
Dissolved organic matter and bacterial production and respiration in the sea–surface

microlayer of the open Atlantic and the western Mediterranean Sea

Thomas Reinthaler,1 Eva Sintes, and Gerhard J. Herndl
Department of Biological Oceanography, Royal Netherlands Institute for Sea Research (NIOZ), P.O. Box 59, 1790 AB
Den Burg, Texel, The Netherlands

Abstract

The sea–surface microlayer (SML) is the boundary layer between the ocean and the atmosphere. We measured
bacterial production and respiration along with dissolved organic carbon (DOC), nitrogen (DON), and
phosphorus, inorganic nutrients, and dissolved amino acids in the SML and the underlying water (ULW) of the
subtropical Atlantic gyre (SATL) and the western Mediterranean Sea (WMED). Dissolved amino acid
concentrations in the SML were one order of magnitude higher than in the ULW. DON, ammonium, and nitrate
were also significantly enriched in the SML as compared with the ULW. Bacterial leucine incorporation ranged
between 3 and 50 pmol L�1 h�1 in the SATL and 5 and 488 pmol L�1 h�1 in the WMED and was generally not
significantly different between the SML and the ULW. In contrast, bacterial respiration was significantly higher
in the SML than in the ULW, varying between 3.6 and 9.5 mmol L�1 d�1 O2 at both sites. The resulting bacterial
growth efficiencies ranged between 0.1% and 14% using different leucine incorporation to carbon conversion
factors. Given the high dissolved free amino acid (DFAA) yield of DOC (,12%) and of DON (,30%) in the
SML, bacterial growth efficiencies in the SML were low. This indicates that the DFAA in the SML are not readily
available for bacteria. The underlying mechanisms of this immobilization of DFAA in the SML and their
production remain enigmatic.

The sea–surface microlayer (SML) is the boundary layer
between the atmosphere and the oceans covering ,70% of
the earth’s surface. Although the thickness of the SML is
only about 10–250 mm, this interface is important in
mediating the exchange of gases and organic and inorganic
matter between the atmosphere and the bulk surface waters
(Liss and Duce 1997).

It is well established that the SML is a unique
environment with considerable variability in chemical and
biological characteristics compared with the underlying
waters (ULW). Dissolved compounds such as nutrients,
dissolved organic carbon (DOC), and amino acids are often
enriched in the SML, especially in the visible slicks of near-
shore environments (Williams et al. 1986). The enrichment
of these compounds in the SML has been attributed to
surface-active matter collected by rising gas bubbles in the
upper water column (Kuznetsova and Lee 2002) or by
Langmuir circulations in the open ocean (Hardy 1982).
Atmospheric deposition of matter might be important for
the development of a SML as well (Wotton and Preston
2005).

Despite the long-lasting interest in the physicochemical
properties of the SML, studies on the microbial metabolism

in the SML are still scarce, particularly for open oceans
comprising the vast majority of the oceans’ surface. For
microbes, however, the SML might be a stressful environ-
ment. The SML receives intense solar irradiation, especially
in the low wavelength range of ultraviolet-B (300–320 nm),
which is detrimental to organisms (Regan et al. 1992).
Nevertheless, distinct bacterioneuston communities and
higher activities of the neuston than of the plankton
community below the SML have been reported for coastal
systems (Carlucci et al. 1985; Agogué et al. 2004; Joux et al.
2006).

The main function of heterotrophic bacteria in the
carbon cycling is the production of biomass and the
remineralization of DOC to CO2 (Del Giorgio and Cole
2000). The bacterial growth efficiency (BGE) relates
biomass production to the bacterial uptake of DOC.
Enhanced respiration rates in the SML have been measured
in various environments. Most of these measurements were
not direct oxygen consumption or CO2 production
measurements, however, but used either radiolabeled
organic model compounds or electron transport system
estimates (De Souza Lima 1985; Mimura et al. 1988). The
only study directly measuring oxygen consumption of the
total microbial community in the SML at a coastal site also
found high rates of carbon remineralization (Obernosterer
et al. 2005). For the open-ocean SML, respiration
measurements of prokaryotic communities are not avail-
able. The global extension of the open-ocean SML
suggests, however, that the metabolic activity of the SML
community might influence the exchange of gases between
the ocean and the atmosphere. In a gradient from high- to
low-productivity North Atlantic waters, a strongly negative
relationship between net community production and CO2

fluxes in the top 2-cm layer has been reported (Calleja et al.
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within 1.5 h. Back on board the ship, the sample was split
for the different parameters and either preserved for later
analyses or analyzed immediately as described below.
Salinity and temperature data of the near-surface waters
were derived from the ship’s online monitoring system,
pumping water from about 3-m depth through the
respective calibrated sensors. Wind speed data were derived
from the ship’s meteorological monitoring system.

