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Abstract

The amount of carbon exported from the surface layers of the world’s oceans
is strongly influenced by processes at low latitudes; it has been estimated that the
export flux of carbon, or “new” production, in the equatorial Pacific could account
for a significant proportion (25 to 50 %) of the global total. In this study, rates of
new production were estimated from discrete measurements of nitrate uptake along a
transect across the equatorial Pacific region at 135°W, and from an analysis of nitrate
and heat balance in the warm waters of the tropical Pacific.

Results from direct measurements of N (nitrate and ammonia) uptake and primary
productivity showed higher rates of total and new production near the equator which
coincided with higher concentrations of chlorophyll and nitrate. Despite significant
variations in nitrate concentration, variability of phytoplankton biomass and pro-
duction was low along the transect. Although nitrate was abundant at the equator,
regenerated N was the major source of inorganic N used by phytoplankton.

The average depth-integrated new production rate in the warm waters of the
tropical Pacific was computed through a horizontal and vertical nitrate balance. The
net turbulent flux of nitrate into the region was computed using the climatological
net surface heat flux and the nitrate-temperature relationship. The net advective
nitrate transport into the region was estimated using the mean nitrate distribution
obtained from historical data and previous results from a general circulation model
of the tropical Pacific. The rate of new production resulting from vertical turbulent
nitrate fluxes (24 mg C m™? d7!) is similar in magnitude as that due to advective
transport (20 mg C m~2% d71).

A simple biological model of the mixed layer was used to study the effects of
fluctuations in the input of nitrate on phytoplankton biomass and new production.
The steady-state solutions of the model were analyzed to determine the influence
of parameter values on model output and simulations were carried out varying the
frequency and magnitude of the nitrate input. When phytoplankton was growing
at its maximum capacity or when biomass was limited by grazing, phytoplanktor
biomass did not respond to variations in the nitrate input, even wher the nitrate
input to the euphotic zone was high. From the frequency response, it was found that
periods equal to or less than 4 days did not influence phytoplankton biomass and new
production. On longer time scales, the magnitude of the biomass increase depended
inversely on the frequency.

This thesis supports the suggestion that nitrate utilization or new production
in the equatorial Pacific is controlled by zooplankton grazing. Alternatively, it has
been suggested that the availability of iron could be limiting phytoplankton growth
and nutrient utilization in this region. Results from the model indicate that iron
limitation of phytoplankton growth alone is not sufficient to explain the maintenance
of low chlorophyll and high nitrate concentrations.

xiv
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Chapter 1

Introduction

Primary production is composed of two fractions: new production, which is based
on nutrients imported to the euphotic zone (traditionally defined from the surface to
the depth of the 1% light intensity), and regenerated production which is fueled by
nutrients recycled within the euphotic zone through community metabolism [Dugdale
and Goering, 1967]. The main source of nutrients for new production is the upwelling
and diffusion of nutrients from deep water into the euphotic zone. This input of
nitrate occurs on scales that range from a small, more or less continuous molecular
flux through the nutricline to larger episodic fluxes associated with destabilization
of the mixed layer, as in the case of upwelling or storm-induced deepening of the
mixed layer [Kiein and Coste, 1984; Eppley and Renger, 1988; Jenkins, 1988]. New
production can be further subdivided into organic matter which accumulates in the
euphotic zone, and that which is exported from the euphotic zone. In the steady-state
condition, new production is equivalent to the downward flux of organic matter to
the ocean interior on an appropriately large scale [Eppley and Peterson, 1979].
Throughout most of the ocean, phytoplankton production is limited by the avail-
ability of light or nutrients. Natural phytoplankton populations are exposed to vari-
ability in the nitrate concentration over many space and time scales. Often, such
perturbations result from physical events that cause an increase in the biological

productivity by up to several orders of magnitude [Yoder et al., 1983; Hoffman and



Ambler, 1988]|. For example, enhanced primary production and chlorophyll concen-
trations are found in upwelling regions where nitrate is brought to the euphotic zone.
Upwelling of nutrient-rich water mainly occurs in coastal areas associated with east-
ern boundary currents and in oceanic regions associated with current divergences as
along the equator and ia the Southern Ocean. The upwelling of nutrients to the up-
per layer is slower along the equatorial Pacific divergences than in coastal upwelling
regions [Brady and Bryden, 1987; Halpern et al., 1989]. However, due to its quasi-
stationary nature and the large area of ocean represented, it has been estimated that
if all the nitrate upwelled in the equatorial Pacific region from 90° to 180°W and from
5°N and 5°S were used by phytcplankton cells, this region could contribute a large
proportion (18-56%) of global new production [Chavez and Barber, 1987]. However,
only a fraction of the nitrate upwelled is used by phytoplankton cells in this region
[Carr, 1991; Fiedler et al., 1991]. The unused nitrate is advected laterally to the
euphotic zone of adjacent regions where is either utilized by phytoplankton cells or
lost through downwelling.

The equatorial Pacific region is characterized by strong surface and subsurface
currents and considerable spatial variability [Wyrtki, 1981; Philander et al., 1987;
Moum et al., 1989]. In the western equatorial Pacific, the thermocline and nutricline
are deeper than in the eastern and central regions and upwelled water comes from
above the thermocline (and nutricline). Further east, the upwelled water comes from
the nutrient-rich water below the shallow pycnocline. This leads to a greater bio-
logical productivity in the eastern equatorial Pacific than in the west. Results from
physical oceanographic experiments in the equatorial Pacific indicate that the current
system is dominated by systematic seasonal variation (instead of eddy dynamics), and
that both the interannual variability and the seasonal variability at a specific location
can be very large [Wyrtki, 1974; McPhaden and Taft, 1988; Philander, 1989]). This
temporal variability is often as large as the variability along large latitudinal dis-
tances. Similarly, the productivity of the equatorial Pacific is very strongly affected

by interannual events like El Nifio. Studies of both surface productivity and fluxes



to the sediments suggest that the interannual variability associated with these events
far exceeds the seasonal variability [Chavez and Barber, 1985; Dymond and Collier,
1988].

In the eastern and central equatorial Pacific, surface nutrients (nitrate and phos-
phate) are not depleted and chlorophyll concentration and primary production are
lower than they might be if all the nitrate was utilized [ Thomas, 1979]. This has been
referred to as a high nutrient-low chlorophyll (HNLC) condition [Minas et al., 1986].
Results from the few studies of phytoplankton N utilization to date in the eastern and
central equatorial Pacific region suggest that, although the input of nitrate is enough
to provide all the nitrogen required for phytoplankton production, most of the pro-
duction is fueled by nitrogen recycled within the euphotic zone (i.e. is regenerated
production). For example, in the eastern equatorial Pacific, an f-ratio (i.e. the rate
of new production relative to the total production; Eppley and Peterson, 1979) of
0.1 to 0.3 has been determined by both the >N uptake and the carbon/nitrogen flux
approaches [Murray et al., 1989]. New production rates estimated from box models
of nitrate balances in the eastern tropical Pacific are also about 35% of the total
production determined by 4C uptake [Fiedler et al., 1991]. In the central equatorial
Pacific an f-ratio of 0.17 has been measured by '°N uptake [Dugdale et al., 1992].
The general conclusion is that upwelling of nutrients is a necessary but clearly not a
sufficient condition for high new and total production and phytoplankton biomass in
marine systems.

There are several possible explanations for the high nutrient and low phytoplank-
ton biomass in the equatorial Pacific, but grazing control [e.g. Walsh, 1976; Bange,
1991; Cullen et al., 1992] and iron limitation [Martin et al., 1989; Barber and Chavez,
1991] have received the most attention. Iron limitation of phyteplankton growth
is hypothesized to play a dual role by limiting nutrient utilization and by influenc-
ing plankton species composition [Price et al., 1991]. However, even if the specific
growth rate of phytoplankton is less than optimal, without losses such as grazing by

zooplankton, sinking and advection, the phytoplankton stock would still accumulate



and deplete the available nutrients. Since phytoplankton biomass is dominated by
cells smaller than 10 pum [Chavez, 1989; Peria et al,, 1990] which sink very slowly
(i.e. <0.15 m d~!; Bienfang and Harrison, 1984), and physical transport of chloro-
phyll removes around 1% of the integrated chlorophyll concentration [Carr, 1991}, the
main loss term of the phytoplankton biomass in this region seems to be herbivorous
grazing. Similarly, Frost and Franzen [1994] used a simple chemostat model to show
that grazing control is essential to reproduce the present conditions of high nutrients,
low phytoplankton biomass, and phytoplankton specific growth rate observed in the
equatorial upwelling zone. Before the dominance of small phytoplankton cells in the
ocean was widely recognized, Walsh [1976] suggested that herbivory was the process
responsible for the equatorial HNLC condition. He suggested that grazing control
results from the lack of physical variability on time scales of days to weeks which fa-
cilitates a close coupling between the growth of phytoplankton cells and zooplankton
grazing [see also Parsons and Lalli, 1988].

A change in the species composition of phytoplankton favoring large phytoplank-
ton cells (i.e. mainly diatoms) has been observed in many iron-enriched incubation
experiments [Martin et al., 1989; Hudson and Morel, 1990; Martin et al., 1991; Buma
et al.,, 1991; Coale, 1991]. Thus, low iron levels might favor the growth of small
phytoplankton cells in the open ocean, which might be more efficiently grazed by
zooplankton. This result has led to the suggestion [Cullen, 1991; Martin et al., 1991;
Morel et al., 1991] that enrichment with iron could substantially change the food-web
structure towards a system with larger phytoplankton cells and higher rates of new
production [Michaels and Silver, 1988]. However, even if the growth rate of large
phytoplankton cells increased, iron fertilization might not have the expected effect
due to the overriding effects of grazing pressure. Recently, iron was added to the
surface waters of the equatorial Pacific Ocean south of the Galapagos Islands. From
the preliminary results, it appears that phytoplankton growth was indeed stimulated
upon iron enrichment | Wells, 1994]. However, the magnitude of the ecosystem re-

sponse was smaller than predicted from the experiments carried out in bottles, and



the decrease in nitrate concentration was small. Also, in contrast to previous bot-
tle experiments, the main increase in phytoplankton growth appeared to be that of

picoplankton (cells of < 2 pm in size) rather than large diatoms [ Wells, 1994].

In this thesis, the main objectives are:

1. to evalnate existing measurements of new production in the equatorial Pacific,

2. to provide and compare a new estimation of new production rates based on

alternative methods, and

3. to investigate the mechanisms that control this rate.

Chapter 2 deals with a field study where discrete direct measurements of new
production (**NO3 uptake) and total production (*'C uptake) were made along a
transect across the equatorial Pacific region at 135°W from 15°S to 15°N. These
measurements permit a comparison of the horizontal and vertical distribution of new
production rates and f-ratios over a region with a marked horizontal gradient of
nitrate concentrations.

In Chapter 3, a method is presented to estimate the annual mean depth-integrated
rate of new production over the warm waters of the tropical Pacific region from a cal-
culation of horizontal and vertical nitrate balances. While previous estimations of
new production based on this approach have only considered the flux of nitrate due
to upwelling, here the transport of nitrate due to turbulent fluxes is also included.
The net turbulent flux of nitrate into the region was computed in terms of the clima-
tological net surface heat flux and the subsurface nitrate-temperature relationship.
The net advective transport of nitrate was estimated using the mean nitrate distri-
bution obtained from the analysis of historical data and from previous results of a
general circulation model of the tropical Pacific.

Results from a simple biological model of the mixed layer are presented in Chapter
4 to explore the effects of fluctuations in the input of nitrate on phytoplankton biomass

and new production rates. Simulations were carried out varying the frequency and



magnitude of the nitrate input. The influence of parameter values on model output
is examined and discussed.
Finally, a summary of the principal results from previous chapters and the general

conclusions of this thesis are given.



Chapter 2

New production in the central

equatorial Pacific

2.1 Introduction

In much of the vcean, phytoplankton production seems to be constrained by the
availability of nitrogen in the euphotic zone. Nitrogen for phytoplankton utilization
comes from two sources: nitrogen regenerated (mostly ammonium) in the euphotic
zone through food web metabolism, and nitrogen from outside the euphotic zone
(mostly nitrate) supplied mainly by vertica! fluxes. Primary production has been
distinguished as regenerated or new production according to which of these sources
of nitrogen is being used by phytoplankton [Dugdale and Goering, 1967]. In specific
regions of the world ocean (i.e. equatorial Pacific, Northeast Pacific, Southern Ocean),
phytoplankton production and biomass are much lower than would be expected from
the observed high concentrations of plant nutrients found in the surface layer. This
anomalous condition has been called high nutrient-low chlorophyll (HNLC) situation
[Minas et al., 1986].

In the equatorial Pacific, surface concentrations of plant nutrients are clevated
due to quasi-stationary upwelling associated with equatorial divergence [Cromwell,

1953; Knauss, 1963; Wyrtki, 1981]. It has been estimated that complete utilization
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of the nitrate upwelled in this region by phytoplankton cells could account for a
significant proportion (18 to 56%) of the global new production [Chavez and Barber,
1987)] and, hence, a comparable downward flux of orgauic matter to the ocean interior
[Eppley and Peterson, 1979]. Few studies of nitrogen utilization by phytoplankton
have been done in the equatorial Pacific. Recently, results from !N uptake studies
have shown an average f-ratio (nitrate uptake/total-N uptake; as defined by Eppley
and Peterson, 1979) of 0.17 in the equatorial Pacific region at 150°W [Dugdale et al.,
1992] and similar low values ( f-ratios 0.1-0.3) in the eastern equatorial Pacific [Murray
et al., 1989]. These studies showed that, although nitrate was the dominant form of
nitrogen in the environment, most of the production was fuelled by regenerated forms
of nitrogen. In contrast, Eppley and Renger [1992] using time course measurements of
nitrate concentrations observed nitrate removal from the medium at rates far in excess
of those determined by '*N-nitrate incorporation and, when converted to carbon
(using a 6.6 C/N molar ratio), were equivalent to the total primary production in the
equatorial Pacific at 150°W, implying an f-ratio ~ 1.0.

It has recently been suggested [ Wilkerson and Dugdale, 1992] that phytoplank-
ton in the equatorial Pacific upwelling region are not able to effectively utilize the
available nitrate because initial concentrations are below some ‘physiological thresh-
old’ necessary to induce maximal nitrate uptake rates as often observed in coastal
upwelling regions [e.g. Maclsaac et al., 1985; Wilkerson and Dugdale, 1987]. On
the other hand, Murray et al. [1989] suggested that ammonium concentration may
be controlling nitrate utilization since a small relative increase in NH] appeared to
result in a dramatic reduction in the f-ratio. Wheeler and Kokkinakis [1990] have
offered a similar explanation for persistence of residual NO3 in the northeast Pacific
surface waters. Martin et al. [1989], taking a different approach, have suggested
that the availability of iron in the equatorial Pacific region is inadequate to support
productivity rates expected based on the high nitrate concentrations. In this regard
also, Price et al. [1991] have recently shown a clear link between Fe availability and

nitrate-based production. Several other studies in the equatorial upwelling region



[Walsh, 1976; Thomas, 1979; Murray et al., 1989; Pefia et al., 1990; Cullen et al.,
1992] have suggested that grazing controls phytoplankton biomass and productivity.
The relatively stable nature of these systems seems to have favored a close coupling
between rates of phytoplankton growth and zooplankton grazing and excretion.

In this study, measurements of '°N-labelled nitrogen incorporation into particulate
matter and primary productivity along a transect across the equatorial Pacific at
135°W, has led to the conclusion that the ‘anomalous low’ new production (nitrate
uptake) in this region may result from grazing and concomitant NHJ production and

utilization by the phytoplankion.

2.2 Methods

Samples were collected aboard the R.V. Wecoma (cruise W8803-B) on a transect
across the equatorial Pacific region within a few degrees of 135°W longitude from ca
15°S to 15°N in April, 1988, At thirteen stations along this transect (see Table 2.1),
water samples were collected in the euphotic zone (between 0 and 120 m) using twelve
5-liter Niskin bottles mounted on a rosette sampling system equipped with a CTD.
The Niskin bottles had been retrofitted with silicon O-ring and silicon tubing as the
closing mechanism [Price et al., 1986].

Samples for nutrients (nitrate and silicate) concentration were taken from 12 fixed
depths at each station (between 0 and 200 m) and determined by the method de-
scribed by Strickland and Parsons [1972] with an autoanalyser. Light penetration
and the euphotic depth conventionally defined as the 1% light intensity was deter-
mined by Secchi disk lowering (1% lignt level = 3 times the Secchi depth).

Uptake rates of nitrate and ammonium were measured by incorporation of '°N
at 4-6 depths. Water samples of 1 or 2L were incubated on deck in polycarbonate
bottles which were inoculated with either *NH,Cl or Na'*NOj; (99.0 atom % '*N)
such that added SNH] concentrations were 0.05 mmol m~? and '"NO; concentra-

tions were 0.5 mmol m~3. NOj enrichments were > 10% of ambient, concentrations



Table 2.1: Location, depth of the euphotic zone (Z..) and surface nutrient (nitrate

and silicate) concentralions at each station occupied.

