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ABSTRACT

The use of *®N-labeled compounds to obtain specific uptake rates for the various nitrogen
sources available to the phytoplankton makes it possible to separate the fractions of
primary productivity corresponding to new and regenerated nitrogen in the euphotic
zone of the ocean. Measurements of nitrate uptake as a fraction of ammonia plus nitrate
uptake have been obtained from the northwest Atlantic and the northeast Pacific oceans.
Mean values range from 8.3 to 39.5%, the former being characteristic of subtropical
regions and the latter of northern temperate regions or coastal and inland waters.

Nitrogen fixation is also a source of new nitrogen. Rates of nitrogen fixation are found
to be as high or higher than nitrate uptake, in some cases suggesting an important role
for nitrogen-fixing phytoplankton.

The role of zooplankton in regcnerating nitrogen as ammonia in the Sargasso Sca is
examined theorctically. Probably only about 10% of the daily ammonia uptake by phyto-

plankton is contributed by the zooplankton living in the upper 100 m.

INTRODUCTION

Marinc primary production can be mea-
sured by a number of techniques, the *C
method of Steemann Nielsen (1952) being
perhaps the most popular due to its great
sensitivity. However, measurements of pri-
mary production alone are not enough to
assess the capacity of a region to support
production at higher levels in the food
chain. The reasons for this werc considered
by Riley (1963) and are casily grasped
by considering the path of a major nutrient
element. A simplified cycle of nitrogen in
the euphotic zonc is shown in Fig. 1, where
it can be seen that the nitrogen available
to the phytoplankton is in one of two
categories: 1) newly incorporated nitrogen
as NO3™-N, or N, and 2) recycled nitrogen
in the form of NH,*N or dissolved or-
ganic-N. Clearly, the rate of export of
organic nitrogen from the production system
cannot excced the rate at which new nitro-
gen becomes available to replace it if the
phytoplankton is to maintain itself.

1 Contribution No. 6 from the Institute of
Marine Science. This research was supported by
National Science Foundation Grants GB-24 and
GB-2678 and by the United States Biological
program of the Intcrnational Indian Ocean Ex-
pedition. We wish to thank Dr. John II Ryther,
Woods Hole Oceanographic Institution, whose en-
couragement and generous provision of ship time
made this work possible.

This kind of analysis can be made for
any major element contained in the phy-
toplankton; however, nitrogen is a logical
choice since it is a major structural com-
ponent of cells and is reasonably constant
in its ratio to carbon and phosphorus. Mea-
surcments of population growth using nitro-
gen may, in fact, show less scatter than
would those using carbon or phosphorus,
because the latter two elements are not
only structural components but are con-
tinuously turned over in the energetic proc-
esscs of organisms. Theoretically, nitro-
gen should provide an inherently satisfac-
tory and fundamental measure of produc-
tion in ecosystems. Nitrogen is also often
thought to limit production in the sea in
the Licbig sense, another reason for study-
ing its flow through the marine ecosystem.

We propose for the time being to call
the primary production associated with am-
monia (regenerated nitrogen) “regencrated
production” and all primary production as-
sociated with newly available nitrogen, for
cxample, NO3-N and Np-N, “new produc-
tion.”

The usc of 1*N-labeled compounds makes
it possible to measure the fractions of new
nitrogen and regeneratcd nitrogen associ-
ated with the primary production in the
sea. Preliminary data suitable for analysis
along these lines have been obtained from
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Fic. 1. Circulation of inorganic nitrogen through the euphotic zone ecosystem.

the Sargasso Sea at Bermuda and Chain
cruises 15 and 25, and from the Gulf of
Maine (Atlantis II, cruise 2), the Arabian
Sea (Anton Bruun, cruise 4A), and the
northeast Pacific Ocean (Acona, cruises 1,
3,and 7).
METHODS
Tracer techniques

