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ABSTRACT 
Previous work has shown that nitrogen is the limiting nutrient in poor (nitrate-free) water in the 
eastern tropical Pacific Ocean and has suggested that ammonium is the principal nitrogen source for 
phytoplankton in this water. Enrichment and uptake experiments with various concentrations of 
ammonium have provided values for the half-saturation constant, K,, and the maximum growth rate, 
bax, which can be used to calculate actual growth rates with the hyperbolic model relating growth 
rate to limiting nutrient concentration. At two stations, growth rates calculated from ammonium con- 
centration agreed well with those calculated from chlorophyll and 14C production, and the hyperbolic 
equation could be combined with that using production and chlorophyll to calculate production alone. 
In this paper calculated production rates are compared with those observed from 14C uptake mea- 
surements for a number of EASTROPAC cruises. The regression between calculated production and 
observed production is highly significant and the slope is close to 1.0, indicating reasonzble agreement, 
particularly when all of the errors in the calculation, especially in K s ,  are considered. The results 
suggest rather close control of phytoplankton production by the limiting nutrient, ammonium, in these 
near-surface, nutrient-poor waters. 

This paper describes how concentrations of a 
limiting nutrient in sea water and some mea- 
sure of the standing crop of phytoplankton can 
be used to estimate phytoplankton production. 
Estimated production is compared with observed 
14C production, and the two sets of values are 
shown to agree reasonably well when all the 
errors in the estimation are considered. 

The EASTROPAC Expedition series has de- 
lineated particularly well areas that are rich in 
nutrients and that are nutrient-poor in the 
eastern tropical Pacific Ocean. Rich areas in- 
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clude the Peru Current, the Costa Rica Dome, 
and an area of equatorial upwelling extending 
across the EASTROPAC area (from the Amer- 
ican coast to long 119" W).  Poor areas lie to 
the north and south of the equatorial upwelling 
zone and to the west of the Peru Current and 
Costa Rica Dome. Rich and poor near-surface 
waters were mapped in previous papers (Thom- 
as, 1969, 1970b) and will be shown in detail 
in the EASTROPAC Atlas (Thomas, unpub- 
lished data). Nutrient values for rich and poor 
water are also given in Table 1 of Thomas 
(1970a). 

Corresponding areal and seasonal changes in 
the phytoplankton production in this region have 
been observed and attributed in part to mecha- 
nisms of nutrient supply (Owen and Zeitzschel, 
1970). No accounting has been possible, how- 
ever, for the variations observed within the 
nutrient-poor surface layer of the region. 

Near-surface water in poor areas is especially 
low in nitrate-nitrogen; this nutrient is gener- 
ally not detectable (<0.1 prg-at./liter) . Ammo- 
nium-N is present in concentrations ranging up 
to 1 pg-at./liter and organic nitrogen can reach 
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concentrations of 17 pg-at./liter, but this latter 
nitrogen source is probably not utilized by phy- 
toplankton (Thomas, Renger, and Dodson, 
in press). 

Prior to EASTROPAC (pre-1967) low ni- 
trate/phosphate ratios in tropical Pacific poor 
water suggested that nitrogen was a limiting 
nutrient although ratios were increased when 
ammonium was included along with nitrate, and 
it was suggested that this latter nutrient alle- 
viated N deficiency (Thomas, 1966). 

Recent EASTROPAC enrichment experi- 
ments provided direct evidence for N limitation. 
Phytoplankton growth occurred in experiments 
where nutrients were added singly to sea water 
samples only with N addition, and if N was de- 
leted from an otherwise complete enrichment, 
little or no growth resulted (Thomas, 1969, 
1970b). The fact that photosynthetic assimi- 
lation ratios were only slightly (but signifi- 
cantly) decreased in poor water as compared 
with rich water testified further to the allevi- 
ation and control of deficiency by ammonium 
(Thomas, 1970a). 

Having established which nutrient is com- 
monly limiting, one can use a quantitative nu- 
trient requirement in an appropriate math- 
ematical model to estimate growth rates (pro- 
duction) from concentration of the limiting nu- 
trient. Recent work (Caperon, 1967 ; Dugdale, 
1967) indicates that the best model is hyperbolic: 

Cruise 

where p is the phytoplankton specific growth 
rate, pmax is the maximum rate which is un- 
limited by low nutrient concentration, S is a 
measured limiting nutrient concentration in sea 

Reference 95 percent Icmax 95 percent 
limits (Doublings/day) limits 

K, rn Station 
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water, and K ,  is the “half-saturation constant” 
-a nutrient concentration that supports a rate 
equal to pmax/2. This equation is equivalent 
to the Michaelis-Menton formulation for enzyme 
kinetics and was first applied to bacterial growth 
rates by Monod (1942). Many biological pro- 
cesses follow the hyperbolic model and since 
growth is the result of a series of coupled en- 
zymatic reactions, the hyperbolic model is the 
model of choice. 