Station  Location Zeu Nitrate Silicate
No Latitude  Long.(W) (m) (mmolm™) (mmolm™3)
4 14° 56.4’S  133° 54.6° 120 0 1.2
11 12° 09.4°S  134°19.8° 105 0.3 1.3
20 5° 58.0’S  134° 594’ 81 4.7 2.6
34 1° 59.9°'S  133° 00.2° 87 4.5 0.6
39 0° 59.9'S  133° 35.5° 69 4.5 0.9
50 0° 30.8°'N  133° 18.8° 63 5.3 1.9
55 2° 0.30N 133° 379 T2 5.1 1.1
60 4° 17.2°N  133° 30.5> 75 0.4 0.8
65 5° 45.1’N  135° 00.0° 78 0.9 2.1
73 7° 13.N  137° 33.3° 81 0.2 1.8
78 9° 03.4'N  136° 47.5° 81 0.2 1.8
88 11° 05.2’N  136° 26.8° 84 0.1 1.8
96 15° 40.9°'N  143° 05.77 120 0 1.6
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in the surface layer except in the nitrate abundant stations (Stns 20 to 60) where they
were ~10%. Neutral density screens were used to approximate the light attenuation
at the depth from which the samples were drawn. Samples were incubated between
dawn and local noon, except at Stn 4 where incubation took place in the afternoon,
and lasted for no more than 6 h in order to minimize isotope dilution effects due to
NH} recycling [Glibert et al., 1982a] and to overcome the possible bias introduced by
initial ‘surge’ uptake {Dugdale and Wilkerson, 1986]. The uptake rates of ammonium
were not corrected for isotope dilution, since it has been shown that the error should
be relatively small in open ocean waters [Kanda et al., 1987]. At the end of the incu-
bation period, samples were filtered onto precombusted Whatman GF/F glass fiber
filters, which were then frozen and transported back to the lab. After oven-drying
the filters, the !N-enrichment of the particulate matter was determined using the
micro-Dumas combustion technique and analysis by emission spectrometry |Fiedler
and Proksch, 1975; Harrison, 1983]. Uptake rates are reported as mmol N m™* h~!
computed by multiplying the specific uptake rates, V (h~'), times the particulate
organic nitrogen (PON) concentration of the sample determined at the beginning of
the incubation [Dugdale and Goering, 1967]. The uplake rates of ammonium were
calculated based on the expected range of substrate concentrations, since ammonium
levels were not directly measured in this study. The values chosen were 0.01 mmol

m~3, corresponding to the lower concentration range observed in open ocean waters

[Brzezinski, 1988], and the values (0.12 and G.:5 mmol m™®) found by Dugdale et
al. [1992] along a transect similar to ours across the equatorial Pacific region at
150°W; the two values represent average co.centrations o-'tside and within the equa-
torial zone, respectively. Integrated daily nitrogen uptake rates were computed by
multiplying hourly rates by 24 [Harrison et al., 1992].

Primary productivity was determined in duplicate ai four depths (between 0 and
120 m) by measuring the uptake of **C-bicarbonate in samples incubated in 125 ml
pyrex bottles. As with 5N uptake experiments, samples were incubated in simulated

in situ incubators over 6 h. Incubations were ended by filtering the sample through a
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Whatman GF/F filter and rinsing with 0.01N HCl. Correction for abiotic uptake was
made with one ‘time-zero’ control bottle from each depth. Total added radioactivity
in each sample was determined by adding 50 ml of water from the incubation bottle
to a scintillation vial containing 10 ml of scintillation cocktail. '*C activity was
determined by scintiilation spectrometry and carbon uptake estimated by the method
of Steemann Nielsen [1952]. To estimate daily primary production, integrated hourly
primary production rates were multiplied by 12 to estimate photoperiod production
and the values in turn were reduced by 15% to approximate dark respiration losses
[Steemann Nielsen and Hansen, 1959].

Chl a concentrations, corrected for phaeopigment, were measured fluorometrically
[Holm-Hansen et al., 1965)] at 6 depths. Duplicate water samples (100 ml) were filtered
through Whatman GF/F filters and then extracted with 90% acetone in the dark at
-20°C for 24h. The fluorescence was measured with a Turner Design fluorometer
previously calibrated against pure chl a (Sigma). For total PON, duplicate 1 liter
samples were passed through combusted GF/F filters and stored at -20°C; they were
later dried at 60°C and analyzed with a Perkin Elmer elemental analyzer (model
2400) calibrated with a cyclohexanone standard.

2.3 Results

Vertical sections of temperature, nitrate, chl a, PON and nitrate uptake rates are
shown in Fig. 2.1. The latitudinal distribution of surface temperature and nitrate
showed a marked horizontal gradient, with a decrease in temperatures and an increase
in nitrate concentration around the equator, indicating upwelling at the equatorial
divergence. Nitrate concentrations in the upper layer were >4 mmol m™3 between 6°S
and 3°N and decreased poleward; low temperature values (< 26°C) were in a narrower
band (~ 3°S to 3°N). Vertically, nitrate concentrations increased with depth north
of 6°S, but to the south no vertical gradient in the upper 120 m (euphotic zone; see

Table 2.1) was found. In contrast to the marked gradient of nitrate concentrations,
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Figure 2.1: Vertical sections of temperature, nitrate, chl a, PON, and nitrate up-
take along the cruise track. Longitudinal variations between stations were ignored.
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chl a concentrations were low and relatively constant along the transect. Higher con-
centrations (0.5 mg m~>) were found at subsurface depths near the equator and lower
values (<0.2 mg m~3) towards the south. Along the transect, PON concentrations
showed a different pattern from that of chl a; its highest values (>1 mmol m~3) were
found in the surface layer near the equator and at subsurface depths around 12°S.
These differing distributions of chl a and PON suggested, as previously reported [Pefia
et al., 1991}, that non-phytoplanktonic particles were abundant along this transect.
In general, the uptake rates of NO; showed a similar distribution to that of NO3
concentrations. Uptake rates in the upper layer were higher in the equatorial region
(maximum 1.6 mmol N m™ h~! at 2°N) and tended to increase with depth where
nitrate concentrations also increased. Whereas surface layer NO3 concentrations var-
ied by greater than 50-fold along the transect, the uptake rates of nitrate were less
variable (~ 10-fold).

Along the transect, nitrate and silicate concentrations showed a different pattern
(Table 2.1). Surface nitrate concentrations ranged from undetectable (<9.05 mmol
m™) to 5.2 mmol m~3, whereas surface silicate concentrations were always detectable
and less variable (range 0.6 to 2.6 mmol m~3). Stations were subdivided into three
groups according to nitrate concentration [Pefia et al., 1990]: (1) stations south of
the equator where nitrate was low (<0.3 mmol m™) or undetectable throughout the
euplotic zone (Stns 4 and 11), (2) stations in the equatorial region where nitrate
was abundant (>4 mmol m™?) in the euphotic zone (Stns 20 to 55) and, (3) stations
north of the equator where nitrate concentrations were intermediate between the
other groups (undetectable to <1 mmol m™) in the upper layer but where a strong
nitracline existed near the bottom of the euphotic zone (Stns 60 to 96).

The integrated values of chl a, primary production and nitrogen uptake over the
euphotic zone for each station and region are summarized in Table 2.2. The highest
rate of NO3 uptake (3.48 mmol N m~? d~!) was found at 1°S, coinciding with the
highest chl a concentration (27.4 mg m™2) and primary productivity (86.1 mmol C

m~2? d'). Despite the relatively constant concentracions of chl a along the transect



Table 2.2: Chl q, primary productivity (mmol C m~? d~'), and nitrogen uptake
(mmol N m~2 d~!) integrated over the euphotic zone. Ammonium uptake rates were
calculated based on the expected range of substrate concentration (0.01 to 0.15 mmol
m~? at the equatorial region and 0.01 to 0.12 mmol m~* at the other regions). Means
and coefficients of variation (CV=standard deviation divided by mean and expressed
as percentage) computed for each region (see text for regional designation).

Station Chl « Primary NO3 NH} f-ratio*
No (mgm™2) productivity uptake uptake
South of  the equator
4 18.7 38.4 0.75 2.80-22.83  0.13
11 22.4 474 0.38 1.63-14.12  0.05
Mean 20.6 42.9 0.56 2.22-18.47  0.09
C.V. 9.0 10.5 32.5 26.5-23.6 444
Equatorial region
20 22.1 32.2 1.15 1.22-12.99  0.24
34 24.3 20.8 2.64 0.53- 5.64 0.84
39 274 86.1 3.48 0.34- 3.63  0.27
50 27.9 83.8 2.64 1.95-20.83 0.21
55 24.5 47.8 2.64 1.41-14.93  0.37
Mean 25.2 54.2 2.51 1.09-11.60 0.39
C.V. 8.5 49.1 30.0 54.0-54.1 60.4
North of the Equator
60 26.3 69.2 1.10 1.43-12.40 0.11
65 24.4 33.7 1.27 1.79-15.44  0.25
73 25.1 37.3 1.39 5.18-44.89 0.24
78 19.2 16.7 0.70 2.23-19.37  0.28
88 25.8 34.1 1.20 2.96-25.59 0.23
96 15.1 32.2 0.91 5.94-51.47  0.19
Mean 22.6 37.3 1.10 3.26-28.19  0.22
C.V. 18.3 42.3 2i.1 52.5-52.6 25.2

“f ratio = (NOj uptake x 6.6)/primary productivity
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(range 15.1 to 27.9 mg m~?), however, integrated primary production and new pro-
duction varied 5-fold (range 16.7 to 86.1 mmol C m~2 d~*) and 9-fold (range 0.38 to
3.48 mmol N m~2? d~'), respectively. Regionally, the highest mean integrated values
of chl a, primary production, and NOJ uptake were observed in the equatorial region.
South of the equator, integrated chl a and primary production were similar to those
north of the equator, but nitrate uptake rates were significantly lower. Estimates of
ammonium uptake rates ranged from 0.34 to 51.47 mmol N m~2 d~! and, except by
the stations between 2°S and 2°N, exceeded nitrate uptake regardless of the assumed
ambient Nh] concentration (Table 2.2). If NH] levels observed during the 150°W
study of Dugdale et al. [1992] were typical also for 135°W, then NH} uptake averaged
from 82% to 96% of the total (NO; plus NHJ) uptake, the lower value representing
the equatorial region.

F-ratios (Table 2.2) were calculated as the ratio of integrated nitrate uptake (con-
verted to C using a 6.6 C/N molar ratio) and integrated primary production measured
as 11C uptake and not by the conventional method of Eppley and Peterson [1979), i.e.
nitrate uptake / Total-N uptake, since accurate estimates of NHJ uptake could not
be made. F'-ratios calculated in this manner were lower than 0.4 along the transect.
The only exception occurred at 2°S (stn 34) where a high f-ratio (0.85) was observed,
resulting from low primary production rather than high new production. Among the
three regions, the average f-ratio north of the equator (0.22) and south of the equator
(0.09) were 2 to 4 times lower than that in the equatorial region (0.39).

The mean vertical profile of nitrate uptake ard the rate normalized to chl a in
the three regions is shown in Fig. 2.2, Absolute NO3 uptake rates were higher in
the equatorial region than the other regions at all depths sampled. In this region,
higher uptake rates were found at subsurface depths (maximum 2.7 mmol N m~3 h~?
at 60 m) compared with the upper 40 m (avg. 1.1 mmol N m~3 h~'). A subsurface
increase in NOj uptake approximately 3 times ine mean value of the upper 60 m
(1.3 mmol N m™ h~! at 80 m compared with 0.43) was also observed north of the

equator. South of the equator, where a nutricline was absent in the euphotic zone,



20"

1001

1207

3

Nitrate uptake (pmol N m” h)

0

17

5 10

15

0

!
5

I
10

15

Nitrate uptake / Chl (umol N mg™' h™")

Figure 2.2: Vertical profiles of nitrate uptake and nitrate uptake normalized to chl
ain A) southern, B) equatorial and C) northern regions. Values represent the mean
rates and their standard errors.



18

the values were low (range 0.1 to 0.52 mmol N m~2 h~!) and remained relatively
constant with depth. Chl a-normalized uptake rates showed a similar vertical pattern
in each region; highest values were observed at subsurface depths rather thau in the
upper layer. In the equatorial region, the highest normalized uptake rate was at 100
m.

Considering all data, a significant positive correlation (r?=0.6) was found between
the chl a-normalized NOj uptake rates and the ambient nitrate concentration (Fig.
2.3). A similar relationship was found between absolute NO3 uptake and chl a con-
centration (Fig. 2.4).

The influence of light intensity on normalized nitrate was examined by comparing
the different light levels experiments (Fig. 2.5). Although a high variation in uptake
rates was observed at all light levels, a systematic light-dependence of NO3 uptake
was not apparent. Nitrate was removed at significant rates even at the 1% level of

surface light intensity.

2.4 Discussion

Latitudinal distribution along this transect showed the typical increase in nitrate
concentration at the equator associated with upwelling at the equatorial divergence
[Knauss, 1963; Wyrtki, 1981]. Similarly, higher concentrations of chl a, primary
production and new production rates were found near the equator (~ 1°S). Despite
the marked gradient in surface nitrate concentration among the regions, however,
mean integrated new production rates were regionally similar. Ounly south of the
equator were considerably lower values observed.

Since phytoplankton are minor contributors to PON in this region [Pefia et al.,
1991; Eppley et al., 1992], the rates of nitrate uptake were normalized to chl a rather
than to PON to facilitate regional intercomparisons. In the equatorial region, the
rates of nitrate uptake were similar to those previously found in this region [Dugdale

et al., 1992] and in the range of values reported in other high nutrient-low chlorophyll
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environments sich as the subarctic Pacific [Wheeler and Kokkinakis, 1990] and the
Southern Ocean [Glibert et al., 1982b]. The similarity in the nitrogen uptake rates
suggests that phytoplankton cells in the equatorial Pacific region were performing in
a manner similar to that of cells found in other oceanic environments where surface
nitrate concentrations are comparably high.

Studies in coastal upwelling regions [Maclsaac et al., 1985; Wilkerson and Dug-
dale, 1987] have shown that maximum rates of phytoplankton nitrate uptake develop
over several generation times (shift-up) due to phytoplankton physiological adapta-
tion. The rate of shift-up appears to be related to irradiance level and the ambient
concentration of nitrate at the time of upwelling. In the equatorial Pacific region at
150°W, Wilkerson and Dugdale [1992] found little or no shift-up in nitrate uptake.
This led them to hypothesize that phytoplankton cells in this region are not able
to completely use the nitrate available because nitrate concentrations are lower than
that necessary to induce shift-up. On the other hand, it has been shown [Garside,
1991] that shift-up may be an artifact of normalizing uptake rates to PON which
has a time-dependent phytoplankton nitrogen component. In coastal upwelling sys-
tems, for example, the proportion of phytoplankton biomass in the PON increases
with time, due in part to the exclusion of grazers during bottle incubations. In the
equatorial Pacific region where much smaller phytoplankton cells dominate [Chavez,
1989; Peria et al., 1990], the proportion of phytoplankton in the PON may change
less since their (smaller) grazers are not as effectively removed from the incubation
bottle.

Nitrogen uptake is generally thought to be light-dependent, with the uptake of
nitrate being more light sensitive than that of ammonium [e.g. Maclsaac and Dug-
dale, 1972]. Therefore, to estimate daily nitrate uptake rates, hourly rates are often
multiplied by 12. Recently, however, several studies have shown significant uptake
of nitrate at nigut [Glibert et al., 1982b; Cochlan et al., 1991; Harrison et al., 1992].
In the central equatorial Pacific, Eppley and Renger [1992] found disappearance of

nitrate during night-time incubations that were unexpectedly high and equal to or
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greater than daytime disappearance. Tu the present study, the light dependence of
nitrate uptake was not investigated explicitly. However, since uptake rates of nitrate
were not significantly diminished deep in ths euphotic zone compared with the sur-
face, our daily rates of nitrate uptake were obtained assuming constant uptake over
24 h. Daily uptake rates in the equatorial Pacific at 150°W, on the other hand, were
estimated assuming a 12 h day for NO3 and a 18 h day for NH} [Dugdale et al., 1992
and in the eastern equatorial Pacific a 12 h and a 24 h day for NO; and NH], respec-
tively [Murray et al., 1989]. These computational differences alone could explain the
higher values of f-ratios found in this study compared to those previously reported
(see Table 2.3) and point to the importance of diel studies in accurately establishing
daily rates.

