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Abstract. Oxygen-deficient waters in the ocean, generally sify under decreasing N° supply. Low nutrient NP condi-

referred to as oxygen minimum zones (OMZ), are expectedions in coastal upwelling areas overlying-@eficient wa-

to expand as a consequence of global climate change. Pooers seem to represent a net source for DOP, which may stim-

oxygenation is promoting microbial loss of inorganic nitro- ulate growth of diazotrophic phytoplankton. These results

gen (N) and increasing release of sediment-bound phosphatemonstrate that microbial nutrient assimilation and parti-

(P) into the water column. These intermediate water massegioning of organic matter between the particulate and the dis-

nutrient-loaded but with an N deficit relative to the canonical solved phase are controlled by the R ratio of upwelled

N : P Redfield ratio of 161, are transported via coastal up- nutrients, implying substantial consequences for nutrient cy-

welling into the euphotic zone. To test the impact of nutrientcling and organic matter pools in the course of decreasing

supply and nutrient stoichiometry on production, partitioning nutrient N: P stoichiometry.

and elemental composition of dissolved (DOC, DON, DOP)

and particulate (POC, PON, POP) organic matter, three nu-

trient enrichment experiments were conducted with natural

microbial communities in shipboard mesocosms, during re-1  Introduction

search cruises in the tropical waters of the southeast Pacific

and the northeast Atlantic. Maximum accumulation of POC Oxygen minimum zones (OMZs) of the tropics and sub-

and PON was observed under high N supply conditions, intropics occur in conjunction with highly productive eastern

dicating that primary production was controlled by N avail- boundary upwelling systems, e.g. the Peru Current in the

ability. The stoichiometry of microbial biomass was unaf- eastern tropical South Pacific (ETSP) and the Canary Cur-

fected by nutrient NP supply during exponential growth rentin the eastern tropical North Atlantic (ETNA). Nutrient-

under nutrient saturation, while it was highly variable un- rich deep water is transported by wind-driven upwelling

der conditions of nutrient limitation and closely correlated vertically into the euphotic zone, ensuring high rates of

to the N: P supply ratio, although PONPOP of accumu- primary production. Large amounts of sinking microalgal

lated biomass generally exceeded the supply ratio. Microbiabiomass enhance consumption of dissolved oxyge) (O

N : P composition was constrained by a general lower limitthe mesopelagic zone indirectly via microbial degradation

of 5: 1. Channelling of assimilated P into DOP appears to beof organic matter (Helly and Levin, 2004). Besides these

the mechanism responsible for the consistent offset of celloss processes, deoxygenation is further promoted by a pro-

lular stoichiometry relative to inorganic nutrient supply and nounced stratification of the upper water column off the up-

nutrient drawdown, as DOP build-up was observed to inten-welling centers, impeding ventilation of the@epleted in-
termediate water body (Reid, 1965; Luyten et al., 1983).
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Climate change-induced warming of the surface layer leads

to an intensified stratification of the upper tropical ocean, and 5.\

rising sea surface temperatures impede the uptake of atmo-

spheric Q by lowering its solubility (Keeling and Garcia, i

2002; Matear and Hirst, 2003). 10°N
The impact of low Q levels on redox-sensitive nutrient cy- 8

. I . . . =]
cling is immense. Subanoxia or anoxia creates niches for thé&€ g,

microbial processes of denitrification (Codispoti and Chris- 3 N Al Guayaqui

tensen, 1985) and anaerobic ammonium oxidation (anam- : ¢ Onise Tracks
mox) (Thamdrup and Dalsgaard, 2002; Kuypers et al., 2003), 10° : — veo2
both contributing to the deficit of biologically available inor- ' | Filing stations
ganic nitrogen (N) by converting it to nitrous oxide and/or i Q Penivan tpneling
dinitrogen (N). Decreasing oxygenation has also implica- L , West Afica__

tions on phosphorus cycling. If bottom water and sediment
become depleted in £ buried metal oxide complexes are
reduced and the associated dissolved inorganic phosphorus
(P) is released back into the water column. A further source
of P is the dissolution of apatite-containing fish debris in theFig. 1. Map of the tropical Pacific and Atlantic showing filling sta-
sediments of the continental shelf areas. This process supions of the mesocosms (crossed circles) plus the following cruise
plies additional P to the dissolved reactive P pool especiallytrack during the time of experiments (dots) at the respective cruise.
in the fish-rich waters of the ETSP (Suess, 1981; Van Cap-Yellow markers denote cruise M77-3 (PU), blue M80-2 (ETNA)
pellen and Berner, 1988). and yellow M83-1 (WA).
These deoxygenation-induced changes in nutrient cycling

are generating intermediate water masses with a low nutrient . I .

Our major objective was to test experimentally the re-

N : P signature relative to the Redfield ratio of :16 (Red- f natural microbial ities taken f th
field, 1958). Via coastal upwelling, these are transferred intgoPONSE of natural microbial Communities taken trom he eu-

the surface layer, fuelling primary production. An open ques-fhonc_ ztc))lne abot\)/_e tf:_e OM?SNOﬁ Zelr:u and lNorthwesi AI_rlca
tion is how primary production will respond to OMZ-induced 0 variable combinations ot IV an supply concentrations

shifts in nutrient availability and the associated decline in nu_and_thewtrtatlos. Prol?uctloT of p?rtllculate a'.qt(.j dlssfcllr\]/edbolrl;
trient N: P stoichiometry. The prevailing N limitation of phy- ganic matter, as well as elemental composition ot he bu

toplankton within coastal upwelling systems suggests a deM icrobial co.mmunlty, was det_ermlped n order_.(l) to identify
creasing trend of photoautotrophic production in the coursethe key nutrle_znt controlling m_lcroblal growth, (i) to unravel
of expanding OMZs (Dugdale, 1985). Modifications in the whether_ T‘“t”e”t NP supply is Tef'ec_ted in the PON?O_I_:_’
concentration of supplied nutrients are known to further af_composmon (.)f acc-um-ulated micro b'.al biomass and (i) to
fect the biochemical composition of phytoplankton (Gervais detqct potential shifts n the partitioning Qf accumula_ted or
and Riebesell, 2001). Sterner and Elser (2002) introduced thgamc. matter between d'S.SOIVEd (_emd particulate fractions un-
“they are what they eat” theory, implying that phytoplankton er different types of nutrient enrichment.

