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Abstract. The effects of inorganic and/or organic nutrientin- 1  Introduction
puts on phytoplankton and heterotrophic bacteria have never
been concurrently assessed in open ocean oligotrophic confFhe nature of nutrient limitation of phytoplankton and bac-
munities over a wide spatial gradient. We studied the effectgerial production in open ocean waters is known to vary over
of potentially limiting inorganic (nitrate, ammonium, phos- spatial and temporal scales (Cullen et al., 1992; Arrigo 2005;
phate, silica) and organic nutrient (glucose, aminoacids) in-Church 2008; Saito et al., 2008). Nitrogen is the proximal
puts added separately as well as jointly, on microbial plank-limiting nutrient of phytoplankton growth in the oligotrophic
ton biomass, community structure and metabolism in five mi-tropical and subtropical Atlantic over physiological and/or
crocosm experiments conducted along a latitudinal transeaécological time scales (Graziano et al., 1996; Mills et al.,
in the Atlantic Ocean (from 26N to 29 S). 2004, 2008; Moore et al., 2008), whereas P and Fe, as limit-
Primary production rates increased up to 1.8-fold. Bac-ing nutrients for N fixation (Falkowski 1997; Tyrrell 1999),
terial respiration and microbial community respiration in- are responsible for N-limitation of primary production at ge-
creased up to 14.3 and 12.7-fold respectively. Bacterialblogical time scales. It has also been suggested that increas-
production and bacterial growth efficiency increased up toing atmospheric inputs together with enhanced nitrogen fix-
58.8-fold and 2.5-fold respectively. The largest increasesation rates may lead to phosphorus limitation in the tropi-
were measured after mixed inorganic-organic nutrients ad<€al North Atlantic Ocean (Wu et al., 2000, Ammerman et al,
ditions. Changes in microbial plankton biomass were small2003; Mather et al., 2008).
as compared with those in metabolic rates. A north to south Some nutrient enrichment bioassays have demonstrated
increase in the response of heterotrophic bacteria was olthat N and P are co-limiting heterotrophic bacterial
served, which could be related to a latitudinal gradient inmetabolism in oligotrophic environments (Thingstad and
phosphorus availability. Our results suggest that organic matRassoulzadegan 1995; Rivkin and Anderson 1997; Joint et
ter inputs will result in a predominantly heterotrophic ver- al., 2002; Mills et al., 2008); whereas many others report or-
sus autotrophic response and in increases in bacterial growtjanic carbon as the limiting or co-limiting factor (Church et
efficiency, particularly in the southern hemisphere. Subtleal., 2000; Carlson et al., 2002; Alons@& et al., 2007; Van
differences in the initial environmental and biological condi- Wambeke et al., 2008; among others).
tions are likely to result in differential microbial responses to  Atmospheric inputs have been recognized as an important
inorganic and organic matter inputs. source of nutrients for upper ocean microbial communities
(Baker et al., 2007). Recent studies suggest that atmospheric
water-soluble organic nitrogen entering central ocean regions

Correspondence tdS. Marinez-Gar@a  accounts for up to 30% of the total atmospheric nitrogen in-
BY (sandra@uvigo.es) puts into these marine areas (Cornell et al., 1995; Duce et
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al., 2008 and references therein). Increases in nutrient in-
puts associated to atmospheric deposition have been shown
to change the structure and metabolism of coastal microbial
planktonic communities (Paerl 1997; Peierls and Paerl, 1997;
Seitzinger and Sanders, 1999) and similar effects may be ex-
pected over open ocean microbial communities. However,
the effects of inorganic and/or organic nitrogen inputs on
both phytoplankton and heterotrophic bacteria remain poorly
studied. To the best of our knowledge, only the study by
Davidson et al. (2007) have concurrently addressed the dif-
ferential effect of inorganic versus organic nitrogen inputs on
both phytoplankton and bacteria in coastal waters

The aim of our study was to assess the response of micro-
bial planktonic communities to inorganic and/or organic nu-
trient loading over a large spatial scale, in order to determine
general patterns in the linkage between the type of input, the
initial biotic and abiotic conditions, and the interactions be-
tween microbial compartments

Specifically, we tested the differential effect of inorganic
(N, P and Si) versus organic (N and C) nutrients inputs added
separately as well as jointly on autotrophic and heterotrophic
microbial communities along a latitudinal gradient in the up-
per oligotrophic Atlantic Ocean.

2 Materials and methods

Five enrichment microcosm experiments were performed
during cruise Trynitrop | on board “BIO-Hegépdes” from
16th November to 16th December 2007 (Fig. 1 and Table 1).
Water for the experiments was collected along a latitudinal
transect in the Atlantic Ocean (approximately front Rb
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to 29 S latitude) (Fig. 1). At each sampling station, verti- Fig. 1. Map of sampling stations superimposed on a SeaWifs
cal profiles of temperature, salinity and in situ fluorescencechlorophylla monthly composite image (November 2007).

were obtained using a Conductivity-Temperature-Depth sen-
sor (CTD) attached to a rosette down to 300 m.

