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Abstract

Anthropogenic pressures are changing the magnitude and nature of matter inputs
into the ocean. The Ria de Vigo (NW lberian Peninsula) is a highly productive and
dynamic coastal system, likely affected by such alterations. Previous nutrient-addition
microcosm experiments conducted during contrasting hydrographic conditions
suggested that heterotrophic bacteria appear to be limited by organic carbon (C) and
occasionally co-limited by inorganic nutrients in this coastal area. In order to assess
short-term responses in biomass, production and respiration of heterotrophic bacteria
from the Ria de Vigo to increasing amounts of natural inputs of matter, we conducted 6
microcosm experiments, where surface seawater collected in spring, summer and
autumn was mixed with increasing amounts of dissolved natural matter concentrates
from riverine and atmospheric origin. Simultaneous experiments with controlled
inorganic and/or organic additions indicated that bacteria were co-limited by inorganic
nutrients and C in spring and summer and primarily limited by C in autumn. Production
responded more than biomass to increasing inputs of matter whereas respiration did not
change. The bacterial production response to increasing dissolved organic C load
associated with riverine and atmospheric inputs was strongly related with the relative
phosphorous (P) content of the dissolved matter concentrates. Our data suggest that
bacterial production might decrease with the increase of P-deficient allochthonous
matter inputs, which would have important biogeochemical consequences for C cycling

in coastal areas.
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Introduction

Nutrient inputs to the ocean have increased over the past decades as a result of
human activity (Galloway & Cowling 2002) and are expected to further increase in the
future (Galloway et al. 2004, Duce et al 2008). Atmospheric deposition, surface run-off
and ground-water effluents introduce inorganic and organic nutrients and pollutants
from anthropogenic origin into the coastal ocean (Jickells 1998, Doney 2010, Statham
2012, Jickells et al. 2014). The flux of reactive nitrogen to the coastal oceans through
atmospheric deposition and riverine discharge is expected to increase 10-20% by 2050,
primarily due to the intensification of fertilizer and energy production (Howarth et al.
2012, Moore et al. 2013). Anthropogenic alterations of global biogeochemical cycles
are changing not only the magnitude but also the nature of matter inputs into the ocean.
For instance, the relatively higher increase in anthropogenic carbon (C) and nitrogen
(N) compared to phosphorus (P) inputs appears to result in a global increase of the C:P
and N:P supply ratios to the global biosphere (Pefiuelas et al. 2012, 2013). These altered
nutrient inputs will likely affect microbial plankton dynamics (Grover 2000, Danger et
al. 2007, Hitchcock & Mitrovic 2013) and suggest a global scenario of increasing P
limitation in marine ecosystems (Pefiuelas et al. 2012), where N is known to be
currently the major limiting nutrient (Elser et al. 2007).

When bacteria are not limited by organic C, they are predicted to outcompete
phytoplankton for mineral nutrient uptake (Grover 2000). Many studies indicate that
bacteria are better competitors than phytoplankton for P uptake (Pengerud et al. 1987,
Jansson 1993, Guerrini et al. 1998, Joint et al. 2002, Danger et al. 2007, Vadstein et al.
2012), particularly at very low concentrations (Thingstad et al. 1993). Therefore, the

distinct nutrient requirements and uptake efficiencies of bacteria and phytoplankton, as
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well as the magnitude and composition of allochtonous matter inputs, may determine
the responses of the microbial communities to nutrient enrichment.

The Ria de Vigo is an eutrophic embayment located in the coastal system of the
North-West Iberian Peninsula, characterized by the intermittent upwelling of inorganic
nutrient-rich water (Fraga 1981, Tenore et al. 1995). Water exchange between this
embayment and the adjacent shelf is determined by the balance between river discharge
and on-shelf wind stress (Alvarez-Salgado et al. 2000). Nutrient delivery in this area has
been reported to be in the order of 1500 mg N m™ yr™ (Gago et al. 2005) associated
with riverine discharge, and about 100-250 mg N m™ yr* associated with wet
atmospheric deposition (Rodriguez & Macias 2006). Significant inputs of organic C in
the Ria de Vigo have been also measured associated to riverine (Gago et al. 2005) and
atmospheric (Teira et al. 2013) matter. Previous experimental studies on the effect of
controlled inorganic and organic nutrient additions (Martinez-Garcia et al. 2010) and
natural additions of rainwater (Teira et al. 2013, Martinez-Garcia et al. 2015) on coastal
microbial planktonic communities in this coastal area showed that (1) microbial
plankton responses to nutrient enrichment are highly variable; (2) phytoplankton is
more responsive to natural rainwater additions than heterotrophic bacteria; (3)
heterotrophic bacteria are primarily limited by organic C and occasionally co-limited by
inorganic nutrients.

In the present study we aimed at further investigating the response of microbial
plankton to dissolved natural matter inputs in the Ria de Vigo. The type of inputs
studied included not only atmospheric but also riverine dissolved matter entering
through fluvial discharge, as the latter introduces higher amounts of inorganic and
organic nutrients into this highly productive ecosystem (Gago et al. 2005, Rodriguez &

Macias 2006). In order to improve our predictive capability we conducted three
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experiments using different microbial plankton communities collected under contrasting
hydrographic conditions (spring, summer and autumn) where we evaluated the response
of heterotrophic bacterial biomass, production and respiration to increasing amounts of
matter inputs from riverine and atmospheric sources. As riverine discharge and
atmospheric deposition introduce organic C to the Ria de Vigo, and bacteria are
primarily limited by C in this region, we hypothesize that increasing amounts of riverine
or atmospheric inputs will increasingly stimulate bacterial production, biomass and

respiration in surface waters from the Ria de Vigo.

Methods

Natural seawater for the experiments was taken in the middle sector of the Ria
de Vigo (42°14.09° N, 8°47.18" W) in spring, summer and autumn 2013. Vertical
profiles of water column temperature, salinity and in situ fluorescence down to 25 m
depth were obtained with a SBE 9/11 CTD probe and a Seatech fluorometer attached to
a rosette sampler. Then, sub-surface seawater (3-4 m) was collected in 12 L acid-clean
Niskin bottles and filtered through a 200 pm pore size mesh to remove larger
zooplankton. Subsequently, 4 L UV transparent whirlpak bags were gently filled with 2

L of seawater under dim light conditions.

