Limnol. Oceanogr., 55(2), 2010, 615-627
© 2010, by the American Society of Limnology and Oceanography, Inc.

Simultaneous measurements of nitrate, oxygen, and carbon dioxide on oceanographic
moorings: Observing the Redfield ratio in real time
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Abstract

Autonomous observations of dissolved nitrate, oxygen, and total inorganic carbon (TCO,, which is derived
from pCO, and estimates of alkalinity) from sensors on the M1 and M2 moorings, off Monterey Bay, California,
are examined. These observations are used to assess the linkages between nitrogen, oxygen, and carbon cycling
with the Redfield ratio as a framework for the analysis. Concentrations of TCO,, oxygen, and nitrate were high-
pass filtered to remove low-frequency signals driven by water mass changes. Daily cycles in each property are
apparent with maxima or minima at the end of daylight. These daily cycles are consistent with biological
production of oxygen or uptake of TCO, and nitrate. Ratios of the changes in these diel cycles approach values
expected from the Redfield ratio early in upwelling cycles. However, periods are frequently seen where the
utilization of nitrate N is substantially lower than expected when compared to observed changes in TCO, or
oxygen. During these periods, fixed nitrogen must be supplied from other sources, such as ammonium or urea, or
it is obtained from deeper waters by vertically migrating phytoplankton. These migrating phytoplankton must

then return to the surface where inorganic carbon is consumed and oxygen is produced.

Redfield (1934) observed that the concentrations of
dissolved nitrate, oxygen, and inorganic carbon are present
in the water and in plankton in nearly constant propor-
tions. This observation has evolved toward an understand-
ing that, on average, production or respiration of organic
matter in the sea approximates the following equation:

106 CO,+16 HNO3 +1 H3PO4 + 122 H,O
g (CH20)106 (NH3)16 H3PO4+ 138 02 (1)

The stoichiometric ratio 106C: 16N : 1P: —1380, is termed
the Redfield ratio. This concept of closely linked elemental
ratios in the biogeochemical cycles of the ocean has served
as one of the foundations of biogeochemical research in the
nearly 75 yr since Redfield presented the concept (Fal-
kowski 2000). The oceanographic community has expand-
ed on these concepts primarily by collecting samples in
surveys that now span the global ocean and then measuring
concentrations in these samples on board ship or onshore
to examine the processes that regulate marine biogeochem-
istry. These results generally confirm the Redfield assess-
ment but have also led to revisions. For example, Anderson
(1995) suggested that the oxygen coefficient be revised from
—138 to —150. It is also clear that even the revised
elemental ratios are not fixed, and abundant information
on elemental cycling can be derived from anomalies relative
to the mean values of the Redfield ratio. Spatial variability
in elemental ratios has been reported by Anderson and
Sarmiento (1994) and Li and Peng (2002). Details of the
spatial variability in nutrient ratios have been used to
estimate the global distribution of anthropogenic carbon
(Gruber and Sarmiento 1997), nitrogen fixation (Deutsch et
al. 2007), denitrification (Tyrell and Lucas 2002), and
ocean mixing (Broecker 1974). There have been fewer
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studies of the variations in elemental ratios in time.
Temporal changes on decadal scale in the elemental ratios
found near the euphotic zone (Karl et al. 2001) and in deep
waters (Pahlow and Riebesell 2000) have been discussed.
Decadal scale changes in the Redfield ratio are, however,
difficult to detect, particularly in deep water, because of the
long residence times of the chemicals (Keller et al. 2002).
Seasonal changes in C:N ratios have been noted in the
North Atlantic, which appear to reflect overconsumption
of N during rapid growth (Kortzinger et al. 2001).
Although the community has gained greater insights into
elemental cycling by using the Redfield ratio, the processes
that create the near constancy in elemental ratios continue
to be examined (Lenton and Watson 2000; Klausmeier et
al. 2004).

It is now possible to measure nitrate (Johnson and
Coletti 2002; Johnson et al. 2006; Kortzinger et al. 2008b),
oxygen (Tengberg et al. 2006; Kortzinger et al. 2008«), and
pCO2 (Friederich et al. 2002; DeGrandpre et al. 2006;
Kortzinger et al. 2008b) on oceanographic moorings for
near yearlong periods of time without substantial degra-
dation in sensor performance. Each of these chemicals is
closely linked through Eq. 1 to the primary production and
respiration of organic carbon. For example, it has been
demonstrated that diel cycles in concentration of nitrate
can be used to provide near-daily estimates of primary
production for sustained (years) periods (Johnson et al.
2006). Diel variations in oxygen and inorganic carbon are
also used to examine temporal changes in primary
productivity (Odum 1956; Yates et al. 2007). The capacity
for long-term, autonomous observations of multiple
chemicals now allows the linkages between chemical cycles
to be monitored continuously (Johnson et al. 2007).