The N method of measuring uptake of
inorganic forms of nitrogen has been de-
scribed by Neess et al. (1962). This pro-
cedure involves 1) addition of SN-labeled
nitrogen compounds to scawater, 2) in-
cubation under conditions chosen for the
experiment, 3) filtration of the water
through glass filters (Hurlbut 984I1 ultra-
filter) to capturc the particulate matter, 4)
conversion of nitrogen compounds in the
particulatc matter to gaseous nitrogen by
a Dumas method (Barsdate and Dugdale
1965), and 5) determination of the nitro-
gen isotope ratio of the gas with a mass
spectrometer and comparison of the ratio
with standards to determine if any 5N has
been incorporated into the particulate frac-
tion during incubation. We have controlled
a number of experiments in each region
visited by adding formalin to light- and
dark-incubated seawater with the result
that all uptake of '*N-labeled compounds
ceases. The results of the experiments re-
ported here can therefore safcly be inter-

preted to indicate biologically-mediated
processes.

Samplc conversion and mass spectrometry
have been carried out in the laboratory or
on shipboard, using a Bendix Time-of-
Flight Model 17-210 mass spectrometer.
The precision of the mass spectrometer is
about 0.01 atom per cent for replicate
samples containing the natural abundance
of 1PN (0.370 at.% *5N). A conversion sys-
tem and the mass spectrometer were in-
stalled on the RV Chain for cruise 25 and
on the RV Acona for cruise 7 to permit im-
mediate analysis of experiments.

Carbon uptake was measured by the *C
technique of Steemann Nielsen (1952). In
the Atlantis I1 studies, light and dark hottles
were incubated under the same experi-
mental conditions selected for the nitro-
gen observations.

Following mass spectrometry, the vari-
ables, Vo, and Vyi,* are obtained directly
from the following computations using the
notation in Fig. 1 suggested by Sheppard
(1962).

_ P _ da,/d¢

Vyo,=—=
PNy oas—ay’

(1)

where py4 = the rate of transport of nitrate
from the labeled compartment, 4, into the
initially unlabeled compartment, 1, the par-
ticulate fraction in this case. Ny = the con-
centration of nitrogen in the particulate
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Fic. 2. Uptake of ®*N-labeled NH,* and *C at station 1 of cruisc 2 of the RV Aélantis II in vertical

series.

nitrogen fraction. a4 =the atom per cent

15N in compartment 4. g, =the atom per

cent N in compartment 1. Vyo- is essen-

tially a growth rate in terms of nitrogen

and has units of pg-at. N taken up (pg-at.

N)-1 (unit time)™! or simply unit time.
Rearranging equation (1):

P14 = VNOS‘ X N1 . (2)

The computations for Vyi,+ follow in
similar fashion.

The measurement of inorganic nitrogen
uptake is influenced by the varying amount
of nitrogen detritus. The effect is to dilute
the living fraction of particulate nitrogen
and thus to produce an underestimate of V
in the following manner:

_ N1 cents + N1 detritus
Vcells — Y measured
Nl cells
N1 total
= Vmeasm‘ed . ( 3)
Nl cells

All V’s measured on a particular water
sample are in error by the same factor, so
the effect of detritus disappears when ratios
of V’s are obtained, for example:

Y4 Nl total
A\ NOy™ measured _N‘_
NOj;™ cells 1 cells
2
VNII4+ cells V . Nl total
NIT;" measured
Nl cells

thus,

VNOS_ cells VNO‘;,' measured

(4)

The effect of detritus also cancels when
the transport rates are computed:

VNII; cells ‘7NII‘;r measured

P14 cents = V N0y cens X Ni cens
from equation (3).

er total

Nl cells

= VNO3' measured X X Nl cells

= VNO;; measured X N1 total -

The addition of tracer nitrate and am-
monia to raw seawater will result in in-
creased rates of uptake of nitrogen from
those sources unless the pre-existing levels
are already high. We have, thercfore,
limited the addition of the labeled com-
pound to 10% of that alrcady present in
the water. Until recently, nitrate analyses
could not be obtained in less than 24 hr.
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series.

