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Evidence for dissolution of fatty acids in sediment traps:
Impact on flux estimates
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Abstract. The effect of dissolution from particulates into the supernatant solution in
sediment trap sample cups has been measured for fatty acids. A mooring array with
time series sediment traps was deployed in the northeast Atlantic Ocean (59°N, 21°W)
for 14 months. Selected representative samples from the trap at 2200 m (poisoned with
NaN;;) were analyzed for total and free fatty acids in both the solution and particulate
phase by means of gas chromatography—mass spectrometry with an ion trap detector.
The flux contribution of the dissolved total fatty acids (3. DTFA) was found to be
between 15 and 75% of the total flux (3 TTFA, sum of the fluxes of total fatty acids in
both particles and supernatants). Dissolved free fatty acids (O DFFA) represented 25—
88% of the total flux of free fatty acids (3. TFFA). Absolute concentrations of total and
free fatty acids in both compartments are discussed in terms of the processes
controlling the distribution between the two phases, for example, readsorption. Sample

handling, poisoning, bacterial activity, and swimmers may also affect fatty acid
distribution. Flux data (sum of particulate and dissolved fluxes) are presented for
individual fatty acids. Also, the degree of dissolution of individual fatty acids is shown
for one sample (dissolved fraction ranging between 16 and 98% of total flux).

Introduction

Knowledge of the seasonal and interannual variability in
sedimentation rates and of transformation processes in the
water column is crucial for understanding the ocean’s role in
global biogeochemical cycles. Sediment traps have been
used successfully to estimate mass fluxes. Their use has also
permitted observations of degradation processes in the water
column [Honjo et al., 1982; Wakeham et al., 1984; Wakeham
and Canuel, 1988; Wakeham and Lee, 1989]. The quantita-
tive assessment of biogeochemical fluxes is among the most
important applications of sediment traps in studies such as
the Joint Global Ocean Flux Study (JGOFS). Biomarker
substances like fatty acids have proven to be important tools
for providing additional information on sources and fates of
organic components of sinking material [Perry et al., 1979;
Volkman et al., 1980; De Baar et al., 1983; Sicre et al., 1988;
Currie and Johns, 1988; Mayzaud et al., 1989; Wakeham and
Beier, 1991].

All data derived from sediment trap applications are
subject to various effects that may bias flux determination.
The collection efficiency depends on flow conditions [But-
man et al., 1986; Baker et al., 1988; Gust et al., 1992], on tilt
[Gardner, 1985], and on trap design (funnel type, cylinder
type, etc.) [Honjo et al., 1992]. The problem of zooplankton
‘‘swimmers,”” especially of cryptic swimmers, which ac-
tively enter the traps, has been discussed extensively
[Michaels et al., 1990; Lee et al., 1992], and no final solution
is in sight. In situ effects of preservatives and biocides on the
organic matrix collected with sediment traps have been
reported [Knauer et al., 1984; Gundersen and Wassmann,
1990; Lee et al., 1992]. Despite all these problems, sediment
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traps are still the most important tool for obtaining particle
flux data in the open ocean.

A phenomenon that has sometimes been overlooked in
sediment trap work is the loss of material by partial disso-
lution of the organic matrix into the supernatant. Cell
autolysis and microbial degradation occur under certain
conditions, affecting in particular long-term moorings. Poi-
soning of sampling cups cannot completely prevent degra-
dation of the organic matter [Gardner et al., 1983]. Samples,
when no longer exposed to the collecting funnel, may not be
separated hermetically from the surrounding water. Disso-
lution and diffusion out of the cups may occur if the sample
cup cups are not sufficiently sealed from the surrounding
water. Only if significant loss of dissolved species through
sample seals can be excluded can the determination of
parameters in both particles and supernatants provide reli-
able data.

The Kiel sediment trap has been developed at the Institute
for Marine Research in Kiel with this aim in mind. It was
shown to be leakproof during drift experiments in the North
Atlantic Ocean [Duinker and Kremling, 1990]. This trap
design may therefore allow accurate determination of fluxes
by analysis of both particles and supernatants.