Table 1. Summary of initial conditions for each experiment. Sam-

Water samples were collected before dawn from 10-15 nyjing depth was 10m excepting for experiment af $22% W
into 15-L acid-clean Niskin bottles and filtered through (15m). Nutricline depth was estimated as the first depth where ni-
150 um pore size net to remove larger zooplankton. Subsetrate concentration is 0.5 uM. DCM, deep chlorophyll maximum.
guently, eight 12-L acid-washed polycarbonate bottles weré\/A, not available.

gently filled under dim light conditions.

2.1 Experimental design

Following sample collection, nutrients were added to the
experimental bottles. The experimental design included
duplicates for a series of four treatment levels: 1. Con-
trol: no additions made; 2. Inorganic Addition Treatment:
0.5 pmol 1 nitrate (NG}), 0.5 umol 1 ammonium (NH),

0.05pmol 1 phosphate (P$) and 0.1umolt? silicate

Experiment 26N 18N 3°N 1*Ss 29S
38PW 2°W  2°W  29°W  29°W
Surface Temp.%(C) 24.6 25.8 27.9 25.6 22.0
Surface Salinity 3757 36.73 3528 36.94 35.85
DCM depth (m) 120 100 75 140 100
Nutricline depth (m) 150 80 50 140 100
Surface Nutrients
NOg(nmoI L‘l) N/A 116 117 124 113
NH; (nmol L1 N/A 17 12 17 N/A
POZ3(nm0I L1 N/A 40 N/A 70 80

(Sioﬁ‘); 3. Organic Addition Treatment: 0.5pmofl
glucose and 0.5pumott of an equimolar mixture of 18
aminoacids; 4. Mixed Addition Treatment: combination of
inorganic and organic additions. The ratio N:Si:P of the
additions performed was 20-30:2:1 depending on the addi-
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tion made (inorganic or mixed addition treatment). No trace2.2.3 Primary Production (PP)

metal-clean techniques were available to collect the required

sample volume, thus we decided not to include Fe in the exFour 75ml acid-cleaned polystyrene bottles (3 light and 1
perimental design. Organic additions consisted in additionglark) were filled and inoculated with 277-740kBq (7.5—
of glucose and aminoacids as they are the more abundant 020 UCi) NaH*CO3z. Samples were incubated for 12—14 h in
ganic labile substances identified in seawater. Organic nithe same incubation chamber as the experimental bottles. Af-
trogen additions were performed to simulate previously re-ter the incubation period, samples were sequentially filtered
ported increases in atmospheric bioavailable water-solubléhrough 2 and 0.2 um polycarbonate filters at very low vac-
organic nitrogen inputs (Seitzinger and Sanders, 1999; Mac#lum (< 50 mm Hg). Filters were processed to asdéesin-

et al., 2003; Duce et al., 2008). Glucose was also includedorporation as described in Md@@n et al. (2001).

as atmospheric depositions can contain non-nitrogenous or- ) ] )

ganic constituents (Jurado et al., 2008; Pulido-Villena et al.,2-2-4 Bacterial Heterotrophic Production (BP)

2008; Reche et al., 2009). Pulido-Villena et al. (2008) re-

- - ; The PH]leucine incorporation method (Kirchman et al.,
ported an increase of dissolved organic carbon (DOC) of o i .
ca. 3umol C11 after a dust deposition event in the surface 1985), modified as described by Smith and Azam (1992),

mixed layer of the Western Mediterranean. Therefore, ourVas used to determine Leu incorporation rates (LIR). Sam-

addition of ca 5pmol Citin the form of amino acids and ples were incubated for 1.5 to 2h in the same incubation

glucose, compare reasonably well, in terms of DOC concenhamber as the experimental bottles. Dilution experiments

tration \’/vith the observed DOC iné;reases associated with in order to determine the in situ leucine to carbon conversion
I actors (CF) were performed with enriched water follow-

natural event of dust deposition. . : . .
Experimental bottles were maintained in an in-door in- mgotghe _lltr;]etkg)gs dt?t taﬂe% elf‘t?]Whir?. (Cal\rl]mbaf[ﬂd Mognﬁ ¢
cubation chamber which simulated in situ temperature anc? : )- The CFs 0 amte atthe s ? |onv(\; ere tne enric msn
mean irradiance intensity (cool white light from fluores- microcosm experiments were periorme .(or an average be-
cent tubes, photoperiod = 12—14 h, and constant light inteniween the CF values from the nearest available stations) were
: ' _ . ! o d to calculate bacterial biomass production rates from Leu
sity = 240 pE 2 s~1). Using the measured values of inci- Y€ P
y H ) 9 uptake rates (CF range: 0.17-0.21kgC mol tBu Bac-

dent irradiance and vertical extinction coefficient, we deter- . | arowth effici BGE lculated as: Bacterial
mined that the irradiance used during the experiments waleral gro efficiency ( ) was calculated as: Bacteria

similar (within 20%) to the mean irradiance reaching the production/(Bacterial production+ Bacterial respiration).
sampling depth over the light period (from dawn to dusk). 2905
Experiments lasted 3 days and samples were taken every