In this study, f-ratios were estimated based on nitrate uptake and total pro-
duction as 'C uptake instead of the traditional approach based on total nitrogen
uptake (usually NO7 and NHT). In the equatorial Pacific at 150°W, similar values
of f-ratios have been estimated by both methods [Dugdale et al., 1992]. Along our
135°W transect, the calculated f-ratios were low (Table 2.2) indicating that regener-
ated nitrogen was the major source of inorganic-N used by phytoplankton. Even in
the equatorial region, where nitrate was abundant, the average new production rep-
resented less than 40% of the total production. Even though nitrate concentrations
were similar within a region, f-ratios were variable, particularly at the cquator (range
0.21 to 0.84). This implies that factors in addition to nitrate conceutration are also
influencing new production and thz f-ratio. In order to compare our results with
those of others working in this area, hourly rates of nitrogen uptake and f-ratio were
computed (Table 2.3). Average nitrate uptake and f-ratio at the equator were simi-
lar to those found at 150°W, but lower than those reported in the eastern equatorial
Pacific region (85°W). The opposite trend was observed for the primary production
rates. Price et al. [1991] found somewhat higher f-ratios in a more recent study at
140°W.
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Table 2.3: Comparison of nutrient concentration (mmol m™3), chl a (mg m~2) and
hourly rates of primary productivity (mg C m~? h™') and nitrogen uptake (mmol N
m~? h™') integrated over the euphotic zone in the equatorial Pacific region. Mean
values (standard deviation).

~85° W 135° W 150° W
Murray et al. present study Dugdale et al.

(1989) (1992)
Nitrate 9.4 (1.3) 4.8 (0.3) 5
Ammonium 0.7 (0.5) n/a 0.2
Chl a 32.0 (24) 25.2 (2.1) n/a
NO; uptake 0.184 (0.01) 0.105 (0.03) 0.102 (0.03)
NH] uptake 0.273 (0.04)  0.045-0.483 (0.03-0.29)  0.351 (0.10)
Primary productivity  32.2 (2.1) 54.2 (26.5) 55.7 (4.3)
f-ratio® 0.4 0.7-0.18 0.22
f-ratio® 0.44 0.15 0.14

*f-ratio=NOj uptake/(NO3 + NH}) uptake
b ratio=(NO3 uptake x 6.6)/primary productivity

n/a: no data available
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Since the f-ratios were consistently low in the equatorial Pacific region, the im-
plication is that the food web structure is more like that of oligotrophic subtropical
regions than coastal upwelling areas [Murray et al., 1989]. This is consistent with
observations of phytoplankton standing stock, as measured by chl a, which remained
low despite the production values [ Walsh, 1976; Peria et al., 1990; Cullen et al., 1992];
thus, consideration of standing stock and rate of growth alone suggest a tight cou-
pling between phytoplankton cells and grazers. The existence of a regeneration-based
syetem implies a more complex microbial food web leading to macrozooplankton than
one based on new nutrients. In the equatorial Pacific at 150°W, Eppley and Renger
[1992] found rates of nitrate utilization that exceeded the rates of nitrate incorpora-
tion into particulate matter leading them to speculate that the production of dissolved
organic matter is significant and that this could be an expression of an active micro-
bial food web. The occurrence of high grazing pressure in the equatorial region will
increase the availability of regenerated nitrogen and reduce the absolute consumption
of nitrogen by reduction in the phytoplankton biomass.

Because ammonium concentrations were not measured in this study, accurate
determination of the rates of regenerated production was not possible. However,
there are some comments we can make based on the estimated range 0. NH] uptake
rates. First, the ammonium concentration in the equatorial region cannot be as low as
that observed in the oligotrophic ocean (Sargasso Sea) if the f-ratio computed using
total 1°N is similar to that estimated using total production as '*C uptake [Dugdale
et al, 1992). This is consistent with recent measurements of NH] concentration
in the central equatorial Pacific region where 0.1-0.3 mmol m~3 of ammonium were
found [ Wilkerson and Dugdale, 1992]. Alternatively, the uptake of other regenerated
nitrogen forms (i.e. urea) could be contributing considerably to total nitrogen uptake.

Several laboratory and field studies in marine systems have shown that phyto-
plankton prefer NH] over other forms of nitrogen [Conway, 1977; McCarthy et al.,
1977; Syrett, 1981; Ghbert et al., 1982b]. The physiological basis for this preference

seems to be the greater energetic costs associated with the transport, reduction, and
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assimilation of NO3. However, Thompson et al. [1989] found that any advantage that
may be gained due to the lower energetic cost of growth on NHI would be restricted
to situations involving high photon flux density (and no other limiting substrate).
At low photon flux density, there would be no clear advantage, in terms of growth
rate, to the use of NH; over NO3. It has been suggested that the presence of NH}
may substantially inhibit the uptake of NO; by phytoplankton [McCarthy, 1981;
Wheeler and Kokkinakis, 1990]. Although the evidence for ammonium inhibition in
the field has been lately questioned [Dortch, 1990; Price et al., 1991], the preference
for ammonium uptake over other nitrogen forms is still widely accepted.

Most of the research on nitrogen physiology of phytoplankton has focussed on
diatoms. There is little information about the physiology of small phytoplankton
cells that tend to dominate in open ocean systems, although some studies suggest
that this physiology may differ considerably. For example, Probyn et al. [1990] found
nanoplankton and picoplankton activity continued almost unchanged during the dark
while net plankton activity declined markedly. Also, it has been suggested that large
diatoms show a preference for growth on NO7 [Mulone, 1980], while NHY is preferred
by small phytoplankton [e.g. Nalewajko and Garside, 1983; Probyn, 1985; Harrison
and Wood, 1988]. '

In several regions, it has been observed that nitrate uptake rates are higher near
the base of the euphotic zone than in the surface layer [Conway and Whitledge, 1979;
Nelson and Conway, 1979; Priscu, 1984; Lew:s et al., 1986]. This pattern is generally
thought to reflect the increase in nitrate availability within the subsurface nutricline
region. Nitrate uptake rates in the present study increased with depth at the stations
where nitrate concentration increased. This was also evident in the equatorial Pacific
region where nitrate was abundant throughout the euphotic zone. Since uptake rates
of nitrate generally saturate at lower nitrate concentrations than those observed in
the equatorial region [e.g. Maclsaac and Dugdale, 1969], the increase in NOj; uptake
must have been influenced by factors other than changes in NO3 availability. For
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example, changes in the interaction between nitrate and ammonium uptake respond-
ing to lowering irradiance as discussed previously. In the equatorial Pacific region at
150°W, the concentration of nitrate, as well as its uptake rates, remained uniform
throughout the euphotic zone [Dugdale et al., 1992]. Thus, along the equatorial Pa-
cific region vertical variations in nitrate uptake rates appear to follow longitudinal
variations in the depth of the nitracline [Barber and Chavez, 1991].

The increase in nitrate uptake with depth observed here was not paralleled by an
increase in the carbon uptake. This uncoupling in the vertical has often been observed
le.g. McCarthy and Nevins, 1986] and values integrated over the euphotic zone rather
than at particular depths are more relevant when considering biochemical ratios. In
the regions investigated in this study where the mixed layer is much shallower than
the euphotic zone, the balance between N and C uptake by phytoplankton cells was
not evident. It could be argued that the uptake and assimilation of nitrogen is
frequently uncoupled, and that a significant fraction of the nitrogen taken up by
phytoplankton cells is released as dissolved organic or inorganic nitrogen. This may
be particularly true when small cells that presumably have a low capacity to store
nutrients are dominant, as in the equatorial region. The availability of DON could,
in turn, stimulate ammonium regeneration by hecterotrophic bacteria [Kirchman et
al., 1989], increasing its availability for phytoplankton utilization. Alternatively, ‘he
uptake of nitrate may be due in part to non-photosynthetic organisms as suggested
by Eppley and Renger [1992]. In the present study, a clear relationship between chl a
and NOj3 uptake was not observed, therefore we can not exclude the possibility that
heterotrophic NO; uptake may have been important.

In most oceanic regions, the availability of nitrogen is thonght to limit phyto-
plankton production [e.g. Dugdale, 1967]. In these nutrient limited systems, nitrate
flux to the euphotic zone sets the upper limit on new production such that new pro-
duction and the f-ratio may be derived of ambient NO; concentration or primary
productivity level [Eppley and Peterson, 1979; Platt and Harrison, 1985; Harrison

et al., 1987]. In contrast, in the equatorial Pacific region where nitrate is abundant,
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estimates of new production rates based on these relationships significantly overesti-
mate the measured values [Dugdale et al., 1992]. In this region, as in other oceanic
regions where nitrate is abundant, the availability of regenerated nitrogen [Glibert et
al., 1982b; Wheeler and Kokkinakis, 1990] or the absence of trace metals [Price et al.,
1991] ultimately may set the limit on the uptake of nitrate.

Results from this study indicate, as others have, that the most abundant nitrogen
form is not necessarily the most important in the nutrition of the phytoplankton.
In the eqnatorial Pacific region, since phytoplankton meet most of their growth re-
quirement for nitrogen from regenerated sources (i.e. NHJ), it is not surprising that
nitrate cencentrations remain high. It is unclear, however, how spatial and temporal
variations in NO3 and NH} concentration may affect the rate of new production. Al-
though few studies of nitrogen uptake have been done in the equatorial Pacific region
to date, it is clear that more information will be needed on the interactions between
the different nitrogen forms and on the importance of other growth substances (e.g.
Fe) to phytoplankton nitrogen nutrition before efforts to model new production will

progress further.



Chapter 3

New production in the warm
waters of the tropical Pacific

Ocean

3.1 Introduction

The equatorial Pacific region is among the most productive oceanic regimes [Bet-
zer et al., 1984; Chavez and Barber, 1987]; and, because of the upwelling of deep
nutrient rich water to the euphotic zone throughout the year, may contribute to a
significant fraction of the global new production. In the eastern and central equato-
rial Pacific, the effect of upwelling is evident as a tongue of cold nutrient-rich surface
water [ Wyrtki, 1981]. In contrast, the thermocline and nutricline are deeper in the
western equatorial Pacific than in the eastern and central regions [Crazg et al., 1982]
so upwelling brings mestly warm, nutrient-poor water from above the thermocline
(nutricline) into the upper surface layer. It has been estimated [Chavez and Barber,
1987] that the nitrate upwelled eastward of the dateline in the equatorial Pacific could
support a high proportion (18-56%) of the global new production. However, this rep-
resents an upper bound estimate for that region since only a fraction of the nitrate

upwelled is used by phytoplankton locally. In fact, a significant amount of the nitrate
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is transported away from the region [Carr, 1991; Fiedler et al., 1991]. In contrast to
the eastern equatorial Pacific, little is known about the contribution to global new
production by the warm pools of the western equatorial Pacific. Since in this region
nitrate upwelling is less intense, turbulent vertical transport of nitrate should be a
relatively more important physical input.

New production is defined as the production of phytoplankton resulting from
nitrogen supplied from outside the euphotic zone [Dugdale and Goering, 1967] whereas
regenerated production is that production associated with nitrogen regenerated within
the euphotic zone. In the open ocean, the main external source of nutrients to the
euphotic zone is the upwelling and turbulent transport of nutrients from deep water.
New production can be measured by a number of methods such as sediment traps
at the bottom of the euphotic zone, the uptake of !*N-labelled nitrate, or the net
flux of nitrate into the euphotic zone. New production also gives a measure of the
primary production which can be removed from the surface layer of the ocean without
destroying the long term integrity of the pelagic ecosystem [Eppley and Peterson,
1979; Platt et al., 1989]. As such, rates of new production, when averaged over time
scales longer than a year, represent the biologically-mediated transport of carbon
from the ocean surface layer to the ocean interior. This is not net transport, however.
Several studies have shown considerably spatial and temporal variability in the rates
of new production even in open ocean regions. Therefore, the way measurements are
averaged has a profound effect on the results [Platt and Harrison, 1985)].

The ability to evaluate the importance of the tropical Pacific region to global new
production and to predict anomalous conditions has been constrained by a lack of
synoptic observations in this large and remote area of the ocean. Attempts have
been made to estimate new production in coastal upwelling [Dugdale et al., 1989] and
frontal regions [Sathyendranath et al., 1991] from satellite observations of sea surface
temperature, the observed correlation between nitrate concentration and tempera-
ture, and empirical relationships between nitrate concentration and new production.

In the North Atlantic, a lower limit to new production has been estimated from
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changes in phytoplankton biomass determined from the coastal zone color scanner
(CZCS) data and variations in the depth of the nutricline [Campbell and Aarup,
1992]. In oceanic regions, as in the western tropical Pacific, where surface nitrate
concentrations are generally undetectable by conventional techniques and, where sea-
sonal variations in phytoplankton biomass are small [Dandonneau, 1992], the above
methods for estimating new production are not applicable.

Here, we combine the new production model presented by Lewis [1992] together
with results from a general circulation model of the tropical Facific {Philander et al.,
1987] and historical temperature and nitrate data to estimate the annual mean rate
of new production in the warm waters of the tropical Pacific region. The analysis is
constrained by the horizontal and vertical nitrate balance and employs the surface
heat flux, a quantity amenable to remote sensing [Liu, 1988; Liu and Gautier, 1990],
to estimate nitrate fluxes. While other estimations of new production based on nitrate
balance [Chavez and Barber, 1987; Fiedler et al., 1991] in this region consider only
the input of nitrate due to upwelling, the transport of nitrate due to turbulent fluxes,

which are difficult to estimate at large scales, are also evaluated.

3.2 Approach

In the tropics, large warm pools of near-surface water are enclosed at the margins
by continental land masses and at the surface and depth by constant annual mean
temperature isopleths [Niiler and Stevenson, 1982]. In a steady-state ocean, heat
is conserved and new production is balanced by the net input of essential nutrients
into the euphotic zone. To estimate the annual mean new production over the warm
waters (temperature >26°C) of the tropical Pacific Ocean, we base our arguments on

the close relationship between the fluxes of heat and nutrients in this region.
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3.2.1 Fluxes of heat

In the upper layer of the ocean the heat and mass conservation equation may be

written as,

pp(V-TT+V.-UT)=V-E (3.1)
V-U=0 (3.2)

where T is temperature (°C), U is the velocity (m s7!), ¢, is the specific heat of
seawater (J kg™ °C™'), p is the water density (kg m~3) and E is the irradiance vector
(J m~% s7!). Overbars indicate mean values and the primed quantities represent
departures from the mean conditions.

A simple model of the heat flux in the warm-water pool of tropical regions has
been obtained by Niiler and Stevenson [1982] by integrating equations (3.1) and (3.2)
over a fixed volume of water which is bounded at depth by a 3-dimensional surface
of a constant annual mean temperature (A7), the ocean sea surface (Ag) and the
insulating continental land masses. By virtue of the constant-temperature boundary
condition, the advective term vanishes since water which enters the volume is on
average of the same temperature as the water which leaves it and hence there is
no net flux of heat by mean advection. Therefore, the steady-state solution is a
balance between the net surface heat flux into the volume and the turbulent heat
transport out of the volume. The turbulent transport that removes heat from the
pool can be caused by a variety of processes operating at different time and space
scales from seasonal to microstructure. For instance, this includes eddy heat flux
due to time-dependent ocean motions on scales of tens to hundreds of kilometers and
turbulent diffusion which operates on scales of a few meters to a few millimeters, In
the tropical Pacific warm-water pool, Niiler and Stevenson [1982] found that most of
the heat transport is due to vertical turbulent transport since horizontal turbulent

fluxes are relatively very small. Therefore,
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/AsQodA:cpp/LTst (3.3)

where Q, is the net surface heat flux (W m~2) which is integrated over the surface
area, As, W'T’ is the mean annual vertical turbulent flux of heat which is integrated
over the subsurface isotherm of area A7, and dA and ds refer to the surface and
subsurface elements respectively. Equation (3.3) states that the net surface heat flux
into a volume of ocean which is bounded by coast and at depth by a constant mean
annual temperature surface is transported out of the volume by turbulent vertical
mixing only. A term to account for the penetrating irradiance through the subsurface

[Lewis et al., 1990] is small given the depth of the chosen isotherm (26°C).

3.2.2 Fluxes of nitrate

Similarly, if the mean concentration of nitrate in the upper layer of the ocean is
constant, the net physical input of nitrate into this layer must be equivalent to the
nitrate consumption which basically represents new production. Then, the nitrate

conservation equation in the upper layer of the ocean is,

V.UN+V.-UN =P, (3.4)

where N is the nitrate concentration (mmol N m~®) and P,, is the local new production
rate (mmel N m™3 s7!). We can proceed by integrating equations (3.4) and (3.2) over
the same surface (Ag) and subsurface boundaries (Ay) as above. In this case, since
the nitrate concentration is not constant along the isothermal subsurface boundary
(A7), a net advective input of nitrate can occur if water which enters the volume has
on average a higher concentration of nitrate than that of the water which leaves the
volume. Therefore, new production over the whole volume enclosed by the surface
(As) and subsurface (A7) boundaries and the continental land masses is equivalent

to the net advective and turbulent input of nitrate,
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f/A PNdA=//A UNds+ [ [ TN as (3.5)
) T T

where Py (=f§* P, dz, where zr is the depth of the subsurface isothermal boundary)
represents the depth integrated new production (mmol N m~2 s~1), and UN and U'N
are the annual mean net flux of nitrate due to advective and turbulent transports

respectively.