Materials and Methods
Materials

Fatty acid standards were obtained from Larodan Fine
Chemicals AB (Malmé, Sweden). Potassium hydroxide pel-
lets p.a. (pro analysi; analytical grade), hydrochloric acid
32% p.a., and nitric acid 65% p.a. were purchased from
Merck (Darmstadt, Germany), and N-methyl-tert-
butyldimethylsilyltrifluoroacetamide (MTBSTFA) was ob-
tained from Macherey-Nagel (Diiren, Germany). All sol-
vents (dichloromethane, methanol, n-hexane; Merck) were
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of analytical grade and redistilled over a 1.5-m column
packed with Raschig rings. All glassware was cleaned with
detergent solution (Mucasol®, Merz & Co., Frankfurt,
Germany), rinsed thoroughly with hot water and deionized
water and then heated to 250°C for 12 hours.

Sampling and Sample Preparation

A deep-sea array with time series sediment traps (Kiel
sediment trap, Salzgitter Elektronik, Germany) was moored
in the northeast Atlantic Ocean (58°59.2'N, 21°01.4'W) at a
water depth of 2880 m in June 1989. All parts of the sediment
traps (baffle, funnel, revolving unit, and cups) went through
a cleaning procedure with detergent solution, 1% nitric acid,
1% hydrochloric acid, and deionized water, followed by in
situ conditioning (equilibration with seawater) for 2 weeks.
The mooring was recovered in August 1990.

The choice of biocide (e.g., HgCl, and NaN3) or preser-
vative (e.g., formaldehyde and glutaraldehyde) in the seawa-
ter-based medium in the trap cups was limited owing to the
species which were planned to be analyzed. HgCl, had to be
excluded because of interference with trace element analy-
sis. Formaldehyde and glutaraldehyde are known to alter the
sample chemically [Knauer and Asper, 1989], therefore
potentially interfering in the analysis of trace organics and
biomarkers. The additive used for this experiment was NaN,
at a final concentration of 0.5%. The medium was adjusted to
a density larger than that of the surrounding water, by
addition of precombusted NaCl to in situ seawater up to a
final salt concentration of 41 psu (before addition of biocide).
In situ seawater was taken with 30-L Goflo water samplers
which had been precleaned with the same cleaning proce-
dure.

The deepest sediment trap at 2200 m was chosen for this
investigation to reduce the collection of swimmers which
tend to disintegrate in traps that are not preserved but only
poisoned (e.g., NaN,), thus affecting biomarker patterns.
From the selected samples, only sample 9 contained a fairly
well preserved visible swimmer (amphipod), which was
removed before sample processing.

Upon recovery, samples were stored at 4°C until further
processing. A rotary splitter was not used because of leach-
ing and contamination of trace element analysis. The com-
paratively large volume of water required by the rotary
splitting procedure may affect the equilibrium between par-
ticles and supernatant solution and may also additionally
leach the particulate matter. Instead, supernatants and par-
ticles were separated by centrifugation (30 min, 5000 rpm).
Centrifugation was preferred to filtration because the pro-
cess of filtration has been reported to release more labile
material than does centrifugation [Collier and Edmond,
1984]. Wet particle samples were homogenized and split by
weight. Particulate splits and supernatants were stored again
at 4°C until further processing.

Extraction and Derivatization

The lipid fraction of wet particle splits was extracted
ultrasonically with boiling CH,Cl, (40°C) in a nitrogen
atmosphere for 2 hours. Extraction was repeated twice for
quantitative extraction. Supernatants were extracted three
times with CH,Cl, using a separatory funnel. Combined
extracts of particles and supernatants were stored under
nitrogen in glass ampoules.

Total fatty acid analysis was carried out by saponifying an
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aliquot with 1 N KOH in methanol/water (1 : 1, v : v) at
100°C (4 hours in glass ampoules under nitrogen) after the
organic solvent had been removed in a gentle stream of
nitrogen. The aqueous solution of fatty acid carboxylates
was acidified with 4 N HCl to pH 1-2. Fatty acids were then
reextracted with n-hexane.

Free fatty acids were extracted as carboxylates with 1 N
KOH in methanol/water (1 : 1, v : v) from another aliquot.
This was carried out at room temperature to avoid saponifi-
cation of naturally occurring fatty acid derivatives. After
removal of the organic phase and acidification of the aqueous
solution to pH 1-2, fatty acids were reextracted with n-hex-
ane.