N : P generally mirrors NP supply. In contrast, studies in-

volving dynamic nutrient models or field surveys claimed the 5 \aterial and methods

specific growth strategy of phytoplankton being the key con-

trol of its elemental stoichiometry (Klausmeier et al., 2004b; 2.1 Mesocosm experimental set-up

Arrigo, 2005; Franz et al., 2012). This hypothesis is based on

the fact that the different functional compartments within a This study is based on the results of three nutrient enrich-
phytoplankton cell are varying in their individual nutrient de- ment experiments conducted in shipboard mesocosms dur-
mands (Falkowski, 2000; Geider and LaRoche, 2002). Celing R/V Meteor cruises M77-3 in the Peruvian upwelling
lular stoichiometry varies as a function of the specific func- (PU) region from Guayaquil (Ecuador) to Callao (Peru)
tional machinery that dominates in a species’ metabolismjn December/January 2008/09, M80-2 in the ETNA from
i.e. cell assembly or resource acquisition. Furthermore, parMindelo (S3o Vicente/Cape Verde) to Dakar (Senegal) in
titioning of phytoplankton-derived organic matter between November/December 2009 and M83-1 off the coast of West
its dissolved and particulate fractions might be influenced byAfrica (WA) from Las Palmas (Gran Canaria/Spain) to Min-
changes in the nutrient supply (Conan et al., 2007). This redelo (%0 Vicente/Cape Verde) in October/November 2010
sponse is relevant in respect of DON and DOP as substitutérig. 1).

nutrient sources for phytoplankton in waters that are defi- For each experiment, twelve mesocosms with a volume of
cient in inorganic nutrient compounds (reviewed by Karl and 70 L (PU) or 150L (ETNA and WA) were distributed over
Bjorkman, 2002; Bronk et al., 2007). four flow-through gimbal-mounted water baths on deck of

Longitude
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mesocosm trol) was added. In contrast, surface nutrient concentrations
were extremely low on the West African shelf. To adjust sim-
water bath ilar nutrient concentrations and:f¥ supply ratios to the PU

experiment, N and P were added to all four treatments, but
in variable concentrations. Enrichment with high N and low
P (+N), low N and high P {P), high N and high P{NP),

low N and low P (control) represented the four treatments.
For simplification we use “enrichment”, including high ad-
dition, or “no enrichment”, including low addition, for both
experiments.

Initial molar N: P supply ratios ranged between 20 and
2.5 in all three experiments. Si(OHand a trace metal mix
(Provasoli Il trace metal mix; West and McBride, 1999) were
added to all treatments (Table 1). Sampling for biogeochem-
ical analyses was conducted on a daily basis for a period of 7
(PU), 9 (ETNA) and 11 days (WA). Because of their smaller
Fig. 2. Schematic draft of three shipboard mesocosms floating in avolume during the PU cruise, all mesocosms had to be re-
gimbal-mounted water bath. stocked on sampling days 3 and 5 with filtered (5um) nat-

ural surface seawater provided by the internal ship’s pump

(dilution factors: 0.4 and 0.27, respectively). Nutrient con-
the ship (Fig. 2). The single mesocosm enclosure was a cylingentrations of this medium were on average 5.5 pmalL
drical plastic bag with a plexiglass bottom fixed to a floating DIN, 0.5 umol L1 DIP and 8.6 umol t* Si(OH). Nutri-
tire. On the PU cruise, the mesocosms were filled with 70 Lent inventories in the mesocosms were partially restocked
each, using natural seawater from 10m depth (Niskin botthrough the dilution. Since this was conducted already after
tles from CTD-casts), which was pre-screened (200 pm meskhe biomass peak and in equal amounts to all twelve meso-
size) to remove mesozooplankton. On the ETNA cruise,cosms, we exclude a significant influence on the outcome of

mesocosm bags were each filled with 130 L of natural seathe experiment, which was mainly driven by the initial nutri-
water from 5m water depth using a peristaltic pump. Addi- ent supply.

tionally, a 20 L inoculum from the chlorophyfi maximum

at around 50 m depth taken with the CTD-rosette was adde@.2 Inorganic nutrients

to each mesocosm. On the WA cruise, mesocosms were each

filled completely with 150 L of seawater from 5 m depth with Analysis of the nutrients ND, NO3, PO?[ and Si(OH) was

the peristaltic pump. As surface mesozooplankton abundanceonducted on board immediately after sampling according

was low at the filling sites during the ETNA and WA cruise, to Hansen and Koroleff (1999). Prior to measurement, sam-

no pre-screening of the medium for mesozooplankton wasples were pre-filtered through 5um cellulose acetate filters

conducted. Single copepods were removed by hand from thé26 mm). A Hitachi U-2000 spectrophotometer was used for

GF/F filters. Continuous flow of ambient surface seawaterall colorimetric measurements on the PU cruise, while they

through the water baths provided in situ temperature condiwere carried out with a QuAAtro AutoAnalyzer (Seal Ana-

tions (< 2°C above sea surface temperature) during all thredytical) during the experiments in the ETNA and WA. IXIH

cruises. analysis during PU was conducted according to Holmes et
Surface irradiance in the mesocosms on the Pacific cruisal. (1999), and according to Kerouel and Aminot (1997) with

(700-2600 pmol photons Ts~1) was reduced to approx- a Jasco FP-2020 fluorometer in the Atlantic.

imately 30% by covering the water baths with camouflage The utilized abbreviation DIN (dissolved inorganic nitro-

nets, whereas solid white lids shaded the tanks on the Atgen) includes the inorganic nitrogen compounds,NSO;

lantic cruises. The solid lids reduced surface light intensityand N|—[‘F; DIP (dissolved inorganic phosphorus) includes

by approximately 50 %, resulting in mesocosm light condi- p3- and all other forms of orthophosphate.
tions between 100 to 1000 pmol photons%s—1. Initially, 4

inorganic nutrients (ammonium (NH, nitrite (NO5), ni- 23 POM

trate (NG;), phosphate (Pﬁj), silicate (Si(OH))) of the

natural seawater medium were determined and four differentWater samples from the mesocosms for particulate organic
N : P treatments were adjusted by nutrient additions in eacttarbon (POC) and nitrogen (PON) and for particulate organic
experiment (Table 1). Nutrient concentrations of the initial phosphorus (POP) were filtered onto pre-combusted (@50
medium on the PU cruise were increased due to upwelling orfor 5h) Whatman GF/F filters (0.7 um pore size; 25 mm di-
the shelf. For adjustment of the four:R treatments, either ameter) at low vacuum pressure (200 mbar) and stored frozen
N (+N), P (++P), N combined with P£NP) or nothing (con-  at —20°C until analysis. Filters for POC/PON were fumed

www.biogeosciences.net/9/4629/2012/ Biogeosciences, 9, 48343-2012
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Table 1. Overview of mesocosm filling sites, initial and experimental conditions during the three cruises.