Inorganic nutrients—The methods for determining in-
organic nutrient concentrations followed Joint Global
Ocean Fluxes Study recommendations (Gordon et al.
1993). The concentrations of dissolved inorganic nutrients
(NH z

4 , NO {
3 , NO {

2 , PO 3{
4 ) were determined in

a TRAACS autoanalyzer immediately after collecting the
samples and gentle filtration through 0.2-mm filters
(Acrodisc, Gelman Science). NH z

4 was detected with the
indophenol blue method (pH 10.5) at 630 nm. NO {

2 was
detected after diazotation with sulfanilamide and N-(1-
naphtyl)-ethylene diammonium dichloride as the reddish-
purple dye complex at 540 nm. NO {

3 was reduced in
a copper cadmium coil to nitrite (with imidazole as a buffer)
and then measured as nitrite. Inorganic PO 3{

4 was
determined via the molybdenum blue complex at 880 nm.

Dissolved organic carbon (DOC)—Samples for DOC
were filtered through rinsed 0.2-mm polycarbonate filters
and sealed in precombusted (450uC for 4 h) glass ampoules
after adding 50 mL of 40% phosphoric acid. The samples
were stored frozen at �20uC until analysis back in the lab.
DOC concentrations of duplicate samples were determined
using a Shimadzu TOC-5000 analyzer. Three-point stan-
dard curves, prepared with potassium hydrogen phthalate
(Nacalai Tesque, Kyoto, Japan), were used to calculate
DOC concentrations. The instrument’s performance and
the validity of the calibration were determined using
reference material of the Hansell CRM program (44–
46 mmol L�1 for the reference samples; n � 3 and 1–2 mmol
L�1 for low carbon water; n � 3). The average analytical
precision of the instrument was �3%.

Dissolved organic nitrogen (DON) and dissolved organic
phosphorus (DOP)—Total dissolved nitrogen (TDN) and
total dissolved phosphorus (TDP) were analyzed with
a TRAACS 800 continuous-flow analysis system following
the persulfate oxidation method. DON concentrations were
calculated by subtracting the sum of the inorganic nitrogen
species from TDN concentrations. Similarly, DOP con-
centrations were calculated by subtracting PO 3{

4 from
TDP. The recovery of DON and DOP was estimated on
a mixture of 10 different organic compounds containing
known concentrations of N and P (Kramer et al. 2005). To
increase the recovery of DOP, samples were kept under
pressure at 110uC for 90 min instead of 45 min. The
recovery efficiency for these model compounds was 101.8%
6 6.9% for DON and 96.0% 6 3.9% for DOP.

Amino acid analysis—Seawater samples were filtered
through prerinsed 0.2-mm polycarbonate filters (Millipore
GTTP, 25 mm) and subsequently transferred into com-

busted glass ampoules and stored at �20uC until analysis.
The filtration unit and filters were rinsed with 10% HCl
and Milli-Q water before filtration. Concentrations of total
dissolved hydrolyzable amino acids (THAA) and DFAA
were measured by high-performance liquid chromatogra-
phy (HPLC), separating fluorescent o-phthaldialdehyde
(OPA) derivatives. For chiral separation, n-isobutyryl-L-
cysteine (IBLC) was used as thiol group. Our analytical
protocol is based on the method described by Fitznar et al.
(1999) with some optimization for our system. Analyses
were performed on a temperature-controlled Dionex HPLC
system, equipped with a guard column (Security Guard,
Phenomenex) and a stationary phase column (Syngeri 4m
MAX-RP 80A, Phenomenex). Amino acids were separated
with a gradient of sodium acetate (25 mmol L�1, pH 6.0;
solvent A) and methanol (Lichrosolv, Merck, HPLC grade,
solvent B), starting with 96% A to 40% A at 75 min, then
0% A until 95 min. After 95 min, the system was returned
to 96% A and equilibrated for 5 min. The fluorescence was
measured at 330 nm excitation and 445 nm emission
wavelengths with a RF-2000 fluorescence detector.

