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ABSTRACT: Dissolved organic phosphorus (DOP) concentrations were measured in surface water at
3 stations in the central Baltic Sea from May to July 2005. The amount of bioavailable DOP (BAP) was
estimated in time course experiments using 0.8 pm filtered seawater and carbon plus nitrogen addi-
tions with the aim of verifying results obtained in 2004. The consumption of dissolved inorganic phos-
phorus (DIP) and DOP by heterotrophic bacteria under natural water conditions was determined in
parallel experiments without any substrate amendment. In both years, most DOP and BAP concentra-
tions were in the same range of between 0.20 and 0.31 pM, and 0.04 and 0.12 pM, respectively, with
a tendency to decline from spring to summer. BAP constituted a proportion of 33.2 to 60.0 % of DOP.
Bacterial phosphorus use differed between the Gotland and Bornholm Basins. In the eastern and
south-eastern Gotland Basin, DIP was taken up completely, independently from initial concentrations
in substrate addition experiments. Without any substrate addition, less DIP was used in May. In sub-
sequent investigations in June and July, the DIP was taken up in full. Under natural conditions, the
uptake of BAP ranged between 18 and 78% and reached 100 % in summer when heterocystous
cyanobacteria occurred in surface water. In the Bornholm Basin, all the BAP was used in July despite
the availability of DIP. These results indicate that the phosphorus uptake in both basins may be car-
bon and/or nitrogen limited in May. The limitation was repressed in summer in the Gotland Basin,
but was sustained in the Bornholm Basin. Thus, the BAP use could satisfy the carbon demand in the
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Bornholm Basin, whereas it fulfils the phosphorus demand in the Gotland Basin.
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INTRODUCTION

Carbon, nitrogen, and phosphorus are the principal
nutrients sustaining phytoplankton and bacterial
growth. Because of its low concentration compared to
nitrogen, phosphorus is often the limiting nutrient in
fresh water ecosystems. In marine ecosystems, phos-
phorus becomes limiting if nitrogen deficiency is com-
pensated by nitrogen fixation. Phosphorus is usable for
plankton nutrition only in dissolved form: dissolved
inorganic phosphorus (DIP) and dissolved organic
phosphorus (DOP). While DIP, as an essential nutrient
for phytoplankton and bacterial growth, was never
under discussion, the importance of DOP as a relevant
P source was not clear for a long time and is still not
fully clarified. The first attempts to measure DOP con-
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Bacteria -

centrations in natural waters were in the 1930s and
1940s (Kalle 1933, Robinson 1941). DOP as a potential
phosphorus source was first reported by Newcombe &
Brust (1940) and Chu (1946), and 20 to 30 yr later by
e.g. Johannes (1964) and Minear (1972). Nevertheless,
Heath (1986) noticed, for freshwater systems, that the
detailed function of DOP as a significant phosphorus
source was unknown, a fact that could also be applied
to the ocean. Since that time, there have been many
efforts to elucidate the distribution, biochemical func-
tion, and behaviour of DOP in freshwater and marine
systems. Many reports deal with the quantitative dis-
tribution of DOP (Karl & Bjorkman 2002, Suzumura &
Ingall 2004, Yoshimura et al. 2007). Size classes of DOP
have been described (e.g. Matsuda et al. 1985, Cooper
et al. 1991) and attempts made to describe the bio-
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chemical compounds (Strickland & Solorzano 1966,
DeFlaun et al. 1987). Phosphorus-containing sub-
strates in water are nucleic acids (DNA, RNA), nucleo-
tides (ATP), and phospholipids. Sannigrahi et al. (2006)
found in ultra-filtered dissolved organic matter of
marine waters that phosphorus was associated with
carbohydrates, amino acids, and lipids. The biochemi-
cal binding of phosphorus to the organic molecule is as
phosphoesters (mono- and diesters), which may be
produced predominantly autochthonously by exuda-
tion, decomposition, and autolysis of organisms and
may be preferentially bioavailable (Benitez-Nelson &
Buesseler 1999). Another group, the phosphonates,
have been identified as a significant constituent of
DOP in marine waters (Monaghan & Ruttenberg 1999,
Kolowith et al. 2001) and are believed to be less bio-
available (Dyhrman et al. 2006). Bioavailable dissolved
organic phosphorus (BAP) is that part of DOP that can
be taken up by organisms directly or after enzymatic
degradation. It amounts to 7-25% of the total DOP in
the North Pacific Subtropical Gyre

(Bjorkman & Karl 2003), to 55.2-65.4 %

to estimate the amount of BAP used by heterotrophic
bacteria in situ.