For mass spectrometric identification and quantification,
fatty acids were derivatized with MTBSTFA as tert-
butyldimethylsilyl derivatives (TBDMS).

Gas Chromatography-Mass Spectrometry

Gas chromatography (GC)-mass spectrometry was per-
formed with a Carlo Erba 6000 Vega series 2 gas chromato-
graph, using a methyl silicone 400 fused-silica capillary
column (15 m X 0.25 mm ID, Quadrex) in connection with a
Finnigan MAT ion trap detector 800 (ITD-MS). GC condi-
tions were carrier gas hydrogen at 2 mL min ™! (specification
99.999%), on-column injector; temperature programming
was 1 min isothermal at 60°C, 4°C min~! to 320°C, 5 min
isothermal; transfer line temperature was 280°C.

Mass spectrometry was performed with electron impact
ionization. The ion trap manifold was operated at 220°C. The
mass scanning rate in full-scan mode from 50 to 600 amu was
1.0 s scan™1.

Identification and Quantification

TBDMS derivatives of fatty acids show very characteris-
tic electron impact mass spectra with molecular ions (M) and
M-15 ions of low abundance, but very intense M-57 ions due
to loss of the rert-butyl group from the molecular ion [Kim et
al., 1989]. M-57 ions constitute the base peaks for most
saturated and monounsaturated fatty acids, enabling rapid
and unambiguous identification. With increasing number of
double bonds in the molecule, mass spectra are less inter-
pretable; i.e., they show low intensities or absence of inter-
pretable fragments and prominent ions. Branched-chain
fatty acids show fragmentation patterns almost identical to
that of unbranched n isomers. These compounds were
distinguished therefore by comparing retention times with
those of standards.

Chromatographic conditions did not allow separation of all
fatty acids, e.g., coelution of 18:1 isomers and of 18:2 with
18:3 isomers was observed. For the quantification of coelut-
ing components and components present at low concentra-
tions in the presence of unknown substances at similar
retention times, quantification was performed on the basis of
single mass chromatograms of the M-57 ions rather than on
the basis of total ion chromatograms. Coeluting 18:1, 18:2,
and 18:3 fatty acids could thus be separated and quantified
accurately. For external standard quantification, calibration
curves with at least three and in most cases 5 data points
(from 100 pg to 30 ng), were established. Sample extracts
were concentrated or diluted to fit into this concentration
range. Injection volume was 1 to 2 ul.. Fatty acid content
from blank analyses showed negligible contamination for all
compounds studied.
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Figure 1. Mass flux and POC flux, in milligrams per square

meter per day, at mooring position 58°59.2'N, 21°01.4'W at
2200 m depth. Bar widths indicate the exposition time of
samples. Marked samples were selected for the present
report on free and total fatty acids in particles and superna-
tants.

Analysis of free and total fatty acids was carried out for
both particles and supernatants. Data are given for both
compartments to demonstrate the problem of dissolution.
The following abbreviations will be used: PTFA, particulate
total fatty acids; DTFA, dissolved total fatty acids; PFFA,
particulate free fatty acids; and DFFA, dissolved free fatty
acids. Relevant flux values were calculated as the sum of
both compartments and are denoted TTFA, or total fatty
acids (PTFA + DTFA), and TFFA, or total free fatty acids
(PFFA + DFFA).

For individual fatty acid constituents we use the shorthand
notation X:YwZ, with X specifying the number of carbon
atoms and Y the number of double bonds. Z denotes the
position of the first double bond relative to the terminal
methyl group.

Limitations

The presence of more than two double bonds prohibits the
practical interpretation of ITD-MS spectra of polyunsatu-
rated fatty acids: quantification by M-57 ions is therefore
limited to fatty acids with 0 to 2 double bonds. Two groups
of fatty acid isomers with three double bonds (18:3 and 20:3)
could be quantified only in samples where the concentrations
were high enough. Cis/trans isomers and positional isomers
could not be distinguished and had to be quantified as group
parameters.

The detection limit was in the order of 100 pg per injection
for each saturated or monounsaturated component and 1 ng
per injection for fatty acids with two double bonds.

