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Biogeochemical cycling in the oligotrophic ocean: Redfield and non-Redfield models
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Abstract

The assumption of fixed elemental ratios in ocean biogeochemical models was tested using the Hawaii Ocean
Time-Series data set from the subtropical North Pacific Ocean, where nutrient-starvation is a permanent condition
for near-surface phytoplankton populations. Two three-element (C, N, P) ecosystem models were coupled to a
mixed-layer model, an inorganic carbon chemistry model, and dynamic pools of dissolved organic C, N, and P
One model has fixed Redfield ratios for phytoplankton (constant ratio model, CRM), whereas the other has varying
ratios (variable ratio model, VRM). The results suggest that the ecosystem is strongly phosphorus limited, but would
be nitrogen limited in the absence of dinitrogen fixation (DNF), and may be nitrogen limited in the lower part of
the euphotic zone. Known sources of phosphorus appear to be close to those required to sustain observed levels of
export, given plasticity of elemental ratios. The vertical profile and seasonal time course of primary production of
organic carbon are simulated well by the VRM but poorly by the CRM, as are surface concentrations of dissolved
organic carbon. The seasonal cycles of air—sea CO, flux and export of organic carbon by sedimentation are similar
in the two models, but there is a slight but persistent bias toward greater downward fluxes in the VRM. The ability
of oceanic phytoplankton to adapt to P stress by reducing cellular requirements can therefore potentially enhance
the oceanic sink for atmospheric carbon over vast areas of low-latitude ocean, but there is potential for saturation

of this enhancement if DNF increases.

The Redfield ratio (RR) is possibly the most robust gen-
eralization in ocean biogeochemistry and a cornerstone of
the field (Redfield et al. 1963; Sterner and Elser 2002). How-
ever, there are systematic deviations from RR whose signif-
icance in global biogeochemical cycles remains poorly
known. Phytoplankton elemental ratios vary with growth
conditions, with the C:N or C:P ratio elevated under nu-
trient limitation; photosynthesis does not cease in the ab-
sence of sufficient nutrients for growth (e.g., Goldman et al.
1979; Geider et a. 1998; Bertilsson et a. 2003). Dissolved
organic matter (DOM) appears to be ailmost universally de-
pleted in N and P relative to the RR (Benner 2002). Many
sedimentation data show increasing C:N and C:P in sedi-
menting particles with increasing depth, implying that re-
mineralization length scales are generally longer for C (e.g.,
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Christian et al. 1997). Selective retention of C in the surface
ocean by accumulation of C-rich DOM and selective export
of C by differential remineralization from sinking particles
may occur simultaneously, or one may dominate, depending
on location and season.

The subtropical gyres encompass a vast area of ocean (~8
X 107 km?) that is for the most part permanently thermally
stratified and depleted of nutrients near the surface. The sub-
tropical gyres account for a large fraction of global export,
in part because of their sheer size (Karl et al. 1996; Emerson
et al. 1997), and phytoplankton production in these nutrient-
starved regionsis likely to deviate from RR (Goldman et al.
1979; Bertilsson et al. 2003). Nutrient stress will increase
the C:N and C: P ratios of primary production, but not nec-
essarily of the standing crop because much of the ““excess”
C may be lost as exudate (Fogg 1983; Karl et al. 1998;
Carlson 2002). Diazotrophy may deplete the upper ocean of
phosphorus, giving rise to elevated C:P and N:P ratios
while C:N ratios may reman near RR (Karl et al. 1992,
1997, 2001a).

The P cycle in subtropical surface waters is more strongly
decoupled from those of C and N than the C and N cycles
from each other (Karl et al. 1992, 1997, 2001a). The large
variability of N:P ratios and minimal variability of C:N
ratios led Emerson et al. (2001) to question the importance
of P limitation for C fluxes, as N : P ratios may be so elastic
as to permit the export of carbon in proportion to the avail-
ability of N. In any case, it is dinitrogen fixation (DNF) that
has driven the ecosystem toward a state of P limitation, but
even nondiazotrophic phytoplankton can have N: P and C: P
ratios significantly in excess of the RR under P limitation
(Bertilsson et al. 2003).

The Hawaii Ocean Time-series (HOT) was established in
1988 as part of the U.S. Joint Global Ocean Flux Study
program. Since October 1988 approximately monthly cruises
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have measured a wide spectrum of elemental pools and bio-
geochemical processes. The HOT data set is unique in that
both particulate and dissolved organic and inorganic carbon,
nitrogen, and phosphorus have been measured consistently
throughout its lifetime (the DOC data set does not go back
quite to the beginning because of changes in methodol ogy).
No other oceanographic program has characterized the com-
plete elemental pools of all three of these elements over an
extended period. This data set is therefore an ideal one for
testing models of C-N-P stoichiometry and biogeochemistry,
because of the length of the time series, the consistency of
the methods used, and the completeness of the data.

Model description

The basic framework of the model is a one-dimensional
(depth—time) grid extending from the surface to 500 m with
a vertical resolution of 1 m. The physical model is the
mixed-layer model of Price et a. (1986). Vertical eddy dif-
fusivity is specified as a hilinear profile with values of 1.0
X 104, 3.0 X 1075 and 0.5 X 105> m? s* at the surface,
250 m and 500 m, respectively; these values were chosen to
approximate the profiles estimated by Christian et al. (1997).
The model’s diffusion subroutine was modified to conserve
tracer mass under nonconstant vertical diffusivity. The mod-
el was run with a time step of 1 h, resulting in Courant
stability limits (Press et al. 1992) of 1.38 X 10~* m? s for
diffusivity and 24 m d-* for advection or sedimentation ve-
locity.