3.2.3 Nitrate-Temperature relationship

In the ocean, temperature and nitrate are well correlated [e.g. Kamykowski and
Zentara, 1986]. We can exploit this empirical observation to combine equations (3.3)
and (3.5), neglecting for now horizontal turbulent fluxes of nitrate, and the spatial
covariance between heat flux across the isothermal boundary and the slope of the
nitrate-temperature relationship in the region, tn yield,
//ASPNJA=/ ATst-}-g—l;——c;l—;fAsQodA (3.6)
Here, the annual mean rate of new production is due to advection plus the tur-
bulent input of nitrate expressed as the prodiuct of the net surface heat flux and the
average slope of the nitrate-temperature relationship at the base of the subsurface
boundary (Ar). Note that as before, the turbulent transport refers to a variety of
space and time scales of motions (seasonal to microstructure) and, thus, is not equiv-
alent to the vertical turbulent diffusion of nitrate alone. The net surface heat flux can
be evaluated from climatology or from satellite observations; the nitrate-temperature
relationship can be taken from historical data. Similarly, the advective transport
of nitrate can be obtained from the mean water transport normal to the subsurface

boundary (Ay) and the annual mean nitrate concentraticn along this boundary.
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3.3 Data

Approximately 4,870 vertical profiles with simultaneous observations of nitrate con-
centration and temperature from the tropical Pacific between 20°N and 20°S of lati-
tude and 120°E to 80°W of longitude have been used in this analysis (Fig. 3.1). This
data set was obtained from three sources: 1) the National Oceanographic Data Center
(NODC), 2) the Ocean Atlas [Osborne et al., 1992] and 3) those obtained by Fiedler
and colleagues in the eastern equatorial Pacific between August to December of 1986
to 1988 [P.C. Fiedler, pers. comm.; Fiedler et al., 1991). These data were reformat-
ted, checked for gross errors and merged. Duplicate data, detected by having identical
date, location, depth, temperature and nitrate concentration, were eliminated. Most
of the stations (about 80%) were obtained from the NODC data set. The NODC data
used here were collected mainly between 1967 and 1972 (Fig. 3.2). We have excluded
data collected before 1952 to increase the probability that similar analytical methods
have been used in the determination of nitrate concentration. Data were available for
all months of the year.

Based on the distribution of temperature and nitrate concentration, the 26°C
isotherm was chosen as the subsurface boundary (As) because it encloses most of the
tropical Pacific region and nitrate is generally detectable along the bottom of this
isothermal boundary. About 3,300 stations were located inside the region enclosed at
the surface by the climatological 26°C isotherm. At each of these stations the depth
of the 26°C isotherm and the nitrate concentration at that depth were determined.
In the region between 5° to 12°S latitude and 125° to 140°E longitude, a few sta-
tions had surface temperatures cooler than 26°C and they were excluded from the
analysis. Standard deviation statistics for the observed temperature, isotherm depth
and nitrate data were calculated for five-degree squares of latitude and longitude.
Since discrete vertical profiles were used in this analysis, the slope of the nitrate-
temperature relationship at the base of the 26°C isotherm was operationally defined
as that obtained using temperatures between 20-27°C. Given the vertical resolution of

the data set, it was not possible to use a narrower range of temperature. To estimate
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the mean slope of the region, the surface area enclosed by the 26°C isotherm was di-
vided into 178 boxes of 5 degrees of latitude and longitude. In each of them, the slope
was obtained from a linear regression of temperature (independent variable) versus
nitrate concentration of the pooled data. Only those five-degree squares containing
three or more observations were used in the analysis. The average slope for the entire
region, and its 95% confidence intervals, were calculated from the slope values of all
the boxes where data was available (164 boxes). Second and third order polynomial
regressions between nitrate and temperature were tested and rejected based on a
small increment in the correlation coefficient over the linear model.

The advective transport of nitrate into and out of the volume of water which is
warmer than 26°C was calculated as the product of the mean nitrate concentration
at the subsurface boundary and the mean w = transport normal to the boundary.
To estimate horizontal nitrate transport at ¢ .ateral boundaries, we consider that
the warm-water region was bounded on the side by a isothermal well mixed layer
of 50 m depth. The concentration of nitrate at the 26°C boundary was obtained
from the contoured map of nitrate which was based on the pooled data. The mean
water transport across the part of the boundary where nitrate was detectable was
calculated by spatial integration of the mean cir ion values reported by Philander
et al. [1987] using the trapezoidal rule. They obtained these values from the third year
of simulation of a general circulation model of the tropical Pacific which was forced
with monthly averaged climatological winds. The surface area enclosed by the 26°C
isotherm and the mean annual net surface heat flux integrated over this area was
calculated using three different climatological data sets: Weare climatology, which
has a 5° by 5° latitude-longitude grid [Weare et al., 1981], Esbensen and Kushnir
climatology on a 4° latitude by 5° longitude grid [Esbensen and Kushnir, 1981}, and
Oberhuber climatology on a 2° by 2° latitude-longitude grid [Oberhuber, 1988].
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3.4 Results

3.4.1 Temperature and nitrate distribution

A contour plot of all the sea surface temperature data in the tropical Pacific (Fig.
3.3a) reproduces the main features present in the annual mean climatologies. In the
eastern equatorial Pacific, surface temperatures were relatively cool and the gradi-
ents were large, indicating upwelling at the equatorial divergence as well as advection
from the Peru upwelling region. Farther west, a large pool of water of more than 28°C
was found between 10°N and 15°S. The standard deviations of surface temperature
(Fig. 3.3b) showed higher values near the coast. A distribution similar to that of
temperature was found for the surface nitrate concentrations (Fig. 3.4a), where the
highest nitrate concentrations were associated with the coldest surface waters. How-
ever, the nitrate-enriched zone was almost symmetrical about the equator, whercas
the cold water tongue was less sharply defined to the south. Along the equator,
surface nitrate concentrations were >4 pM eastward of 160°W. Waters with >1 uM
extended to about 170°E longitudinally and beyond 5°N and S latitudinally. Outside
this region, nitrate concentration was generally low (<0.5 uM) or undetectable. The
standard deviations of nitrate concentration (Fig. 3.4b) were higher in the eastern
side between the equator and 10°S than elsewhere.

In the tropical Pacific, water warmer than 26°C was found beyond 20°N and 20°S
westward of 150°W and between 3° and 15°N towards the east, coinciding with the
North Equatorial Countercurrent. In this region, nitrate was detectable only in the
southeastern boundary. Vertically, the 26°C isotherm subsurface boundary was lo-
cated mainly at depths of 80 to 120 m (Fig. 3.5a) in the western tropical Pacific.
Towards the east and away from the equator, the depth of the 26°C isotherm shoaled.
The concentration of nitrate at the 26°C isotherm (Fig. 3.6a) was not constant but
followed a pattern similar to the isotherm depth. Higher nitrate concentrations (:>5
pM) were found near the equator where the isotherm was deeper. Beyond 15°N and §,

nitrate concentrations were usually undetectable in waters of 26°C. This distribution
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agrees with previous observations along the west coast of North and South America
[Zentara and Kamykowski, 1977) where it has been found that a given nutrient con-
cenlration occurs at colder temperatures as latitude increases. North of the equator,
between 145° and 150°E, a marked gradient of nitrate concentrations was found that
was not reflected in the depth of the isotherm. An examination of the data available
for this region showed that the depth of the nutricline was sometimes shallower than
that of the 26°C isotherm. The variability in the depth (Fig. 3.5b) and in the nitrate
concentration (Figz. 3.6b) at the 26°C isotherm was higher on the eastern and western

sides than centrally.

3.4.2 Nitrate-temperature relationship

A scatter diagram of temperature versus nitrate concentration of all the data available
in the upper 250 m of the surface area enclosed by the 26°C boundary is shown in
Fig. 3.7. Thre= different regions can be distinguished in this plot: 1) a region where
temperature is low (generally <15°C) but nitrate concentration has a high range
(15-36 pM) of values, 2) an intermediate zone where the gradient of temperature is
high (15-26°C) and changes in temperature and nitrate are well correlated, and 3)
a warm (>26°C) upper layer where nitrate concentration is undetectable, or, when
it is present, the slope of the temperature-nitrate relationship is lower than that of
the intermediate region. When only surface data were considered (Fig. 3.7 insert),
temperature and nitrate were poorly correlated, indicating that surface temperature
is not a good predictor of surface nitrate concentration in this region. Studies of
the relationship between temperature and nitrate concentration in the upper layer
of the ocean [Kamgykowski, 1987; Minas and Minas, 1992] have shown that seasonal
and spatial variations in the slope are related to the rate of nitrate uptake by phyto-
plankton. Below this upper layer, the value depends on the balance between bacterial
denitrification and nitrate regeneration from decomposing organic matter as well as
physical transport processes [Zentara and Kamykowsks, 1977].

The slope of the nitrate-temperature relationship at the base of the 26°C isotherm
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upper 250 m of the region enclosed by the 26 °C isotherm (n=48,100). The same
relationship is shown for the surface values in the insert (n=-4,870).
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(Fig. 3.82) showed longitudinal as well as latitudinal variations. Along the tropical
Pacific, the slopes in the eastern sector (<-1.4 pM °C~') were steeper than in the
western sector (>-0.8 pM °C~!). Latitudinally, the values were less variable with
the least steep slopes occurring in the western side poleward of 10°N and 15°S where
the nutricline was deeper than the 26°C boundary. The variability in the slope (Fig.
3.8b) was higher near the equator between 160° to 180°W than elsewhere. These
differences in slopes imply that a higher turbulent exchange of nitrate occurs in the
eastern side, where the slopes are steeper, as compared to the western side for an
equivalent turbulent flux of heat. Previous studies in this region have found a slope
of -1.12 and -2.04 pM °C~! between 180° to 93°W and 1.1°S to 1.1°N [Halpern and
Feldman, 1993] and eestward of 130°W between 5°S to 20°N [Fiedler et al., 1991]
respectively, which are consistent with the values estimated here. The average slope
of the nitrate-temperature relationship was -0.89 pM °C~! (95% confidence intervals
-1.00 to -0.78 uM °C~!) in the region enclosed by the 26°C isotherm.

3.4.3 Nitrate fluxes

The total surface area enclosed by the climatological 26°C isotherm and continental
land masses, and the annual mean net surface heat flux into this region are shown in
Table 3.1. Slight variations were obtained in the total surface area between the data
sets mostly due to differences in the northern location of the 26°C isotherm. The net
surface heat flux into the region obtained from climatologies ranged between 8.3 to
11 x 10 W. Using the mean slope for the region given above, the new production
resulting from turbulent input of nitrate into the Pacific warm water pool ranges from
5.47-7.26 x 10'2 mol N y~! or an average of 0.25-0.31 mmol N m~2 d~! over the entire
area. For comparison, this can be expressed in stoichiometrically equivalent carbon
units using a Redfield ratio of 6.6; the new production rate is then 4.37-5.74 x 10
gC y~! or 19.9-24.9 mg C m~2 d~',

The net advective input of nitrate into the region enclosed by the 26°C isotherm

(Table 3.2) is due to upwelling (26%) as well as horizontal transport (74%) of nitrate
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Table 3.1: The net surface heat flux, mean turbulent nitrate transport and total sur-
face area enclosed by the 26°C isotherm in the tropical Pacific and the corresponding
mean new production using the Redfield ratio of C/N of 6.6 (at/at).

Heat flux Area Nitrate transport | New production Source
(W x10') | (m? x10") | (mol N y~! x10'%) | (mg C m~2 d~1)

11.0 6.31 7.26 24.9 Weare ct al.[1981]
10.7 6.44 7.04 93.7 Oberhuber [1988]
8.3 5.98 5.47 19.9 Esbensen and

Kushnir [1981]
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Table 3.2: The mean advective nitrate balance of the region enclosed hy the 26°C
isotherm in the tropical Pacific and the corresponding mean new production using

the Redfield ratio of C/N of 6.6 (at/at).

Mechanism Nitrate Transport | New production
[mol N y~1] [mg Cm™%d!]
Vertical advection
Upwelling 2.0 x 1012 7.0
Downwelling -5.5 x 10" -1.9
Net input 1.5 x 10!2 5.1
Horizontal advection
Meridional 2.6 x 104 9.1
Zonal 1.6 x 1012 5.7
Net input 4.2 x 102 14.8 N
Net advective transport 5.7 x 1012 19.9 N
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into the region. At the 26°C surface, most (>60%) of the horizontal advection of
nitrate occurs meridionally from the south, eastward of 110°W rather than zonally
from the east between 2.5°N and 10°S. With the data available, the variability in
the concentration of nitrate at the boundary is small (about +1 pM). Most of the
vertical transport of nitrate was due to Lpwelling within 1° of the equatof, whereas
downwelling occurs north of the equator and represents <30% of the nitrate upwelled.
Along the equator, the model of Philander et al. [1987] indicated maximum upwelling
near 150° to 180°W with diminished upwelling eastward and westward of this region.
In the vertical, their model shows that upwelling is constrained to the upper 100 m.
The longitudinal pattern in upwelling velocities has been supported by other studies
in this region [Halpern et al., 1989; Halpern and Freitag, 1987]. Also, calculations of
upwelling as a function of depth based on direct observations of divergence [Halpern
and Freitag, 1987] and on a model of equatorial circulation [Bryden and Brady, 1985]
show that vertical velocities fall sharply above 50 m and below 100 m. Although
vertical nitrate input is constrained to within a degree of the equator [Halpern and
Freitag, 1987], divergence of upwelled water produces a nutrient-rich area larger in

meridional and zonal extent than the zone of upwelling.

3.5 Discussion

In the warm water of the tropical Pacific, we have estimated the mean annual rate
of new production from a consideration of the large-scale nuirient balance based
on the net surface heat flux, mean ocean circulation and nitrate and temperature
correlation. Previously, new production has been inferred from nitrate-temperature
correlation and experimental relationships between nitrate concentration and the up-
take of nitrate [Dugdale et al., 1989] or the f-ratio, i.e. the ratio of new production
to total production [Sathyendranath et al., 1991]. The approach used in this study is
potentially more robust than previous ones because it does not require estimates of

total production and it is independent of the relationship between f-ratio and nitrate
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concentration, which have large uncertainties. However, our parameterization of new
production only provides a large scale average, and can not provide detail on spatial
or temporal variability in the rate of new production. Also, it does not allow a direct
comparison to estimates of new production based on nitrate uptake ('*N experiments)
[Dugdale et al., 1992; Pesia et al., 1992] which, though more sensitive, are discrete

and restricted to short time scales.

3.5.1 Potential sources of error

Model assumptions

In this study, new production has been defined as the production resulting from
the net physical transport of nitrate into the volume bordered by the 26°C isotherm.
This operational definition neglects other inputs of nitrogen to the region such as
input from rain and from biclogical nitrogen fixation. In most of the ocean, fluxes of
nitrate from below the nutricline are much more important than other sources [e.g.
Eppley and Peterson, 1979]. In some locations, however, nitrogen fixation [Capone
and Carpenter, 1982; Carpenter and Romans, 1991] can be significant. Although we
are not aware of nitrogen fixation measurements in the tropical Pacific, this input
is likely to be small since this process requires iron [Morel et al., 1991], an element
scarce in this region [Martin et al,, 1991]. Another consideration in the definition
is that we assume that depth-integrated new production over the depth of the 26°C
isotherm is equal to that of the euphotic zone. In the eastern tropical Pacific, the
depth of the euphotic zone is around 60 to 70 m [Peria et al., 1990; Fiedler et al.,
1991) which is close to that of the 26°C isotherm (Fig. 3.4). In the western equatorial
Pacific, the euphotic zone depth as estimated from the average surface chlorophyll
concentration within 10° latitude from the equator [0.11 mg m~; Dandonneau, 1992]
and from Morel’s [1988] model is about 95 m; almost 25 m shallower than the 26°C
isotherm depth. However, several studies [Murray et al., 1989; Barber and Chavez,
1991] in the tropical Pacific have shown phytoplankton production at the 0.1% light

level which is several meters below the euphotic zone arbitrarily defined as the depth
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at which light is reduced to 1% of surface irradiance. Therefore, our assumption
regarding enclosure of the most significant productive layer is satisfied for the entire
area considered.