Results and Discussion

Results are presented for the sediment trap at 2200-m
depth. The fluxes of total mass (dry weight) and particulate
organic carbon (POC) show similar seasonality (Figure 1)
with highest values in June and July but with still large fluxes
through December. Winter fluxes were much lower. We
selected samples 3, 7, 9, 13 and 17 for analysis of (chemical-
ly) free and total (i.e., saponifiable) fatty acids. These
samples span the sampling period (June 1989 to May 1990)
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and include maximum dry weight/POC flux values (samples
3 and 7) as well as minimum values (samples 13 and 17). Care
was also taken to avoid samples that were obviously strongly
affected by high swimmer biomass (samples 10, 12, and 15).

TTFA Flux

TTFA fluxes (the sum of PTFA and DTFA fluxes) of
(straight-chain) saturated, monounsaturated and diunsat-
urated fatty acids and of three pentadecanoic acid isomers
are presented in Figures 2 and 3. Values range between a few
hundred nanograms per square meter per day per component
(e.g., 6:0) and 60 ug m~2d7! (palmitic acid, 16:0), thus
spanning more than 2 orders of magnitude.

Palmitic acid dominates the saturated fatty acid pattern,
with myristic (14:0) and stearic acid (18:0) contributing
significantly. The predominance of even-carbon chain
lengths is also a characteristic feature. The ratio of odd- to
even-numbered saturated fatty acids (up to 20 carbons)
ranges between 0.07 and 0.10 for TTFA, which only slightly
exceeds ratios of 0.02-0.08 found in phytoplankton or zoo-
plankton [Ackman and Sipos, 1965; Volkman et al., 1980].
Long-chain saturated fatty acids (>20:0) which are rarely
produced in the marine environment are minor components
with a slightly increased abundance of the 24:0 compound.
This indicates a low or negligible input of terrestrial plant
debris, which is rich in long-chain fatty acids (epicuticular
waxes) with a chain length maximum at 24 or 26 carbons
[Eglinton and Hamilton, 1967, Wannigama et al., 1981].

TTFA fluxes of monounsaturated and diunsaturated fatty
acids are shown for even-carbon fatty acids only. TTFA flux
is characterized by highest values for > 18:1 which is
probably mainly oleic acid (18:1w9), a typical zooplankton
fatty acid [Sargent and Falk-Petersen, 1981]. The moder-
ately abundant long-chain monounsaturated fatty acids X
22:1 and X 24:1 are indicative of zooplankton and higher
marine organisms [Pascal and Ackman, 1976]. In general,
the pattern is less clearly dominated by one compound.
Some odd-carbon monounsaturated fatty acids (& 15:1, X
17:1, X 19:1, ¥ 21:1, 3 23:1) were present, although at trace
levels, as identified by their ITD-MS spectra. Odd-carbon
number series of monounsaturated fatty acids have been
reported to be of bacterial origin [Perry et al., 1979; Volkman
et al., 1980].

For branched-chain fatty acids, TTFA fluxes are highest
for isomers with odd-carbon numbers, e.g., 15:0 isomers.
Similar abundances of anteisobranching and isobranching
were observed. Branched-chain fatty acids represented one
third to one half of the TTFA flux of 3 15:0 isomers. The
ratio of branched to linear saturated fatty acids (up to 20
carbons) varies between 0.03 and 0.05. Branched-chain fatty
acids are usually suggested to be of bacterial origin and
branched/linear ratios of up to 0.18 have been reported in
laboratory cultures of marine bacteria [Perry et al., 1979;
Volkman et al., 1980]. Other branched-chain fatty acids that
were frequently found were iso- and anteiso-isomers of 17:0
and 19:0 and in some cases anteiso-16:0 and -18:0. From this
considerable bacterial activity is indicated. However, bio-
marker patterns cannot distinguish between bacterial activ-
ity on sinking particles [Ducklow et al., 1985] and possible
activity in sample cups, despite poisoning. Sodium azide can
be a relatively poor biocide under some conditions [Lee et
al., 1992]. Continued bacterial activity, especially in the
high-flux period samples, may have occurred.
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Figure 2. TTFA flux of straight-chain saturated fatty acids in micrograms per square meter per day.
Sample numbers are defined in Figure 1.
DTFA and PTFA Flux include up to 75% of the > TTFA flux due to the contribution