MATERIALS AND METHODS

Water sampling and hydrographic conditions. Ex-
periments were conducted during 4 cruises in May,
June, and July 2005 with the RVs ‘Gauss' and 'Prof.
Albrecht Penck’' in the central Baltic Sea, at Stn 213
(565°14.9'N, 15°58.9'E) in the Bornholm Basin, Stn 259
(65°33.0'N, 18°23.9'E) in the south-eastern Gotland
Basin and Stn 271 (57°19.2" N, 20°03.05' E) in the east-
ern Gotland Basin (Fig. 1). Samples (1 to 2 m depth)
were taken using a rosette sampler (Hydrobios) com-
bined with a Seabird SBE 911 probe equipped with
sensors for conductivity, temperature, and salinity.
Temperature, salinity, and chemical and biological
parameters characterizing the conditions during water
sampling are given in Table 1.

in the productive surface layer of the
central Baltic Sea (Nausch & Nausch
2006), and 5-14% in Lough Neagh
(Northern Ireland) (Cooper et al. 1991).
Despite increasing knowledge about 64
DOP in the past 2 or 3 decades, there is 3
still a lack in understanding of the bio-
geochemistry and cycling of DOP in
aquatic ecosystems. Thus, in the Baltic
Sea, investigations of phosphorus were 62
directed mainly into the spatial and tem-
poral variability of DIP. First, DIP con- 61
centrations were measured in the 1930s
(Kalle 1932, Wattenberg & Meyer 1936)
and much more regularly within the past
40 yr (HELCOM 1980). Nehring & Briig- %
mann (1977) measured organically %9 ’
bound phosphorus in the Baltic Sea but
did not differentiate between dissolved 58
and particulate organic phosphorus
forms. DOP concentrations have been 57
detected since 1999 (Poder et al. 2003).
Recently, the bioavailability of DOP was 56
studied by Stepanauskas et al. (2002) in
rivers entering the Baltic Sea and by
Nausch & Nausch (2006) in the central
Baltic Sea in summer 2004. We contin-
ued our investigations in the central
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Fig. 1. Sampling stations in the central Baltic Sea: Stn 271 is located in the
eastern Gotland Basin, Stn 259 in the southeastern Gotland Basin, and Stn 213

in the Bornholm Basin
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Table 1. Hydrographical, chemical and biological conditions during water sampling for experiments conducted in 2005 to detect
bioavailable dissolved phosphorus. TP = total (dissolved + particulate) phosphorus; DIP = dissolved inorganic phosphorus;
DOP = dissolved organic phosphorus; TDP = total dissolved phosphorus; ww = wet weight

Stn Date Temp. Salinity NO,; NH, TP DIP DOP TDP Chla Heterotrophic Heterocystous Other
(°C) M) @M) (uM) @EM) @EM) EM) (uglh) bacteria cyanobacteria autotrophs
(x10°ml™!)  (ww, mg m™®) (ww, mg m)
213 13 May 7.89 7.62 0.02 0.15 1.07 0.60 031 091 122 0.78 13.2 298.0
11 June 10.94 7.60 0.03 0.23 0.89 047 023 070 1.25 3.72 0.1 308.8
6 July 16.37  7.55 0.04 0.17 1.53 0.38 0.26 064 1.28 3.20 19.7 225.1
22 July 17279  7.55 0.09 0.11 1.00 0.27 029 0.56 1.95 6.07 10.9 345.6
259 14 May 8.15 7.37 0.06 0.20 1.00 0.13 030 043 4.36 6.50 35.5 1028.1
12 June 10.60  7.36 0.09 0.19 0.69 022 029 050 1.96 2.78 27.1 309.0
7 July 18.21  7.36 0.02 0.17 0.56 0.06 0.21 027 4.21 8.20 593.1 486.6
23 July 1724  7.38 0.10 0.13 0.64 0.12 020 0.32 4.70 5.88 1607.6 795.7
271 15 May 6.84 7.27 0.02 0.13 0.67 0.12 0.28 040 2.20 1.27 11.8 742.6
13 June 11.14 717 0.04 0.24 0.56 0.00 0.27 0.27 3.18 3.85 67.1 574.3
8 July 18.98  7.12 0.05 0.19 0.52 0.00 0.22 0.22 1497 7.40 4514.9 30394
25July 1692 6.91 0.00 0.25 0.60 0.04 021 025 4.86 9.16 184.2 803.4