Here, I examine measurements of nitrate, oxygen, and
inorganic carbon that were reported by in situ sensors on
the M1 and M2 moorings offshore of Monterey Bay,
California. These are highly instrumented moorings (Cha-
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vez et al. 1997) that have been maintained since 1989.
Measurements of ApCO,, the difference in sea and air
pCO,, have been made since 1993 on these moorings
(Friederich et al. 1995). These measurements have been
used to examine long-term changes in air-sea gas exchange
of CO, driven by processes such as El Nino (Friederich et
al. 2002). Measurements of nitrate concentration on the
moorings began in 2002 using optical nitrate sensors
(Johnson and Coletti 2002). These measurements have
been used to examine daily to annual changes in primary
production (Johnson et al. 2006). Dissolved oxygen
measurements using Aanderaa Optode sensors (Tengberg
et al. 2006) became operational on both moorings in April
2006. This article uses the Redfield model as a framework
to interpret the daily variations in the ratios of total
dissolved inorganic carbon (TCO,), whose concentration is
calculated from pCO, and estimated titration alkalinity,
dissolved oxygen, and nitrate. The analysis focuses on the
period from April 2006 through August 2006. However, all
these measurements continue, with some interruptions,
through the present. The data are delivered to the Internet
at several Web pages located at http://www.mbari.org,
where they are available for analysis by the community.

Methods

The M1 and M2 mooring locations are 36.747°N,
122.022°W (1200-m depth) and 36.697°N, 122.378°W
(1800-m depth), offshore of Monterey Bay (Fig. 1). These
moorings are 20 and 50 km offshore, respectively. In
addition, some data collected at the MSE mooring are
shown. It was located at 36.2°N, 122.9°W (3300-m depth),
which is 115 km offshore.

Nitrate was measured at 1-m depth using In Situ
Ultraviolet Spectrophotometer (ISUS) nitrate sensors
(Johnson and Coletti 2002). The mooring data, including
the complete ultraviolet (UV) spectrum measured by ISUS,
are transmitted to shore hourly. Nitrate concentrations are
calculated using the measured light absorption spectrum
from 217 to 240 nm and a linear baseline estimate.
Biofouling of the optics was inhibited with a copper and
Nitex antifouling shield. The ISUS sensor calculates nitrate
concentration using the algorithm described in Johnson
and Coletti (2002). A revised algorithm that substantially
improves the accuracy of UV nitrate measurements has
been developed (Sakamoto et al. 2009). All the data
reported here were reprocessed from the observed ultravi-
olet spectra, temperature, and salinity with that new
algorithm. This involves correcting the bromide molar
absorptivities to the in situ temperature. The salinity
measured with the conductivity, temperature, and depth
(CTD) sensor is then used to predict bromide ion
concentration using the known bromide-to-chlorinity ratio
(Morris and Riley 1966), and the temperature-corrected
bromide molar absorptivities are used to calculate the UV
spectrum due to bromide. This bromide spectrum is
subtracted from the observed UV spectrum. Nitrate is
determined by fitting the bromide corrected sea water
spectra with the molar absorptivities of nitrate, which are
temperature independent, and an absorbance baseline that
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Fig. 1. M1, M2, and MSE mooring locations offshore of

Monterey Bay, California. Depth contours in meters.

is a linear function of wavelength. The accuracy of nitrate
concentrations calculated with the revised algorithm is
significantly improved relative to the original algorithm, as
shown by an extensive set of comparisons between sensor
data and nitrate measurements made in the laboratory
(Sakamoto et al. 2009). In relatively clear water, such as
that found in Monterey Bay, and with little fouling of the
sensor, which was diagnosed by observing that the baseline
of the UV absorption spectrum did not drift upward, the
detection limit should be near 0.5 umol L—1! nitrate.
However, given additional sources of uncertainty that
accumulate over long-term deployments, we do not
consider the results more accurate than *1 pmol L-!
nitrate. Precision of nitrate measurements is typically about
0.1 umol L—1! over time periods on the order of 1 d. These
metrics are generally consistent with other assessments of
ISUS performance (Christensen and Melling 2009).