TTFA was calculated as the sum of DTFA and PTFA. The
fluxes of the two compartments are presented separately in
Table 1. Background concentrations of dissolved fatty acids
in seawater were not measured and are not known for this
area. However, spring surface samples from the Baltic Sea
showed maximum concentrations of 3. DFFA of the order of
1 ug L -1 [Osterroht, 1993] and dissolved fatty acids in water
samples from Villefranche Bay, Mediterranean Sea, ranged
between 0.53 and 11.36 ug L~ ! [Goutx and Saliot, 1980],
while > DFFA concentrations in the supernatant solution
range between 549 and 1500 ug L~! (¥ DTFA of 553-5297
ug LY. From this it is very likely that particle-associated
fatty acids were released into the dissolved phase. The
question as to whether the high amount of dissolved fatty
acids is a result of particle leaching in the sample cups or
stems from a ‘‘halo’”’ of highly concentrated water just
around the particles or from intraparticulate water sinking
with the particles cannot be answered. However, particle-
associated substances would be treated as vertical flux
regardless of type of fixation (matrix, ‘‘halo’’ water, or
intraparticulate fluid). In terms of vertical fluxes the rele-
vance of this phenomenon has two important aspects: the
bulk flux of fatty acids and the flux of individual compounds
in biomarker applications.

Concerning bulk flux data, the contribution of dissolved
fatty acids (3. DTFA) was found between 14.8% (sample 7)
and 75.2% (sample 13) of > TTFA fluxes (Figure 4). The
analysis of only the particulate fraction will therefore not

of > DTFA. A comparison of the degree of dissolution with
mass/POC flux data (Figure 1) reveals that the highest
proportions of dissolved compounds are in low-flux period
samples (13 and 17), whereas higher fluxes of particulate
matter are characterized by a lower degree of dissolution. A
key to understanding this may be the comparison of particle
and supernatant concentrations of fatty acids. Concentration
of Y PTFA in high flux periods is lower, ranging between 0.9
(sample 7) and 2.1 (sample 9) g > PTFA mg ™! particle dry
weight. Low-flux period samples are characterized by a
higher range of particle concentrations between 4.2 (sample
17) and 5.8 (sample 13) ug > PTFA mg~'. Supernatant
concentrations show a similar trend, for instance, high-flux
period sample 7 with 0.6 ug 3. DTFA mL ™! and low-flux
period sample 13 with 5.3 ug > DTFA mL~!. The ratio of
particle to supernatant concentration is 1.1 (low-flux period
sample 13) and 1.7 (high-flux period sample 7), with a total
range from 1.1 to 2.3 (samples 7 to 17), thus indicating that
the same effect rules the distribution between the two
phases. Readsorption of previously dissolved fatty acids on
the different amount of particulate phase in the cups is a
possible explanation for such a similar distribution coeffi-
cient. The ratio could then be interpreted as a rough estimate
of the adsorption coeflicient of fatty acids on a sediment trap
sample matrix. Only sample 3 does not fit into this range with
a ratio of 0.3.

An even more dramatic effect can be observed for the
DTFA flux of individual fatty acid compounds (Table 1). The
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Figure 3.

(top) TTFA flux of monounsaturated and diunsaturated fatty acids and (bottom) isomers of

pentadecanoic acid in micrograms per square meter per day. Sample numbers are defined in Figure 1.

contributions of PTFA and DTFA to TTFA in sample 17 are
shown as an example in Figure 5 for (straight-chain) satu-
rated, monounsaturated and diunsaturated fatty acids and
isomers of pentadecanoic acid. The contribution of DTFA
fluxes to TTFA fluxes varies between 16% (2 22:1) and 98%
(23:0). The minor component safurated fatty acids (e.g. 6:0
and 23:0) show the highest percentage contribution in solu-
tion, whereas the more abundant fatty acids (e.g., 14:0, 16:0,
18:0) comprise a higher percentage of PTFA. The dissolved
concentrations of the most abundant acid, palmitic acid,
vary within an order of magnitude between the samples. It
seems unlikely therefore that saturation of the supernatant
could be the driving force, i.e., the limiting factor for the
dissolution process of this most abundant fatty acid. Varia-
tion of supernatant concentrations is lowest (factors up to 2)

