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Abstract—Water samples taken at seven stations in the eastern Atlantic Ocean were fluorometrically
analyzed. Vertical profiles describe the distribution of gelbstoff and of tyrosine-like and tryptophan-
like molecules. These are compared with hydrographic data. Gelbstoff fluorescence is low near the
sea surface due to photodegradation. Except for enhanced values at 300-500 m depth at some
stations. Gelbstoff fluorescence 1s almost constant in intermediate (Mediterranean Water. Antarctic
Intermediate Water) and deep waters (North Atlantic Deep Water) despite the very different origins

of these water masses.
In contrast to gelbstofi, tryptophan- and tyrosine-like signals are highest near the sea surface.

Particulate organic matter and derived dissolved organic molecules are discussed as possible sources
of these fluorophores. In the upper portion of the main thermocline, where the gelbstoff is greater

than deeper in the water column. the fluorescence signals of gelbstoff and tryptophan-like molecules
covary. This supports the assumption that decomposition of sinking particles, and increased
concentrations of bacteria due to this process, contribute to the vertical distribution of fluorescent

matter at these depths. Copynight © 1996 Elsevier Science Ltd

INTRODUCTION

For the ANT-VIII/7 cruise of R.V. Polarstern the ship sailed from Capetown, South Africa
(1 May 1990), to Bremerhaven, Germany (22 May 1990) (Fiitterer and Schrems, 1991).
Water samples were taken at 14 m depth along the ship track, by use of a snorkel system
installed 1n"the hydrographic well of the ship., and fluorometrically analyzed. The results of
these underway measurements were presented in Part 1 of this paper (Determann et al..

1994).
In addition to these measurements in the mixed layer, seven stations were occupied at

locations shown 1n Fig. 1 and Table 1. Depth profiles of hydrographic properties were
measured. and water samples were taken for the laboratory analysis of biological and

chemical parameters and for fluorescence analyses. The purpose of this paper is to report on
the depth distribution of fluorescent matter at these locations in the eastern Atlantic Ocean,

and on the relationship of fluorescent matter to other water column parameters.
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Fig. 1. Cruise track of R.V. Polarstern during ANT VIII/7, 22 May 1990. Circles denote the
positions of stations (Table 1). -

METHODS

Sampling

Water samples were taken at 12 depths with a rosette sampler using 12 I Niskin bottles. A
Seabird probe was mounted on the sampler for CTD and oxygen measurements. Since
Seabird probe data were stored internally instead of being transmitted to a deck unit, on-line
information on hydrographic parameters was not available. Therefore, depths of water

sampling given below indicate cable lengths.
Samples were taken for onboard analysis at 5, 20, 50, 100. 200, 300 and 500 m depth in the
upper water column. and at 500-1000 m intervals in intermediate and deep waters. Since
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Table 1. Dates and geographical positions of stations during cruise AN T-VIII/7 of R.V. Polarstern, May 1990. A
listing of the surface stations, and hydrographic data are found in Fitterer and Schrems (1991)

Station . Date Position Water Depth (m)/max.
Sampling Depth (m)

576 3 May 1990 27°17.8'S 10°38.7°E 4795/3000
Cape Basin
582 6 May 1990 13°27.7'S 2°16.0°'E 5581/3500
Angola Basin
588 9 May 1990 0°31.1'S 8°00.9'W 4951/3000
Guinea Basin
592 - 11 May 1990 5°59.4'N 16°20.2°W 4933/4800
Sierra Leone Basin -
598 14 May 1990 20°36.4'N 20°27.2'W 3889/3000
Cape Verde Basin ' '
605 17 May 1990 35°58.2'N 14°35.5W 4223/4000
Mediterranean outflow
609 19 May 1990 44°47.0'N 8°53.8'W 4864/4600

Biscay

sampling with high resolution within the upper 300 m was given high priority, the maximum
sampling depth was in some cases limited to 10002000 m above the seafloor. CTD profiling
was done on the downcast, and water sampling was done during recovery. Although this can
give rise to errors if CTD data are related to water sampling data in highly stratified layers,
the Niskin bottles were well rinsed in this way before water samples were taken, which
reduces the risk of contamination with organic material, e.g. from microlayers on the sea
surface. '

Unfiltered samples were fluorometrically analyzed with a single run for each sample,
instead of the extended procedure using three cuvettes for surface sample analyses described
in Determann e! al. (1994). This was necessary to perform the analysis in the shortest
possible time after sampling, which was not more than 1 h. Hence, outliers due to possible
sample contamination cannot be identified and discarded from the data set. Fluorescence
efficiencies are generally dependent on temperature. Therefore, samples from below the
near-surface layer were kept at 5°C during the measurement, by using an instrumental
cooling assembly to keep temperatures at about the in situ value. This will allow the data to -
be related to future multi-wavelength in situ measurements (Heuermann ez al., 1995).