\ M77-3 (PU) | M80-2(ETNA) | M83-1 (WA)
Initial conditions
Latitude 16°0.01r'S 7°41.37N 15°0.0¢ N
Longitude 74°37.04W 24°13.50 W 17°45.00 W
T (°C) 18.2 27.9 27.6
DIN (umol L—1) 5 0.3 0.3
DIP (umol L™1) 1 0.1 0.1
Si(OH)4 (umol L1 37 0.7 1.4
Experimental conditions
(high) enrichment +N +NP control +P +N  +NP control +P
N: P supply 16 8 5 251 20 15 10 5 16 8 55 2.8
DIN supply (pmol 1) 16 16 5 5| 9 75 75 7.3 12 12 413 413
DIP supply (umol 1) 1 2 1 2105 05 07 16/ 075 15 0.75 15
Si(OH), supply (umol 1) | 10 10 10 10/ 6 6 6 6| 15 15 15 15

with hydrochloric acid (37 %) for- 15h to remove the in-  duction of all dissolved organic nitrogen compounds tg,NO
organic carbon, dried at 6C for 12h and wrapped in tin  After an incubation of 30 min, TDN (PU, ETNA) or TN
cups (8x 8 x 15mm) for combustion. Final measurements (WA) was measured with a spectrophotometer at a wave-
of POC and PON were made according to Sharp (1974) uslength of 542 nm against ultrapure water. Detection limit of
ing an elemental analyzer (EURO EA Elemental Analyser)the method was 0.1 umoli!, and analytical precision was
coupled to an EUROVECTOR gas chromatograph. +0.1 pmol L~1. The DON concentration was obtained as fol-
POP was measured using a modified method according t®ows:
Hansen and Koroleff (1999) by incubating the defrosted fil-

ters with the oxidation reagent Oxisolv (Merck) and 40 ml of DON = TDN — DIN; 3)
ultrapure water for 30 min in a household pressure cooker.

DON=TN — (DIN + PON). 4)
2.4 DOM

) ) o Measurement of TDN from the WA experiment was car-
For the analysis of dissolved organic nitrogen (DON) and ieq oyt in combination with the DOC analysis (PU and WA).
phosphorus (DOP), water samples were pre-filtered througiyater samples for TDN and DOC were collected in ultra-
combusted (450C for 5h) Whatman GF/F filters (25mm;  ¢jean and pre-combusted (48D for 12h) glass vials and
0.7 pm) on the PU and ETNA cruise. No pre-filtration was giored at-20°C. In a solvent-free clean laboratory on land,
conducted during the cruise off WA, thus yielding total ni- {hawed samples were filtrated through combusted (€50
trpgen (TN) and phosphorus (TP) instead of to_tal dissolved,, 6h) GF/F filters and acidified by adding 20pL HCI
nitrogen (TDN) and phosphorus (TDP), respectively. (32%) to each sample. Analysis of TDN (detection limit:

Analysis was accomplished according to Koroleff (1977). 5 pmol L= AP: +1 umol L~1) and DOC (DL: 5 umol £

Initially, one portioning spoon of the oxidation reagent Ox- ap- +1 pumol L~1) was conducted using the HTCO method
isolv (Merck) was dissolved in 40 ml of sample and auto- (high-temperature catalytic oxidation) (Wurl and Min Sin,
claved in a pressure cooker for 30 min. 10ml of the oxi- 500g) on a Shimadzu TOC-V analyzer. The accuracy of the
dized sample were added to 0.3 ml of a mixed reagent (4.5 Myna\ysis was validated several times a day with deep-sea ref-

+ . .
H2SO; NH — molybdate+ potassium antimonyl tartrate) ~erence material provided by the University of Miami. Con-
and 0.3 ml of ascorbic acid, incubated for 10 min, and finally centrations of DON were calculated using Eq. (3).

TDP (PU, ETNA) or TP (WA) was determined colorimet-

rically at 882 nm against ultrapure water. Detection limit of 2.5 Flow cytometry (FCM)

the method was 0.2 umoH?, and analytical precision was

+8.3%. The DOP concentration was calculated as follows: Cell counts for bacterial abundance were obtained using a
flow cytometer (FACScalibur, Becton Dickinson, San Jose,

DOP="TDP—DIP; 1) CA, USA). Samples (5ml) were fixed with 2% formalde-

DOP= TP— (DIP + POP. ) hyde and frozen at-80°C. Prior to measurement at a flow
rate of 13.9 ulmint, samples were diluted:13 and stained

DON was analyzed by pumping the oxidized samplewith SYBR-Green.
through a cadmium-containing reductor, resulting in the re-

Biogeosciences, 9, 4628643 2012 www.biogeosciences.net/9/4629/2012/
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2.6 Phytoplankton marker pigments the experiment, and the associated large daily variability in
the data precluded a determination of accumulating DOP for
Samples for phytoplankton pigment analysis via HPLC each treatment.
(High Pressure Liquid Chromatography) were vacuum- Drawdown of nutrients was determined in accordance with
filtered onto Whatman GF/F filters (0.7 um pore size; the accumulation of organic matter (i.e. it was defined as the
25mm diameter) at low pressure (200 mbar) and immedi-difference in DIN or DIP respectively) from initial sampling
ately stored frozen at80°C. For pigment extraction, each until the maximum of organic matter accumulation (PU: day
filter was covered with approximately 3g of glass beads4 and 5; ETNA: day 6 and 7; WA: day 4 and 5). To highlight
(2mm+4mm) and 2ml of acetone and homogenized in differences in nutrient drawdown at variable: R supply,
a cell mill (Edmund Bihler GmbH) for 5min. After cen- treatments were united into four:N¥? supply groups~ 16: 1
trifugation for 10 min at 5000 rpm, the supernatant was fil- (including N: P treatments of 151 and 16 1), ~8: 1 (in-
tered through a 0.2 um Teflon filter and the extract stored atluding N: P treatments of 81 and 10: 1),~5: 1 (including
—80°C. The HPLC measurement was conducted by a Waterd : P treatments of 51 and 55: 1), and~2: 1 (including
600 controller in combination with a Waters 996 photodiode N : P treatments of 3: 1 and 28: 1).
array detector (PDA) and a Waters 717plus Autosampler ac- Effects of nutrient enrichment on production of POM and
cording to the modified method after Barlow et al. (1997). DOM compounds were identified using the effect size metric
Classification and quantification of the phytoplankton pig- response ratio RR calculated as follows:
ments was carried out using the software EMPOWERS (Wa-
ters GmbH, Eschborn, Germany). Phytoplankton class abunRR: = In(E£/C), (5)
dances were calculated using the matrix factorizing program . ) i
CHEMTAX (Mackey et al., 1997), which aims at estimating whereE denotes.the build-up of the respective organic com-
the contributions of individual phytoplankton groups to the Pound in the enriched treatmentl{, +-P or+NP), whereas

microalgal community based on the detected concentration§ '€Presents the build-up of the variable in the control (see
of marker pigments and the theoretical ratios of individual 1aPI€ 1). Since it was impossible to determine an accumula-

pigments to chlorophyli (Chl @) for each taxonomic class. tion of DOP during the WA cruise, absolute concentrations