at low concentration levels (6:0 to 13:0, 20:0 to 24:0) and
gradually increases with still moderate factors of up to 3 for
14:0 and 18:0. We think that the preferential dissolution of
the less common fatty acids represents a matrix effect. The
higher retention of typical algal fatty acids like 14:0, 16:0,
and 18:0 and monounsaturated fatty acids may indicate that
they have a different source than the almost completely
dissolved uncommon fatty acids. This is supported by the
observation that resuspension and lateral advection contrib-
uted significantly to the material collected (mass fluxes of the
sediment trap 1000 m above are in general smaller). Resus-
pended material, which has been biochemically altered after
contact with the seafloor, was likely trapped in very different
proportions in the sample cups. The different origin and
history of the particulate matter is probably connected with
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Table 1. PTFA and DTFA Fluxes
Sample 3 Sample 7 Sample 9 Sample 13 Sample 17

Fatty Acid PTFA DTFA PTFA DTFA PTFA DTFA PTFA DTFA PTFA DTFA
6:0 0.03 0.22 0.02 0.20 0.29 0.27 0.19 0.25 0.01 0.21
7:0 0.02 0.22 0.01 0.20 s 0.25 0.01 0.24 0.01 0.20
8:0 0.05 0.34 0.05 0.31 0.05 0.39 0.02 0.39 0.02 0.33
9:0 0.06 0.24 0.04 0.21 0.06 0.26 0.01 0.28 0.01 0.21
10:0 0.09 0.24 0.11 0.21 0.10 0.29 0.04 0.45 0.04 0.20
11:0 0.01 0.17 0.02 0.15 0.02 0.19 s 0.19 0.01 0.16
12:0 0.14 0.68 0.12 0.39 0.11 0.63 0.06 0.80 0.11 0.43
13:0 0.09 0.21 0.18 0.18 0.12 0.23 0.06 0.23 0.05 0.21
14:0 9.59 1.98 10.48 0.93 6.34 2.14 2.02 3.07 5.40 2.99
15:0 0.76 0.89 1.88 0.50 1.61 0.97 0.53 1.05 0.80 1.39
16:0 13.03 6.55 27.81 1.42 50.66 9.85 12.93 31.92 15.71 15.09
17:0 0.42 0.65 1.08 0.49 1.52 0.72 0.31 0.72 0.89 0.86
18:0 3.09 5.53 6.49 3.15 9.58 4.61 2.72 6.06 6.57 7.03
19:0 0.10 tr 0.20 tr 0.26 tr 0.06 0.34 0.27 0.30
20:0 0.30 0.66 0.62 0.42 0.94 0.61 0.19 0.68 0.54 1.05
21:0 0.04 0.34 0.09 tr 0.18 0.38 0.03 0.40 0.03 0.50
22:0 0.31 0.60 0.49 0.42 0.76 0.64 0.13 0.74 0.16 1.44
23.0 0.02 0.16 0.16 tr 0.17 tr 0.03 tr 0.01 0.60
24:0 0.58 1.74 1.86 0.73 1.32 1.24 0.27 1.41 0.09 1.25

25:0 0.07 0.07 0.35 0.07 0.16 0.07 0.06 tr 0.03 tr
14:1 0.10 6.85 0.15 0.54 0.21 0.85 0.04 0.96 0.05 0.44
16:1 13.47 17.02 21.88 2.65 34.37 491 5.13 6.80 11.22 3.47
18:1 17.96 3.90 35.46 2.97 54.82 8.40 11.19 46.90 14.15 6.59
20:1 8.77 3.57 19.39 0.74 25.11 2.30 2.77 5.36 12.05 3.43
22:1 10.91 0.19 12.06 0.46 15.27 1.15 2.73 3.27 6.55 1.28

24:1 3.61 tr 6.15 tr 6.16 0.03 1.04 0.42 1.49 tr
18:2 1.25 0.09 2.45 6.14 2.99 12.07 0.45 12.58 0.65 6.67
20:2 0.88 3.95 5.82 3.28 1.97 4.08 0.25 5.57 1.49 4.49
i15:0 0.34 0.23 1.16 0.20 0.89 0.27 0.12 0.32 1.30 0.34
als:0 0.18 0.34 0.44 0.26 0.41 0.35 0.10 0.37 0.29 0.42

i+al7:0 0.20 0.53 2.02 0.42 2.29 0.61 0.23 0.66 0.92 n.a.
by 86.47 58.16 159.04 27.64 218.742 58.76 43.72 132.43 80.92 61.58

PTFA, particulate total fatty acids; DTFA, dissolved total fatty acids. Fluxes are in micrograms per square meter per day.

