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Abstract

Seasonal variability between November 2014, A@il2and July 2015 in plankton
respiration and bacterial metabolism is reportedtfe upper and bottom mixing layers at
two stations in the Celtic Sea, UK. Depth- integdaticroplankton community respiration
(considered as the respiration of plankton <5 rf@fko2) within the upper mixing layer
showed strong seasonal changes with maximum vadusril (169 + 5 mmol Q m? d?)

and a minima in November (27 + 5 mmal @2 d). Rates of respiration and (gross)
primary production rates4C-PP) showed different seasonal variability, résglin seasonal
changes if*C-PP:CRy ratios. In April, the system was net autotrophf€{PP:CR.> 1),
with a surplus of organic matter available for exxpahile in July balanced metabolism
occurred ¥*C-PP:CRy= 1) due to an increase in microplankton respiratind a decrease in
(gross) primary production. Changes in microplankispiration were mainly driven by
changes in the respiration of the >0.8 um sizaibacMonthly average upper mixing layer
depth-integrated heterotrophic bacterial respiratades (considered to be the respiration
measured in the 0.2-0.8 um size fraction) werelaimm November and April (27 = 2 and 28
+ 3 mmol Q@ m? d?, respectively) and lowest in July (13 + 2 mmal®? d?). The

percentage of microplankton respiration attribugabl bacteria was higher in November (38

+ 2 %) than in April (26 £ 3 %) or July (20 £ 2 YBacterial production also showed a strong

seasonality, with maximum values in July (16.6 3 ®mol C n? d1) and minima in
November (4.3 +0.1 mmol CAd?). The greater variability in bacterial production
compared to bacterial respiration drove seasoralgds in bacterial growth efficiencies,
which had maximum values of 71 + 4% in July andimum values of 18 + 2% in
November. The observed seasonality in microplanktonmunity respiration and bacterial
metabolism were best described in distance-baskohdancy analysis by a combination of

temperature, nitrate+nitrite, silicate and ammonaancentrations, each having a different
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relative importance in the different months. Ingtirggly, changes in bacterial carbon demand

were independent of the amount of dissolved orgeanbon produced by phytoplankton.

Microplankton community respiration and bactepalduction were higher in the upper
mixing layers than in the bottom mixing layers (be¢n 3 and 9-fold for microplankton
community respiration and 3 and 7-fold for bactgsr@duction) in November, April and

July. However, the rates of bacterial respirati@rewnot statistically different (paired t-test,

> 0.05) between the two mixing layers in any oftree sampled seasons. These results
highlight that, contrary to previous results in Beas, the production of C@y the
microplankton community in upper mixing waters, ahis then available to degas to the
atmosphere, is greater than the respiratory pramtuof dissolved inorganic carbon in deeper

waters, which contributes to offshore export.

Keywords:. plankton community respiration; bacterial prodorct bacterial respiration;
bacterial growth efficiency; dissolved organic aarpupper / bottom mixing layers; shelf

sea.
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I ntroduction

Shelf seas are regions of significant primary potidim and carbon export from continental
areas to the deep ocean (Thomas et al. 2004, Gatsd. 2010). Particulate and dissolved
organic carbon is synthesized in the upper sutta@rs by plankton, as well as being
introduced from continental runoff and atmosphdeposition. Once in the upper mixing
layer, organic carbon can be consumed, transfororedansported to depth. The amount of
organic carbon annually exported from the uppelmgi¥ayer depends on the efficiency of
remineralization in the upper mixing layer. Betwde% and 40 % of primary production is
exported from the euphotic layer (Herndl and Reail@h2013), with less than 5 % ultimately
buried in shelf sea sediments (de Haas et al. 2002 implies high rates of respiration also
occur below the surface mixing layer (Thomas e2@04). Despite their importance in the
degradation of organic matter, and therefore exploetmagnitude and variability of plankton
and bacterial respiration is much less well undedthan that of phytoplankton production

in coastal and shelf seas.

