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Abstract

The distributions of organic carbon in seawater, as dissolved and particulate
organic matter (DOM and POM, respectively) have historically received much greater
attention than the organic forms of nitrogen and phosphorus. This study presents the
first concurrent vertical measurements of dissolved and suspended particulate organic
carbon (DOC and POC), nitrogen (DON and PON) and phosphorus (DOP and POP), as
well as suspended particulate inorganic phosphorus (PIP), in the open ocean water
column. Water column samples were collected along a three-station transect from the
continental slope to the abyssal plain in the eastern North Pacific and from a single
station in the Southern Ocean. Elemental distributions in DOM and POM were
established for both regions. Surface sedimentary organic matter (SOM) was measured at
each location, while sinking POM was measured at the main station in the eastern North
Pacific. In addition to elemental compositions, C:N, C:P and N:P ratios were also
calculated to provide a first-order estimate of the stoichiometry and potential lability of
C, N and P in the various organic pools.

Concentrations of DOC, DON and DOP across all study sites ranged from 35-72
UM C, 1.5-5.2 uM N and 0.073-0.229 uM P, respectively. Suspended POC, PON and
POP concentrations were generally about 1-2 orders of magnitude less than the respective
DOM pools. Surface sedimentary organic C, N and P ranged from 2.75-16.1 mg C gdw,
0.51-1.83 mg N gdw! and 0.094-0.100 mg P gdw!, respectively. Sinking POC fluxes
measured over a 110-day period with moored sediment traps in the eastern North Pacific
ranged from 6.3-21.9 mg C m?d™!; sinking PON and POP fluxes ranged from 0.71-2.37
mg N m?d?and 0.022-0.097 mg P m™?d"!, respectively. PIP was found to comprise 10-
80% of total particulate P in suspended and sinking POM and SOM.

Ratios of C:N, C:P and N:P for DOM and POM were similar and displayed
similar trends with depth. The C:P and N:P ratios for both DOM and POM pools were
found to be much higher than average Redfield ratios and increased with depth, suggesting
selective remineralization of P relative to C and N. Ratios of C:N, C:P and N:P in SOM
and sinking POM were higher than Redfield, also suggesting preferential remineralization
of both N and P relative to C in these pools.

A one-dimensional vertical eddy diffusive model was used to evaluate the
contributions of dissolved and suspended particulate organic C, N and P fluxes from the
upper mixed layer to the abyssal oceans. Vertical DOM fluxes were found to be an
important component of the total organic matter fluxes, comprising of 25-65% of the total
organic matter fluxes.



DISTRIBUTION, PARTITIONING AND FLUXES OF DISSOLVED AND
PARTICULATE ORGANIC CARBON, NITROGEN AND PHOSPHORUS IN THE

EASTERN NORTH PACIFIC AND SOUTHERN OCEANS



Introduction and Background

The remineralization of organic matter, coupled with ocean circulation, controls
the concentrations of oxygen, nutrients and CO, in the oceanic water column (Ittekkot,
1996). Therefore, an understanding of the distributions and fluxes of organic matter in the
open ocean is critical for evaluéting its role not only in the nitrogen and phosphorus
cycles, but ultimately the global carbon cycle. Previous studies of seawater organic
matter have focused primarily on organic carbon (C, see Appendix I for Abbreviation
Key) (Benner et al., 1992; Ducklow et al., 1995; Druffel et al., 1996, Bauer et al., 1998b).
The inclusion of organic forms of the major nutrient elements, especially nitrogen (N) and
phosphorus (P), in the study of organic matter is important for elucidating its
composition, as well as evaluating the potential biological availability of these nutrients
(Jackson and Williams, 1985; Smith et al., 1986; Karl et al., 1993).

Dissolved nitrogen and phosphorus are essential nutrients for the growth of
marine primary and secondary producers. In natural waters, these nutrient elements
occur in both organic and inorganic forms, the sum of these yielding the total dissolved

nitrogen and phosphorus contents, respectively. Historically, dissolved inorganic
nitrogen (DIN), in the forms of nitrate (NO,’), nitrite (NO,’) and ammonium (NH 4+), was

thought to be the major biochemically available form of N (Butler, 1979). More recent
studies suggest that at least certain components of the dissolved organic nitrogen (DON)

pool are also available as sources of N for microheterotrophic and photoautotrophic



utilization (Butler et al., 1979; Jackson and Williams, 1985; Smith ez al., 1986; Bronk et
al., 1994). Similarly, in addition to dissolved inorganic phosphorus (DIP), primarily as
orthophosphate (HPO,?), dissolved organic phosphorus (DOP) may be utilized by
marine photoautotrophs as well as by microheterotrophs (Jackson and Williams, 1985;
Smith et al., 1986; Orrett and Karl, 1987; Bjorkman and Karl, 1994). In addition, recent
findings of rapid turnover rates of dissolved organic matter (DOM, collectively as
dissolved organic C, DOC; DON and DOP) in surface ocean waters suggest that at least a
portion of the DOM is turned over on short (hours to weeks) timescales (Kirchman ef al.,
1991, Carlson et al., 1994; Ducklow et al., 1995; Cherrier et al., 1996).

Previous studies have found that DON and DOP can comprise up to about 50%
of the total dissolved N and P pools in the euphotic zone of the open ocean while
inorganic forms predominate (>~90%) in deeper waters (Williams ef al., 1980; Jackson
and Williams, 1985; Smith et al., 1986; Karl et al., 1993). Distributions of total dissolved
and total particulate N and P have also been examined previously (Strickland and Austin,
1960; Butler et al., 1979; Williams et al., 1980; Boynton et al., 1995). These studies
found that the organic N and P pools are a significant component (~40%) of the total
combined dissolved plus particulate pools, especially in surface waters. However, to date
there are no published studies on the distributions of organic C, N and P among their co-
occurring dissolved and particulate forms.

The understanding of the sources and molecular-level characteristics of DOC,
DON and DOP is limited. Williams and Druffel (1988) surmised that the world’s surface
ocean DOC consists of ~15% total (free and combined) amino acids and carbohydrates, 1-

2% of lipids and 20-50% of humic substances; in deeper waters, DOC consists of ~7-8%



of amino acids, carbohydrates and lipids combined and >10% of humic substances.
Recent studies have found the high molecular weight (>~1kD) portion of ultrafiltered
DOM to consist mainly (~50%) of polysaccharides and oligosaccharides with a small
proportion of amino acids (Benner et al., 1992; Vernonclark et al., 1995; McCarthy et al.,
1996, Aluwihare et al., 1997). Highly reactive polysaccharides such as carbohydrates
were also found to comprise similar proportions of DOM throughout the different ocean
basins (McCarthy et al., 1996). Total dissolved amino acid distributions found in this
same study were similar to those from unfractionated seawater, suggesting no preferential
remineralization of high molecular weight DON. Aluwihare et al. (1997) also suggest
these high molecular weight oligosaccharides were phytoplankton-derived, and that
similar compositions between surface and deep water DOM indicate a significant
contribution of algal-derived organic matter to total DOM concentrations over long
timescales (~4000-6000 years, the turnover time for DOC, Bauer et al., 1992; Druffel et
al., 1992).

For open ocean surface waters, previous work suggests that to obtain a Redfield
(Redfield et al., 1963) ratio of 16:1 for dissolved N:P, the dissolved organic fractions of
the N and P pools must be included in calculating the ratio (Jackson and Williams, 1985;
Takahashi et al., 1985; Smith et al., 1986; Karl ef al., 1993). These studies found that in
surface waters, measured dissolved N:P ratios were always less than the Redfield ratio of
16:1, suggesting that a fraction of these dissolved nutrient elements are being “missed”. A
recent study of Georges Bank DOM by Hopkinson et al. (1997) found that the C:N, C:P
and N:P ratios of dissolved organic matter increased with depth, indicating preferential

decomposition of DON and DOP. The depth-dependent increase in C:N ratios of DOM



has also been found in other studies of shallower surface ocean waters (Sambrotto and
Langdon, 1993; Sambrotto ef al., 1993; Amon and Benner, 1994).

Although the fluxes of inorganic N and P in the marine environment have been
widely studied, little is known about the fluxes of the corresponding organic N and P
pools. Using a one-dimensional vertical eddy diffusion model, Carlson et al. (1994) found
DOC export to the deep ocean to be equal to or greater than the measured sinking
particulate organic C (POC) flux in the northwestern Sargasso Sea. This supports the
concept that DOC is an important component of the oceanic carbon cycle, as well as a
major component of organic C fluxes, and that DOC fluxes must be included in oceanic
organic carbon budgets (Carlson et al., 1994; Bates et al., 1995; Ducklow et al., 1995;
Michaels et al., 1995). Smith et al. (1986) used a similar one-dimensional Fickian model
to calculate the downward fluxes of DON and DOP relative to the upward fluxes of DIN
and DIP, although their model results were not compared to the total N and P fluxes in all
its co-occurring forms. Therefore, by analogy, DON and DOP vertical fluxes may also be
predicted to contribute significantly to the total organic N and P flux from the mixed layer
to deeper waters.

This study provides the first simultaneous collection of data on open ocean DOC,
DON and DOP and suspended POC, particulate organic N (PON, assumes all particulate
N is organically bound; see Materials and Methods for discussion of this assumption) and
particulate organic P (POP) distributions measured concurrently. Depth profiles of these
chemical constituents are presented here for two different ocean regions: a three-station
transect in the eastern North Pacific Ocean and a single station in the Southern Ocean.

Distributions of C, N and P in selected sinking particulate organic matter (POM,



collectively as POC, PON and POP) samples, as well as in surface sedimentary organic
matter (SOM, collectively as sedimentary organic C, N and P; SOC, SON and SOP)
samples at these sites are also included. Elemental ratio profiles of DOM and suspended
POM, as well as for selected sinking POM and surface SOM are also presented. In this
study, a one-dimensional flux model similar to that of Carlson ef al. (1994) is used to
estimate the downward vertical eddy diffusive input of organic C, N and P (both
dissolved and suspended particulate) from the mixed layer to the deep ocean. These

fluxes are then compared to the deep sinking particulate organic fluxes of these elements.