Preparation of natural concentrates for the addition experiments. River and
rainwater samples and <10 um atmospheric particles were collected and processed to
obtain natural concentrates of the riverine and atmospheric inputs to the Ria de Vigo.
Our aim was to reduce the volume of the original water samples 10-fold without
altering their chemical composition, i.e. trying to avoid the addition or the loss of any

component in the natural samples.
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The River Oitabén-Verdugo was sampled in April, July and October 2013, a
week before the addition experiments. We collected the water samples just upstream of
the freshwater-seawater interface, to ensure that the chemical composition of the river
samples were representative of the riverine water that mixes with the seawater of the
Ria de Vigo. Five liters of each sample were gravity filtered through a pre-washed (with
10 L of ultrapure water) dual-stage (0.8 and 0.2 um) filter cartridge (Pall-Acropak supor
Membrane) and the filtrate was concentrated 10-fold by using rotatory evaporation with
a Buchi R215 evaporator. This concentration was performed under mild conditions
(bath temperature: 25 °C, vacuum: 13 mbar, condenser: acetone/CO;) to avoid breakage
of any organic compound present in the original water samples. Measurements of the
concentration of inorganic (ammonium, nitrite, nitrate and phosphate) and organic
(dissolved organic carbon and nitrogen) substrates confirmed that the samples were
concentrated quantitatively without any significant loss or gain.

A MTX rainwater sampler (model FASO05AB) and a high volume PM10 MCV
PM1025 particle sampler (model CAV-A/MS) were installed at the rooftop of the
Instituto de Investigaciones Marinas (CSIC) to collect samples of wet and dry
deposition to the Ria de Vigo. The MTX sampler was equipped with a humidity sensor
to open the system only when it was raining, allowing the sampling of just the wet
fraction of the atmospheric deposition, the rainwater. Rainwater was collected from four
weeks to one week before the addition experiment. Samples were taken on a daily basis
and frozen immediately after collection. A week before the experiment, the daily
samples were thawed at ambient temperature, mixed in one volume (6 L), and
quantitatively concentrated following the same procedure as for the riverine samples.
Rainwater was collected only for the experiments conducted in April and October 2013

because wet deposition was very scarce the weeks before the July experiments (36 mm
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accumulated from 11 June to 10 July collected in the meteorological station at the Vigo
city hall). The high volume sampler was used to gather atmospheric particles (1-10 pum)
on precombusted (450 °C, 4 h) 140 mm GF/F filters. The particles were collected the
week before the three addition experiments, operating during 48 h at a rate of 30 m® h™.
Then, the water-soluble fraction (WSF) of one eighth of the filter was extracted in 400
mL of the corresponding rainwater concentrate by mechanic stirring during 40 min. For
the case of the July experiment, the WSF was extracted in milli-Q water. These
proportions (1/8 of the filter in 400 mL of water) were decided to obtain 10-fold the
expected concentrations according to previous existing information on the composition
of wet and dry deposition to the Ria de Vigo (Teira et al. 2013, Martinez-Garcia et al.
2015). Final mixed extracts were filtered through precombusted (450 °C, 4 h) 47 mm
diameter Whatman GF/F filters in an acid-cleaned glass filtration system, under low N,
flow pressure, to be chemically characterized and used in the experiments as
atmospheric concentrate. As for the riverine concentrates, quantitative concentration
was observed except for the silicate since the reduction of the rainwater volume was
carried out in a glass rotary evaporator and the atmospheric particles were collected

onto a glass fibber filter.

Natural and controlled addition experiments. Increasing aliquots of riverine
and atmospheric concentrates were added to surface seawater collected in the middle
Ria de Vigo in spring, summer and autumn 2013. The concentrates were supplemented
in proportions ranging from 1% (0.1% concentrate: 0.9% ultrapure water: 99%
seawater) to 10% (1% concentrate: 99% seawater) of the original (previous to
concentration) riverine and atmospheric materials ensuring that the final salinity of the

samples was kept constant independently of the amount of extract added. Seawater was
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mixed with 1%, 2.5%, 4%, 5%, 7.5% and 10% of natural matter from riverine (riverine
discharge) and atmospheric (dry and wet deposition) origin. A control treatment (no
addition) was included for each type of input. Three replicates were included for the
control, 1%, 5% and 10% treatments, and one replicate for the 2.5%, 4% and 7.5%
treatments.

With this procedure we aimed to test the impact of natural additions of riverine
and atmospheric materials over a wide range of realistic concentrations. To calculate the
current average riverine and atmospheric inputs to the Ria de Vigo we have considered
the average river flow of the River Oitabén-Verdugo, 17 m® s (Gago et al. 2005) and
the average precipitation to the Ria de Vigo, 7.7 mm d™*. Considering that the surface
area of the ria is 174 km? a mean surface mixing layer of 2 m and an average flushing
time of this layer of 5 days, it results that the surface mixing layer of the ria contains
about 2% of riverine water and 2% of rainwater. Therefore, the additions up to 10%
would serve as a test for the response of the Ria de Vigo to future global change
scenarios in which human activities increase the quantity without modifying the quality
of riverine and atmospheric substrates.

Controlled nutrient addition experiments were also conducted in order to
describe the limiting nutrient for bacterial growth during each sampled season. We used
the same controlled nutrient addition treatments as in Martinez-Garcia et al. (2010): (1)
No addition treatment; (2) Inorganic nutrient treatment: 5 pmol L™ nitrate (NOs), 5
umol L™ ammonium (NH4") and 1 pmol L™ phosphate (HPO4*); (3) Organic nutrient
treatment: 5 pmol L™ glucose and 5 pmol L™ equimolar mix of 18 aminoacids (all the
protein amino acids except cysteine and tyrosine); and (4) Mixed treatment: Inorganic
and organic nutrient treatments. Three replicates were included for each treatment. All

the experimental bags were incubated for 48 h under natural irradiance and temperature
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conditions. Bacterial biomass, production and respiration were measured at time zero
and after 48 h incubations. In the nutrient controlled experiments only biomass and

production were measured after 48 h.

Inorganic and organic nutrients. Aliquots for inorganic nutrients
determination (ammonium, nitrite, nitrate and phosphate) were collected in 50 mL
polyethylene bottles and frozen at —20 °C until analysis by standard colorimetric
methods with an Alliance Futura segmented flow analyzer (Hansen and Grasshoff
1983). Water for the analysis of dissolved organic carbon (DOC) and total dissolved
nitrogen (TDN) was filtered through 0.2 um filters (Pall, Supor membrane Disc Filter)
in an all-glass filtration system under positive pressure of N, and collected into pre-
combusted (450 °C, 12 h) 10 mL glass ampoules acidified with H3PO4 to pH < 2.
Samples were measured with a Shimadzu TOC-V total organic carbon analyzer fitted
with a Shimadzu TNM-1 total nitrogen measurement unit. Dissolved organic nitrogen

(DON) was obtained by subtracting ammonium + nitrite + nitrate from TDN.