To estimate turbulent fluxes of nitrate into the region we have assumed that
there is no significant spatial covariance between the net heat flux across the 26°C
isotherm and the slope of the nitrate-temperature relationship. Although there is not
data available to estimate its value, the general trend in heat flux differs noticeably
from the general trends in the slope of the temperature-nitrate relationship. Using
the climatological net surface heat flux data from Weare et al. [1981] as a rough
indicator of what occurs to the subsurface heat flux, and our slope of the nitrate
temperature relationship, we found no significant covariance (r?=-0.16) between these
variables. On an annual scale, net surface heat fiuxes in the tropical Pacific show
mostly latitudinal variations, being higher near the equator and decreasing away
from it [Esbensen and Kushnir, 1981; Weare et al., 1981; Oberhuber, 1988). Similarly,
turbulent vertical fluxes are generally 3 to 5 times higher within 2 degrees of the
equator than they are poleward [Peters et al., 1989]. In comparison, we have found
mainly longitudinal variations in the 5 degree-square slope of the temperature-nitrate
relationship with higher values in the western tropical Pacific whereas heat fluxes vary
latitudinally rather than longitudinally. Also, the slope of the nitrate-temperature
relationship within 1° of the equator was not significantly different (p <<0.1) from
that poleward.

Finally, we have assumed that horizontal turbulent fluxes of nitrate into the region
were small compared to those due to turbulent vertical fluxes. At the 26°C isotherm,
the concentration of nitrate in the upper layer was detectable only in the southeastern
boundary that iu.rounded the cold-nutrient rich waters of the eastern equatorial
Pacific. In this region the maximum horizontal nitrate gradient was 105 mmol m™.
Considering an upper layer of 50 m and a lateral turbulent exchange coeflicient of
10° m? s7! [Bryden and Brady, 1989], this will result in the transport of 3.3 x 10!

mmol N d~! into the region which, though it may be significant locally, is two orders



53

of magnitude less than the estimated total turbulent vertical transport.

Model parameter estimates

Climatological temperature fields [ Esbensen and Kushnir, 1981; Weare et al., 1981;
Oberhuber, 1988] in the tropical Pacific shows that water warmer than 26°C reaches
near 21-24°N and 20-21°S in the western region whereas our data set coverage is
limited to 20° latitude from the equator. This discrepancy can be ignored with little
consequence in our analysis where the horizontal grid boxes are as wide as 5° latitude
and longitude. Also, despite the uneven temporal and spatial distribution of the data,
they reproduce the main features present in the climatological temperature field.

With the data available, we have obtained a 95% confidence interval of about -
12% in the estimation of the average slope of the nitrate-temperature relationship
for the region. In comparison, the individual heat flux components have large uncer-
tainties [ Weare et al., 1981], so that the total heat flux has very larwe error bounds.
In the tropical Pacific, the different estimates of net annual heat flux agree within a
factor of two [Niiler and Stevenson, 1982]. Therefore, most of the uncertainty in the
new production estimate due to turbulent input of nitrate is associated with errors
in the magnitude of the net surface heat flux. The error in the estimation of the net
advective transport of nitrate associated with changes of 1 pM in the nitrate concen-
tration of the source water is about 26% of the net advective transport. Although
there is not data available to evaluate the errors in the mean water transport, the
mean ocean circulation values given by Philander et al. [1987] agree well with field
observations [Halpern and Freitag, 1987] and other model outputs [Bryden and Brady,
1985; Halpern et al., 1989]. We conclude that, the main quantifiable source of error
in our estimation of new production is related to uncertainty in the value of the net
surface heat flux used in the calculation.

For the western equatorial Pacific, annual mean surface heat fluxes reported in
the literature range from 25 to 100 W m~2 [Esbensen and Kushnir, 1981; Reed, 1985;
Gordon, 1989]. In this region, the ocean circulation is too slow and the temperature

gradient is too weak for either advection or mixing to carry any significant heat away
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from the region [Niiler and Stevenson, 1982]. Thus, in order to maintain a steady
annual mean temperature, the net heat flux through the sea surface must balance
the vertical turbulent fluxes of heat. However, because the near-isothermal salt-
stratified layer [Lukas and Lindstrom, 1991] found in the western equatorial Pacific
seems to insulate the deep ocean from the surface layer much of the time [Godfrey
and Lindstrom, 1989], either the net surface heat fluxes (18-22 W m™?) used by
Niiler and Stevenson [1982] are too large, or the vertical fluxes of heat only occur
episodically, for example, in association with wind bursts. For example, Godfrey and
Lindstrom [1989] estimate a turbulent vertical heat flux of only 10-16 W m~2 in the
top 100 m of the western equatorial Pacific from data obtained in calm conditions,
which is substantially smaller than that estimated by Niiler and Stevenson [1982).
However, they suggested that the strong westerly winds that occur intermittently in
this region might produce strong mixing events. Field observations in the western
Pacific between November 1989 and January 1990 have shown strong vertical shear
down to 150 m in response to westerly wind events [McPhaden et al., 1992]. Although
the mean wind speeds are weak in the western equatorial Pacific their variability is
large. A climatology of westerly wind bursts in the western Pacific [Keen, 1988] shows
that this area experiences such wind events more often than regions to the east, and
that these events are far more frequent in the northern winter season.

Considerable progress has been made in the computation of the most important
terms of surface heat fluxes (i.e. surface solar irradiance and latent heat flux) from
satellite observations [Liu and Gautier, 1990]. Estimations of net surface heat flux
in the tropical Pacific derived from meteorological reports from merchant ships and
fishing vessels have uncertainties related to poor spatial and temporal coverage. Heat
flux estimations based on satellite data, which can provide basin-wide coverage from
days to years, may considerably improve the estimation of this parameter and thus

reduce the error in our new production estimate.
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3.5.2 Comparison with other new production estimates

Measurements to calculate the long term new production of the tropical Pacific are
unavailable and are likely to be so for a comsiderable time. Thus, the only values
available for a comparison of new production estimates at these scales is that ob-
tained by Bacastow and Maier-Reimer [1990] from a three dimensional model of the
carbon cycle in the ocean. They have estimated a new production rate of 18-20 gC
m~2 y~!, only slightly higher than the one we have obtained (14.5-16 gC m~2? y ')
for approximately the same region. Given the uncertainties in both our and their es-
timates, and the approximations involved in these parameterizations, the agreement
between the two estimates is remarkably good.

In the eastern equatorial Pacific region, a mean integrated annual new production
of 1.3-1.9 x 10" gC y~! (or 320-470 mg C m~? d~!) has been reported within 5° of the
equator and between 90° and 180°W [Chavez and Barber, 1987] based on estimation
of nitrate upwelling. These values are approximately 30 to 90% higher than the total
integrated new production estimated in this study. The area considered in the present
analysis is approximately 6 times larger than that considered by Chavez and Barber,
and includes large unproductive areas in the western Pacific not included by them.
Several studies [e.g. Thomas, 1979] have shown the persistence of unused nitrate in
surface waters of the eastern and central equatorial Pacific despite irradiance and
stratification conditions favorable for complete nutrient uptake. This persistence
results in the transport away from the upwelling zone of an important fraction of
the nitrate upwelled [Carr, 1991; Fiedler et al, 1991]. Because this loss of nitrate
was not considered by Chavez and Barber, their estimation represents the upper limit
of local new production. However, since downwelling of nitrate out of the euphotic
zone (which represents a nutrient sink) was small in the region considered in this
study, most of the upwelled nitrate is eventually consumed by phytoplankton but
consumption may occur well away from the equator.

A net advective balance of nitrate into the euphotic zone of the eastern tropical

Pacific [Fiedler et al., 1991] gave an estimate of new production of 200 mgC m™* d !
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eastward of 130°W and within 5° from the equator, which was about 30% of total
production. A similar value of new production (196 mgC m~2 d~!) was estimated
from turbulent and advective fluxes of nitrate within 5° of the equator along a transect
at 150°W [Carr, 1991]. In this region, turbulent diffusion of nitrate was about 30%
of the advective transport of nitrate and the resulting new production was about
40% of the total production. These values are almost five times higher than our
mean new production (44 mgC m~% d~!). Considering a mean total production of
312 mgC m~? d~!, as found between 160°W to 140°E and within 5° of the equator
[Barber and Chavez, 1991], the new production estimated here is about 14% of the
total production. This represents a lower-bound estimate, since we have considered
regions away from the equator where total production is likely to be lower.

The productivity of the tropical Pacific region is very strongly affected by in-
terannual events like El Nifio Southern Oscillation (ENSO). Studies of both surface
productivity and fluxes to the sediments [Dymond and Collier, 1988] suggest that the
interannual variability associated with these events far exceeds the seasonal variability.
It has been estimated [Chavez and Barber, 1985] that the total primary productivity
within 5° of the equator and between 82° and 172°W was 2-3 times lower during
El Nifio than in normal oceanographic conditions. ENSO conditions also suppressed
new production for a site close to the equator but enhanced it away from the equator
[Dymond and Collier, 1988]. An important manifestation of El Nifio is the increase
in sea surface temperatures above their long term mean values by as much as 4°C
in the central and eastern Pacific. This increase in the heat content of the upper
ocean greatly exceeded (about 10 times) the estimated change in the surface heat
flux [Reed, 1986]. This implies a decrease in the vertical transport of heat through
the thermocline and therefore a decrease in the input of nitrate into the surface layer.
Model analysis has shown that changes in the tropical Pacific sea surface temperature
are associated mostly with anomalous zonal advection of warm water eastward and
with variations in the depth of the thermocline [ Wyrtki, 1975; Seager, 1989; Halpern,

1987]. As a result of variations in the westerly winds, the thermocline is raised in the
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west and is depressed in the east [Halpern, 1987]. Since the thermocline is depressed
below the depth of entrainment in the eastern Pacific, the water upwelled towards

the surface is warm and depleted of nutrients.

3.5.3 New production and the relationship to net air-sea

exchange of carbon

Most of the new production in the ocean results from the supply of inorganic nitro-
gen from below the euphotic zone [e.g. Eppley and Peterson, 1979]. If the vertical
transport of dissolved inorganic carbon and nitrate are in approximately the Redfield
ratio, and are taken up in the euphotic zone and exported out of it in the same ratio,
there would be no net biologically-mediated transport of carbon to the deep ocean
[Eppley and Peterson, 1979]. Unlike nitrate, however, atmospheric CO, enters the
ocean by sea-air gas exchange and is redistributed through the combined effecis of
advection, mixing, formation of particulate matter in the surface layer and subse-
quent remineralization in deep water. If there were sufficient data available in the
tropical Pacific to determine the inorganic carbon concentration versus temperature
relationship at the base of the subsurface boundary, the mean annual vertical flux
of inorganic carbon could be estimated using the same computation as that for the
turbulent nitrate fluxes. Then, the rate of new production could be compared with
the rate of carbon fluxes, and an evaluation of the net air-sea exchange of carbon

dioxide determined.

3.6 Conclusion

Our analysis gives an estimate of new production in the warm waters of the tropical
Pacific from a consideration of the large scale nutrient balance. In this region, the
new production resulting from vertical turbulent fluxes of nitrate was of the same
magnitude as that due to advective nitrate transport. Most (about 75%) of the

advestive transport of nitrate was due to horizontal transport (zonal and meridional)
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from the eastern equatorial Pacific rather than upwelling. Previous estimations of new
production from nutrient budgets [Chavez and Barber, 1987; Fiedler et al., 1991] in
the tropical Pacific region have ignored the input of nitrate due to vertical turbulent
transport. The method employed here, which considers the input of nitrate due to
turbulent diffusion as well as advection, yields more representative estimates of the
large-scale average new production than those calculated from advection alone. We
have estimated the new production resulting from vertical turbulent fluxes of nitrate
based on fluxes of heat at the sea-surface. This approach can be applied to other
regions of the world’s ocean. The possibility therefore exists that there is a means to
estimate new production from remotely-sensed observations which does not require
the determination of physiological parameters of nitrate uptake from ship observations
that are notoriously variable. Therefore, although our estimation of new production is
based on several assumptions and is less sensitive than direct estimations, it provides
an estimate over oceanographically-significant scales of time and space which are

inaccessible to ship observations.



Chapter 4

The effect of fluctuations in the
input of nitrate on phytoplankton

biomass and new production

4.1 Introduction

The upper layer of the ocean is characterized by large temporal and spatial variations
in physical, chemical and biological properties. In the marine environment, the avail-
ability of nutrients, particularly nitrogen, and light are limiting to phytoplankton. In
most oceanic regions with sufficient insolation and stratification to allow plant growth,
the input of nitrogen to the euphotic zone strongly influences phytoplankton produc-
tion; where the flux of nutrients to the euphotic zone is high, phytoplankton biomass
is enhanced compared to regions where the input of nitrogen is low [Yoder et al.,
1983; Hofmann and Ambler, 1988; Lewis et al., 1988; Yoder et al., 1993]. In coastal
regions, fluctuations in the input of nitrate often result in an increase in the biological
productivity of the system by up to several orders of magnitude. There is, however,
considerable uncertainty regarding whether nutrients limit the rate of phytoplankton

growth or its biomass [e.g. Cullen et al., 1992; Falkowski et al., 1992]. Laboratory
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studies of nitrogen-limited cultures have shown an increase in the growth rate of phy-
toplankton when the availability of nitrogen is increased [Eppley and Renger, 1974;
Goldman and McCarthy, 1978; Glover, 1980]. In contrast, it has been suggested
[Goldman et al., 1979] that in the ocean the specific growth rate of phytoplankton is
independent of ambient nutrient concentration over time scales longer than the gener-
ation time and that only the steady-state total biomass of phytoplankton is controlled
by nutrient supply.

Phytoplankton populations experience variability in the concentration of nitrate
over a range of time-scales from seconds to the interannual [Glover et al., 1988; Jenk-
wns, 1988; Marra et al., 1990; Barber, 1992]. Open ocean regions have, in general,
lower physical and biological variability than coastal regions [Walsh, 1976]. The
response of phytoplankton to variations in the availability of nitrate should vary
according to the nitrogen status of the population. Under nitrogen-limited growth
conditions, phytoplankton growth would be enhanced by even a small pulse of nitrate
into the surface mixed layer and phytoplankton biomass could potentially increase
[Glover et al., 1988]. In contrast, if phytoplankton is growing at its maximum capac-
ity, an increase in phytoplankton biomass is only possible by a reduction in the loss
terms (i.e. grazing, sinking or transport). The main loss term in the open ocean ap-
pears to be grazing by zooplankton. In nitrogen-limited conditions, because the food
web components react to perturbations at different rates, the frequency of respcense
of the organisms is not necessarily the same as that of the nitrate perturbation. For
example, since phytoplankton and zooplankton populations have a different response
times (physiology and growth), the biomass of phytoplankton and the rate of nitrate
utilization after a pulse of nitrate will differ [Price et al., 1994]. High yields of phy-
toplankton biomass after an increase in the concentration of nitrate could arise from
a poor coupling between phytoplankton and zooplankton populations. Therefore, in
a fluctuating environment, the fluctuations themselves become a resource [e.g. Har-
ris, 1986], and thus the characterization of the fluctuation is as important as is the

measure of its average value.
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The uptake of nitrate by phytoplankton depends on several factors in addition
to the ambient nitrate concentration [Harrison et al., 2387; Garside, 1981; Glibert et
al., 1982¢c; Wheeler and Kokkinakis, 1990]. These include the standing stock of phy-
toplankton, its specific uptake rate (which is a function of nutrient history), and the
presence of other nitrogen sources (i.e. ammonia). In regions where the concentration
of nitrate may be many times greater than that of ammonia, the rate of ammonia
uptake can still be high because phytoplankton prefers ammonia rather than nitrate
[McCarthy et al, 1977; Glibert et al., 1982b; but see Dortch, 1990]. Several studies
have shown that the variability in the rate of new production (the primary production
associated with newly available nitrogen, mainly nitrate; Dugdale and Goering, 1967)
and the f-ratio (the rafio of new to total production; Eppley and Peterson, 1979)
may be appreciable even in oceanic environments [e.g. McCarthy et al., 1977]. It
has been suggested that in the open ocean, local or ‘ransient fluctuations from olig-
otrophy associated with input of nitrate to the euphotic zone will account for a high
proportion of the annual total production [Platt and Harrison, 1985] and that most
of the production in these events will be new production. Moreover, Walsh [1976] has
proposed that changes in the dominant frequencies of variability of the physical habi-
tat may define the importance of grazing losses as a constraint on nutrient utilization
in the sea. Bearing in mind the conceptual importance of new production to our
understanding of sedimentation rates and yield to higher trophic levels [Eppley and
Peterson, 1979; Michaels and Silver, 1988), it is important to comsder the influence
of environmental variability in the input of nitrate on the magnitude and variability
of new production.