Research Objectives
The goals and objectives of this study were based on the following three
hypotheses.

1. The partitioning of C, N and P between dissolved and particulate organic matter varies

as a function of water depth and oceanic regime. DOM concentrations are major fractions

of the total organic matter pool relative to POM. The percentage of total organic matter
comprised of DOM increase with depth and differ between the two study sites due to
such factors as mixed layer productivity, organic matter remineralization, and the physical
structure of the water column (including the thermocline and deep water masses).

2. C:N:P ratios in dissolved and particulate organic matter vary as a function of size class

and water depth. The C:N:P ratios of POM are closer to average Redfield ratios

compared to DOM ratios, although ratios for both increase with depth. This is due to
preferential remineralization of N and P in DOM and POM, as well as to differences in
the respective degradation processes of the different size classes of organic matter.

3. In the open ocean, dissolved organic nitrogen and phosphorus comprise a significant

fraction of the total N and P downward vertical fluxes from the mixed layer. The eddy

diffusive fluxes of dissolved organic nitrogen and phosphorus are an important
component of total N and P fluxes from the mixed layer to the deep ocean, similar to
previous findings for DOC. This results from the expected surface-to-deep ocean

gradients in dissolved organic N and P.



Materials and Methods

Study Sites

Water column samples were collected during one cruise to the eastern North
Pacific Ocean and one cruise to the Southern Ocean (Figure 1). The main study station in
the eastern North Pacific (Station M, 34° 50' N, 123° W, depth ~4100 m) is located about
220 km west of Point Conception, California. Station M is a time series station that has
been occupied approximately every four months since 1989. It experiences a strong
thermocline in the summer (June-August) that weakens during the winter months
(December-February), with the vertical water column structure consisting mainly of a
surface mixed layer that is separated from Pacific Deep Water by the permanent
thermocline (Pickard and Emery, 1990). The major deep water mass structure of this
station is not known (Pickard and Emery, 1990). Surface waters are dominated by the
southward flowing California Current, with coastal upwelling of nutrient-rich deep water
in spring and summer, which fuels a seasonal primary productivity maxima by late spring
(Mann and Lazier, 1991; SIO, 1995; SIO, 1996), with a secondary bloom in early fall.
Primary productivity in this area ranges from 0.7-1.2 g C m?d! (CalCOFI, 1995; Bauer
et al., 1998b). This seasonal primary productivity causes vertical “pulses” of sinking
particulate organic matter from the upper mixed layer to the seafloor, with maximum
fluxes during late spring and early fall (Smith et al., 1994; Druffel et al., 1996, Druffel et
al., 1998). Dissolved and suspended particulate organic C, N and P samples were

collected during one cruise aboard the R/V New Horizon of Scripps Institution of



Oceanography, which took place from June 1 to 14, 1995 (cruise Pulse-26). Two
additional stations along a transect from the deep-sea station to the upper continental
slope were also occupied during this particular cruise. Station R (35° 27'N, 122° 21' W,
depth ~3720 m) was on the continental rise and Station US (35° 40' N, 121° 27' W, depth
~500 m) was on the upper continental slope. Two additional cruises to Station M were
also conducted in May 29 to June 7, 1996 (Pulse 30) and October 7 to 16, 1996 (Pulse
31). Results from these cruises are presented in Appendix II.

Station F is located in the Southern Ocean at 54° 00° S, 176° 40' W and has a water
depth of ~5200 m. Samples were collected during a single cruise from December 11, 1995
to January 4, 1996 aboard the R/V Melville of the Scripps Institution of Oceanography.
This area was last visited by the GEOSECS expedition in 1974 (Station 292: Broecker et
al., 1982). Station F is located in the region between the Antarctic Convergence to the
north and the Antarctic Divergence to the south (Mann and Lazier, 1991) and does not
experience the annual formation of sea ice. The surface current in this region is dominated
by the westward flowing Antarctic Circumpolar Current. The vertical structure of this
site is characterized by a) a weak thermocline, even in the summer (Broecker et al., 1982),
b) intrusion of Pacific Deep Water from ~1000-2500 m, ¢) intrusion of North Atlantic
Deep Water from ~2500-4500 m, and d) intrusion of Antarctic Bottom Water at depths
>4500 m (Reid, 1986). Primary productivity in this region has been estimated previously

at ~0.2-2.8 g C m2d"! (Bathmann, 1996)
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Figure 1. Locations of study sites. a) Pacific and Southern Oceans and the
relative positions of Stn M and Stn F. b) Eastern North Pacific, off the

coast of California, with transect of Stns M, R and US.
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Sample Collection

Water column samples were collected for dissolved and suspended particulate
organic carbon, nitrogen and phosphorus, as well as for suspended particulate inorganic
phosphorus, inorganic nutrients (N and P), salinity and alkalinity analyses. Dissolved
oxygen (DO) measurements were conducted aboard the ship as soon as samples were
collected. Expendable bathythermograph (XBT) temperature profiles covering a depth
range of 0-1800 m were collected on the eastern North Pacific transect, while
conductivity, temperature and density (CTD) profiles covering the entire water column
were obtained for the Southern Ocean site.

Water samples were collected using pre-cleaned (MeOH, 10% HCI and distilled
water) 12-L and 30-L Go-Flo bottles (Figure 2). The contents of the bottles were
gravity-filtered immediately after collection through pre-combusted (525°C, 4 hours), 0.7
pwm nominal pore size Whatman GF/F glass fiber filters into pre-cleaned glass bottles.
DOC samples were collected in 1 L amber glass bottles, that had been combusted at
525°C for 4 hours, and sealed with acid-cleaned, Teflon-lined caps. DON/DIN and

DOP/DIP samples were collected in 500 mL amber glass bottles, that had been soaked

overnight with 10% HCI, rinsed thoroughly with 18 MCQ Nanopure water and combusted

at 525°C for 4 hours, and then sealed with Teflon-lined caps. All samples were frozen
immediately at -20°C until analysis.

Suspended particulate organic C, N and P samples (suspended POC, PON and
POP, respectively) as well as samples for suspended particulate inorganic P (PIP) were
collected using in situ particle (“Yentsch”) pumps (Figure 3), as described in Laird et al.

(1967) and Druffel and Williams (1990). Seawater was pumped for varying amounts of
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Figure 2. Flow diagram for the collection and analysis of dissolved constituents.
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Figure 3. Schematic of the pump used for in situ collection of suspended POM and
the methods used for the analysis of the particulate constituents in the

present study.
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time through pre-combusted 0.7 um GF/F filters. Several samples were collected on pre-

combusted quartz-fiber filters (Whatman QM-A, 0.8 um pore size). Samples collected

on QM-A filters were only analyzed for PIP and POP. Pumping times ranged from 2-4
hours for shallow and mesopelagic depths (25-900 m), and from 6-8 hours for greater
depths (900-5100 m). Volumes of seawater pumped at each deployment ranged from
several hundred to several thousand liters, depending upon pumping times and particle
load. Upon recovery of the pumps, the filters were removed from the PVC filter
housings, folded and placed in pre-combusted glass jars, and frozen at -20°C until
analysis. Volumes pumped for each sample are listed in Table 3 and Table 6 (for eastern
North Pacific and Southern Ocean, respectively).

Sinking particulate organic C, N and P samples (sinking POC, PON and POP,
respectively), as well as sinking particulate inorganic P (sinking PIP) samples, were
collected at Station M in the eastern North Pacific (but not at Station F in the Southern
Ocean) as part of an ongoing study of particle fluxes at this station (Baldwin et al., 1998;
Druffel et al., 1998). Sinking particles were collected using moored sediment traps at 650,
600 and 50 meters above bottom (mab). Details of trap design and deployment are as
described in Smith et al. (1994) and Druffel et al. (1996). The traps consist of funnel
cones (Teflon-coated fiberglass, 120 cm high, 57 cm diameter) with an effective mouth
opening of 0.25 m? (Bruland et al., 1981). Each trap was equipped with an assembly of
sequencing collection cups at the bottom of the cone. Cups were filled with pre-filtered
water obtained from the deployment depth and poisoned with a filtered HgCl, solution
(final concentration = 3.0 mM). Samples were collected every 10 days at each depth for a

total of 4 months. Particles collected in each cup were then concentrated by gentle
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vacuum filtration of the ~700 mL trapped liquid onto pre-combusted QM-A filters (45

mm diameter, 0.8 wm pore size) and frozen in pre-combusted aluminum foil at -20°C.

Surface sediments from Station US and Station F were collected using a 1.8-meter
long gravity corer (2 inch diameter core liner). Cores were sectioned immediately upon
recovery into 1-4 cm thick layers and frozen in pre-combusted glass jars at -20°C. For
Station US, the surface sample collected consisted of the top 1 cm of the core while for

Station F, the surface sample consisted of a homogenized sample of the top 3 cm.

Sample Analysis
A major challenge in measuring DON and DOP concentrations in seawater is the

difficulty in achieving precision and accuracy with the methods available. As these
components cannot be measured directly, the concentrations of DON and DOP are
calculated as the difference between the total dissolved N and P pools (TDN and TDP)
and the dissolved inorganic N and P pools (DIN and DIP), such that:

[DON] = [TDN] - [DIN] (Eq. 1)

[DOP] = [TDP] - [DIP] (Eq. 2)
The total dissolved nitrogen and phosphorus in seawater are oxidized and then
hydrolyzed to their inorganic forms for analysis, usually by spectrophotometric
techniques. In order to obtain good precision and accuracy in measuring DON and DOP
concentrations, the methods used for oxidizing the DON and DOP to their predominant
inorganic forms (nitrate and orthophosphate) must be efficient enough so that all
dissolved organic species of nitrogen and phosphorus are quantitatively oxidized.

Because of these methodological concerns and the difficulties involved with the oxidation
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of N- and P-containing compounds, especially recalcitrant species (Walsh, 1989; Ridal
and Moore, 1990), few studies have examined the distributions of the dissolved organic
pools of these nutrient elements.