The model was forced at the ocean surface with wind
stress measured at National Data Buoy Center (NDBC) Buoy
51001 (23°24'N, 162°16'W, ~480 km from Station ALO-
HA) with a constant drag coefficient of 0.0014. These data
have been collected on an hourly basis since 1981. Heat
fluxes were calculated according to Gill (1982); modeled sea
surface temperature was used in al heat flux calculations.
Air temperature and barometric pressure from the NDBC
buoy was used in these calculations; specific humidity was
taken from the National Centers for Environmental Predic-
tion (NCEP) reanalysis (Kanay et al. 1996). Surface solar
irradiance was taken from the International Satellite Cloud
Climatology Project (ISCCP) product created by Jim Bishop
(Bishop et al. 1997). Daily data are available for 1983-1993,
from which a climatology was created; in interannual sim-
ulations climatology was used where actual values were un-
available. The diel cycle of irradiance was calculated ac-
cording to Kirk (1994). Solar irradiance was divided equally
between photosynthetically active radiation, with a constant
attenuation coefficient of 0.04 m-*, and infrared, which is
absorbed entirely in the first 1 m. Precipitation was taken
from the NASA Global Precipitation Climatology Project
(Huffman et al. 1997); precipitation rates were adjusted by
constant factor to keep an approximate balance between
evaporation and precipitation, as evaporation significantly
exceeds precipitation at this location. This data set covers
the period 1979-2000. Atmospheric CO, concentrations
were obtained from the continuous monitoring program at
Mauna Loa, Hawaii (Keeling et al. 1976). Monthly data sets
were interpolated linearly to the model time step.

Biogeochemical model—Three-element (C, N, P) models
were constructed, with fixed (Redfield) ratios for phyto-
plankton (constant ratio model, CRM) or with varying ratios
(variable ratio model, VRM). The biogeochemical model
variables are phytoplankton; zooplankton; dissolved organic
and inorganic carbon, nitrogen, and phosphorus; and dis-
solved oxygen. DOM pools are divided into *‘fast” (labile)
and “dow’” (semilabile) pools with turnover times on the
order of 1 d and 1 yr, respectively (cf. Christian and An-
derson 2002). In the CRM, the phytoplankton growth model
is a standard photosynthesis-irradiance curve multiplied by
a nutrient-limitation term that is the minimum of hyperbolic
functions for N and P limitation. Chlorophyll is calculated
diagnostically using a light and nutrient concentration-de-
pendent carbon-to-chlorophyll ratio, and phytoplankton and
zooplankton are in units of phosphorus with C and N pools
implicit. The VRM is based on the model of Geider et al.
(1998), with variable internal cell quotas for N and P. Phy-
toplankton carbon, nitrogen, phosphorus, and chlorophyll are
all prognostic variables; zooplankton are assumed to have
fixed (Redfield) ratios. The maximum cell quotas for N and
P are in RR, whereas the minimum P cell quota is less than
the Redfield equivalent (1/16) of the minimum N cell quota,
implying that the transition from N to P limitation actually
occurs at an N : P ratio considerably higher than the RR (Ter-
ry et a. 1985). A simple light-dependent parameterization
of DNF adds labile organic N to the surface ocean at a rate
that is maximal in summer and at depths of 20-30 m. A
complete model description is given in Web Appendix 1 at
http://mww.asl 0.org/lo/toc/vol 50/issue-2/0646al.pdf. Model
parameters are listed in Table 1.

The fugacity of CO, at the air—seainterface was cal cul ated
using the solubility formulation of Weiss (1974), following
determination of CO,(aqg) from the modeled dissolved inor-
ganic carbon (DIC), temperature, and salinity (Signorini et
al. 2001). Oxygen solubility was determined according to
Weiss (1970). Alkalinity was calculated as a linear function
of salinity on the basis of HOT bottle data (r = 0.94). At-
mospheric CO, observations were corrected for water vapor
following Weiss and Price (1980). Air—sea gas exchange was
modeled using the formulation of Wanninkhof (1992).

Initial conditions for dissolved organic and inorganic car-
bon, nitrogen, and phosphorus; dissolved oxygen; and chlo-
rophyll were derived by fitting polynomials (second or third
order as appropriate) to all of the observations collected dur-
ing December and January. Concentrations of dissolved or-
ganic species at 500 m were assumed to represent a ‘‘ back-
ground”’ pool that is inert on the timescales considered here.
The “labile’” pools were set to zero at initiaization. Initial
concentrations of phytoplankton and grazers were derived
from the mean profile of particulate nitrogen, assuming half
of the total is living biomass, divided equally between the
two. Biomass and labile DOM have very short turnover
times and are not sensitive to initial conditions. In the VRM,
phytoplankton elemental ratios were assumed to be in RR at
initialization. Modeled concentrations of dissolved species
other than labile DOM were continually relaxed back to the
initial conditions at the lower boundary and at depths of
120200 m. The latter is to prevent drift associated with
advection of recently ventilated waters and maintain nutrient
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Table 1. Ecosystem model parameters.