The objective of this study is to explore, by means of a mathematical model,
the effect of variability om time scales of days to months in the input of nitrate
on phytoplankton biomass and new production. For this purpose we used a simple
plankton model of the mixed layer similar to other existing models | Wroblewski el al.,
1988; Fasham et al., 1990; Taylor and Joint, 1990] which distinguish between nitrate

and ammonia utilization. The next section describes the model, while the subsequent
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section describes the steady-state properties of the model. Finally, the results of
numerical simulations with a periodically variable nitrate input are presented and

discussed.

4.2 Model Description

The model represents a plankton community homogeneously distributed within the
surface mixed layer. An optimal light condition is assumed with only nitrogen limiting
phytoplankton growth. The model (Fig. 4.1) has been kept as simple as possible to
facilitate its interpretation; it consists of phytoplankton (P), zooplankton (Z) and
nitrogen. The dissolved nitrogen pool is distinguished between new N (nitrate, N)
and regenerated N (ammonia, A) pools. Other forms of regenerated nitrogen (i.e.
urea) are not distinguished from ammonia in the model. All model components are
expressed in terms of their nitrogen units (uM). Variables and parameters are defined
in Table 4.1.

The equations describing the system are:

dP
- = pm(YN +74)P — AZ —mP — F(t)P (4.1)
ff.g = \3Z - dZ — F(8)Z (4.2)
dN
i F(t}N, — N) — pmyn P (4.3)
dA
== amP + cdZ + bA(1 — B)Z — pmyaP — F($)A (4.4)

The parameter F(t) represents the specific rate of water transport in and out of
the mixed layer (d~'). It is assumed that phytoplankton and zooplankton behave

as passive particles and are subject to dilution during nutrient input events, which
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Figure 4.1: Diagramatic representation of the simple plankton model.



Table 4.1: Model variables and parameters

Symbol Definition Values  Units
p Phytoplankton biomass — uM
Z Zooplankton biomass - uM
N Nitrate concentration — M
A Ammonia concentration uM
fim Phytoplankton maximum specific growth rate 1 d-!
YN Normalized nitrate uptake — —_
Y4 Normalized ammonia uptake — —
A Specific zooplankton grazing rate - d-1
m Phytoplankton specific inortality rate 0.1 d-1
F, F(t) Net water transport - d-t
B Zooplankton assimilation efficiency 0.4 -
d Zooplankton specific mortality rate - d-!
a Regeneration efliciency of dead phytoplankton 0.5 —
b Regeneration efficiency of zooplankton 0.5 —
unassimilated food

c Regeneration efficiency of dead zooplankton 0.8 -
N, Nitrate concentration below the mixed layer 10 uM
ky Half-saturation constant for nitrate uptake 0.1,0.6 M
ka Half-saturation constant for ammonia uptake 0.01 uM
v Ammonia inhibition parameter 1.5 pM-1
Gm Maximum specific ingestion rate - d?
k, Half-saturation constant of ingestion rate — M
Fy Minimum water transport 0.0002 d?
w vertical velocity 1,025 md™?
H Mixed layer depth 50 m
t Time — d
w Frequency - d-!
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could be either upwelling or vertical mixing. It is also assumed that phytoplankton,
zooplankton and ammonia are all absent below the mixed layer while nitrate there
has a constant concentration N, (equation 4.3).

The phytoplankton equation (4.1) considers rates of phytoplankton growth and
loss due to grazing (A), which is a function of phytoplankton concentration, death (m)
and transport (F(t)). Losses due to phytoplankton sinking are assumed to be negligi-
ble. Phytoplankton can utilize ammonia (A) and nitrate {IN). Nitrogen limitation of
phytoplankton growth is incorporated into 44 and 7y, which are normalized functions
for ammonium and nitrate uptake respectively and can take values between 0 and 1.
Under nitrogen-saturated conditions (74 + vy = 1), phytoplankton specific growth
rate is at its maximum value (g, ). Zooplankton (equation 4.2) do not assimilate all
they ingest. A constant fraction f of the ingested food is assumed to be assimilated.
The remainder of the ingested phytoplankton (1 — ) is partitioned between egested
fecal material and excreted nitrogen (aminonia) according to a regeneration efficiency,
b. Carnivores are not modeled explicitly; their effects are simulated by a constant
mortality (d) of herbivores. Nutrient regeneration (equation 4.4) is possible via excre-
tion from the zooplankton and bacterial remineralization of dead phytoplankton and

zooplankton (e and c, respectively). The bacteria component is also not explicitly

modeled.

Nitrogen uptake formulation

Nitrogen limitation of phytoplankton growth (here represented as y4 +yy < 1) is
usually formulated using the Michaelis-Menten hyperbola for nutrient uptake. Several
modifications of this function has been used in models which distinguish between the
utilization of nitrate and ammonia [ Wroblewsk:, 1977; Taylor and Joint, 1990; Frost

and Frazen, 1994]. The most common formulations are:

B Ne-AY 4 A
M=oy +N) T (kg + A)

(4.5)

N 1 4
2= Ty + M) (L+ A%) (ks + A)

(4.6)
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N/ky Afka

4.7
(i+a) (rE+d) &0

Y2 =

where 4; = yv + 4. The first two formulations include, in addition to the half-
saturation concentration of nitrate (ky) and ammonia (k4) uptake, a para'.meter (®)
to simulate suppression of nitrate uptake by the presence of ammonia. The value of
this parameter is rarely measured in the field; most models [ Wroblewsks, 1977; Fasham
et al., 1990; Sarmiento et al., 1993] have used the value of 1.5 pM ™! obtained from the
data of Walsh and Dugdale [1972]. A serious problem with these two formulations is
that they can reach values higher than the scaling factor of one depending on the value
of the parameters used, and thus can artifically overestimate phytoplankton growth.
In comparison, the nitrogen uptake formulation 73 only predicts valuec between 0
and 1. For example, as Fig. 4.2 shows, for concentrations of nitrate and ammonia
between 0 to 10 times their respective half-saturation constant, overestimation of the
phytoplankton growth rate (yv +v4 > 1) occurs if the product k4 ¥ is lower than or
equal to 0.6 for y; or 0.8 for ;. Thus, using the value of ¥ mentioned above, values
of k4 <0.5 pM could result in estimated phytoplankton growth rates greater than the
assumed maximum.

Another difference among these formulations is that they predict a different value
of the f-ratio (i.e. Yn/(q9n + 74)) for a given concentration of nitrogen relative to
their respective half-saturation constant (Fig. 4.3). This is particularly evident when
the nitrate concentration is high relative to its half-saturation constant. When -; or
v, are used to model phytoplankton nitrogen uptake, the f-ratios are almost entirely
dependent on the concentration of ammonia except when the concentration of nitrate
is lower than twice the ky. Thus, when ambient nitrate concentrations are severz!
times higher than the half-saturation constant of nitrate uptake, low f-ratios can still
be obtained.

In contrast, when phytoplankton nitrogen uptake is represented by 73 (equation

4.7), the f-ratio depend on the value of the ratio of the ambient nitrate (or ammonia)
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(b)

N/kN

Figure 4.2: Combinations of nitrate and ammonium (N and A; M), relative to their
respective half-saturation constants (ky and ka; pM), for which growth is nitrogen-
saturated (74 + 4w = 1). Solutions are presented for different values of the ammonia
inhibition term (¥; pM) times the half-saturation constant of ammonium uptake (k4),
calculated from equations 4.5 (a; 1) and 4.6 (b; 4,). The space to the right of each
line represents nutrient concentration exceeding saturation. In these formulations,
growth rates greater than p, are predicted.
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Figure 4.3: Contours of predicted f-ratios as a function of nitrate (N) and ammonia
(A) concentrations (M) relative to their respective half-saturation constant (ky and
k4; pM): a) 71; equation 4.5, b) ;; equation 4.6, and c) 7s; equation 4.7. The values
of 1 and 7, were estimated using a fixed value of ¥ = 1.5 uM~!. When N/ky is >2,

the f-ratio in a) and b) is mostly dependent on A/k4, whereas in c) the f-ratic is
directly proportional to the ratio of N/ky to A/k4.
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concentration to its half-saturation constant when the other N species is held constant
(Fig. 4.3c). Thus, to obtain a low f-ratio under high nitrate concentrations relative
to its half-saturation constant, the concentration of ammonia relative to its half-
saturation constant must be even higher than that for nitrate. This last formulation
(v3) is adequate to describe the nutrient dependence of growth rate when uptake of
a limiting nutrient is catalyzed by a single transport mechanism [see Cullen et al.,
1993]. Although 73 does not model the inhibition of nitrate uptake by the presence
of ammonia explicitly, it can model the preference for ammonium uptake by selecting
lower half-saturation constants for ammonia uptake than for nitrate uptake. A review
of field studies have shown that the reduction of nitrate uptake in the presence of
ammonia is rarely to the degree which is generally believed, and that it is a highly
variable phenomenon [Dortch, 1990]. Due to uncertainties in the interaction between
ammonia and nitrate uptake, no one of the formulations considered here is totally
satisfactory to model nitrogen uptake accurately. However, we have chosen 3 to
model phytoplankton nitrogen utilization because it is the only formulation which

does not predict growth rates greater than the maximum (i.e. yn +v4 < 1).

Grazing formulation

Several formulations have been used to model the grazing rate of zooplankton (A;
d~!) as a function of food concentration based on two parameters: the maximum
grazing rate (Gy,; d™!) and the concentration of phytoplankton at which grazing

occurs at half the maximum value (kg; pM), such as,

Pa,,
Al = W (4.8)
/\2 — Gm(l . e—P(ln().s)/lca) (4’9)

A3 = G P(In0.5)/ky(1 — e~ "(n05)/ks) (4.10)
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These grazing formulations behave differently at low and high food concentrations. Al
low food concentrations, the grazing rate in A; [Hollings, 1965] and A3 [Mayzaud and
Poulet, 1978 is lower than that of Ay [Ivlev, 1955] and increase nonlinearly with food
concencentration (Fig. 4.4). At high food concentrations, there is a saturation of the
grazing rate in A; and A; whereas in A3 the grazing rate increases without limitation
as phytoplankton biomass increases. This last formulation (equation 4.10) is based
on results of Mayzaud and Poulet [1978] which indicated that, over the naturally
occuring range of food concentrations, copepods can adapt their digestion rate to
food abundance, leading to a much steeper grazing function. These different grazing
functions will be compared by examining their influence on the steady- state solution

of the model in the next section.

4.3 Steady-state solution

In order to understand the basic behavior of the model and to explore the parameter
space, the model equations (4.1 to 4.4) were solved for steady-state. Since the value
of the transport term is at least an order of magnitude smaller than the biological
parameters in oceanic regions (e.g. F(t) <0.02 even for the equatorial Pacific up-
welling region; Wyrtki, 1981), we have reglected it in the steady-state solution of the
phytoplankton, zooplankton and ammonia equations. Transport must be included in

the nitrate equation. The steady-state solution to the set of equations is,

Z _ Blem(yN +74) —m)
5= . (4.11)
A8 =d (4.12)
N =N, - Pmn P (4.13)

iZ0)
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Figure 4.4: Zooplankton grazing rate as a function of phytoplankton biomass. a) Aj,
s-shaped grazing formulation [Hollings, 1965], b) Az, Ivlev formulation [Jvlev, 1955],
and c) A3, Mayzaud and Poulet formulation {Mayzaud and Poulet, 1978].
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am

(74 +N) (1.14)

IS 2. S O LA _ c
(74 + ) (1 l‘m(’7A+"/N))X(b W+ h) +

At steady-state, the ratio of zooplankton biomass to phytoplankton biomass (equa-
tion 4.11) is directly proportional to the net phytoplankton specific growth rate and
the zooplankton assimilation efficiency and inversely proportional to the zooplank-
ton specific mortality rate (or the zooplankton specific growth rate (A8), since it is
equal to the zooplankton specific mortality rate (d); equation 4.12). If the specific
growth rate of phytoplankton increases relative to that of the zooplankton, the ratio
of zooplankton biomass to phytoplankton biomass must also increase to zchieve a
steady-state (Fig. 4.5). This change in zooplankton biomass relative to phytoplank-
ton biomass varies with the zooplankton assimilation efficiency and the phytoplankton
specific mortality rate. When the zooplankton assimilation efficiency is high and the
phytoplankton specific mortality rate is low, a change in the specific growth rate of
phytoplankton relative to that of zooplankton causes the greatest increase in the ratio
of zooplankton to phytoplankton biomass.

The influence of the grazing function on the model output is examined by replacing

A in equation 4.12 by the different grazing formulations (equations 4.8 to 4.10),

PG, d
Ay = =— (4.15)
k2+ P2 B
Xy = G (1 — e~ FUIR0S)/kay g (4.16)
A3 = G P(in0.5)/k,(1 — e~ FP(In05)/ks) = % (4.17)

For each of these equations, the magnitude of the ratio of phytoplankton biomass

to the half-saturation constant of grazing (P/k,) was computed, and are shown in
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Figure 4.5: The ratio of zooplankton biomass (M) to phytoplankton biomass (M)
at steady-state as a function of the phytoplankton specific growth rate (d~') relative
to the zooplankton specific growth rate (d~') for different values of the zooplankton
assimilation efficiency (8) and the ratio of phytoplankton specific mortality rate to
phytoplankton specific growth rate (m/pm (4w + 74); dimensionless). Efficiency in
assimilation and growth translates into greater accumulation of zooplaniton.
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Figure 4.6: Non-dimensional steady-state solution of phytoplankton biomass (P; pM)
relative to the half-saturation concentration of grazing (k,; #M) as a function of the
ratio of zooplankton maximum specific grazing rate (Gy,; d~1) to zooplankion specific
mortality rate (d; d~!). Solutions are presented for different grazing formulations: a)
Ap; equation 4.15, b) Ay; equation 4.16, and ¢) A3; equation 4.17.



Fig. 4.6 for a range of parameter values. In each of the grazing formulations, the
ratio of phytoplankton biomass to the half-saturation constant of grazing (P/k,)
decreases non-linearly with the increase in the ratio of the zooplankton maximum
grazing rate to its mortality rate (G,,/d). At higher values of the ratio G,,/d, phyto-
plankton biomass is under grazing control and approaches zero. There is a minimum
value of G, /d above which steady-state can be reached. Just above this minimum
value, phytoplankton biomass is high since it is not grazing controlled. Below this
value, zooplankton are unable to suppori themselves against their mortality rate. At
lower zooplankton assimilation efficiencies, this minimum value increases and phy-
toplankton biomass approach zero more slowly. The main difference among these
formulations is in the minimum value of the ratio of zooplankton grazing rate to the
zooplankton specific mortality rate which is required to obtain a steady-state. The
value is similar for the grazing formulation A; and A, while it is lower for A3 (I'ig.
4.6). Because of that, a steady-siate solution can be o tained in ihe widest range
of purameters values using A3 (i.e. Mayzaud and Poulet formulation). However, in
this formulation, the grazing rate never reaches a saturation level, so the maximum
grazing rate parameter, G, is not physiologically meaningful.

Another difference among these formuiations is that at higher values of ihe grazing
rate compared to the mortality rate (G,./d; i.e. phytoplankton biomass is grazing
controlled) for any given zooplankton assimilation efficiency (8), the steady-state
ratio of phytoplankton biomass to the half-saturation constant of grazing (P/s,) is
higher for A; and A3 than for A;. Franks et al. [1986] compare the responses of Ay anda
A; grazing formulations at a value of G, /d of 7.5 and B of 0.7, which correspond to
a steady-state values of P/k, of about 0.3 and 0.45 respectively, and concluded that
A3 leads to more stable and robust models. Thus, at values of P/k, <0.5 (i.e. low
food concentration), where the grazing formulations A; and A3 nave similar behavior,
we can infer that the grazing formulation A; is also more stable than A,. Because of
that, in this model we have chosen A; (s-shaped formulation) rather than Ay (Ivlev

formulation) to represent zooplankton grazing. Since the zooplankton assimilation
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efficiency is constant in this model, the use of A3 grazing formulation would imply
that the zooplankton growth rate is limitless which is not realistic. Thus, by replacing
A by Ay, equation 4.12 can be written as,

P= (4.18)

d

Equation 4.18 (=equation 4.12) determines the phytoplankton abundance at
steady-state which is given solely by the zooplankton parameters and is indepen-
dent of the nitrate input. Phytoplankion biomass is directly proportional to the
half-saturation constant of grazing (k) and decreases nonlinearly with the increase
in the maximum grazing rate (G, ) and the zooplankton assimilation efficiency (8),
and with the decrease in the zooplankton specific mortality rate (d).