As a check on the efficiencies of the N and P oxidation methods, random natural
samples, spiked with known concentrations of inorganic and organic N and P, were
analyzed as periodic checks on total N and P recoveries. Also, known concentrations of
8-9 model DON and DOP compounds each, were oxidized using those same methods
used for sample analyses to test the recoveries of the oxidation methods (Appendix II).

DOC concentrations were quantified by UV oxidation of the seawater samples as
a routine part of the measurement of natural abundance *C in DOC (Bauer et al., 1998b).
Samples were placed in optical-grade quartz tubes, acidified to pH 2-3 with 85% H;POy,
sparged free of inorganic carbon for 45 minutes with ultra-high purity nitrogen and
saturated with ultra-high purity oxygen. Sample were then irradiated for 120 minutes
with a 2400 W, medium pressure mercury arc UV lamp equipped with a reflector
assembly (Canrad-Hanovia Co., Newark, NJ.). Following the oxidation step, the CO,
produced was purged from the quartz tube using ultra-high purity nitrogen and
transferred to a vacuum extraction line. A KIOj™ trap was used to remove the Cl, gas and
the CO, was cryogenically purified and quantified using an absolute pressure gauge (MKS

Corp.) (Williams and Druffel, 1987; Druffel et al., 1992; Bauer et al., 1998b). Analytical
error of this method averaged = 1 uM C.

DON samples were analyzed using the wet alkaline persulfate oxidation method
as described in Koroleff (1983), followed by nitrate analysis by a Skalar nutrient

autoanalyzer. Duplicate 10 mL aliquots of samples were sealed in 20 mL pre-combusted
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(525°C, 4 hours) glass ampoules containing 1 mL of the 5% alkaline persulfate oxidizing
reagent, and then boiled under pressure in an autoclave for 1 hour. All nitrogen species in
the sample were oxidized to nitrate, which was subsequently quantified on the Skalar

nutrient autoanalyzer. The dissolved inorganic N species (NO,’, NO,  and NH 4+) in

unoxidized aliquots of the samples were also analyzed by autoanalyzer. Concentrations
of DON were obtained by taking the difference between the TDN concentrations in the

oxidized aliquot and the total inorganic N species concentrations (DIN) in the unoxidized

aliquot (Eq. 1). Average standard deviation of replicate samples using this method was =+

0.25 pM N.

DOP was oxidized using a high-temperature ashing (HTA) oxidation method as
described in Solorzano and Sharp (1980), followed by spectrophotometric quantification
of the total orthophosphate produced. Duplicate aliquots of 10 mL of each sample were
dried with 0.2 mL additions of 0.17 M MgSQ, solution in pre-cleaned (10% HCI soaked
overnight, rinsed with Nanopure water and baked at 525°C for 4 hours) scintillation vials.
The samples were then ashed at 500°C for 2 hours, followed by heating with 3.0 mL of
0.75 M HCI for 20 minutes at 80°C. The hydrolysis was completed by adding 7.0 mL of
Nanopure water to the samples and heating it for another 10 minutes at the same
temperature. The total orthophosphate concentration was then quantified using a
Spectronic Model 401 single-beam UV/VIS spectrophotometer and a 10-cm pathlength
cell, with the phosphomolybdate blue method as described by Koroleff (1983). The DIP
concentrations in unoxidized aliquots of the samples were also analyzed
spectrophotometrically using the same method. DOP concentrations were obtained by

taking the difference between the TDP concentrations in the oxidized aliquot and the DIP
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concentrations in the unoxidized aliquot (Eq. 2). Average standard deviation of replicate
samples using this method was = 0.01 uM P.

Suspended and sinking POC and PON, as well as SOC and SON were measured
using a Fisons EA-1108 Elemental Analyzer. Samples were prepared according to the
method as described in UNESCO (1994). For suspended POC and PON samples,
duplicate subcores of 14.57 mm diameter were taken from each of the 147 mm GF/F
filters and fumed with concentrated HCI in a desiccator to remove carbonates prior to
analysis. For sinking POC and PON samples, the mass of the material collected on the
QM-A filters was weighed and subsequently scraped off the filter. 50-300 mg of this
material was prepared and analyzed as above. SOC and SON were analyzed in a similar
manner. All particulate N in this study is assumed to be organically bound, although
sorption of NH," onto clay particles in certain sediments has been found to occur
(Ruttenberg and Gorii, 1997), which may lead to slight overestimate of SON. However,
in the water column, NH;" concentrations are expected to be minimal, and ionic strength
considerations result in competition with NH," for available sorption sites on suspended
and sinking particles. Therefore, the validity of the assumption that all particulate N is

organic in nature is more likely to hold in the water column. Average standard deviation
of replicate samples using this method were approximately + 1 ug CL™ and £ 0.1 ug N
Lt

Suspended and sinking POP, as well as SOP samples were oxidizéd using a high-
temperature ashing oxidation method as described by Aspila et al. (1976), and then
analyzed spectrophotometrically for orthophosphate using the phosphomolybdate blue

method. Duplicate subcores of 14.57 mm diameter from the 147 mm GF/F filters were
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taken as for suspended POC and PON analysis. Phosphorus on the filters was extracted
using 30 mL of 1 M HCl prior to and after high-temperature ashing the particles at 550°C
for 1.5 hours, and then analyzed as for orthophosphate. The orthophosphate content of
the HCIl extract before dry ashing gives the PIP (and sedimentary inorganic P, SIP)
content while the orthophosphate content of the HCl extract after dry ashing gives the
total particulate P and total sedimentary P (TPP and TSP, respectively) content. POP
and SOP content is then determined by the difference of these two pools. However, this
PIP pool could also include potentially labile organically-bound P due to the strong acid
used for its analysis. In their evaluation of the hydrolysis of DOP compounds in acid,
Monaghan and Ruttenberg (submitted) found that there is negligible hydrolysis of DOP

compounds in 0.1M HCl acid. Average standard deviation of replicate samples using this

method was approximately + 0.01 pg P L™! for both PIP (and SIP) and POP (and SOP).



Results
Distributions of DOM, Suspended POM and SOM

Eastern North Pacific Ocean

The XBT temperature profiles for Stations M, R and US are shown in Figure 4.
Surface temperature decreased from offshore to onshore and the temperature range over
the entire water column also decreased (Table 1). The water column at Station M is
characterized by a strong seasonal thermocline at ~70 m and a permanent thermocline at
~200-800 m. Water column stratification intensifies going offshore from Station US to
Station M, as a result of the decreasing influence of upwelling. The oxygen minimum
occurs at 722 m, 681 m and 483 m for Stations M, R and US, respectively. Discrete
temperature data from reversing thermometers, salinity and oxygen data are given in Table
1.

Concentrations of DOC at Stations M, R and US (Figure 5a, Table 2) ranged from

a nearly constant background value of ~37 uM C below the mixed layer, to surface
maxima of 56-72 uM C, with surface DOC concentrations decreasing going onshore.
Concentrations of DON at all three stations (Figure 5b, Table 2) ranged from 1.5-4.5 uM

N, while DOP concentrations (Figure Sc, Table 2) ranged from 0.073-0.229 uM P.

Concentrations DON and DOP showed similar depth and on-shore, off-shore gradients as

for DOC, although these gradients were less pronounced for DON and DOP profiles. At

20
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Figure 4. XBT temperature profiles (0 - 1800 m) for a) Stn M, b) Stn R, and ¢) Stn

US in the eastern North Pacific transect.
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TABLE 1. Hydrographic data for Eastern North
Pacific

Depth (m) Temperature  Salinity Oxygen

(°C) (mL L™
Station M
25 13.9 32.814 6.16
85 13.6 33.098 5.70
256 7.49 33.992 2.64
475 5.95 34.161 0.70
722 494 34.326 0.13
1282 3.26 34.497 0.77
1600 - 34.556 0.90
2515 1.77 34.652 3.30
2515 - - -
3466 1.52 34.677 3.12
4097 1.50 34.690 3.01
Station R
22 12.9 33.187 6.46
189 8.08 33.992 2.70
681 4.76 34.336 0.30
1628 2.63 34.571 1.26
2568 1.77 34.657 2.68
3152 1.63 34.663 3.01
3601 1.60 34.666 3.11
3884 1.57 34.686 3.34
Station US
25 10.5 33.442 4.93
100 10.2 33.824 3.14
259 7.47 34.126 1.62
419 6.04 34.188 0.73

483 5.82 34.213 0.70
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Figure 5. Water column profiles of a) DOC, b) DON, and c) DOP concentrations
for the Eastern North Pacific transect. Symbols used in all figures are:
Stn M - filled circles; Stn R - open circles and Stn US - open triangles.
Note break in depth axes at S00m. Error bars plotted for DON and DOP

were = 1 SD of duplicate measurements. Analytical error for DOC was

+1uM C.
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Stn US, there was a sudden increase in near-bottom DOP concentrations. This was
observed for DOC concentration although not for DON concentrations.

Concentrations of DIN and DIP (Figure 6, Table 2) showed strong surface

depletions (0.60 uM N and 0.262 uM P, respectively), increasing to maximum

concentrations (42 uM N and 3.18 uM P, respectively) at the depth of O, minimum,

decreasing to constant background concentrations throughout the rest of the water

column. Surface concentrations of DIN and DIP increased going onshore from 0.60-16
UM N and 0.262-1.38 pM P, respectively.
Suspended POC, PON and POP concentrations at the three eastern North Pacific

stations ranged from 1.03-69.2 ug C L}, 0.17-12.8 uyg N L and 0.016-1.16 ug P L},

respectively, decreasing by ~100-fold with depth (Figure 7a-c, Table 3). Suspended
POM, however, did not show the same horizontal gradient as DOM for surface
concentrations along the transect. Suspended PIP profiles (Figure 7d, Table 3) for the

eastern North Pacific transect were similar to the suspended POP profiles (range: 0.012-

0.584 pg P L") and comprised ~50% of the total suspended particulate P. There was also

no apparent horizontal gradient with respect to surface concentrations of suspended PIP
along this transect.