The Celtic Sea is a north western European shal€saracterized by winter vertical mixing,
reduced vertical mixing in spring associated withrecrease in phytoplankton abundance,
and thermal stratification in summer (Pingree 13&nt et al. 1986). The Celtic Sea has
been the subject of several physical and biogeowatstudies. The most extensive was
conducted by Joint et al. (2001) and focused onkpten activity, measuring pelagic primary
production, bacterial production, microzooplanktespiration and potential sedimentation.
Since then, several studies have described theqaoyemical characteristics that regulate
primary production in stratified waters (Hickmara€t2012), photoacclimation and
photoadaptation by phytoplankton (Moore et al. 900 distribution and survival of

plankton in the thermocline (Sharples 2001), amrdetifiect of resuspension of nutrients from
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sediments on the abundance and productivity ofquighkton and bacteria (Davidson et al.

2013).

However, despite the importance of plankton resipimeand bacterial growth efficiencies
(BGE, defined as bacterial production divided by $m of bacterial production and
bacterial respiration) to the transfer of orgaracbon produced by phytoplankton to deeper
waters (Legendre et al. 2015), plankton commumgpiration was not measured in any of
the former studies in this region. In fact, there relatively few studies which determine the
seasonal variability in plankton community respaatand bacterial growth efficiencies in
temperate shelf seas (Blight, et al. 1995, Setrak 4999, Arbones et al. 2008). These
seasonal studies reported peaks in plankton comyn@sipiration in spring and summer,
associated with higher phytoplankton productiondli, et al. 1995, Serret et al. 1999,
Arbones et al. 2008). The close coupling betwe@&nany production and respiration implies
that the synthesis of organic matter by the phyokton is linked with higher phytoplankton
respiration and / or stimulates heterotrophic planicommunity (Blight et al. 1995) and
bacterial respiration (Lemée et al. 2002). The ggwbduced organic matter also enhances
bacterial production which drives an increase irEBGemée et al. 2002, Reinthaler and

Herndl 2005).

The relative magnitude of primary production, plamkrespiration and bacterial growth
efficiency in the upper and bottom mixing layershbélf seas determines the efficiency of
export from the surface layers, and potential ssijagon to the sediment or transfer off
shelf. These metabolic processes are influencezhtsyonmental conditions such as
temperature and the availability of dissolved iramig and organic nutrients (Elser et al.
1995, Lopez-Urrutia and Moran 2007, Lee et al. 20609zberg et al. 2010), but there is no
clear consensus as to which environmental factost mfluence the individual processes in

natural waters.
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The aim of this study was to quantify any differema microplankton community respiration
(considered as the respiration of plankton sm#ti@n 5 mm), bacterial respiration and
bacterial production rates between the upper attdrinanixing layers of the Celtic Sea, and
to assess how environmental and biological conutidemperature, nutrient concentration,
chlorophyll-a concentration) influence microplankton respiratibacterial metabolism and
bacterial growth efficiency. Data from a centra¢listation were compared with data from a
station close to the shelf edge to assess thetmit@fluence of different ocean dynamics on

microplankton community respiration and bacteriakabolism.

Material and Methods

2.1 Study site and sampling procedure

Water samples were collected during three cruiséisa Celtic Sea as part of the UK Shelf
Sea Biogeochemistry program (see Sharples ehal.issue). This study was conducted at
two stations: one at the Central Celtic Sea (C@I°N latitude, 8.58 °W longitude), with a
maximum depth of 143 m, and another at the ShedeEGS2), a station with a maximum
depth of 200 m and situated on the shelf edge 48\9atitude, 9.5 °W longitude) (see
Figure in Sharples et al., this issue). CCS wagsairon 4 days in November 2014 {10
120, 224 28" on 6 days in April 2015 {4 6", 11", 18", 20", 25" and on 3 days in July
2015 (14, 24", 29". CS2 was sampled on 2 occasions in November a4 20", 2
occasions in April 2015 (1) 24" and once during July 2015 {1)9 At each station water
samples were collected pre-dawn (~01:00 — 04:00 Bikbm 7 depths with 20-L Niskin
bottles mounted on a sampling rosette to whichattached a conductivity-temperature-
depth profiler (Sea-Bird Electronics, WashingtoigA). Six of these sample depths were in