Excitation and emission wavelengths used for the fluorescence measurements, made with
a2 Perkin Elmer LS50 Luminescence Spectrometer, are given in Table 2, together with the
types of substances associated with these fluorescence data. At Stations 576 and 582, the
measurements did not include the 230 nm excitation wavelength, and hence no data for
tyrosine-like fluorescence are available from these positions. With these exceptions, storage
and handling of samples, experimental methods and their accuracies are the same as
described in Determann et al. (1994).

As described in the earlier paper, fluorescence spectra are calibrated by normalization to

the integrated water Raman scattering band, yielding the Raman unit as a quantitative
measure of the signal intensity. With an appropriate choice of the range of detection
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Table 2. Spectral parameters of fluorescence measurements with a Perkin Elmer
LS50 Luminescence Spectrometer

Excitation Emission Range Suggested Substance Type at peak
(nm) (nm) emission wavelength (nm)
230 240430  Tyrosine at 280...300 (290,5)
Tryptophan at 325...350 (330,5)
254 260-500 Tryptophan at 320...350 (320,1)
400-700* Gelbstoff at 440...460 (440.2)
270 - 280-500 Tryptophan at 325...350 (320.1)

Gelbstoff at 440...460 (440.2)

Substance types and emission wavelengths chosen for their identification are
given. Values in brackets denote centre wavelengths and bandwidths used for off-
line intensity readings. Spectral excitation and emission bandwidths: 7 nm. A
spectral calibration of the instrument has been performed as described m

Determann er al. (1994).
*A 350 nm long-wave pass filter in front of the emission monochromator

suppresses second order diffraction signals.

wavelengths, water Raman scattering i1s inherently included in each spectrum. Therefore,
this procedure is of great advantage compared to the use of fluorescence standards like
quinine sulfate, which would require a separate measurement for each calibration of the
instrument. The relation of Raman units to some quinine sulfate standards reported in the

literature 1s given in Table 3.

RESULTS

Depth profiles

The depth profiles obtained at Stas 582 in the Angola Basin, 592 in the Sierra Leone
Basin, and 609 in the Bay of Biscay are given in Figs 2—4. The graphs display profiles of
gelbstoff fluorescence (excitation/emission: 254 nm/440 nm), and fluorescence of
tryptophan-like (270 nm/320 nm) and tyrosine-like (230 nm/290 nm) substances, in
relation to temperature, salinity, oxygen and nutrients. The vertical structure of CTD and
fluorescence data at Stas 576 and 588 were similar to those observed at Sta. 582. The same
holds for the profiles of Stas 598 and 605, which were comparable to those at Stas 592 and
609, respectively. Theretfore, these data are not displayed graphically. Numencal listings of

the complete data set are glven in the appendix.

Gelbstoff fluorescence

The depth profiles of gelbstoff fluorescence (254 nm/440 nm) were characterized by very
- low signal intensities in the surface layer, ranging between 2 and 3 x 10~° nm~' Raman
units at 5 m depth. At a few stations this layer extended down to the 20 m sampling depth.
These data agree well with the results of the the near-surface sampling programme
(Determann et al.. 1994: their Fig. 5), where the same values were found. -



349

Fluorescent matter in the eastern Atlantic Ocean

| JUAWSINSBIW IO Ul wu /s b
‘JUBLIBAUI-SUIBWII pUBq UBWRY J3)em Pajeidajul ayj 0uls J|nsal ayj 109jje J0u S30p syipimpueq jo ddueyoe ‘JuaWAINSEaW 1no ut w g}/ 8§
‘pUBY 20UdsaIoNY Ijejns autuinb Isuul Y} Yiim de13A0 JO asned3q 191em payuind ul Ka1eiedas painseaw sem uvwey e
'30U313J31 Ul pay1dads 10N }
'30UI13J3J YY) Ul USAIZ S UONNjOs Ul Uoijeljuaduod ajejns suiuinb yim ‘JuswaInseaw INO Ul pasn JRIPAYIP AvJ|NS autuin),