A previous paper (Thomas, 1970b) provides 
information on pmax and K ,  (for ammonium) 
from which p can be calculated. To obtain these 
values we enriched samples of nutrient-poor Pa- 
cific sea water from a depth of 10 m with a com- 
plete mixture of non-nitrogenous nutrients to 
which various concentrations of ammonium 
were added. The samples were then incubated 
in natural light approximating the intensity that 
would be found a t  10 m depth. Growth was es- 
timated by successive daily measurements of 
in vivo chlorophyll (Lorenzen, 1966) in each 
treatment, and rates integrated over a daily peri- 
od were calculated from the maximum increases 
in chlorophyll. These rates were plotted against 
ammonium concentrations to fit a hyperbolic 
model and values of K ,  and pmax were obtained 
from the plot. These values and their 95% con- 
fidence limits are given in Table 1 for two such 
experiments. K ,  values can also be determined 
from uptake experiments since recent work has 
shown that K ,  values for growth and uptake 
are equivalent (Eppley and Thomas, 1969). 
Also included in Table 1 are uptake K ,  values 
obtained by MacIsaac and Dugdale (1969) for  
nutrient-poor tropical Pacific water. Their val- 
ues for  Vmax, the maximum uptake rate, are 
not equivalent to pmax and thus are not included 

Thompson 26 36 0.55 -- -- _- Maclsaac and 

l e  Vega 13 651-0 0.62 -- _- _- Maclsaac and 
Dugdale (1969) 

Dugdale (1969) 

Mean values 0.88 1.17 
95 % limits of mean 1.33 0.14 
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in Table 1. It will be noted that confidence lim- 
its for K ,  values in given experiments are large 
as is the confidence limit for the mean of all five 
values which is used in subsequent calculations 
(see Results and Discussion). This can be at- 
tributed to lack of precision in measuring either 
growth or uptake; even in controlled experi- 
ments with laboratory cultures, K s  values are  
imprecise (Eppley, Rogers, and McCarthy, 
1969; Eppley and Thomas, 1969). 

The integrated daily growth rate, p, can also 
be calculated from 14C production estimates and 
chlorophyll concentrations using the following 
equation: 

3132 [ loglo ( R  chl + Prod 1 - loglo ( R  . chl)l 
P =  

1 day (2) 

as has been done for laboratory cultures by 
Thomas (1964) and McAllister, Shah, and 
Strickland (1964). In  this equation R is the 
carbon/chlorophyll ratio; R . chl thus is the 
standing stock of phytoplankton carbon. The 
constant 3.32 converts logarithms to the base 10 
to logarithms to the base 2 and allows p to be 
expressed as doublings of phytoplankton carbon 
per day. 

In  the previous paper (Thomas, 1970b), p 
calculated from ammonium (equation 1) was 
compared with p calculated from 14C production 
and chlorophyll (equation 2) for the two EAS- 
TROPAC stations where Ksand pmax were de- 
termined from enrichment experiments. At 
station 76.007, p calculated from ammonium was 
0.385 doublings/day while that calculated from 
14C uptake and chlorophyll was 0.365 doublings/ 
day. At station 76.173 both values were iden- 
tical-0.276 doublingdday. For the calcula- 
tion we used an R value of 98, that found by 
Eppley (1968) for nitrate-free water off La 
Jolla. 

This excellent agreement suggested that  we 
could set equation (1) equal to equation (2) and 
solve for production as a function of ammonium 
and chlorophyll using K s  and pmax as  constants. 

(3) The new equation thus derived is 

Prod = chl.  R antilog ___ . -..-?-) - 1 1  [ kli K, ,+  S 

This expression allows a direct comparison cal- 
culated and measured 14C production (see Re- 
sults and Discussion). 

METHODS 

Methods for determining Ks and pmax were 
given previously (Thomas, 1970b; MacIsaac 
and Dugdale, 1969)-see also the previous sec- 
tion. Chlorophyll and production samples were 
taken from the depth of the 50 % light level, 
which was always in the upper mixed layer 
and varied from 9 to 16 m. This depth was 
determined by multiplying the depth a t  which 
the Secchi disc disappeared by 0.38. This 
factor employs the assumption that the Secchi 
disc disappears at 16 of surface light in- 
tensity (Strickland, 1958). 

