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Effects of the light regime on nutrient assimilation
by phytoplankton in the Baja California and
northwest Africa upwelling systems

by David M. Nelson'-? and H. Lee Conway?**

ABSTRACT

The ability of natural phytoplankton assemblages in the Baja California and northwest Africa
upwelling regions to assimilate nitrate, ammonium and silicic acid at simulated in situ light in-
tensity and in the dark, was determined in 6 hr tracer experiments using the stable isotopes *N
and *Si. Nitrate was almost never taken up in the dark, but dark uptake rates of ammonium
and silicic acid ranged from zero to values equal to those measured at saturating light intensity.
The capacity for dark uptake of silicic acid showed systematic variability, with the mean ratio
of dark to light uptake (Vpx/Vir) significantly lower off northwest Africa than off Baja Cali-
fornia and, within the Baja California system, lower during thermally stratified periods than
during upwelling periods. Variability in Vpx/Vrr for ammonium was not clearly associated in
time with hydrographic phenomena, and no systematic differences between the dark ammonium
uptake capacities of Baja California and northwest Africa phytoplankton could be detected.
Comparison of these results with those of nutrient uptake kinetic studies performed on the same
cruises indicates that the light regime was substantially more important than the nutrient con-
centration regime in controlling the biological availability of dissolved nitrogen and silicon in
these two upwelling systems.

1. Introduction

In the upwelling regions located off the west coasts of major land masses the near-
surface concentrations of nitrate, phosphate and silicic acid are generally high enough
that nutrient uptake and growth rates of the phytoplankton are not substrate-limited
(MacIsaac and Dugdale, 1969; Dugdale and Goering, 1970; Goering et al., 1973;
Nelson, 1975; Hulburt, 1976; Nelson and Goering, 1978). Additionally, such re-
gions are typified by strong equatorward winds (Wooster and Reid, 1963; Cushing,
1971) and exhibit high chlorophyll concentrations and light extinction coefficients
(Ryther et al., 1970; Barber and Huntsman, 1974, 1975). The combined effect of
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strong winds and pronounced light extinction is often to mix surface water and its
associated phytoplankton populations to depths where little light penetrates. Thus,
high nutrient concentrations, deep wind mixing and rapid light extinction combine
to make the potential role of the light regime in controlling rates of algal processes
greater in upwelling regions than in other parts of the near-surface ocean.

Nutrient assimilation by marine phytoplankton is ultimately dependent upon light
as an energy source, as is all plant metabolism. The biochemical mechanisms by
which such light dependence is imposed are presently not well understood. How-
ever, evidence is accumulating rapidly to suggest that coupling between photosyn-
thetic energy fixation and nutrient uptake may differ among the major nutrients in
ecologically significant ways. MacIsaac and Dugdale (1972) developed a hyperbolic
model to fit their experimental data showing light dependence of nitrate and am-
monium uptake in natural phytoplankton populations in the eastern Mediterranean,
the eastern tropical Pacific and the upwelling region off Peru. They showed that
the dependence of the specific uptake rate, ¥, upon the ambient light intensity, I,
could be described by a rectangular hyperbola, and proposed a kinetic equation
similar to Dugdale’s (1967) equation relating the uptake rate of a limiting nutrient
to its concentration in the external medium:

1

V ="Vuax m 1)

where V., is the specific uptake rate at saturating light intensity and K; the light
intensity at which ¥ = V,./2. Equation (1) implies that light can be treated mathe-
matically as a necessary substrate for nutrient uptake in exactly the same manner
as the nutrient itself, and notably demands that ¥ = 0 in the dark. Falkowski and
Stone (1975) showed that ATP used in nitrate uptake is produced mainly via cyclic
photophosphorylation in the presence of light, thus providing a biochemical mecha-
nism for strong light dependence of nitrate uptake. Uptake of inorganic nitrogen in
the dark has been observed in the diatom Ditylum brightwellii (Eppley and Coats-
worth, 1968), the coccolithophore Coccolithus huxleyi (Eppley et al., 1971), and the
tropical oceanic dinoflagellates Pyrocystis noctiluca and Dissodinium Iunula (Bho-
vichitra and Swift, 1977), but field studies reported to date have indicated little dark
uptake of nitrate or ammonium by natural phytoplankton assemblages (Dugdale and
Goering, 1967; Maclsaac and Dugdale, 1972).

Davis (1973) extended the strong light dependence concept to silicic acid uptake,
and showed that equation (1) provided a good fit to his data on light dependence of
silicic acid uptake by Skeletonema costatum during 5-7 day perturbation experiments
in continuous culture. However, silicic acid uptake appears to differ from nitrate and
ammonium uptake in that there have been numerous observations of light depen-
dence much weaker than that implied by equation (1), both in unialgal diatom cul-
tures and in the ocean. Goering et al. (1973) showed that silicic acid uptake by a
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natural phytoplankton population in the Peru upwelling system continued at a sub-
stantial rate throughout the night, while nitrate and ammonium uptake did not.
Azam and Chisholm (1976) observed a pronounced silicic acid uptake maximum
around midnight in the Gulf of California. Vertical profiles of *C, **N and 2°Si as-
similation rates in the Baja California and northwest Africa upwelling regions indi-
cate that silicic acid uptake proceeded at a significant rate at depths receiving less
than 1% of the surface light intensity, where nitrate and ammonium uptake rates
were substantially reduced and photosynthesis negligible (Nelson and Goering,
1978). Nelson et al. (1976) found that silicic acid uptake in unialgal cultures of the
marine diatom Thalassiosira pseudonana proceeded in the dark at the same rate as
in full light for at least 4 hr when cultures were grown at saturating light intensity
prior to the experiment. They suggested that because silicic acid uptake is an energy-
requiring process closely linked to aerobic respiration and ATP production (Lewin,
1955), a transition from high to low capacity for dark uptake may take place with
time in the dark, due to depletion of the cells’ stored energetic reserves.