Christian

Symbol Description Units

CRM*:
P e Maximum photosynthetic rate gCgcChl-tht 6.85
Koo Photoacclimation coefficient (uwmol m—2s1)-t 0.32
O Maximum chlorophyll-to-carbon ratio gChl-tgC 0.0278
VRM:
E, Activation energy kJ mol 1 374

Nin Cell minimum N quota gNgC? 0.04

N Cell maximum N quota gNgC* 0.172

- Cell minimum P quota gPgCt 0.0018

P Cell maximum P quota gPgCt 0.0238
W Reference rate of N uptake gNgcC+td+* 0.6
Vb, Reference rate of P uptake gPgCtdt? 0.083
PS Reference rate of photosynthesis gCgCtd? 3

U Rate coefficient for exhudation d— 0.8
Kagr Rate coefficient for chlorophyll degradation d—? 0.02
4 Respiratory cost of biosynthesis gCgN-? 2
Common
gy Initial slope of P-E curve (gCgcChli~*h%) (umol m2s?1)-t 0.045
T Reference temperature K 298
ay Inorganic N uptake parameter mmol -t m? 30
a Inorganic P uptake parameter mmol -t m?3 30
m, Nongrazing mortality rate (linear) d? 0.05
m, Nongrazing mortality coefficient (quadratic) mmol - P m3 d-* 0.05
ag Grazing parameter (mmol P m=3)~1 16
Go Maximum grazing rate parametert d? 48/24
A Assimilation efficiency n.d. 0.8
F. Labile fraction of DOM/POM production n.d. 0.4
Fo Particulate fraction of DOM/POM production n.d. 0.12
K., Light attenuation coefficient m-* 0.044
ke Coefficient for attenuation of particle flux m-! 0.00403
r, Zooplankton specific respiration rate at T, d? 0.05
Ief Labile DOM remineralization rate at T d 0.4
[ Semilabile DOC remineralization rate at T, d—? 0.001
(' Semilabile DON remineralization rate at T, d? 0.0025
() Semilabile DOP remineralization rate at T, d—* 0.0027
Rmax. Maximum rate of dinitrogen fixation mmol -t m=3d-? 0.0146
QpnE Dinitrogen fixation photoactivation parameter mmol ~* m=3 d-* (umol m=2 s1)-* 1.32 X 10°°
Bone Dinitrogen fixation photoinhibition parameter mmol - m=3 d-* (umol m-2 s~)-* 5.27 X 107
Intermediates
G Grazing rate mmol P m=3 d-*
R Grazer respiration rate mmol P m=3 d-*

* CRM, constant ratio model; VRM, variable ratio model; DOM, dissolved organic matter, POM, particulate organic matter; DOC, dissolved organic

carbon; DON, dissolved organic nitrogen; n.d., non-dimensional.
T Common to both models but value differs (first is CRM value).
X =C, N, or P (see equations A20-A22 in Web Appendix 1).

profiles in the upper thermocline as near as possible to their
observed values.

Results

Hydrography—The basic hydrography of the model is
shown in Fig. 1. Sea surface temperature ranges were 23—
27°C, sdlinity 33.7-35.7, and mixed layer depth 1-100 m.
The maximum winter mixing depth only approaches 100 m
in about half the years simulated. Mixed layer depth in sum-
mer rarely exceeds 30 m; the mixed layer shows strong di-
urnal shoaling in all seasons. The means and ranges of all

of these fields are reproduced reasonably well by the model.
The seasonal cycle of salinity is much stronger in the model
than in the observations. A strong trend to increased salinity
occurred from 1997 to 2000. This trend is weaker in the
model than in the observations but the trend is reproduced
(r = 0.72).

Nitrogen and phosphorus fluxes—The rate of DNF is
modeled in a very simple fashion (see Web Appendix 1), so
that additional nitrogen is added to the ecosystem to study
its biogeochemical effects. The modeled mean rate of DNF
is about one-third greater than the estimated annual rate of


http://www.aslo.org/lo/toc/vol_50/issue_2/0646a1.pdf
http://www.aslo.org/lo/toc/vol_50/issue_2/0646a1.pdf

C:N: P ratios in biogeochemical models

AL i

MLD (m)

649

I 'I"Y\“'r‘w nlr-rl R L rmr' r ‘”T“"W,' mr ”, manm

35.5

35

SSS

345

34

1988 1990 1992

1994

1996 1998 2000

Fig. 1. Time series of mixed-layer depth (MLD) and sea surface temperature (SST) and salinity
(SSS) from the mixed-layer model of Price et al. (1986) run with interannual forcing. Solid symbols
are observed values from HOT bottle data base for depths less than 5 m. X-axis labels indicate

beginning of year.

~40 mmol m-2 (Karl et a. 1997). Among the key results
arising from this experiment are that in the absence of DNF
the ecosystem is strongly N limited in both CRM and VRM
(Fig. 2), and that with DNF there is an uncontrolled accu-
mulation of dissolved inorganic nitrogen (DIN) in the sur-
face ocean in the CRM (Fig. 3). In the absence of additional

sources of P there appears to be no way to prevent this from
occurring in a fixed-ratio model.

An additional possible source of N is atmospheric depo-
sition. Although the rate of deposition of N is not known
with certainty, it is considered to be much greater than that
of P (Baker et al. 2003). If a flux of N in precipitation (30
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Fig. 2. Surface TDN: TDP ratios in CRM and VRM with and without dinitrogen fixation. Dots
are observed values from HOT bottle samples for depths <50 m.
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Fig. 3. Depth—~time contour plots of DIN in CRM and VRM (12-
yr simulation with climatological forcing).

pmol L-* was taken as an upper limit for oceanic regions;
Cornell et al. 1995) to the surface of the ocean is included
in the model, it has little effect on production, export, or
carbon flux, above that induced by N, fixation (Table 2). In
the CRM, N is aready in excess (Fig. 3). In the VRM, the
ecosystem is capable of absorbing some additional N, and
small amounts of additional N have a positive effect on pri-
mary productivity. However, at high rates of input, DIN ac-
cumulation occurs even in the VRM, and in the fully spun-

Table 3. Elemental ratios in phytoplankton biomass (mixed lay-
er) and particle flux (300 m). noDNF indicates values for phyto-
plankton biomass in a simulation without dinitrogen fixation. Means
for 1989-2000.