Hence, additions of the isotope were made
from estimates of the concentration likely
to be found in the water. With this tech-
nique, we werc able to hold the enrichment
tolerances to 5-20% for most of the data
reported here. As a first approximation, we
assume that our estimates of nitrate and
ammonia uptake may be on the order of
5-20% high as a result of this crror.

Another source of error is in dilution of
the initial isotopc enrichment during in-
cubation resulting in an underestimate of the
amount of nitrogen uptake. We have ob-
served a dilution of the isotope ratio in the
ammonia fraction in a number of experi-
ments in which the ammonia was distilled
from subsamples obtaincd periodically dur-
ing incubation. We have not corrccted for
this cffect in our uptake data, so the uptake
values given may undecrestimate the actual
uptake rates by as much as 10%. The
amount of nitrate dilution, if any, is un-
known. However, it is our impression that
it is probably low because our incubation
periods were short (12 hr or less), and we
have failed to detcct measurable rates of
nitrification in surface seawater incubated
for up to one weck with *N-labeled am-
monia (unpublished ).

ng-at. N LITER™HR™!
station 5 of cruise 2 of the RV Atlantis II in vertical

Incubation and sampling procedures

In the Bermuda experiments, 12-liter
carboys were filled with scawater collected
at a depth of 15 or 20 m, 28 km southeast
of Bermuda. After addition of »NH4* or
15NQj-, the carboys were incubated for 24
hr in a scawatcr-cooled Plexiglas tank ex-
poscd to natural light.

The water of the Chain 25 cxperiments
was collected from a depth of 25 m. In-
cubation of the carboys was carried out in
a constant temperature incubator repro-
ducing in situ sea surface temperaturcs.
The light level in the incubator was 9,000
lux.

A vertical scries of ammonia and nitrate
uptake measurcments was conducted in
the Gulf of Maine in April, 1963. The con-
ditions of incubation of the nitrogen uptake
carboys on this cruise were similar to
thosc of the Chain 25 cruise with onc ex-
ception—the light level in the incubator was
about 5,000 lux.

The water for the Arabian Sea expcri-
ments was collected from depths of 15 or
95 m. The carboys were incubated in front
of a fluorescent light bank that supplied a
light level of about 5,000 lux. On the RV
Acona cruiscs, samples were cooled with
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running seawater and illuminated with
fluorescent lights supplying a level of about
5,000 lux.

Chemical analysis

On Chain cruises 15 and 25 and at
Bermuda, concentrations of ammonia-nitro-
gen were determined by the vacuum distilla-
tion technique of Riley (1953). The am-
monia-nitrogen values used for calculations
in the Arabian Sea data were obtained by
isotope dilution. This involves 1) addition
of a known amount of "NH,* to seawater,
2) distillation of the frce ammonia from
filtered samples of this water buffered to
pH 9.2, 3) conversion of the ammonia to
gascous nitrogen by alkaline hypobromite,
4) measurement of the nitrogen isotope
ratio, and 5) calculation of ammonia con-
coentration.

In all experiments, nitrate-nitrogen was
determined by the method originally de-
scribed by Mullin and Riley (1955) or by
the modifications later suggested by Strick-
land and Parsons (1960).

RESULTS AND DISCUSSION

Photosynthesis and nitrogen uptake

Ammonia and nitratc uptake in the
light, sr; dark uptake, rp; average uptake,

= (pr+rp)/2; and M“C-measured primary
production are plotted in Figs. 2 and 3 for
stations 1 and 5 of cruise 2 of the RV
Atlantis I1. Tt is evident that both the light
and dark ammonia uptake curves follow the
samec pattern shown for the uptake of
carbon, suggesting that both dark and light
uptake are reclated to the activities of
photosynthetic organisms. The similarity
between the curves for average ammonia
and nitratc uptake with those for carbon
uptake suggest that 5 may provide a relative
estimate of nitrogen uptake by photosyn-
thetic organisms in the euphotic zone.
Thus, we use 7 in computing carbon : nitro-
gen uptake ratios taking into account, how-
ever, the daylight uptake of carbon and
the continuous uptake of nitrogen implied
by the usc of 5.