the upper mixing layer (UML) at 60%, 40%, 20%, 1% and 1% of surface irradiance)(|
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(see Poulton et al., this issue). Light samplingtke were estimated by back calculation of
the vertical attenuation coefficient of PAR (Kdjrbased on either (a) assuming that the
base of the thermocline was at or close to thegl@ddvember, April), or (b) that the sub-
surface chlorophyll-a maximum was at or close tiepth of 5%d (July) (see Hickman et al.,
2012, Poulton et al., this issue). The other samdefh was at 10-20 m below the base of the
thermocline and within the bottom mixing layer (Bt irradiances <0.1 %.IThe horizon
between the UML and the BML was identified by tlepth of the base of the thermocline
(Fig. 1). Sea water was carefully decanted fromNis&in bottles into 10 L carboys for
subsequent determination of microplankton commum$piration derived from both
dissolved oxygen consumption and the reduction@@dophenyl)3-(p-nitrophenyl}
5phenyl tetrazolium chloride (INT). Water samplesthe determination of chlorophyl-
(Chl-a), (gross) primary productiot’C-PP), phytoplankton production of dissolved organi
carbon pDOC), bacterial production (BP) and bacterial alantd (BA) were also taken,
when possible, from the same Niskin bottles as#maples collected for the determination of
microplankton community respiration. Water samtgsietermination of dissolved organic
carbon (DOC) and nitrogen (DON) were collectechatdame time and from the same
depths, but from an adjacent Niskin bottles. THesfampling procedure for the
determination of nutrients and Chlkoncentration can be found in Hickman et al. (this
issue), for bacterial abundance in Tarran etlails {ssue), and for the concentration of DOC
and DON in Dauvis et al. (this issue). A summaryhaf sampling and analytical protocol is

also reported here.

2.2 Nutrients, total chlorophyll a and bacterial abundance

Nitrate+nitrite, ammonium, phosphate and silicateocentrations were determined using a

Bran & Luebbe AAIll segmented flow colourimetrictaanalyser (Brewer and Riley 1965,

8
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Grasshoff 1976, Kirkwood 1989). Water samples vestected directly from the Niskin
bottles at each station and analysed within 1-2$ofisampling.

Samples for total Ckh were collected from the UML by filtering 2€850 mL of sea water
through 25 mm diameter Fisherbrand MF300 or What@®&ff filters (effective pore size
for both 0.7um). After filtration, pigments were extracted in @acetone for 120 h in the
dark at 4 °C. Chlorophykconcentration was determined fluorometrically oruaner

Trilogy fluorometer calibrated against a pure -@hxtract (Sigma) (see also Hickman et al.,
this issue).

Samples for the enumeration of heterotrophic becteere collected from the Niskin bottles
into clean 250 mL polycarbonate bottles. Subsampéae then pipetted into 2 mL
microcentrifuge tubes and fixed with glutaraldehysi@%, TEM grade, 0.5% final
concentration) within 30 minutes of collection. éfffixing for 30 min at 4 °C, samples were
stained with SYBR Green | DNA dye (Invitrogen) foh at room temperature in the dark
and analysed immediately for bacterial abundaneg (& flow cytometry (Tarran et al., this

issue).