Surface (0-1 cm) concentrations of SOC, SON and SOP (Table 3) for Station US
were 16.1 mg C gdw™ (gdw = g dry weight), 1.83 mg N gdw and 0.100 mg P gdw’!,
respectively. The surface concentration of SIP for this station was 0.761 mg P gdw',
which comprised of ~88% of the total sedimentary P. Surface SOC concentrations for

Stns M and R listed in Table 3 were taken from a concurrent study by Druffel et al.
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Figure 6. Depth profiles of a) DIN, and b) DIP concentrations for the eastern

North Pacific transect. Error bars plotted for DIN and DIP were + 1 SD

of duplicate measurements.
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Figure 7. Depth profiles of suspended a) POC, b) PON, ¢) POP, and d) PIP for the
eastern North Pacific transect. Average standard deviation of replicate

samples for suspended POC and PON were + 1.147 ug C L! and + 0.142
ng N LY, respectively. Suspended POP and PIP had average standard

deviation for replicate samples of + 0.022 ug P L™,
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(1998), as no samples from these stations were available for this study. Stn M surface
sediment (0-0.25 cm) from Druffel et al. (1998) were from a box core during a cruise in
June 1991 while Stn R surface sediments (0-1 cm) were from a gravity core during the
same cruise as this study.

Southern Ocean

The temperature profile for Station F as measured by CTD is shown in Figure 8.
Assuming that the permanent thermocline is present at depths greater than 300 m (from
Figure 8, the observed permanent thermocline was between ~300-1300 m), a relatively
weak seasonal thermocline was observed at the time this station was occupied during this
study. The oxygen minimum at this station occurred at ~1500 m. Discrete temperature
data from reversing thermometers, salinity and oxygen data are presented in Table 4.

Concentrations of DOC at Station F (Figure 9a, Table 5) ranged from a surface
maximum of 53 uM C to an average of ~40 UM C at depths greater than 1000 m. DON
and DOP concentrations (Figure 9b and c, Table 5) had proportional surface to deep
water gradients, with concentration ranges of 2.5-4.4 pM N and 0.074-0.225 pM P,
respectively, although DON gradients were less pronounced than those of DOC or DOP.

Concentrations of DIN and DIP (Figure 10, Table 5) did not show strong surface
depletions at Station F, although surface minima of 15 UM N and 1.07 uM P,
respectively, were observed. Below the mixed layer, these concentrations increased to
maxima of 34 UM N and 2.32 uM P, respectively, also at the depth of O, minimum, and
decreased to relatively constant background values throughout the rest of the water

column.



30

Figure 8. Temperature profile of Stn F (Southern Ocean) as measured by CTD.
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TABLE 4. Hydrographic data for Southern

Ocean

Depth (m) Temperature  Salinity Oxygen
O (mL L™
Station F

3 - 34.284 6.400
10 - 34.281 6.496
20 7.837 34.290 6.377
94 7.169 34.366 6.142
142 6.366 34.265 6.455
245 6.578 34.330 6.117
434 5.050 34.380 5.386
565 4.427 34.281 6.759
772 3.668 34.469 4.505
974 3.206 34.406 4.383
1289 2.606 34.517 3.881
1490 2.469 34.592 3.160
1700 - 34.664 3.825
1900 - 34.693 3.944
2221 2.082 - 4.190
2533 1.869 - 4.203
2876 1.591 - 4.280
3493 1.355 34.736 4.386
3392 1.250 - 4.434
3600 - 34.715 4.503
4295 0.937 34.700 4.379
4905 0.903 34.712 4.518
5336 0914 - 4.477
5408 0.938 34.524 4.007
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Figure 9. Concentration profiles of a) DOC, b) DON, and c) DOP for Stn F. Error
bars plotted for DON and DOP were * 1 SD of duplicate measurements.

Analytical error for DOC was = 1 uM C.
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Figure 10. Concentration profiles of a) DIN, and b) DIP for Stn F. Error bars

plotted for DIN and DIP were + 1 SD of duplicate measurements.

7 LIBRARY
f of the
VIRGINIA lNSTiTUTE
f

O
MARINE SCiENC



gc

0¢

(d W) dIa

gL

ot

0085

0005

00S¥

000t

00s€e

- 000€

00s¢e

- 000¢

005}

0001

- 00S

Depth (m)

0085

- 0005

- 00SY

- 000V

- 00SE

- 000€

- 0052

Depth (m)

- 0002

- 00S 1

- 0001

- 00S

ov

T T T T o
513 oe Ge 0¢ Sl

(N M) NIa



SI vl 8T 81¢ 11 €000 91T 1€ €200 LZTI'0O ¥1'0  S°€ ot 80YS
91 ST LE 91t 11 0000 0TC €€ 1100 OIT0 210 O 9 9¢€s
ST 1 1€ 88¢ 6 0000 11T 0  SI00 I¥I0 91  +v¥ 8% S06Y
S1 1 ¢ 8¢S u L100 11T 67 6100 9L00 600 T€E (114 S6TY
S1 4! 4% 8¢ €1 0000 01T 62 1100 ¥L00 +¥0 €€ 9% 009¢
91 SI €€ 26€ A €000 LIT €€ 8000 TOTO0 110 ¢ o T6€€
4l vl 0¢ LES 11 0000 LIT 6 1100 9110 LIO S°€ 6€ €6¥¢
ST ST ST 887 A €000 SI'T € 8000 8YI'0 970 L€ 134 9.8C
S1 ST (44 6¥C 11 €000 ¥I'T I€ €000 8910 +I0 9¢€ (47 €66t
S1 4! 0T 8¢ 1 0000 80T 0 0000 SSI'0 800 O€ 4% 122
S1 4! X4 66T €1 0000 817 1€ SI00 LETO 800 T€ 8% 0061
81 L1 09 789 11 €000 961 €€ S000 1900 LTO L€ w 00LI
S1 4! 0T 8T 21 0000 T€T vE 0000 6910 €10 V€ (114 06v1
S1 4! o SPS 1 €000 TET ¢ 8000 SLOO STO  O€ 187 6871
91 S1 Ly vy 6 0000 0€7T ve 7200 0110 600 TS Sy vL6
¢l 4 1€ 0l €1 0000 S81 €T LO00 6600 800 T°€ 8% TLL
€1 €1 81 9¢¢ 81 0000 IS1 0z SI00 vEI'0 ¥10 ST S §9¢
S1 vl 14 10€ €1 €000 9L'1 ST €000 TS0 L1 e 9% 1434
Il 1 81 vLT S1 0000 9¢'1 61 0000 SLI'O V1 Te 8 SHT
4! €1 (44 v0€ 4 0000 8T LT +000 SSI'0 810 t€ Ly 44!
Si vl LT 933 4! €000 0’1 81  S000 8YI'0 L1O OV 0S 6
L1 91 (174 vZz 11 0000 201 91  L000 STTO LOO ¥¥ 0S 0T
91 S1 (44 692 1 €000 LO'T 91 €000 9610 €10 T¥ €S 01
S1 ! 0z 622 A €000 LO'Y ST €000 9IT0 970 €V 0S ¢

.KSQ.QBNM.
ddL'NAL dIaNId dOd:NOd dOoa@:D0d NOJ:00d |ds IF (d M) (NI as 17 (dIAM as 1¥ (NI Q) (w) ydeg

soney [eIudWIg

d1d

NI

d0d

NOd D0d

uBID( WIAY)INOS 10 SJUININSUO)) PIA[OSSI(] JO SONBY [BIUIWI[F PUE SUOHBIIUIUO) S A TAVL




35

Suspended POC and PON concentrations at Station F ranged from 0.58-41.7 ug C

L and 0.06-6.87 ng N L, respectively, again decreasing by ~100-fold with depth

(Figure 11a,b; Table 6). Suspended POP and PIP concentrations (Figure 11c,d; Table 6)

also decreased with depth, ranging from 0.008-0.418 ug P L' and 0.003-0.856 ug P L,

respectively over the entire water column. However, suspended POP concentrations
increased at near-bottom depths while suspended PIP concentrations increases at about
3000 m. Suspended PIP comprised between ~10 and 50% of the total suspended
particulate P.

Surface (0-3 cm) concentrations of SOC, SON and SOP (Table 6) were 2.75 mg C
gdw!, 0.51 mg N gdw™! and 0.094 mg P gdw!, respectively. The concentration of surface

SIP was 0.546 mg P gdw™!, comprising ~86% of total sedimentary P at Station F.

Elemental Ratios of DOM, Suspended POM and SOM

Eastern North Pacific Ocean

Elemental molar ratios of DOC:DON:DOP in DOM (Figure 12, Table 2) were
nearly always greater than Redfield (C:N:P = 106:16:1) at the eastern North Pacific
stations, with DOC:DON, DOC:DOP and DON:DOP ranging from 13-30, 277-537 and
14-34, respectively. For all stations, DOC:DON ratios increased with depth over the
upper 500 m, while DOC:DOP ratios increased with depth over the entire water column.
However, DON:DOP ratios for all stations approached Redfield in the upper 500 m,
increasing with depth below 500 m. Conversely, ratios for DIN:DIP were always lower
than Redfield, especially in surface waters, but N:P ratios more closely approximated

Redfield when DON and DOP were included (Figure 13, Table 2). The effect of adding
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Figure 11. Concentration profiles of suspended a) POC, b) PON, c) POP, and d)

‘PIP for Stn F. Average standard deviation of replicate samples for
suspended POC and PON were +0.121 ug C L™ and + 0.25 ug N L,
respectively. Suspended POP and PIP had average standard deviation

for replicate samples of + 0.008 ug P L.