The present paper reports a study of the degree to which light is required for up-
take of nitrate, ammonium and silicic acid by natural phytoplankton in two coastal
upwelling regions. This study was conducted during I.D.O.E. Coastal Upwelling
Ecosystems Analysis program cruises to Baja California in 1973 (MESCAL II) and
northwest Africa in 1974 (JOINT I). Other features of nutrient uptake in these two
systems, and specifically the lack of nutrient limitation, have been reported else-
where (Whitledge and Conway, 1977; Nelson and Goering, 1978; Conway and
Harmon, unpublished). The study reported here thus tested the hypothesis that the
light regime often controls nutrient uptake by phytoplankton in nutrient-rich regions
of the ocean, and that the differing responses of three nutrient uptake mechanisms
to light cause this control to be different for each of the three nutrients in natural
systems.

2. Methods

At 29 stations off the Baja California coast, and 24 off the northwest Africa coast,
seawater was collected in 30-liter Niskin bottles from the depth to which 50% of
the incident surface light penetrated, as calculated from Secchi disc readings (Baja
California) or determined with a submersible quantum meter (northwest Africa).
Station locations are presented in Figure 1. The 50% light penetration depth was
typically located at ca. 3 m in both regions, and ranged from 1.5 to 5.5 m depending
upon turbidity. This depth was selected for light experiments because it frequently
represents the depth of maximum photosynthetic activity in upwelling regions (e.g.
Strickland et al., 1969; Ryther et al., 1970), and **C studies conducted concurrently
with experiments reported here indicate that this was also the case in the Baja
California and northwest Africa systems (Barber and Huntsman, 1974, 1975).
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Figure 1. Locations of stations where light dependence experiments were performed.
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Seawater was drawn into pairs of 2-liter glass serum bottles for nitrate or am-
monium uptake rate measurements, or 2.3-liter Plexiglas bottles for silicic acid up-
take rate measurements. One bottle of each pair was fitted with a neutral density
metal screen (Perforated Products, Inc. #15G) that transmitted 50% of the incident
light, and the other darkened with black epoxy paint and black electrical tape ap-
plied to the outside surface. Samples were inoculated with 1.0 ml of *NH,CI (20.0
pg atoms N » ml—2; 99 atom % *°N), Na ®NO; (20.0 pg atoms N * ml—1; 95 atom
% **N), or H, *°SiO, (20.0 g atoms * ml—?*; 95.6 atom % 3°Si) solutions, respec-
tively, and incubated on deck for 6 daylight hours in Plexiglas incubation chests
maintained at sea surface temperature by continuous flow of surface seawater. De-
tails of the procedures employed in **N analysis and uptake rate calculations are
given by Pavlou et al. (1974) and °Si analytical procedures are described by Nelson
and Goering (1977). Stable isotope tracer experiments yield element-specific uptake
rates (V) in units of moles N (or Si) taken up per mole particulate N (or Si) initially
present per hour, which reduces dimensionally to (hr—*) (Sheppard, 1962). The ratio
of the specific uptake rate in the dark bottle (Vpx) to that in the bottle incubated at
simulated in situ light intensity (V1) was computed for each sample pair as a mea-
sure of the degree to which the uptake rate was independent of ambient light.

More detailed light dependence experiments were performed at the stations indi-
cated in Table 1. At these stations water was collected from depths ranging from
the surface to the 0.1% light penetration depth, and drawn into series of incubation
bottles fitted with neutral density metal screens or darkened with black electrical
tape and epoxy paint to provide light transmissions ranging from 100% to 0. Sam-
ples were inoculated, incubated and analyzed isotopically as described above. The
specific uptake rate (V) was plotted as a function of light intensity (I), and in those
experiments where the dependence of ¥ upon I appeared to be describable by hyper-
bolic saturation kinetics the parameters V', and K; (Maclsaac and Dugdale, 1972)
were calculated by a least-squares fit to equation (1) (Cleland, 1967).

At 4 stations on MESCAL II (27, 30, 58 and 59) and 5 on JOINT I (13, 30, 38,
70 and 78) seawater was collected at 5-6 depths ranging from the surface to that of
1% surface light penetration. Samples were inoculated with *NH,*+, *NO,~ or
H,2°SiO,. One half of each sample was incubated at a light intensity simulating that
at the depth from which the sample was collected (using neutral density metal light
screens) and the other half in the dark. Incubation conditions and subsequent sam-
ple preparation and analysis were as described above. These experiments provided
vertical profiles of the substrate-saturated nutrient assimilation rates at simulated
in situ light intensity, and of the maximum uptake rates that could be sustained in
the absence of photosynthesis, at the stations sampled.

3. Results
All comparisons between light and dark uptake rates of nitrate, ammonium and
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Table 1. Stations and depths at which seawater was collected for nutrient uptake rate vs. light
intensity experiments.