‘0,01 > O} PajeWISI SI S)UN urwey 0} uolje|as paje[ndjed ay) JO 10119 dAljB|al 3y | -aJnjeladd) Woold jB apeul 31am SJUIWAINSBIN ._uousv.oEE pue 1NIeIdNI| Pad
3Y) WO4J U3} 2I9M SUOIIIPUOD [ejudWiIddXy w4disavjod “ A Y PABOQUO pasn J19)2w01193ds duddsautwng )5S PWg UiyI3d 3yl yim Pawi0j13d 219m SjUWIINSEIW

(€661)
f, wugpyo=nNSO 1 zunyds puesaddopy  wu fof/4L WU OSH/0SE YOSTH W S0'0 aejins auiuinbqdd | NSO 1 [NSOJ nun aigjjns autuing
puu 07 0'C Hd ‘4*OS‘H
S Jwu . ol xze=Eny g (Z661) eped pue usy)d [aulj Jase| wu OSH/STE ‘«INeIPAY-ouow JNejIns autuinb |/311 g7 nyj sy [nyy] s1un 3sudd$310N| 4
_wu . Ol XL90= W | (L861) '[P 12 3seAeH §wiu (/01 wu OZP/0Z€  0°T HA 4*OIDH 21ejjns sutuinb /311 g°7 ny ¢ [ny] snun 3dudds310n] 4
| (Z861) _ -
_wu . ] x9'gs[Ju | uewdjpig pue ydssio( wu /4L W opy/ope 0°C HA ‘4POSTH s21j|ns duluinb /317 (8T nyog [np] spun 3ou383100]
H_ _wu o g xoti=idu (£961) 31 wu /4L Wu 9%/$9¢ YOS‘H N 10°0 «3ej|nsiq auiuinb /3w |- AW ¢/ [14w] zuazsasonj 4 1IN
| Jipimpueq wa/xd
sjun uewey o} uoney 0UAII}Y yidugjorem wa/xa v JUSA[OS UOIJRIJUIDIUOD joydotony,y »  Aususjul jpugiS HONEBION

S0 UDIUDY Y11M 2IDJINS dULUInD uo pasoy Spappunls aouaasaionyf fo nospdiuo ) ¢ YN |



350 S. Determann et al.

1000

E 2000
XL
o
Q.
& 3000
GELBSTOFF
4000
STAT. 582
5000
2 4 #1073 4 8 #1072
RAMAN UNITS [nm1] RAMAN UNITS [Inm™)

10 20 T[°C] x 2 4 {min]

Aepx=254nm ; A pn=440nm Aex=270nmM ; A g=320nm
Fig. 2. Station 582, ‘Angola Basin’. Profiles of gelbstoff fluorescence at 440 nm with 254 nm
excitation wavelength, tryptophan-like fluorescence with 270 nm excitation and 320 nm emission,
potential temperature and salinity, nutnents and oxygen. See Fig. 5 for an explanation of symbols
used in the Gelbstoff profile. Profiles of temperature. salinity and chemical parameters are partly
unpublished data made available by A. Michel, Alfred Wegener Institute, Bremerhaven, Germany
(Michel, 1991).

Except for Stas 605 and 609, where near-surface samples were not gathered, a strong
gradient was observed between the surface layer and 50 m water dépth, with signal
intensities typically increasing by 50-100% of the surface value. At Stas 588, 592 and 609 a
maximum at 200-300 m depth was observed. The structure at Sta. 576 in the Cape Basin was
different; there a minimum of gelbstoff fluorescence was found at 200 m depth, with
increasing signals below. The vanability of the signal at Stas 582, 598 and 605 was smaller at
these water depths, near the limit of the experimental resolution, which 1s estimated to be

better than 20% for these measurements (Determann et al., 1994).
The fluorescence of intermediate and deep waters at depths of more than 500 m was very
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Fig. 3. Station 592. ‘Sierra Leone Basin’. Same parameters as in Fig. 2, with the addition of the
profile of tvrosine-like fluorescence with 230 nm excitation and 290 nm emission. Temperature and
salinity readings were taken from a graphic printout since the original data file is no longer available.

Therefore. the fine structure of the salinity profile within the thermocline. similar to Fig. 2. 1s not
resolved.

X =254nM ; A n=440nm
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Fig. 4. Station 609, ‘Biscay’. Notation as Figs 2 and 3.

homogeneous, with a typical value of 4 x 10~ nm~' Raman units. A few local increases,
e.g. Sta. 609 at 2000 m depth (Fig. 4), might be outliers due to a possible contamination of

these samples.