For sample hydrolysis, 500 mL of 37% HCl was added to
500 mL of sample in a 2-mL glass vial. Then, 10 mL of
ascorbic acid (0.1 mmol L�1 final concentration) was
added and the mixture was flushed with nitrogen for
10 min, sealed, and kept at 110uC for 20 h. Subsequently,
the samples were dried under nitrogen gas (grade 5) and
500 mL of borate buffer (0.5 mol L�1, pH 10.4) was added.
Thereafter, the sample was sonicated and after centrifuga-
tion at 4,000 3 g for 1 min, 250 mL of the supernatant was
transferred to a glass insert.

The OPA : IBLC reagent was prepared by dissolving
20 mg of OPA and 48 mg of IBLC in 1.25 mL of methanol
and 8.75 mL of borate buffer (1 mol L�1, pH 10.4).
Aliquots of the reagent were stored at �20uC in amber
glass vials until use. Derivatization took place in the
autosampler of the HPLC system, where 30 mL of the
OPA : IBLC reagent was added to 100 mL of sample and
mixed automatically. Finally, 100 mL of sample was
injected into the HPLC system and measured as described
above. Dissolved combined amino acids (DCAA) were
calculated as the difference between THAA and DFAA.
Depending on the method used, a variable fraction of
amino acids might isomerize during acid hydrolysis, thus
resulting in quantification errors of L and D enantiomers.
However, the liquid-phase hydrolysis we used did not result
in significant racemization of free amino acids as revealed
by previous tests and also reported by Kaiser and Benner
(2005).

Bacterial abundance—One-milliliter samples of unfil-
tered and 0.8-mm-filtered seawater were fixed with filtered
paraformaldehyde (1% final concentration) for 10 min.
Subsequently, the samples were stained with SYTO Green
(Molecular Probes, 5 mmol L�1 final conc.) at room
temperature in the dark for 10 min. Analyses were done
on a FACSCalibur flow cytometer (BD Biosciences).
Counts were performed with the argon laser at 488 nm
set at an energy output of 15 mW. Cells were enumerated
according to their right-angle light scatter and green
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To check for biases due to filtration, we also analyzed
unfiltered total organic carbon (TOC) in WMED samples.
TOC and DOC correlated very well (y � �37.1 + 1.2x, r2 �
0.93, p � 0.0001, n � 10 and y � 11.4 + 0.8x, r2 � 0.89, p �
0.0001, n � 11 for the SML and the ULW, respectively).
On average, DOC concentrations were ,94% of the TOC
in both the SML and ULW.

DON concentrations in the SML of the SATL were on
average about three times higher than in the ULW (range
in the SML: 7.9–37.4 mmol L�1; Table 2). In the WMED,
DON concentrations of the SML and ULW were similar to
those obtained for the SATL (Table 2). Because of the
higher enrichment in DON as compared with DOC in the
SML at both sites (Table 3), the mean DOC : DON ratios
for the SML (9.9 6 7.5 for SATL, 8.1 6 2.4 for WMED)
were about half of the corresponding ratios for the ULW
(Table 4). In contrast to DOC, no relationship was found
between DON concentrations in the SML and the ULW at
both study sites (r2 � 0.02, p � 0.6 and r2 � 0.004, p � 0.8
for the SATL and the WMED, respectively).

DOP concentrations are available only for the SATL.
DOP concentrations decreased from the upwelling region
to the oligotrophic gyre from 0.34 to 0.17 mmol L�1 in the

SML and from 0.26 to 0.12 mmol L�1 in the ULW
(Table 2). Thus, DOP was barely enriched in the SML as
compared with the ULW, in contrast to DOC and
particularly to DON (Table 3). As for DOC, a positive
relationship was found between DOP concentrations in the
SML and the ULW (r2 � 0.74, p � 0.0001). The mean
DOC : DOP ratio was similar in the SML and ULW;
however, DON : DOP ratios were on average 78.3 6 33.0 in
the SML and thus significantly higher than the average
DON : DOP ratio in the ULW (average: 28.9 6 5.9, Mann–
Whitney U-test; p � 0.0001), reflecting the enrichment in
DON of the SML (Tables 3, 4).