Baja California

Station Depth Substrates
(% surface
@ light)
9 0 100 NO;—, H,SiO,
9 2.5 50 NOs—, H.SiO,
9 7.0 25 NOs—, H.SiOx
9 12 10 NOs—, H.SiO
9 23 1 NO;—, H,SiO,
35 3.0 50 H.SiO,
71 3.0 50 H.,SiO,
82 5.0 50 H.SiO,
82 16 10 H.SiOs
Northwest Africa
Station Depth Substrates
(% surface
) light)
6 3.0 50 H.SiO.
31 2.2 50 H.,SiO«
38 2.0 50 H.,SiO,
52 2.6 50 NH.*, NO;—
52 55 0.01 NH,*
62 3.0 50 NH.*, HiSiO,
62 60 0.1 NH.*, HiSiOq
69 2.0 50 NH.*, H,SiO,
69 55 0.1 NH.*, HiSiO,
85 2.0 50 NH,*, NO,—
85 33 0.1 NH.*, NO;—
135 2.0 50 H.SiO;

silicic acid in water collected from the 50% light penetration depth are presented
in Tables 2 and 3. The ratio of dark to light uptake varied from 0 to >1 for am-
monium and silicic acid, but not nitrate. Substantial rates of nitrate uptake in the
dark, although observed at MESCAL II stations 24 and 39, were rare. The ana-
lytical precision of **N and *°Si uptake rate measurements is ca. =10% (Dugdale
and Goering, 1967; Nelson and Goering, 1977), so an analytically detectable effect
of light is present in those comparisons where Vpr/V 1p differs from unity by more
than 0.10. By this criterion, inhibition of uptake by light (Vpx/Vir >1.10) was
never observed for nitrate or silicic acid, but ammonium uptake may have been
light-inhibited at one station (MESCAL II station 78; V px/V r = 1.46).
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Table 2. The specific uptake rate at simulated in situ light intensity (V.r) and in the dark (Vox)
of nitrate, ammonium and silicic acid, and the ratio of dark to light uptake (Vpx/Vrr) in sea-
water collected from the 50% light penetration depth at 29 stations in the upwelling region
off Baja California in the spring of 1973.

V (hr—) X 10*

NO,— NH.* H.SiO, Vox/Vir
Station Vir Vox Vir Vox Vir Vox NO,— NH, H.SiO,

3 1.1 1.0 0.91

9 1.7 0.4 0.24
17 13.2 13.5 1.02
20 3.01 0.13 2:19 0.22 2.7 1159/ 0.04 0.10 0.63
21 1.54 0.14 1.19 0.37 1.8 0.9 0.09 0.31 0.50
24 1.86 0.45 1.90 0.38 13.0 13.1 0.24 0.20 1.01
27 3.31 0.04 1.8 0.7 0.01 0.39
30 2.07 0.04 13.0 215 0.02 0.19
35 357 1.9 0.51
38 1.59 0.07 3.5 0.0 0.04 0.00
39 1.08 0.66 0.66
40 0.81 0.19 0.23
43 0.21 0.02 34 0.4 0.10 0.12
44 0.06 0.04 0.5 0.5 0.67 1.00
45 0.15 0.02 0.55 0.17 0.9 0.3 0.13 0.31 0.33
46 0.63 0.20 0.3 0.1 0.32 0.33
47 0.63 0.46 1.2 0.7 0.73 0.58
48 0.05 0.01 9.0 8.8 0.20 0.98
49 0.96 0.28 4.9 5.4 0.29 1.10
53 0.79 0.05 1.04 0.27 12.5 11.5 0.06 0.26 0.92
58 1.02 0.35 0.34
59 2.00 0.99 2.0 0.0 0.50 0.00
65 0.69 0.54 2.0 0.0 0.78 0.00
67 0.60 0.08 8.7 9.1 0.13 1.05
71 0.19 0.01 0.31 0.21 7.9 7.9 0.05 0.68 1.00
73 0.19 0.01 0.31 0.21 0.05 0.68
78 0.48 0.70 8.9 8.8 1.46 0.99
79 0.19 0.01 0.55 0.55 17.4 17.3 0.05 1.00 0.99
82 10.8 9.6 0.89

The Vpr/Vir data are summarized statistically in Table 4. At the 99% confi-
dence level (as determined by f-test) the mean ratio of dark to light uptake was sig-
nificantly lower for nitrate than for either ammonium or silicic acid off Baja Cali-
fornia. Although the low number of ¥ px/V rr determinations for nitrate on JOINT
I hinders statistical assessment of the difference between mean ratios of dark to light
uptake, the dark uptake rate of nitrate was very low at the three stations sampled.
The mean Vpx/Vrr for nitrate was <5% of that determined for either ammonium
or silicic acid.
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Table 3. Vir, Vox and Vir/Vox for nitrate, ammonium and silicic acid in seawater collected
from the 50% light penetration depth at 24 stations in the upwelling region off northwest
Africa in the spring of 1974.

V (hr) X 10°

NO;— NH,* H.SiO; Vox/Vir
Station Vir Vox Vir Vox Vir Vox NO:— NH, H.SiO,
6 1.0 0.0 0.00
13 0.6 0.6 1.00
31 0.2 0.0 0.00
36 1.4 0.4 0.29
38 3.8 0.7 0.18
44 1.9 0.0 0.00
45 0.4 0.1 0.25
52 2.28 0.05 1.13 0.42 1.6 0.7 0.02 0.37 0.44
62 1.80 0.00 0.6 0.1 0.00 0.17
69 0.7 0.7 1.00
70 1.70 0.20 1.1 0.2 0.12 0.18
78 2.60 0.00 1.70 0.52 2.8 0.9 0.00 0.31 0.32
81 2.30 1.00 0.43
85 2.8 0.7 0.25
89 2011 0.10 2.6 0.6 0.05 0.23
96 1.74 0.99 0.57
97 2.16 1.05 0.49
98 0.97 0.52 0.54
99 1.2 0.0 0.00
135 0.7 0.0 0.00
138 0.3 0.1 0.33
153 1.0 0.1 0.10
164 3.9 2.1 0.54
175 0.3 0.2 0.67