The applied pigment ratios are representative for species off POP were used for calculating RR

the tropical/equatorial ocean (Mackey et al., 1996). 2.9 Statistical analyses

2.7 Microplankton counts Relationships of pelagic community response variables to the
] ) ] ) inorganic N: P supply ratio and drawdown ratios of DIN and
During the PU experiment, Lugol-stained microplankion pp'yere determined using regression analyses (SigmaPlot,
were counted daily on board using an inverted microscopesysiat). Effects of the three nutrient enrichment treatments
according to Uterrphl (1958). The blqvolume was.calcu— (+N, P, or+-NP) on RR of the accumulated dissolved and
lated after approximation to geometric shapes (Hillebrandy, icyiate organic compounds during the experiments in the
et al., 1999) and converted to biomass (WgCLUSING by and off WA were compared using one-way ANOVA, fol-
the carbon to volume relationships from Menden-Deuer a”qowed by Tukey's post-hoc test to compare specific combi-
Lessard (2000). nations of factors (Statistica 8, StatSoft). A significance level

, of p < 0.05 was applied to all statistical tests.
2.8 Calculations

Build-up of dissolved and particulate organic matter in the3 Results

three experiments was determined based on the time period

of exponential growth from the initial sampling day until the 3.1 Nutrient uptake

first day after nutrient exhaustion. The first day after com- ) ) )
plete DIN exhaustion in all treatments plus the subsequenfR€moval of DIN and DIP per biomass unit from the medium
day (in order to compensate temporal fluctuation of individ- Was closely related to the N supply ratio over all three

ual maxima of organic matter) was defined for each eXperi_experiments (Fig. 3). Drawdown ratios determined through

ment as the time of maximum organic matter accumulationth® regression slopes of DIN versus DIP reflected th&N
(PU day 4 and 5; ETNA: day 6 and 7; WA: day 4 and 5) Supply N: P drawdown in the’\“ 16:1 N:P treatments
The difference in concentration between the initial samplingVas 17-18€ 0.49), 8.4240.30) in the~8: 1 treatments,
day and the respective day of maximum accumulation rep®-21 € 0.48) in the~5:1 treatments and 2.93(3.21) in
resented the build-up of organic matter. It was not possiblgh€ treatments with an N° supply of about 21.

to calculate a build-up of DOP during the WA experiment

as measured concentrations were in large part close to or

even below the detection limit of 0.2 umotL throughout

www.biogeosciences.net/9/4629/2012/ Biogeosciences, 9, 48343-2012
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Table 2. Summary ofp-values obtained from ANOVA comparing the effects of the three high nutrient enrichment treatméhts-P,
or +NP) on build-up (POC, PON, POP, DOC, DON) or concentration (DOP) of organic elemental compounds during the PU and WA
experiment. Statistically significant effects & 0.05) are denoted in bold.

Experiment  Factor +Nvs.+P  +Nvs.+NP +Pvs.+NP  Treatment

PU RR; [POC] 0.134 0.975 0.193 0.106
RR, [PON] 0.162 0.987 0.210 0.120
RR; [POP] 0.998 0.314 0.277 0.243
RR; [DOC] 0.652 0.996 0.665 0.577
RR, [DON] 0.629 0.886 0.908 0.654
RR; [DOP] 0.225 0.039 0.398 0.047

WA RR, [POC] 0.001 0.994 0.002 0.0005
RR, [PON] 0.0002 0.473 0.0005 <0.0001
RR, [POP] 0.993 0.054 0.066 0.036
RR; [DOC] 0.006 0.0009 0.0002 <0.0001
RR; [DON] 0.188 0.804 0.464 0.205
RR, [DOP] 0.621 0.321 0.065 0.074

(ppoc=0.001; ppon=0.002) or in combination with P

0.20
5 (ppoc=0.002; ppon = 0.001) (Fig. 4a and b).
Q P supply provoked only a minor increase in the response
5 0.15 1 of POC production relative to the control treatment, and PON
g build-up was even negatively affected by P supply. The same
€ trend was observed for the mesocosm experiment in the PU,
= 0101 but effects were not significant due to large standard devia-
§ tions within the three treatments.
2 i A In both experiments, combined supply of N and P gener-
s ated increased accumulation of POP compared to addition
% . of N (PU: p =0.314; WA: p =0.054) or P (PUp =0.277;

0.00 2 WA: p =0.066) alone (Fig. 4c).

0.000 0.005 0_610 0_0'15 0.020 DOC and DON production displayed no statistically sig-
DIP drawdown (umol per POC) nificant difference in the RRbetween the three treatments
during the PU cruise { = 0.577) (Fig. 4d and e). In the
Fig. 3. Drawdown of DIN versus DIP (both normalized to WA experiment, build-up of DOC and DON responded in
per POC unit) during the PU (yellow), ETNA (blue) and WA a similar way to N fertilization like POC and PON, al-
(red) experiments. Linear regressions were fitted to the nu-though the response for DOC in theNP treatment was
trient drawdown in the treatments supplied with: R~16:1 two-fold increased compared to the RR1 the +N treat-
(circles; straight liney = 17.18 (£ 0.49)x —0.01 (£0.003),r*=  hant 6, — 0,001). Nonetheless, N enrichment caused a sig-
0.989, p <0000D, N:P~8:1 (triangles; long-dashed line: pigeanty elevated DOC accumulation in contrast to P sup-
y =8.42 (£ 0.30)x + 0.004 @ 0.004), r = 0.984, p <0.0001), | N: p — 0.006: +NP: » — 0.0002). DON ducti
N:P~5:1 (squares; short-dashed line:=6.21(+0.48)x — ply (+N: p ) s TN p . ): proguction
0.01 (£0.01),% = 0.923,p < 0.0001) and NP~ 2: 1 (diamonds; ~ aPPeared to be also promoted by N supply, but no signifi-
dotted line: y = 2.93 (+3.21)x +0.01 (:0.05), 2 =0.085, p =  cant effect between the three treatments could be detected
0.386). due to high variability among replicates and sampling days
(p = 0.205).
Absolute concentrations of DOP were used to assess the
effect of nutrient enrichment on DOP, since no detectable ac-
3.2 Nutrientenrichment and build-up of organic matter  cymulation of DOP occurred within the WA experiment. The
variation of DOP within the treatments caused strong nega-
Our data show that the microbial community was limited tive responses to single high N or P supply and positivg RR
by N within the PU and WA experiments. This effect was in the +NP mesocosms (Fig. 4f). The measured fluctuation
noticeably stronger in the experiment carried out in the At-of DOP stocks around the detection limit of 0.2 umofL
lantic (WA) (Fig. 4; Table 2). N addition induced strong re- suggests a high uncertainty in DOP data. In the experiment
sponses of POC and PON build-up compared to the P eneff Peru, DOP was affected by high P addition, asRR
riched treatment, whether through fertilization by N alone