At both study sites, inorganic nutrient concentrations in
the ULW were generally low, reflecting open oceanic
surface water conditions (Table 2). In the SML of the
WMED, mean ammonium and nitrate concentrations were
about one order of magnitude higher than in the
corresponding ULW (Table 2). In the SML of the SATL,
the mean ammonium concentration was one order of
magnitude higher than in the ULW, whereas mean nitrate
concentration was only about twice as high in the SML
than in the ULW (Tables 2, 3). In the SATL and WMED,
phosphate was enriched in the SML by a factor of two and

Fig. 2. Salinity, temperature (uC), and wind speed (m s�1) at the different stations in (a, b, c)
the subtropical Atlantic (SATL) and (d, e, f) the western Mediterranean (WMED).
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three, respectively (Table 3). Dissolved inorganic nitrogen
(DIN) concentrations showed no relationship between the
SML and the ULW in the SATL and the WMED (r2 �
0.09, p � 0.2 and r2 � 0.09, p � 0.8, respectively). In the
SATL, however, phosphate concentrations were positively
correlated between the SML and ULW (r2 � 0.91, p �
0.0001), whereas no such relationship was found for the
WMED (r2 � 0.01; p � 0.7). DIN to dissolved inorganic
phosphorus (DIN : DIP) ratios in the ULW were close to
Redfield (,16), whereas in the SML, mean DIN : DIP
ratios were 36.8 6 30.6 and 77.8 6 50.0 in the SATL and
WMED, respectively (Table 2).

Patterns in THAA, DFAA, and DCAA—In the SATL,
the concentrations of THAA in the SML ranged from 1.1
to 25.8 mmol L�1 and in the ULW from 0.3 to 0.6 mmol
L�1, with no clear pattern along the transect (Table 5). In
the SML, the contribution of DFAA to the THAA pool
was remarkably high, averaging 47% 6 10%, whereas in
the ULW, DFAA contributed only 12% 6 5% to the
THAA pool (Mann�Whitney U-test; p � 0.0001; n � 17;
Table 5).

THAA concentrations in the ULW were similar in the
SATL and WMED and ranged between 0.3 and 1.0 mmol
L�1 (Table 5). In the SML of the WMED, THAA
concentrations varied within a narrow range from 2.8 to
5.3 mmol L�1. The contribution of DFAA to the THAA
was even higher in the WMED than in the SATL,
averaging 61% 6 14% (Table 5). Remarkably, in the
ULW of the WMED, the DFAA contribution to the
THAA pool was three times higher than in the correspond-
ing layer of the SATL (Table 5).

Composition of the dissolved THAA pool—Generally, the
composition of the DFAA pool in the SML was similar to
that of the ULW in both the SATL and the WMED, with
L-serine, L-glycine, L-alanine, L-threonine/histidine, and L-
aspartic acid together contributing 85.1% 6 2.5% and
78.5% 6 12.6% in the SML and the ULW of the SATL
(Fig. 3a) and 85.9% 6 2.5% and 79.0% 6 3.8% in the SML
and ULW of the WMED (Fig. 3c), respectively. However,
the mole percentage distribution of individual amino acid
species in the DCAA pool was significantly different
(analysis of variance [ANOVA], p � 0.05) from that of

Table 2. Concentrations of DOC, DON, DOP, and inorganic nutrients (mmol L�1) as well as the DIN : DIP measured at the
different stations (STN) in the surface microlayer (SML) and the underlying water (ULW) of the SATL and the WMED. –, not measured.