24 to monitor changes in microbial community structure g activity rate was used as estimator of community respi-
and function. ration (CR). Size-fractionated in vivo ETS activity rates were
measured using the in vivo INT method (Makz-Garéa et

al., 2009). Four 250 ml dark bottles were filled from each
microcosm bottle. One bottle was immediately fixed by
adding formaldehyde (2% wi/v final concentration) and used

The concentration of nitrate and ammonium was determineds kKilled-control. Samples were incubated at the same tem-
on-board on fresh Samp|es with a Technicon Segmented_ﬂovperature that the microcosm bottles and in dark conditions.
auto-analyser and using modified colorimetric protocols thatAfter incubation (4—6 h), samples were filtered sequentially

allow to lower the detection limit to 2 nmott (Kerouel and ~ through 0.8 and 0.2—um pore size polycarbonate filters. Bac-
Aminot, 1997; Raimbault et al., 1990). Phosphate concentraterial respiration (BR) was operationally defined as ETS ac-

tion was determined using standard proceduresger and  tivity of the < 0.8 um size-fraction following the extensive

In vivo Electron Transport System (ETS)

2.2 Chemical and biological analysis

2.2.1 Nutrients

Le Corre, 1975). review by Robinson (2008). In order to transform ETS ac-
tivity in carbon respiration a R/ETS ratio of 12.8 (Miawz-
2.2.2 Size-fractionated chorophyll Garda, et al., 2009) and a respiratory quotient (RQ) of 0.8

(Williams and del Giorgio, 2005) were used.
Size-fractionated chlorophydl (chl a) concentrations were
measured in 250 ml water samples which were filtered se2.2.6 Flow cytometry
guentially through 2 and 0.2 um polycarbonate filters. Af-
ter extraction with 90% acetone at @ overnight at dark, The abundance oBynechococcusProchlorococcus pi-
chlorophyll ¢ fluorescence was determined with a TD-700 coeukaryotes and heterotrophic bacteria was determined

Turner Designs fluorometer calibrated with purechl on board on 0.6ml fresh and 0.4 ml frozen samples (au-
totrophic and heterotrophic groups, respectively) using a

Becton Dickinson FACSCalibur flow cytometer equipped
with a laser emitting at 488 nm (Gasol and del Giorgio,

www.biogeosciences.net/7/1701/2010/ Biogeosciences, 7, 170432010
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2000). Samples for heterotrophic bacteria were preservei” oz A 8 1E —
with 1% paraformaldehyde + 0.05% glutaraldehyde and 0.20 ;jﬁm ~ 6 —— HDNA
frozen at—80° C until analysis on board. Prior to analysis, < o015 @ o,

heterotrophic bacteria were stained with 2.5mM SybrGreerS 2 o10 2

DNA fluorochrome. Picoplankton groups were identified on 0.05 ?

the basis of their fluorescence and light side scatter (SSC 0.00 0
signatures.Synechococcuand Prochlorococcusyanobac- 278 — Picoeu. o8

teria and eukaryotic cells were identified in plots of SSC
versus red fluorescence (FL3,650 nm), and orange fluo-

rescence (FL2, 585 nm) versus FL3, whereas three groups ¢
heterotrophic bacteria were distinguished by their green fluo-

Picophyto. Biomass
(ngCr?)

HNA : BB
i o o o o
o N = (=2}

[a) n

rescence (FL1, 530 nm) after SybrGreen staining: very higk _ |, 0.20
(VHNA), high (HNA) and low (LNA) nucleic acid content § 08 ¢ ~ 015
bacteria. £ 6 i

Two empirical calibrations specific for this dataset be- ; 0.4 @9 o1
tween SSC or forward scatter (FSC) and cell diameter, a: 8 o2 = 005
explained in Calvo-az and Moan (2006), were used to  ~ oo 0.00
estimate biovolume (BV) for picophytoplanktonic cells (di- 015 15 —ra T — <08 ]
ameter cell = 2.14SSC + 0.545 = 30, r2 =0.87) and for ~012 = >2im ~ . = >08 um
heterotrophic bacterioplankton (BV = 0.068SC + 0.013; £ ooo <4
n=13,r2=0.60). BV was finally converted into biomass & 2 o006 o s
by using the following volume-to-carbon conversion factors = 003 = i
for autotrophic groups: 230 fg C pm for Synechococcus 0.00 - L ————
240fg C unt?3 for Prochlorococcusand 237 fg C um? for ENAEN I 12 28 I s 2
picoeukaryotes (Worden et al., 2004). Heterotrophic bac- Experiment Experiment
terial biomass (BB) was calculated by using the allometric _ o - ]
relationship of Gundersen et al. (2002): bacterial biomasg!9- 2. Initial biological conditions at the sampling sta-

