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Nitrogen storage and use of biochemical indices
to assess nitrogen deficiency and growth rate
in natural plankton populations

by Q. Dortch,'? J. R. Clayton, Jr.,’ S. S. Thoresen,' J. S. Cleveland,' S. L. Bressler,*
and S. I. Ahmed’

ABSTRACT

Various newly developed indicators of N deficiency, physiological state (approximate growth
rate), and N source for growth were measured during five cruises to Dabob Bay, Washington
from early spring to summer. Although nitrate and ammonium in the surface layer were
depleted early in the spring, the plankton populations never became extremely N deficient, as
indicated by high intracellular amino acid/protein ratios. However, growth rates, estimated
from protein/DNA or RNA/DNA ratios, were usually low unless nitrate concentrations were
high or had recently been high, as indicated by large intracellular nitrate pools or high nitrate
reductase activities. High growth rates were observed during the spring bloom or as a result of
the sporadic supply of nitrate to the euphotic zone, which was inferred from measurements of
biochemical indicators on several cruises after the spring bloom. The sporadic supply of nitrate
could account for the lack of N deficiency in these populations and mask diel periodicity in N
utilization. These results demonstrate that biochemical indicators can be easily measured in the
field and that variations in indicators such as intracellular amino acid/protein, protein/DNA,
RNA/DNA ratios, NR activities and intracellular nitrate concentrations are an aid in
understanding plankton dynamics.

1. Introduction

Many N compounds found in marine algae have a dual role. Besides their primary
biochemical function, they can serve as an N reserve. If the external N supply is not
adequate, the reserves can be used for growth (Dortch, 1982; Dortch et al., 1984). By
this means phytoplankton adapt to the potentially debilitating effect of a variable and
sometimes growth-limiting N supply in the ocean (Dortch, 1980, 1982; Dortch et al.,
1984). Furthermore, as N reserves are utilized, the chemical composition changes in a
manner which is highly dependent on the availability of N. Thus, the concentrations or
ratios of some cellular N-containing compounds or the activities of selected N-

1. School of Oceanography, University of Washington, Seattle, Washington, 98195, U.S.A.

2. Present address: Bigelow Laboratory for Ocean Sciences, McKown Point, W. Boothbay Harbor,
Maine, 04575, US.A.

3. School of Fisheries, University of Washington, Seattle, Washington, 98195, US.A.

4. Department of Botany, University of Washington, Seattle, Washington, 98195, U.S.A.

437



438 Journal of Marine Research [43,2

assimilating enzymes can indicate the nutritional status (i.e., N sufficient, deficient, or
starved), physiological state (approximate growth rate), and likely N sources for
growth (Dortch ef al., 1979, 1983, 1984; Dortch 1980, 1982).

Several indices of physiological state or nutritional status have been developed for
use in the field (e.g., Morris et al., 1971; Yentsch et al., 1977; Healey, 1979; Healey
and Hendzel, 1979; Vincent, 1981a,b; Sakshaug et al., 1983; Goldman and Dennett,
1983; Glibert and McCarthy, 1984), but N-specific biochemical indicators should be
particularly useful when the availability of N is likely to limit phytoplankton
production. Although there are some earlier measurements of these N specific
indicators in natural populations (Conover, 1975b; Collos and Slawyk, 1976; Morris et
al., 1983), they have not been used before to explain or predict phytoplankton
dynamics. Two exceptions are nitrate reductase activities as an indicator of growth on
nitrate (e.g., Eppley et al., 1970; Packard et al., 1971; Harrison, 1973; Blasco and
Packard, 1974; Packard and Blasco, 1974; Collos and Slawyk, 1976, 1977; Devol and
Dortch, 1981; Blasco and Conway, 1982; Dortch and Maske, 1982; Blasco ez al., 1984)
and RNA/DNA ratios as an indicator of physiological state (Dortch et al., 1983).

To assess the utility of biochemical indicators in natural populations, a seasonal
study was conducted in Dabob Bay, Washington (Fig. 1) between March and July,
1981. Dabob Bay is a fjord-type bay off Hood Canal which has been studied
extensively (e.g., Kollmeyer, 1965; Ebbesmeyer, 1973; Christensen, 1974; Shuman,
1978; Copping, 1982; Dortch et al, 1983). Because there is minimal current
movement, tidal excursion (100-200 m), or freshwater run-off (Shuman, 1978;
Copping, 1982), it is an ideal place to test two specific hypotheses. 1) Above the
pycnocline the amount of stored intracellular N should decrease as the phytoplankton
progress from N sufficiency to N deficiency over the course of the season. Accordingly,
the indicators of N deficiency and physiological state should reflect this transition.
Below the nitracline, predictions are more difficult because the effect of low light levels
on N storage has not been studied, but the presence of high nitrate concentrations
should make plankton populations N sufficient. 2) Diel periodicity should be observed
in many aspects of N utilization, particularly when nitrate is the predominant N source
or the phytoplankton are N sufficient (e.g., Eppley et al., 1970; Packard et al., 1971;
Eppley and Renger, 1974; Bates, 1976; Collos and Slawyk, 1976; Terry, 1982).