STN

DOC DON DOP NH4 NO3 NO2 PO4 DIN : DIP

SML ULW SML ULW SML ULW SML ULW SML ULW SML ULW SML ULW SML ULW

SATL
1 439.2 344.7 11.8 6.0 0.34 0.26 2.050 0.155 0.190 0.050 0.036 0.022 0.152 0.108 15.0 2.1
2 370.5 208.5 37.4 6.2 0.33 0.31 3.733 0.136 0.440 0.000 0.044 0.010 0.212 0.102 19.9 1.4
3 186.3 158.1 19.7 6.5 0.28 0.25 0.917 0.175 0.200 0.050 0.017 0.011 0.182 0.157 6.2 1.5
4 207.6 88.7 30.0 6.4 0.28 0.23 3.272 0.233 0.120 0.040 0.026 0.012 0.437 0.192 7.8 1.5
5 142.8 88.8 12.8 5.7 0.23 0.23 1.050 0.155 0.090 0.020 0.014 0.011 0.166 0.148 7.0 1.3
6 110.0 81.4 13.3 5.5 0.23 0.23 1.876 0.185 0.034 0.028 0.017 0.012 0.044 0.043 43.8 5.2
7 121.1 86.8 14.6 5.8 0.27 0.19 2.055 0.289 0.024 0.035 0.018 0.013 0.044 0.028 47.7 12.0
8 121.1 81.9 14.9 5.3 0.24 0.20 0.694 0.188 0.078 0.070 0.017 0.019 0.038 0.018 20.8 15.4
9 102.0 82.2 12.8 5.6 0.24 0.21 0.802 0.194 0.039 0.020 0.015 0.013 0.036 0.022 23.8 10.3
10 98.3 79.2 13.5 5.0 0.23 0.18 0.143 0.573 0.029 0.205 0.013 0.012 0.011 0.031 16.8 25.5
11 116.2 87.8 13.5 5.6 0.22 0.21 1.452 0.265 0.046 0.047 0.018 0.013 0.036 0.025 42.1 13.0
12 174.4 82.2 21.6 4.9 0.22 0.17 2.196 0.193 0.049 0.004 0.015 0.012 0.036 0.021 62.8 10.0
13 110.6 82.1 11.6 6.3 0.20 0.14 1.076 0.242 0.020 0.043 0.010 0.009 0.025 0.008 44.2 36.8
14 97.7 80.8 24.0 5.0 0.21 0.15 4.047 0.201 0.103 0.008 0.011 0.009 0.052 0.009 80.0 24.2
15 95.6 83.3 24.2 4.6 0.22 0.15 1.515 0.175 0.042 0.004 0.009 0.010 0.043 0.008 36.4 23.6
16 115.8 85.5 7.9 4.5 0.14 0.13 0.542 0.275 0.027 0.220 0.007 0.009 0.022 0.012 26.2 42.0
17 131.4 87.9 27.0 4.7 0.17 0.12 2.482 0.175 0.016 0.019 0.010 0.006 0.020 0.007 125.4 28.6
Average 161.2 111.2 18.3 5.5 0.24 0.20 1.76 0.22 0.09 0.05 0.02 0.01 0.09 0.06 36.8 15.0
SD 98.0 69.2 7.9 0.7 0.05 0.05 1.13 0.10 0.11 0.06 0.01 0.00 0.11 0.06 30.6 13.0

WMED
1 152.4 82.1 19.6 7.1 – – 4.097 0.510 0.526 0.060 0.025 0.009 0.029 0.018 160.3 32.2
2 138.4 69.7 17.1 3.5 – – 3.806 0.133 0.711 0.002 0.032 0.012 0.034 0.014 133.8 10.5
3 124.6 82.4 17.4 4.5 – – 2.674 0.220 0.368 0.036 0.013 0.005 0.019 0.012 160.8 21.8
4 150.2 73.3 18.8 3.7 – – 2.969 0.141 0.371 0.032 0.020 0.004 0.042 0.010 80.0 17.7
5 129.5 75.6 17.5 6.0 – – 1.750 0.371 0.520 0.003 0.022 0.006 0.044 0.021 52.1 18.1
6 118.7 73.6 16.6 3.9 – – 1.278 0.134 0.387 0.010 0.022 0.008 0.024 0.011 70.3 13.8
7 157.4 105.5 11.0 5.1 – – 1.046 0.250 0.362 0.107 0.040 0.014 0.035 0.019 41.4 19.5
8 – – 18.5 5.6 – – 1.331 0.181 0.280 0.026 0.024 0.007 0.051 0.015 32.1 14.3
9 103.0 67.0 11.1 4.3 – – 1.402 0.161 0.214 0.003 0.024 0.006 0.033 0.017 49.7 10.0
10 170.0 74.0 27.2 4.4 – – 2.798 0.125 0.289 0.003 0.025 0.010 0.075 0.011 41.5 12.5
11 187.0 77.0 31.5 4.2 – – 2.136 0.139 0.261 0.001 0.019 0.008 0.071 0.012 34.0 12.3
Average 143.1 78.0 18.7 4.8 – – 2.30 0.22 0.39 0.03 0.02 0.01 0.04 0.01 77.8 16.6
SD 25.3 10.8 6.0 1.1 – – 1.05 0.12 0.14 0.03 0.01 0.00 0.02 0.00 50.0 6.4
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Table 3. Summary of enrichment factors (EF � SML/ULW) for selected chemical and biological parameters at the different stations
(STN) in the subtropical Atlantic (SATL) and the western Mediterranean Sea (WMED). –, not measured or below detection limit.