; . —1..
f IF1) = 108.8<BV/0-898 tlons._ (A), Chl_ a, S|ze-fractlonated chlorophylh (Mg =)
(fg Ccell™) 08.8 (B), Picophyto.Biomass, picophytoplankton biomass (ug¥%:
(C), Proch:Total Pico, Prochlorococcus: Total picophytoplank-
ton biomass ratio;(D), PP, size-fractionated primary produc-

" , tion (ugCrlh—1); (E), BB, heterotrophic bacterial biomass
The Pearson coefficient was used to analyse correlations b?ﬂgcrl). (F), VHNA: BB, VHNA : Bacterial biomass:(G)

tween nutricline depth and biomasses and rates at the sangp pacterial production (ug C¥d—1): (H), CR, size-fractionated
pling stations, as the complete set of variables followed norcommunity respiration estimated from in vivo ETS activity
mal distributions. Given the low sample size<£5), apower  (ugCrld1).
analysis was conducted using the GPower 3.1.0 software
(Faul et al., 2007). We computed the adequate significancéios (rr) as AT/C, where AT and C are the time integrated
level for each slope which balances the likelihood of type | value of the variable in the Addition Treatment and the Con-
and type Il errors. The power of the statistical analysis re-trol, respectively. In the case of biomasses time-averaged
mained always> 0.8 and correlations were considered sig- values were used. Values presented in this work were inte-
nificant when the p-value was bellow the significance levelgrated (or averaged in the case of biomasses) from 0 to 72h
obtained using GPower 3.1.0. incubation since no relevant differences were found between
A repeated measure ANOVA (RMANOVA) was con- ratios calculated from 0 to 24, 48, or 72 h.
ducted to assess time (within subject factor), treatment (be-
tween subject factor, nutrient additions), and experiment (be-
tween subject factor, sampling location) effects. All data fit- 3 Results
ted a normal distribution (Kolmogorov-Smirnov test); how- 3 ¢
ever, even after log or arcsine data transformation, the ho-
mogeneity of covariance matrices failed for some datasetsinitial conditions for each experiment are presented in Ta-
For the latter case we applied the Huynh-Feldt adjustment tdle 1 and Fig. 2. The depth of the nutricline, which is a proxy
correct P-values (Scheiner and Gurevitch, 1993). A Bonferfor nutrient supply into the euphotic layer, was significantly
roni post-hoc test was conducted to assess the effect of eaqiGPower 3.1.0. correction was applied when necessary as
addition treatment. explained in Material and Methods section) and negatively
In order to compare the effect of different nutrient addi- correlated with chlorophylk concentration{=—0.87, p =
tions on the biomasses and rates, we calculated response @.06; » = 5), primary production{=—0.77, p =0.13;n =

2.3 Statistical analysis

Initial conditions

Biogeosciences, 7, 1701#13 2010 www.biogeosciences.net/7/1701/2010/
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5), bacterial productionr(=—0.94, p =0.02; n =5) and  decrease of the %PR2 um was related to inorganic addi-
community respirationr(= —0.78, p =0.12;n =5). These tions (p < 0.05, Bonferroni post-hoc test, Table 2).
negative relationships illustrate the role of vertical nutrient The response ratios illustrate the direction and magni-
fluxes in controlling the biomass and metabolism of micro- tude of autotrophic responses observed in the experiments
bial plankton (Maraon, et al., 2003). (Fig. 4a—f). A response ratio larger than one entails higher
Phytoplankton biomass estimated as chloropiytthl a) values in the addition treatment than in the control, e.g. a
concentration, and primary production rates were lower atoositive response to the addition. No large changes in the
those stations located in the center of the gyre$ kk&nd  addition treatments relative to the control were found for
12° S), where the deepest nutriclines were found (Fig. 2a)phytoplankton biomass and size distributioRrochloroco-
The biomass of heterotrophic bacteria was higher at stationsustended to decrease in abundance, relative to the other pi-
located in the northern hemisphere than in the southern hemisophytoplankton groups, when nutrients were added, except
sphere (Fig. 2e). at 26 N (Fig. 4c).The increase of primary production after
The highest bacterial production rates were registered ath€ additions was slightly higher than that of ehlPrimary
18 N and 3 N coinciding with the shallowest nutriclines, Production enhancements were maximum (up to 1.8-fold rel-
and an extremely low value was measured ate@here the ative to control) in the mixed treatment bottles at MBand
deepest nutricline was found (Fig. 2g). The lowest commu-2% S. The relative contribution ok2pm fraction to total
nity respiration rates, estimated as in vivo ETS activity, werePrimary production decreased after the additions except at
also registered at 26\ and largest values af 8 and 29 S 26° N, in which organic nutrients additions resulted in an in-
In all cases, differences in metabolic rates among samplingréase of the relative contribution ef2 pm fraction to total
sites were more pronounced than those in biomass (Fig. 2).Primary production (Fig. 4e).