POC (ugCL™) PON (ug NL™)

1 10 100 0.1 1 10
0 L X 1 P P i FU— 1 n i
500 -
1000 H~
1500 H
2000 A
& &
=y =
> 3000 - =
g g
3500 A
4000 A
4500 -
5000 -
a
5500
- -1
POP (ugPL™) PIP (ug PL™")
0.01 0.1 1 0.001 0.01 0.1 1
0 s 1) . NI | w O il L0t vl [N EEET| 1
500 - 500
1000 - 1000 1
1500 - 1500 |
2000 - 2000
5 &
S 2500 - 8 2500
[ans —
= =
~~ 3000 A -— 3000
g 3
3500 A 3500 -
4000 4000 1
4500 4500 1
5000 - 5000
c d
5500 5500



0¢I 9¢L 629
98'L LeéL 101
99°¢ $8¢ €0l
1’61 L1T AN
6°SI1 9cc eyl
§'6c 9t¢ 48!
1676 So1 011
€81 ¢'18 144%
£l 9¢l1 I'TI
0ce 8¢C 1247
8LI pel 05°L
(43 8¢T 68°L
86l 144! 6CL
¢'sc 961 0L'L
4% 16¢ 68°S
LSy LEE LEL
8¢ce 8¢£CT €99
X4 88¢ 8L9
%3 86¢C 60°L

110°0
¢00°0
0000
10070
0000
0000
2000
0000
0000
€000
c1oo
§00°0
¥00°0
0000
6000
8000
0€0°0
190°0
6¥C0

99S0
810°0
S10°0
0100
S00°0
9100
100°0
€000
9000
L00°0
v10°0
I10°0
¥10°0
100
00
ce00
L1TO
L9¢°0
9¢8°0

9¢0°0
¢100
110°0
€000
2000
¥00°0
2000
0000
¥00°0
S00°0
810°0
c00°0
S00°0
2000
y10°0
8000
1€0°0
L1T0
2970

¥60°0
¥20°0
00
300°0
8000
[10°0
y10°0
o0
9100
v10°0
§20°0
6100
6£0°0
9¢00
€900
€e00
110°0
LLTO
81¥°0

000
000
10°0
100
10°0
¥0°0
000

10°0
00
10°0
10°0
10°0
S0°0
L00
600
00
€Tl
IS0

150
600
600
LO00
90°0
S1°0
900
810
600
020
020
970
Seo0
o
(Al
69°0
91
0e's
L89

LT0
€00
61°0
€00
200
900
€00

S0°0
800
LT0
000
000
€0
§Co
050
81°0
8¢
86'C

SLT
SLO
9L0
L90
690
6v'1
850
690
$80
9Tl
IE°1
6L'1
61¢C
LLT
vi'9
LEY
0€6
80¢
L1y

ﬁ?ﬁm Swr ur) JuowIpag

£'6Cll
076501
143314
£T6¢C
6°00¢I
Ovivl
e0I¢El
eIyl
9'680¢C
1°€Z81
996¢l
9°¢6¢l
¢eocCl
§CLOT
0°S8L
zTI9
§9¢¢
£86Y

0SIS
001¢S
008t
009¢
000¢
008¢
00vC
0012
0051
00¢t
0001
008
009
oSy
0s¢
0SI
c8
9
o UoUDIS

dOd:NOd d0d:D0d NOd:D0d
SONBY [BIUIWI[]

das 1¥ (- 1d3) as1¥ (143 as ¥ (JINSM as 1F (108M) (P padung  (w) ydag

did

dOd

NOd

20d

QuIN[OA

U WIYINOS 10J JINEBIA AendNLIeJ pIpuddsng Jo Soney [EIUIWI[F PUB SUONEIIUDU0) 9 FTIV.L




38

Figure 12. Depth profiles of DOM elemental ratios for the eastern North Pacific
transect for a) DOC:DON, b) DOC:DOP, and ¢) DON:DOP. The
average Redfield ratios of C:N (6.6), C:P (106) and N:P (16) were
plotted as dashed vertical lines for comparison. DOC:DOP and
DON:DOP ratios for 400 m at Stn US were not plotted. The values

were 3243 and 233.2 respectively.
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Figure 13. Depth profiles of dissolved N:P ratios for a) Stn M, b) Stn R, and c) Stn
US in the eastern North Pacific. Symbols used are: DIN:DIP ratios -

filled circles and TDN:TDP ratios - open circles.
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DON and DOP to dissolved N:P ratios was most pronounced in DIN and DIP-depleted
surface waters in the eastern North Pacific.

Elemental ratios for suspended POM (Figure 14, Table 3), were also generally
higher than Redfield, although suspended POC:PON ratios in surface waters had overall
ratios lower than deeper waters. These ratios ranged from 5.71-10.2, 117-630 and 11.6-
74.4 for suspended POC:PON, POC:POP and PON:POP, respectively. Elemental ratios
for the surface SOM sample were also all higher than Redfield, with SOC:SON, SOC:SOP
and SON:SOP of 10.2, 417 and 40.7, respectively (Table 3).

Southern Ocean

As was found in the eastern North Pacific, elemental ratios of DOM at Station F
(Figure 15a-c, Table 5) were all greater than Redfield with DOC:DON, DOC:DOP and
DON:DOP ranging from 9-18, 229-682 and 12-47, respectively. DOC:DON ratios
increased with depth over the upper 500 m, while DOC:DOP and DON:DOP ratios
increased with depth over the upper 1500 m. Ratios of DON:DOP in the upper 500 m
showed similar near-Redfield ratios as for the eastern North Pacific transect. DIN:DIP
ratios were lower than Redfield, especially in surface waters, but like the eastern North
Pacific, dissolved N:P ratios also more closely approximated Redfield when DON and
DOP were included (Figure 15d, Table 5).

Elemental ratios for suspended POM (Figure 16, Table 6), were generally higher
than Redfield in Southern Ocean samples, ranging from 4.44-14.2, 58.5-336 and 5.66-45.7
for suspended POC:PON, POC:POP and PON:POP, respectively. For the SOM sample,

elemental ratios observed were all lower than Redfield, unlike all of the other organic
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Figure 14. Depth profiles of suspended POM elemental ratios for the eastern

North Pacific transect; a) POC:PON, b) POC:POP, and c) PON:POP.
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Figure 15. Profiles of a) DOC:DON, b) DOC:DOP, ¢) DON: DOP, and d)
dissolved N:P for Stn F. Symbols used for Fig. 15d are: DIN:DIP ratios

- filled circles and TDN:TDP ratios - open circles.
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Figure 16. Depth profiles of suspended POM elemental ratios for Stn F; a)
POC:PON, b) POC:POP, and c¢) PON:POP. POC:POP and PON:POP

ratios for 150 m were not plotted. The values were 2238 and 338

respectively.
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matter pools in this study. These ratios were 6.29, 75.6 and 12.0 for SOC:SON,

SOC:SOP and SON:SOP, respectively, at Station F (Table 6).

Sinking POM Fluxes and Flux Ratios

The sinking mass fluxes (Figure 17a) at Station M for 650 mab sediment traps
ranged from 114.4-392.0 mg m™d" over the 110-day sampling period. Of these total
mass fluxes, ~5-7% was sinking POC, ~0.5-0.8% PON, ~0.02-0.06% POP and ~0.02-
0.07% PIP (Table 7). These fractions amounted to particle fluxes to 650 mab of 6.3-21.9
mg C m2d!in POC, 0.73-2.37 mg N m2d! in PON and 0.022-0.097 mg P m2d! in
POP, while PIP fluxes ranged from 0.063-0.189 mg P m™2d™” (Figure 17b-c, Table 7). The
sinking mass flux increased over the course of the 110 day period, with the sinking POC
and sinking PON fluxes corresponding closely to this trend. The sinking POP fluxes did
not, however, follow this same pattern; increasing to a peak of 0.09 mg P m?2d"! from
February 16-March 28, 1995, decreasing sharply for the next 10 days and steadily
increasing to ~0.08 mg P m2d™! over the remainder of the sampling period. Sinking PIP
and sinking TPP fluxes, however, did increase over the course of the sampling period. In
general, sinking PIP fluxes were greater than sinking POP fluxes, with the exception of
February 26-March 18, 1995 and accounted for an average of ~60% of the total sinking P
flux.

Flux ratios for sinking POM at Station M were all much greater than Redfield over
the 110-day period. Ratios for sinking POC:PON, POC:POP and PON:POP ranged from

10-11.4,205-1099 and 20.6-100, respectively (Figure 18, Table 7). These ratios did not



45

follow the sinking mass fluxes, indicating that the quality (and ratios) of sinking organic

matter is not controlled by fluxes of the sinking mass.
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Figure 17. Fluxes of a) sinking mass, b) POC, ¢) PON, and d) P to 650 mab for Stn
M collected from February 16 to June 06, 1995. Symbols used for Fig.

17d are: POP - filled circles, PIP - open circles and TPP - closed

triangles.
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Figure 18. Flux ratios of sinking a) POC:PON, b) POC:POP, and c¢) PON:POP to

650 mab for Stn M collected from February 16 to June 06, 1995.
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Discussion
Distributions of DOM, Suspended POM and SOM
Profiles of DOC, DON and DOP from this study at both sites were qualitatively
similar to DOC, DON and DOP profiles previously reported for various parts of the
world’s oceans (Holm-Hansen et al., 1966; Williams et al., 1980; Ridal and Moore, 1992;

Hopkinson et al., 1997). Although the concentration range for DOC for the eastern North

Pacific (35-72 uM C) was similar to those found by Holm-Hansen et al. (1966; 40-80

uM C) for Santa Catalina Basin, Williams et al. (1980; 40-60 uM C) for the central North
Pacific gyre, and Hopkinson et al. (1997; 50-80 uM C) for Georges Bank, surface DOC
concentrations were higher than those observed by Williams et al. (1980) and deep water
concentrations were lower than those reported by Hopkinson et al. (1997). The DOC
concentrations at the Southern Ocean site were lower than those observed by Hopkinson
et al. (1997) but fell within the range observed by Williams et al. (1980). Deep water
DOC concentrations for both sites were the same as those observed by Hansell and
Carlson (submitted) for deep global ocean waters (42 uM C for the Southern Ocean and

39 uM C for the North Pacific).

Concentrations of DON (1.5-5.2 uM N) for both sites were lower than those

reported by Holm-Hansen e al. (1966; 3-8 uM N) and Williams e¢ al. (1980; 4-6 uM N)
but were similar to those observed by Smith et al. (1986; 1.5-4 uM N) for the North

Pacific Gyre, and Hopkinson et al. (1997; 2-5uM N). Concentrations of DOP (0.073-
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0.229 uM P) for both sites were lower than those determined by Holm-Hansen et al.