Biogeosciences, 9, 4629643 2012 www.biogeosciences.net/9/4629/2012/
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Fig. 4. Relative responses (RIRof the microbial communities to enrichment in high NN, blue), high P {P, purple) or to combined

high N and high PNP, grey), during the PU (Peruvian upwelling) and the WA (West Africa) experiments. Response variables are build-up
of (A) POC,(B) PON,(C) POP,(D) DOC and(E) DON. (F) Since no accumulation of DOP could be determined for the WA experiment,
absolute concentrations of DOP were used to evaluate R& detailed calculation of RR see Sect. 2.8. Values are treatment means and
the error bars denote the standard deviation for two consecutive days of production within each treatment of high nutrient enrichment.

was increased in the P and+NP treatment, whereas DOP for about 36 % of the algal community in all four:IR treat-
showed on average no response to N fertilization. In parments and for between 20-30 % during the PU cruise. Flag-
ticular the combined addition of N and P resulted in in- ellate biomass was lowest off WA(15 %) compared to the
creased concentrations of DOP in relation to #hd treat-  other four defined microalgal groups. Chlorophytes played a

ment (p = 0.039). minor role in the phytoplankton assemblage during the PU
and WA trials ¢ 4—7 % of total Chk). However, they repre-
3.3 Microbial community structure sented after diatoms and flagellates the third-largest contrib-

utor of photoautotrophic biomass in the ETNA with a per-
centage of- 11-17 %. The relative content of nitrogeny(N

fixing cyanobacteria was very low within that same exper-
Pment (~ 4 %), while they accounted for between 16-25%

ferent taxa (chrysophytes, haptophytes, dinoflagellates anggg]Efr%ill?(aég:;)mdﬂfi‘;;l:;'ggepnxoaggp\évﬁr}]gnizcvbazelgggt;
cryptophytes), the large group of flagellates was a further sig-in the two high treatments of N° supply compared to the

nificant contributor to microalgal biomass. During the ETNA two lower N: P treatments. Biomass of picocyanobacteria
experiment, flagellate phytoplankton accounted on average ' '

Accounting for approximately 40-60 % of total Ch) di-
atoms represented the dominating photoautotrophic grou
during all three experiments (Fig. 5). Comprising four dif-
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Fig. 5. Mean composition of the phytoplankton community for Q.
each N P supply treatment over the entire duration of the respec- 5 . .
tive experiment based on the contribution of each phytoplankton
group to total chlorophylk. Five taxonomic groups of microal-
gae are defined: diatoms (blue), flagellates (grey; including chryso- 0 ) . ) ;

phytes, haptophytes, dinoflagellates and crytophytes), chlorophytes
(dark purple; including chlorophytes and prasinophytes), N-fixing 0 5 10 15 20 25 30
cyanobacteria (green), picocyanobacteria (pink; includByme- N:P of nutrient supply
chococcuk
Fig. 6. Positive linear correlation (dashed liney =
0.90 (:0.07)x +3.64 (+0.08), r2=0.875, p <0.0001) be-
(Synechococciisvas negligible during PU and ETNA, based tween N:P of nutrient supply and the POQROP of produced
on their low Chla contribution of~ 3 %. The situation was biomass until day one and two after DIN limitation in the PU
different in the experiment off WA, where picocyanobacteria (yellow), ETNA (blue) and WA (red) experiment. Dotted line

accounted for 10 % of total Clal under higher NP supply  indicates PONPOP build-up equal to NP supply. Values are
(16:1 and 8 1), and up to 20% under low NP of 55: 1 treatment means and the vertical error bars denote the standard

and 28: 1, respectively. deviation of replicates within each:N? treatment.

The microbial community in the mesocosm experiments
consisted beside of phytoplankton also of bacteria and micro-
zooplankton (mainly ciliates). Their mean contribution to the ~ During exponential growth under nutrient-saturated condi-
organic carbon pool for the respective: R treatment over tions, PON POP across all experiments fluctuated between
the complete duration of each experiment is summarized irg range of 111 to 21: 1, regardless of the respective: R
Table 3. Ciliates accounted for 5 % of the organic carbon supply ratio (Fig. 7a). PONPOP composition within the in-
during the PU trial. No data of ciliate abundance are avail-dividual experiments only slightly varied between the treat-
able for ETNA and WA. Bacteria of the size range.7um  ments. When phytoplankton entered the stationary growth
provided on average 8 % (PU),~ 16 % (ETNA) or~ 23 % phase due to exhaustion of N, their PORDP began to

of organic carbon, respectively. diverge between the treatments and towards their respec-
tive N:P supply ratio (Fig. 7b). NP supply conditions
3.4 Elemental stoichiometry of particulate organic <16:1, indicating N-limitation of the microbial commu-
matter nity according to Redfield, caused in general a decrease in

the PON POP. Redfield- or P-limited conditions, induced by
Over all three mesocosm experiments, the PONP ratio  an jnitial N: P> 16: 1, entailed an increase of the microbial
of biomass build-up correlated positively with the inorganic N : p stoichiometry. These effects were strong in the ETNA
N:P supply ratio p < 0.0001) (Fig. 6). Thus, the supplied and WA experiments, and more weakly pronounced in the
N:P StOiChiometry did influence the POROP prOdUCtion PU approach_ Overa”, PONPOP Composition of the micro-
ratio of the microbial community, although the POROP  pja| assemblage ranged betweeril@o 24: 1 over all exper-
of produced biomass exceeded themof nutrient supply in jments during the stationary phase.
most cases. This deviation between the inorganic and organic The relation between nutrient uptake and the production
N:P ratio slightly increased with decreasing supply ratios, of hiomass is demonstrated in Table 4. In general, initial in-
denoted by the slope of linear regression of 0-80(07). No  ventories of N and P were consumed completely and®N
PON: POP values lower than:8. were Observed, although uptake C|ose|y matched the:m Supply in a” experiments_
some treatments were prOVided with even lower nutrier?PN But the uptake ratio of NP exceeded the supp'y ratio in
ratios of 2.8 and 2.5. the lowest N P treatments of the PU (2: 1) and the WA