In Fig. 4, ammonia uptake is plotted
against carbon uptake. These data were
collected during cruise 4A of the RV Anton
Bruun. The regression line, a least square
fit, passes through the origin with a mean
ratio of carbon uptake to nitrogen uptake,
6.1 : 1, similar to the expected ratio of about
7 : 1 (Fleming 1940). Nitrate data are not
available; however, the effect of including
nitrate uptake would be to decrease the
C : N ratio by perhaps 10-40%.
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and nitrate
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TanLe 2. Uptake of ammonia and nitrate at sta-
tion S in the Sargasso Sea near Bermuda

VNIIJL VNO;,—I.

T !
Viaht™ Vgt Vnoy-ht Vogp

9.9

Temper- L* 0.0391(3)% 3.8
ate Di 0.0101(8)

Tropical L 0.0103(50) 1.7
D 0.0062(24)

0.0267(7)
0.0027(6)

0.0026(25) 3.3
0.0008(17)

# I, = light incubation.
¥ (X) = mean of X number of samples.
% D = dark incubation.

The data for light and dark uptake of
ammonia and nitrate are summarized in
Table 1. The ratio of light-to-dark uptake
is greater than one for both forms of nitro-
gen. The small number of measurements
available for temperatc waters makes it
impossible to draw definite conclusions
about geographical differences; however,
there is a suggestion that the ratio of light-
to-dark uptake of ammonia and nitrate is
lower in tropical waters than in temperate
waters.

The uptake of nitrogen is not a direct
photosynthetic process but an indirectly
related one with a variable degrce of cou-
pling to photosynthesis. The data given
here are consistent with earlicr observations
and conclusions regarding the uptake of
nitrogen in the dark. The assimilation of
inorganic nitrogen compounds in the dark
by nitrogen-dcficient cells led Ilarvey
(1963) to suggest that phytoplankton that
become nutrient deficient during the day
may make up for this deficiency in the
dark. Harris and Riley (1956) suggest that
phytoplankton assimilate nitrogen and other
nutrients continuously from media contain-
ing low concentrations, while carbon up-
take procceds only in the light, thereby
maintaining the average carbon-to-nitrogen
ratio in the organic matter.

Nitrogen uptake at Bermuda

The primary productivity at station S,
28 km southeast of Bermuda in the Sargasso
Sea, has been studied intensively by Menzel
and Ryther (1960). A significant feature is
the annual winter breakdown of the sea-
sonal thermocline with subsequent circula-

Per cent NO,~

uptake
Vyog X 100
Datc “_/Nn 44,111‘“1 T—/Nos_hr—l VNO;;— + VNH4+
24 Sep 1962 0.01320  0.00050 3.6
10 Oct 1962 0.01225 0.00020 1.6
6 Nov 1962 0.01055 0.00005 0.5
22 Nov 1962 0.00705 0.00075 9.6
18 Dec 1962 0.01100  0.00100 8.3
7 Jan 1963 0.00560  0.00105 15.8
17 Jan 1963 0.00750 0.00175 18.9
Mean 0.0114 0.00076 8.3

* Uptake in a single undarkened carboy, divided by 24
(the hours of incubation: under natural light).

tion down to the permanent thermocline.
Nutrients are mixed upward and a spring
bloom of diatoms occurs from January
through March or April. Following forma-
tion of the scasonal thermocline, primary
production declines and remains low for
the remainder of the year. The minimum
primary productivity for 1957, 1958, and
1959 occurred in November.

The results of a series of nitrogen uptake
measurements made on water collected
from a depth of 15 m at station S over the
period 24 Scptember 1962 to 17 January
1963 arc presented in Table 2. Samples
were incubated for 24 hr under natural
light as described above. Darkened carboys
were not used, and total uptake was divided
by 24 to obtain an average hourly uptake
rate. The low percentage of nitrate uptake
in the carly fall arise from low nitratc up-
take values while the increascs observed
later rcsult from increascd nitrate uptake
combined with decrcased ammonia uptake.
The mean nitrate uptake is 8.3% for the
entire period.