2.3 Dissolved organic carbon and total dissolved nitrogen

Sea water samples for measurement of dissolvechiorgarbon (DOC) and total dissolved
nitrogen (TDN) were collected from between 3 argadpling depths which corresponded to
those sampled for microplankton community resporgtas detailed below. Samples were
filtered through pre-combusted (450 °C) GF/F fét&Vhatman, nominal pore size Qun)
under low vacuum pressure (< 10 mmHg) and presemtid20 pL of 50 % (v/v)

hydrochloric acid. Samples were analysed onshang) isgh temperature catalytic oxidation
(HTCO) on a Shimadzu TOCe&¥n. The limits of detection for DOC and TDN were 3.4

umol L and 1.8 umol t respectively, with a precision of 2.5 %. ConserReference



164  Materials from the Hansell Laboratory, UniversifyMiami, were analysed daily with a

165 mean and standard deviation for DOC and TDN of 4312 pumol L (expected range 42 —
166 45 umol L% n = 39) and 32.9 + 1.7 umoli(expected range 32.25 — 33.75 umd),L

167  respectively. Concentrations of dissolved orgaititogen (DON) were determined by

168  subtracting the concentration of inorganic nitro@airate, nitrite, ammonium) from TDN

169  concentrations (Davies et al., this issue).
170
171 2.4 Primary production and production of dissolved organic carbon

172 The six sampling depths f&tC-PP were all within the UML (five of which corrempded to
173 depths sampled for microplankton community resmmtandpDOC was measured at three
174  of these depths. ThiEDOC depths corresponded to the depth at which sairfeadiance was
175  attenuated to 60 %, 20 % and 1 % in November and, And to 60 %, 5 % and 1 % of

176  surface irradiance in July, to account for the pbét role of the sub-surface chlorophyll

177  maximum (~5 % surface irradiance; Hickman et &12).

178  For carbon fixation andDOC, water samples were collected into four 70 ralygarbonate
179  bottles (3 light, 1 dark), and spiked with 6-11 (c@rbon-14 labelled sodium bicarbonate.
180  The bottles were then incubated in a purpose baoilstant temperature containerised

181 laboratory at a range of seasonally adjusted mraz# levels using LED light panels and

182  neutral density filters (see Poulton et al., tegue).

183  On termination of the incubation, a 5 mL sub-sanfien the four bottles was filtered

184  through 25 mm 0.2 um polycarbonate filters, wité fiftrates then transferred to 20 mL
185  scintillation vials for the determination pPOC. To remove the dissolved inorgati€, 100
186 ML of 50 % HCI was added to each vial, which waentsealed with a gas-tight rubber

187  septum (Kimble-Kontes) and a centre well (Kimblerias) containing a CQrap

10
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(consisting of a Whatman GFA filter soaked with 200B-phenylethylamine). After 12
hours, the C@traps were removed and disposed of, and 15 mUtohb Gold (Perkin
Elmer, UK) liquid scintillation cocktail was addéal the filtrate. Spike activity was checked
following Mayers et al. (this issue) and activitythe filtrate was determined in a Tri-Carb
3100TR Liquid Scintillation Counter. RatesgidOC were determined from these
incubations using methods adapted from Lépez-Saidal. (2011) and Poulton et al.

(2016).

The remaining 65 mL samples from the four bottlesenthen filtered through 25 mm 0.4 pum
polycarbonate filters (Nucleopore™, USA), with exdive rinsing to remove unfixedC-
labelled sodium bicarbonate and 12 mL of Ultimad3@erkin-Elmer, UK) liquid

scintillation cocktail added. The activity on thieers was determined using a Tri-Carb
3100TR Liquid Scintillation Counter on-board. Daibtes of primary production were scaled
up from short-term (6-8 h, dawn to midday) ratesarbon fixation to seasonally adjusted
day lengths (9 h November, 14 h April and 16 h)Jdifese daily rates ¢fC-PP (see also
Garcia-Martin et al., this issue), based on sker(<8 h) incubations, better approximate
“gross” primary production, whilst daily rates peesed in companion papers (Mayers et al.,
this issue; Poulton et al., this issue; Hickmaal gtthis issue), based on long-term (24 h)

incubations, better approximate “net” primary proiilon (see e.g. Marra, 2002).