Dissolved organic matter (DOM) fluorescence. The fluorescence of dissolved
protein-like (FDOM~) and humic-like substances (FDOMa) was also determined on the
concentrates. Measurements were performed in a Perkin Elmer LS 55 luminescence
spectrometer at two fixed pairs of excitation/emission wavelengths: 280/350 nm for
FDOM+ and 250/435 nm for FDOMa (Coble 1996). Calibration was done using a
mixed standard of quinine sulfate and tryptophan in 0.1 N sulphuric acid following
Nieto-Cid et al (2006) to convert fluorescence units to normalized fluorescence intensity

units (NFIU).



217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

Bacterial biomass. The abundance of heterotrophic bacteria was determined
with a BD FACSCalibur flow cytometer equipped with a laser emitting at 488 nm.
Picoplankton samples (1.8 mL) were preserved with 1% paraformaldehyde + 0.05%
glutaraldehyde and frozen at —80 °C until analysis. Prior to analysis, heterotrophic
bacteria were stained with 2.5 mM SybrGreen DNA fluorochrome. The empirical
calibrations between side scatter and mean cell diameter described in Calvo-Diaz &
Moran (2006) were used to estimate biovolume (BV) of heterotrophic bacteria. BV was
finally converted into biomass by using the allometric relationship of Norland (1993):

fg C cell™ = 120 x BV*"2,

Heterotrophic Bacterial Production. The [*H]leucine incorporation method
(Kirchman et al. 1985), modified as described by Smith & Azam (1992), was used to
determine leucine (Leu) incorporation rates . Leucine was added at 40 nM final
concentration. Samples were incubated for 1 h simulating in situ temperature conditions
in a dark incubation chamber. We used the empirical leucine to carbon conversion

derived by Martinez-Garcia et al. (2010) (2.6 + 1.1 kg C mol Leu™).

Bacterial Respiration. INT ((iodo-phenyl)-3(nitrophenyl)-5(phenyl)
tetrazolium chloride) reduction rate was used as estimator of bacterial respiration. Size-
fractionated in vivo INT reduction rates were measured as described in Martinez-Garcia
et al. (2009). Four 100 mL dark bottles were filled from each microcosm bottle. One
bottle was immediately fixed by adding formaldehyde (2% w/v final concentration) and
used as killed-control. Fifteen minutes later, all the replicates were inoculated with a
sterile solution of 7.9 mM INT to a final concentration of 0.2 mM. Samples were

incubated at the same temperature as the microcosm bottles in dark conditions during 1

10
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h. After incubation, samples were filtered sequentially through 0.8 and 0.2-um pore size
polycarbonate filters, which were stored at —20 °C in 1.5 mL cryovials until further
processing. The formed insoluble formazan crystals (INT-F) were extracted from the
filters by adding 1 mL of propanol and sonicating for 20-30 minutes in 50 °C water
using an ultrasonic bath. One mL of the propanol extract containing the INT-F was
transferred to 1.5 mL microfuge vials and then centrifuged at 13200 x g during 10
minutes at 18 °C. The absorbance at 485 nm was then measured using a
spectrophotometer (Beckman model DU640). Bacterial respiration was operationally
defined as INT reduction rates in the <0.8 um size fraction (Robinson 2008). In order to
transform INT reduction rates into carbon respiration an R/ETS ratio of 12.8 (Martinez-
Garcia et al 2009) and a respiratory quotient (RQ) of 0.8 (Williams and del Giorgio

2005) were used.

Chlorophyll a (Chl a) concentration. Chl a concentrations were measured in
100 mL water samples which were filtered through 0.2 um polycarbonate filters. The
filters were immediately frozen at —20 °C until pigment extraction in 90% acetone at 4
°C overnight in the dark. Chl a concentrations were determined, with a 10-AU Turner

Designs fluorometer calibrated with pure Chl a.

Primary production. Five 75 mL Corning tissue flasks (3 light and 2 dark)
were filled with seawater and spiked with 185 kBq (5 puCi) NaH*COs. Samples were
incubated for 2 h in a temperature-controlled incubation chamber illuminated with cool

white light from fluorescent tubes providing an average PAR of 240 pE m™? s™*. After

the incubation period, samples were filtered through 0.2 um polycarbonate filters at

11
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very low vacuum (<50 mm Hg). Filters were exposed to HCI fumes for 24 h to remove

unincorporated inorganic **C and radioassayed.

Results

Initial conditions and chemical composition of natural inputs

Initial conditions for each experiment are summarized in Table 1. Different
hydrographic conditions were found during each survey. In spring (May 2013), high
dissolved inorganic N (DIN= nitrate + nitrite + ammonium) and Chl a concentrations
occurred while in autumn (October 2013) lower Chl a concentration were observed
regardless of higher nutrient concentrations. In the summer experiment (July 2013)
inorganic nutrient and Chl a concentrations were the lowest. Primary production rates
were the highest in spring and lower values were measured in summer and autumn
(Table 1). Bacterial biomass was lower in summer than in spring and autumn, whereas
bacterial production and respiration rates did not notably varied among seasons (Table
1).The chemical composition of riverine and atmospheric (wet and dry) matter inputs
collected during the three studied seasons showed a high temporal variability (Table 2).
In general, riverine water collected in October 2013 contained higher DIN, phosphate
and DOC than that collected in spring and summer (Table 2). On the other hand,
atmospheric inputs in May 2013 contained higher DIN and DON but lower DOC
concentrations than that collected in autumn. Atmospheric deposition in summer
contained relatively low N concentrations (Table 2). Higher DOC and DON
concentrations and lower DOC:DIN ratios (except in spring) were measured in riverine
water compared to atmospheric inputs (Table 2). The relative contribution of nitrate to
total DIN was, on average, significantly higher in riverine (98%) than in atmospheric

(58%) inputs (t-test, p < 0.001). DON accounted on average 20% of total dissolved

12
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nitrogen (Table 2) both in riverine and atmospheric inputs. Phosphate concentration was
relatively low in both atmospheric and riverine inputs resulting in P:DIN ratios largely
below the Redfield values (0.0625) (Table 2). Considering that in general protein-like
substances are labile and humic-like compounds are recalcitrant, the ratio
FDOM<{/FDOMa, can be used as a proxy for DOM bioavailability. The mean value of
this ratio in the DOM concentrates was significantly higher for atmospheric (7.4 £ 2.5)
than for riverine (3.3 = 0.7) inputs (t-test, p = 0.05) (Table 2). We also confirmed that
the annual average nutrient concentrations of riverine and atmospheric inputs (mean
value + standard deviation of the three different seasons) extrapolated from the
concentrates were within the limits of previous reported values obtained in this area
(Table 2), except for the riverine nitrate, which is very unpredictable and variable.