Experimental layout. For the determination of BAP
and the bacterial utilization of DOP, water was filtered
through 0.8 pm cellulose nitrate filters (Whatman) im-
mediately after sampling using a vacuum of —200 mbar
to obtain water without phyto- or zooplankton but con-
taining free-living heterotrophic bacteria. The filters
were pre-rinsed with MilliQ water. The filtrate was
poured into 4 sterilized Duran bottles cleaned with 1M
HCI and MilliQ water. Each bottle contained 5.5 1 fil-
tered seawater. For the determination of BAP, ammo-
nium chloride (7 pM) and D-(+)-glucosemonohydrate
(1 mg I'!) were added to 2 bottles to prevent nitrogen
and carbon limitation. The 2 remaining bottles were
left without any additions to investigate the phospho-
rus uptake under natural nutrient conditions. All bot-
tles were incubated in the dark at in situ temperatures
and aerated with air passed through a 0.2 pm filter.
During an incubation time of 6 or 7 d, daily sub-sam-
ples were taken to determine inorganic nutrients,
DOP, and bacterial abundances.

To verify whether the same amount of BAP is
obtained if other organisms are used in the experi-
ments, DOP uptake by cyanobacteria was studied in
parallel experiments done at Stn 271 in the eastern
Gotland Basin. Water was first filtered through pre-
combusted GF/F filters and then through a 0.2 pm
tangential filtration system (Vivaflow), and 5.5 1 was
bottled in pre-cleaned Duran bottles. Nodularia
harveijana grown in F/2 medium was separated from
the medium by filtration onto 5 pm polycarbonate fil-
ters and washed with 0.2 pm filtered seawater. Sus-
pended Nodularia was added to 0.2 pm filtered water
in the Duran bottles at chl a concentrations of 2.6 to 3.8
ng 1!, aerated, and incubated in a light:dark cycle of
16:9 h for 6 d. Experiments were conducted in dupli-

cate. Similarly to the experiments above, sub-samples
for the determination of inorganic nutrients and DOP
were taken daily.

Analytical methods. After sub-sampling, DIP and am-
monium were analysed manually using standard colori-
metric methods (Grasshoff et al. 1983). The sum of nitrate
and nitrite (NO,/3) was measured in an autoanalyser
system (Evolution III) after filtration through pre-rinsed
0.2 pm cellulose acetate filters in experiments with
heterotrophic bacteria or after filtration through GF/F
filters in the experiments with Nodularia using the same
colorimetric methods. The detection limit was 0.02 pM
for DIP, 0.05 pM for ammonium, and 0.05 pM for NO,3.

For the determination of DOP, 40 ml of water was
filtered through a 0.2 pm cellulose acetate filter and
stored at —20°C until further processing. The thawed
samples were oxidized with potassium peroxidisulfate
in an alkaline medium (Grasshoff et al. 1983). The sub-
sequent DIP determination was done using a 10 cm
cuvette reaching a detection limit of 0.01 pM. Mea-
surements were made in duplicate from each incuba-
tion bottle. DOP was calculated as the difference
between the total P concentration in the 0.2 pm filtered
water and the corresponding DIP concentration.

BAP is derived from enrichment experiments as the
difference between DOP concentrations at the start
and the lowest DOP concentrations during the incuba-
tion. The remaining DOP is called the ‘refractory’ frac-
tion. The same approach was applied in the other types
of experiments to estimate the consumed BAP.