(2.8: 1) trial, as unused P was left in the medium during both
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Table 3.Mean contribution of heterotrophic bacteria@.7 um) and

microzooplankton (ciliates) to the organic carbon pool over time A
for each of the three experiments. No data of microzooplankton are
available for the ETNA and WA experiment. 25 1
N:P mean carbon contribution mean carbon contribution of
' ; a 20 -
supply of bacteria< 0.7 um microzooplankton >
(+SD) (%) (£SD) (%) g
PU 16 7.643.6) 3.3¢1.6) O 154
8 7.9(3.1) 3.4@13) o
5 8.4&2.7) 6.3(5.2) =z
25 7.9(3.3) 5.3¢2.9) O |l ©
o 10
ETNA 20 18.6 ¢ 25.0) n/a
15 15.8 (- 18.6) n/a
10 15.2 ¢-19.4) n/a 5
5 13.1¢14.7) n/a
WA 16 21.2(7.5) nla
8 24.4(7.5) n/a 0 T T T T T
55 21.8(7.1) n/a
2.8 23.2{6.5) n/a
25 1 0

experiments (data not shown). Valued of the quotient of

N : P uptake and build-up display that POROP production w 20 -

was, with a few exceptions, higher than Ridrawdown. This n*_tb' %
@)

discrepancy in the ratio of nutrient consumption and partic-
ulate matter production increased in each experiment with Q.
decreasing NP supply and is therefore congruent to the off- Z
set between PONPOP build-up and the NP supply ratio a 10 -
shown in Fig. 6.

15 A

- @ =—0—
@

3.5 Partitioning of organic matter

Changes occurred in the partitioning of N- and P-containing 0 T T T T T
organic matter between the dissolved and the particulate 0 5 10 15 20 25 30
fraction in relation to nutrient supply. Build-up of PON
decreased with decreasing: N supply in the PU (slope

of regression (SR}0.46(0.19), p =0.053) and WA Fig. 7. PON: POP stoichiometry duringA) exponential andB)

(SR=0.500.11), p =0.005) trial, whereas PON accu- stationary growth phase. Greyish bars signify theP\Redfield ra-
mulation was unaffected by nutrient supply in the ETNA tio of 16: 1. Style and colour-coding according to Fig. 6.

experiment (SR=0.07 &0.04), p =0.094) (Fig. 8a; Ta-

ble 5). DON production showed no significant response

to the N: P supply ratio in the ETNA (SR:0.03@0.05), in the WA experiment could not be determined, since DOP
p =0.625) and the PU experiment (SF0.20(*0.12), did not accumulate in this experiment.

p =0.129) (Fig. 8b). Like PON, DON build-up was also

significantly reduced with lower NP supply off West

Africa (SR=0.19 & 0.07), p =0.040). The nutrient NP 4 Discussion

stoichiometry did not have an effect on POP production

in the PU (SR=0.002 ¢ 0.012), p =0.897) and WA trial 4.1 Nutrient limitation of microbial community

(SR=0.004 ¢ 0.013),p =0.771), while POP accumulation

was significantly higher at low NP supply in the ETNA  In the mesocosm experiments conducted in the upwelling ar-
trial (SR=0.033(0.009),p =0.011) (Fig. 8c). Build-up of eas off Peru (PU) and Northwest Africa (WA), the microbial
DOP was stimulated by lowered:? supply off Peru (SR assemblage responded with enhanced growth to the addition
—0.012 & 0.014),p = 0.411) and in the ETNA experiment of N, while combined fertilization of N and P did notinduce a
(SR=—-0.020 & 0.007), p = 0.020) (Fig. 8d). The influ- further increase in biomass production compared to N-alone
ence of the nutrient NP stoichiometry on DOP production enrichment (Fig. 4). The effect that N was the critical element

N:P of nutrient supply
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Table 4. Summary of the NP uptake and the stoichiometry of particulate organic matter build-up within each experiment. The quotient of
N : P drawdown and PONPOP build-up describes the analogy of Nuptake and produced POROP.

N:P N: P drawdown PONPOP build-up N P drawdown/
supply  &SD) (umolL™1)  (£SD) (umolL~1)  PON: POP build-up

PU 16 17.040.3) 19.3 ¢ 6.4) 0.88
8 8.8 0.4) 11.344.9) 0.78

5 5.7 0.8) 8.8(7.4) 0.65

25 3.9¢0.9) 6.2(2.7) 0.62

ETNA 20 20.2¢-0.9) 21.6(3.9) 0.94
15 14.2¢1.9) 10.5 ¢ 3.6) 1.35

10 9.2¢1.3) 215 3.6) 0.43

5 4.8(0.1) 10.3 & 2.6) 0.46

WA 16 16.0 ¢-0.4) 15.2 & 2.6) 1.05
8 8.8(4-0.3) 9.9 (- 1.5) 0.88

5.5 5.7 (£ 0.4) 7.6(3.0) 0.75

2.8 4.7¢-0.5) 6.0 1.4) 0.77

Table 5. Summarizing the effect of decreasing Risupply on accumulation of PON, DON, POP and DOP within each experiment. Statistical
significance of the individual effecpp(< 0.05; denoted by) was tested with linear regression analysis padalues are given in brackets.

PON build-up DON build-up POP build-up DOP build-up

PU J(p=0053) <« (p=0129) <« (p=0897) 1 (p=0411)
ETNA <« (p=0.094) <« (p=0625) +*(p=0.011) +*(p=0.020)
WA *(p=0005) |*(p=0040) <*(p=0771) 2

1 increase;, decrease;> unaffected

controlling microbial production was primarily driven by di- for RNA synthesis, we expected highest growth rates in the
atoms, as they dominated mesocosm microbial communitie8 : 1 N: P treatments, which were enriched in N and P. How-
during both experiments (see Fig. 5, this study; Hauss et al.ever, total production of microbial biomass was solely con-
2012; Franz et al., unpublished results). Organic detritus controlled by N supply and showed no reaction to P fertiliza-
tributed only marginally to POM, as concentrations of mi- tion. Similar responses of natural phytoplankton communi-
crobial biomass estimated from FCM measurements (livingties were recorded in another nutrient enrichment experi-
cells) were rather consistent with the POC collected on filtersment performed in the upwelling area off Southern California
(living cells+ organic detritus) (compare Hauss et al., 2012; (Thomas, 1974). A multitude of nutrient fertilization studies
Franz et al., unpublished results). were conducted in oligotrophic regions and showed patterns
The dominance of diatoms can likely be attributed to theirof N as well as of P limitation (e.g. Graziano et al., 1996;
fast metabolic reaction including high maximum uptake ratesMoore et al., 2008). Although N was the primary limiting
and fast cell division after input of new N (Fawcett and nutrient (see also meta-analysis by Downing et al., 1999),
Ward, 2011). A comparable reaction was already recordedombined additions of N and P induced larger increases in
by Ryther and Dunstan (1971), where Lmenrichment in-  microbial biomass compared to providing N alone. Sum-
duced strong growth of the diato®keletonema costatym marizing results from all these nutrient enrichment experi-
while P addition resulted in equally poor growth of this ments, including this study, we can deduce that, under the
species compared to the unamended control. Primary propremise that no other nutrient (e.g. Fe, Si) limits primary
duction in coastal upwelling areas, to a major part accom-production, picoplanktonic communities from nutrient-poor
plished by diatoms, has been known for decades to be limitedvaters tend to be limited by N and P, whereas microalgal
by “newly” supplied N from the deep water (Dugdale, 1985). assemblages from upwelling areas are exclusively limited
Thus, it is not surprising that the microbial community in by N. Yet, we have to be careful with generalizing these
the mesocosm experiments, provided with replete amountsesponses to the bulk of marine non-diazotrophic photoau-
of Si(OH) and iron, was regulated by the macronutrient totrophs, since there is a wide variability among different
N. Yet, since the cellular assembly machinery of blooming phytoplankton groups concerning their optimal nutrient con-
species like diatoms requires large quantities of P moleculeslitions (Geider and LaRoche, 2002). For instance, growth of
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Fig. 8. Build-up of (A) PON,(B) DON, (C) POP andD) DOP until day one and two after DIN limitation as a function of/stoichiometry
of the supplied nutrients during three (PON, DON, POP) or two experiments (DOP). Style and colour-coding according to Fig. 6.