Minimum Maximum Mean Median
Particle flux C:N 6.6 9.0 7.9 7.9
C:P 106.0 141.4 1306  130.8
N:P 14.6 18.7 16.6 16.6
Biomass C:N 8.0 12.1 9.5 9.2
C:P 131.2 408.7 3129 3373
N:P 13.7 47.3 33.7 35.7
noDNF N:N 9.4 16.4 14.3 14.5
C:P 114.8 168.4 1488 151.6
N:P 8.1 14.5 10.4 10.7

up model primary productivity is lower than in the base
simulation (Table 2). In the CRM there is no drawdown of
DIC when additional atmospheric N deposition is added (ex-
cept as atransient during the spin up to steady state), where-
as in the VRM there is a consistent offset of ~2 umol L-*
(Table 2). So in the CRM atmospheric deposition of N, or
elevated rates of DNF, can do little to stimulate production
or export of carbon in the absence of additional sources of P

P limitation in the VRM can potentially be aleviated by
increasing the elasticity of cellular elemental ratios, e.g., by
reducing the minimum P cell quota (Q,,,). The basic simu-
lation has a lower Q,,, for P than N by a factor of 48 on a
molar basis (i.e., one-third of the ‘‘Redfield equivalent’).
Further lowering this quota has little effect on the ecosystem.
For a minimum cell quota half the base value or 1/6 of the
“Redfield equivalent”, surface DIC decreases by <0.1 umol
L-* and DIN increases by ~0.1 nmol L-* (Table 2). Surface
dissolved organic carbon (DOC) increases by 0.15-0.20
pumol L-1, with the maximum difference in summer (not
shown). Primary production of carbon increases by 1-2%
(Table 2).

C:N:Pratiosin phytoplankton in the VRM deviate quite
significantly from RR in the surface ocean, whereas sinking
fluxes of C, N, and P at 300 m do not (Table 3). The mean
modeled sinking fluxes of N and P at 300 m are 94 umol
m-2d-* and 5.8 umol m=2 d-?, respectively, which are sm-

Table 2. Diagnostics of biogeochemical effects of N sources and minimum P cell quota. Base simulation has dinitrogen fixation (DNF)
but no atmospheric deposition, and QF,,, = QN,/48. +atmN indicates atmospheric N wet deposition at a concentration of 30 umol L~ in
addition to DNF; no DNF indicates neither DNF nor atmospheric deposition; PQ6 indicates Q5. = QN,/96 or half of the base value.
Inorganic species concentrations are at the sea surface; PP = depth-integrated primary production in mmol m=2 d-%; export is of C at 150
m depth in mmol m-2 d-*. All are means for the final year of a 12-yr simulation with climatological forcing.

DIC DIN DIP
Model Simulation (umol L) (nmol L-%) (nmol L-3) Export PP
CRM base 1978 696 12 0.99 111
+atmN 1978 2907 12 0.99 11.1
noDNF 1981 74 0.79 8.2
VRM base 1974 0.45 124 36.1
+atmN 1972 723 0.46 1.40 28.4
noDNF 1976 0.41 1.10 35.7
PQ6 1974 0.45 1.25 36.8

* DIC, dissolved inorganic carbon; DIN, dissolved inorganic nitrogen; DIR, dissolved inorganic phosphors, CRM, constant ratio model; VRM, variable

ratio model.
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ilar to the observed fluxes from HOT sediment trap data
(Christian et al. 1997). The N: P ratio is very close to the
RR, whereas C:N and C:P ratios are dightly elevated rel-
ative to the RR (Table 3). Near-surface phytoplankton bio-
mass, by contrast, has C:P and N: P ratios that are two to
three times greater than the Redfield ratios (Table 3). These
ratios show a distinct seasonal cycle with a maximum in
summer (not shown), because both DNF and photosynthesis
are maximal during summer while cell production is limited
by the availahility of phosphorus. In winter (and below the
mixed layer), the N: P ratio falls below the RR because of
the influx of new inorganic nutrients; the inorganic pool is
depleted in N in the lower part of the euphotic zone (Karl
et al. 2001b). Values for a simulation without DNF are also
shown in Table 3; the N stress on the phytoplankton is il-
lustrated by C: N and N : P ratios that are respectively greater
and less than the corresponding Redfield ratios. C: P ratios
are also greater than RR, so an elevated C: P ratio is not by
itself a definitive diagnostic of P limitation.

DOM profiles and turnover times—The vertical profiles
of dissolved organic carbon, nitrogen and phosphorus (DOC,
DON, DOP) can be reasonably well reproduced by assigning
turnover times for the semilabile pools on the order of 1 yr
for N and P and 3 yr for C, and temperature-dependent re-
mineralization with a Q,, of 2.6 (Fig. 4, Table 1, see Web
Appendix 1). The relative rates for the three elements are
based on the observed abundances of the total organic pools,
this aspect of the model therefore estimates an important part
of the solution directly from the data and sheds little light
on mechanisms. A weaker temperature dependence (e.g., a
Qo Of 1.5) tends to cause drift in either surface or thermo-
cline values (not shown).