The pCO, difference between seawater (SW) and air
(ApCO;, = pCO;, sw — pCO, air) was measured as
described in Friederich et al. (1995, 2002). The pCO,, sw
was estimated from ApCO, by assuming that pCO;, a;; Was
constant at 380 patm. Air pCO, was likely not constant at
380 patm during this period. However, the data analysis
discussed below focuses primarily on daily changes in
chemical properties, and longer-term changes in pCO,, aj;
will not affect the results. Titration alkalinity (TA) was
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Fig. 2.
line) moorings.

estimated from the observed salinity and temperature (Lee et
al. 2006). TCO, was then calculated using the CO2SYS_
MACRO_PC Excel spreadsheet program (Pierrot et al.
2006) with the observed T and S and the estimates of
pCO,, sw and TA as inputs. Oxygen was measured with an
Aanderaa Oxygen optode (Tengberg et al. 2006) at 1-m
depth. The optode measures oxygen partial pressure and the
in situ salinity and temperature were used to compute
oxygen concentration using algorithms supplied by Aan-
deraa. The optode was protected from fouling with a copper
mesh pad as suggested by the manufacturer. Chlorophyll
fluorescence was measured with a WetLabs WetStar
fluorometer on each mooring. Temperature and salinity
were measured with SeaBird Model 37 CTD sensors.

Results

The results for temperature and salinity on the M1 and
M2 moorings are shown in Fig. 2. Daily average chloro-
phyll and hourly values of nitrate, oxygen, and total
inorganic carbon concentrations are shown in Fig. 3.
Chlorophyll was binned to daily averages because of the
large diurnal cycle produced by daytime fluorescence
quenching (Falkowski and Kiefer 1985). In principle,
nighttime values of chlorophyll fluorescence are most
useful, but most samples near the moorings are collected
during the day when quenching is most severe. Daily
averages are used here as a compromise.

(a) Temperature and (b) salinity at the M1 (black line) and M2 (dashed red

The accuracy of the chemical data may be compromised
by a variety of issues, such as improper calibration, sensor
fouling, or faulty assumptions made in the computation of
concentrations. Shipboard observations of nitrate and
oxygen provide one means to assess data accuracy
(Fig. 3). Although those data are sparse, no significant
drift in sensor response and accuracy within 1 gmol L—1 for
nitrate and 5 umol L—! for oxygen is indicated, except for
the M2 oxygen sensor. The M2 oxygen calibration appears
to yield concentrations that are too high by 30 umol L—!
(Fig. 3f), but this offset remains constant over the period
considered here. The primary focus of this article is on
high-frequency (daily) variations in concentration, and
constant offsets in the data will not affect the main
conclusions. There are no comparable shipboard observa-
tions for TCO,, and it is conceivable that there could be
high-frequency biases in those data. For example, the
TCO, data would have a daily bias if the assumed
atmospheric pCO, has a daily variation, perhaps due to
diel variability in wind direction. One independent assess-
ment of the TCO, data that can be made is comparison to
values measured in the northeastern Pacific during the
World Ocean Circulation Experiment (WOCE). The
WOCE TCO, concentrations are plotted vs. nitrate in
Fig. 4 along with the values estimated at M1 and M2. The
WOCE data were obtained from the eWOCE electronic
atlas (Schlitzer 2000) by extracting all TCO, and nitrate
data from the upper 200 m and collected within the box
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Fig. 3.

Daily mean values of chlorophyll (chl) at the (a) M1 and (b) M2 moorings. Hourly

values of (c, d) nitrate, (e, f) dissolved oxygen, and (g, h) TCO, at M1 and M2. Red dots show
measured concentrations of nitrate and oxygen in samples collected near each mooring.

bounded by 30-39°N, 138-118°W. All concentrations were
converted from pmol kg—! to ymol L—! units, and TCO,
was normalized to a salinity of 33.4, typical of the values
observed at the moorings. The standard deviation of the
data about least-squares lines of TCO, fitted to NO 5 for
each set of data are similar (27, 22, and 20 umol TCO, L—!
for M1, M2 and WOCE), indicating that the combined
sources of variability in the mooring data are only slightly
larger than in the WOCE data. As discussed below, this
additional variability appears to be related to high coastal
primary production. The slope of the WOCE data set is
somewhat higher than at M1 and M2, which may reflect
inaccuracy in the estimates of titration alkalinity used to
compute TCO, from pCO, at M1 and M2. However, that
should not affect conclusions regarding high-frequency
process. The final assessment of the suitability of the TCO,
data for the uses described here must come from the
consistency of the results discussed next.