2.5 Respiration derived from dissolved oxygen consumption

Samples for daily microbial respiration were caietfrom 5 depths in the UML and one
depth in the BML. Daily microplankton community pgstion (CRy2) was determined by
measuring the decrease in dissolved oxygen aftardatk bottle incubations. Dissolved

oxygen concentration was measured by automatedl@vititkation performed with a

11



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

Metrohm 765 burette to a photometric end point {@and Carpenter 1966). Ten
gravimetrically calibrated 60 mL borosilicate gldsstles were carefully filled with seawater
from each 10 L carboy. Water was allowed to overfthuring the filling, and care was taken
to prevent bubble formation in the silicone tubeefbottles were fixed at the start of the
incubation (“zero”) with 0.5 mL of 3 M manganeséphiate and 0.5 mL of 4 M sodium
iodide/8 M sodium hydroxide solution (Carritt andr@enter 1966). The other five bottles
were placed underwater in darkened temperatureatt@a incubators located in a
temperature controlled room for 24 hours (“dar@he incubation temperatures were +1.0
°C of the in situ temperature. Bottles were remadivenh the incubators after 24 hours and
the samples fixed as described for the “zero” bstdbove. All bottles were analysed
together within the next 24 hours. Daily microplaarkcommunity respiration was calculated
from the difference in oxygen concentration betwéenmean * standard error (+SE) of the
replicate “zero” measurements and the mean +Skeofdplicate “dark” measurements, and
is reported with + SE. Microplankton community rieapon in moles of C was calculated

from the CRy, rates by applying respiratory quotient of 1.

2.6 Respiration derived from INT reduction

Samples for respiration derived from INT reductwere collected from the same 6 depths as
for CRoz. Five 200 mL dark glass bottles were filled widawater from each 10 L carboy.
The samples in two of these bottles were immedidibetd by adding formaldehyde (2% wi/v
final concentration) and used as controls. All fiogdtles were inoculated with a sterile
solution of 7.9 mM Ap-iodophenyl)3-(p-nitrophenyl}5phenyl tetrazolium chloride salt

(INT) to give a final concentration of 0.8 mM. Thelution was freshly prepared for each
experiment using MilkQ water. The INT samples were incubated in the dam@erature

controlled incubators as the dissolved oxygen ésfibr 0.5 to 1.4 h and then the three

12
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replicates were fixed by adding formaldehyde, axdieed above for the two controls.
Samples were sequentially filtered through @8and onto 0.2m pore size polycarbonate
filters, airdried, and stored frozen in 1.5 mL cryovials at 2€Quntil further processing. The
INT reduced in each fraction (i.e. >Qué and 0.2-0.§im) was determined from the
absorbance at 485 nm of the reduced INT (formazatiacted with propanol and measured
in quartz cuvettes using a Beckman model DU640tepaitotometer following Martinez-
Garcia et al. (2009). The mean of the INT reduciiotine two controls was subtracted from
the INT reduction measured in the three incubagptiaates, thus correcting for any
interference of the absorbance of the water dwerbodity and reduction of INT caused by
non-metabolic factors (i.e. organic matter contéaerage 52 + 1 % of absorbance in the
incubated samples). The rate measured in the sazgdraction (INFo.g) will result mainly
from INT reduction by eukaryotes and particle dtetbacteria. By contrast, the main
respiring organisms in the small size-fraction (bN-6.9 would be heterotrophic bacteribhe
total microplankton community respiration (INTis calculated as the sum of the INT

reduction in the two size fractions (INZo0.sand INT>0.g).

Time-course experiments were carried out on seawatkercted from 5 m on the 11
November 2014, April 2015 and 1% July 2015 in order to determine the optimal
incubation time for INT reduction. The maximum ibetion time before the INT became
toxic for the plankton (seen as a decrease inNfieréduction rate due to the negative effect
on cell activity of the intracellular deposition foirmazan) was found to be 2, 1 and 1 h, in
November, April and July respectively. Hence, ait mcubations were undertaken for
shorter times than these (<1.4 h <0.8 h, <0.54peetively). INT reduction was converted
into dissolved oxygen consumption using the equatimles Q = 2.82*molesINF-8%¢

derived from the comparison of GRand INT; rates from this studyrR¢ = 0.43,p <0.0001n

=97, Fig. 2). Heterotrophic bacterial respirationrmoles of C was calculated from the

13
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INTo.2-0.8reduction rates converted into units of dissolveggen consumption and applyiag

respiratory quotient of 1.