Bacterial response to controlled nutrient additions

The response of heterotrophic bacteria to controlled nutrient additions differed
among experiments. Enhanced bacterial production relative to the control (up 34-fold)
was observed after mixed additions in the 3 experiments and also after organic addition
in autumn (Fig. 1A). Bacterial biomass significantly increased after mixed addition (5 to
13-fold) and to a lesser extent after organic addition (3.8 to 6-fold) in the three
experiments (Fig. 1B). Neither biomass nor production responded to inorganic addition
alone (Fig. 1A, 1B).

Response of bacterial biomass and production to natural matter additions

In order to describe changes in biomass and production associated to increasing
amounts of riverine or atmospheric inputs we represented the response, calculated as the
ratio between the mean value in the treatment and the corresponding mean value in the
control, versus the amount of DOC load associated to the different treatments (Fig. 2,

3). In spring, the bacterial biomass response significantly decreased with increasing
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amounts of DOC associated to the riverine inputs (Fig. 2A), but did not change with
increasing DOC load associated to atmospheric inputs (Fig. 2B). In summer, the
biomass response did not change with increasing DOC load from riverine inputs (Fig.
2C), but was positively related to the total DOC load associated to atmospheric inputs
(Fig. 2D), which explained 46% of the observed variability. Mean (= SE) biomass
response was 1.06 + 0.02-fold, ranging from 0.76-fold, for atmospheric inputs in spring,
to 1.29-fold for riverine inputs in summer.

Bacterial production showed a different pattern of response. The production
response associated to increasing amounts of riverine inputs significantly decreased in
spring and summer (Fig. 3A, 3C), explaining 34-36% of the variability. By contrast,
production significantly increased with increasing DOC load associated to atmospheric
inputs in summer and autumn, explaining 37-52% of the observed variability. The
ordinate intercepts of the significant regressions did not significantly differed from 1 (t-
test, p>0.05). Mean production response was 1.28 + 0.05-fold, ranging from 0.76- to
1.97-fold, for riverine inputs in summer, and was significantly higher than the mean
biomass response (t-test, p < 0.001). Mean production response was significantly higher
for atmospheric (1.37 = 0.07-fold) than for riverine inputs (1.19 + 0.07-fold) (t-test, p =
0.039).

The slopes of the regressions between the production response (i.e., the
production response rates) and the DOC load (a zero value was assigned for the
atmospheric inputs in spring and the riverine inputs in autumn) were significantly
correlated with the P:DIN ratio of the inputs (r = 0.87, p = 0.025, n = 6). The P:DIN
ratio of the inputs explained 75% of the response rate variability (Fig. 4).

We did not find any significant response in bacterial respiration to increasing

matter additions for in any of the 6 experiments (data not shown).

14



341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

Bacterial response compared to phytoplankton response

In order to interpret the response of bacteria to the different natural matter
additions within the context of the microbial food web, we compared the response of
bacterial production to that of primary production (Fig. 5). A detailed description of
phytoplankton responses is described elsewhere (Fernandez et al, in prep). Overall, the
mean bacterial production response was significantly lower (0.83-fold) than primary
production response for riverine inputs (t-test, p = 0.044) while no significant
differences were observed for atmospheric inputs. The bacterial to primary production
response decreased as the % of riverine addition increased in spring and summer (Fig.

5B), although the observed trend was not significant.

Discussion

The impact of natural matter inputs of riverine or atmospheric origin promoted
variable responses of heterotrophic bacteria depending on the initial physico-chemical
and ecological conditions of the water samples and the chemical composition of the
inputs.

Overall, the mean production response was higher than the mean biomass
response, as previously observed for natural rainwater additions (Teira et al. 2013),
natural dust additions (Bonnet et al. 2005, Marafidn et al. 2010) and controlled additions
(Mills et al. 2008, Martinez-Garcia et al. 2010), which is likely associated to top-down
processes (i.e. predation) (Zubkov et al. 2000) which prevent bacterial biomass
accumulation regardless of increments in bacterial production (Jirguens & Massana
2008). Discrepancies between biomass and production responses may also result from a
lag period between changes in production and biomass due to the heterogeneity of

population growth rates; if only a fraction of the total bacterial assemblage is growing
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or actively incorporating leucine, production rates will increase faster than the total
biomass because the cells are “diluted” by the inactive or non-growing fraction
(Ducklow 2000). Previous studies in the same region showed that the effect of
controlled dissolved matter addition on bacterial production and biomass was most
apparent 24 h and 48 h after the amendments, respectively (Martinez-Garcia et al.
2010). Nevertheless, due to the great number of replicates and different treatments in
the present study (i.e a total of 42 experimental units per experiment) we chose to
sample only after 48 h in order to capture the response of phytoplankton which typically
occur after 48-72 h (Martinez-Garcia et al. 2010, 2015).

Overall, respiration did not significantly change with increasing nutrient loads in
agreement with previous experimental rainwater additions in the same sampling site

(Teira et al. 2013).

Bacterial production response to atmospheric and riverine natural inputs

The production response rate, estimated as the slope of the linear regression
between production response and DOC-load, varied from -0.10 to 0.14 uM DOC™
(Figures 3, 4) across the six experiments. As the ordinate intercepts did not significantly
differ from 1, a response rate of 0.14 implies that the production will increase 14% per
each uM of DOC-load increment. Even though production response rates were negative
for riverine and positive for atmospheric additions, both types of inputs had the greatest
effect on production when initial DIN concentrations were the lowest (summer) (Fig. 3,
Table 1), as shown before in rainfall addition experiments (Zou et al. 2000, Teira et al.
2013). As previously observed in the sampling area (Martinez-Garcia et al. 2010), the
response of bacteria to controlled nutrient amendment experiments indicate that bacteria

were primarily limited by organic carbon during the three experiments as neither
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biomass nor production responded to the addition of inorganic nutrients alone (Fig. 1A,
1B).

Since bacteria in our system are primarily limited by organic C, a higher
production would be expected associated to increasing DOC-load. However, such
response pattern was only observed in summer and autumn for the atmospheric inputs
(Fig. 3D, 3F). A lower response of bacterial production associated to riverine compared
to atmospheric inputs could be expected due to differences in DOM bioavailability.
Previous studies indicate that riverine DOM is largely refractory (Sendergaard &
Middelboe 1995, Moran et al. 1999) compared to rainwater DOM (Avery et al. 2003).
The significantly higher FDOM<{/FDOM, ratio (used as a proxy for DOM
bioavailability) of atmospheric inputs compared to those of riverine inputs (Table 2)
suggest a higher availability of atmospheric than riverine DOC, however the
FDOM<{/FDOM, ratio did not significantly explain the variability observed in the
response rates.