Chlorophyll a was analysed fluorometrically with a
Turner fluorometer. Water samples were filtered on
Whatman GF/F filters and the filters were stored in
liquid nitrogen on board and afterwards in the labora-
tory at —80°C. Thawed filters were extracted with 96 %
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ethanol for at least 4 h. Fluorescence was measured at
an excitation of 450 nm and an emission of 670 nm
(HELCOM 2001).

Phytoplankton composition and bio-volumes were
determined according to the HELCOM guidelines
(HELCOM 1988). Samples preserved with acetic Lugol
solution (KI/I,) were counted under an inverted micro-
scope (Axiovert, Leica). The cell volume was calcu-
lated from the size measurements by using the appro-
priate stereometric formula. It was converted to wet
weight (ww, mg m~), assuming that the density of
the plasma is equal to that of water (approximately
1 mg mm™3).

The enumeration of bacteria was done using the flow
cytometer 'FacsCalibur' (Becton Dickinson). Following
the method of Gasol & del Giorgio (2000), 4 ml samples
were preserved with 50 pl formaldehyde (0.5% v/v
final concentration), shock frozen in liquid nitrogen,
and stored at —80°C until measurement. Bacteria were
stained with SYTO-13 (Molecular Probes) at a final
concentration of 5 ptM. After addition of fluoresbrite
microspheres (Polysciences), measurements were per-
formed at a low flow rate. Measurements and calcula-
tions were done using the software program ‘Cell
Quest Pro’ (Becton Dickinson).

Statistical calculations were done using the com-
puter software program ‘Statistica 6'.

RESULTS

Nutrient and microplankton concentrations during
water sampling

From May to July 2005, inorganic nitrogen com-
pounds in the surface water were in the typical con-
centration range for the transition period from spring to
summer. The development of DIP, however, varied
between the basins, a phenomenon first observed in
2004 (Nausch et al. 2005). In all locations, mean (+SD)
inorganic nitrogen concentrations with NO,,3 values of
0.05 = 0.04 pM (Table 1) and NH, values of 0.18 +
0.05 pM were at or near to the detection limit, indicat-
ing that the winter inorganic nitrogen reservoir of 3 to
4pM (Nausch et al. 2006) was consumed completely by
the phytoplankton spring bloom.

In contrast, remarkable DIP concentrations remained
in May with large differences between the stations:
values of 0.60, 0.13, and 0.12 pM were measured at
Stns 213, 259, and 271, respectively. DIP was com-
pletely consumed in the eastern Gotland Basin (Stn
271) by mid-June and remained near the detection
limit subsequently. In the southern Gotland Basin
(Stn 259), fluctuations in DIP concentrations were ob-
served; the concentration increased from May to June

by 0.10 pM, then dropped to 0.06 pM in the first half of
July and increased again to 0.12 pM in the second half
of July. At Stn 213 in the Bornholm Basin, DIP concen-
trations decreased by 0.33 pM; nevertheless, a DIP
concentration of 0.27 pyM remained in the surface layer
in July (Table 1).

DOP did not show particular variations between the
stations. Concentrations ranged between 0.31 and
0.20 pM (Table 1) amounting to 33-100% of the total
dissolved phosphorus pool. A spring to summer
decline was probably caused by temperature. Surface
DOP concentrations correlated inversely with the tem-
perature (Spearman rank correlation: p = 0.008, n = 13)
(Table 2), indicating that the DOP consumption may be
enhanced with increasing temperature, compared to
its production.

In the eastern Gotland Basin (Stn 271), chl a concen-
trations increased from post-spring bloom to summer,
reaching maximum values of 14.79 ug 1! in the first
half of July. It remained on the same level of about
1.4 pg 1! at Stn 213. In the south-eastern Gotland Basin
(Stn 259) chl a concentrations were similar in May and
July (4.36 to 4.70 ng I"!) with an interim lessening to
1.96 pg I"! in June.