Sample numbers are defined in Figure 1.

different biomarker patterns. >. TTFA particle concentra-
tions, calculated on the basis of the remaining particle
dryweight, are 20 times higher in sample 13 than in sample 7.
Assuming that dissolved total fatty acids stem completely

90+
80+
701
60+
50+
40+
30
20
107

O sum PTFA
M sum DTFA

Percentage of TTFA [%]

9
Sample #

13 17

Figure 4. Percentage flux contribution of 3 PTFA and ¥
DTFA to >, TTFA. PTFA and DTFA denote particulate and
dissolved total fatty acids derived from saponification of
extracts. 2. PTFA and > DTFA represent the sum of
individual components. TTFA = DTFA + PTFA. Sample
numbers are defined in Figure 1.

from dissolution of particulate matter and that loss of parti-
cle dry weight due to dissolution/leaching processes is neg-
ligible, these concentrations can be taken as representing the
original particle concentrations of >. TTFA. Thus obviously
significant changes in the type of material occur. Another
explanation could be a different type of biochemical fixation
or incorporation of these substances in the matrix, e.g., cell
surfaces, cell organelles, aggregates etc., which results in
different release kinetics.

The relative contributions of DTFA and PTFA to TTFA
are different for monounsaturated and diunsaturated fatty
acids. In general, they are characterized by a decreasing
dissolved fraction with increasing chain length. This may
reflect the effect of decreasing polarity (water solubility) in a
homologous series of unsaturated fatty acids.

The degree of dissolution in sediment trap samples was
found to be high but variable. Variations may partly reflect
the different type of trapped material or biochemical fixation
in the matrix, especially in the light of resuspension of
particulate matter from the seabed. There is also evidence
from distribution coefficients that the degree of dissolution is
ruled by a readsorption effect. The massive amounts of fatty
acids are not likely to be artifacts of the sample preparation.
Compared with filtration procedures and rotary splitting,
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where the delicate equilibrium between the two phases may
be disturbed with a relatively large volume of splitting water,
centrifugation seems to be the mildest sample handling.
None of these sample handling procedures can completely
exclude the release of particle-associated organics.

The effect of swimmers that may have been trapped but
not removed from the samples in general is difficult to
evaluate. Wax ester analyses, which have been carried out
with the particulate phase only, show only trace amounts of
wax esters in samples 9, 13, and 17 and moderate total wax
ester fluxes in samples 3 and 7 3—4 pg m ™2 d~!; maximum
values in other samples are 50-60 ug m~2 d ') with a high
percentage of saturated and monounsaturated wax esters.
Wax esters found in the marine environment are believed to
be almost entirely zooplankton in origin since they are rarely
produced in phytoplankton [Lee et al., 1971]. They are the
dominant class of lipids in calanoid copepods [Lee et al.,
1971] and are still abundant in various other zooplankton

species (e.g., Thysanoessa inermis) [Sargent and Falk-
Petersen, 1981]. In copepods, considerable amounts of poly-
unsaturated wax esters are present [Kattner and Fricke,
1986]. Preferred uptake of polyunsaturated fatty acids by
zooplankton organisms with corresponding decreased con-
centrations in fecal pellets has been reported for fatty acids
[Neal et al., 1986; Harvey et al., 1987]. The same effect was
found for wax esters in fecal pellets (C. Thomsen, personal
communication, 1993. In this study, samples 10, 12, and 15
contained a number of swimmers and thus are as expected
the only samples dominated by high amounts of polyunsat-
urated wax esters. The wax ester patterns of the other
samples are characterized by a clear predominance of satu-
rated and monounsaturated wax esters and are similar to
those previously described for sediment trap material
[Wakeham, 1982, 1985]. This indicates that typical fecal
pellet material rather than swimmers was trapped. Using this
criterion, samples 3, 7, 9, 13, and 17 were chosen to avoid
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massive artifacts from swimmers. Although a biasing effect
of swimmers cannot be excluded, we consider it not signif-
icantly responsible for the high concentration of dissolved
fatty acids. The fatty acid inventory of zooplankton swim-
mers includes relatively high amounts of polyunsaturated
fatty acids or fatty acid derivatives [e.g., Kattner and
Krause, 1989]. Disintegration and extraction of swimmers
would thus strongly bias fluxes of polyunsaturated fatty
acids but could not explain the massive release of common
algal fatty acids into solution.