STN DOC DON DOP NH4 NO3 NO2 PO4 DTAA DFAA DCAA BA Leu BR

SATL
1 1.3 2.0 1.3 13.2 3.8 1.6 1.4 5.1 17.8 3.8 1.1 0.5 8.3
2 1.8 6.0 1.1 27.4 – 4.4 2.1 43.3 229.4 26.1 1.4 0.4 66.8
3 1.2 3.0 1.1 5.2 4.0 1.5 1.2 18.1 157.9 5.4 0.7 7.9 29.7
4 2.3 4.7 1.2 14.0 3.0 2.2 2.3 15.9 34.9 10.5 0.9 2.7 1.9
5 1.6 2.2 1.0 6.8 4.5 1.3 1.1 6.9 29.6 4.7 0.8 1.9 9.1
6 1.4 2.4 1.0 10.1 1.2 1.4 1.0 9.6 22.6 6.7 1.0 1.5 22.7
7 1.4 2.5 1.4 7.1 0.7 1.4 1.6 7.9 36.7 5.2 1.5 1.2 4.9
8 1.5 2.8 1.2 3.7 1.1 0.9 2.1 10.9 58.6 5.8 0.9 4.1 6.4
9 1.2 2.3 1.1 4.1 2.0 1.2 1.6 6.6 15.1 4.6 0.7 1.3 16.7
10 1.2 2.7 1.3 0.2 0.1 1.1 0.4 5.5 32.0 3.4 1.1 2.0 36.6
11 1.3 2.4 1.0 5.5 1.0 1.4 1.4 9.0 25.4 5.5 0.9 10.7 18.7
12 2.1 4.4 1.3 11.4 12.3 1.3 1.7 28.1 206.4 12.6 1.0 9.5 12.9
13 1.3 1.8 1.4 4.4 0.5 1.1 3.1 7.6 62.7 3.8 1.0 3.3 5.8
14 1.2 4.8 1.4 20.1 12.9 1.2 5.8 3.3 7.6 2.6 1.1 6.4 3.4
15 1.1 5.3 1.4 8.7 10.5 0.9 5.4 2.7 16.4 1.7 1.2 5.7 5.9
16 1.4 1.8 1.1 2.0 0.1 0.8 1.8 7.0 33.3 3.7 – 29.7 8.0
17 1.5 5.7 1.4 14.2 0.8 1.7 2.9 7.5 21.8 4.4 – 24.5 1.6
Average 1.5 3.3 1.2 9.3 3.7 1.5 2.2 11.5 59.3 6.5 1.0 6.7 15.3
SD 0.3 1.4 0.2 7.0 4.3 0.8 1.4 10.3 68.8 5.7 0.2 8.3 16.6