Bacterial response to the additions might be also constrained by the mineral
components of the inputs. Particularly, the lack of bacterial production response to our
controlled organic additions, containing C and N but not P (Figure 1A), strongly
suggests a P deficiency for bacterial growth in spring and summer, as previously
observed on certain occasions in the sampling area (Martinez-Garcia et al. 2010).
Despite the response rate was not correlated with the phosphorous load, the strong and
significant relationship observed between the response rate and the P:DIN ratio of the
inputs (Fig. 4), suggest that the balance between inorganic P and N forms largely
regulate the response of bacteria to riverine and atmospheric nutrient fluxes.
Furthermore, the intriguing negative bacterial production response rate associated with

riverine matter inputs observed in spring and summer (Fig. 3A, 3C), suggests that
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bacteria may be competing with phytoplankton for inorganic nutrients. The higher
response of primary production compared to bacterial production after riverine inputs,
particularly in spring and summer (Fig 5), partially support this possibility.

Considering that bacteria typically have lower C:N and C:P ratios than primary
producers (Chrzanowski et al. 1996, Cotner et al. 2000, Cotner & Biddanda 2002,
Vrede et al. 2002, Carlsson et al. 2012), they may exhibit high inorganic nutrient
demands and, thus, directly compete with phytoplankton for the uptake of mineral N
and P. Bacteria, due to their smaller size, are expected to outcompete phytoplankton for
the uptake of limiting inorganic nutrients (Thingstad et al. 1993, Cotner & Biddanda
2002, Joint et al. 2002). In accordance to this, bacterial production response relative to
phytoplankton production response to dust inputs has been shown to increase as the
degree of oligotrophy increases in the Atlantic Ocean (Marafion et al. 2010), likely due
to the superior ability of bacteria to take up inorganic nutrients at very low
concentrations. We also observed that the production response of bacteria relative to
that of phytoplankton after the natural matter inputs is higher for treatments with low
percentage of addition (Fig. 5B).

Even though the competitive advantage of bacteria over phytoplankton has been
seen to hold for dissolved inorganic P uptake (Pengerud et al. 1987, Jansson 1993,
Guerrini et al. 1998, Joint et al. 2002), there are no equally clear evidences for bacteria
as better competitors than phytoplankton for DIN (Danger et al. 2007, Vadstein et al.
2012). Although heterotrophic bacteria significantly contribute to both ammonium and
nitrate uptake (Kirchman and Wheeler 1998, Zehr & Ward 2002, Fouilland et al. 2007),
they are not expected to outcompete phytoplankton for nitrate due to the higher
energetic cost associated to nitrate uptake compared to ammonium or dissolved organic

nitrogen (Vallino et al. 1996, Joint et al. 2002). Likewise, contrary to phytoplankton,
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bacteria appear to be more commonly limited by P than by N in marine ecosystems
(Cotner et al. 1997, Church 2008, Zohary et al. 2005, Carlsson et al. 2012, Vadstein et
al. 2012), as it has been also suggested in our sampling area (Martinez-Garcia et al.
2010). If bacteria are secondarily limited by inorganic P rather than by inorganic N, and
phytoplankton primarily limited by DIN, the negative bacterial production response rate
observed for riverine inputs in spring and summer (Fig. 3A, 3C), when P supply is
extremely low relative to DIN (Table 2, Fig. 4), suggests that the bacterial response
might be modulated by the phytoplankton response, which seems to profit from the
large nitrate concentration associated to the riverine inputs (Table 2, Fig. 5). A very low
P supply associated to riverine inputs have been previously reported elsewhere (Labry et
al. 2001).

The hypothesis of a P-mediated bacterial response to natural matter inputs in the
Ria de Vigo is further supported by controlled nutrient addition experiments conducted
by our research group in the same sampling site. When pooling all the available data
from such experiments, including the present and two previous studies (Martinez-Garcia
et al. 2010, Prieto et al. 2015) we found a significant and positive correlation between
the production response to organic additions (containing C and N but not P) and the
ambient phosphate concentration in the Ria de Vigo (> = 0.75, p = 0.011, n = 7; data
not shown).

In conclusion, we have shown that bacterial production response to increasing
DOC-load associated with atmospheric and riverine additions largely depends on the
P:DIN ratio of the inputs. Negative production response rates are associated to riverine
inputs that show extremely low P:DIN ratios, probably due to phytoplankton
outcompeting bacteria for P uptake when nitrate concentration is high. In a future global

change scenario, where both the riverine and atmospheric nutrient fluxes are expected to
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increase and their associated relative P content is expected to decrease as a consequence
of anthropogenic activities (Galloway et al. 2004, Pefiuelas et al. 2013), autotrophic
production would likely benefit more than heterotrophic bacterial production.
Moreover, the limited response of bacteria to increasing P-limited inputs to coastal
waters may have further implications for ocean C cycling as the unused allochthonous
DOC might be eventually transported to open ocean waters where it could be utilized by

bacteria or exported to the ocean interior.

Acknowledgements

We thank all the people involved in the project REIMAGE who helped with the
preparation and sampling of the experiments and the analytical work. We thank
Estacion de Ciencias Marifias de Toralla (ECIMAT) for the technical support during the
experiments as well as the crew of the R/V Mytilus for their help during the work at sea.
This research was supported by the Spanish Ministry of Science and Innovation through
project REIMAGE (grants CTMZ2011-30155-C03-01 and CTMZ2011-30155-C03-02)
and by the Xunta the Galicia trough project DIMENSION (grant EM2013/023). E. B-L
was funded by a F.P.l. MICINN fellowship. M.N.-C. was funded by the CSIC Program
"Junta para la Ampliacion de Estudios™ co-financed by the ESF. S.M.G. was funded by

a Marie Curie fellowship.