The coursc of events related to the varia-
tion in nitrate uptake is shown in Fig. 5.
To emphasize the relationship to primary
production, nitrogen uptake has been con-
verted to equivalent carbon using 7.0 as a
factor. As new production (nitrate uptake)
falls to undctectable levels, the particulate
nitrogen (phytoplankton) and the regen-
crated production (ammonia uptake) fall
rapidly. This period is associated with the
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Fic. 5. Seasonal changes in nitrogen uptake at
station S near Bermuda exprcssed in terms of car-
bon as new and regencrated primary productivity.

minimum 25-m nitrate concentration. As
the nitrate concentration at 25 m rises
steadily, new production increases and is
accompanied by large increases in par-
ticulate nitrogen and regenerated produc-
tion. The subsequent decline in all of these
parameters appears to be associated with
the decline in 25-m nitrate concentration,
suggesting the possibility that nitrogen is
limiting primary production. Phosphate-
phosphorus does not show a clear relation-
ship to the concentration of nitrate or the
other parameters plotted in Fig. 5. Thus,
the role of nitrate as a limiting nutrient ap-
pears to be reasonably well established for
the winter diatom bloom in the Sargasso
Sea ncar Bermuda, both from the results
shown in Fig. 5 and from the work of Steele
and Menzel (1962). Searching for a nu-
trient factor to be used in predicting con-
ditions for maximum primary production
in the mixed layer, they found that phos-
phate showed little change over the winter;
however, nitrate showed distinct scasonal
peaks varying from ycar to year. Using a
nutrient factor based on nitrate, and know-
ing the depth of the mixed layer, they
were able to compute chlorophyll concen-
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Fic. 6. Comparison of primary productivity
measured on Chain cruise 25 by the “C method
and new productivity measured by the ®*N method.

trations that agreed well with those mea-
sured during three winter blooms.

The increase in particulate nitrogen oc-
curring in December can be used to com-
pute the growth rate for the particulate
nitrogen fraction, which can then be com-
parcd to the nitrate uptake results if the
assumption is made that there is no net
loss from the 15-m layer by sinking or
other processes and that the zooplankton
population remains constant. The latter
assumption is probably valid because
Menzel and Ryther (1961) observed lag
periods of the order of months before the
zooplankton responded to the increased
winter production. On this basis, a value
of Vyo,- can be computed using the ex-
pression:

Ny = Nyetrvor,

where: Ny, = particulate nitrogen at time
t, and Ny; = initial particulate nitrogen.

The value so obtained, 0.00183/hr, agrees
with ®N-measured Vyo,- at the beginning
and at end of the period, 0.00100 and
0.00105.

The contribution of zooplankton cxcre-
tion to primary productivity in the Bermuda



UPTAKE OF NITROGEN IN PRIMARY PRODUCTIVITY

203

TasLe 3. Comparison of primary production measured with “C and estimates made from nitrate uptake
measurements on RV Chain cruise 25
(1) (2) (3) (4)
) % NO,~ uptake New production
— _Locatlon Total 1C uptake »& Xﬁ_lOO z >(;0( I\?I((;w ﬁ;lg}ctgt;?%

Station (N lat) (W long) ug-at. C liter-1hr-t  NH,* 4+ NO;~  yguat, C liter-2 hr-1 ,ug-qt C liter-1 hr-1

460 42°24’ 65°34/ 0.178 30.4 0.054* 0.085

463 40°00" 65°00" 0.142 17.3 0.024% 0.014

465 38°00/ 65°00’ 0.139 21.0 0.029 0.006

467 36°00" 65°00" 0.041 — —_ —

469 34°00/ 65°00’ 0.066 —_ — 0.004

471 31°55’ 65°00’ 0.018 13.9 0.002 0.006

473 30°00’ 65°00’ 0.006 16.7 0.001 0.001

475 28°00’ 65°00" 0.012 72.5 0.009 0.014

477 26°00’ 65°00’ 0.003 30.2 0.001 0.004

* Dark uptake estimated at 10% of light value.