(1966; 0.1-0.4 pM P) and Williams et al. (1980; 0.1-0.3 uM P), but were higher than
those reported by Hopkinson ef al. (1997; 0.02-0.017 uM P). Concentrations of DOP
from this study, however, were similar to those observed by Smith et al. (1986; 0.05-0.2
UM P) and Ridal and Moore (1992; 0-0.25 uM P, for the northeast subarctic Pacific).
Concentrations of suspended POC and PON for the eastern North Pacific fell
within the same range (~3-24 pg C L' and ~0.2-5 pg N L), respectively) as those
reported by Williams et al. (1980), although suspended POC and PON concentrations for
the Southern Ocean were lower. Surface suspended POC and PON concentrations for
both sites, however, were 2-3 times higher than those observed by Williams et al. (1980).
Comparing the two study sites, surface DOC concentrations at the eastern North
Pacific sites were higher than at the Southern Ocean site, although deep ocean
concentrations were slightly higher in the Southern Ocean than in the eastern North
Pacific (compare Figures 5a and 9a). In their survey of the world’s deep oceans, Hansell
and Carlson (submitted), found similar deep ocean DOC concentration gradients. They
found that deep ocean DOC concentrations were highest in the North Atlantic Ocean
where extensive deep water formation occurs, and lowest in the North Pacific, at the
terminus of the global ocean conveyor. Concentrations of DON (Figures 5b and 9b) also
showed a decrease from Station F to the eastern North Pacific, although surface
concentrations were about the same. Northward flowing deep water (i.e. from the
Southern Ocean to the North Pacific) along the global conveyor belt that is getting older
and has organic matter that is being degraded over time could explain the deep ocean DOC

and DON concentration gradients between the two sites. This is consistent with the
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relative ages of the DOC pool between these two sites measured concurrently during this
study (Druffel and Bauer, 1998). DOC and DON are cumulatively remineralized as they
are transported through the deep world ocean, causing both DOC and DON
concentrations to decrease with time (and space) and inorganic nutrients to accumulate
along the course of the mean deep water flow. Microbial decomposition of DOC and
DON in excess of “locally produced” DOM could further explain this phenomenon
(Hansell and Carlson, submitted). Concentrations of DOP, however, were similar at both
sites (Figures 5¢ and 9c¢), showing no difference in concentrations for either surface or
deep waters with the exception of those at Stn US. The increase in near-bottom DOP
concentration could possibly be attributed to sediment porewater inputs at this site.

Concentrations of DIN and DIP showed an opposite gradient to DOM, with
surface DIN and DIP concentrations in the Southern Ocean being higher than those found
in the eastern North Pacific, while deep ocean concentrations were lower in the Southern
Ocean than in the eastern North Pacific (Figures 6 and 10). This difference in the nutrient
concentrations between the two sites is also most likely explained by the relative position
of the two sites along the path of deep ocean water transport. The differences in surface
nutrient concentrations, however, are better explained by upward advection of deep ocean
nutrients. Higher nutrient concentrations in the surface waters at the Southern Ocean site
can be explained by greater advective input of deep ocean nutrients at this site relative to
the eastern North Pacific site due to a weaker seasonal thermocline at Station F compared
to at Station M.

Along the eastern North Pacific transect, the decrease in surface DOC

concentrations going onshore, from Station M to Station US (Figure 5‘a), reflects the
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upwelling of DOC-poor deeper waters (Bauer et al., 1998b). Similar distributions were
also seen for DON and DOP surface concentrations (Figures 5a and 5b), although
preferential utilization of DON and DOP (based on elemental ratios of surface DOM that
were higher than Redfield - see below) by surface microheterotrophic communities may
cause this onshore-offshore gradient to be less pronounced. The increase in surface
concentrations of DIN and DIP (Figures 6a and 6b) going onshore is also likely explained
by the upwelling of nutrient-rich deep water.

Suspended POC, PON and POP concentrations were similar for the eastern North
Pacific and Southern Oceans (Figures 7 and 11), both in surface and deep waters,
suggesting that the concentrations of suspended POM may be controlled by different
factors than for DOM. Biological alteration and disaggregation of sinking POM to
suspended POM, and dissolution of suspended POM to DOM have been found to be
important in the transformation of particulate to dissolved organic phases (McCave,
1975; Wakeham and Canuel, 1988; Druffel ef al., 1998). It has also been postulated that
DOC may sorb onto suspended POC (Druffel et al., 1998).

Surface water concentrations of suspended PIP were higher in the Southern Ocean
than in the eastern North Pacific (Figures 7d and 11d), although deep ocean
concentrations were similar. It should be noted that the apparent high suspended PIP
concentrations, especially in surface ocean samples, could in part be an experimental
artifact resulting from hydrolysis of labile organic P cofnpounds during acid extraction of
the inorganic particulate P phase (Ruttenberg, 1992; Ruttenberg and Gorii, 1997).
Concentrations of suspended POC, PON, POP and PIP (Figure 7) along the eastern

North Pacific transect did not show any onshore-offshore surface gradients, suggesting
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that upwelling is not important in the control of suspended particulate matter
distributions for surface waters at these stations. Using A*C and biomarkers such as
pyrophaeophorbide-a of suspended POC, other studies in the eastern North Pacific have
suggested that resuspended POC may be laterally transported along the slope over a near-
bottom depth range (Bianchi et al., 1998; Druffel et al., 1998; Sherrell et al., 1998), thus
contributing to the near-bottom peak in suspended POM concentrations at Stn US.
Surface SOC, SON and SOP concentrations in the eastern North Pacific were
much higher than in the Southern Ocean (Tables 3 and 6). Since primary production at
both sites were of similar magnitude, a possible explanation for this is that lateral
transport of resuspended SOM along the continental slope at the eastern North Pacific
site could be a contributing factor to the higher SOM concentrations (Druffel et al., 1998).
Reimers et al. (1992) sampled more intensively (5 stations) along the same transect as the
eastern North Pacific transect from this study and found that surface SOC concentrations
Jincreased from their off-shore to their on-shore stations, indicating possible lateral
transport of SOC from the slope to the abyssal oceans. Surface SIP concentrations
(Tables 3 and 6) were also higher in the eastern North Pacific, but this is not surprising as
the eastern North Pacific site lies closer to continental influences than the Southern Ocean

site and thus may experience greater inputs of inorganic P from continental weathering

and deposition by rivers.
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Elemental Ratios of DOM, Suspended POM and SOM

In this study, elemental ratios observed for DOM were generally much greater
than Redfield. This is consistent with ratios observed by Hopkinson et al. (1997), who
reports DOM ratios ranging from 11-15 for DOC:DON, 400-800 for DOC:DOP, and 24-
55 for DON:DOP. Similar ratios were also observed by Williams et al. (1980) for
DON:DOP. It was also observed that TDN:TDP (i.e., DIN+DON and DIP+DOP) ratios
approached Redfield than inorganic ratios alone, as been previously reported by Jackson
and Williams (1985) for the Pacific Ocean, and Karl et al. (1993) at the US-JGOFS time-
series station near Hawaii. This implies that in order to balance N and P budgets for the
- open ocean water column, surface concentrations of inorganic N and P must be
“supplemented” by other pools (i.e. DON and DOP pools).

Elemental ratios for DOM (Figures 12 and 15) fell within similar ranges for the
two sites studied here. DOM ratios in the eastern North Pacific and Southern Oceans in
nearly all cases exceeded Redfield, indicating that as a general rule, DOP is preferentially
remineralized relative to DOC and DON. The increase in DOC:DON ratios with depth
over the upper 500 m at both sites indicate that there is preferential remineralization of
DON relative to DOC with depth in the upper 500 m of the water column. Increases in
DOC:DORP ratios at both sites also indicate that DOP is preferentially remineralized with
depth relative to DOC. Although there was a small increase in DON:DOP ratios with
depth at the Southern Ocean site, there was almost a two-fold increase in DON:DOP
ratios with depth at the eastern North Pacific, suggesting that DOP may be preferentially
remineralized with depth. This gradient was more apparent at the eastern North Pacific

site than in the Southern Ocean, probably due to greater vertical advective mixing at the
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Southern Ocean site. Elemental ratios for DOM along the eastern North Pacific transect
did not show any on- or offshore pattern (Figure 12).

Elemental ratios in suspended POM (Figures 14 and 16) for both the eastern
North Pacific and Southern Ocean also exceeded Redfield, but generally by less than
DOM ratios. Ratios of POC:PON, POC:POP and PON:POP showed a high level of
variability throughout the water column at both sites and fell within the same ranges as
DOM ratios. Suspended POC:PON ratios for deep waters were lower in the eastern
North Pacific compared to the Southern Ocean although there were no differences in
surface ratios. Suspended POC:POP and PON:POP ratios in the eastern North Pacific
were similar to those observed in the Southern Ocean. For the eastern North Pacific
transect, there was a decrease in surface POC:PON ratios going offshore, suggesting that
surface suspended POM at Station M is relatively N-rich.

Surface SOM between the two sites (Station M and F) had very different
elemental ratios (Table 3 and 6). For the eastern North Paciﬁc, ratios were all higher than
Redfield while SOC:SOP and SON:SOP ratios for the Southern Ocean were all lower than
Redfield (although the SOC:SON ratio approach Redfield at the Southern Ocean site).
This suggests that most of the POM produced in the mixed layer at the eastern North
Pacific site has undergone some sort of degradation, with the preferential loss of N and P,
before reaching the seabed, with the O, minimum zone contributing to the enhancement of
microbial processes. Martin et al. (1987) found that ~50% of organic C is regenerated in
the upper 300 m at their VERTEX sites. The low SOC:SOP and SON:SOP ratios
observed in the Southern Ocean is not uncommon in organic carbon-poor (< 0.5% organic

C) marine sediments from the world’s oceans (Froelich et al., 1982; summary) and
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Amazon River plume sediments (Ruttenberg and Gorii, 1997). Low SOC:SOP and
SON:SOP ratio could be due to the presence of refractory organic P compounds at this

site (Froelich et al., 1982; Ruttenberg and Goiii, 1997).