The constraints given by the HOT data set permit an as-
sessment of the turnover times for the dissolved organic
pools and the partitioning of production of nonliving matter
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Fig. 5. Time course of surface concentration of DOC in variable
ratio model and Redfield ratio model. Twelve-year simulation with
climatological forcing; observed values plotted against day-of-year
for final year only.

among the various pools. However, these parameters are cor-
related and can not all be strongly constrained simultaneous-
ly, i.e., adjusting two parameters simultaneously could give
a more or less equivalent solution, for example, increasing
both the fractional production of semilabile DOP and its re-
mineralization rate. The model nonetheless illustrates a self-
consistent solution for these parameters, with mean lifetimes
at 25°C of about 2.5 d for labile DOM, 1 yr for semilabile
DOP and DON, and 2.75 yr for semilabile DOC (Table 1).
Loss processes other than exudation (which is assigned ex-
clusively to the labile fraction) produce about 40% labile
DOM, 48% semilabile, and 12% sinking particles, i.e., the
estimated turnover times are consistent with about half of
the flux from the living to the nonliving pools going to semi-
labile DOM and about 12% to sedimentation. The decou-
pling of photosynthesis and growth in the VRM produces
significant accumulations of phytoplankton carbon, and
maintaining the observed concentrations of DIC and DOC
(as well as cellular ratios that do not deviate too far from
RR) requires that this **excess” carbon be leaked to the dis-
solved pool and rapidly remineralized (hence the require-
ment that none of this flux goes to the semilabile poal). In
the CRM, by contrast, the concentration of DOC is lower
than observed in near-surface waters (Fig. 5). DOC is one
of the model variables for which no acceptable parameter
set was found that would permit the CRM to reproduce the
observations.

Carbon cycle—A key carbon-cycle process that shows a
stark contrast between the two modelsis primary production.
Seasonality of primary production is weak at Station ALO-
HA (Fig. 6). Depth-integrated primary production is maxi-
mal in summer (Fig. 7), and most primary production occurs
in the surface mixed layer (Fig. 6). The decoupling of pho-
tosynthesis, chlorophyll synthesis, and cell production in the
cellular-regulation model is necessary to achieve a redlistic
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simulation of these observations (Figs. 6, 7). The seasonal
and vertical distribution of **C primary production is closely
related to ambient solar irradiance, and these patterns are not
reproduced in the fixed-ratio model.

The inorganic carbon balance of the surface ocean is de-
termined by air—sea exchange of CO,, vertical mixing, bio-
logical uptake and remineralization, and advection; the total
carbon balance depends only on sedimentation of particulate
carbon and not on biological transformations as such. Fluxes
of carbon in and out of the upper 300 m at ALOHA are
shown in Fig. 8. For clarity only the VRM results are shown;
the CRM has a similar seasonal cycle, but with a small but
persistent bias toward smaller downward fluxes (Table 4). At
any given time, air—sea exchange is generaly the largest
term, but the annual mean is similar to the export flux be-
cause the flux reverses direction seasonally (Fig. 8; Table 4).
The seasona cycle of surface CO, fugacity (fCO,) at HOT
is much smaller than at the Bermuda Atlantic Time-Series
station (BATS, cf. Karl et al. 2001b) and the seasona re-
versal less obvious, with an overall bias in favor of flux into
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Fig. 7. Seasonal cycle of observed and modeled depth-integrated
primary production at Station ALOHA.

the ocean (Winn et a. 1994; Dore et al. 2003; Quay and
Stutsman 2003).

The air—sea flux in the model is generally less than data-
based estimates (Table 4) largely due to the larger outgassing
in summer. The net air—sea flux in the VRM is much larger
than in the CRM; in fact, the mean flux in the CRM is out
of the ocean when atmospheric CO, is fixed at 1988 values
(Table 4). This result may be exaggerated by the one-di-
mensional model framework, but it illustrates that the flux
estimates are very sensitive to the ecosystem model formu-
lation, and very close to zero in the CRM. The two models

0.6
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mixing (300 m)
= = = sinking (300 m)
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Fig. 8. Seasonal cycle of vertical fluxes of carbon: Sedimentation,
mixing of DOC across the 300-m depth horizon, and air—sea ex-
change (scale compressed 10 times). Signs indicate gain or loss
from upper ocean, i.e., positive air—sea flux isinto ocean. Final year
of 12-yr simulation with climatological forcing. Model output was
low-pass filtered (2-d running mean) to smooth out high-frequency
(e.g., diel) fluctuations.
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Table 4. Summary of carbon flux estimates (in mmol m-2 d-%): primary production (PP), net community production (NCP), export by
sedimentation of particulate organic carbon and by mixing of dissolved organic carbon (DOC), and air—sea flux of CO, (positive into
ocean). NCP = (total uptake of DIC) — (total remineralization of all forms of organic carbon). Sources for observed values: E97 = Emerson
et al., 1997, K96 = Karl et a., 1996; QS03 = Quay and Stutsman, 2003. Climatology runs are the mean of final year of 12-yr simulation;
interannual runs are means for 1989-2000; climatology uses 1988 atmospheric CO,. Model export estimates are at 150 m; PP and NCP
are integrated to 150 m. E97 estimates of the mixing flux of DOC are at 100 m; K96 sinking flux is at 150 m; QS93 NCP is for the surface

mixed layer only.
Export Export Air-sea
Model Forcing PP NCP sinking mixing flux
CRM* Climatology 11.0 14 1.0 0.76 -0.32
Interannual 111 15 1.0 0.77 0.12
Interannual + 1988 aCO, -0.24
VRM Climatology 36.1 2.7 12 0.82 0.44
Interannual 404 29 1.3 0.91 1.05
Interannual + 1988 aCO, 0.68
Observed 38.6 7.0 24 24 21
Source K96 QS03 K96 E97 QS03

* CRM, constant ratio model; VRM, variable ratio model.

cannot be distinguished on the basis of comparisons of mod-
eled and observed fCO,. The mean seasonal cycle of fCO,
and air-sea flux is very similar in the two models, and the
small but consistent offset between them is necessary to give
a net air—sea flux (Fig. 9).