WMED
1 1.9 2.8 – 8.0 8.8 2.8 1.6 5.5 6.2 4.0 1.2 1.5 1.0
2 2.0 4.9 – 28.6 355.5 2.7 2.4 10.4 25.8 5.5 1.1 2.9 3.1
3 1.5 3.9 – 12.2 10.2 2.6 1.6 8.6 10.1 7.7 1.0 0.4 1.0
4 2.0 5.1 – 21.1 11.6 5.0 4.2 18.9 – 5.8 1.1 12.7 2.3
5 1.7 2.9 – 4.7 173.3 3.7 2.1 11.9 26.1 8.1 1.2 11.2 16.3
6 1.6 4.2 – 9.5 38.7 2.8 2.2 7.1 14.0 2.7 1.0 2.4 1.4
7 1.5 2.1 – 4.2 3.4 2.9 1.8 – – – 1.1 9.7 1.1
8 – 3.3 – 7.4 10.8 3.4 3.4 – – – 1.2 8.5 1.5
9 1.5 2.6 – 8.7 71.3 4.0 1.9 – – – 1.1 95.8 0.3
10 2.3 6.1 – 22.4 96.3 2.5 6.8 – – – 1.2 11.8 139.5
11 2.4 7.5 – 15.4 261.0 2.4 5.9 – – – 1.1 26.8 0.4
Average 1.8 4.1 – 12.9 94.6 3.1 3.1 10.4 16.5 5.6 1.1 16.7 15.3
SD 0.3 1.6 – 8.0 119.3 0.8 1.8 4.8 9.1 2.1 0.1 27.3 41.5

Table 4. DOC : DON, DOC : DOP, and DON : DOP ratios calculated for the different stations (STN) in the surface microlayer
(SML) and the underlying water (ULW) of the SATL. DOC : DON ratios of the WMED are also shown. –, not measured.

STN

DOC : DON DOC : DOP DON : DOP DOC : DON

SML ULW SML ULW SML ULW SML ULW

SATL WMED
1 37.1 57.2 1,275.8 1,330.6 34.3 23.3 7.8 11.6
2 9.9 33.4 1,116.6 674.2 112.6 20.2 8.1 19.9
3 9.4 24.5 672.7 621.9 71.2 25.4 7.1 18.3
4 6.9 13.9 731.9 386.7 105.8 27.9 8.0 19.8
5 11.1 15.5 625.7 381.8 56.1 24.7 7.4 12.7
6 8.3 14.7 482.4 350.4 58.4 23.8 7.2 18.8
7 8.3 15.0 450.7 449.9 54.4 29.9 14.3 20.6
8 8.1 15.3 502.9 403.7 61.8 26.4 0.0 0.0
9 8.0 14.6 432.2 386.5 54.1 26.5 9.3 15.8
10 7.3 15.9 432.5 450.3 59.3 28.3 6.3 16.7
11 8.6 15.7 530.7 412.3 61.8 26.2 5.9 18.3
12 8.1 16.8 784.4 485.2 97.2 28.8 – –
13 9.5 13.1 554.8 566.6 58.3 43.4 – –
14 4.1 16.2 473.7 535.9 116.4 33.1 – –
15 4.0 18.2 437.2 549.0 110.5 30.2 – –
16 14.6 19.2 840.9 654.0 57.6 34.1 – –
17 4.9 18.5 786.9 739.9 161.5 39.9 – –
Average 9.9 19.9 654.8 551.7 78.3 28.9 8.1 17.2
SD 7.5 10.8 246.7 232.3 33.0 5.9 2.4 3.1
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the DFAA pool. L-Glycine and L-glutamic acid contributed
53.8% 6 9.2% to the DCAA pool in the SML and 43.6% 6
2.6% in the ULW of the SATL (Fig. 3b). The mole
percentage distribution in the WMED was similar to that
of the SATL, albeit the contribution of L-glycine and L-
glutamic acid to the DCAA pool was slightly higher in the
WMED, averaging 71.3% 6 14.6% in the SML and 52.6%
6 10.3% in the ULW, respectively (Fig. 3d). At both sites,
L-glutamic acid contributed about three times more to the
DCAA pool of the SML than in the ULW (Fig. 3b, d).
Thus, at both sites, the composition of the DCAA pool in
the SML did not resemble its composition in the ULW as
closely as the DFAA pool. No relationship of individual
amino acid mole percentages or pooled dissolved amino
acid concentrations was found between the SML and
ULW. D-Enantiomeric amino acids generally contributed
�3% to the THAA pool.