The mean Vpr/Vip for silicic acid was significantly lower off northwest Africa
than off Baja California. Within the Baja California system there were three distinct
upwelling events during MESCAL 1I, separated by two periods of weak or poleward
winds during which upwelling ceased and a stratified hydrographic was established
(Walsh et al., 1977) and Table 4 indicates that the mean value of Vpg/Vir for
silicic acid in this region was significantly lower during thermally stratified periods
than during upwelling periods. Variability in Vpx/V iy for silicic acid off northwest
Africa, and for nitrate and ammonium in both systems, was not clearly related in
time to variability in any measured biological or hydrographic parameter.

At 21 stations off Baja California and five off northwest Africa the ratio of dark
to light uptake in populations collected from the 50% light depth was determined
for two or more substrates. Data from these stations are presented as plots of
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Table 4. Statistical summary of Vpx/Vor data presented in Tables 3 and 4.

Region Substrate Vox/Vir
# of Standard
Stations Highest  Lowest Mean Deviation
Baja California NO;— 15 0.67 0.01 0.157 0.207
NH.,* 17 1.46 0.10 0.489 0.359
I‘I:Si04
Overall 25 1.10 0.00 0.627 0.390
Upwelling 16 1.10 0.19 0.800 0.305
Stratified 9 1.00 0.00 0.319 0.338
Northwest Africa NO:— 3 0.02 0.00 0.007 0.012
NH,* 8 0.57 0.05 0.360 0.191
H.SiO, 20 1.00 0.00 0.298 0.303
Significant z-Tests*
Degrees of Confidence
Comparison Tested t Freedom Level (%)
Mean Vpx/Vir lower for NO;— than
for NH.* off Baja California 3.151 30 99
Mean Vyx/Vir lower for NO;— than
for H.SiO, off Baja California 3.534 38 99
Mean Vpx/Vir for HiSiO, lower off northwest
Africa than off Baja California 3.105 43 99
Mean Vpx/Vir for HiSiO; off Baja
California lower during stratified periods
than during upwelling periods 3.648 23 99
Mean Vpx/V.r lower for NO,— than for
NH.* off northwest Africa 3.101 9 95

* All other mean Vpx/Vy.r differences between substrates within each region and between
regions for each substrate were tested and found not to be significant at the 95% confidence
level.

Vpr/V rr for nitrate vs. ammonium in Figure 2a, nitrate vs. silicic acid in Figure 2b
and ammonium vs. silicic acid in Figure 2c. Figures 2a and 2b reflect the fact that
the capacity for dark uptake of nitrate was low at most stations sampled. Figure 2b
also shows that the infrequently observed appreciable dark uptake of nitrate oc-
curred only at stations where Vpx/V rr for silicic acid was analytically indistinguish-
able from 1. Thus in this study the few phytoplankton assemblages that showed any
appreciable uptake of nitrate in the dark were also able to take up silicic acid in the
dark for at least 6 hr at rates undiminished from those at simulated in situ light in-
tensity. Data points in Figure 2c are widely scattered, indicating that while the ratio
of dark to light uptake of both ammonium and silicic acid ranged from O to 1, there
was no apparent tendency for high Vpg/Vir values for the two substrates to be
observed at the same station.
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Figure 2. Vox/Vir values for pairs of substrates at the 50% light penetration depth off Baja
California (@) and northwest Africa (). a) nitrate vs. ammonium; b) nitrate vs. silicic acid;
¢) ammonium vs. silicic acid.

The responses of ammonium and silicic acid uptake to several light intensities in
deep and shallow phytoplankton populations at a well-mixed and vertically strati-
fied station off northwest Africa are shown in detail in Figure 3. At the vertically
stratified station 62 the responses of ammonium (Figure 3a) and silicic acid (3b)
uptake to light intensity were similar: uptake of both substrates was appreciably
diminished by darkness in samples from both depths, and the maximum uptake
rate was lower for both substrates in the population collected from the greater
depth. At the vertically well-mixed station 69, however, ammonium and silicic acid
uptake showed a striking difference in their responses to light intensity. The V' vs. I
curves for ammonium in the deep and shallow populations are virtually identical to
one another (3c). Thus, in terms of ammonium assimilation and its response to light,
phytoplankton collected from 2m and 55m behaved as replicate samples from a
single, homogeneous population. This was not the case for silicic acid (3d): while
the population from 55m showed a V' vs. I curve similar to that exhibited by both
populations at the stratified station, silicic acid uptake by the near-surface popula-
tion was not detectably diminished at low light intensities or in the dark. As one
would expect at a vertically well-mixed station, the populations collected from 2m
and 55m at station 69 were indistinguishable from one another with regard to
species composition (D. Blasco, personal communication). Thus, populations resid-
ing at the two depths appeared identical both taxonomically and in their V vs. I
response for ammonium, but an effect of light on silicic acid uptake could be ob-
served only in cells collected from the dysphotic zone.