1 Particulate nitrogen value mcasured; all other particulate nitrogen values were obtained by extrapolating between

measurements at previous and succecding stations.

region can be examined theorctically. If
the system of Fig. 1 is assumed to be in
steady state and other ammonia sourccs
can be ignored, it can be seen that ammonia
uptake is equal to zooplankton ammonia
excretion. Then:

Ve X Ng = Vyn,* X Ny, and

N.
Vgt = Vze X N

Beers (1962) has measured the ammonia
excretion rate of Sagitta hispida and gets a
value of Vi = 0.006 pg-at. NH,*-N excreted
per ug-at. org-N animal* hr. The excre-
tion cocfficient can be computed inde-
pendently from the respiration ratcs mea-
sured for Bermuda zooplankton by Menzel
and Ryther (1961). They give a mean
value of 0.125 g C respired per g zooplank-
ton dry wt per day, close to the mcan of
0.103 quoted by them for other investiga-
tions. Raymont (1963) suggests.11.1-12%
for the nitrogen content of copepods and
10.9% for Sagitia on a dry weight basis,
Making the assumption that nitrogen is
excreted in proportion to the carbon re-
spired and in the average ratio they occur
in the phytoplankton (7:1) and using an
average nitrogen content of 11.3%, Vp=
0.0078/hr, in closc agreement with Beers’
measured value of 0.006/hr for S. hispida.
Steemann Nielsen (1962) showed that, with

certain reasonable assumptions, the total
zooplankton population below a square
meter of sea in the Bermuda region may
be about twice the size of the phytoplankton
population in the euphotic zone when both
populations are measured in terms of
carbon. Applying Menzel and Ryther’s
(1961) figure of 13.5% for the fraction
of the population to be found in the
upper 100 m, the ratio Ny: N; for 0-100
m is (2N; X 0.135)/N; = 0.27. Then the ex-
pected Vi, = 0.27 X 0.0078 = 0.0021/hr,
an order of magnitude lower than the mecan
observed Vyp,+ in Table 1, 0.0114. Ap-
parently only 10% of the obscrved ammonia
uptake is supplied by zooplankton excre-
tion, although diurnal vertical migrations
may increasc this amount (Bceers and Kelly
1965).

Ammonia and nitratec arc added to the
sea surface by precipitation and constitute
a source of nitrogen for new production.
The contribution of ammonia in the Bermuda
region can be computed from the data of
Menzel and Spaeth (1962), who found be-
tween 1,407 and 189 ug-at. of N falling upon
a squarc meter of sea surfacc per month,
Using 1,000 pg-at. m2 as the monthly con-
tribution and assuming its distribution
through a euphotic zone 100 m deep, the
mean hourly rate of ammonia delivery is
1.39 X 10-® pug-at. of N/liter. The daily
ammonia uptake rate computed from Table
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TasLE 4. Mean per cent nitrate uptake for all available Pacific and Atlantic Ocean data

Mean per cent

Cruise Area Dates NO,- uptake
Acona 1 NE Pacific coast, Seattle—Juneau Sep 1964 20.3 (5)*
Acona 3 NE Pacific coast, Juneau-Cape Spencer Nov 1964 27.6 (3)
Acona 7 N Pacific, Vancouver—IHonolulu Feb 1965 8.7 (8)
Chain 25 NW Atlantic, Georges Bank—Caribbean Mar 1962 28.8 (8)

Bermuda, station S Sep 1962 to Jan 1963 8.3(7)
Atlantis II 2 NW Atlantic, Gulf of Maine Apr 1963 39.5(2)
* (x) = number of samples.

2 gives a value of 5.7 X 103 ug-at. liter
hr'. Clearly, ammonia from atmospheric
sources plays an insignificant role in the
daily ammonia rcquirement.