Heterocystous cyanobacteria contributed to phyto-
plankton development until summer (Table 1). They
reached the highest biomasses in the first half of July
at Stn 271 (eastern Gotland Basin). With a ww of
4515 mg m™> they constituted 60% of the total
autotrophs. At Stn 259 in the southern Gotland Basin,
the highest biomasses were observed in the second
half of July, a time delay of 14 d compared to the east-
ern Gotland Basin. Despite the absolute ww of
1608 mg m~? being lower, they comprised 67 % of the
autotrophs. In the Bornholm Basin, heterocystous
cyanobacteria occurred in negligible concentrations
during the whole investigation period, contributing to
a maximum of only 8 % of the total phytoplankton bio-
mass. The development of heterotrophic bacteria
seemed to be coupled with phytoplankton develop-

Table 2. Significance level of the Spearman rank correlation
between different parameters of the collected water samples
during the whole investigation period from May until July
2005. DOP = dissolved organic phosphorus; DIP = dissolved
inorganic phosphorus; n = no. of values; n.s. = not significant

Parameters n P
Temp - DOP 13 0.0082
Chl a - Cyanobacteria 13 0.0027
Chl a - Heterotrophic bacteria 12 0.0045
Chl a - DIP 13 0.0006
DOP - Cyanobacteria 13 0.0310
DOP - Heterotrophic bacteria 12 ns.
DIP - Heterotrophic bacteria 12 0.0367
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ment (Spearman rank correlation with chl a: p =
0.0045, n = 12) showing an increase from May to July.
As can be deduced from the Spearman rank correla-
tion between DIP concentrations and chl a and bacter-
ial abundances, phytoplankton biomass influenced the
DIP decline more strongly (p = 0.0006) (Table 2) than
did the heterotrophic bacteria (p = 0.0367). However,
no relationship was found between the 2 organism
groups and DOP concentrations in surface water.

Verification of the BAP concentrations

BAP concentrations with the addition of nitrogen and
carbon could be detected in 11 of 12 experiments. In
one experiment in May (Stn 213), DOP increased
instead of decreasing. Here, apparently, the surplus
DIP was consumed and converted into DOP and the
BAP pool could not be detected with the method used
(time course experiments).

In 2005, both BAP and DOP were in the same range
as measured in 2004 (Fig. 2), but the high values found
in May 2004 were not reached. BAP concentrations
(Fig. 2) ranged between 0.04 and 0.12 pM and com-
prised between 33.2 and 60.0% of the total DOP. As
in 2004, BAP increased with increasing DOP concen-
trations. Summarizing the values of both years, the
relationship can be described by the equation: BAP =
(0.92 x DOP) - 0.14. Similarly to 2004, no elevated BAP
concentrations (0.05 to 0.07 nM) were detected during
the occurrence of diazotrophic cyanobacteria in the
first half of July.

The refractory DOP (Fig. 3) ranged between 0.12
and 0.18 pM in 2005, and did not differ from those val-
ues obtained in the previous year. Therefore, despite
variations, the conclusions can be confirmed: the fluc-
tuations in the DOP pool are mainly caused by the vari-
ations of BAP.

The time course experiments using the cyanobac-
terium Nodularia harveijana as the DOP-consuming or-
ganism showed that the bioavailable and refractory
amounts of DOP were in the same range as measured in
the time course experiments with heterotrophic bacteria
under substrate additions (Table 3). With this additional
experimental approach, the results from the experiments

with heterotrophic bacteria were corroborated and we
can conclude that the BAP deduced from our experi-
ments comprised the bioavailable DOP in total.

Use of DIP and DOP by heterotrophic bacteria under
in situ conditions

The DIP (Fig. 4a—d) and the DOP uptake (Fig. 4e—h)
of heterotrophic bacteria with and without substrate
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Fig. 2. Relationship between dissolved organic phosphorus

(DOP) concentrations and bioavailable proportion (BAP) in

surface water determined in experiments with additional

carbon and nitrogen supply. Results obtained in 2005 are

compared with those of 2004. Regression line is calculated

using the values of both years and is described by the
equation BAP = (0.92 x DOP) - 0.14
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Fig. 3. Refractory dissolved organic phosphorus (DOP)
concentrations in relation to DOP concentrations in surface
water in 2004 and 2005

Table 3. Dissolved organic phosphorus (DOP) uptake (i.e. bioavailable phosphorus, BAP) by natural heterotrophic bacteria after
carbon and nitrogen addition and by Nodularia harveijana

DOP at the BAP detected using BAP detected using Refractory

start of expt (nM) heterotr. bacteria (uUM) N. harveijana (uM) DOP (uM)
May 0.27 0.11 0.11 0.16
June 0.25 0.11 0.10 0.15
July, 1st half 0.16 0.06 0.05 0.11
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0.60 and 0.27 pM were much higher than
at the other stations. Nevertheless, DIP
consumption of 0.50 to 0.12 pM ex-
ceeded those of the other stations where
consumed DIP ranged between 0.19 and
0.04 pM.