The downward flux of reduced carbon is lower than ob-
servationally based estimates (Karl et al. 1996; Emerson et
al. 1997; Benitez-Nelson et a. 2001) and larger in the VRM
than in the CRM (Table 4). The downward flux due to mix-
ing of DOC is 70-80% of the sedimentation flux at 150 m
(Table 4) but attenuates much more rapidly with depth. At
300 m the ratio of particulate to dissolved export is4-5 (Fig.
8). The enhancement of C export by vertical mixing of DOC
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Fig. 9. Seasona cycle of surface fCO, at Station ALOHA in
variable and Redfield ratio models. Final year of 12-yr simulation
with climatological forcing. ‘“Observed” values were calculated
from measured DIC and alkalinity in identical fashion to modeled
values for bottle samples at depths of 5 m or less. Model output
was low-pass filtered (2-d running mean) to smooth out high-fre-
guency (e.g., diel) fluctuations.

is consistent with the estimates of Emerson et al. (1997), but
this result is very sensitive to the depth horizon considered.
Similarly, the net community production (NCP) estimates of
Quay and Stutsman (2003) are for the mixed layer only, and
considerably larger than those from the model (Table 4).
NCP is sensitive to choice of depth range because it is neg-
ative in the lower euphotic zone and below. A significant
amount of mixed-layer NCP is remineralized within the eu-
photic zone.

The modeled sedimentation flux shows a maximum in
summer (Fig. 8). The shalow depth of winter convection at
ALOHA means that the flux depends primarily on the sea-
sonal cycle of solar irradiance (Letelier et al. 2004) and ni-
trogen fixation (whereas at BATS there is a maximum in
spring). Export is only loosely tied to primary production in
a primarily regenerative ecosystem, and observed rates are
largely uncorrelated, which is in part expected because of
the different space/time scales of the methodologies. But the
modeled export flux does not depend on the existence of
wintertime convection and entrainment of nutrients, although
primary production shows a slight enhancement in late win-
ter (Fig. 7). Export may be more closely tied to primary
production in the model than in nature (i.e., the export ratio
is relatively invariant), but the mechanisms underlying an
export flux decoupled from entrainment of new nutrients are
resolved to first order, and depend in part on the decoupling
of photosynthesis and cell growth in the VRM (Table 4).

Discussion

Parameter choices and fit to data—The results shown
above indicate that accurate simulation of the HOT data set
is greatly facilitated by including flexible elemental ratiosin
the phytoplankton model and permitting decoupling of pho-
tosynthesis from growth. It is important to emphasize that
the models were not tuned to emphasize the contrast. Orig-
inally, | attempted to tune each model to best reproduce the
observations. Later, | attempted to harmonize the values of
most of the parameters that are common to both models
(e.g., remineralization rates for DOM). A base parameter set
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was defined for each model with as many common param-
eters as possible given a single value (Table 1), and simu-
lated annealing (Press et al. 1992) was used to attempt to
find a better fit to observations. The results of this experi-
ment, in short, were that the value of the least-squares misfit
function (based on dissolved organic and inorganic C, N,
and P; chlorophyll; and oxygen) was about 100 times greater
for the CRM than for the VRM, and that the parameter es-
timation algorithm did not narrow this gap much, even after
thousands of iterations. Furthermore, the value of the misfit
function for the VRM with its base parameter set was so
low that the algorithm had little success in further reducing
it, i.e., subjective tuning of the parameters produced some-
thing very close to the optimal solution for the eight fields
chosen for the misfit function, but only in the VRM was this
possible. The discrepancies between the two models are
therefore real, i.e., they result from differences of model
structure and not from parameter choices. A detailed account
of the parameter estimation experiments and statistical anal-
ysis of the model parameter space is not possible here but
will be given elsewhere.

Some unique attributes of the HOT data set make this
model comparison possible. In particular, it is the only
oceanographic program to have measured both organic and
inorganic carbon, nitrogen, and phosphorus over an extended
period of time, resolving complete seasonal cycles. It is pos-
sible, or even probable, that a RR model could adequately
simulate a more limited set of observations. The most im-
portant discrepancy between the two models (and the major
contributor to the least-squares misfit function) is the accu-
mulation of DIN in near-surface waters in the CRM (Fig. 3).
This is unlikely to occur in a nitrogen-only or nitrogen—
carbon model, because N would be specified to be the lim-
iting nutrient and would therefore be drawn down to about
the level of the half-saturation coefficient. A hybrid model
with C and N in RR and a flexible P quota (cf. Karl et al.
1992; Emerson et al. 2001) could potentally alleviate these
problems, with a small gain in computation time over the
full VRM.

Another important aspect of the HOT data set is the shal-
low depth of winter convection. At BATS, by contrast, nu-
trient entrainment by winter convection is the primary driver
of the annual cycle of biological production, so its gross
features are readily simulated by a fixed-ratio model (al-
though rates of primary production in summer are likely to
be underestimated). At HOT the annual cycle of primary
production is controlled by irradiance and possibly by nitro-
gen fixation, and the model results strongly suggest that the
photosynthesis measured by the **C incubations is uncoupled
from cell production (Figs. 6, 7). The VRM generates sub-
surface maxima in P-based production and to some degree
in biomass (not shown); whether these are real or artifactual
is a question for future experiments since the quantities in-
volved are not measured directly in the standard field pro-
tocols. The CRM generates a subsurface maximum even in
C-based production, which is not observed (Fig. 6).

Externalized processes—There are several processes not
considered in the model that have potential significance to
the results, such as variability of zooplankton N:P ratios,

and control of DNF and DOM remineraization by, e.g., nu-
trient limitation. The present model parameterizes both the
heterotrophic bacteria and the diazotrophic cyanobacteria so
that rates of DNF and of remineralization are regulated in a
very simple way by environmental conditions (light and
temperature). Possible control of the biomass of these or-
ganisms by grazers, or their growth rates by nutrient limi-
tation, are therefore excluded. There is also no export of
diazotroph biomass; the only role of diazotrophs is to add
new N that is then utilized by the other phytoplankton. The
rate of remineralization of DOC is not limited by availability
of N or P to heterotrophic bacteria.