The mean rate of nitrate uptake at 15
m in the Bermuda region can be computed
from Vyo,- = 0.00076 (Table 2) and taking
a figure of 0.5 pg-at. N liter? for the con-
centration of particulate nitrogen (Goering
and Dugdale, unpublished). The value so
obtained, 3.8 X 10-¢ pg-at. N liter? hr, is
an order of magnitude higher than the value
computed for ammonia uptake supplied by
rainfall.

Nitrate is also contained in precipitation
at Bermuda, The concentration of nitrate
may equal or exceed that of ammonia
(Goering, unpublished). The contribution
of nitrogen from nitrate and ammonia in
rain may then be -estimated to be on the
order of 20% or lcss of the new production
computed from the nitrate uptake data.

Chain 25

Measurements of nitrate and ammonia
uptake in water from 25 m were made on
a section along 65° W long from Georges
Bank to the Caribbcan Sea in May 1962.
The per cent nitrate uptake is shown in
column 2 of Table 3. New primary pro-
duction (column 3) is computed from the
product of this ratio and the **C-measured
primary productivity. By an alternative
method, the new production has been cal-
culated directly by multiplying the nitrate
uptake rate by 7 as in the Bermuda data (col-
umn 4), A comparison of the two mecthods
can be made from columns 3 and 4 and the
agrecment appears to be good. Significant
disparities between cexpected and observed
nitrogen and carbon uptake ratios should

be revealed here. The per cent nitrate up-
take at station 471 near Bermuda compares
well with the value given above for that
region.

A comparison of “C primary production
with new primary production (column 4,
Table 3) along this section is shown in Fig.
6. New primary production gives a picture
of uniformly low rates throughout the
Sargasso Sea while **C primary production
declincs more gradually until the two
methods give about the same values. The
new fraction rises at the southem end,
probably as a result of the trade winds
and increased nitrate concentration at the
25-m level. The significance of the steady
decline of regenerated production toward
the south cannot be assessed but is presum-
ably due to a decline in bacterial activity
or some other regeneration pathway whose
specific contribution we arc unable to mea-
sure.

Northwest Pacific Ocean

Ammonia and nitrate uptake measure-
ments have been made on Alaskan cruises
1, 3, and 7 of the RV Acona. Water was
collected from a depth of 10 m. Table 4
summarizes all available data from which
per cent nitrate uptake can be computed.
RV Acona cruises 1 and 3 were conducted
in coastal or inside waters between Seattle
and Juneau and show rclatively high pro-
portions of nitratc uptake comparable to
those shown for the Gulf of Maine on RV
Atlantis II cruise 2. RV Acona cruise 7,
from Vancouver, British Columbia, to Hono-
lulu, Hawaii, was carried out in late
winter; values obtained were low, com-

parable to the mean winter Bermuda data

given in Table 2.



UPTAKE OF NITROGEN IN PRIMARY PRODUCTIVITY

SUMMARY AND CONCLUSIONS

The ability to fractionate primary pro-
duction into components by observing the
rates of flow of various nitrogen com-
ponents, using **N-labeled compounds, may
lcad to the solution of some important prob-
lems. We now have some first estimates
for the fraction of primary production that
is available for consumption at higher
trophic levels based on nitrate and ammonia
uptake measurements. As we accumulate
morc of these data for more regions of the
sea and at different seasons, it should be
possible to correct existing “C primary
production measurements to give a more
accurate picture of the potential for pro-
duction of fish in a given rcgion. This is
truc espccially in the tropics where so little
is known about recycling of nutrients in
rclation to primary production. Perhaps
the most important point rcquiring con-
firmation is the finding that those tropical
regions that appear from 4C measurements
to have low primary productivity have a
lower proportion of new production than do
regions of higher “C-measured primary
productivity. Thus, it appears that rich
seas are richer and poor seas are poorer
than measurements of photosynthetic car-
bon fixation would suggest.