some low-abundant photoautotrophs during the PU experithe cell affects nutrient requirements and ultimately its bio-
ment was favoured by low NP nutrient ratios (Hauss et al., chemical composition substantially.
2012). In addition, the growth phase defined by nutrient availabil-
Considering the response of the microbial community asity regulates phytoplankton elemental stoichiometry (Klaus-
a whole, this study gives indications of the key nutrient con-meier et al., 2004a and 2008). Elemental ratios of organic
trols of primary production in coastal upwelling areas and matter within the individual experiments showed only minor
how nutrient assimilation and microbial production of or- deviations from each other during exponential growth under
ganic matter respond to changes in nutrient inventories. high nutrient availability, regardless of the respectiveFN
supply ratio (Fig. 7a). Nutrient saturation allowed cells to
“eat what they need” (after Sterner and Elser, 2002), closely
matching their specific optimal uptake ratio and constrain-
ing organic N P to a relatively narrow range around Red-
] ] field’s 16: 1. Under nutrient depletion during the station-
Redfleld (1958) discovered the average elemental COMPOSyry phase, cells consume nearly the entire pool of supplied
tion of seston and of seawater nutrients to be remarkably, irients, and consequently their elemental composition ap-
similar and suggested a tight coupling between organic mat'proached the respective:R input ratio, generating a much
ter anq nutrient stoichiometry. However, besides the ratioyiger PON: POP range (Fig. 7b). NP drawdown ratios ob-
of nutrient supply (Rhee, 1978; Sterner and Elser, 2002)¢5ined from regression analysis also showed that nutrient up-
phytoplankton stoichiometry is influenced considerably by (ake kinetics of the cells were strongly influenced by thé™N
growth rate (Goldman et al., 1979). Numerous studies dispply ratio (Fig. 3). The tight positive correlation between
cussed the relation between the physiological growth stat@aios of nutrient supply and organic biomass after nutrient
and the cellular NP ratio of phytoplankton (Sterner and eynaystion indicates a high flexibility of phytoplankton stoi-
Elser, 2002; Klausmeier et al., 2004a, b; Arrigo, 2005). EX-chiometry to changes in nutrient supply ratios when absolute
ponential growth requires an assembly machinery rich in ri-ntrient concentrations are low. This response has already
bosomes, which are characterized by lowRNIn contrast,  peen described by culture experiments (Rhee, 1978; Gold-
equilibrium growth under nutrient limitation is maintained a5 et al., 1979) and model-based data (Klausmesier et al.,

by a metabolism optimized for resource acquisition, consist-2004a)_ An extremely high or low PONPOP stoichiometry
ing mainly of N-rich proteins. Hence, the growth strategy of

4.2 Relationship between NP supply and
microbial N : P

www.biogeosciences.net/9/4629/2012/ Biogeosciences, 9, 48343-2012
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under conditions of nutrient limitation is likely to be caused by an increasing P availability. Changes in the PGXDP
by luxury consumption and intracellular storage of the nutri- composition under variable nutrient supply in this experi-
ent (N or P) that is not limiting (Goldman et al., 1979; Geider ment on the Peruvian shelf were caused by the pools of PON
and LaRoche, 2002). Nonetheless, the flexibility of cellularand DOP responding to changing nutrient supply.
N: P is ultimately restricted. Microbial elemental composi- In the ETNA experiment, organic nitrogen, neither in the
tion seemed to be constrained by a lower ratio ofl5as  particulate nor in the dissolved phase, was affected by nutri-
biomass was not produced with a PORDP composition ent supply. PONPOP of biomass build-up was solely con-
<5:1 (Fig. 6). Using a compilation of published data on trolled by changes in the production of POP and DOP in re-
the biochemical composition of phytoplankton, Geider andsponse to variable NP supply ratios. Like in the PU trial,
LaRoche (2002) identified also a lower limit for microalgal DOP accumulation increased with decreasingPNsupply
N : P stoichiometry of 5 1. Unused residual amounts of DIP and declined under rising NP conditions, respectively. Phy-
in the medium (data not shown) and exudation of excess Roplankton cells confronted with P-starvation activate expres-
(Fig. 8d) are conform with the concept that limits to the cellu- sion of extracellular enzymes such as alkaline phosphatase
lar storage capacity for nutrients are causing the decouplingvhich are catalyzing hydrolysis of organic phosphorus com-
of nutrient supply ratio and microalgal elemental composi-pounds (Dyhrman and Ruttenberg, 2006; Dyhrman et al.,
tion (Geider and LaRoche, 2002). 2006; Ranhofer et al., 2009). Alkaline phosphatase expres-
A consistent offset between the POROP ratio of pro- sion and activity is generally stimulated by P-deficiency at
duced biomass and the:IR supply ratio occurred over the concomitant N-repletion. Increases in excess P may conse-
entire gradient of NIP, yet approaching the:1l line with quently diminish production of this hydrolytic enzyme, as
increasing N P supply (Fig. 6). Thus, the largest offset oc- the need for using DOP as a substitute source for nutrition
curred at the lowest NP supply tested. This deviating trend is vanishing. Poor DOP consumption would even allow an
is partly a result of the unused DIP left in the medium in the enhanced accumulation of organic phosphorus in the dis-
2.5:1and 28:1 N:P treatments during the PU and WA tri- solved phase, as observed in the Peruvian upwelling. Besides
als. Our data indicate that the increased deviation betweetow removal rates (by phytoplankton and/or heterotrophic
organic N: P build-up and inorganic NP uptake under low bacteria), accelerated DOP production via microalgal exuda-
N: P supply was caused by enhanced transfer of DIP intdion, cell lysis and zooplankton grazing (Karl andBjman,
the DOP pool. Decreasing NP supply ratios may thereby 2002) may be the reason for increasing DOP accumulation
induce a shift in the partitioning of organic P from the par- with decreasing NP supply. For example, protozoan grazing
ticulate to the dissolved phase. The lower the nutrienPN has been linked to the transfer of organic phosphorus from
supply ratio, the more phosphorus may be channelled intahe particulate to the dissolved fraction (Dolan et al., 1995).
DOP instead of being utilized for particulate biomass build- However, more reasonable in conjunction with changes in
up. With excess P in the medium (excess BIP-DIN/16), nutrient inventories seems to be an increased exudation of
Conan and colleagues (2007) detected also a significant paBROP induced by a form of luxury consumption of P by the
(around 80 %) of assimilated P in the dissolved organic frac-microalgal cells under growing P availability. Luxury uptake
tion. Already in 1974, Banse highlighted the high impor- of the non-limiting nutrient by phytoplankton typically oc-
tance of dissolved organic compounds in nutrient cycling andcurs under nutrient saturation to refill cellular reservoirs for
in changes of phytoplankton NP, as removal of inorganic upcoming events of nutrient starvation (Healey, 1973; Geider
substances from the medium does not necessarily imphand LaRoche, 2002; Sarthou et al., 2005). Yet, intracellular
their exclusive incorporation into particulate biomass. For in-accumulation of phosphorus is quantitatively confined and an
stance, exudation of dissolved fractions of organic materialexcess in intracellular phosphorus is disposed via exudation.
by healthy non-senescent cells is not uncommon (Mague et Unfortunately, we could not assess the effect of variable
al., 1980; Myklestad et al., 1989) and may influence organicnutrient supply on DOP build-up in the experiment con-