Equation 4.13 determines the concentration of nitrate at steady-state which is
given by the difference between the nitrate concentration below the mixed layer (N,)
and the ratio of phytoplankton nitrate uptake (Pp.,yn) to water transport (F'). Note
that the solutions for N <0 are invalid since a concentration can not be negative. As
shown in Fig. 4.7 the nitrate concentration in the mixed layer relative to that below
this layer decreases linearly with the increase in the ratio of phytoplankton growth to
nitrate input. The nitrate concentration in the mixed layer decreases taster at higher
values of the normalized nitrate uptake (yy). For example, for typical values of these
parameters in the eastern equatorial Pacific (P=0.5 pM, p=0.7 47, F(¢)=1.7 x 10~ ?
and N,=10 pM) a steady- state nitrate concentratio: in the mixed layer of 5 pM as
observed in this region is obtained when «y is 0.4. Considering that nitrogen is not
limiting phytoplankton growth (yn + v4=1) since it is abundant, then, a low f-ratio
(0.4} is required to keep high residual nitrate in this region.

Combining equation 4.13 and 4.18 for P, we have,

« Kgbm 1 (4.19)

- gmf 1" FN,

N
N,
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Figure 4.7: Non-dimensionalized representation of the isolines of normalized nitrate
uptake (yv) as a function of the ratio of nitrate concentration in the mixed layer (N;
uM) to that below this layer (N,; pM) and the ratio of phytoplankton growth rate
(Ppm; pM d71) to nitrate input (F(£)N; pM d™1).
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As mentioned previously, the ratio of maximum grazing rate to zooplankton specific
mortality rate must be higher than a minimum value o reach a steady-state (i.e.
GmfB/d > 1). Below this value (i.e. when the zoop'ankion are unable to support
themselves against their death rate), the system does not arrive to steady-state but
phytoplankton biomass increases until N is consumed. Above this minimum value, the
normalized nitrate uptake vy increases with the increase in the ratio of the maximum
grazing rate to zooplankton specific mortality rate (G,,/d) and the nitrate input
(FN,; see Fig. 4.8). When G,,/d is just above its minimum possible value to reach
steady-state, a high input of nitrate (low kyu,,/FN,) is necessary even when the
nitrate uptake (yy) is low. At high nitrate inputs (kgpm/F N, < 1) the biomass of
phytoplankton cannot be controlled by grazing (that is, G,,/d must be low) if it is to
consume all the available nitrogen, since vy must be <1. As noted above, the steady-
state solution of the model predicts that for a given nitrate input, the concentration of
nitrate in the mixed layer is higher when the uptake of nitrate is lower. Therefore, at
steady-state, lower f-ratios would be found at higher ambient nitrate concentration.
This is the opposite of expectation based on empirical models [Harrison et al., 1987;
Platt and Harrison, 1985).

Equation 4.14 determines the utilization of ammouia. A significant property of
the solution is that at steady-state the f-ratio (= 1 — y4/(*ya + yn)) is directly
influenced by the production of ammonia (efficiency of recycling) and it is independent
of the nitrate concentration. Most of the variations in the f-ratio are due to changes
in the zooplankton excretion rate, the zooplankton assimilation efficiency and the
regeneration efficiency of dead zooplankton (Fig. 4.9). The effect of changes in
the regeneration efficiency of dead phytoplankton (a) is small since in most of the
ocean, the phytoplankton mortality is low (< 30% of the growth rate). Note that high
efficiencies of nitrogen regeneration (f-ratio <0.1) as those reported in the oligotrophic
ocean are only obtained at very high rates of the regeneration efficiency parameters

(b and ¢ >0.9).
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Figure 4.8: Contours of normalized nitrate uptake (yn) at steady-state as a function
of the dimensionless ratio of kg, to nitrate transport (FN.) and the ratio of zoo-
plankton maximum specific grazing rate (Gn; d~') to zooplankton specific mortality
rate (d; d7') for a fixed value of B = 0.4, computed for different levels of residual
nitrate: a) all nitrate is consumed; N/N.=0, b) 70% of the nitrate input is consumed;
N/N,=0.3, and c) 50% is consumed; N/N,=0.5.
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Figure 4.9: f-ratios at steady-state as a function of zooplankton excretion rate (b),
regeneration efficiency of dead zooplankton (¢) and zooplankton assimilation efficiency
(B) for a fixed value of the regeneration efficiency of dead phytoplankton a =- 0.5 and
the ratio of phytoplankton specifc mortality rate to phytoplankton specific growth

rate m/pm (Y~ +74) = 0.1 (dimensionless).
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To summarize, at steady-state: 1) phytoplankton biomass is set only by the zoo-
plankton parameters (8, Gm, k; and d), 2) the f-ratio is determined only by the
regeneration efficiency parameters and is independent of nitrate concentration, 3)
higher nitrate concentrations in the mixed layer are obtained at lower f-ratios, and
4) the value of the ratio of maximum grazing rate to zooplankton specific +ortality
rate alters the steady-state nitrate and phytoplanktor. concentration and determines
if the system arrives to steady-state. It is useful to remember that steady-state solu-
tions contain no information on causality, so it is not legitime to conclude too much

about food web interactions.

4.4 Variability in the input of nitrate

Model simulations with periodic variations in the nitrate supply from the lower layer
were used to explore the effect of variability in the input of nitrate on phytoplankton
biomass and new production. The supply of nitrate (F'(¢)N) to the mixed layer
was simulated as a small constant transport (Fp) and a temporally variable flux

represented as a cesine function,

F(t) = F + %(1 + cos(2mwt)) (4.20)

where w is the vertical velocity, H is the depth of the mixed layer, w is a given
frequency and ¢ is time. The value of Fy used in the simulation is similar to the
turbulent nitrate transport reported by Lewis et al. (1986) in the North Atlantic.
Two different amplitudes of the nitrate input were obtained by changing the vertical
velocity. The two values were 1 m d™!, corresponding to the mean upwelling velocity
of the equatorial Pacific upwelling region [Brady and Bryden, 1987; Halpern et al.,
1989] and 0.25 m d~!, which is more appropriate to generate the input of nitrate
typical elsewhere in the open ocean. The input of nitrate was supplied as a series

of pulses with periods of 2, 4, 7, 14, 30 or 90 days in an attempt to mimic nutrient
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enrichments that may be associated with weather everts. The set of differential
equations comprising the model were solved numerically by the Runga-Kutta fourth-
order method. Time steps of 3 hours were used to solve the equations to minimize
errors in numerical integration; diurnal variations in processes were not represented
in the model. The simulations were run until the same cycle was achieved.

The parameter values used in the simulations are within the range of measured
values and are summarized in Tables 4.1, 4.2 and 4.3. Given the importance of
the value of the zooplankton parameters (G, k; and d) to the model outpat, and
because there is very little experimental or observational basis for choosing specific
values, we ran the model with different values of the grazing parameters (Tables 4.2
and 4.3). The values of the parameters were chosen such that, under the same amount
of nitrogen input but at a constant rate, the steady-state zooplankton biomass (Z)
was lower, similar to, and higher than, the phytoplankton biomass (P). Likewise,
the biomass of phytoplankton was lower, close to, and higher than, the value of the
half-saturation constant of grazing k,. The value of the half-saturation constant of
nitrate uptake was set higher (ky=0.5 pM) in simulations using a relatively high
nitrate input (w= 1 m d™') than in the low input case (ky=0.1 M, w=0.25 m d ').
The initial values of N, A, P and Z for each simulation were set at the steady-state
values for the set of parameters used and are given in Tables 4.2 and 4.3. In the
analysis of the simulation outputs, variations in the concentrations of N, 4, P and
Z lower than 0.05 (pmol-N/1) were considered not significant.

Examples of the time response of nitrate, phytoplankton and zooplankton con-
centrations at two different frequencies of nitrate input (periods of 4 and 14 days)
are shown in Fig. 4.10 and Fig. 4.11 for simulations with a high and a low input of
nitrate, respectively. With the higher input of nitrate (w=1 m d~'), simulations of
the model were only possible using P/k, <1, since a non steady-state solution was
found otherwise. Simulations with P/k; > 1 produce large limit cycle oscillations of
phytoplankton and zooplarkton which have not been observed on field studies in the

equatorial Pacific region. In all the simulations where the model variables responded
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Table 4.2: Zooplankton parameters used in simulation with w=1 (m d™') and the
steady-state values of the medel variables.

Parameters 1 II Im 1v vV VI
Z|P <l <1 ~1 ~1 >1 >1
Plk, <l ~1 <1 ~1 <1 ~1

Gm 9.00 3.50 5.00 1.90 2.25 0.90
k, 0.60 0.30 0.60 0.29 0.60 0.30
d 0.70 0.70 0.35 0.35 0.15 0.15
P 0.30 0.31 0.29 0.28 0.29 0.28
VA 0.14 0.14 0.26 0.25 0.56 0.55
N 4.10 3.90 4.26 4.29 4.00 4.05
A 0.11 0.11 0.11 0.11 0.10 0.10
N 0.40 0.41 0.41 0.43 041 043
Y4 055 0.55 0.55 0.54 0.52 0.54
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Table 4.3: Zooplankton parameters used in simulation with w=0.25 (m d"!) and the
steady-state values of the model variables.

Parameters VII VIII IX X XI XII XIII XIv XV |

Z|P <l <1 <1 ~1 ~1 ~1 >1 >1 >1
Pk, <l ~1 > <1 ~1 >1 <l ~1 >1

5.00 3.10 1.70 4.50 1.80 1.00 2.50 0.90 0.45
0.20 0.20 0.10 0.30 0.15 0.11 0.32 0.15 0.09
0.60 0.60 0.60 0.35 035 0.29 0.16 0.16 0.14
0.13 0.19 028 0.15 0.15 0.18 0.14 0.14 0.18
0.07 0.07 0.06 0.12 0.12 0.15 0.26 0.26 0.29
0.50 0.08 0.04 0.23 0.24 0.09 0.28 0.35 0.08
0.07 0.01 0.01 0.03 0.03 0.01 0.04 0.06 0.01
0.38 0.26 0.18 033 0.33 0.28 0.36 0.36 0.28
0.56 0.42 0.25 0.53 0.53 0.44 0.50 0.50 0.39

23T rNnTasR
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Figure 4.10: Model output of nitrate, phytoplankton and zooplankton concentrations
for a simulation with a high amplitude (w = 1 m d™') of nitrate inputs of: a) 4 days
periods, and b) 14 days. Parameters values correspond to simulation IV (Z/P ~ 1
and P/k, ~ 1) and are shown in Table 4.2.
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Figure 4.11: Model output of nitrate, phytoplankton and zooplankton concentrations
for a simulation with a low amplitude (w = 0.25 m d™!) of nitrate inputs of: a) 4 days
periods, and b) 14 days. Parameters values correspond to simulation XII (Z/P ~- 1
and P/k, > 1) and are shown in Table 4.3.
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to fluctuations in the input of nitrate, the frequency of response was the same as that
of the nitrate input. Results from these simulations show that only the concentration
of nitrate in the mixed layer changes significantly with variations in the nitrate input
at all frequencies (Fig. 4.12). The range of nitrogen concentration increases at lower
frequencies and was independent of variations in the zooplankton parameters. In all
simulations (I to VI) there was a similar time delay between the maximum input of
nitrate and the maximum concentration of nitrate in the mixed layer that was longer
at lowest frequencies (Fig. 4.13).

In comparison, phytoplankton and zooplankton biomasses did not show responses
to variations in the input of nitrate at periods shorter than 7 and 14 days respectively.
Also, at these frequencies, phytoplankton biomass only responded in simulations (II,
IV and VI) where the value of P/k, was close to 1 (i.e. grazing control was weak)
and its increase was small {<0.2 pmol-N/1). In comparison, zooplankton biomass
responded mainly in simulations where the ratio of zooplankton to phytoplankton
biomass was higher than 1 (simulations V and VI). The time delay between the max-
imum input of nitrate and the maximum increase in zooplankton biomass was shorter
in the simulation where phytoplankton biomass was similar to the half-saturation con-
stant of grazing (simulation VI). New production respond~d to the same frequencies
as phytoplankton biomass. Also, the variations in the biomass of phytoplankton and
that of new production were highly correlated (Table 4.4a). The small effect of vari-
ations in the input of nitrate on phytoplankton biomass and new production in these
simulations (I to VI) is not surprising considering that the phytoplankton is growing
at rates close to its maximum (~95%, see 41 + 2 in Table 4.2).

In model simulations with the lower input of nitrate (w=0.25 m d™!), the response
of phytoplankton to variations in the input of nitrate increases with the increase in
the ratio of phytoplankton biomass to the half-saturation of grazing (P/k,) and the
decrease in the zooplankton to phytoplankton biomass ratio (Fig. 4.14). At low val-
ues of P/k, (<1, i.e. when phytoplankton is grazing controlled), of the frequencies
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Figure 4.12: Amplitude of variations in the concentration of phytoplankton (circles;
10! pM), zooplankton (squares; 10~! pM), and nitrate (diamonds; gM) at different
frequencies of the nitrate fluctuations for simulations with high input of nitrate (w-
1 m d-'). Parameter values used in each simulation are given in Table 4.2.
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Table 4.4: Matrix of correlation between the variation of ammoria (A), nitrate (N),
phytoplankton {P), zooplankton (Z), new production (Pyn) and regenerated pro-
duction (P+y4) for different nitrate input, all simulations combined

AA AN AP AZ APy

T
a) high nitrate input
AV | 1.00
AN 0.75 1.00
AP 0.31 0.05 1.00
AZ 0.22 0.05 0.72 1.00

APyy 054 016 0.84 0.69 1.00
APyp 026 008 062 055 0.53

b) low nitrate input

AA 1.00

AN 0.78 1.00

AP 0.12 0.00 1.00
AZ 0.43 0.15 0.62 1.00

APyN 0.15 0.03 0.61 0.55 1.00
APvp 0.36 0.09 0.67 0.69 0.58
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)

zooplankton (squares) and, nitrate (diamonds) at different frequencies of the nitrate
fluctuations for simulations with low input of nitrate (w= 0.25 m d~!). See Table 4.3
for values of the parameters used in each simulation.
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used, phytoplankton respond only at the lowest frequency (90 days). Thus, an in-
crease in the input of nitrate causes a rise in the phytoplankton standing-stock only
when it can not be grazed sufficiently rapidly by zooplankton. Similarly, the rate of
new production only changes with variations in the input of nitrate when the values
of P/ky are close to or higher than 1 and, thus, variations in phytoplankton biomass
are significant correlated to variations in the new production rate (Table 4.4b). In
contrast, variations in the concentration of nitrate in the mixed layer are not cor-
related to variations in phytoplankton biomass or new production. The response of
zooplankton biomass is not marked in any of the simulations. The concentrations
of nitrate in the mixed layer respond to higher frequencies of nitrate input (periods
>4 days) than phytoplankton biomass (periods >7 days) and zooplankton biomass
(periods >14 days). As periods of nutrient disturbance become shorter than 7 days,
the variations of phytoplankton and zooplankton do not follow the fluctuations of
nutrients in any of the simulations.

To summarize, the results from model simulations with periodic variations in
the input of nitrate indicate that: 1) phytoplankton biomass and new production
do not respond to variations in the nitrate input when phytoplankton is growing
at its maximum capacity, or when it is limited by grazing, even when the input of
nitrate to the euphotic zone is high, 2) nitrate fluctuations at periods of less than or
equal to 4 days do not influence phytoplankton biomass and new production. This
lack of response at high frequencies is likely due to the similar phytoplankton and
zooplankton growth rates used in the model runs, 3) the response of phytoplankton
to variations in the input of nitrate is greater when phytoplankton biomass is higher
than the half- saturation constant of grazing and when the raiio of zooplankton to
phytoplankton biomass is low (i.e. grazing control is low), and 4) variations in the

phytoplankton biomass are correlated with variations in the rate of new production.
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4.5 Discussion

In this study, a plankton model with four compartments has been used to explore the
effect of periodic variations in the input of nitrate on phytoplankton biomass and new
production. The mode! has been kept as simple as possible in order to understand
its fundamental interactions and to evaluate its dependencies on critical parameters.
However, the response of the model is ultimately limited by the uncertainties in the
model’s structure and parameter values. Even simple biological models, like the one
used here, contain a large number of parameters which are difficult to measure, and
only represent the typical value of the mixed populations of phytoplankton and zoo-
plankton present. Therefore, rather than focusing on modeling a particular region, we
have tried to simulate a wide range of oceanic conditions. By modifying the model’s
structure and analyzing the steady-state solutions over a wide range of parameter val-
ues, we have tried to determine the sensitivity of the model to individual processes.

In the following, we discuss specific points of interest that result from these analyses.