It is possible that these processes may contribute to the
observed variability, and therefore that their exclusion from
the model may explain why it fails to capture much of that
variability. However, it is unlikely that neglecting these pro-
cesses would significantly alter the main results of this re-
search. There are two ways in which it might do so. First,
if diazotrophs were modeled explicitly, there might be sed-
imentation of material with elevated N :P that would limit
the accumulation of DIN in the CRM (Fig. 3). However, this
would further deplete the surface dissolved inorganic phos-
phorus pool, limiting uptake of DIN by nondiazotrophs and
therefore the gain in model realism. More extreme N: P ra
tios in a large fraction of the particle flux are also inconsis-
tent with some observations (Christian et al. 1997). Second,
if remineralization of DOC were nutrient limited, the con-
centration of DOC in the CRM might remain higher and
nearer the observed values (Fig. 5). However, evidence for
nutrient limitation of DOC remineralization is weak, espe-
cialy in oceanic waters (Carlson 2002). The ecosystem is a
highly regenerative one: Although N and P concentrations
are low, fluxes to the bacteria and cyanobacteria are high.
In addition to facilitating DOC remineralization, rapid re-
cycling of N and P is critical to sustaining the high observed
rates of primary production, even in the VRM. Primary pro-
duction is, furthermore, an example of a set of observations
for which exclusion of these processes provides no plausible
explanation of the discrepancy between the CRM and VRM.

A final process that has been neglected in the VRM is
variability of zooplankton elemental ratios. If grazer N: P
ratios differ significantly from those of the prey, the regen-
erated nutrient flux will have a characteristic N : P ratio that
can drive the ecosystem toward N or P limitation (Sterner
and Elser 2002). This phenomenon has been extensively
documented in freshwater, but is not known to occur in the
ocean. It is important to note that this is not a consequence
of within-population variability of elemental ratios, but rath-
er of taxonomic differences among species, each with ratios
tightly regulated within set bounds (Sterner and Elser 2002).
There is some evidence that the mean ratios for zooplankton
may differ from the RR, although little is known about the
micrograzers that dominate the primary grazer community
in oceanic waters. | use the RR as a reference point in a
study of variability about that reference point, which is
strongly supported by observation as a mean vaue for the
ecosystem as awhole, at least in the ocean (Sterner and Elser
2002).
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C:N: P stoichiometry and N, fixation—The model sim-
ulations show that the ecosystem is strongly N limited in the
absence of DNF and strongly P limited given observed rates
of DNF (Fig. 2). There are severa areas of model-data dis-
agreement that can not readily be resolved without postulat-
ing additional sources of B such as low export (Table 4),
and high surface DIC in summer, assuming that biological
export is an important factor in removing this *‘excess’ DIC
(Quay and Stutsman 2003). There are several possible P
sources or transport mechanisms that are unresolved by the
model: Vertical migration of buoyancy-regulating cyanobac-
teria (Karl et al. 1992; Villareal and Carpenter 2003), upward
fluxes of positively buoyant particulate P (Grimalt et al.
1990), mesoscale upwelling (Letelier et a. 2000), or large-
scale convergence in the lateral advection of DOP (Abell et
al. 2000). An additional possible ““source’” is that upper lim-
itsto C:P and N: P ratios, and therefore growth and export
at very low concentrations of B are larger than considered
here.

While the P cell quota experiment (Table 2) suggests that
further decreasing the minimum cell quota for nondiazo-
trophic phytoplankton would not enhance production and ex-
port, growth of diazotrophs at enhanced C: P and N : P ratios
may explain some model-data discrepancies. In particular,
the relatively low rates of export (Table 4) could be en-
hanced by growth and export of diazotrophs growing at high
C:P ratios. This would be consistent with the results of
Scharek et al. (1999), who showed large export in summer
of diatoms with diazotrophic endosymbionts, and of Quay
and Stutsman (2003), who observed an increase in 6=C of
DIC in summer that implies enhanced biological uptake and
export. This may imply that both symbiotic and free-living
diazotrophic cyanobacteria (e.g., Trichodesmium) play im-
portant roles in C-N-P stoichiometry at ALOHA: the former
in a highly seasonal pulse of export of material with very
anomalous elemental ratios, the latter in aleviating N limi-
tation throughout the year.

Further increasing C: P ratios in the phytoplankton gen-
eraly is not a solution, because modeled values are aready
very high, approaching the upper limits in cultured Proch-
lorococcus and Synechococcus observed by Bertilsson et al.
(2003). These authors speculated that in the ocean elemental
ratios would not reach the extreme values observed in cul-
ture, and observed that phytoplankton ratios must be rec-
onciled with those in bulk particulate matter, which generally
approximates the RR. The modeled particle fluxes illustrate
that the contribution of heterotroph biomass can explain this
apparent paradox as suggested by Bertilsson et al. (2003),
even without an explicit population of heterotrophic bacteria.
Although the model does not include a suspended matter
pool to directly compare with observations, the processes
that give rise to the ““virtual” sinking flux of particulate or-
ganic matter (POM) are the same as those that would gen-
erate suspended (nonliving) POM if the model had an ex-
plicit POM pool, and its elemental composition will be the
same.