matter cycling significantly. ducted on the West African shelf. But since PON produc-
tion was significantly reduced under low:R supply to-

4.3 Effect of different nutrient enrichment on organic gether with no effect on POP build-up, the growing off-
matter partitioning set between PONPOP stoichiometry and inorganic:R

was likely induced by enhanced channelling of P into the

Changes in the NP supply ratio affected the production of DOP pool. The general absence of DOP accumulation in the
organic nitrogen and phosphorus and their partitioning be-WA experiment may be due to several reasons. Low con-
tween the particulate and the dissolved fraction. In the expereentrations could be caused by low DOP release via exu-
iment off Peru, decreasing NP supply entailed a reduction dation, grazing or cell lysis. Alternatively, enhanced or re-

in PON accumulation, whereas DON build-up varied only duced removal of DOP could have also affected the mag-
marginally along the gradient of NP supply. Excess P re- nitude of DOP accumulation. Photoautotrophic microorgan-
sulting from decreasing NP supply ratios was transferred isms can utilize certain DOP compounds as an additional P
into DOP, while POP production remained rather unaffectedsource (reviewed by Cembella et al., 1984, and by Karl and
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Bjorkmann, 2002), and especially the filamentous cyanobacef DON and DOP. Nonetheless, bacterial contributions to the
terium Trichodesmiunmis known to grow largely on DOP  microbial biomass were for the most part considerably lower
(e.g. Dyhrman et al., 2002; Sohm and Capone, 2006). Thehan by phytoplankton; thus we presume that significant ef-
presence offrichodesmiunin the WA experiment and the fects in pools of DON and DOP are primarily induced by the
fact that its abundance increased under exhaustion of DIPesponse of phytoplankton to variable nutrient supply. Hence,
(Franz et al., unpublished results) indicate that DOP ex-we could show that reservoirs of DON and DOP are indeed
uded from blooming diatoms was immediately assimilatedaffected by the magnitude of NP supply and may thus play
by the cyanobacteria. Furthermore, increased abundance @i important role in coastal upwelling biogeochemistry un-
heterotrophic bacteria in the WA experiment (see Table 3)der decreasing NP supply ratios.

suggests a dynamic and rapid turnover of the organic mate-

rial, impeding its accumulation in the medium. Differences
in the composition of the microbial communities can there-
fore strongly influence DOP dynamics. It must be further
taken into account that DOP can include a multitude of or-
ganic compounds that differ considerably in their molecular

configuration (Karl and Bjrkman, 2002). This entails differ- ; o
: : L : may face severe changes in the future. Our results indicate
ences in the bioavailability of the various DOP compounds. L : . . ;
a decline in organic matter production of coastal microbial

Small nucleotides (e.g. Adenosintriphosphat) can be eas“%ommunities as a result of decreasing N suoolv. The ob-
assimilated, whereas polymers (DNA, RNA) are character- 9 PRIy

ized by long turnover times, resulting in accumulation of served high flexibility of phytoplankton elemental stoichiom-

DOP in the water column (Thingstad et al., 1993®@man etry to variations in the NP su_,lpply ratio suggests a gene_ral
. . .. decrease in the NP composition of primary producers in
and Karl, 1994). Consequently, the biochemical composition : : . :
o . o S the upwelling regime in the course of decreasing seawater
of the individual DOP pool determines its bioavailability and "
o . X : N : P. However, phytoplankton NP seems to have a critical
is pivotal for its removal by bacteria and microalgae. . : . o
. lower limit of about 5: 1. DIP in excess of this ratio is likely
In contrast to the PU and ETNA experiments, DON ac- ; : .
cumulation increased with increasina: R supoly off West to be transferred into the DOP pool or remains unused in
g PPy .shelf waters. Surface waters departing from the shelf would

Afnca. Th'.s can either be attributed to an enhanced depOSIihus be enriched in DIP and DOP, and might fuel growth of
tion or an impaired removal of DON at high N supply, or a

combination of both. Even though N was the critical nutri- diazotrophic phytoplankton in the oceanic off-shelf regions.

: : High-quality in situ measurements of DOP in surface wa-
ent, saturation presumably stimulated luxury uptake of N by . :
A . X ters above the OMZ on the continental shelf and adjacent to
phytoplankton cells, resulting in a restocking of the intracel-

lular N reservoirs, but causing also enhanced exudation ome upwelling area are necessary to confirm this hypothesis.

DON. High phytoplankton biomass in the N-rich treatments od|f|ca_t|ons n the cellular NP composmo_n also enfcan a

. . change in the nutritional value of coastal microorganisms as
induced most likely development of a large protozoan COM-_ + od source. Effects of chanaina R supply mav therefore
munity, which increased the DON pool via grazing and ex- : ging PRy may

cretion additionally. DON may have also accumulated due toalso involve higher trophic levels of the pelagic food web.

an impeded removal by phytoplankton and/or heterotrophic
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5 Conclusions

Against the background of expanding OMZs and the associ-
ated increase in N loss, biogeochemistry of high-productivity
upwelling areas overlying £deficient intermediate waters
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