Tryptophan-like and tyrosine-like fluorescence

The vertical distribution of fluorescence signals that are attributed to the aromatic amino
acids tryptophan (270 nm/320 nm) and tyrosine (230 nm/290 nm), or to their derivatives,
differed from the gelbstoff profiles. Tryptophan-like fluorescence was very high, at about 7—
9% 107° nm~' Raman units, in the upper water layer. This layer with increased signal
intensities extended down to about 50 m depth, which was approximately twice as deep as
the surface layer with low gelbstoff fluorescence. From the surface layer down to 500 m
depth the tryptophan profiles were highly variable. Intermediate and deep waters displayed
a virtually constant fluorescence signal of about 3—4 x 10~ nm ~' Raman units, except for a
tew local maxima which might again be due to contamination.

T'yrosine-like fluorescence was of the same order of magnitude as that due to tryptophan.
However, the pronounced maximum in the surface layer was not present. At greater depths
the shapes of certain tyrosine profiles were similar to those of the tryptophan profiles. The
tyrosine signal was very high at a few locations and water depths, and this effect is not yet
understood. Despite the risk of unidentified contamination effects, we do not consider the
tyrosine fluorescence signal and its occasionally high values as simple artifacts. An organic -
contamination of sample or cuvette during handling. e.g., a fingerprint on the cuvette
surface. would result in a drastic increase of fluorescence emission in the 350 nm region, with

excitation below 300 nm. which i1s not the case here.

DISCUSSION

Gelbstoff near the sea surface

The low values of gelbstoff fluorescence near the sea surface are due to photodegradation
of fluorescent compounds by sunlight in the photic zone. which is a well-known
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phenomenon (Ivanoff, 1973; Kramer, 1979; Nyquist, 1979; Bristow and Nielsen, 1981;
Hayase et al., 1987, 1988; Ertel, 1990; Kouassi and Zika, 1990a, Kouassi er al., 1990b;
Mopper et al., 1991). The poor stability of fluorescent compounds with respect to sunlight.
particularly the UV-B portion of the spectrum (Kieber et al., 1990), explains the depletion of
the signal 1n the upper 20 m of the water column (Figs 2—4). The low signal intensity in the
surface layer of the Black Sea found by Coble et al. (1991) 1s interpreted in the same way.
Very similar depth profiles of gelbstoff fluorescence have been reported by Chen and Bada
(1992) for the same thickness of the surface layer in various regions of the central North
Pacific and in the Sargasso Sea. These authors conclude that the upper 1020 m of the water
column correspond to the penetration depth of photoreactive light, and the photobleached
fluorescent compounds are then wind-mixed through the upper 50 m of the ocean.

In our data, the magnitude of the fluorophore reduction near the sea surface is on the
order of 30-70% compared to the concentration at the lower edge of the mixed layer where
the intensity of sunlight i1s low. Since photobleaching in open ocean waters seems to be a
rapid effect, with timescales of 1 h—1 day, the short-term history and values of the light
conditions and vertical eddy diffusivity are factors which determine the shape of the depth
profile in the upper water column (Kouassi et al.. 1990b). Accordingly, photobleaching
should be more pronounced at low latitudes, because of stronger sunlight and higher
stability of the near-surface layer, when compared to mid- and high-latitudes. Our depth
profiles support this statement.

It follows that the influence of light-induced bleaching on water samples at 14 m depth,
which were collected with the ship underway, is difficult to estimate. At Stas 576, 582 and
592 the gelbstoff data at 5 and 20 m sampling depths are virtually identical. At Stas 588 and
598 photobleaching is not apparent at 20 m depth. Hence the underway samples taken in the
same regions of the ship track were collected 1n a zone with a high vertical gradient of the
gelbstoff fluorescence profile, and sampling closer to the sea surface would probably have
yielded systematically lower fluorescence values than reported previously (Determann et al.,
1994).

Low values of gelbstoff fluorescence near the sea surface were also found by Mopper and
Schultz (1993) 1n the Sargasso Sea. However, the signal increases in these profiles by a factor
of two. almost linearly with depth down to about 200 m, which is deeper than the
photoreactive surface layer. 7/S data are not given by these authors, but we assume that the
wind-mixed-layer depth is shallower than 200 m. This would suggest that mechanisms other
than the direct influence of photobleaching and subsequent mixing led to the vertical
structure in these data. A process which produces very similar vertical structures in our data

1s discussed in the next section.