At both study sites, mean concentrations of individual
DFAA species in the SML ranged from 6 nmol L�1 to 874
nmol L�1 (see Web Appendix 1 at www.aslo.org/lo/toc/
vol_53/issue_1/0122a1.pdf). The DFAA concentrations in
the ULW were generally significantly lower than in the
SML, ranging from ,1 to 27 nmol L�1 (data from both
sites pooled, ANOVA, p � 0.05). In the SML of the SATL,
concentrations of individual amino acids of the DFAA

pool were not significantly different from concentrations
measured in the SML of the WMED (ANOVA, p � 0.2),
whereas in the ULW, some DFAA species were slightly
higher in the WMED than in the SATL. At both study
sites, the mean concentrations of individual amino acids of
the DCAA pool ranged from ,19 to 744 nmol L�1 in the
SML and from ,3 to 131 nmol L�1 in the ULW (see Web
Appendix 1). As for the DFAA pool, concentrations of
individual amino acids in the DCAA pool of the ULW
were significantly lower than in the SML (ANOVA, p �
0.05).

Changes in the amino acid composition as indicator of
organic matter diagenesis—To characterize the changes in
the amino acid pool along the transect in the SATL,
a principal component analysis (PCA) was used on the
basis of a matrix of mole percentages of the different
THAA in the SML and ULW (Fig. 4a, b). The site scores
along axis 1 indicate the relative degradation state of the
THAA pool, with more negative site scores representing
more decomposed material and more positive scores
reflecting more freshly produced dissolved organic matter
(DOM) (Dauwe et al. 1999). Using this approach, we
obtained a rather variable pattern in the SML of the SATL,
indicating a complex production and degradation pattern

Table 5. Concentrations of dissolved total hydrolysable amino acids (THAA; mmol L�1), dissolved free amino acids (DFAA; mmol
L�1), dissolved combined amino acids (DCAA; mmol L�1), and the percentage of DFAA to the THAA pool measured at the different
stations (STN) in the subtropical Atlantic (SATL) and the western Mediterranean Sea (WMED). –, below detection limit.

STN

THAA (mmol L�1) DFAA (mmol L�1) DCAA (mmol L�1) DFAA:THAA (%)

SML ULW SML ULW SML ULW SML ULW

SATL
1 2.70 0.53 0.87 0.05 1.83 0.48 32 9
2 25.82 0.60 11.58 0.05 14.25 0.55 45 8
3 8.14 0.45 5.90 0.04 2.23 0.41 73 8
4 9.02 0.57 4.37 0.13 4.65 0.44 48 22
5 3.29 0.48 1.27 0.04 2.02 0.43 39 9
6 3.97 0.42 1.68 0.07 2.29 0.34 42 18
7 3.17 0.40 1.27 0.03 1.90 0.37 40 9
8 5.01 0.46 2.59 0.04 2.41 0.42 52 10
9 3.39 0.51 1.48 0.10 1.91 0.42 44 19
10 2.11 0.38 0.88 0.03 1.23 0.36 42 7
11 4.55 0.51 2.27 0.09 2.29 0.42 50 18
12 10.86 0.39 6.38 0.03 4.47 0.36 59 8
13 2.58 0.34 1.36 0.02 1.23 0.32 53 6
14 1.36 0.41 0.43 0.06 0.93 0.35 31 14
15 1.14 0.42 0.46 0.03 0.68 0.39 40 7
16 2.72 0.39 1.43 0.04 1.30 0.35 52 11
17 2.87 0.38 1.47 0.07 1.40 0.32 51 18
Average 5.45 0.45 2.69 0.05 2.77 0.39 47 12
SD 5.91 0.07 2.89 0.03 3.15 0.06 10 5

WMED
1 5.26 0.96 3.76 0.60 1.55 0.39 71 63
2 3.37 0.32 1.89 0.07 1.51 0.27 56 23
3 4.80 0.56 2.11 0.21 2.72 0.35 44 37
4 4.92 0.26 3.42 – 1.52 0.26 70 –
5 5.08 0.43 2.38 0.09 2.71 0.33 47 21
6 2.82 0.40 2.19 0.16 0.64 0.24 78 39
Average 4.37 0.49 2.63 0.23 1.78 0.31 61 37
SD 1.02 0.25 0.77 0.22 0.80 0.06 14 17
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