20



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

References

Alvarez-Salgado XA, Gago J, Miguez BM, Gilcoto M, Pérez FF (2000) Surface
waters of the NW Iberian margin: Upwelling on the shelf versus outwelling of upwelled
waters from the Rias Baixas. Estuar Coast and Shelf Sci 51(6): 821-837

Avery GB, Willey JD, Kieber RJ, Shank GC, Whitehead RF (2003) Flux and
bioavailability of Cape fear River and rainwater dissolved organic carbon to Long Bay,
southeastern United States. Global Biogeochem Cycles 17: article number 1042

Bonnet S, Guieu C, Chiaverini J, Ras J, Stock A (2005) Effect of atmospheric
nutrients on the autotrophic communities in a low nutrient, low chlorophyll system.
Limnol Oceanogr 50: 1810-1819

Calvo-Diaz A, Moran XAG (2006) Seasonal dynamics of picoplankton in shelf
waters of the southern Bay of Biscay. Aquat Microb Ecol 42: 159-174

Carlsson P, Granéli E, Granéli W, Gonzales Rodriguez E, Fernandes de
Carvalho W, Brutemark A, Lindehoff E (2012) Bacterial and phytoplankton nutrient
limitation in tropical marine waters, and a coastal lake in Brazil. J Exp Mar Biol Ecol
418-149: 37-45

Charzanowski TH, Kyle M, Elser JJ, Sterner RW (1996) Element ratios and
growth dynamics of bacteria in an oligotrophic Canadian shield lake. Aquat Microb
Ecol 11: 119-125

Coble PG (1996) Characterization of marine and terrestrial DOM in seawater
using excitation-emission matrix spectroscopy. Marine Chem 51, 325-346

Cotner JB, Ammerman JW, Peele ER, Bentzen E (1997) Phosphorous-limited
bacterioplankton growth in the Sargasso Sea. Aquat Microb Ecol 13: 141-149

Cotner JB, Sada RH, Bootsma H, Johengen T, Cavaletto JF, Gardner WS (2000)

Nutrient limitation of heterotrophic bacteria in Florida Bay. Estuaries 23: 611-620

21



511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

Cotner JB, Bidanda BA (2002) Small players, large role: microbial influence on
biogeochemical processes in pelagic aquatic ecosystems. Ecosystems 5: 105-121

Danger M, Leflaive J, Oumarou C, Ten-Hage L, Lacroix G (2007) Control of
phytoplankton-bacteria interactions by stoichiometric constraints. Oikos 116: 1079-
1086

Doney SC (2010) The growing human footprint on coastal and open-ocean
biogeochemistry. Science 328: 1512-1516

Duce RA, LaRoche J, Altieri K, Arrigo KR and others (2008) Impacts of
atmospheric anthropogenic nitrogen on the open ocean. Science 320:893-897

Ducklow HW (2000) Bacterial production and biomass in the oceans. In:
Microbial Ecology of theOceans (1st edition). Edited by Kirchman D.L., pp: 85-120.
Wiley-Liss, New York

Elser JJ, Bracken MES, Cleland EE, Gruner DS, Harpole WS, Hillebrand H,
Ngau JT, Seablomm EW, Shurin JB, Smith JE (2007) Global analysis of nitrogen and
phosphorous limitation of primary producers in freshwater, marine and terrestrial
ecosystems. Ecol Lett 10: 1135-1142

Fraga F (1981) Upwelling off the Galician coast, Northwest Spain in Coastal
Upwelling. Coast and Estuar Sci, Vol. 1, FA Richards, ed, AGU, Washington, DC, 176-
182

Fouilland E, Gosselin M, Rivkin RB, Vasseur C, Mostajir B (2007) Nitrogen
uptake by heterotrophic bacteria and phytoplankton in Arctic surface waters. J Plankton
Res 29: 369-376

Gago J, Alvarez-Salgado XA, Nieto-Cid M, Brea S, Piedracoba S (2005)
Continental inputs of C, N, P and Si species to the Ria de Vigo (NW Spain). Estuar,

Coastal and Shelf Sci65(1): 74-82

22



536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

Galloway JN, Cowling B (2002) Reactive Nitrogen and The World: 200 Years
of Change. Ambio 31 (2): 64-71

Galloway JN, Dentener FJ, Capone DG, and other 12 (2004) Nitrogen cycles:
past, present, and future. Biogeochem 70: 153-226

Grover JP (2000) Resource competition and community structure in aquatic
microorganisms: experimental studies of algae and bacteria along a gradient of organic
carbon to inorganic phosphorus supply. J Plankton Res 22: 1591-1610

Guerrini F, Mazotti A, Boni L, Pistocchi R (1998) Bacterial-algal interactions in
polysaccharide production. Aquat Microb Ecol 15: 247-253

Hansen HP, Grasshoff K (1983) Automated chemical analysis. In: Grasshoff, K.,
Ehrhardt, M., Kermling, K. (ed), Methods of seawater analysis (2nd edition). Verlag
Chemie, Wheinheim, p 347-395

Havskum H, Thingstad TF, Scharek R, Peters F, Berdalet E, Sala MM et al
(2003) Silicate and labile DOC interfere in structuring the microbial food web via algal-
bacterial competition for mineral nutrients: results from a mesocosm experiment.
Limnol Oceanogr 48: 129-140

Hitchcock JN, Mitrovic SM (2013) Different resource limitation by carbon,
nitrogen and phosphorus between base flow and high flow conditions for estuarine
bacteria and phytoplankton. Est Coast and Shelf Sci 135: 10-115

Howarth R, Swaney D, Billen G, Garnier J, Hong B, Humborg C, Johnes P,
Morth C-M, Marino R (2012) Nitrogen fluxes from the landscape are controlled by net
anthropogenic nitrogen inputs and climate change. Front Ecol Environ 10: 37-43

Jansson M (1993) Uptake, exchange and excretion of orthophosphate in
phosphate-starved Scenedesmus quadricauda and Pseudomonas K7. Limnol Oceanogr

38: 1162-1178.

23



561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

Jickells TD, 1998. Nutrient biogeochemistry of the coastal zone. Science 281:
217-222.

Jickells TD, Andrews JE, PArkes DJ, Suratman S, Aziz AA, Hee YY (2014)
Nutrient transport through estuaries: the importance of the estuarine geography. Est
Coast and Shelf Sci 150: 215-229

Joint I, Henriksen P, Fonnes GA, Bourne D, Thingstad TF, Riemann B (2002)
Comepetition for inorganic nutrients between phytoplankton and bacterioplankton in
nutrient manipulated mesocosms. Aquat Microb Ecol 29: 145-159

Jurgens, K and Massana, R (2008) Protistan grazing on marine bacterioplankton,
in: Microbial Ecology of the Oceans (2nd edition), edited .by: Kirchman, D L, Wiley-
Liss, New York, 383-441.