Gelbstoff in the upper water column

Except for Stas 576 and 605, maxima are found at 200—-300 m depth, in the upper portion
of the main thermocline. These maxima are particularly evident at Stas 582, 588 and 598, 1.e.
in the highly productive upwelling regions of the Benguela and Canary Current, and at Sta.
609 1n the Bay of Biscay. where biological productivity is also high (Berger, 1992). The
- maximum i1s also less pronounced in the region of the Equatorial Counter Current, Sta. 592,
where the productivity 1s lower. This pattern leads to the hypothesis that the maximum of
fluorescent DOM at 200-300 m depth 1s a consequence of biological productivity in the

euphotic zone.
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It is useful to compare the gelbstoff profiles with chemical parameters. The mid-depth
fluorescence maximum is particularly found at stations with low oxygen values at
intermediate water depths, i.e. with O, values of less than 2 ml |='. The depth of the
fluorescence maximum is above the oxygen minimum, not coincident with it. Apparently the
oxygen minimum is not induced by degradation of sinking particles. if the depth of highest
degradatlon and fluorophore release are the same. Overall, the role of the intermediate
oxygen minimum layer in these biochemical processes is not well understood (Toggweiler,
1989). This holds also for the relative importance of passive DOM release from particles,
and for biological degradation through bacterial attack at intermediate water depths
(Ishiwatari, 1992).

Nitrate and silicate concentrations are near zero at the sea surface and, particularly for
nitrate. maximal in intermediate waters between 500 and 1500 m depth. The nitrate
maximum and oxygen minimum are at approximately the same depth. and coincide with the
salinity minimum of the Antarctic Intermediate Water south of latitude 20°N and the
salinity maximum of the Mediterranean Water north of this latitude. Hence, oxygen and
nitrate are closely connected to physical parameters that define the water masses of the
intermediate zone. As with the physical parameters, their depth distribution seems to be
connected to the large-scale advective transport of water masses.

Advective transport of water with high values of fluorescent matter 1s not obvious from
the 7/S data. These fluorescent molecules are produced in situ by a release from sinking
particles in the upper thermocline, as found also in other oceanic regions (Momazikoff et al.,
1992). . _
The concept of sinking particles and their regeneratlon in this section of the water column
agrees well with sediment trap measurements, which show that sinking particles are mostly
degraded in the upper 200-300 m before they reach deeper waters (Martin et al., 1987). This
phenomenon was observed in the eastern Atlantic Ocean by Bishop et al. (1977, 1978) 1.€. 1n
the same regions where our fluorescence measurements were made.

Gelbstoff in intermediate and deep waters

At depths below a few hundred meters, and extending down to deep waters, the vertically
and horizontally homogeneous distribution of gelbstoff fluorescence is a striking feature.
The virtual constancy of the gelbstoff signal holds despite large variations in physical and
chemical parameters at intermediate water depths. To describe this in more detall, a
gelbstoff fluorescence—salinity diagram. which includes the data from all stations, was
plotted (Fig. 5). Water masses are classified according to Emery and Meincke (1986) and
labeled with individual symbols. For comparison with this figure, the depth profiles of
gelbstoff fluorescence in Figs 2—4 are shown with the same symbols.

Data measured in the upper 500 m of the water column are shown with open symbols in,
the gelbstoff-salinity diagram. They are scattered over the diagram. taking on the lowest
values of about 2-2.5x 107> nm~' Raman units at the sea surface of the South Atlantlc
Central Water (SACW). Below the surface layer the signal i1s between 3 and 5 x 10~ m™!
Raman units. and higher values belong to the maxima at 200-300 m depth discussed above.
Salinity is higher in the Eastern North Atlantic Central Water (ENACW) than 1in the South
Atlantic Central Water (SACW), but a specific difference in the Gelbstoft fluorescence

intensity was not found.
Two intermediate waters at 500—1500 m depth are identified. the Antarctic Intermediate
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Fig. 5. Diagram of gelbstoff fluorescence vs salinity, data taken at the ANT-VIII/7 Stations, see
Fig. 1 and Table 1. Individual symbols denote different water masses according to Emery and
Meincke (1986). with the acronyms ENACW (Eastern North Atlantic Central Water), SACW
(South Atlantic Central Water), AAIW (Antarctic Intermediate Water). MW (Mediterranean

Water). NADW (North Atlantic Depth Water). Open symbols are used for samples taken from the
upper water column. filled symbols for samples from intermediate and deep waters.