It is important to distinguish clearly be-
tween the relative importance of ammonia
and nitrate as sources of nitrogen for the
cell and as sources of nitrogen for the pop-
ulation. Vaccaro (1963) has suggested that
in coastal water off New England in sum-
mer, ammonia is likely to be a more im-
portant source of nitrogen than is nitrate,
and the uptake data given in this paper sup-
port his view. Thomas (1966) has obtained
similar data from the tropical Pacific Ocean
and arrives at essentially the same conclu-
sion as Vaccaro (1963). The algal cells pres-
ent do depend primarily on ammonia as a
source of nitrogen. However, because am-
monia is the result of short-term regeneration
of nitrogen, only new sources such as nitrate
from deep water or nitrogen fixation allow
increases in population size or in produc-
tion passcd on to higher trophic levels.
These points are embodied in Fig. 1.
Under quasi-steady-state conditions, am-
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monia can circulate indefinitely if the
phytoplankton population incurs no losses
whatever, that is, po; = p35 = p13. The pri-
mary production system is real, so losses
are incurred primarily through sinking and
mixing, sy, and by predation by zooplank-
ton, sge. The sum of these losses, pgy + g2,
must at least be balanced by nitrate uptake,
p14, or by nitrogen fixation, pi5, or by any
other possible source of nonregenerated
nitrogen. Thus, for the phytoplankton cell
in the sca, ammonia is an important nitro-
gen source serving to maintain the cell in
a healthy statc and providing much of the
nitrogen used in reproduction when nitrate
levels are low, but nitrate and nitrogen
fixation are the most important parameters
with respect to nitrogen limitation of pri-
mary productivity.

The potential importance of nitrogen
fixation is indicated by comparing rates of
it with rates of nitrate uptake, because
both enter the cycle as new nitrogen. Dug-
dale, Goering, and Ryther (1964) have
presented data from which rates of nitro-
gen fixation associated with Trichodesmium
sp. can be computed. These rates vary
from undetectable to Vy, = 0.0116/hr. The
rapid increase in particulate nitrogen ob-
served during the winter of 1962-1963 in
the Sargasso Sea at Bermuda (Fig. 5) was
apparcently supported by nitrate uptake
rates of about Vyo-=0.001/hr. Nitrogen
fixation can quite obviously support growth
of Trichodesmium sp. at rates that are com-
petitive to those of other phytoplankton
whosc growth is supported by nitrate.

Certain assumptions have been made and
should be clearly stated; for example, the
oxidation of ammonia to nitrate has been
ignored. Although nitrification clearly oc-
curs in the sea, indications are that the
rates are low compared with those con-
sidered here. If nitrification rates are even-
tually shown to be sufficiently higher than
has been assumcd, the assumption that
nitrate is a nonregenerated nutrient form in
the cuphotic zone would have to be modi-
fied. Also, the rogenerated fraction of
available nitrogen is not entirely measured
by the ammonia uptake, the contribution
of dissolved organic nitrogen being of po-
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tential importance. The uptake of 1N-
labeled urea and glycine has been detected
(Goering and Dugdale, unpublished); how-
ever, absolute rates cannot be computed
until the concentration of these compounds
in seawater is measured concurrently.

The question of gross vs. net uptake is
an important one that cannot be resolved
with the information currently available.
Appropriate laboratory invcstigations with
purc cultures of algae do not appear to
have been made. However, we have
looked carefully at the time-course of up-
take of ammonia in raw seawater from
Bermuda stations, measuring the isotope
ratios in both the scawater and the particu-
late fraction (unpublished). Uptake rates
werc found to be linear with time for the
first 24-36 hr, suggesting that if exchange
occurs, release from the cell to the medium
procceds at a much slower rate than does
uptake from the medium into cells. A high
net-to-gross uptake ratio (close to unity)
is thereby implied.

Problems of interpretation and technique
remain to be solved. However, the mea-
surement of primary production with 5N
and the analysis of marine production
systems in terms of nitrogen have sufficient
advantages to warrant the additional effort
required to place this approach on a firm
experimental basis.
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