Kirchman DL, Knees E, Hodson R (1985) Leucine incorporation and its
potential as a measure of protein synthesis by bacteria in natural aquatic systems. Appl
Environ Microbiol 49: 599-607

Kirchman DL and Wheeler PA (1998) Uptake of ammonium and nitrate by
heterotrophic bacteria and phytoplankton in the sub-Arctic Pacific. Deep-Sea Res | 45:
347-365

Labry C, Herbland A, Delmas D (2001) The role of phosphorus on planktonic
production of the Gironde plume waters in the Bay of Biscay. J Plankton Res 24: 97-
117

Marafion E, Fernandez A , Mourifio-Carballido B, Martinez-Garcia S, Teira E et
al (2010) Degree of oligotrophy controls the response of microbial plankton to Saharan

dust. Limnol Oceanogr 55: 2339-2352

24



584

585

586

587

588

589

590

5901

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

Martinez-Garcia S, Fernandez E, Aranguren-Gassis M, Teira E (2009) In vivo
electron transport system activity: a method to estimate respiration in marine microbial
planktonic communities. Limnol Oceanogr Methods 7, 459-469

Martinez-Garcia S, Fernandez E, Alvarez-Salgado XA, Gonzélez J, Lgnborg C,
Marafion E, Moran XAG, Teira E (2010). Differential responses of phytoplankton and
heterotrophic bacteria to organic and inorganic nutrient additions in coastal waters off
the NW Iberian Peninsula. Mar Ecol Prog Ser 416, 17-33

Martinez-Garcia S, Arbones B, Garcia-Martin EE, Teixeira IG, Serret P,
Fernandez E, Figueiras FG, Teira E, Alvarez-Salgado XA (2015) Impact of atmospheric
deposition on the metabolism of coastal microbial communities. Est Coast Shelf Sci
153: 18-28

Mills MM, Moore CM, Langlois R, Milne A, Achterberg E, Nachtigall K,
Lochte K, Geider RJ, La Roche J (2008) Nitrogen and phosphorus co-limitation of
bacterial productivity and growth in the oligotrophic subtropical North Atlantic. Limnol
Oceanogr 53: 824-834

Moore CM, M. M. Mills, K. R. Arrigo, I. Berman-Frank, L. Bopp, P. W. Boyd,
E. D. and other 17 (2013) Processes and patterns of oceanic nutrient limitation. Nature
Geoscience 6: 701-710

Moran MA, Sheldon Jr WM, Sheldon JE (1999) Biodegradation of riverine
dissolved organic carbon in five estuaries of the southeastern United States. Estuaries
22: 55-64

Nieto-Cid M, Alvarez-Salgado XA, Perez FF (2006) Microbial and
photochemical reactivity of fluorescent dissolved organic matter in a coastal upwelling

system. Limnol Oceanogr 51:1381-1390

25



608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

Nogueira E, Pérez FF, Rios AF (1997) Seasonal Patterns and Long-term Trends
in an Estuarine Ecosystem (Ria de Vigo, NW Spain). Estuar and Coast Shelf Sci 44,
285-300

Norland S (1993) The relationship between biomass and volume of bacteria In:
Kemp PF, Sherr BF, Sherr EB, Cole JJ (ed) Handboook of methods in aquatic microbial
ecology. Lewis Publishers, Boca Raton, FL, pp 303-307

Pengerud B, Skjoldal EF, Thingstad TF (1987) The reciprocal interaction
between degradation of glucose and ecosystem structure. Studies in mixed chemostat
cultures of marine bacteria, algae and bactivorous nanoflagellates. Mar Ecol Prog Ser
25:111-117

Pefiuelas J, Sardans J, Rivas-Ubach A, Janssens IA (2012) The human-induced
imbalance between C, N and P in Earth’s life system. Global Change Biol 18: 3-6

Pefiuelas J, Poulter B, Sardans J, Ciais P, van der Velde M and other 9 (2013)
Human-induced nitrogen—phosphorus imbalances alter natural and managed ecosystems
across the globe. Nature Communications 4, Article number: 2934

Prieto A, Barber-Lluch E, Hernandez-Ruiz M, Martinez-Garcia S, Fernandez E,
Teira E (2015) Assessing the role of phytoplankton-bacterioplankton coupling in the
response of microbial plankton to nutrient additions (submitted to J Plankton Res)

Robinson C (2008) Heterotrophic bacterial respiration In Kirchman DL (ed)
Microbial ecology of the oceans (2nd edition). Wiley-Liss, New York, pp 299-336.

Rodriguez L, Macias F (2006) Eutrophication trends in forest soils in Galicia
(NW Spain) caused by the atmospheric deposition of nitrogen compounds.

Chemosphere 63, 1598-1609

26



631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

Smith DC, Azam F (1992) A simple, economical method for measuring bacterial
protein synthesis rates in seawater using 3H-leucine. Mar Microb Food Webs 6: 107-
114

Sendergaard M, Middelboe A (1995) A cross-system analysis of labile dissolved
organic carbon. Mar Ecol Prog Ser 118: 283-294

Statham PJ (2012) Nutrients in estuaries-An overview and the potential impacts
of climate change. Science of the Total Environment 434: 213-227

Teira E, Hernando-Morales V, Martinez-Garcia S, Figueiras FG, Arbones B,
Alvarez-Salgado XA (2013) Response of bacterial community structure and function to
experimental rainwater additions in a coastal eutrophic embayment. Estuar Coast and
Shelf Sci 119, 44-53

Tenore KR, Alonso-Noval M, Alvarez-Ossorio M and other 16 (1995) Fisheries
and oceanography off Galicia, NW Spain (FOG): Mesoscale spatial and temporal
changes in physical processes and resultant patterns in biological productivity. J
Geophys Res 100 (C6): 10943-10966

Thingstad TF, Skjoldal EF, Bohne RA (1993) Phosphorus cycling and algal-
bacterial competition in Sandsfjord, western Norway. Mar Ecol Prog Ser 99: 239-259

Thingstad TF, @vreas L, Egge JK, Lovdal T, Heldal M (2005) Use of non-

limiting substrates to increase size; a generic strategy to simultaneously optimize uptake
and minimize predation in pelagic osmotrophs? Ecol Lett 8: 675-682

Vadstein O, Andersen T, Reinertsen HR, Olsen Y (2012) Carbon, nitrogen and
phosphorus resource supply and utilization for coastal planktonic heterotrophic bacteria

in a gradient of nutrient loading. Mar Ecol Prog Ser 447: 55-75

27



654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

Vallino JJ, Hokinson CS, Hobbie JE (1996) Modeling bacterial utilization of
dissolved organic matter: optimization replaces Monod growth Kinetics. Limnol
Oceanogr 41: 1591-1609

Vrede K, Heldal M, Norland S, Bratbak G (2002) Elemental composition (C, N,
P) and cell volume of exponentially growing and nutrient-limited bacterioplankton.
Appl Environ Microbiol 68: 2965-2971