On each of five cruises, depth profiles and diel variations were measured (1) in
intracellular N compounds, including nitrate (IN NO,~), nitrite, ammonium (IN
NH,"), free amino acids (AA), protein (Pr), RNA, DNA and chlorophyll; (2) in
enzymes of N assimilation, including nitrate reductase (NR), glutamate dehydrogen-
ase (GDH), and glutamine synthetase (GS); and (3) in ambient nutrient concentra-
tions (Table 1). Other routine field measurements were made for additional depth
profiles and a spatial survey (Table 1). Consequently, both temporal (seasonal, diel,
and other) and spatial (horizontal and vertical) variations in indicators could be
examined. The results were interpreted by comparison with data obtained from
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Figure 1. Station locations in Dabob Bay, Washington.

cultures grown under controlled conditions (Dortch, 1982; Dortch et al., 1984). By this
means indicators of growth rate/physiological state (RNA/DNA, Pr/DNA), N
deficiency (AA/Pr, IN NO,;”, IN NH,*), or use of a particular N compound for
growth (IN NO;~, IN NH,*, NR, NR/GDH, GS, and GDH) can be used to explain
phytoplankton dynamics in the field.

2. Materials and methods

a. Field program. Approximately the same procedure was followed at station 5 on
each cruise on the R/V Onar (Fig. 1; Table 1). First a depth profile of salinity,
temperature, chlorophyll and nutrient concentrations (“Routine”; Table 1) was
obtained using Scott-Richards bottles; sometimes this same profile was repeated on
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Table 1. Cruises to Dabob Bay, Washington in 1981. In the column “Analyses,” “All” means
that samples were collected for all analyses (except temperature); “Routine” means that,
usually, only temperature, salinity, nutrient, and chlorophyll concentrations were measured.
Time (da) is calculated from 1 Jan 1981 at 00:00 hr.

Cruise Date Time (da) Cruise plan Analyses
MP-3 Mar 9-12 68.86-70.77 Diel study All
(6 times; 5,15 m)
Spatial survey Routine
(5 stations; 5,15,25 m)
Vertical profile Routine (3)
All (1)
MP-4 Apr 6-9 96.82-98.10 Diel study All
(5 times; 3,15 m)
Spatial survey Routine
(5 stations; 3,15,25 m)
Vertical profile Routine (2)
MP-5 May 4-5 124.85-125.62 Diel study All
(3 times; 3,20 m)
Vertical profile Routine (1)
MP-6 May 18-21 138.72-140.67 Diel study All
(6 times, 6,15 m)
Spatial survey Routine
(5 stations; 3,9,25 m)
Vertical profile Routine (2),
All (1)
MP-7 Jul 6-9 187.90-189.78 Diel study All
(6 times; 6,12 m)
Spatial study Routine
(5 stations; 3,12,25 m)
Vertical profile Routine (1),
All (1)

later days. On 4 of 5 cruises the station was then occupied for longer than 24 hours and
samples were collected for all analyses from two depths at 4—6 hr intervals. For the
remaining cruise (May 4-5), the sampling period was reduced to 12 hr due to a
problem with the research vessel. The two depths were chosen to correspond with an
N-depleted surface layer in late spring and a deeper layer with high N concentrations
(Christensen, 1974; Shuman, 1978). The primary purpose for occupying this station
for longer than 24 hr was to conduct studies of diel periodicity, but the mean values at
each depth also show seasonal changes. On 3 cruises, after sampling the two depths for
24 hr or more, water samples from 5 depths above 25 m at station 5 were collected and
processed as rapidly as possible in order to obtain more detailed depth profiles of all the
same chemical and biological parameters (“All”; Table 1). When samples were
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collected for “All” analyses, a large volume (60 £) stainless steel sampler (Young et al.,
1969) was used. A reversing thermometer could not be attached to the sampler, so no
temperature data are available when it was used. Finally, on 4 cruises a spatial survey
of routine measurements was conducted at 3 depths at all 5 stations.

b. Sampling and analyses. Samples were first prefiltered through 333 um Nitex and
then onto combusted (350°C, 24 hr) Whatman 934-AH (nominal pore size 1 um) glass
fiber filters. The vacuum differential for filtration was kept low (<10 cm Hg) because
of earlier results showing that cell contents were lost with a greater differential vacuum
(Dortch, unpubl.). Depending on the amount of biomass present, between 1 and 3 ¢
was filtered except SO0 ml was filtered for nutrient samples. External and internal
nutrient samples were frozen at —15°C. From many years of experience we have
learned that they can be frozen with no deleterious effects if (1) the sample is filtered
through an ammonium-free filter (precombustion removes contaminating ammo-
nium), (2) it is frozen in a bottle which was acid washed, rinsed copiously with distilled,
deionized water and stored dry, and (3) the other usual precautions are taken. The
filters for total N and C analyses were frozen over desiccant at — 15°C. Samples for
phytoplankton counts and identification were preserved with Lugol’s solution. The
filters with samples for enzyme assays and determination of biochemical composition
were frozen in liquid N, (—196°C). All samples were then analyzed after returning to
the laboratory.

Salinity and temperature were determined by the standard methods of Paquette
(1958) and Sverdrup et al. (1942), respectively. Sigma ¢ was calculated by the revised
method of Millero and Poisson (1981). Light penetration was estimated with a Secchi
disk that was not calibrated, but the data are only used qualitatively.