The kinetic parameters V. and K; for nitrate uptake, calculated by fitting equa-
tion (1) to the results of nitrate uptake rate versus light intensity experiments listed
in Table 1, are presented in Table 5. Equation (1) is applicable only when V = 0
in the dark, and significant positive values of Vpx were frequently observed for
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Figure 3. The specific uptake rate of ammonium and silicic acid by phytoplankton collected
from the 50% (@) and 0.01% (Q) light penetration depths at a vertically stratified station
(62) and a vertically well-mixed station (69) off northwest Africa. a) ammonium at station
62; b) silicic acid at station 62; ¢c) ammonium at station 69; d) silicic acid at station 69.

ammonium and silicic acid uptake, so equation (1) was not fitted to ammonium or
silicic acid data. Figure 3 shows representative V' vs. I data for these two substrates.
When an effect of darkness on ammonium or silicic acid uptake rates was observed,
it became apparent at light intensities not dramatically different from the K; values
observed for nitrate uptake (i.e. ca. 5-15% of the surface light intensity).

Vertical profiles of nutrient uptake rates at simulated in situ light intensities and

Table 5. Vma.x and K; values for nitrate uptake from experiments at discrete depths on
MESCAL II and JOINT I.

K,
Depth Vmax (% of
Cruise Station (m) (hr™) Surface Intensity)

MESCAL II 9 2.5 0.020 23.7
9 5.0 0.019 9.8

9 9.0 0.010 7.4

9 18.0 0.020 324

35 3.0 0.031 33

82 16.0 0.011 20.0

JOINT I 85 2.0 0.037 L)

85 33.0 0.026 6.2
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in the dark at three stations off northwest Africa are presented in Figure 4. A strong
effect of light on uptake of all three substrates was observed, both in the low rates
of dark uptake at all depths and in the diminution of simulated in situ uptake rates
between the surface and the 1% light depth. Figures 4a and b indicate that the po-
tential for nutrient uptake in the dark was nearly constant with depth at JOINT I
stations 13 and 70, while at station 78 (Figure 4c) dark uptake potential for silicic
acid and ammonium decreased markedly from the surface to the 1% light depth.
This feature may be related to the fact that the water column was much more stable
vertically at station 78 than at stations 13 or 70 where almost neutrally buoyant
conditions prevailed (Friebertshauser et al., 1975).

4. Discussion

Interpretation of Vpr/Vir values obtained in 6 hr incubations. The N and 2°Si
tracer experiments reported here measured the total amount of substrate taken up
during 6 hr incubations, and planktonic algae have been shown to respond physio-
logically to changes in light intensity on time scales considerably shorter than this
(e.g. Eppley and Coatsworth, 1968; Sournia, 1974; Beardall and Morris, 1976).
Thus an observed ratio of dark to light uptake can be interpreted as having been
constant throughout the incubation only when it approaches either zero or one:
when Vpr/Vir = 0, it shows that the dark uptake rate was low throughout the in-
cubation, and when Vpx/Vir = 1, that uptake in the dark was virtually undimin-
ished from that in the light at all times. When Vx/Vr has an intermediate value
it reveals little about the instantaneous ratio of dark to light uptake at any given
time during the 6 hr incubation, but indicates the relative integrated potential for
uptake in the dark over the whole 6 hr interval. Culture experiments with finer
time resolution have tended to show that uptake of nitrate and ammonium (Eppley
and Coatsworth, 1968; Eppley and Rogers, 1970) and of silicic acid (Nelson et al.,
1976; Nelson and Guillard, unpublished) proceed in the dark at undiminished rates
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initially, then slow or cease entirely on time scales ranging from minutes to hours.
It is likely that transitions of this kind were taking place during our incubations in
darkened vessels. Thus, the most realistic interpretation of our observed Vpr/Vir
values may be that they indicate the approximate fraction of the 6 hr incubation
time during which uptake in the dark continued at reasonably undiminished rates.
Whatever the time-course of dark uptake, a 6 hr Vpx/V1r indicates the fraction of
uptake at simulated in situ light intensity that the cells would have been able to
carry out in the absence of photosynthesis during the first 6 hr after the samples
were collected.

Physiological implications. Nitrate uptake was almost always strongly light de-
pendent and the hyperbolic model of MacIsaac and Dugdale (1972) (equation (1)),
appears generally to provide a good fit to nitrate V' vs. I data. However, ammonium
and silicic acid uptake data are fitted very poorly by the simple hyperbolic model.
In the phytoplankton populations examined in these experiments both silicic acid
and ammonium uptake exhibited 6 hr responses to light intensity that ranged from
the hyperbolic relationship stated by equation (1) to complete light independence
(See Table 4). We do not propose any new equation to fit ¥V vs. I data for am-
monium or silicic acid. The variability observed in Vpg/Vir for these two sub-
strates suggests that the degree to which their uptake rates are affected by the in-
stantaneous ambient light intensity reflects transient, and perhaps rapidly changing,
properties of a population. The physiological question raised by phenomena ob-
served in this field study concerns the combination of metabolic capabilities of the
cells and hydrographic and optical properties of the near-surface ocean that cause
these transitions to take place. Given that the phytoplankton collected at one loca-
tion and time can assimilate substantial amounts of silicic acid and/or ammonium
in the dark, that at another place and time this potential is absent, and that the light
responses of silicic acid and ammonium uptake appear to be independent of one
another, what processes cause these very large differences to be observed? An ade-
quate physiological explanation of these observed phenomena is not at hand, but
some preliminary considerations are discussed below.