2.7 Heterotrophic bacterial production and bacterial growth efficiency

Water samples for heterotrophic bacterial produc(®P) were collected from the same 6
Niskin bottles as the samples for determinatiommiroplankton community and bacterial
respiration detailed above, into 125 mL acid wagb@gicarbonate bottles. Aliquots of 10 pL
14C leucine working solution (0.04 MBq ). were pipetted into 2 mL sterile centrifuge
tubes with 1.6 mL of sample water and mixed. Fahedepth, duplicate samples were
incubated for 0, 1, 2 and 3 h in the dark at terajpees representative of the depth of
collection. Samples were fixed with 80 pL of 20 #saformaldehyde (final concentration of
1 %). The duplicate samples were filtered ontopdr2polycarbonate filters pre-soaked in 1
mM non-labelled leucine on top of a 25 mm GF/Fefilas a backing filter. Each 0.2 um
polycarbonate filter was placed into a scintillatidal, dried overnight at room temperature
in a fumehood and mixed with 4 mL of OptiphaseSdife 1l scintillation fluid. Radioactivity
in the samples was measured using a Beckman Cad6500 liquid scintillation counter.
Bacterial population growth (cells#rd?) was calculated frortf'C leucine incorporation

using a theoretical approach assuming no isotdp&at (Kirchman 2001).

Cell-specific bacterial production and respiratiegre calculated by normalizing BP and

INTo.2-0.8t0 BA, respectively. Bacterial carbon demand (B@2} calculated as: BP +INT-

o.sand bacterial growth efficiency (BGE) as: BP/BCD.

2.8 Data analysis

14
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Depth-integrated Cha; “C-PP, CRy2, INTT, INT>05 INTo2-0.5and BRrates were calculated
by trapezoidal integration of the volumetric ratesasured in the UML. The standard errors
(= SE) of the integrated rates were calculatedfaihg the propagation procedure for
independent measurements described by Miller aié(1988). The depth-integrated
contribution of the 0.2-0.8m fraction to total microplankton community respiva
(%INTo.2-09 was calculated as the depth-integratedolNilsdivided by the depth-integrated

INT+and multiplied by 100.

Statistical analyses were performed with SPSSstita! software on log-transformed data
where necessary. A two-way ANOVA was used to deterthe effects of month and station
and any interacting effects between these two fadn BA, CR, INTT, INTo.2.0.8 %INTo.-
o.s and BP. Paired t-tests were performed to verdpificant differences between GR
INTo.2-08 %INTo.2-08 BP, cell-specific IN.2.0.sand cell-specific BP in the UML and BML.
In order to be able to compare the two layers|ihl depth-integrated rate was divided by
the depth of integration to derive the rate pencuietre (weighted metabolic rate).
Spearman non-parametric correlation tests were tosgettermine the relationship between
volumetric BA, CRy, INTT, INTo.2.084 BP, BCD and BGE and between each of these and
environmental parameters (temperature, nitratetaitoncentration, phosphate
concentration, silicate concentration, @Ghtoncentration andDOC). Non-parametric
multivariate techniques were used with the PRIMER lvstatistical package to discern
station grouping based on the microplankton auphimmetabolic rates{C-PP,pDOC),
microplankton heterotrophic metabolic rates §RNT>o.s, INTo.2-0.5 %INTo.2-08BP and
BGE) and to relate these to the environmental ataperature, nitrate+nitrite, phosphate,
silicate concentration, Cla- bacterial abundance, DOC and DON concentrat®®Bray-
Curtis similarity matrix was constructed from tharslardized data of the microplankton

metabolic parameters and Euclidean distances vedrcalated on the normalized
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environmental data. Sampling days were classifsdgudistance based redundancy analysis
(dbRDA) (Legendre & Anderson, 1999). A distancedabknear model (distLM) was used to

analyse the relationships between microplanktorab@dism and environmental parameters.