External nitrate, nitrite, and ammonium concentrations were measured using a
Technicon AutoAnalyzer® (Friederich and Whitledge, 1972). Internal nitrate and
ammonium were determined with the AutoAnalyzer after extraction with boiling fresh
water (Dortch, 1982; method Q-1 in Thoresen et al., 1982). Although internal nitrite
was measured in all experiments, it never accumulates, and therefore these data are
not reported. :

Protein and amino acids were extracted by grinding the filters in cold, 10% TCA.
After centrifuging, the pellet was analyzed for protein by the Lowry method (Lowry et
al., 1951) and the supernatant for amino acids by the fluorescamine method
(Udenfriend et al., 1972), with bovine serum albumin and glutamate, respectively, as
the standards, following the procedure of Dortch et al. (1984). RNA and DNA were
measured using the ethidium bromide method of Prasad et al. (1972), as adapted for
use with phytoplankton by Dortch et al. (1983). Total particulate N (PN) and C (PC)
analyses were made with a Perkin Elmer model 240 Elemental Analyzer. Chlorophylls
a, b, and ¢ were measured spectrophotometrically according to Jeffrey and Humphrey
(1975). Although only chlorophyll a concentrations are reported in Table 2, when the
chlorophyll-N was calculated for Figure 3, chlorophylls b and ¢ were included.
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Concentrations of all N-containing compounds, except chlorophylls, are expressed as
pmol N or nmol N/® of seawater, after conversion from weights as described in Dortch
et al. (1983, 1984). The use of a single standard amino acid, protein, RNA or DNA to
quantify a mixture of amino acids, proteins, RNA’s or DNA’s mtroduces some
uncertainty (Dortch, 1983; Dortch et al., 1984).

After settling, total cell numbers were counted using an inverted microscope
{Uterméhl, 1958) and dominant phytoplankton species were identified. The preserva-
tion method, the length of sample storage (up to 6 months), the method of concentrat-
ing the cells, and the type of illumination, suggest that very small cells (e.g. Li ez al.,
1983; Murphy and Haugen, 1985) and fragile flagellate species would not have been
counted or identified.

NR activities were measured by the method of Eppley et al. (1969) except that the
uncentrifuged homogenate was used for the incubations and the homogenate was
diluted to minimize depletion of NADH, an essential cofactor. GDH and GS activities
were determined according to Ahmed et al. (1977) and the biosynthetic assay of
Bressler and Ahmed (1984), respectively. Reaction mixtures were incubated for 30
min at 15°C for NR and 25°C for GS and GDH. Rates were corrected to in situ
temperatures (Packard et al., 1971) using the appropriate activation energies (Eppley
et al., 1970; Ahmed er al., 1977; Bressler and Ahmed, 1984). GS activities were below
detection limits except on the last cruise when a more sensitive adaptation of the
Bressler and Ahmed (1984) method was used (Clayton, 1985). Although an earlier
study (Ahmed ez al., 1976) indicated that freezing in liquid N, preserves enzyme
activity, the ability to store the 3 enzymes examined in this study was also tested using
laboratory cultures of phytoplankton. For GS, 80% of the initial activity remained
after 8 days of storage in liquid N, (2 species, 3 replicates each; Bressler, 1981); for
NR, 84% remained (4 species, 3 replicates each; Dortch, unpubl.); and for GDH, after
7 or 30 days, 84% remained (3 species, 3 replicates each; Clayton, 1985). Despite slight
losses in activity, the difficulty of performing so many enzyme assays on board ship
with limited time, space, and personnel, is so great that freezing in liquid N, is an
acceptable alternative, particularly when the activities ‘are to be used as a general
indicator rather than as a measure of V,,, for that enzyme. Enzyme activities,
uncorrected for freezing loss, are expressed in terms of nmol N assimilated or
reduced/liter seawater /hr (nM /hr).

3. Results

The profiles of o,, nutrients and chlorophyll showed steady progression from
plentiful nitrate in the surface layer to N depletion during the first 3 cruises (Fig.
2A-C), and represent pre-phytoplankton bloom, bloom and post-bloom conditions,
respectively. On the last two cruises (Fig. 2D,E), the pycnocline and the nitracline were
shallower than in the early May cruise, and chlorophyll levels were higher, although
occurring in a subsurface maximum. On these two later cruises, less detailed profiles
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Figure 2. Depth profiles of o, chlorophyll a (ug/liter seawater) and external nitrate and
ammonium (uM) taken immediately upon arrival at station 5 on each cruise (except MP-3,
when it was taken at same time as profile in Fig. 4A).

obtained approximately 2 days later (Fig. 4B,C) show significant changes in chloro-
phyll, nitrate, and ammonium concentrations. Nitrite concentrations were always
<0.05 uM. Ammonium concentrations could be quite high (>2 uM), but the
maximum was usually below the nitracline and the chlorophyll maximum, and
ammonium was frequently undetectable in the surface layers (Fig. 2). The 1% light
depth at 10:00 hr ranged between 9—13 m, which was similar to that obtained in a more
extensive early study (8—15 m; Shuman, 1978). On the March cruise, the phytoplank-
ton population was extremely diverse. By April, during the bloom period, it was
predominantly a mixture of pennate and centric diatoms, while the post-bloom
population in early May was dominated by Chaetoceros spp. On the two later cruises,
the numbers of dinoflagellates increased, although Chaetoceros spp. were still impor-
tant. However, during all the cruises, one of the most numerous phytoplankters was an
unidentified, biflagellate, green monad.