Ammonium and nitrate. Uptake of ammonium and nitrate in the dark has been
observed previously in laboratory studies (Eppley and Coatsworth, 1968; Eppley
and Rogers, 1970; Bhovichitra and Swift, 1977), and in the ocean (Dugdale and
Goering, 1967). In the laboratory studies ¥ px/Vrr ranged from 0.37 to 1.05 for
ammonium (Eppley and Rogers, 1970) and 0.35 to 0.86 for nitrate (Eppley and
Coatsworth, 1968). The field experiments of Dugdale and Goering (1967) yield
Vpx/Vir values for ammonium and nitrate of 0.25 and 0.10, respectively, in tem-
perate waters and 0.61 and 0.31, respectively, in tropical waters. Thus the capacity
for dark uptake of nitrate reported here (Table 4) is similar to that observed pre-
viously in temperate phytoplankton, but considerably less than that in tropical phyto-
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plankton or in laboratory studies. Vpx/Vir values reported here for ammonium
vary greatly, but cover the same general range observed in previous studies.

Nitrate uptake by Skeletonema costatum has been shown to be an energy-requir-
ing, active transport process during which ATP is consumed (Falkowski, 1975),
with cyclic photophosphorylation (Photosystem I), a reaction that proceeds only in
the light, the apparent primary ATP source (Falkowski and Stone, 1975). Our field
data, showing dark uptake of nitrate to be extremely rare in the natural phytoplank-
ton assemblages we examined, are consistent with the above findings for S. costatum,
and suggest that an energetic pathway by which nitrate uptake is driven by ATP
derived from Photosystem I may be common to many planktonic algae.

Unlike nitrate, ammonium was frequently taken up at high rates in the dark by
the natural phytoplankton assemblages we examined. The energetics of ammonium
uptake have not been described in detail for planktonic algae, but very large ex-
cesses of intracellular over extracellular ammonium concentrations are apparently
maintained (e.g. Conover, 1975). Therefore, regardless of the mechanism involved,
energy must be expended by the cell to move ammonium nitrogen inward against
this strong concentration gradient. In the culture studies mentioned above (Eppley
and Coatsworth, 1968; Eppley and Rogers, 1970) the uptake rates of both nitrate
and ammonium were initially the same in the dark as in the light, but after 10-20
min the dark uptake rate of nitrate exhibited a substantial decrease. Thus, the light-
produced ATP may have become depleted within several minutes in the dark with
subsequent uptake of ammonium maintained via either oxidative phosphorylation or
substrate-level phosphorylation. The wide variability in Vpr/Vr values for am-
monium indicates clearly that ammonium uptake is driven by intracellular energetic
mechanisms that differ from those supporting nitrate uptake, with no direct de-
pendence on Photosystem I apparent. A more sophisticated physiological interpreta-
tion of ¥V px/V rr data for ammonium in natural phytoplankton should become avail-
able as the energetics of ammonium uptake in several planktonic algae are examined
in greater detail.

Silicic acid. The potential for dark uptake of silicic acid observed in these ex-
periments on natural phytoplankton populations varied between the very high dark
uptake capacity reported for unialgal cultures of Thalassiosira pseudonana grown
at photosynthetically saturating light intensity (Nelson et al., 1976) and the near
lack of such capacity in Skeletonema costatum when sub-optimal light conditions
were allowed to persist for several days (Davis, 1973). Thus if the ability to take up
silicic acid in the dark develops and disappears mainly in response to the produc-
tion and depletion of stored intracellular energy reserves (Nelson et al., 1976), then
the natural phytoplankton populations off Baja California and northwest Africa may
generally have been in energetic states intermediate between those of the T. pseu-
donana and S. costatum monocultures in the two laboratory experiments. Also silicic
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acid uptake by diatoms, unlike other algal nutrient assimilation processes, is con-
fined to a specific period within the cell division cycle, following cytokinesis and
preceding the separation of the two daughter cells (Lewin et al., 1966; Eppley et al.,
1967). This discontinuous demand for silicon results in tight temporal coupling be-
tween silicic acid uptake and cell division (Chisholm et al., 1978), and implies that
phytoplankton samples that exhibited high Vpx/Vir values for silicic acid in this
study contained diatoms that were capable of maintaining nearly undiminished cell-
division rates through at least 6 hr of darkness. Using similar reasoning, Nelson and
Goering (1978) suggested that actively dividing diatoms probably extended to at
least twice the depth of 1% surface light penetration in the Baja California and
northwest Africa upwelling regions during MESCAL II and JOINT 1.

The observed systematic variability in mean Vpg/Vir values for silicic acid
(Table 4b) may well reflect differences in the species composition as well as the
energetic state of the phytoplankton. Taxonomic and physiological causes of ob-
served effects usually cannot be separated from one another on the basis of field
data alone, but the V' vs. I responses shown in Figure 3d appear to demonstrate the
energetic effect in the absence of species differences. At JOINT I station 69, in a
vertically homogeneous water column, phytoplankton collected from 55 m (0.01%
surface light) had a V' vs. I response for ammonium (Table 3c) and a species com-
position indistinguishable from those of phytoplankton collected from 2 m (50%
light). The only observable difference between the 2 m and 55 m samples was that
the population collected from 2 m showed a substantial capacity for dark uptake
of silicic acid that was absent in the 55 m population. Thus Figures 3c and 3d com-
bine to indicate both that cells residing at the two depths were in different physio-
logical states resulting from their vertical locations and recent light-exposure his-
tories, and that this difference affected uptake of silicic acid, but not ammonium.
If the inability of cells residing at the 0.01% light penetration depth to take up
silicic acid in the dark can be interpreted as resulting from depletion of stored ener-
getic reserves between the time of last exposure to near-surface light intensities and
the time of collection at 55 m, then this depletion can occur on time scales that are
short relative to the rate of vertical mixing, even under the conditions of upwelling
and vigorous wind mixing prevalent off northwest Africa during JOINT L.