Chlorophyll was determined in these samples 
by filtration on glass fiber filters, followed by 
90 % acetone extraction of the filters, and mea- 
surement of fluorescence of the extract (Yentsch 
and Menzel, 1963; Holm-Hansen, Lorenzen, 
Holmes, and Strickland, 1965) using equations 
developed by Lorenzen (1966). 

Simulated ' in &tu, production was measured 
by adding 20 pc Nal14C03 solution to the 
samples (Steemann Nielsen, 1952) and incu- 
bating them in a tubular shipboard incubator 
space in which natural light intensity was at- 
tenuated to 50 % of that incident. Incubation 
was started at noon and continued until sunset 
a t  sea surface temperature. Following incuba- 
tion the samples were filtered through HA Mil- 
lipore B6 filters and their radioactivity assayed 
ashore by G-M counting of the filters. The 14C 
solution was standardized by liquid scintillation 
counting and the efficiency of the G-M counter 
for  these filters was determined by combusting 
some of these and measuring the evolved 14C02 
with an  ionization chamber. Daily uptake was 
determined by multiplying the activity by 2; 
we also corrected for the isotope effect by mul- 
tiplying by 1.05. Darkened samples were incu- 
bated with illuminated samples and dark uptake 
was subtracted from light uptake. No cor- 

The use of trade names is merely to facilitate de- 
scriptions: no endorsement is implied. 
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rections for respiration by phytoplankton were 
made. 

Ammonium was measured ashore in frozen 
samples from a depth of 10 m by the method of 
Richards and Kletsch (1964). Some labile 
amino-N which is probably available to phyto- 
plankton is measured along with ammonium by 
this method. 

RESULTS A N D  DISCUSSION 

For the comparison of calculated and mea- 
sured 14C production, we have used samples 
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from 10 m incubated a t  light intensities approx- 
imating those at 10 m to determine K s  and pmax, 
and actual 14C values from the 50% light level. 
V.'? did this so that light intensities would not 
be a factor in the comparison-that is, light 
was presumed to be at saturating intensities 
but not inhibitory, which would be the case if 
surface samples had been incubated in the 
growth experiments and compared with surface 
production. 

Ammonium was not determined a t  all pro- 
duction stations, and we selected those pro- 
duction values where data were available for 

Calculated Prod. = 1.057 (Observed Prod.) 

/ /  

FIGURE 1.-Phytoplankton production calculated from ammonia and chlorophyll con- 
centrations at 10 m compared with simulated in situ 14C production at the 50 % light 
level in northerly nutrient-poor water in the eastern tropical Pacific Ocean. The dashed 
line is the regression that would be expected if agreement between the two sets of pro- 
duction values were perfect. 
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Parameter Standard errors 

Errors in the values used in the calculation 
are given in Table 2. To figure total error these 
have been converted to variances and summed. 
The 95% confidence limit shows that any cal- 
culated production value can vary by f 1.5 fold. 
Thus, one would expect quite a large scatter in 
Figure 1. 

Most of the error is in K,. When only the 
K,T values of Thomas (1970b) are used the cal- 
culation generally underestimates the observed 
I4C production. Use of the mean of the K ,  
values of MacIsaac and Dugdale (1969) results 
in an overestimation. Since there is no reason 
to doubt either set of K ,  values, we have used 
the overall mean K s  from Table 1. In applying 
this method to any other nutrient-limited waters, 
it would be well to obtain several values of K ,  
so that the error due to lack of precision in 
measuring R, can be recognized. 

Part  of the scatter in Figure 1 may also be 
due to the fact that the parameter K ,  is species 
-and temperature-dependent (Eppley, Ro- 
gers, and McCarthy, 1969) and that variations 
in species composition of the crop or slight var- 

Reference 

iations in temperature may have affected the 
calculation. The parameters pmax and R are 
also probably dependent upon the species com- 
position of the crop and on temperature. Be- 
cause of these factors, which are unknown, it 
is perhaps surprising that the relationship be- 
tween calculated and observed production is so 
good when constant values of Ks,  pmax,and R are 
used. 

This evidence supports the hypothesis that 
phytoplankton production in the upper mixed 
layer is controlled by the limiting nutrient, 
ammonium, and shows that the hyperbolic model 
describes this control very well. In this latter 
connection it should be noted that if a linear 
model having a term “S/Smax” in equation 3 
(where Smax is that concentration supporting 
a maximum growth rate and which has a value 
near 10.0 pM from the data of Thomas, 1970b) 
is used rather than the term “S/ ( K ,  + S) ,” 
the calculation very much underestimates the 
14C production. The linear model was used 
previously by Riley (1963) and Steele (1958) 
but should now be considered obsolete in view 
of more recent work using the hyperbolic model. 
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