Naturally occurring plankton populations contained at some time all the N
compounds which had been measured earlier in laboratory cultures (Table 2). If the
concentrations are normalized to PN (Fig. 3), proteil was the major component,
although it represented only 39% to 79% of PN. Except for unidentified N (discussed
in detail later), RNA-N and AA-N were most abundant after protein, whereas,
generally concentrations of DNA-N > total chlorophyll-N > IN NH,*. In contrast,
IN NO,~ was quite variable. Mean values (Table 2, Fig. 3) are somewhat misleading
about the importance of compounds which are subject to rapid changes in concentra-
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Figure 3. Seasonal variation in mean concentration of intracellular N compounds expressed asa
% (by mole N) of the PN. 2N is the sum of all the measured concentrations. The depths
corresponding to Surface and Deep are given in Table 1 or 2.

tion (Dortch, 1982; Dortch et al., 1983, 1984). Maximum observed values, 5.55% PN
for IN NO,~ (MP-4, 15 m, 97.06 da), 0.97% for IN NH,*, 13.76% for RNA-N, and
20.98% for AA-N (MP-6, 9 m, 140.61 da) show that all these compounds can at times
constitute a significant fraction of cellular N.

Seasonal variations in chemical composition of phytoplankton were quite complex
(Fig. 3), but several features are notable. IN NO,™ was high in April during a
phytoplankton bloom when nitrate and light levels were both adequate. Furthermore,
large centric diatoms and Gonyaulax sp., which may have a greater nitrate storage
capacity than other species (Thoresen et al., 1982; Dortch et al., 1984), were
numerous. On later cruises, a greater variety of species was present, but Chaetoceros
spp., which may not store much internal nitrate (Collos, 1982; Dortch, 1982; Dortch et
al., 1984), predominated. In contrast, the % AA /PN was relatively constant through-
out the season, even when external N in the surface layer was completely depleted.
Finally, there was a steady decline in the % protein/PN during the season that was
accompanied by an increase in the amount of unidentified N. At the extreme (MP-7,
surface layer), almost 50% of the PN was not identifiable, although earlier in the
season % ZN/PN > 90%.

When depth profiles of phytoplankton chemical composition and enzyme activities
(Fig. 4) are compared, the seasonal variations are more pronounced. After the surface
layer became depleted of N and biomass, a subsurface maximum in chlorophyil, most
intracellular N compounds, and enzyme activity formed near the nitracline. The
dynamic nature of the population in the subsurface maximum was demonstrated by the
intensification of the maximum between July 6 (Fig. 2E) and July 8 (Fig. 4C). Some of
the highest intracellular N concentrations and enzyme activities encountered in this
study were observed on July 8.
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Figure 4. (Continued)

In addition to IN NO,7, it is the changes in ratios of compounds and enzyme
activities that may be most useful in determining nutritional status and physiological
state. Seasonal variation is shown in Figure S for the surface and deep layers, and the
depth profile from the July cruise (MP-7), showing some of the most extreme values, is
given in Figure 6. AA /Pr ratios were lowest early in the spring when light levels were
low (Fig. 5), on the May cruise when the nitracline and pycnocline were very deep (Fig.
5), and at the greatest depth sampled in the water column (e.g., Fig. 6). Thus, the
AA /Prappears to be influenced by both light levels and N availability. However, at no
time were values as low as those observed in severely N-deficient phytoplankton
cultures (AA/Pr <2.5; Dortch et al,, 1984) and frequently they exceeded values
typical of N-sufficient phytoplankton (AA /Pr >10; Dortch et al., 1984). Similarly, the
C/N ratios were quite low for all cruises and depths. Although the phytoplankton were
not severely N deficient, high RNA/DNA and Pr/DNA, which indicate high growth
rates, were only observed during the bloom (u ~ 1 div/da; MP-5) and in the subsurface
chlorophyll maximum (¢ ~ 3 to 4 div/da) during the July cruise. The lowest
RNA/DNA and Pr/DNA ratios, corresponding to growth rates as low as 0.3 div/da,
occurred early in the spring (Fig. 5), after the bloom (Fig. 5, except the last cruise),
and at depth in the water column (Fig. 6). Growth rates estimated from Pr/DNA
ratios, according to Eq. (2) in Dortch et al. (1984), tended to be somewhat lower than
those estimated from RNA/DNA ratios, according to Eq. (2) in Dortch ef al. (1983).
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Figure 5. Seasonal variation in mean indices of physiological state and nutritional status. The
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chlorophyll a, and Chl/cell as pg/cell.