3.3 Heterotrophic microbial responses to nutrient

3.2 Autotrophic responses to nutrient additions .
additions

The responses of phytoplankton differed among experiment,eterotrophic bacteria were greatly stimulated after organic
(Fig. 3a—f). Autotrophic biomass, estimated aschbncen- 1 yrient additions (Fig. 5a—f). Bacterial biomass increased
tration, decreased with incubation time in the experiments g organic and mixed inputs in all the experiments ex-
p?”"rmed n th? northern hemisphere (Fig. 3a). At I$83 cept at 28 N, where only the mixed addition resulted in an

slight increase in chi (mostly due to the>2pm fraction)  jncrease in bacterial biomass relative to the control, and at

was observed in the mixed treatment. In the experimentsy \ \where bacterial biomass increased after the mixed or,
conducted in the southern hemisphere, ehhcreased af-  ,  |esser extent. the organic addition.

ter inorganic add?tions (in_o_rganic and ”_“ixed treatments) at - ¢ e|ative contribution of VHNA bacteria to total bacte-
122 S and after mixed additions at23 (Fig. 3a). Inthe ex- i) iomass (VHNA/BB) increased beyond 0.5 after organic
periments conducted in the northern hemisphere, the reIauvgnd mixed additions in all experiments (except for experi-

ggntribution ofhlil’/rochllorpcocc#s todtotal piﬁogf;ytoplanktor? ent at 28 N in which only the mixed addition resulted in a
iomass (Prochl/Total Pico) showed a marked decrease wit easurable positive response) (Fig. 5b).

mcubatlo_n time both in the control and the addition treat- The responses of bacterial production and bacterial respi-
ments (F'g_' 3¢). i ) i ration to nutrient additions were much stronger than those
Total primary production decreased in the first 24 h atypserved for primary production (Fig. 5c—d). After organic
26"N and 3 N (Fig. 3d). Enhancements of primary produc- and mixed inputs, bacterial production increased in all ex-
tion rates relative to the controls, mostly due to th& um periments except at 28, where only the mixed addition
phytoplankton, were found in the nutrient addition treat- yegyjted in an increase relative to the control. BGE in-
ments in all experiments except &8 (Fig. 3d and e). The  ¢reased in the addition treatments relative to the control
highest increases were registered in the mixed treatment botFig. 5e) following the pattern of bacterial production re-

tles._ _ _ sponses. Community respiration responses to nutrient addi-
Primary production to chlorophyll ratios (PP/ahl also  tions were higher than those of primary production (Fig. 5f).
showed different patterns among experiments (Fig. 3f). Bacterial respiration (i.e. ETS activity0.8 um) and com-

Incubation time and experiment had a significant effect onmunity respiration followed the same pattern as bacterial
all variables p < 0.001, RMANOVA). The effect of the ad- production (Fig. 5d, f). Bacterial respiration accounted for
dition treatments on phytoplankton biomass, on the percent20 to 40 % of community respiration and this contribution
age of<2 um chla, on the relative abundance Bfochloro- did not significantly change among treatments and exper-
coccuson primary production and on PP/ehfatio was not  iments (RMANOVA, p > 0.05). Incubation time, experi-
significant (p > 0.05, RMANOVA), but significant effects of ment and addition treatment had a significant effect on all
nutrient additions on the percentage<o2 um primary pro-  the heterotrophic variableg (< 0.01, RMANOVA) except
duction were found g < 0.05, RMANOVA). A significant  for the experiment effect on BGE. Significant stimulations

www.biogeosciences.net/7/1701/2010/ Biogeosciences, 7, 170432010
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Fig. 3. Time course of the meag#), chl a, chlorophylla (ug1=1); (B), %<2 pm chla, percentage o&2 um chlorophylla; (C), Prochl:

Total Pico., Prochlorococcus: Total picophytoplankton biomass réilip; PP, total primary production (ug cin1y; (E), %<2 pum PP,
percentage ok2 pum primary production(F), PP/chla, primary production to chk ratio, in the 5 experiments. Control, no addition;
Inorganic, inorganic addition; Organic, organic addition; Mixed, mixed addition. Note that different scales were used. Error bars represent
the standard error from two replicates; where error bars are not visible, they are smaller than the size of the symbol.

of all these variables were registered after organic and mixed A north to south gradient in the magnitude of the het-
additions (Bonferroni post-hoc test, Table 2). A signifi- erotrophic responses was found when organic nutrients are
cant interaction between the treatment and experiment facadded (Fig. 6a—f). Bacterial biomass and vVHNA/BB in-
tors, which indicates that the response to treatments variesreased up to 2.2 and 9.6-fold, respectively, after organic
among experiments, was also found for bacterial biomassand mixed additions. The magnitude of response of bacte-
VHNA/BB ratio, bacterial production and community respi- rial production and bacterial respiration to the organic and
ration (RMANOVA, p < 0.001). mixed treatments was considerably higher (up to 58.8 and
11.4-fold increases, respectively) and followed a more evi-
dent north to south gradient than that of bacterial biomass.