4.5.1 The role of predation on surface nitrate concentration

In most planktonic models, the predation term is parameterized to avoid developing
an equation for the next higher trophic level. This is either done through density-
dependent or constant mortality of the prey. Steele and others [Steele, 1976; Steele
and Henderson, 1981] have found that the functional form of the zooplankton mor-
tality and the values given to this parameter have a marked effect on the stability
of the model. Steele and Henderson [1992] have shown that models with a constant
mortality rate, as the one used in this study, can produce limit cycle oscillations of
zooplankton and phytoplankton when the nitrate flux to the mixed layer is very high.
Thus, they conclude that in systems with constant zooplankton mortality, nutrient
limitation may be necessary to prevent limit-cycle behavior. In comparison, in models
with zooplankton density-dependent mortality rates, large values of the steady-state

nutrient concentration relative to the half-saturation concentration of nutrient uptake
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can be obtained with an appropriate choice of coefficients [Frost, 1987; Hofmann and
Ambler, 1988]. In this study, we have been able to obtain a steady-state solution at a
high input of nitrate even though a constant zooplankton mortality was used. To do
this, phytoplankton must be grazing controlled and must be using mostly regenerated
forms of nitrogen. This is in agreement with field observations in oceanic regions hav-
ing high concentrations of surface nitrate such as the eastern equatorial Pacific and
the northeast Pacific where f-ratios lower than 0.4 have been found [Murray et al.,
1989; Dugdale et al., 1992]. Thus, the different ratios of nitrate concentration to the
half-saturation constant of nitrate uptake found in those previous models seem to be
the result of the formulation and parameters used in modeling the nitrogen uptake,
rather than due to the use of a constant predation rate. In most studies, the sig-
nificance of the nitrogen uptake formulation in determining the model output is not
investigated. Results from this study stress the need to improve the formulation of
nitrate uptake in a way that realistically reflects the natural environment particularly
when new production is the variable of interest.

Model simulations with a high input of nitrate, similar to that found in the eastern
equatorial Pacific region, indicate that grazing control of phytoplankton biomass is
necessary to achieve a steady-state. If grazing control is less important (P/k, >1; i.e.
zooplankton grazing approach saturation level as shown Fig. 4.4) large fluctuations
in phytoplankton and zooplankton biomasses were obtained. In the equatorial Pacific
region, Walsh [1976] suggested that herbivory by grazers was the process responsi-
ble for the high nutrient and low chlorophyll concentration found in this region. He
suggested that this grazing control results because, in contrast to continental shelf
regions, there is a lack of physical variability on time scales of days to weeks. This
farilitates a close coupling between the growth of phytoplankton cells and zooplank-
ton grazing. It has recently been recognized, however, that the protozoan consuiners
of small phytoplankton are capable of extremely fast specific growth rates, exceeding
those of their prey. This allows rapid development of tight coupling between herbi-
vores and small phytoplankton [Banse, 1982; Goldman et al., 1985]. In the equatorial
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Pacific region where phytoplankton biomass is dominated by small cells [ Chavez, 1989;
Petia et al., 1990] a lack of physical variability is not necessary for grazing control of
small cells. Thus, the physical disruption hypothesis will only apply to larger phyto-
plankton and to the slowly responding metazoan herbivores. Alternatively, iron could
be limiting phytoplankton growth and nitrate utiliz ion in this region [e.g. Martin
et al., 1991]. Results from this model suggest that even if there were variability in
the input of nitrogen, phytoplankton biomass would not significantly increase with-
out a release from grazing control. Only the concentration of nitrate in the mixed
layer would show variations. This is supported by the field observation of Carr[1991]
where a significant change in nutrient concentration over a 6 day study was observed
at the equator at 150° W. However, during this period, vertical profiles of important
biological properties (i.e. in situ fluorescence and beam attenuation) showed very
little day-to-day variability.

Examining the Peruvian upwelling region, Minas et al. [1986] suggested that the
existence of grazing pressure at the beginning of the phytoplankton bloom (i.e. in
the upwelled source water) appears to be of major importance in determining the
utilization of nitrate. In the same region, Dortch and Packard [1989] found that the
chlorophyll to protein ratio of particulate matter, a relative index of phytoplankton
to total biomass, was low and similar to the value found in oligotrophic waters. This
led them to suggest that most of the biomass in this region consists of bacteria and
zooplankton, but at much higher levels of phytoplankton biomass than in oligotrophic
regions. This is in agreement with model results that show lower response when
zooplankton to phytoplankton biomass is high. Thus, in different regions of the
ocean, even though the biomass of phytoplankton may be different, the proportion of
zooplankton to phytoplankton may be similar and therefore the response to variations

in the input of nitrate is independent of the biomass of phytoplankton.
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4.5.2 Control of phytoplankton biomass in oligotrophic

ocean

There is often considerable uncertainty as to whether nutrients limit the specific rate
of phytoplankton growth or its biomass. Goldman et al. [1979] showed that phyto-
plankton cells growing in cultures had constant elemental ratios approximating the
Redfield ratio only when growing at rates close to their maximum. Since several stud-
ies have found that in the ocean, the C/N ratio of particulate matter is usually in the
Redfield ratio, it has been suggested [Goldman et al., 1979] that phyloplankton cells
are growing at maximum rates. They have also suggested that the specific growth
rate of phytoplankton is independent of the concentration of ambient nutrient, and
only the abundance of phytoplankton would be a function of nutrient supply. In this
study, the steady-state solution of the model indicates that zooplankton parameters
are of critical importance in determining phytoplankton biomass and nitrate concen-
tration. Whether the phytoplankton biomass is grazing controlled or nitrogen limited
depends on the grazing parameters. When phytoplankton is controlled by grazing,
its biomass can be kept low; high specific growth rates can be achieved even at low
nitrate concentrations. Thus, if phytoplankton growth is tightly coupled to zooplank-
ton grazing and nutrient regeneration, high growth rates of phytoplankton need not
be exclusively found in environments of high new nitrogen availability. However, if
phytoplankton cells are growing at a rate close to maximum as suggested by Goldman
et al. [1979], the possibility of them taking advantage of enhanced pulses of nitrogen
is marginal.

In offshore oligotrophic areas, where the nutrient depleted zone is isolated from
deeper waters rich in nutrients by a seasonal or permanent thermocline, the nutrient
input in the upper layer occur on scales that range from a small, more or less continu-
ous flux through the nutricline to larger episodic fluxes associated with destabilization
of the mixed layer, as upwelling or deepening of the mixed layer [Klein and Coste,
1984; Jenkins, 1988]. For example, in the Sargasso Sea, physical variability at time
scales of 2-4 days has been found [Glover et al., 1988; Dickey et al., 1990]. Results
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from simulations of periodic variation in nitrate inputs show different responses if the
system is nitrogen limited or grazing limited. Qur model suggests that the response of
phytoplankton to variations in the input of nitrate is low if phytoplankton are under
grazing control or if they are nitrogen saturated. In this case, only the concentra-
tion of nitrate increases. In contrast, if phytc-lankton cells are nutrient limited they
can respond to an input of nitrate by increasing their biomass. In the Sargasso Sea
during winter conditions, for example, when disturbances in the mixed layer occur
more often, elevated values of nutrients (>0.6 pM; Dickey et al., 1992) have been
found. Also, Eppley and Renger [1986] have reported nanomolar increases in surface
layer nitrate concentration following a small wind event in stratified California wa-
ters. Thus, these increases in nitrate concentration, without corresponding increases
in phytoplankton biomass, suggest grazing control in these regions.

The response to variations in the input of nitrate by the planktonic community
will likely vary depending upon whether the herbivore stock consists predominantly of
macrozooplankton or microzooplankton. Strom and Welschmeyer [1991] found that
zooplankton grazing rates were most closely matched with growth rates for small
(<10 pm) phytoplankton species. In the Sargasso Sea, elevated nanomolar increases
in surface nitrate concentration were accompanied by high rates of primary production
and were followed 48 hours later by a 50% net increase in Synechococcus cell numbers
[Glover et al., 1988]. However, the increase in Synechococcus numbers was only about
27% of what could be supported by the nitrate increase. They suggested that this
resulted from close coupling between production and grazing during the transient
bloom based on their observation that the number of keterotrophic flagellates doubled.
In southern Kattegat (Denmark), Nielsen and Kiorboe [1991] found that primary
production increased and the size distribution of the phytoplankton changed towards
larger cells subsequent to a storm. A change in the size distribution of phytoplankton
after an input of nitrate could occur if the dominant small phytoplankton were growing
at, or near maximum growth rates and subsequently large phytoplankton cells, that

were nitrogen limited, increased.
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4.5.3 Role of variations in the nitrate input on new produc-
tion

The importance of episodic injections of nutrients [Cullen et al, 1984; Eppley and
Renger, 1988; Jenkins, 1988; Marra et al., 1990] in fueling new production has be-
come apparent only recently. Along the outer U.S. southern shelf, Hoffman and
Ambler [1988] found that episodic upwelling resulting from frontal eddies and bottom
intrusions at a frequency of four to six weeks brings nutrients to the upper layer and
produces productive but short-lived phytoplankton blooms | Yoder et al., 1983; Yoder
et al., 1985]). Durirg these events, Yoder et al. [1983] estimated that approximately
75% of the production was new production. Results from our model indicate that
variations in new production rates were associated with variations in phytoplankton
biomass. Thus, the contrel of phytoplankton biomass by zooplankton grazing may
play an important role in setting the upper limit of the photosynthetic nitrate uptake
rate. In contrast, it has been suggested [e.g. Martin et al., 1989; Barber and Chavez,
1991] that iron could be controlling phytoplankton biomass and new production. The
concept that new production may be primarily correlated with algal standing stock
may be of general importance on a global scale. For example, since small phyto-
plankton cells are more likely to be grazing controlled than large ones, the growth
rate of large phytoplankton could be very important to new production [Goldman,
1988; Michaels and Silver, 1988; Legendre and Le Fevre, 1989], and factors that keep
large phytoplankton in check may be the principal control of nutrient utilization. In
the Sargasso Sea, it has been estimated [Goldman, 1993] that to attain the level of
annual new production of 5 mol Oy m™2 y~! [Jenkins and Goldman, 1985] one 18-day

bloom per year or five 10-day blooms per year are required.

4.5.4 Control of f-ratio

Results from our model show that f-ratios are determined by the recycling efficiency

of the individual components of the system. The recycling efficiency is a function of
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the excretion-to-ingestion ratios of organisms at each trophic level as well as the com-
plexity of the food web. Thus, the f-ratio depends on the structure and dynamics of
the local food web. In oligotrophic waters, it has been found [Eppley et al., 1973] that
ammonia may supply more than 90% of the nitrogen necessary for primary produc-
tion. The regeneration efficiency of the system is mostly determined by the excretion
rates of zooplankton and the efficiency at which the dead zooplankton is remineral-
ized. High regeneration efficiencies are only obtained when these values are very high.
Similarly, King [1987] reported that the values of the ratio of excretion to ingestion
necessary to achieve a recycling efficiency of 0.9 are greater than the average reported
physiological ratios reported in the literature. Some studies [Gaudy, 1974; Valiela,
1984] have found that the zooplankton assimilation efficiency tends to decrease with
ingestion rate, suggesting that in oligotrophic regions the recycling efficiency is low.
In contrast, Dagg and Walsen [1987] noted that in low food concentrations, the fe-
cal pellets produced are smaller, less dense and more fragile than those produced at
higher food concentrations. Thus, they could be more easily recycled to ammonia.
In the transfer of phytoplankton nitrogen to higher trophic levels, nitrogen can be
lost by the sinking of fecal pellets and detritus from the euphotic zone and by being
changed to forms not used by phytoplankton (e.g. some form of dissolved organic
nitrzogen). Many zooplankton migrate vertically, remaining below the thermocline
during the day and any nitrogen excreted or defecated during this time will be lost
from the euphotic zone [ Longhurst and Harrison, 1988]. An additional loss of nitrogen
not available for phytoplankton consumption which has been neglected in the model
is the uptake of ammonia by bacteria. Heterotrophic utilization of ammonia could
lead to an overestimate of phytoplankton ammonia uptake. Up to now, little has been
done to determine the potential significance of nitrate fluctuations for phytoplankton
growth, and biomass accumulation, and it is not clear over which scales these fluc-
tuations are most important. In this study, we have tried to address these questions

through model simulations with different frequencies of variability in the input of
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nitrate. Results indicate that if phytoplankton growth is tightly coupled to zooplank-
ton grazing and nutrient regeneration, high growth rates of phytoplankton need not
be found exclusively in environments of high new nitrogen availability. However, if
phytoplankton is growing at its maximum capacity, phytoplankton biomass and new
production will not be enhanced by a pulse of nitrate into the surface layer. It was
also found that the response of phytoplankton and new production to variations in
the input of nitrate are strongly affected by the grazing parameters and by the ratio
of zooplankton to phytoplankton biomass. It is also dependent on the frequency of
nutrient fluctuations being higher the response at low frequencies. Therefore, the
availability of nitrate seems to be less directly important to phytoplankton growth

and biomass than previously suggested.



Chapter 5

Conclusions

This thesis has focused on the rates of new production in the tropical Pacific region
and on the factors that influence this rate. Defermination of new production rates
on a transect across the equatorial Pacific permitted the comparison of these rates
over a region of varying nitrate availability. The observed vertical and horizontal
distributions of new production were then discussed in terms of current hypotheses
to account for persistence of nitrate in this region. An analysis of the nitrate balance
in the warm waters of the tropical Pacific, where upwelling of nitrate is considerably
less important than in the cooler, east waters, reveals that a significant fraction of
the new production is due to the horizontal advection of nitrate from the eastern
equatorial Pacific. Therefore, although most of the nitrate upwelled in the eastern
equatorial Pacific is not utilized locally, it is used by phytoplankton cells away from
this region. In addition to examining spatial variations of nitrate input, the influence
of temporal fluctuations in the nitrate input on phytoplankton biomass and new
production was investigated. The analysis reveals that temporal fluctuations in the
input of nitrate cause an increase in phytoplankton biomass and new production only
when phytoplankton is not growing at its maximum capacity or when phytoplankton
is not strongly grazing controlled.
The results from Chapter 2 indicate that:

o Latitudinally, higher rates of new production were observed near the equator
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coinciding with higher concentrations of chlorophyll a and nitrate.

o Despite significant variation in nitrate concentration, variability of phytoplank-

ton biomass and production was low along the transect.

e Most of the production in the nutrient rich equatorial region was fueled by

nitrogen regenerated in the euphotic zone rather than nitrate.

The low utilization of available nitrate in the equatorial region was likely the con-
sequence of grazing. A high grazing pressure in the equatorial Pacific region would
reduce the absolute nitrogen consumption by reducing phytoplankton biomass, and
also would increase the availability of regenerated nitrogen (i.e. ammonia). Since
ammonia is generally the preferred form of N used by phytoplankton, its availability
may be an important regulator of new production in this nitrate-rich environment.
In Chapter 3, a nitrate budget over the warm waters of the tropical Pacific is

presented. The main conclusion are:

e The average depth-integrated rate of new production resulting from vertical
turbulent fluxes of nitrate was found to be similar in magnitude to that due to

advective transport.

e Most (about 75%) of the advective transport of nitrate was due to horizon-
tal transport (zonal and meridional) of nutrient-rich water from the eastern

equatorial Pacific rather than from equatorial upwelling.

The determination of new production resulting from the vertical turbulent transport
of nitrate was based on fluxes of heat at the sea-surface and the nitrate-temperature
relationship at subsurface depths. This approach can be applied to other regions
of the world’s ocean. The possibility therefore exists to estimate new production
from remotely-sensed observations, not requiring the determination of physiological
parameters of nitrate uptake from ship observations that are notoriously variable.
In Chapter 4, a simple biological model of the mixed layer was used to study
the effects of fluctuations in the input of nitrate on phytoplankton biomass and new

production. The most significant results from this model suggest that:
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o The steady-state f-ratio is determined only by the regeneration efficiency of the

planktonic system and is independent of nitrate concentration.

¢ Phytoplankion biomass does not respond to variations in the nitrate input if it
is growing at its maximum capacity or if it is grazing-limited, even when the

nitrate input to the euphotic zone is high.

s Phytoplankton biomass at steady-state is set only by the zooplankton parame-
ters (i.e. zooplankton assimilation efficiency, specific mortality rate, maximum

grazing rate and the half-saturation constant of grazing).

e The value of the maximum zooplankton grazing rate relative to the zooplankton

mortality rate was critical to achieve a steady-state solution.

e From the frequency response, it was found that periods less than or equal to 4
days did not influence phytoplankton biomass and new production. On longer
time scales, the magnitude of the increase depends on the frequency and mag-

nitude of the fluctuations, as well as on the zooplankton parameters used.

The general results of this thesis indicate that zooplankton grazing may play a
crucial role in determining the magnitude of new production. Additional work is
needed to elucidate the effect of iron availability on nitrate utilization and on the size
structure of phytoplankton populations. However, even though iron could increase
the specific growth rate of phytoplankton and change the size composition of phyto-
plankton towards larger cells, an increase in nitrate consumption may only be possible
if phytoplankton are released from grazing control. This seems unlikely in the equa-
torial Pacific where thc quasi-stationary nature of the equatorial divergence seems to
permit a close coupling between phytoplankton and zooplankton populations. Thus,
although nitrate is necessary for new production, in the equatorial Pacific grazing,

rather than nitrate input, seems to be the dominant regulator of new production.
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