Nevertheless, a linear relationship with a high correlation coefficient resulted from the
regression of RNA/DNA vs PR/DNA ratios for all five cruises and all depths (Fig. 7).
This provides further evidence of the usefulness of Pr/DNA ratios, which are easy to
measure, compared with RNA /DNA ratios, which are more difficult to measure. The
two points in Figure 7 corresponding to Pr/DNA > 300, but anomalously low
RNA/DNA, occurred after the nitrate pulse on the July cruise and in both cases the
RNA data are suspect. The C/chlorophyll a ratio (note that it is in mol C/g chl a) is
included because it is a more familiar index. Values were lowest in the early spring and
at depth, probably due to low light levels, and highest at the surface when external N
concentrations were zero (see Hunter and Laws, 1981; Laws et al., 1983). The highest
NR activities were observed when nitrate was available in the water column: during
the spring bloom (MP-5; Table 2), in the deep chlorophyll maximum (Fig. 4B,C), and
in response to nitrate pulses (Figs. 8 and 9; to be discussed later); GDH activities were
more variable, but often tended to be high when NR was low. The role of GDH in
ammonium assimilation in general is unclear, but the highest GDH activities appeared
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Figure 6. Depth profile of indicators of physiological state and nutritional status on July 8.

Units as in Figure 5.

to occur where or when ammonium was probably the major N source, either because of
nitrate depletion and the concomitant dependence on regeneration or because light
levels were too low for efficient nitrate utilization. Thus, the GDH/NR ratio may be an
indicator of the N source being used for growth. The increase in almost all the
indicators on the last cruise was due to a nitrate pulse which occurred part way through
the diel study (discussed in detail later, see Fig. 9).

Diel studies were conducted on four out of five cruises by sampling at two depths for
longer than 24 hr. No diel periodicity was apparent that could be related specifically to
light/dark cycles. However, considerable temporal variation did occur in all the
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Figure 7. RNA/DNA vs. Pr/DNA (by mole N).

Line described by geometric mean linear
regression (Laws and Archie, 1981) of all data (except 3 points with ?): slope = 0.1035;
y-intercept = 0.0550; r* = 0.8168; n = 55.
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measurements, especially in the surface layer on the last two cruises (Figs. 8 and 9). In
both cases, the sampling depth was located just above the pycnocline/nitracline. Since
it was not possible to put a reversing thermometer on the large volume sampler, ¢, data
are not available for the diel studies. There was also a considerable salinity difference
across the pycnocline, and, therefore, its variation can be used to indicate movements
of the pycnocline.

During the late-May cruise (Fig. 8), salinity and chlorophyll varied in the surface
layer with a mean period of approximately 9 hr. Although elevated, external nitrate
concentrations occurred only once, some internal N concentrations, enzyme activities,
and physiological indicators varied more frequently. For example, the minima and
maxima of NR, GDH, AA and Pr/DNA in the surface layer correspond to the same in
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Figure 9. Results of diel study from July 6-9. Units as in Figure 8.

the salinity and chlorophyll distributions. Furthermore, corresponding changes in
ambient N concentrations at depth suggested that nitrate, and perhaps ammonium,
were available at a shallower depth in the surface layer but may have been rapidly
removed by the phytoplankton.

On the July cruise, especially in the surface layer, even more extreme variation in
biological parameters was observed (Fig. 9). In this case, the period could not be
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determined, although it was clearly longer than on the May cruise (at least 29 hr).
Furthermore, the second elevated concentration of nitrate in the surface layer was
associated with the development of the large subsurface chlorophyll maximum, the
largest intracellular N pools measured on these cruises, and high values of all
indicators of physiological state. Since it was calm and overcast throughout, and the
water column remained quite stratified, these major fluctuations cannot be attributed
to sudden changes in the weather.

The possibility that temporal variations at one station could result from horizontal
differences and tidal water movements was examined in a brief spatial survey. Four
stations, located north and south of the main station (#5), were occupied within 2 hr
and sampled for salinity, temperature, nutrients, and chlorophyll. Coefficients of
variation (standard deviation/mean x 100) are compared in Table 3 for the temporal
and spatial surveys. From this limited data set, there appeared to be as much horizontal
as temporal variation. Furthermore, variations in salinity and ¢, were generally less
than for nitrate and chlorophyll.

4. Discussion

a. Occurrence of nitrogen storage. A primary purpose of this study was to assess the
importance of N storage in natural plankton populations. In N-sufficient cultures,
some phytoplankton species can store enough excess N internally for up to 3 divisions
without an external N supply (Dortch, 1982; Dortch et al., 1984). This N is stored in
the form of inorganic N, free amino acids, excess RNA, and excess protein (some
associated with photosynthetic pigments and some not), which can be diverted to
support growth if they are not needed for their primary biochemical function in
N-deficient cells. It was hypothesized that if similar storage occurred in the field, it
would allow phytoplankton to continue growing when the N supply was sporadic
and/or potentially growth limiting.