Biogeosciences, 7, 1701#13 2010 www.biogeosciences.net/7/1701/2010/
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15 25

Table 2. Summary of the global effect of the different additions on “TA D
biological variables (Bonferroni post hoc test): 0, no significant ef- ¢ 2 s 20 il il
fect; +, significant effecp < 0.05; ++, significant effecp < 0.01; = 0s i OE e % P
+++, significant effecp < 0.001. +, stimulation, -, inhibition. Chl G ° T gl gl gl gl 0
a, chlorophylla concentration, %Chk < 2 um, percentage of to- o o v b Y}
tal chla in the fraction<2 um, Proch:Total PicoRrochlorococcus 260N 18°N 39N 1295 29°S '
Total picophytoplankton biomass ratio, BB, heterotrophic bacterial s
biomass, vVHNA: BB, vHNA: Bacterial Biomass ratio, PP, primary 55 B g
production, %PR2um, percentage of total PP due to the frac- Z 1o T i g
tion <2um, PP/chk, primary production to chlorophyl ratio, v g é 9
BP, bacterial production, BR, bacterial respiration (estimated from 7 05 g é ’&:
in vivo ETS activity due to the fractior:0.8 um), BGE, bacterial & U =
growth efficiency, CR, community respiration (estimated from total 26°N 18°N 3°N 12°S 29°S
in vivo ETS activity) .
a 20 C m— nOrganic
o ezzza Organic
Variable Inorganic  Organic  Mixed = o - Mixed &
o 1.0 ol P = E:E
Chla 0 0 0 S s * 2
%Chla <2pm 0 0 0 g ‘L L
Proch:Total Pico 0 0 0 T 6N 189N 3N 129 20°5 " 6N 189N 3N 120 29°S
BB 0 ++ +++ )
vHNA:BB 0 T+ i+ Experiment Experiment
PP 0 0 0
%PP<2 pum - 0 0 Fig. 4. Response ratios di\), total chlorophylla concentration
PP/chla 0 0 0 (Chl arR); (B), percentage ok2um chlorophylla (%Chl a <
BP 0 +++ +++ 2umgR); (C), Prochlorococcus: Total picophytoplankton biomass
BR 0 +++ T+t ratio (Proch:Total picqr); (D), primary production (PRR); (E),
BGE 0 ++ ++ percentage of< 2um primary production (%PP2ungrR); (F),
CR 0 +++ +++ primary production to chk ratio (PP/chlagg), in microcosms

amended with inorganic, organic and mixed nutrients, expressed as
a ratio of the time-integrated value relative to the time-integrated
BGE increases ranged from 1.2 to 2.5-fold when organic nu-value in the control microcosms (or time averaged in the case of
iments (Fig. 6f). Higher community respiration respOnsesaddition; Mixed, mixed addition. Error bars represent the standard
were also registered at the southern stations (up to 8 angror from two replicates. The horizontal line in each graph rep-
8.6-fold increases for experiments af Band 29 S respec- resents 1 relative to 1 (no change) relative to control. Note that
L p . P . different scales were used.

tively) although the maximum value was registered in the

mixed treatment at the northernmost experiment (12.7-fold). Phytoplankton communities from 26/ and 3 N experi-
enced a decrease in biomass during the experiment (Fig. 3a),
aresponse that has been observed during previous in vitro ex-
periments in oligotrophic waters (Caron et al., 2000; Lignell

The response of the autotrophic and heterotrophic microbiaft &l 2003; Davey et al., 2008). We do not have a defini-

compartments to the different additions assessed in this inUV_e explanation for the decrease of ehbt 26N anq 3 N
vestigation varied greatly, both in direction and magnitude,(Fi9: 32)- On one hand, the parallel decrease in primary
as a function of latitude and experimental treatment, sugPProduction and PP/chi ratio during the first 24 h incuba-
gesting that different processes are likely to control phyto-ton: especially at 3N,would suggest a poor physiological
plankton and bacterial dynamics in the five sampled loca-condition of the phytoplankton assemblages, limitation by

tions. Overall, the responses of the heterotrophic Compart[nicronutrients not studied in this investigation or differen-
ment were cléarly larger than those of autotrophs whichtial susceptibility of autotrophic communities to the method-
barely responded to the added nutrients ’ ological procedure. On the other hand, the PPdafdtio in-

creased after the first incubation day (Fig. 3f), which would
4.1 Responses of autotrophic communities suggest that the decrease of ahtoncentration was caused

by top-down control of phytoplankton at these stations. This
The phytoplankton responses to nutrient amendments werexplanation is reinforced by the higher abundance of het-
small when compared to those of heterotrophic bacteria, alerotrophic flagellates at these two sites (up to 2-fold rela-
though different patterns among the five experiments werdive to the rest, data not shown). The pronounced decreases
found (Figs. 3 and 4). in Prochl:Total Pico ratio with incubation time observed in