Ecological implications. Regardless of the physiological mechanisms involved, nat-
ural phytoplankton assemblages in the Baja California and northwest Africa upwell-
ing systems were frequently incapable of sustaining ammonium and silicic acid up-
take, and always incapable of sustaining nitrate uptake, in the dark for 6 hr at the
rate at which they could carry out these processes at saturating light intensity. This
result has clear consequences for nutrient uptake in the vigorously wind-mixed,
turbid water columns that characterize coastal upwelling regions. Nutrient kinetic
studies performed on Baja California and northwest Africa phytoplankton during
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MESCAL II and JOINT I indicate that nutrient uptake rates were very rarely
limited by substrate availability (Whitledge and Conway, 1977; Nelson and Goering,
1978; Conway and Harmon, unpublished), but the present study shows frequent
strong inhibitory effects of darkness on nutrient uptake rates. When these effects are
present, they become detectable at ca. 10-15% of the surface light intensity and are
quite pronounced at 1% of surface light. Because the wind-mixed surface layer in
coastal upwelling regions often extends well beyond the 1% light penetration depth,
surface phytoplankton assemblages in these systems are not able to stay within the
euphotic zone at all times as they can in most thermally stratified regions of the
ocean. The decreased nutrient uptake rates imposed on the phytoplankton by dark-
ened bottles in this study would thus be imposed by the combination of vertical mix-
ing and turbidity over much of the water column below the 10% light penetration
depth (ca. 10 m in these studies). It is therefore apparent that the light regime, in-
cluding both the immediate light intensity and the recent light-exposure history of
the phytoplankton, may play a greater role than the nutrient concentration regime
in controlling the biological availability of nutrients in coastal upwelling systems,
and that this control is characteristically different for each of three major nutrients.

Acknowledgments. This work was supported by National Science Foundation grants GA-
37963 to the University of Alaska, GX-33502 and GB-18568 to the University of Washington
and a Woods Hole Oceanographic Institution Postdoctoral Fellowship to DMN. We wish to
thank J. J. Goering and R. C. Dugdale for their suggestions and assistance at several stages in
the planning and execution of this study. Additionally, we are grateful to D. D. Harmon and
D. W. Boisseau for their valuable technical assistance throughout the nitrogen and silicon
studies, respectively, and D. Blasco and J. J. Maclsaac for their comments on the manuscript.

REFERENCES

Azam, F. and S. W. Chisholm. 1976. Silicic acid uptake and incorporation by natural marine
phytoplankton populations. Limnol. Oceanogr., 21, 427-435.

Barber, R. T. and S. A. Huntsman. 1974. MESCAL II carbon, chlorophyll and light extinction
—R.V. Thomas G. Thompson cruise 78. IDOE Coastal Upwelling Ecosystems Analysis Data
Report 11(2), Univ. Wash., Seattle.

1975. JOINT I carbon, chlorophyll and light extinction—R.V. Atlantis II cruise 82. IDOE
Coastal Upwelling Ecosystems Analysis Data Report 14, Univ. Wash., Seattle.

Beardall, J. and I. Morris. 1976. The concept of light intensity adaptation in marine phytoplank-
ton: some experiments with Phaeodactylum tricornutum. Mar. Biol., 37, 377-387.

Bhovichitra, M. and E. Swift. 1977. Light and dark uptake of nitrate and ammonium by large
oceanic dinoflagellates: Pyrocystis noctiluca, Pyrocystis fusiformis, and Dissodinium lunula.
Limnol. Oceanogr., 22, 73-83.

Chisholm, S. W., F. Azam, and R. W. Eppley. 1978. Silicic acid incorporation in marine diatoms
on light/dark cycles: use as an assay for phased cell division. Limnol. Oceanogr., 23, 518-
529.

Cleland, W. 1967. The statistical analysis of enzyme kinetic data, in Advances in Enzymology,
Vol. 29, F. F. Nord, ed., Interscience, New York, pp. 1-32.

Conover, S. A. M. 1975. Partitioning of nitrogen and carbon in cultures of the marine diatom
Thalassiosira fluviatilis supplied with nitrate, ammonium or urea. Mar. Biol., 32, 231-246.




1979] Nelson & Conway: Light effects on phytoplankton 317

Cushing, D. H. 1971. Upwelling and the production of fish. Adv. Mar. Biol., 9, 255-334.

Darley, W. M., C. W. Sullivan, and B. E. Volcani. 1976. Studies on the biochemistry and fine
structure of silica shell formation in diatoms: division cycle and chemical composition of
Navicula pelliculosa during light:dark synchronized growth. Planta (Berlin), 130, 159-167.

Davis, C. O. 1973. Effects of changes in light intensity and photoperiod on the silicate-limited
continuous culture of the marine diatom Skeletonema costatum (Grev.) Cleve. Ph.D. Thesis,
Univ. Wash. 122 pp.

Dugdale, R. C. 1967. Nutrient limitation in the sea: dynamics, identification and significance.
Limnol. Oceanogr., 12, 685-695.

Dugdale, R. C. and J. J. Goering. 1967. Uptake of new and regenerated forms of nitrogen in
primary productivity. Limnol. Oceanogr., 12, 196-206.

1970. Nutrient limitation and the path of nitrogen in Peru Current production. Anton
Bruun Report No. 4, Texas A & M Press. pp. 5.3-5.8.