Measuring concentrations of stored N in natural populations is not as straightfor-
ward as in cultures. For compounds such as IN NO,~, IN NH,*, and AA, which are
primarily N storage compounds and are almost completely depleted in N-starved cells,
the problem is minimal. But for compounds like Pr and RNA, which have many roles
in a cell and are major constituents even in very N-starved organisms, it is much more
difficult. In laboratory cultures, this problem is circumvented by calculating concen-
trations on a cell or cell volume basis. For example, after N is depleted from the
medium, cell numbers continue to increase accompanied by a sharp drop in both
Pr/cell and Pr/cell volume (Dortch, 1982; Dortch et al., 1984). Obviously, growth is
fueled by excess Pr, but there is not necessarily a change in either the ratio of Pr/PN or
in the concentration of Pr expressed on a culture volume basis. Since it was not
practical to measure total cell volumes on the cruises, Pr and RNA could not be
normalized to cell volume. Consequently, it is impossible to determine the number of
divisions which could be achieved with stored N for natural populations. However, it is
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still possible to look at the patterns of stored N and the various ratios mentioned, and
by comparison with appropriate laboratory data, assess the likely importance of N
storage.

The seasonal pattern observed in Dabob Bay was quite different from that which
was expected. With some variations (IN NO;~, Pr, and unaccounted-for-N), the
amounts of stored N remained relatively high and constant instead of being high before
the bloom and low afterwards. The unexpected low values could have occurred because
low light and/or short daylength, typical of early spring, either prevented maximal N
storage or altered the pattern of storage. Later in the season, although the surface layer
was generally depleted of N, mechanisms for adding N must have been operating so
that the phytoplankton never became N deficient (to be discussed later).

Both N uptake and assimilation are highly light dependent (reviewed in Collos and
Slawyk, 1980; McCarthy, 1980; Syrett, 1981), but not to the same extent as
photosynthesis. Consequently, we had initially expected that when light levels and
growth rates were low, cells would be N replete. If not, perhaps more N storage occurs
in the form of Pr in low light than under the saturating light intensities used in culture
studies. While it is not possible to assess the amount of stored Pr (as opposed to total
Pr} in the field, such a scenario would explain the somewhat low AA /Pr ratios and the
very high Pr/PN ratios in the early spring. Furthermore, Perry et al. (1981) suggest
that under low light/high N conditions, phytoplankton synthesize chlorophyll-Pr
complexes which can be used for growth if N is in short supply and Morris ef al. (1974)
show that under low light, most '*C that is recently taken up goes into Pr synthesis.

All of the intracellular N compounds which were detectable in cultures were also
found in natural populations. This allays the concern that large intracellular pools
measured in N-sufficient batch cultures (Dortch, 1982; Dortch et al., 1983, 1984)
were due only to the culture conditions and would not be typical of natural populations.
Some, like IN NO,~, reached high concentrations only after recent exposure to nitrate.
IN NH,* on the other hand, was barely detectable throughout the season, although in
culture some species can accumulate very high concentrations (Conover, 1975a;
Dortch et al., 1984). The fact that it was measurable at all still suggests that the
populations were not N deficient. The increasing concentrations of unaccountable-N
and decreasing %Pr/PN from spring to summer is somewhat puzzling. Small
differences between ZN and PN would not be surprising because of the approximations
required in calculating Pr, AA, RNA, and DNA concentrations (Wheeler et al., 1983;
Dortch et al., 1984). However, the large persistent decrease over the course of the
season suggests that there may have been some unmeasured compound(s) which
accumulated after the bloom rather than unavoidable errors in calculating the
concentrations. Several classes of N compounds, lipid-N and chitin, which can account
for between 0 and 23%, and 2 and 46% of the cellular N, respectively (Conover,
1975a), were not measured in our study and might account for some of the
discrepancy. In cultures, such large quantities of unidentified N are found either in
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N-sufficient cells of some species (Dortch et al., 1984) or without regard for
nutritional state (Conover, 1975a). Alternatively, the unidentified N could represent
detritus which has accumulated after the bloom.

It is clearly evident from the data reported here that naturally occurring plankton
populations store N. Whether phytoplankton also use it for growth can only be inferred
since at no time were truly N-deficient phytoplankton encountered, even on the third
cruise in early May when the nitracline was deepest and coincident with the 1% light
depth. However, the fact that phytoplankton in the surface layer were not N-deficient,
despite extremely low ambient N concentrations, implies they were obtaining N by
some means. Many of the mechanisms which could be postulated to supply adequate N
would be sporadic and phytoplankton would have to rely on internal N stores to
maintain growth between N pulses.

b. Utility of indicators. One of the major questions facing biological oceanographers
interested in phytoplankton dynamics is the determination of algal growth rates and
the extent to which they are influenced by N supply in the field. A number of methods,
which take advantage of physiological or chemical composition changes as cells
become nutrient stressed, have been used to answer this question (e.g., Morris ef al.,
1971; Yentsch et al., 1977; Healey, 1979; Healey and Hendzel, 1979; Vincent,
1981a,b; Goldman and Dennett, 1983; Sakshaug et al., 1983; Glibert and McCarthy,
1984). The results have been contradictory (Goldman et al., 1979; Eppley, 1981), but
the problems may be resolved as the indicators become better defined. Our studies of
the biochemistry of N metabolism in phytoplankton has led us to propose indices which
can answer the following specific questions about the role of N in phytoplankton
dynamics (Dortch et al., 1979, 1983, 1984; Dortch, 1982).