Discussion

Much of the temporal variability in properties seen in
Figs. 2 and 3 is created by a sequence of upwelling events

that bring cold, salty, nutrient-rich water to the surface.
During upwelling events, the M1 mooring lies directly in
the path of an upwelled plume of water that originates near
Point Afio Nuevo to the north of Monterey Bay (Breaker

Fig. 4. Nitrate is plotted vs. TCO, at the M1 (black dots)
and M2 (blue dots) moorings. Open red circles show near-surface
values for the same parameters in the northeastern Pacific
obtained during the WOCE program (Schlitzer 2000).
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Fig. 5.

Oxygen percent saturation with respect to atmospheric solubility at the M1 (black

line) and M2 (dashed red line) moorings. M2 oxygen data were corrected for constant sensor
offset by subtracting 30 ymol L—1 from each reading before computing the percent saturation.

and Broenkow 1994; Rosenfeld et al. 1994; Fitzwater et al.
2003). In strong upwelling events, the plume reaches the
M2 mooring about 1 d after reaching M1. The temporal
patterns in temperature at M1 and M2 are generally
similar. There is one upwelling event at M1 in late May and
early June that, apparently, did not reach M2, as there is no
corresponding temperature or salinity signal (Fig. 2).

These upwelling events lead to large changes in chemical
concentrations (Fig. 3). During these events, concentra-
tions of nitrate, oxygen, and total inorganic carbon are
highly correlated at each mooring (e.g., Fig. 4). These
correlations are driven by both physical mixing or
transport of waters with different properties and by in situ
production or respiration of fixed organic carbon. The
effects of physical and biological processes on bulk
chemical concentrations are difficult to separate in this
dynamic environment because both have similar signatures.
Upwelled waters are enriched in nitrate and TCO, and
depleted in oxygen as a result of respiration of organic
matter. This produces chemical concentrations that are
highly correlated when deep water mixes with surface
waters. The same signals are produced by local uptake of
nitrate and inorganic carbon and production of oxygen
during daily photosynthesis and respiration cycles.

One line of evidence that points to high local rates of
primary production is the high degree of oxygen saturation.
The oxygen concentration reaches values well above
saturation with respect to atmospheric oxygen. Percent
saturation of oxygen is as high as 150% at M1 and M2
(Fig. 5). Local heating can also create supersaturation, but
temperature changes of more than 18°C would be required
to increase saturation by 50%. Local heating appears to
change temperature by less than 5°C. The high percent
saturation implies that local rates of primary production
must be an important process in controlling surface oxygen
concentration.

High-pass-filtered chemical concentrations—Diel cycles
in nitrate concentration are regularly observed with in situ

sensors (Johnson et al. 2006). These cycles are produced by
nitrate uptake during daylight and resupply during the
dark. The daily cycle can be used as a quantitative metric of
net primary production (Johnson et al. 2006). This analysis
of diel patterns involves high-pass filtering the data using a
fast Fourier transform (Press et al. 1986) so that only
signals with a period shorter than 33 h remain in the data
set. The high-pass filter removes low-frequency changes in
the data that might result from mixing of multiple water
masses. In this section, the data sets that result after
applying a high-pass filter to all the chemical measurements
are examined.

The high-pass-filtered concentrations of nitrate, oxygen,
and TCO, are highly correlated (Fig. 6). For example, the
correlation coefficient between oxygen and TCO, at the M1
mooring is —0.77. Fifty-nine percent (—0.772) of the high-
frequency variability in TCO, is explained by high-
frequency changes in oxygen concentration. This implies
that errors in the calculated TCO, due to high-frequency
biases in titration alkalinity or atmospheric pCO, and that
would not affect oxygen do not dominate the signals that
we observe. The diel changes in nitrate are also highly
correlated with TCO, and O, (Fig. 6), with nitrate
amplitudes that are about one-tenth of the values observed
for oxygen and TCO,. However, the slopes of the high-
pass-filtered property—property plots, which were deter-
mined from Model II linear regressions to account for
errors in each variable (Laws 1997), are significantly
different than the values expected from the Redfield ratio
(Table 1). Non-Redfield values of the carbon-to-nitrogen
ratio have been observed previously (Sambrotto et al. 1993;
Kortzinger et al. 2001).