Eppley, R. W. and J. L. Coatsworth. 1968. Uptake of nitrate and nitrite by Ditylum bright-
wellii—kinetics and mechanisms. J. Phycol., 4, 151-156.

Eppley, R. W., R. W. Holmes, and E. Paasche. 1967. Periodicity in cell division and physio-
logical behavior in Ditylum brightwellii, a marine planktonic diatom, during growth in light-
dark cycles. Arch. Mikrobiol., 56, 305-323.

Eppley, R. W. and J. N. Rogers. 1970. Inorganic nitrogen assimilation of Ditylum brightwellii,
a marine plankton diatom. J. Phycol., 6, 344-351.

Eppley, R. W., J. N. Rogers, J. J. McCarthy, and A. Sournia. 1971. Light/dark periodicity in
nitrogen assimilation of the marine phytoplankters Skeletonema costatum and Coccolithus
huxleyi, in N-limited continuous culture. J. Phycol., 7, 150-154.

Falkowski, P. G. 1975. Nitrate uptake in marine phytoplankton: comparison of half-saturation
constants from seven species. Limnol. Oceanogr., 20, 412-417.

Falkowski, P. G. and D. P. Stone. 1975. Nitrate uptake in marine phytoplankton: energy
sources and interaction with carbon fixation. Mar. Biol., 32, 77-84.

Friebertshauser, M. A., L. A. Codispoti, D. D. Bishop, G. E. Friederich, and A. A. Westhagen.
1975. JOINT-I hydrographic station data—R.V. Atlantis II cruise 82. IDOE Coastal Upwell-
ing Ecosystems Analysis Data Report 18, Univ. Wash., Seattle.

Goering, J. J., D. M. Nelson, and J. A. Carter. 1973. Silicic acid uptake by natural populations
of marine phytoplankton. Deep-Sea Res., 20, 777-789.

Hulburt, E. M. 1976. Limitation of phytoplankton species in the ocean off western Africa.
Limnol. Oceanogr., 21, 193-211.

Lewin, J. C. 1955. Silicon metabolism in diatoms. III. respiration and silicon uptake in Navicula
pelliculosa. J. Gen. Physiol., 39, 1-10.

Lewin, J. C., B. E. Reimann, W. F. Busby, and B. E. Volcani. 1966. Silica shell formation in
synchronously dividing diatoms, in Cell Synchrony, I. L. Cameron and G. M. Padilla, eds.,
Academic Press, pp. 168-188.

Maclsaac, J. J. and R. C. Dugdale. 1969. The kinetics of nitrate and ammonia uptake by nat-
ural populations of marine phytoplankton. Deep-Sea Res., 16, 45-57.

1972. Interactions of light and inorganic nitrogen in controlling nitrogen uptake in the sea.
Deep-Sea Res., 19, 209-232.

Nelson, D. M. 1975. Uptake and regeneration of silicic acid by marine phytoplankton. Ph.D.
Thesis, Univ. Alaska. 157 pp.

Nelson, D. M., J. J. Goering, S. S. Kilham, and R. R. L. Guillard. 1976. Kinetics of silicic acid
uptake and rates of silica dissolution in the marine diatom Thalassiosira pseudonana. J.
Phycol., 12, 246-252.




318 Journal of Marine Research [37, 2

Nelson, D. M. and J. J. Goering. 1977. A stable isotope tracer method to measure silicic acid
uptake by marine phytoplankton. Anal. Biochem., 78, 139-147.

—— 1978. Assimilation of silicic acid by phytoplankton in the Baja California and northwest
Africa upwelling systems. Limnol. Oceanogr., 23, 508-517.

Pavlou, S. P., G. Friederich and J. J. MaclIsaac. 1974. Quantitative determination of total or-
ganic nitrogen and isotope enrichment in marine phytoplankton. Anal. Biochem., 61, 16-24.

Ryther, J. H.,, D. W. Menzel, E. M. Hulburt, C. J. Lorenzen, and N. Corwin. 1970. The pro-
duction and utilization of organic matter in the Peru coastal current. Anto Bruun Report
No. 4, Texas A & M Press. pp. 4.3-4.12.

Sheppard, C. W. 1962. Basic Principles of the Tracer Method, Wiley, New York, 282 pp.

Sournia, A. 1974. Circadian periodicities in natural populations of marine phytoplankton. Ady.
Mar. Biol., 12, 325-389.

Strickland, J. D. H., R. W. Eppley, and B. Rojas de Mendiola. 1969. Phytoplankton populations,
nutrients and photosynthesis in Peruvian coastal waters. Bol. Inst. Mar. Peru, 2, 4-45.

Walsh, J. J., T. E. Whitledge, J. C. Kelley, S. A. Huntsman and R. D. Pillsbury. 1977. Further
transition states of the Baja California upwelling ecosystem. Limnol. Oceanogr., 22, 264-280.

Whitledge, J. E. and H. L. Conway. 1977. MESCAL II productivity, nekton biomass, current
meter and drogue observations, 24 March-6 May, 1973: OUTFALL II hydrography and pro-
ductivity, 7-14 May, 1973—R.V. Thomas G. Thompson cruise 78. IDOE Coastal Upwelling
Ecosystems Analysis Data Report 37(2). Univ. Wash., Seattle.

Wooster, W. S. and J. L. Reid. 1963. Eastern boundary currents, in The Sea, Vol. II, M. N.
Hill, ed., Interscience, New York, pp. 97-122.

Received: 18 February, 1978; revised: 19 September, 1978.