Williams PJ le B, del Giorgio PA (2005) Respiration in aquatic ecosystems:
history and background In: del Giorgio PA, Williams PJ le B (ed), Respiration in
aquatic ecosystems, Oxford University Press, London, p 1-18

Zehr JP, Ward BB (2002) Nitrogen cycling in the ocean: new perspectives on
processes and paradigms. Appl Environ Microbiol 68: 1015-1024

Zohary T, Herut B, Krom MD, Mantoura RFC, Pitta P, Psarra S,
Rassoulzadegan F, Stambler N, Tanaka T, Thingstad F, Woodward EMS (2005) P-
limited bacteria but N and P co-limited phytoplankton in the Eastern Mediterranean- a
microcosm experiment. Deep Sea Res 11 52: 3011-3023

Zou L, Chen HT, Zhang J (2000) Experimental examination of the effects of
atmospheric wet deposition on primary production in the Yellow Sea. Journal of
Experimental Marine Biology and Ecology 259: 111-121

Zubkov MV, Sleigh MA, Burkill PH, Leakey RJG (2000) Bacterial growth and

grazing loss in contrasting areas of North and South Atlantic. J Plank Res 22: 685-711

28



675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

Figure legends

Figure 1. Response (mean value in treatment relative to mean value in control after 48 h
of incubation) of (A) bacterial production and (B) bacterial biomass to controlled
nutrient additions in spring, summer and autumn. Error bars represent the standard
error; where error bars are not visible, they are smaller than the size of the symbol. A
response equal to 1 means no change relative to control. Asterisks indicate a response
significantly >1 (t-test; * p < 0.05; ** p < 0.01; *** p < 0.001).

Figure 2. Response (mean value in treatment relative to mean value in control after 48 h
of incubation) of bacterial biomass to increasing concentrations of natural riverine (A,
C, E) and atmospheric (B, D, F) matter inputs (expressed as total DOC-load) in spring
(A, B), summer (C, D) and autumn (E, F). Error bars represent the standard error; where
error bars are not visible, they are smaller than the size of the symbol. A biomass
response equal to 1 means no change relative to control. Regression line, slope value (b)
and determination coefficient (r?) are represented if a significant increase or decrease of
the biomass response with increasing DOC-load was found.

Figure 3. Response (mean value in treatment relative to mean value in control after 48 h
of incubation) of bacterial production to increasing concentrations of natural riverine
(A, C, E) and atmospheric (B, D, F) matter inputs (expressed as total DOC-load) in
spring (A, B), summer (C, D) and autumn (E, F). Error bars represent the standard error;
where error bars are not visible, they are smaller than the size of the symbol. A
production response equal to 1 means no change relative to control. Regression line,
slope value (b) and determination coefficient (r’) are represented if a significant increase

or decrease of the production response with increasing DOC-load was found.
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Figure 4. Relationship between the production response rate (slope = SE of the
regression between production response and DOC-load) and the P:DIN ratio of the
inputs.

Figure 5. (A) Response (mean value in treatment relative to mean value in control after
48 h of incubation) of primary production versus response of bacterial production to
natural continental and atmospheric inputs. The diagonal represents the 1:1 line where
bacterial and primary production equally responded to the inputs. (B) Bacterial to
primary production response along the gradient of increasing additions. Dashed line

indicates where bacterial and primary production equally responded to the inputs.
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Table 1 Summary of the physical-chemical and biological conditions of seawater at the
sampling station in spring, summer and autumn. DOC, dissolved organic carbon; DON,
dissolved organic nitrogen; DIN, dissolved inorganic nitrogen.

Variable May-13 July-13 October-13
Temperature °C 14.3 16.6 18.5
Salinity 35.35 35.62 33.40
Nitrate (uM) 2.80 0.22 3.48
Nitrite (M) 0.11 0.05 0.31
Ammonium (uM) 1.05 0.96 2.02
Phosphate (uM) 0.13 0.16 0.33
DOC (uM) 65.2 76.2 84.9
DON (uM) 4.7 6.3 76
P:DIN 0.033 0.130 0.057
Chlorophyll-a (mg m™) 13.5 0.6 1.4
Primary production (mg C m~h™) 17.4 1.2 3.6
Bacterial Biomass (mg C m™) 26.8 11.1 27.0
Bacterial Production (mg C m™ h™) 0.17 0.18 0.18
Bacterial Respiration (mg C m™ h'™") 0.87 0.60 0.93




Table 2. Summary of the chemical characteristics of dissolved matter concentrates from
riverine water and atmospheric wet (spring and autumn) or dry deposition (summer)
collected in spring, summer and autumn. DOC, dissolved organic carbon; DON,
dissolved organic nitrogen; DIN, dissolved inorganic nitrogen; FDOMt and FDOMa,
protein-like and humic-like fluorescence of dissolved organic matter, respectively. *The
annual mean composition was extrapolated from the composition of the concentrates by
dividing by the concentration factor (10). **Reference for riverine inputs is Gago et al
2005 (values for Eiras station during year 2002). Reference for atmospheric inputs is
project IMAN (values for station Bouzas wet, during years 2008-2009).

May-13 | July-13 | October-13 | Calculated | Reference
Annual Annual
Mean* Mean**
DOC (uM) 795 788 1492 102 + 40 89+12
DON (uM) 64 50 39 51+1.2 7.7+15
Nitrate (uM) 151 186 330 223+£95 |6.0£4.2
o | Nitrite (uM) 0.43 0.50 1.28 0.07+£0.05 |0.11+0.04
g Ammonium (uM) | 1.5 4.6 8.9 0.50+0.37 | 0.62+0.34
@ | Phosphate (uM) | 0.14 0.48 2.46 0.10£0.13 [ 0.15+0.08
DOC:DIN 5.2 4.1 4.4
P:DIN 0.0009 | 0.0025 |0.0072
FDOM+/FDOM, | 2.5 3.7 3.8
DOC (uM) 369 552 817 58 £23 56 £ 34
DON (uM) 41 18 22 27+1.2 7.5+ 26
Nitrate (uM) 105 28 71 6.8+3.9 9.1+105
% Nitrite (uM) 0.04 0.03 0.61 0.02£0.03 |0.05+0.07
<
% Ammonium (uM) | 74.7 225 49.2 49+26 9.7+84
§ Phosphate (uM) | 0.66 0.70 1.52 0.10£0.05 [0.09+0.18
DOC:DIN 2.1 11.0 6.8
P:DIN 0.0037 |0.0139 |0.0127
FDOM+1/FDOM, | 6.3 5.8 10.3
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Bacterial biomass response

Figure 2
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Production response rate (uM DOC'l)
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Riverine or atmospheric addition (%)
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