Water (AAIW) with S <34.8 at Stas 588-592 (Fig. 2 and Fig. 3), and the Mediterranean
Water (MW) with S > 35.0 at Stas 605 and 609 (Fig. 4). The intermediate water at Sta. 598 in
the Cape Verde Basin, latitude 20°N, 1s a transition type between AAIW and MW;
following the maps of Emery and Meincke (1986), the Eastern Atlantic Subarctic
Intermediate Water 1s expected in this region, but a hydrographic classification based on
our data is uncertain and was therefore omitted. |

The AAIW is characterized by a relatively widespread salinity minimum and gelbstoff
fluorescence ranging from 3.5 to 5.2 x 10> nm ™' Raman units. The highest fluorescence
values are from 500 and 1000 m depth at Sta. 576, where the data differ considerably from
the other profiles and would need to be verified. If these two data points are discarded, then
the AAIW water mass fluorescence 1s 3.5-4.6 x 10~ nm ™' Raman units. _

Salinities of up to 36.0 at Sta. 605 mean that the core property of the MW, 1.e. $§=36.21n
the outfiow west of Gibraltar was almost met. Fluorescence intensities of these samples are

between 3.5 and 4-0~* nm™~' Raman units.

North. Atlantic Deep Water (NADW) is at depths below 1500 m, with 34.8 < S < 35.0and
1.5°C < T<4.0 C (Emery and Meincke, 1986). The colder and less saline Antarctic Bottom
- Water is not observed. probably because of insufficient maximum depths of sampling. Like

temperature and salinity, Gelbstoff fluorescence 1s imited to a small range between 3.9 and
4.8 x 10~ " nm ™' Raman units. The signal intensity is therefore slightly greater than in both
types of intermediate waters lying on top of it. Mixing takes place between NADW and

MW. where gelbstoff fluorescence behaves like a conservative property.

Profiles of tryvptophan- and tyvrosine-like substances

These depth profiles differ considerably-from those-of-gelbstoff. Data taken near the sea
surface show high concentrations of tryptophan-like molecules (Figs 2 and 3).
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Photodegradation, a sink for gelbstoff fluorescence. is apparently less relevant for this
fluorophore. The range of elevated tryptophan-like signals covers the entire mixed layer
down to about 50 m. The maxima of gelbstoff fluorescence in the upper section of the main
thermocline. i.e. at 200-300 m depth, are also apparent in most tryptophan and tyrosine
profiles. . _

A fluorophor with maximum emission at 345 nm, when excited at 295 nm wavelength.
was observed by Coble et al. (1990) in samples from the Black Sea; these authors associate
the fluorphor with the indole ring of tryptophan. Mopper and Schultz (1993) report on a
depth profile measured in the Sargasso Sea, with 210 nm excitation and 330 nm emission
wavelength. They denote this signal as protein-like fluorescence. Despite the differences in
the excitation wavelength. these signals are equivalent to what we call tryptophan-like
fluorescence (Determann ez al.. 1994). The distribution in the upper water column follows a
pattern which is identical with our findings in the eastern Atlantic Ocean. Protein-like
signals are strong within the mixed layer, and a second maximum is detected at 200 m depth
in cases where humic-like signals are also at a high level.

According to our investigations of samples of phytoplankton and bacteria cultivated and
analvzed in the laboratory. these particles do not emit fluorescence in the gelbstofi-
dominated region of the spectrum. In contrast to this, the signals of aromatic amino acid
fluorescence in the 280-350 nm region are more closely related to molecules bound to
particles than to dissolved ones. Phytoplankton 1s a strong source of tryptophan-like
fluorescence. as shown for Phaeocystis in Determann et al. (1994). Most probably the
slightly shorter emission wavelength, as compared to the signature of free tryptophan, 1s due
to the bound state of the amino acid, as discussed in the earlier paper. This holds also for
bacteria. which emit fluorescence with maximum intensity at about 330 nm wavelength.
These signals (Fig. 6) are sufficient to explain the signal intensity observed in the depth
profiles (Figs 2—4). ~

The tyrosine-like fluorescence at 290 nm emission wavelength shows much less
correspondence with horizontal variations of other seawater parameters (Determann et
al.. 1994). and a well-defined relationship to particulate matter has not been found in our
laboratory experiments. An explanation of this signal in terms of 1ts source material 1s still
open.

We therefore conclude that at least part of the tryptophan-like fluorescence reflects the
presence of particulate organic matter. Phytoplankton abundances were very low during
ANT-VIII'7 (Grone and Karsten, 1991) and are not relevant for the data from below the
photic zone. Therefore. the tryptophan-like depth profiles most probably describe the

vertical distribution of tryptophan bound to bactena.

