of from 
10-85%  of the  limiting NO yield, hence ranging from almost 
unperturbed NO,, intermediacy  to  almost complete trapping 
as  product. 

The  simplest  interpretation of this fit is  that  the  assumed 
constancy of the r and k terms of Scheme  3 is correct: limiting 
yields do  represent degree of intermediacy  in balanced deni- 
trification  as well. While uncertainties  permit some unde- 
tected  variations  in  these  parameters,  drastic  shifts  are  not 
consistent  with  the  fit of Fig. 4. To  our knowledge, this is the 
first  direct  demonstration of this  important  point for both of 
these species under  identical  conditions. 

Analogous arguments  apply  to N,O cycling in principle. 
However, “obligate-free intermediacy”  is generally  accepted 
for N20,  and  our own results show a much smaller  first-order 
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uptake  rate for N20eq than for NO,, (Table 2, k3 uersus $). 
Hence the principal new information we derive is that a large 
fraction of N20 derives from NO,,. 

Mechanism of Denitrification-These results establish 
three  important  points, which the  data of Goretski and  Hol- 
locher (1988)3 imply may be general, rather  than peculiar to 
P. perfectomarina. First, unequivocally extracellular NO and 
N,O can become the stoichiometrically dominant products. 
Second, simultaneous concurrent production and consump- 
tion of NO., and NZOaq appear to occur with similarly large 
extracellular components under conditions of complete deni- 
trification,  thus realizing the sequence model  led  by Betlach 
and Tiedje (1981) in a real cellular system. Finally, individual 
steps in our scheme have previously been studied using ex- 
tremely high  cell and reagent concentrations  and in very 
short-term experiments. The fact that our cultures fit Scheme 
3 at near-natural  substrate levels for relatively long periods 
and  repeat  their  time course behavior on replenishment of 
nitrite, strongly suggests that  this scheme may approximate 
denitrification by P. perfectomarina in nature. 

Ecological Implications-The facile evolution and  uptake of 
NO from P. perfectomarina and  other denitrifiers suggests a 
strong  interaction between these organisms and  their  envi- 
ronment with respect to release of NO, with implications 
regarding the cycling of N, the ultimate  fate of NO, and  the 
origin of N20 in denitrifying systems. Competition among 
cells and species for extracellular NO is a logical inference, 
and chemical sinks may also be important for extracellular 
NO, possibly diverting formally "denitrified" N (e.g. NO) 
(Payne, 1981a, 1981b) to products other  than N20 or N,. The 
detection of rapidly cycling NO in  the suboxic regions of the 
oceanic water column (Goering, 1985; Ward  and Zafiriou, 
1988)' suggests that these paths require consideration in that 
environment. 
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