In the experiments without any sub-
strate addition, considerably less DIP

June

was used in May at all 3 stations (Fig. 4a).

July, first half

In June (Fig. 4b), the relatively low avail-
able amount of DIP at Stn 271 was taken
up completely. The same held for Stns
259 and 271 during both investigation
periods in July (Fig. 4c,d). In contrast,
DIP uptake amounted to only a small
proportion of DIP in the water at Stn 213
in the Bornholm Basin in July. Here, 84 to
94 % of the initial DIP remained.
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Comparing the DOP use in substrate
addition experiments, representing com-
plete BAP uptake, and the DOP use with-
out any addition, representing in situ
conditions, it is evident that BAP con-
sumption by heterotrophic bacteria var-
ied in time and space without a uniform
pattern. In 8 of 12 experiments, BAP was
not consumed completely. Heterotrophic
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Fig. 4. Dissolved phosphorus concentrations in surface water and the
consumption by heterotrophic bacteria in experiments with (grey bars)
and without (black bars) carbon and nitrogen addition. (a—d) Dissolved
inorganic phosphorus (DIP) concentrations and uptake; (e-h) dissolved or-
ganic phosphorus (DOP) concentrations and uptake. DIP (A) and DOP (@)
concentrations in original water. n.d. = not detected in original water (Panel c)

additions were compared. Both phosphorus species
were used to a different degree under stimulated and
non-stimulated (in situ) conditions and their uptake
varied between the stations. DIP was consumed com-
pletely in substrate addition experiments in the south-
eastern and eastern Gotland Basin independently from
the concentrations at the beginning of experiments. In
contrast, it was consumed only partially in the experi-
ments with surface water from Stn 213 in the Bornholm
Basin during all 4 measuring campaigns. In that area,

bacteria took up between 18 and 78 % of
BAP corresponding to 7.3 and 35% of
DOP. In 3 experiments, the BAP was all
used (100 %).

The experiment in May, in the Born-
holm Basin, could not be used for the cal-
culation of BAP because DOP increased
instead of decreasing. Generally, less
BAP was used in May. With the transition
to summer, use of DOP accelerated and
was taken up more or less completely. It
is remarkable that this tendency was also
observed in the Bornholm Basin at Stn
213 where, in the second half of July, all
the available BAP was taken up despite
DIP not being consumed completely and
0.27 pM remained.

During the time course experiments, bacterial
growth occured. Bacterial abundances increased
between 0.8 x 10° and 19.2 x 10° cells 1! (Table 4a,b)
corresponding to 13 and 123 %, respectively. The
higher P consumption in substrate addition experi-
ments did not induce strong growth (Fig. 5); rather, it
resulted in a higher P content of 39.3 amol cell™
(median value) in most of the cells (Table 4b) com-
pared to 23.9 amol cell! (Table 4a) without substrate
addition.

271
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Table 4. Dissolved organic phosphorus (DOP) and dissolved inorganic phospho-

DISCUSSION

rus (DIP) concentrations taken up by bacteria, increase of bacterial numbers and

calculated uptake per bacterial cell (a) without and (b) with substrate additions.