CONCLUSIONS

The patterns of fluorescence versus depth in the eastern Atlantic Ocean are probably
related to: '

(i) the greater bacterial biomass in the upper 50 m. leading to the strongest tryptophan-
like signal. This was virtually unaffected by photochemical degradation at the sea surface,

which affects the gelbstoff fluorescence there: ' _
(ii) lower tryptophan-like but high gelbstoff fluorescence in the water layer below the

photic zone:
(ii1) elevated trvptophan-like fluorescence in the 200-300 m laver on top of the main
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Fig. 6. Emission spectra of laboratory cultures of bacteria, 230 nm excitation. The fluorescence
band around 330 nm 1s related to tryptophan bound to the bacteria. Cell numbers counted with a

fluorescence microscope correspond to the upper range of typical open sea conditions near the sea

surface. The sample alt 1918 was cultivated from a natural sample taken at 200 m depth near the

Azores, 11th June 1983. To avoid background signals from the culture medium, bacteria were

centrifuged five times at 10,000 rpm and resuspended 1n a 0.85% NaCl solution; this procedure was

repeated five times. Residual background fluorescence and water Raman scattering of the NaCl
solution was measured separately. and subtracted from the spectra.

thermocline. where both gelbstoft and tryptophan-like fluorescence may be enhanced due to

particle degradation and bacterial activity related to this process; and
(1v) low tryptophan-like fluorescence 1n intermediate and deep waters where bacteria

show low activity. Gelbstofl fluorescence 1s vertically homogeneous, the origin of this
fluorophore being the advective transport of water masses. An important characteristic of
this signal 1s 1ts very low variability in view of the different origin of the intermediate and

deep water masses in the eastern Atlantic Ocean.
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APPENDIX: DEPTH PROFILE DATA

Depth T S Fluorescence 10 ~° Raman units (nm™') O NO;~  Si(OH); Water Mass
(m) (C) Excitation/Emission Wavelength mll1~ (umol 1= 1 (umol 1= 1
254440 270,320 230/290
Station 576 ,
5 20.51 35.32 2.5 6.6 — 5.27 — — SACW
20 20.04 35.25 2.4 8.2 — 5.26 0.30 2.62
50 16.49 35.43 3.6 7.2 — 5.28 4.41 2.53
70 1545 35.42 3.0 4.5 — 5.17 9.31 3.64
100 14.77 35.35 2.9 5.5 — 4.73 8.70 5.14
200 12.35 35.06 2.5 3.3 — 4.87 13.89 6.95 SACW
300 10.06 34.75 3.5 3.2 — 4.60 16.72 10.43 AAIW
500 590 34.40 5.2 34 — 4.4} 27.96 22.18
1000 345 34.54 4.8 4.9 — 398 3334 2064  AAIW
1 500 3.18 34.81 4.4 3.3 — 4.68 26.63 47.71 NADW
2000 2095 34R9 — 12.4 —— 5.22 23.70 44.09
3000 222 348K 6.3 13.7 — 5.41 34.31 58.29 NADW
Station 382
S — — 2.0 6.7 — — — — SACW
20 24.10  36.71 2. 5.3 — 4.71] 0.49 2.73
50 1652 3574 3.8 6.5 — 3.95 1.94 2.21
100 13.02  35.29 3.7 3.2 — 2.19 24.06 9.68 L
200 1090 3502 4.8 3.7 — 1.45 28.80 16.18 SACW
300 9.54  34.8Y 4.2 4.2 — 1.04 46.34 16.97 AAIW
SO0 7.05  34.65 4.6 3.6 — 1.30 49.13 23.62
1 000 3.95  34.59 4.3 6.7 —_ 3.56 34.50 30.94 AAIW
1500 3.61 3490 4.4 3.9 — 4.67  35.89 3.8  NADW
2000 3.3 3492 4.3 2.9 — 5.15 29.71 33.76
3000 230 24.9] 4.5 2.5 —_ 5.21 28.22 50.65
3500 200 34.90 4.3 2.6 — 5.23 28.26 57.69 NADW
Station 588
' 51945 — 24 8.0 4.3 4.81 — — SACW
0 17.69 3398 3.6 6.0 2.6 4.42 4.96 5.01
SO 1524 35.6] 3.3 5.1 4.9 3.64 11.90 5.24
70 1503 3533 29 4.4 3.0 3.69 10.07 5.91