4 Discussion
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northern experiments (Fig. 3c) suggests either a high grazind997; Thingstad et al., 1997; Tanaka et al., 2009). Consid-
pressure over this group or a high susceptibilitiPadchloro- ering that our organic addition includes N but not P, the bac-
coccusto handling (Partensky et al., 1999). Similar results terial responses observed at26and 3 N are most likely
have been previously reported by Herut et al. (2005), Daveyexplained by the low phosphorous availability previously re-
et al. (2008) and Paytan et al. (2009). ported for the North Atlantic (Fanning, 1992; Mather et al.,
Primary production moderately increased (up to 1.8-fold)2008). Accordingly, bacterial biomass and bacterial produc-
after inorganic and mixed additions. Higher responses werdion responses to organic additions were much higher in the
found by Mills et al. (2004) and Moore et al. (2006, 2008) southern than in the northern stations, possibly associated to
in the subtropical North Atlantic after inorganic (N and P) the higher inorganic phosphorous availability in the South
nutrient additions, possibly due to the higher final concentra-than in the North Atlantic Subtropical Gyre (Mather et al.,
tions of the nutrients added (2 and 4-fold higher for N and P,2008, Table 1).
respectively). The magnitude of the bacterial biomass and bacterial pro-
Enhanced primary production was paralleled by changesluction responses to nutrient additions (Fig. 6) is in agree-
in the size distribution of phytoplankton populations. The ment with previous addition experiments in the Sargasso Sea
decrease of picophytoplankton contribution to total primary (Carlson et al., 2002). By contrast, other addition experi-
production observed when inorganic nutrient additions werements in the North Atlantic (Mills et al., 2008) registered
performed (Figs. 3e and 4e), is likely related to a higherconsiderably higher responses, both in bacterial biomass and
growth potential of>2um phytoplankton cells, known to bacterial production, to mixed (inorganic N and P, and DOC)
be highly efficient when nutrients are available (Thingstadadditions than the ones presented in the present work. It
and Sakshaug, 1990; Agawin et al., 2000; Cdimet al., is worth mentioning that in that study the final concentra-
2005). At 26 N the contribution of<2 um cells to primary  tions of DOC, inorganic N and inorganic P added were 10, 2
production increased in the organic treatments relative to th@nd 4-fold higher than the final concentrations tested in the
control, possibly associated with the presence of mixotrophigoresent study. Furthermore, the N:P ratios of the additions

picophytoplankton (Figs. 3e and 4e). performed in those investigations were below Redfield ratio
(i.e. N:P=10), which implies an extra P relative to N sup-
4.2 Responses of heterotrophic communities ply. Interestingly the magnitude of bacterial response to our

organic and mixed additions was similar to that previously

Heterotrophic microbial responses to the additions signifi-observed after experimental Saharan surface soils additions
cantly differed among experiments (RMANOVA,< 0.05), (Bonnet et al., 2005; Pulido-Villena et al., 2008), collected-
being always larger than autotrophic responses. Bacteriaherosols additions (Herut et al., 2005;) or after real dust depo-
biomass and activity were stimulated by organic additionssition events (Herut et al., 2005; Pulido-Villena et al., 2008).
and differences among experiments were observed. Het- vHNA bacteria, equivalent to the HNA2 group described
erotrophic bacterial metabolic rates (bacterial production ancby Ferrandez et al. (2008) in the NE Atlantic Ocean, ac-
bacterial respiration) responded considerably more than baeounted for a considerable fraction of the total bacterial
terial biomass, likely related to the widely reported strong standing stock when bacterial biomass and bacterial produc-
top-down control (i.e. predation) on microbial populations tion enhancements were registered (Figs. 5b and 6b), an ob-
in these oligotrophic environments (Weisse and Scheffel-servation consistent with the role of vHNA as rapid respon-
Moser, 1991; Zubkov et al., 2000{irgens and Massana, ders, benefiting from high inorganic (N, P) and organic nu-
2008). Bacterial biomass and bacterial production valuegrient concentrations (Jacquet et al., 2002).
measured in this work after nutrient additions are within the Only a few nutrient addition studies have included mi-
range of in situ values reported for the central Atlantic Oceancrobial respiration as response variable. Alonées et
(Zubkov et al., 1998; Mdn et al., 2004; Gasol et al., 2009), al. (2007) found that bacterial respiration in the North At-
which support the adequacy of the chosen concentrations dantic Ocean was generally unaffected by inorganic (nitrate
added nutrients in the experimental design adopted in thisand phosphate) or by organic (glucose and acetate) nutri-
study. ents. By contrast, the observed increases of bacterial and

Bacterial biomass and bacterial production were stimu-community respiration in the present work (1.3 to 12.7-fold)
lated by organic nutrients in all the experiments but only re-are comparable to the increases in respiration associated with
sponded to the mixed addition of inorganic and organic nu-experimental Saharan surface soils additions (Pulido-Villena
trients at 26N (Figs. 5a, ¢ and 6a, c). In the experiment et al., 2008; E. Mari@bdn et al., 2010) with collected-aerosols
performed at 3N, the additional inorganic nutrients sup- additions (Mar&bn et al., 2010) and with natural dust depo-
plied allowed bacteria to utilize more organic matter in the sitions events (Pulido-Villena et al., 2008).
mixed treatment than in the organic treatment. It has been BGE increased after organic additions in all the experi-
demonstrated that inorganic nutrient limitation prevents bac-ments and the magnitude of the increases was higher in the
teria to utilize organic matter and contributes to DOC accu-southern experiments (up to 2.5-fold). The response pat-
mulation in the upper water column (Rivkin and Anderson tern of BGE suggested a more efficient utilization of the