n.d. = not done

In general, it is accepted that DOP is
a source for phosphorus nutrition for

hyto- and bacterioplankton (Cotner &
Stn Phosphorus taken up Increase of Total P g\lyt 1 1992 Karl g Bidrk ( 2002
DIP DOP DIP+DOP bact. cells  uptake etzel 1992, Karl & Bjorkman 2002).
(M) (M) (LM) (x10°1"Y)  (amol cell™) However, its contribution to nutrition
- — and consequently its significance is
{\E/l[) Without S“bSt;‘;tse add(;t(‘)‘ins 0.05 0.00 1o 3.5 very difficult to appraise because only
ay . . . . . . . .
259 007 0.04 011 13.4 78 the bloaval}able fraction can be used b.y
271 0.03 0.02 0.05 3.7 13.6 the organisms. Therefore, there is
June 213 0.07 0.05 0.12 56 21.3 an urgent need to quantify bioavail-
259 0.06 0.04 0.10 3.9 25.6 able DOP, but there are no suitable
271 0.04 0.11 0.15 3.1 46.3 and generally accepted methods that
July, 1st half gég 882 ggi 8(1)(15 gg’ ?gg allow extensive measurements of the
271 0.005 0.06 0.07 2.9 299 BAP pool. The dete?mination of BAP
July, 2nd half 213 0.03 016 0.19 17 113.7 in time course experiments as done in
259 0.08 0.07 0.15 19.2 7.8 our study is very time- and material-
271 0.09 0.07 0.16 0.8 198.4 consuming because it requires many
Mean 0.11 5.24 48.11 sub-samplings and subsequent analy-
i/]ljedian 8% gég gggg ses. Therefore, this method does not
) » ' ' ' allow extensive investigations of the
{\l/){LWlth substrat(;;idltu:)n;o nd nd 04 nd BAP pool at numerous stations. Thus,
Y 259 016 0.12 0.28 149 18.85 we could determine the BAP pool and
271 0.14 0.11 0.25 54 46.29 its use at only 3 stations in the central
June 213 0.30 0.07 0.37 9.4 39.35 Baltic Sea during a 10 d cruise.
259 019 0.09 0.28 8.3 33.90 The advantage of this type of investi-
271 0.04 011 0.15 38 37.79 gation is that information about BAP as
July, 1st half 32‘;6 8?2 00'019 8§Z g? gggg a pool size is obtained assuming that
2712 0.1 0.06 016 44 36.52 the whole BAP pool can be detected
July, 2nd half 213 0.12 0.16 0.28 4.7 60.34 (Nausch & Nausch 2006). However, any
259 0.07 0.09 0.16 3.3 47.78 indication of its biochemical character-
271 0.08 0.12 0.20 1.1 182.03 istics is impossible. Another frequently
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Fig. 5. Relationship between phosphorus uptake and bacterial
growth in experiments with and without carbon and nitrogen
addition

organic phosphorus compounds (e.g.
Cotner & Wetzel 1992, Bjorkman & Karl 1994). The dis-
advantage of these approaches is that information
about the BAP pool in total cannot be gathered.
Results from the present study agree well with the
results obtained in the previous year (Nausch &
Nausch 2006). In both years, most DOP concentrations
ranged between 0.20 and 0.32 pM, with a declining
tendency from spring to summer probably due to ele-
vated uptake compared to its release with increasing
temperatures and DIP shortage. DOP concentrations
exceeding this range can occur locally and temporally
as detected in a spring bloom (Nausch & Nausch 2006)
and in cyanobacterial surface scums, when concentra-
tions of up to 0.75 nM were measured (Nausch et al.
2004). DOP concentrations obtained from our monitor-
ing cruises in intervals of 2 mo convey relatively con-
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stant DOP concentrations of 0.19 + 0.06 uM in the sur-
face layer over the year (2003; n = 35). Assuming that
DOP has been degraded within a short time of about 4
d as seen in our experiments, it would be very difficult
to detect variations of in situ DOP concentrations even
with a tight temporal resolution.

Comparing our results with those from the open
ocean (Karl & Bjorkman 2002, Suzumura & Ingall
2004), it can be concluded that DOP concentrations are
mostly within a similar range independent of whether
conditions are oligotrophic or eutrophic. In the ocean,
a clear gradient with depth to concentrations of around
0.10 uM of refractory DOP was observed (Karl & Bjork-
man 2002), indicating that DOP is produced in the
upper productive layer.

Similarly to 2004, the bioavailable fraction in 2005
constituted between 23.8 and 60.4 % of total DOP. The
residual DOP is assumed to be refractory DOP. This
quantitative classification of DOP is supported by
the experiments using Nodularia harveijana. N. har-
veijana used the same amount of DOP as heterotrophic
bacteria after carbon and nitrogen amendment. In all
experiments, BAP is that DOP used within 5 or 6 d. It
remains unknown if the residual refractory DOP can-
not be used at all or if it needs longer to degrade.