The discrepancy in the O,:TCO, slope at both
moorings, relative to the Redfield value, can likely be
explained by the effects of gas exchange. A piston velocity
of 2 m d-1 (10 cm h~1) is a typical gas exchange rate
constant at modest wind speeds (Wanninkhof et al. 2009).
Air—sea gas exchange at this rate would remove 20-40% of
the oxygen saturation anomaly on a daily basis with a
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M2 mooring. Solid lines are Model II regression lines fitted to the data. Slopes of the regressions are shown in each panel.

mixed layer depth of 5-10 m, typical of the spring and
summer near M1. The rate of air-sea gas exchange for
TCO, will be about 10 times lower because of the reaction
of carbon dioxide with carbonate ion, and it will be
relatively unaffected by gas exchange over the same time
period. As a result, gas exchange will bias the oxygen
anomalies low relative to the Redfield value. This increases
the slope of TCO,:0, graphs (Fig. 6b,e) relative to the
Redfield value. If the TCO,:0, ratio suggested by
Anderson (1995) were used rather than Redfield, the
anomalies would be larger but still explainable by gas
exchange processes.

To understand the reasons for the discrepancies in the
observed NO ; : TCO, or NO j : O, slopes, relative to the
Redfield value, it is necessary to examine the data more
closely. Fig. 7 shows one example of the unfiltered and
filtered chemistry data at the M1 mooring for the period
from 09 July to 16 July. The plot of the high-pass-filtered
data has been scaled using the Redfield ratio (oxygen and
TCO, anomaly ranges are the same) so that a concentra-
tion change in each property that follows Eq. 1 would span
a similar vertical range. Concentration changes driven by
photosynthesis are oriented up (i.e., the concentration scale

for O, has the opposite sign as for NO 7~ and TCO,). The
end of each day in Greenwich Mean Time (GMT), which
corresponds to 17:00 h local time, is near the end of
daylight. There are large diel cycles, which are typified by
the data in Fig. 7, with lowest nitrate and TCO, (highest
oxygen) occurring near sunset on most days (77% of the
nitrate record, 95% of the oxygen record, and 92% of the
TCO, record). This is the result expected for a signal
dominated by the effects of primary production and
respiration. Cycles produced by horizontal currents would
not be expected to nearly always produce minima in nitrate
and TCO, (maxima in oxygen) near sunset (Johnson et al.
2006).

The example shown in Fig. 7 begins during a period of
strong (8—10 m s—1!), upwelling-favorable winds that have
brought cold, nitrate-rich water to the surface. Chlorophyll
concentrations (Fig. 7c) are low in the freshly upwelled
water. The wind began to weaken on 10 July, and
chlorophyll concentrations increased rapidly. As chloro-
phyll increases, diel cycles develop in nitrate, oxygen, and
TCO, that scale closely to the values expected from the
Redfield ratio and that have the phasing with daylight that
one would expect for a process dominated by photosyn-

Table 1. Ratios of high-pass-filtered chemical anomalies at the M1 and M2 moorings estimated from data in Fig. 6 using a Model 11
regression (Laws 1997). 95% confidence limits for the ratio are shown.

Ratio Redfield M1 M2
NOj; : TCO, 0.15 (16:106) 0.073 = 0.002 (7.7:106) 0.071 = 0.002 (7.5:106)
NO; :0, —0.12 (16:138) —0.095 = 0.003 (13:138) —0.076 = 0.002 (10:138)
0,:TCO, —1.30 (138:106) —0.77 = 0.02 (81:106) —0.93 = 0.03 (98:1006)




Redfield ratio in real time 621

Fig. 7.

(a) Concentrations of nitrate (black line), oxygen (red line), and TCO, (blue dashed

line) from 09 July 2006 to 16 July 2006. (b) High-pass-filtered concentrations of the same
properties. The axes for each filtered concentration are scaled to span a similar range when
normalized to the Redfield ratio, and each scale is oriented so that changes driven by uptake
during primary production are oriented up. (c) Daily average estimates of chlorophyll for the
same period. Time is GMT, and local sunset is at 03:00 h.

thesis and respiration (Fig. 7b). The NOj : TCO, ratio
during this period is 0.12 = 0.01 (13:106), somewhat closer
to the Redfield value than the overall mean value of 0.073
+ 0.002 (7.7:106) at M.

Figure 8§ shows the chemical concentrations and their
high-pass-filtered values during a subsequent period from
21 July to 30 July. Nitrate concentrations drop to low
values near 1 umol L—! on 25 July and remain low for
several days. Although nitrate concentration is low and its
diel cycle is very small after 25 July, the diel cycles of TCO,
and oxygen continue with large amplitudes. The large diel
cycles in both TCO, and oxygen are unlikely to be the
result of sensor fouling, as the two systems are completely
independent. The low concentration values returned by the

nitrate sensor are consistent with discrete samples through-
out the deployment. The NO; : TCO, ratio is 0.021 =
0.007 (2.2:106) for 25-28 July and 0.076 = 0.008 (8:106)
for the period 21-30 July. There is nearly complete
decoupling of nitrate from the carbon and oxygen cycles
for 3 d, and the mean NO ; : TCO; ratio for the entire
period is about half the Redfield value. Decoupling of
nitrate from oxygen and carbon cycling, defined as a day
when the nitrate amplitude is less than one-third of the
mean amplitude of the O, and TCO» cycles on the same day
(all amplitudes in carbon units), occurs about 30% of the
time at M1 and M2. This leads to the low value of the
NO ; : TCO, ratio for the entire data set. Modest increases
in wind speed from a mean of 2 m s—! over 18-23 July to



622 Johnson

Fig. 8.