Biogeosciences, 7, 1701#13 2010 www.biogeosciences.net/7/1701/2010/
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Fig. 5. Time course of the mea@\), BB, bacterial biomass (ug C1; (B), vHNA:BB, VHNA: Bacterial Biomass ratio(C), BP, bacterial
production (ug CT1d=1); (D), BR, bacterial respiration estimated from ETS activity in the fractidh8 pm (ug CT1d—1); (E), BGE,
bacterial growth efficiency(F) CR, community respiration estimated from total ETS activity (ug&d—1), in the 5 experiments. Control,

no addition; Inorganic, inorganic addition; Organic, organic addition; Mixed, mixed addition. Note that different scales were used. Error
bars represent the standard error from two replicates; where error bars are not visible, they are smaller than the size of the symbol.

added organic carbon by heterotrophic bacteria (Zweifel efNorland et al. 1995). Actually, the lowest BGE response

al., 1993; Pomeroy et al, 1995; del Giorgio and Cole, 2000)was measured in the organic treatment &t,68uggesting an

in the south than in the north (Fig. 6e), a latitudinal pat- extreme P deficiency at this site. The biogeochemical impli-
tern likely related to the aforementioned higher availability cations of the BGE enhancement estimated for the south At-
of phosphate in the southern stations. A higher P-availabilitylantic would be an increase of the potential carbon export as
would explain a higher bacterial growth efficiency (BGE), a consequence of a higher carbon flow through the microbial
and also a higher accumulation of bacterial biomass (Fig. 6a)food web (Azam et al., 1983; del Giorgio and Cole, 2000;

given the relatively elevated P-content of bacterial biomassDucklow, 2000).
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Fig. 6. Response ratios dfA), total bacterial biomass (B&);
(B), vHNA to Bacterial Biomass ratio (vHNA:BBRR)C), bac-
terial production (BRR); (D), bacterial respiration (BRR); (E),

bacterial growth efficiency (BGER); (F) community respiration
(CRRR), in microcosms amended with inorganic, organic an

ent addition experiments in coastal zones (Joint et al., 2002)
and also with observations obtained after Saharan surface
soils and after collected aerosols addition experiments in
oligotrophic waters (Herut et al., 2005; Reche et al., 2009;
Marahon et al., 2010). These last studies found a glob-
ally higher (up to 8-fold) heterotrophic response compared to
phytoplankton response associated with realistic atmospheric
inputs. Given the observed limited response of bacteria to
our inorganic additions, we speculate that a predominantly
heterotrophic response to atmospheric deposition might be
at least partially explained by inputs of readily available or-
ganic matter. Indeed, several works have shown significant
amounts of dissolved organic nitrogen and carbon associ-
ated with atmospheric deposition (e.g. Cornell et al., 1995;
Pulido-Villena et al., 2008).

Our findings might be relevant in the context of the re-
cently published projections of future matter inputs into the
oceans (Dentener 2006; Duce 2008). Increasing amounts of
organic matter of atmospheric origin are expected to be enter-
ing the open ocean in the next decades. A significant fraction
of this organic matter might be readily available for microbial
utilization (Seitzinger and Sanders, 1999). Our results sug-
gest that the ultimate fate of this organic matter, i.e., the rel-
ative importance of accumulation in the water column, con-
version to potentially exportable microbial biomass or rem-

d ineralization to CQ, will depend on the initial environmental

mixed nutrients, expressed as a ratio of the time-integrated valu@nd biological conditions of the oceanic region where depo-
relative to the time-integrated value in the control microcosms (orSition occurs. Differences between North and South Atlantic
time averaged in the case of standing stocks). Inorganic, inorgani¢nicrobial plankton community responses to the matter inputs
addition; Organic, organic addition; Mixed, mixed addition. Error in this investigation appeared to be related to the latitudinal
bars represent the standard error from two replicates The horizontagradient of P availability. The apparently higher efficiency

line in each graph represents 1 relative to 1 (no change) relative t§f organic matter utilization by bacteria in the South than

control. Note that different scales were used.

5 Heterotrophic vs. autotrophic responses

in the North Atlantic would ultimately result in a compara-
tively higher potential for carbon export to deep waters. On
the other hand, the expected decrease in the photosynthesis
to respiration ratio in the upper tropical and subtropical At-

Bacterioplankton responses when both inorganic and organigy niic associated with organic matter inputs is likely to affect

nutrients were supplied were much higher than phytoplankspe CQ exchange between the ocean and the atmosphere.
ton responses, thus potentially driving the microbial commu-

nity towards heterotrophy. In oligotrophic environments, if Acknowledgementsie thank all the people involved in the project
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