C:N:P ratios in the sinking flux at 300 m are generally
near RR (Table 3); closer, in fact, than is indicated by the
HOT sediment trap data (Christian et al. 1997). Possible ex-
planations for this are (1) that heterotrophs (which have fixed

elemental ratios in the model) contribute to the vertical flux,
and (2) that some of the flux originates in the deeper part of
the euphotic zone where phytoplankton ratios are close to,
or in the case of N : P less than, the RR. The model does not
favor either autotrophs or heterotrophs in loss processes oth-
er than grazing: Both groups are removed at identical rates,
which are proportional to biomass concentration. Nor does
the model contain any mechanism by which organic matter
originating at greater depths can be selectively exported. Yet
the model, using a simple and plausible set of assumptions,
resolves the apparent paradox of particle flux occurring near
RR even when primary production deviates from it signifi-
cantly. The key assumptions are that 10ss processes such as
viral lysis do not selectively target autotrophs, and that re-
mineralization of the sinking flux is not confined to the dys-
photic zone, i.e., the flux of material originating at a partic-
ular depth horizon attenuates exponentially beginning at the
point of origin (Web Appendix 1). Another important as-
sumption is that excess C can be lost (exuded) from cells
rapidly under conditions of unbalanced growth; however,
there is no similar 1oss mechanism for N for which exudation
occurs only at a low, constant biomass-specific rate
(Bjegrnsen 1988).

The “background” rate of DNF, attributable to Tricho-
desmium and free-living cyanobacteria and heterotrophic
bacteria (Zehr et al. 2001), does not necessarily require ad-
ditional inputs of P to sustain. The model implicitly assumes
that DNF is not limited by availability of P or Fe, which is
reasonable given the plasticity of N:P ratios (Karl et al.
1992). It is assumed that P export associated with the ** back-
ground”’ DNF is negligible so that there is a net input of N
to the pelagic ecosystem and no net loss of P If these as-
sumptions are correct, and summer diatom blooms (not re-
solved by the model) are also not limited by P sources (again
due to hiochemical plasticity), then elemental budgets can
be largely balanced with known sources of P However, the
ecosystem as awhole is strongly P-limited, and the observed
level of export approaches the upper limit that can be sus-
tained by known sources of P to the epipelagic.

Role of DOM and constraints on DOM remineralization—
Most of the DOM produced in the ocean is rapidly respired,
whereas most of the DOM in the ocean is quite refractory
to decomposition (Benner 2002). Bacteria respire a large
fraction of the total primary production unless growth effi-
ciency is much higher than currently believed (Ducklow
1999). So clearly alarge fraction of primary production en-
ters the pool of DOM that is rapidly turned over. The un-
coupling of photosynthesis and cell production in the cellular
regulation model provides an explanation for several appar-
ent paradoxes. First is distribution of primary production at
Station ALOHA. The distance between the region of maxi-
mal primary production and the pool of inorganic nutrients
is large, and both the depth profile and the seasonal time
course of primary production track the ambient solar irra-
diance closely as if nutrient supply were a secondary con-
sideration (Figs. 6, 7). The VRM reproduces these vertical
and seasonal patterns; the CRM does not. Second, the rec-
onciliation of primary production, bacterial production, and
growth efficiency estimates (Ducklow 1999) implies that la-
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bile DOM is being produced in large quantities and rapidly
consumed. The reconciliation of primary and bacterial pro-
duction is also facilitated if existing estimates of primary
production largely exclude the exuded fraction (Karl et al.
1998). The VRM, given the environmental conditions at
ALOHA, generates a large excess of photosynthesis over
cell production, which must be exuded and rapidly respired
to satisfy other data constraints (C: N : P ratios in POM, am-
bient DOC and DIC concentrations). Nor is exudation the
only source for labile DOM in the model. The DOM pro-
duced by lysis and grazing seems to be about evenly divided
between the labile and semilabile fractions (Table 1), al-
though it is important to recognize that this value cannot be
constrained independently of the turnover rates of these
pools.

Some of the labile DOM is likely to be transformed by
bacteria into more refractory substances (Benner 2002 and
references therein). This process has been included in some
models (e.g., Bissett et al. 1999), but the underlying mech-
anisms are not known (Benner 2002; Carlson 2002). It has
not been considered here because a large range of rates are
compatible with the data constraints available and cannot be
estimated independently of the other processes that generate
semilabile DOM. However, some semilabile DOM likely
originates from bacterial transformation of labile DOM, and
this will affect the stoichiometry, for example by enriching
semilabile DOM with C. The results of these model exper-
iments suggest that exudation plays an important role in the
production of DOC and in the decoupling of the C, N, and
P cycles, but it is uncertain whether a significant fraction of
semilabile and refractory DOM is of direct algal origin.

In conclusion, this experiment tested three-element (C, N,
P) ecosystem models with fixed or variable phytoplankton
elemental ratios, using the Hawaii Ocean Time-series data
set. The results suggest that the ecosystem is strongly phos-
phorus limited, but would be nitrogen limited in the absence
of DNF, and may be N limited in the lower part of the eu-
photic zone. Given observed rates of DNF, the fixed (Red-
field) ratio model experiences accumulation of DIN in the
surface layer. This would not happen in an N-only or C-N
model, and validation on observations of N pools only is
therefore an inadequate test of a fixed-ratio model. The sea
sona cycles of air—sea CO, flux and export of organic car-
bon by sedimentation are similar in the two models, but there
isasmall but persistent bias toward greater downward fluxes
with variable ratios. The ability of oceanic phytoplankton to
adapt to P stress by reducing cellular requirements can there-
fore potentially enhance the oceanic sink for atmospheric
carbon over vast areas of low-latitude ocean, but this effect
is potentially saturable under a climate favorable to enhanced
DNEFE In the fixed-ratio model this area of the ocean is a
weak sink for anthropogenic CO,, but becomes a carbon
source to the atmosphere when atmospheric CO, is fixed at
1988 levels. The modulation of phytoplankton elemental ra-
tios by environmenta conditions is therefore a critical com-
ponent of the ocean biological carbon sink.
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