1) What is the degree of N deficiency? The AA/Pr ratio is by far the most effective
indicator of N status since N deficient cells rapidly lose their free AA. It can be used in
a manner similar to particulate C/N ratios, but it varies over a wider range and is less
likely to have a large detrital component. A secondary indicator of N-deficiency is the
internal inorganic N concentration. If cells contain any measurable nitrate or
ammonium, they are probably N sufficient. However, the absence of inorganic N pools
does not necessarily mean the cells are N deficient because some species do not
accumulate significant amounts of either. ,

2) What is the N source used for growth? The presence of large IN NO,~ and/or
high NR indicates that phytoplankton are growing primarily on nitrate. As noted
above, not all species can accumulate nitrate and there are a number of phytoplankton
which have no measurable NR, even when growing on nitrate (Hersey and Swift, 1976;
Dortch, unpubl.), so that their absence does not necessarily mean that nitrate is not
important. Similarly, the presence of large ammonium pools is an indicator of growth
on ammonium. Activities of ammonium assimilating enzymes may also indicate
growth on ammonium, although, obviously, they must also be present when nitrate is
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utilized. GDH is thought to be the primary ammonium assimilating enzyme when
intracellular ammonium concentrations are high and GS the enzyme when they are
low (Bressler, 1981; Syrett, 1981; Bressler and Ahmed, 1984).

3) What is the growth rate or physiological state (approximate growth rate)?
Dortch et al. (1983) first proposed using RN A /DNA ratios as an indicator of plankton
growth rates and obtained very good results (same field data as this study). However,
even with improved analytical techniques (Thoresen et al., 1983), it is a time-
consuming analysis because RNA and DNA are chemically quite similar. To
circumvent this problem, Dortch er al. (1984) proposed using the Pr/DNA ratio since
(1) it is easier to measure analytically, (2) high RNA content is associated with rapid
protein synthesis so the Pr/DNA ratio should substitute for the RNA/DNA ratio, and
(3) Pr/DNA was correlated with growth rate in phytoplankton cultures (Dortch et al.,
1984). However, because it is not yet certain whether there is a general relationship
between growth rate and either the RNA /DNA or Pr/DNA ratio which is applicable
for all planktonic marine organisms, these ratios should probably be interpreted as
general indicators of physiological state, rather than specific indicators of growth
rate.

All of these indicators were helpful in elucidating the phytoplankton dynamics in
Dabob Bay. Despite low ambient N concentrations on some cruises, the phytoplankton
were not severely N-deficient at any time, as indicated by the generally high AA/Pr
ratios and measurable IN NH,* pools. The most nearly N-deficient phytoplankton
occurred on the early May cruise (MP-5) and in the upper part of the water column on
the last 2 cruises (MP-6 and MP-7). However, high Pr/DNA and RNA/DNA ratios,
indicating high growth rates, were only obtained during the bloom (MP-4), in the
subsurface chlorophyll maximum on the last 2 cruises, and after an input of nitrate into
the surface layer on the last 2 cruises (MP-6 and MP-7). The low ratios on the first
cruise may have resulted from low light or short daylength, although “spring’ blooms
can occur during the winter in Dabob Bay if conditions are suitable (Shuman, 1978).
Similarly, low values were often observed at 25 m, presumably also due to low light.
The low RNA/DNA and Pr/DNA ratios obtained later near the surface corresponded
to the lowest AA /Pr ratios, suggesting that the availability of N was affecting growth
rates if not causing severe N deficiency. This supports the hypothesis of Goldman et al.
(1979) that even when ambient N concentrations are low, phytoplankton are rarely
severely N limited, although the u,,, of organisms which predominate under those
conditions may not be as high as under more favorable conditions. Nitrate was clearly
an important N source, as indicated by elevated IN NO;~ and NR activities at the
times that RNA/DNA and Pr/DNA ratios were highest, suggesting that high growth
rates were only achieved when nitrate was plentiful. It was surprising that GS was
detectable only during the last cruise because other indicators showed that the most
N-deficient phytoplankton were present in early May. The GDH/NR ratio was
calculated to see if it would be a suitable index of growth on nitrate or ammonium.
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While the results presented here suggest that it may be useful for this purpose, Dortch
et al. (1979) found in culture studies that neither NR nor GDH activities correlated
well with assimilation rates. Finally, the failure to observe severe N deficiency and the
variations over time in many of the physiological measurements, indicate that Dabob
Bay was a much more dynamic environment than originally expected.

A number of factors have been ignored in this analysis. (1) Phytoplankton N uptake
also responds to N deficiency. Enhanced ammonium uptake (e.g., McCarthy and
Goldman, 1979), decreased nitrate uptake (Dortch ez al., 1982), and alterations in the
relative uptake of nitrate and ammonium (Dortch and Conway, 1984; Glibert and
McCarthy, 1984) could all be used as indicators of N deficiency in addition to those
mentioned herein. (2) The effect of variations in light intensity on these indicators is
unknown. (3) The presence of bacteria, zooplankton, and detritus in the same samples
with phytoplankton may complicate the interpretation of the results (Dortch et al.,
1983, 1984). However, the high AA /Pr ratios argue against a sizable detrital protein
component. Only living cells contain free amino acids in such high concentrations and
the maximum concentrations appear to be similar for phytoplankton, bacteria, and
zooplankton (see Dortch et al., 1984). If there had been a sizable contribution from
detrital protein, the AA /Pr ratios, which were generally quite high for the particulate
matter in Dabob Bay, would have been much lower. Since the factors affecting the
proportion of detrital protein would be similar for detrital DNA and RNA, it also
seems unlikely that a significant fraction of the DNA and RNA would be nonliving.
Whether the presence of bacteria and small zooplankton interferes with the use of
these biochemical indicators to explain phytoplankton dynamics depends on the
relative biomass of phytoplankton and nonphytoplankton and on the variation of the
indicators with environmental conditions in nonphytoplankton organisms. (4) The
possibility that some other nutrient is growth limiting, resulting in low growth rates but
relatively N-sufficient populations, was not examined. In an earlier study in Dabob
Bay, phosphate and silicate concentrations remained nonlimiting although nitrate and
ammonium were undetectable in the surface layers (Christensen, 1974). This does not
rule out the availability of trace metals or vitamins as a factor.