Depth T
(m) ("C)
100 14.54
200 12.07
300 9.00
500 6.13

1000 4.33

1500 4.05

2000 3.36

3000 240

Station 592

5 25.18
20 19.98
50 15.95

100 14.59
200 12.07
300 993
500  7.31

1000 4.74

1500 3.94

2000 3.24

3000 2.43

4800 ].81

Station 598

50 18.14
70 17.23
100 16.47
200 13.81
300 12.68
500 9.96

1000  6.27

1500 4.47

2000 349

3000  2.51

Station 6035

50 15.25
100 14.70
200 12.78
300 11.92
500 11.31
750 10.87

1000 10.40

1250  &.99

1 500 6.5

2000 384

3000 242

4000 209

Station 609

50

1 00

| 282

1 2.64

254/440

3.7
4.4
3.6
3.8
3.8
4.0
3.9
4.6

1.9
2.1
4.2
3.9
4.1
4.0
3.7
4.0
4.1
4.3
4.8
4.5

3.5

3.2

3.9
4.0
4.5
4.2
4.0
4.4
4.5
4.2

2.9
2.9
3.5
3.4
3.7
3.5
3.8
4.0

4.]
4.2

44

3.0
3.4

4.6
5.8
3.4
3.0
4.0
4.9
34

52

7.7
7.8
5.8
3.9
3.9
5.0
3.0
2.7
2.6
3.6
3.3
3.9

1.9
4.6
5.1
3.7
3.9
3.3
3.8
2.4
").Q
3.1

O
L

!Jt-JLonJL.hk}t

!J 10 129 1D tJ
At

9.1
5.0

't 1ud

Fluorescence 10~ Raman units (nm ™ ')
Excitation/Emission Wavelength

270.320 230/290

2.5
4.7
2.9
3.1

8.6

25.9
6.4
2.7

4.0
4.5
5.9
2.7
2.3
3.5
2.6
5.4
9.0
5.4
>.4
9.0

12.1
10.1
18.0
16.0
5.1
6.5
4.0
[.7
12.4
53.5

O:

3.24
2.10
1.99
3.06
3.69
5.29
5.77
5.57

4.91
4.68
2.70
1.63
2.36

1.44

2.15
3.09
4.53
5.11
5.35
5.61

4.36

3.77
2.88
1.69
1.28
1.41
2.66
4.56

4.82
5.47

5.46
5.35

.3.09

5.02
4.4%8
4.49

- 4.4l

4.62
512
5.50
5.60)
3.56

6.10
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NO;™

- 10.69

15.39
20.47
21.40
20.07

13.35
12.72

22.00

0.19
19.25
34.89
39.11
50.70
63.39
65.18
54.11
50.40
53.04
50.82

7.50
11.25
17.50
16.05
22.24
28.57
31.94
27.46
22.86
23.01

‘7“)‘5

3.51

S1(OH )4
(ml 171 (umol 17"y (umol 17)

7.30
10.79
18.52
25.54
37.49
22.31
23.69
46.90

1.58
3.87
8.16

10.13
13.09

21.74
33.4]
25.02

27.00

41.37

58.77 .

10.14
5.00
1.25

11.66

15.58

10.14

24.97

25.14

28.42

39.79

0.28
1.04
3.82
4.80
6.12
9.77
11.10
12.43
14.43

" 21.79

41.22
56.01

|.2]
| 49

SACW
AAIW

NADW

‘NADW

SACW

SACW
AAIW
AAIW
NADW

NADW
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Water Mass

ENACW

ENACW

NADW

NADW

ENACW

ENACW

MW

MW

NADW
NADW

ENACW
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Depth T
(m) (°C)
200 12.08
300 11.64
500 10.83
750 10.49
1000 10.62
1250 8.43
1500 5.32
2000 3.86
3000 2.76
4600 2.50

S

35.65
35.59
35.52
35.70
35.95
35.64
35.14
35.01
3495
34.90

254/440

3.0
3.1
3.5
3.7
3.7
3.9
3.9

5.0

4.4
4.6

3.8
34
3.0
2.8
2.5
2.6
3.2
4.8
2.7
3.9
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Fluorescence 102 Raman units (nm ™)
Excitation/Emission Wavelength

270/320 230/290

1.7
2.0
2.0
2.2
1.6
1.3
2.0
2.9
1.7
2.6

O,

5.74
5.64
5.17
4.48
4.30
4.62
5.43
5.91
5.78
5.62

NO;™

7.41
10.71
14.16
19.46
21.55
23.71
25.04

20.86

17.41
13.79

: Si(OH),
(ml1—") (pmoll'“") (umol 1~ )

2.09
3.02
4.91
8.41
9.34
11.56

1292

18.92
35.67
48.24

Water Mass

ENACW
MW

MW
NADW
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