To determine BAP using heterotrophic bacteria, car-
bon and nitrogen were added to avoid limitation by
these elements. Neddermann & Nausch (2004) showed
that additional C and N supply induced an obvious
phosphorus demand documented in an elevated alka-
line phosphatase activity. Thus, the measured DOP
taken up in substrate addition experiments was of
potential value and the question arose as to what
extent DOP or BAP was consumed by heterotrophic
bacteria under natural water conditions. According to
the present study, between 18 and 78% of the total
BAP was consumed in most of the experiments without
carbon and nitrogen addition. In some experiments,
predominantly those conducted in summer, BAP was
taken up completely. From the DIP and BAP availabil-
ity as well as from the proportion of their uptake in the
experiments without substrate additions, it can be
deduced that the phosphorus uptake was C and/or N
limited in the whole central Baltic Sea in May after the
spring bloom. The limitation was reduced with the
transition to summer in the eastern and south-eastern
Gotland Basin, possibly by DOC and DON release
when heterocystous cyanobacteria were abundant in
high concentrations (Ohlendieck et al. 2000). There, C
and N seem to be sufficient for the use of the whole DIP
and BAP. It seems that BAP fulfils the P demand under
this situation. Limitation of phosphorus use by dis-
solved organic C or other nutrients is mentioned by
Cotner & Wetzel (1992). They supposed that superior
DOP use of bacteria in eutrophic lakes compared to

oligotrophic lakes is caused by the greater availability
of DOC in eutrophic lakes. Some of our own unpub-
lished experiments show that both usable C and N
have to be available in sufficient concentrations to
stimulate alkaline phosphatase activity. The ratio
between C and N was unimportant for phosphorus use
by heterotrophic bacteria.

Another explanation for the DOP use is given by
Hoppe & Ullrich (1999) and Hansen & Heath (2005).
They stated that DOP can be used to fulfil the carbon
demand instead of the phosphorus demand. Hoppe &
Ullrich (1999) deduced this from the high alkaline
phosphatase activity in the presence of high DIP con-
centrations in the deep Atlantic Ocean. Hansen &
Heath (2005) found that the plankton community
assimilated the C-moiety of ATP in P-rich hypolimnetic
lake water whereas the P-moiety is preferred in epil-
imnic water. In our study, the function of DOP as a car-
bon source is likely in the Bornholm Basin in summer.
Here, the BAP was also completely taken up despite
DIP being sufficiently available. The added amount of
C and N appears not to be sufficient to affect uptake of
all the available DIP. Deduced from these results, C
and/or N limitation occurred in the Bornholm Basin
during the whole investigation period in 2005. Except
the experiment in May at Stn 213, DIP and BAP has
been transferred into bacterial biomass. In previous
studies with nearshore water (Nausch & Nausch 2004),
DOP mineralization could be shown. In these experi-
ments glycerophosphate was added as an additional
organic phosphorus source to determine if the natural
DOP is sufficient to fulfil the P demand. Glycerophos-
phate was not incorporated into bacteria without car-
bon and nitrogen amendment; it was released as DIP.
However, in the presence of additional carbon and
nitrogen, phosphorus from glycerophosphate was
transferred into bacterial biomass, an indication that
carbon and nitrogen induced a phosphorus demand
whereas under in situ nutrient conditions the addi-
tional DOP is not necessary for bacterial growth.

The increase of DOP in May at Stn 213 can be seen
as an indication that DOP can be produced actively by
heterotrophic bacteria. The situation was character-
ized by extremely high DIP concentrations and possi-
bly C and N limitation. Thus, bacteria are the mineral-
izers of DOP, as described in earlier studies (e.g.
Cooper et al. 1991), and can be active DOP producers
besides other known mechanisms such as cell death,
phytoplankton exudation, or flagellate predation. DOP
release by bacteria was earlier observed by Nausch &
Nausch (2004) at very low activities of alkaline phos-
phatase. Clark et al. (1999) showed that some bacterial
cultures can produce phosphomonoesters and phos-
phonates. They found that these 2 components form
the largest part of DOP in the oligotrophic Pacific.
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