5 m s7! on 24 July lead to an increase in nitrate
concentration a few days later. There is a resumption in
diel nitrate cycles that match the TCO, and O, amplitudes
by 29 July (Fig. 8). This would indicate that the well-
developed bloom, with chlorophyll concentrations that
exceed 10 ug L—1 (Fig. 8c), can rapidly switch back to using
surface nitrate as a fixed nitrogen source at Redfield ratios.
Again, the phasing of the diel cycles with extreme values at
sunset matches the result one would expect for processes
dominated by photosynthesis and respiration. Changing
C:N ratios during the evolution of a bloom have been
observed in other areas of the ocean (Sambrotto et al. 1993;
Kortzinger et al. 2001). The results presented here are
unique, however, as they show that shifts between high and
low values of the C: N uptake ratio can occur in a matter of
a few days.

The concentration of chlorophyll increases and TCO,
decreases during the period in July with low nitrate
(Fig. 8a,c), indicating that there has been net production
of organic matter. There are multiple reasons why nitrate

As in Fig. 7 for the period 21 July 2006-30 July 2006.

might be decoupled from the oxygen and TCO, cycles while
organic carbon is produced. Other studies (Sambrotto et al.
1993) suggest that nitrate is decoupled from carbon cycling
because nitrate is recycled preferentially in the surface.
Sources of fixed nitrogen other than nitrate, such as
ammonia or urea, might also fuel production of organic
matter. Ammonium concentrations are observed to reach
values as high as 2 yumol L—! at the base of the euphotic
zone in Monterey Bay (Bronk and Ward 1999; J. Plant
pers. comm.), although values are more typically near
0.1 umol L—1. The diel TCO, and O, cycles on 25-28 July
(Fig. 8) would require a fixed nitrogen supply near
3 umol L—! to remain in Redfield balance. The highest
ammonium concentrations that are typically observed
(Bronk and Ward 1999) might just be sufficient to meet
this demand if the ammonium pool is depleted each day.
Alternatively, a phytoplankton population consisting of
dinoflagellates might be capable of migrating vertically to
the nitracline to acquire nitrate and then return to the
surface where photosynthesis takes place. Large dinofla-
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Fig. 9.

Diel amplitude of the high-pass-filtered nitrate (black line), oxygen (red line), and

TCO, (blue line) at the (a) M1 mooring and (b) M2 mooring.

gellate blooms periodically dominate in Monterey Bay, and
they are observed to migrate to the nitracline (Ryan et al.
2009). These two processes cannot be resolved with the
data that are available, but it would certainly be feasible to
instrument moorings to put further constraints on these
processes. For example, it is now possible to measure
dissolved ammonia on moorings in a nearly routine manner
(Plant et al. 2009). Deeper chlorophyll fluorometers could
detect vertical migration. Until such measurements are
made, it is not possible to determine unequivocally whether
organic matter is produced with unusual carbon-to-
nitrogen ratios or if the ratios are in Redfield balance,
but we do not measure all the nitrogen sources. The data in
Fig. 8 around 29 July indicate that the changes occur
rapidly.

Biomass production—Daily estimates of net community
production of organic matter were calculated from the
amplitude of the high-pass-filtered concentrations. To
calculate the amplitude, the minimum values of high-pass-
filtered nitrate and TCO, (maximum for oxygen) were found
each day for the period from 22:00 h to 03:00 h GMT (15:00—
20:00 h Pacific Daylight Time [PDT]), and the mean
concentration for the 3-h period centered on that time was
calculated. Maximum values (minimum for oxygen) were

found each day between 11:00 h and 16:00 h GMT (04:00—
09:00 h PDT), and the mean concentration for the 3-h period
centered on that time was again calculated. The diel
amplitude due to primary production was set as the
difference of these two values for each chemical. These diel
amplitudes for nitrate and oxygen were then converted to
carbon units using the Redfield ratio (Eq. 1). The results are
shown in Fig. 9 for M1 and M2.