While it is obvious that more research is required before these indices can be
interpreted with complete confidence, the results presented here are promising. No
single indicator appears to be adequate by itself because of possible species variations.
However, several judiciously chosen indicators can be used to determine the degree of
N deficiency, physiological state, and N sources used for growth.

¢. Short-term variations. Considerable short-term (>4—6 hr and <30 hr) variation
was observed both in the physical and chemical environment but especially in the
blologlcal parameters. Such variation was initially expected to be induced by the
llght/ dark cycle, but no clear diel periodicity was apparent. Alternatlvely, Dabob Bay
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may be physically quite dynamic, so that variation in the N supply can account for
changes in biology.

Diel periodicity is often observed in many aspects of N utilization, particularly
enzyme activities (reviewed in Collos and Slawyk, 1980; McCarthy, 1980; Syrett,
1981). However, the amplitude of the variation is rarely as great for N utilization as it
is for C uptake and assimilation, the intensity and timing can vary considerably
between species, and the periodicity tends to disappear when cells are N deficient. For
example, in three studies where IN NO,~ was measured over the course of one or more
diel cycles, maximum concentrations were observed at night at the highest growth rate
only (Malone et al., 1975), sometimes, but not always at night (Picard, 1976), and only
during the day (Collos and Slawyk, 1976). Recently, Olson and Chisholm (1983) and
Wheeler et al. (1983) demonstrated that the timing of N uptake, assimilation, and cell
division and their rclationshirﬁ to the light/dark cycle and sporadic input of N can be
quite species-dependent. Thus, in a natural population, which consists of a mixture of
species, which is dependent on a sporadic supply of N, and which is neither N deficient
nor growing extremely rapidly with excess external N, it is not surprising that diel
periodicity was not readily apparent. '

A more reasonable explanation for the variability in biological parameters, particu-
larly in the surface layer, is that N is re-supplied sporadically. One possible mechanism
for this resupply was observed on two cruises. Near the nitracline/pycnocline, a small
change in density (indicated by salinity) can mean a significant change in nitrate
concentration, which can stimulate nitrate assimilation and phytoplankton growth.
Similar changes have been observed in other highly stratified coastal areas as a result
of tidally generated internal waves (Herman and Denman, 1979; Cullen et al., 1983).
Even if it only causes temporary vertical displacement of the pycnocline, it increases
the average light level experienced by phytoplankton populations which may have
adequate nitrate but inadequate light. If, at the same time, some of the higher nutrient
water is injected into the surface layer, even greater stimulation of phytoplankton
growth can occur. Our data were not collected to examine these questions, but it
appears that during the July cruise (MP-7; Fig. 9), a combination of both events
occurred, stimulating considerable phytoplankton growth at depth. In an earlier study,
Ebbesmeyer (1973) documented the formation of discrete, identifiable water parcels in
Dabob Bay that might account for both the temporal and horizontal variation that was
observed. Furthermore, in attempting to construct an N budget for Dabob Bay,
Copping (1982) was unable to balance the loss of N from the euphotic zone by a
combination of reasonable diffusion, advection, and’ excretion rates, particularly
during the spring, suggesting that there must be other mechanisms for adding N to the
euphotic zone. Finally, in other years large scale mixing events have been observed
during the late spring and summer during which the highly stratified, N depleted
surface layer is turned over and extremely high nutrient concentrations are found at
the surface (Christensen, 1974; Shuman, 1978). Besides the possible injection of
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nitrate by these mechanisms, McCarthy and Goldman (1979) hypothesized that
ammonium may also be supplied sporadically by zooplankton excretion. Thus, there
are a number of ways to explain the short-term variability and the lack of severe N
deficiency.

5. Conclusion

Natural plankton populations contain compounds that indicate they are capable of
storing excess N. The concentrations and ratios of cellular N compounds and the
activities of N assimilating enzymes can be used to determine the degree of N
deficiency, physiological state (approximate growth rate), and major N sources for
growth. In Dabob Bay, phytoplankton were not severely N deficient, despite generally
low ambient concentrations in the surface layer, although growth rates were only high
when external nitrate was abundant. Nitrate was supplied sporadically to the euphotic
zone with a periodicity ranging from 9 hr to 1 day. This, combined with ammonium
regeneration could explain the lack of N deficiency. Furthermore, it suggests that in
coastal areas nitrate may be a more important N source in N-depleted waters than
previously considered.
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