Dissolved organic matter artifacts caused by continued
bacterial activity in the sample cups are another point which
has to be discussed. Observed bacterial biomarker fatty
acids show that bacterial activity occurred either before the
material entered the trap of afterward. However, bacterial
activity indicated by the presence of branched-chain fatty
acids and a homologous series of odd-carbon saturated and
monounsaturated fatty acids is similar to that reported from
other sediment trap experiments [e.g8., Reemtsma et al.,
1990]. Further, the flux contribution (TTFA values) of
branched-chain fatty acids to 3 TTFA is highest in sample 7
(2.3%) and lowest in sample 13 (1%). This is contradictory to
the observed degree of dissolution in these samples.

High soluble pools also were found for trace elements (up
to almost 100% of the total for certain elements [Duinker and
Kremling, 1990; U. Schiissler, personal communication,
1993]) and amino acids (1-10%) in sediment trap samples
[Duinker and Kremling, 1990]. Further supporting evidence
for dissolution/leaching processes was reported for different
parameters [von Bodungen et al., 1991]. Average values for
the amount of dissolution of particulate fatty acids into
supernatants cannot be estimated from these results and
would be inadequate for discussion of individual (biomarker)
substances anyway. Concentration levels, polarity, amount
of particulate phase, matrix origin, matrix fixation, and other
properties are likely to affect the degree of dissolution of
individual compounds.

DFFA and PFFA Flux

Free fatty acids will be considered only briefly in this
discussion. They may represent artifacts resulting from
cellolysis (by action of lipases from damaged cells), but they
are also normal components of the lipid pool in tissues
[Chapman, 1969; Parrish, 1988]. > DFFA and Y PFFA
values (Figure 6) show that an even higher proportion of free
fatty acids undergoes dissolution and leaching than total
fatty acids (Figure 4). > DFFA ranges between 24.9%
(sample 7) and 88.4% (sample 13) of > TFFA. Particle and
supernatant concentrations of free fatty acids show the same
trends as were discussed for total fatty acids, with higher
concentrations in low-flux period samples (e.g., sample 13:
3.0 ug 5. DFFA mL~!; 1.3 ug 3 PFFA mg~! particle dry
weight), and lower concentrations in high-flux period sam-
ples (e.g., sample 7: 0.4 ug > DFFA mL~'; 0.3 ug 3 PFFA
mg~! particle dry weight). The concentration ratio ranges
between 4.3 and 13.9. Again, sample 3 reflects a different
situation with a ratio of only 0.2. These results may reflect
the much higher polarity and therefore water solubility of
free carboxylic acids compared with many natural deriva-
tives like methyl, ethyl, and wax esters. Again the results
indicate that a major effect like readsorption determines the
distribution of compounds between the two compartments.
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the sum of individual components. TFFA = DFFA + PFFA.
Sample numbers are defined in Figure 1.

Conclusions

This study has shown that dissolution and leaching can
result in a significant bias to flux calculations if dissolved
components of sediment trap material are not measured.
Future applications of sediment traps in flux studies should
quantify or at least estimate the transition of particle-
associated compounds into solution by degradation and
leaching processes in the cups. Analysis of supernatants is
indispensable for the assessment of reliable flux data. We
have to either ensure that dissolution is negligible or, alter-
natively, quantify dissolved substances. Time series sedi-
ment trap technology must include tight sample cups in the
revolving unit. Dissolution of particles can generate high
concentrations of analytes in supernatants. If cups are not
sufficiently tight when removed from the funnel, no equili-
bration between particles and supernatants will occur, and
continuous loss of material by diffusion to the surrounding
seawater is possible. The effect of commonly used proce-
dures like filtration, centrifugation, and rotary splitting on
dissolution equilibria during sample processing should be
carefully evaluated.
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