Sinking POM Fluxes and Flux Ratios

Sinking POC fluxes (Table 7) at Station M during this study were the same as
sinking POC fluxes reported by Knauer et al. (1979; 1.0 mmol C m™ d!) for their 1050 m
open ocean sediment trap in the eastern North Pacific gyre, while sinking PON and TPP
fluxes were respectively 3 and S times greater than those observed by Knauer ez al. (1979;
0.034 mmol N m2 d"' and 0.0011 mmol P m? d, respectively). However, sinking POC
and PON fluxes from this study were only twice as high as those estimated using the
normalized power function by Martin et al. (1987) for their open ocean composite
(0O0C) for sinking POC and PON. The sinking POC and PON fluxes measured in this
study were comparable to those observed in previous years’ studies at this station, for a
similar time period (Smith ef al., 1994). When compared to the long-term average sinking
POC and PON fluxes for this station (0.55 mmol C m? d™! and 0.055 mmol N m?2d,
respectively, Smith et al., 1994), fluxes observed during this study were about twice as
high.

The differences in fluxes of sinking particulate matter for Station M observed
during this study compared to the long-term average fluxes from Smith et al. (1994) are a
result of the spring-summer pulses of organic matter at this station (Smith et al., 1994;
Druffel et al., 1996). Since the time period for this study in the eastern North Pacific was

coincident with a high flux period, it is reasonable that the fluxes measured in this study
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were higher than the long term average fluxes estimated by Smith et al. (1994). Also,
sinking POM fluxes at this station are likely controlled in part by the lateral transport of
organic matter from relatively high productivity, nearshore up-welling areas, and
continental shelf and upper slope sediments (Bianchi et al., 1998; Druffel et al., 1998;
Sherrell et al., 1998). This also explains the relatively high fluxes measured in this study
compared to Martin et al.’s (1987) open ocean composite estimates. In deriving their
composite of sinking POM flux for the open ocean, Martin ef al. (1987) used only
sediment trap data from sites that were farthest away from any potential input of organic
matter by lateral transport.

Sinking POC:PON flux ratios from this study were the same as those estimated
from the open ocean composite by Martin et al. (1987) and those observed by Smith ef
al. (1994) for this station. These ratios, however were about 3 times lower than those
measured by Knauer ef al. (1979). Sinking POC:POP flux ratios were ~1.5 times lower
than those observed by Knauer et al. (1979), while sinking PON:POP flux ratios were
~1.5 times greater. Elemental ratios of the sinking POM fluxes did not follow C, N, and P
mass fluxes over the sampling period (Figure 18, Table 7), although all ratios were much
higher than Redfield, suggesting preferential remineralization of N and P in these sinking
particles. Flux ratios for sinking POM greater than Redfield (C:N:P = 910:31:1) were also
observed by Knauer et al. (1979) for their 1050 m open ocean sediment trap in the eastern

North Pacific gyre.
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Fluxes and Flux Ratios of DOM, Suspended POM and Sinking POM: 4 Comparison

In order to evaluate the contributions of DOM and suspended POM to overall
organic C, N and P fluxes at the two main study sites, a simple one-dimensional vertical
eddy diffusion model was used to estimate fluxes of DOM and suspended POM from the
upper mixed layer (above the permanent thermocline) to the deep ocean using Fick’s First
Law:

F=-K, d—C (Eq. 3)
dz

where F'is flux (in mmol m™? d), K, is the vertical eddy diffusion coefficient (in m? d)
and dC/dz (dC in pM and dz in m).the concentration gradient from the surface to the base

of the permanent thermocline. Eq. 3 can be rewritten as:

F — —Kz Cmax - Cmin (Eq 4)

Zmax — Zmin

The concentration gradient (dC/dz) for each parameter was calculated by taking the
difference between the maximum surface concentration (C,,,) and the concentration (Cy,;,)
at the base of the main thermocline, divided by the corresponding depth interval (2,4, -
Zmin)- Vertical eddy diffusion coefficients (K,) were taken from Li et al. (1984) for the
North Pacific (1.8 cm? s™!) and the South Pacific (2.8 cm? s™'). These values were based
on averaged tritium profiles for each oceanic region. Based on Eq. 4, fluxes of DOM and
suspended POM were calculated for Station M in the eastern North Pacific and Station F
in the Southern Ocean and are listed in Tables 8 and 9.

These flux estimates are considered to be representative of long-term (i.e. seasonal
to annual) average values based on two basic assumptions. a) Surface to deep

concentration gradients of DOM and suspended POM are relatively constant throughout



TABLE 8. DOM Fluxes and Flux Ratios for Eastern North Paciﬁc and

Southern Oceans

Diffusive coefficient, K , (Lietal., 1984)
NPac= 1.8 cm’s’ = 15.6 m*d"
SPac=2.8cm’s’ = 242 m?d"

Cmax Cmin Zma.x Zin FIUX
Site  (UM) (LM) (m) (m) AC Az (mmolm?>d")
DOC
ENPac 72 38 25 722 34 -697 0.76
SOce 50 41 3 1289 9 -1286 0.17
DON
ENPac 4.5 2.8 25 722 1.3 -697 0.030
SOce 4.3 3.0 3 1289 1.3 -1286 0.024
DOP
ENPac 0.229 0.107 25 722 0.12 -697 0.0027
SOce 0.216 0.075 3 1289 0.14 -1286 0.0026
Flux ratios
ENPac SOce
DOC:DON 25 7.1
DOC:DOP 283 64
DON:DOP 11 9.1




TABLE 9. Suspended POM Fluxes and Flux Ratios for Eastern North Pacific and

Southern Oceans

Cmax Cmin Zmax Zmin Flux Flux
Site (ugLY) gL’ (m) (m) AC Az (mgm?d") (mmolm?d")
POC
ENPac 62.8 2.06 25 700 60.8 -675 1.40 0.117
SOce 41.7 1.31 6 1300 404 -1294 0.76 0.063
PON
ENPac 12.8 0.30 25 700 12.5  -675 0.290 0.0207
SOce 6.87 0.20 6 1300 6.66 -1294 0.125 0.0089
POP
ENPac 0.556 0.019 25 700 0.536 -675 0.0124 0.00040
SOce 0418 0.025 6 1300 0.393 -1294  0.0073 0.00024
PIP
ENPac 0.395 0.020 25 700 0375 -675 0.0087 0.00028
SOce 0.856 0.014 6 1300 0.842 -1294 0.0157 0.00051
IPP
ENPac 0.95 0.039 25 700 0.91 -675 0.0211 0.00068
SOce 1.27 0.039 6 1300 1.23 -1294 0.0231 0.00074
Flux ratios
ENPac SOce
POC:PON 5.7 7.1
POC:POP 293 266
PON:POP 52 38

Diffusive coefficient, K , (Lietal., 1984)

NPac = 1.8 cm’s? = 15.6 m*d*!
SPac = 2.8 cm?s! = 242 m*d?!
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the year. Seasonal to annual concentration gradients of DOM at Stn M ranged only over
a factor of 1.6 (24-38 uM C; Bauer et al., 1998a) while concentration gradients of
suspended POM ranged over a factor of 2.1 (36-74 ug C L'!; Druffel ez al., 1996). b) By
definition (see above), the surface to deep ocean DOM and suspended POM
concentration gradients imply that these two pools are potentially available for eddy
diffusive transport to the deep ocean.

At the eastern North Pacific site, calculated DOM fluxes were usually greater than
the long-term (over two years) average sinking POM fluxes from Smith ez al. (1994)
(Table 10). Downward diffusive DOC and suspended POC fluxes accounted for 53% and
8%, respectively, of the total organic C flux to the deep ocean compared to the 39%
contributed by average long-term sinking POC flux. However, downward diffusive DON
and suspended PON fluxes were calculated to be 28% and 20%, respectively, of the total
organic N flux, compared to 52% contributed by average sinking PON flux. Using the
ratios of the long-term average sinking POC and PON fluxes to those obtained from this
study, long-term average fluxes for sinking P were estimated to be: POP (0.0012 mmol P
m d1), PIP (0.0017 mmol P m? d!) and TPP (0.0029 mmol P m? d!). Using these
estimates, DOP and suspended POP fluxes were found to contribute 65% and 9% to the
total organic P flux. Even when these DOM and suspended POM fluxes were compared
to the sinking POM fluxes for Station M measured during the high-flux study period, the
fractions contributed by DOM and suspended POM fluxes to the total organic matter
flux were not significantly changed. This indicates the importance of DOM fluxes from
the upper mixed layer to the deep ocean at this site, regardless of whether they are

evaluated against high- or low-flux periods of sinking POM.



TABLE 10. Summary of Dissolved, Suspended and
Sinking Organic Matter Fluxes

Flux (mmol m? d™)
Suspended Sinking

Site Dissolved' Particulate' Particulate®’ Total

oC

’ENPac  0.76 0.117 0.55 1.4
3SOce 0.17 0.063 0.46 0.69
ON

ENPac  0.030 0.0207 0.055 0.11
SOce 0.024 0.0089 0.047 0.080
OoP

‘ENPac  0.0027  0.00040 0.0012 0.0043
SOce 0.0026  0.00024 - 0.0029
IP

‘ENPac - 0.00028 0.0017 0.0020
SOce - 0.00051 - 0.00051
TP

‘ENPac  0.0027  0.00068 0.0029 0.0063
SOce 0.0026  0.00074 - 0.0034
'This study

*Long-term average for sinking POM fluxes from Smith et al . (1994)
*Sinking POM fluxes estimated from Martin et al . (1987) OOC

‘estimated (see text)
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In the Southern Ocean, DOC, DON, suspended POC, PON and POP diffusive
fluxes to the deep ocean were 1.5-2.5 times lower than in the eastern North Pacific (Table
10). DOP fluxes, however were the same for both sites (Table 10), although suspended
PIP fluxes in the Southern Ocean were ~1.7 times greater than those in the eastern North
Pacific. As there are no published sediment trap data for the region of the Southern
Ocean site, data from this study were compared with estimates of sinking POC and PON
fluxes from Martin et al.’s (1987) open ocean composite. When compared with the
estimated sinking POC flux from the open ocean composite, DOC and suspended POC
fluxes in the Southern Ocean accounted for 25% and 9%, respectively, of the total organic
C flux from the upper mixed layer to the deep ocean (Table 10). Fractions of DON and
suspended P_ON fluxes were similar, contributing 30% and 11%, respectively, to the total
organic N flux. As Martin et al. (1987) did not measure sinking P fluxes, DOP flux for the
Southern Ocean were compared only with the suspended particulate P (POP and PIP)
fluxes. Suspended PIP fluxes were twice as high as suspended POP fluxes (Table 10) in
the Southern Ocean, although each consist of only 15% and 7%, respectively, of the total
P fluxes for this site (not including any sinking P fluxes since no data were available).
Vertical DOP fluxes at this site account for 76% of the total P fluxes, indicating that P
fluxes in the Southern Ocean were dominated by DOP fluxes.