Each of the daily amplitudes of the high-pass-filtered
nitrate, oxygen, and TCO, concentrations is an indepen-
dent estimate of the net production of organic matter
(Johnson et al. 2006). TCO,- and O,-based production
values are often larger than the nitrate-based production
estimates (Fig. 9). There is also one example (M2, mid- to
late July; Fig. 9) where oxygen amplitude is high and the
carbon and nitrate amplitudes are much lower. This may
reflect fouling of the oxygen sensor, although it began
returning values consistent with its early performance
without any cleaning. Alternatively, it reflects a period
where the TCO, concentration estimates are inaccurate
because of assumptions about atmospheric pCO, or
titration alkalinity. Such periods with potentially large
biases in the TCO, seem to be relatively rare, however,
because there is generally good agreement between the
high-pass-filtered TCO, and the oxygen.
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Fig. 10. Observed chlorophyll concentrations (solid lines)

and values computed from Eq. 2 using net community production
values estimated from the TCO, diel amplitude (dashed lines) are
shown for the (a) M1 mooring and the (b) M2 mooring. A single
high value of the TCO, diel amplitude at M2, which was observed
on 21 May 2006 (128 mmol C m—3 d—!) and which is off scale in
Fig. 9, was replaced by the average of the two adjacent values for
the model calculations.

The daily estimates of new production can be used to
predict the accumulation of biomass using the following
equation (Johnson et al. 2006):

Bt:Bt,1+AtXNCP—AtXLXBt,1 (2)

where B is biomass in carbon units; NCP is the daily
estimate of net community production of carbon derived
from the diel amplitude of nitrate, oxygen, or TCO,
measurements (Fig. 9); A is a 1-h time step; and L is the
rate constant for loss of biomass due to all factors,
including grazing, sinking, and removal by horizontal
advection. The amplitude of the nitrate diel cycle is a
reflection of net production that incorporates dissolved
nitrate from surface waters, while the amplitudes of oxygen
and TCO, would reflect production from all fixed nitrogen
sources. Integration of Eq. 2 was begun with an initial
biomass value of zero.

The biomass values calculated using NCP derived from
the TCO, concentrations are shown in Fig. 10 for M1 and
M2. Carbon biomass was converted to chlorophyll units
using a constant C:chlorophyll ratio (by weight) of 60
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Fig. 11. Chlorophyll computed from Eq. 2 using diel

amplitudes derived from nitrate observations are plotted vs.
chlorophyll computed from Eq. 2 using TCO, diel amplitudes.
The dashed line is a Model II regression with slope 0.45 = 0.06
(95% confidence interval). The solid line has slope 1.

(Johnson et al. 2006). L is not constrained directly by the
chemical observations. It was, therefore, adjusted by
comparing the predicted chlorophyll with the values
observed at each mooring and minimizing the sum of the
squared errors. A value of 0.6 d—! is near the optimum at
both M1 and M2, and that value has been used to compute
the predicted chlorophyll concentrations shown in Fig. 10.
The estimates of chlorophyll that are derived from NCP
values based on the diel cycle of TCO, are significantly
correlated with the observed, daily mean values of
chlorophyll with an R2 = 0.45 at M1 and R? = 0.25 at
M2 (p < 0.0001 in each case). The predicted chlorophyll
values capture nearly all the major bloom cycles seen at
both moorings (Fig. 10). These results demonstrate that it
is possible to use in situ chemical observations to determine
how much carbon is produced each day and, with a single
adjustable parameter that relates to biomass loss, to also
predict the temporal course of biomass standing stocks
over periods of multiple months.

Similar results for biomass standing stocks are found
using the high-pass-filtered data for dissolved oxygen when
it is converted to carbon units using the Redfield ratio. For
example, the R2? between chlorophyll modeled with
productivity based on oxygen daily amplitude and observed
values is 0.48 at M1. However, the time course of biomass
predicted using high-pass-filtered nitrate concentrations is
somewhat different for the period of this study. The
modeled chlorophyll values determined using NCP derived
from TCO, and nitrate (after conversion to carbon units
with the Redfield ratio) are plotted vs. each other in
Fig. 11. While the two values are highly correlated (R2 =
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21 May
2006

(a) Nitrate (dashed line) and TCO, (solid line) concentrations observed at the M2

31 May

mooring from 01 May 2006 to 05 June 2006. (b) Diel amplitudes of nitrate, after conversion to
carbon units using the Redfield ratio (dashed line) and TCO, (solid line), are shown for the same
time period. (c) Observed daily mean chlorophyll values (solid line) and values computed from
Eq. 2 using the diel amplitudes derived from TCO, (dashed line) are shown for the same

time period.