For Station M, while calculated C:N flux ratios for DOM and sinking POM were
found to be higher than Redfield, the C:N flux ratios for suspended POM were lower than
Redfield. This may be due to suspended POM being enriched in N in surface samples.
All C:P flux ratios for the three organic matter pools were higher than Redfield, as were

N:P flux ratios for suspended and sinking POM. Flux ratios of N:P for DOM, however,



64

were lower than Redfield in the eastern North Pacific. For the Southern Ocean, all flux
ratios of DOM and suspended POM were higher than Redfield, with the exception of
N:P flux ratio for DOM, which was not. These differences in flux ratios among the
different pools of organic matter suggest that each of the pools that is being removed to
the deep ocean has different chemical characteristics. Complex processes such as
disaggregation (and/or aggregation), dissolution, sorption and selective remineralization
could control the partitioning of organic C, N and P among the three different pools
(sinking, suspended and dissolved) in the open ocean water column.

In summary, concentrations of DOM and suspended POM in the open ocean
found in this study displayed unique C, N and P distributions, and were likely influenced
by very different factors. While dissolved constituents were more likely to be influenced
by the physical regime of the study site (e.g. upwelling in the eastern North Pacific or
vertical advective inputs in the Southern Ocean), suspended particulate matter
distributions and concentrations were more likely to be controlled by biological and
chemical alteration of particulate matter in the ocean (Druffel ef al., 1998). This can be
seen from the lack of surface-depletion in dissolved inorganic nutrients at Station F and
the differences in surface DOC concentrations between Station F and Station M. The
similar distributions and concentration ranges observed for suspended POM between the
two sites also support this hypothesis.

Elemental ratios determined in this study reveal that DOP and suspended POP are
preferentially remineralized at both sites. A slight increase in DOC:DOP and DON:DOP
ratios for both study sites suggest that DOP also is being preferentially degraded with

depth for the eastern North Pacific and Southern Oceans. Elemental ratios of DOM and
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suspended POM observed for both sites were not significantly different from each other,
suggesting that ocean regime does not necessarily control the qualitative characteristics of
organic matter composition. Inclusion of DON and DOP concentrations in estimates of
total dissolved N and P concentrations is important, as N and P concentrations will be
underestimated if these organic nutrient pools are excluded, especially in surface waters.
Although organic C and N fluxes (for both dissolved and suspended particulate
pools) were higher in the eastern North Pacific Ocean than in the Southern Ocean, organic
P fluxes were similar for both sites. Suspended PIP fluxes in the Southern Ocean,
however, were higher than in the eastern North Pacific. The contributions of DOM to the
overall total organic C, N and P fluxes to the deep ocean cannot be ignored as they form a
significant fraction of the overall organic matter flux. The contributions of DOM fluxes to
the total organic flux are equally important even during high-flux periods of sinking POM,

as demonstrated at Station M.



Summary and Conclusions

Surface and deep ocean concentrations of DOM and inorganic nutrients between
the Southern Ocean and the eastern North Pacific displayed distinct differences although
concentrations of suspended POM were similar at both sites. At both sites, DOM and
suspended POM generally had elemental ratios that were much higher than Redfield,
indicating that there was preferential remineralization of N and P relative to C in these
pools. Although there were no distinct trends of C:N ratios in DOM and suspended
POM with depth, an increase in C:P and N:P ratios were observed for DOM with depth
for both sites, indicating preferential remineralization of DOP with depth.

Estimated eddy diffusive fluxes of DOM indicate the importance of this pool to
the total organic matter flux from the upper mixed layer to the deep ocean at both sites,
with DOM fluxes accounting for up to ~65%. Suspended POM fluxes accounted for up
to ~20% of the total organic matter (as C, N and P) fluxes to the deep ocean.

These findings have potentially significant implications for C, N and P fluxes
estimated in the deep open ocean, as these fluxes have traditionally been determined by
sediment trap data. From the present findings, not only are dissolved and suspended
particulate organic matter fluxes an important portion of the downward organic matter
flux but that fluxes measured by sediment traps exclusively could significantly

underestimate the flux of organic matter from the surface to the deep ocean.
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Appendix I

Abbreviation Key

DOM

POM

SOM

- dissolved organic matter, refers collectively to DOC, DON and DOP
- particulate organic matter, refers collectively to POC, PON and POP

- sedimentary organic matter, refers collectively to SOC, SON and SOP

DOC, DON, DOP - dissolved organic carbon, nitrogen, phosphorus

POC, PON, POP - particulate organic carbon, nitrogen, phosphorus

SOC, SON, SOP - sedimentary organic carbon, nitrogen, phosphorus

DIN, DIP
PIP, SIP
TDN, TDP

TPP, TSP

- dissolved inorganic nitrogen, phosphorus
- particulate and sedimentary inorganic phosphorus
- total dissolved nitrogen, phosphorus

- total particulate and sedimentary phosphorus
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Appendix IT

Two other cruises were conducted to Station M in the eastern North Pacific.
However, only DOM samples were collected during these cruises. Pulse 30 was
conducted from May 29 to June 7, 1996 and Pulse 31 were from October 7 to 16, 1996.
Profiles of DOC, DON and DOP from Pulse 30 (filled circles) and 31 (open circles) are
presented in Figure 19. Profiles of DIN and DIP from Pulse 30 (filled circles) and 31
(open circles) are presented in Figure 20. Elemental ratio profiles for DOM from Pulse
30 (filled circles) and 31 (open circles) are presented in Figure 21. DON:DOP ratios were
higher for Pulse 31 than they were for Pulse 30. This shows preferential remineralization
of DOP relative to DON over the course of 3 months. The Pulse 26 DON:DOP ratios do
not show the same depth gradient as for Pulse 30, indicating that there are inter-annual
differences in the quality of DOM at Stn M, as well as possible seasonal differences.
Ratios of DIN:DIP and TDN:TDP are presented in Figure 22. All data from Pulse 30 and

31 are listed in Table 11.
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Figure 19. Concentration profiles of a) DOC, b) DON, and c) DOP for Stn M.
Symbols used for all profiles were: Pulse 30 - filled circles; Pulse 31 -
open circles. Error bars plotted for DON and DOP were + 1 SD of

duplicate measurements. Analytical error for DOC was + 1 uyM C.
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Figure 20. Depth profiles of a) DIN, and b) DIP concentrations for Stn M. Error

bars plotted for DIN and DIP were + 1 SD of duplicate measurements.
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Figure 21. Depth profiles of DOM elemental ratios for Stn M for a) DOC:DON,
b) DOC:DOP, and ¢) DON:DOP. Average Redfield ratios of C:N (6.6),

C:P (106) and N:P (16) were plotted as dashed vertical lines for

comparison.
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Figure 22. Depth profiles of dissolved N:P ratios for a) Pulse 30 and b) Pulse 31 for
Stn M. Symbols used were: DIN:DIP ratios - filled circles and

TDN:TDP ratios - open circles.
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Appendix 1

Nine model compounds for DON and DOP were used to determine the efficiency
of the DON and DOP oxidation method chosen for this study. Known concentrations of
these compounds were prepared in a clean, full-strength (35 ppt) saline matrix and
oxidized using the wet alkaline persulfate oxidation (for DON) and the high-temperature
ashing (for DOP) methods. Percent recoveries were calculated based on the amount of N
and P recovered. The DON and DOP compounds used and the respective percent
recoveries are presented in Figures 23 and 24.

All DON compounds were recovered in excess of 90% with the exception of
adenosine triphosphate (ATP). All DOP compounds were also recovered in excess of
90% with the exception of phosphonoacetic acid and D-glucose-6-phosphate, which had
recoveries of 70% and 84%, respectively. These two compounds were visibly
hygroscopic, thus affecting the ability to weigh them accurately, which could lead to an
underestimation of the percent recoveries of these two compounds. Although recoveries
for phosphonoacetic acid and D-glucose-6-phosphate were below 90%, similar studies
using the same oxidation method found recoveries of greater than 90% (Monaghan and
Ruttenberg, submitted; and all references therein).

Different volumes of a pure culture of the diatom Chaetoceros calcitrans were
filtered and the filters analyzed for PIP and TPP content using the ashing method as
described in Aspila et al. (1976) as an optimization of this method. Concentrations of

PIP, TPP and POP were plotted against the volume of the diatom culture filtered and a
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regression of each plot was taken (Figure 25). Regressions from PIP and TPP gave r-
square values of 0.944 and 0.925, respectively, indicating that inorganic and organic P is
conservatively extracted over a concentration range. The presence of PIP in a pure diatom
culture could be due to chemical bonding of orthophosphate with the high-surface area of
amorphous silica. However, this apparent PIP content could be due to the hydrolysis of
labile POP from a relatively fresh diatom culture. Therefore, this difference method could
actually overestimate PIP concentrations and underestimate POP concentrations,

especially in high productivity surface waters.
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Figure 23. Percent recovery of DON compounds using the wet alkaline persulfate

oxidation method. Error bars were + 1 SD.
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Figure 24. Percent recovery of DOP compounds using the high-temperature

ashing oxidation method. Error bars were £ 1 SD.
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Figure 25. Plots and regressions of a) PIP, b) TPP, and ¢) POP concentrations with
volume filtered for a pure diatom culture, Chaetoceros calcitrans, as
recovered by the high-temperature ashing oxidation method described

in Aspila ef al. (1976). Error bars are + 1 SD.
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