0.47), the slope of a line fitted to all the data is 0.45 rather
than the expected value of 1. If the value of L is optimized
using growth rates based on nitrate, the best-fit value is
0.33 d—! rather than 0.6 d—! when TCO, daily amplitudes
are used. The diel cycles based on nitrate concentrations
predict, on average, only about half the biomass accumu-
lation predicted from TCO, cycles when the same value of
L is used. This occurs because, as noted above, on about
30% of the days, the NCP value estimated from the diel
nitrate amplitude is less than one-third of the value
estimated from TCO, or O,. Presumably, the remainder
of the biomass accumulation that is observed or that is
modeled using NCP derived from daily cycles of TCO, and
O, is derived from fixed nitrogen sources other than the
nitrate that is found in surface waters. These sources might
include ammonium or vertical migration to obtain nitrate
at greater depths.

Phytoplankton net community production appears to be
fueled by nitrate early in upwelling periods, and then other
sources, as discussed above, become important. Figure 12
shows the sequence of events during an upwelling period in

May 2006 at the M2 mooring. Nitrate concentrations
increase from near-zero values to 12 yumol L—! in two main
pulses. TCO, increases in parallel with nitrate, and it
clearly shows diel cycles with minima at sunset on most
days. Net community production rates based on diel
amplitudes of TCO, and NOj (Fig. 12b) increase within
the nutrient-rich, upwelled water from near-zero values
before onset of the upwelling event. As these growth rates
increase, both the modeled and the observed chlorophyll
concentrations increase at similar rates. Observed chloro-
phyll and values modeled using TCO, diel cycles continue
to increase, while dissolved nitrate is present to fuel growth.
The chlorophyll concentration declines in late May, as
nitrate is depleted. The growth rates based on nitrate track
the values based on TCO, near the beginning of the
upwelling period. However, as biomass increases, the
growth rates based on TCO, exceed those based on nitrate.
Either the phytoplankton are growing with C: N ratios that
are nearly double the Redfield value or recycled nitrogen in
the form of ammonia begins to serve as a significant N
source as biomass.
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Fig. 13.

High-pass-filtered oxygen concentrations from (a) 01 November 2006 to 10 May 2007 and (b) 10 January 2007 to 20

January 2007 at the M1 mooring. Panels (c, d) are the same at the M2 mooring. Panels (e, f) are the same at the MSE mooring. The mean

and 95% confidence intervals are shown in panels (a, c, ).

Limits of detection—In order to assess the lower limits of
production at which diel chemical cycles can be detected,
oxygen sensor data from the MSE mooring, which was
deployed at 115 km off the coast, is considered. High-pass-
filtered oxygen data from M1, M2, and MSE from November
2006 to May 2007 are shown in Fig. 13a, ¢, and e. One large
gap in the MSE data occurred when the sensor fouled,
diagnosed as a rapid increase in diel amplitude, followed by a
drop to near-zero oxygen concentration. After the sensor was
cleaned and the antifouling copper mesh was replaced, the
sensor began to return measurements similar to values
observed before the fouling event. Clear diel cycles with
maxima near the end of daylight are seen at the MSE mooring,
as well as at M1 and M2, throughout this period (Fig. 13b,d.f).
The mean values of the diel amplitude for the November—May
period are shown in Fig. 13a, ¢, and e. The amplitude at the
MSE mooring (2.2 = 0.4 mmol O, m—3 d—1, 95% CI) is a
factor of 5 lower than at M1 and M2, and it is easily resolved
during this period. A lower limit to reliable detection is
probably around 0.5-1 mmol O, m—3 d—!. The values at the
MSE mooring, which was 115 km offshore, approach the
amplitudes that one might expect in oligotrophic waters, based
on light and dark bottle incubations (Williams et al. 2004).

In conclusion, the results shown here demonstrate that the
daily cycles of inorganic carbon, oxygen, and nitrate are
often closely coupled in ratios near those expected from
Redfield (Eq. 1). However, there is also significant
decoupling of the observed parameters on about 30% of
the days. This is particularly true for the C: N ratio. Because
only nitrate was sensed, which is one of many possible forms
of fixed nitrogen, this decoupling does not demonstrate that
organic matter is produced with distinctly non-Redfieldian
composition. Rather, it most likely indicates that, even in
dynamic, coastal upwelling ecosystems, nitrate present in
surface waters is not always the dominant fixed nitrogen
source for phytoplankton. In Monterey Bay, only about half

the required nitrogen appears to be supplied directly from
surface waters during the time of this study.
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