RESULTS
3.1 Hydrographic conditions

A full description of the hydrographic and nutri@ainditions present in the Celtic Sea during
the sampling period (November 2014, April 2015 daly 2015) is reported in Poulton et al.,
(this issue), Humphreys et al., (this issue) antsgott et al., (this issue) and a brief

overview given in Table 1.

The seasonal variability in hydrography followee tiipical progression for temperate shelf
seas. November was characterized by thermal horedgei the upper 55 m of the water
column with weak stratification occurring in deepeaters. These conditions are typical for a
late summer-early autumn situation when the coraglétruption of the summer thermocline
has not yet occurred. During November, upper mixaygr temperatures were 12 to 14 °C
and salinity was slightly lower at the surface timdeeper waters (difference <0.1). There
was a weak thermocline at the beginning of Aprb%im which was strengthened by the end
of April (Table 1, Wihsgott et al., this issue).riiperatures in April (ranging from 9.8 — 11.2
°C) were lower than in November (11.2 — 13.7 *Ghwvarmer waters at the surface and
colder waters at depth. Thermal stratification pred during July with sea surface
temperatures >15.5 °C in the UML, and <11.5 *ChimBML. In November the UML
extended to 92 m at CCS and to 119 m at CS2. Il tyere was a shallowing of the UML
from 65 m on & April to 45 m on 28 April at CCS. However, the UML remained at 65 to

70 m at CS2 during April. In July, the UML occurreedtween 50 and 56 m at both stations.
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3.2 Seasonal patterns of chlorophyll-a and bacterial abundance

The vertical distribution of Chérand BA differed between the two stations. At C&8face
Chl-a concentration was higher in November (1.3-1.7 rhgaOm™) than in July (0.3 mg
Chl-am®) and the highest concentrations (~3-6 mg &hi=®) were found in April with the
development of the phytoplankton bloom (Poultoalethis issue; Hickman et al. this issue).
In general at CCS, the vertical profile of Ghivas characterised by a homogenous vertical
distribution in November, and development of a suiage peak above the nitracline (~25 m
in April and 45 m in July) and lower concentratiqa® mg Chla m?) at depth in April and
July. At CS2, Chla concentrations were <1 mg Cakr3in November and July with a well-
mixed vertical distribution and were around 1.5 @tg-a m3in April with a subsurface peak
above the base of the UML coincident with the bafge nitrate+nitrite gradient

(Humphreys et al., this issue).

The vertical distribution of bacterial abundanceswamilar to the Ché distribution at both
stations (Fig. 3A, 3G). In general at CCS, BA vaiigle with depth in November and April
in the UML (0.6-0.7 and 1.4 x@ells mL, respectively), whereas July was characterised
by a BA subsurface maximum (1.3-1.7 t@lls mLY) at the base of the UML. Bacterial
abundance was similar at CCS and CS2 in NovemizeApnl, but was higher at CS2 than
at CCS in July with concentrations in surface watér>1.4 x10 cells mL* and a

progressive decrease to 0.4 t6lls mL! at the base of the UML.

Depth-integrated bacterial abundance had the higimeslowest values in April (7.2 x¥0

and 3.3 x1€ cells m?) at CCS, and there was no seasonal variabili§S# (Fig. 4A).

3.3. Seasonal patterns of microplankton community respiration and bacterial activity
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Daily (CRo2) was positively correlated € 0.62,p <0.0001n = 97, Fig. 2) with hourly

(INT+) rates of microplankton community respiration. Hwer, there were differences in the
magnitude of the rates derived from the two methadth INT rates greater than GRin
November and April but lower in July (Fig. 3B-Cdse dissimilarities could be due to
several reasons. The two methods measure overatifféme scales (<1.4 - 24 h), so that
any reduction in grazing pressure due to enclosurelatively small bottles, could lead to a
greater increase in bacterial abundance over tigelancubation times required for R

than those for INT. The different time scales might also lead toed#hces in community
structure and therefore respiration. The relatignbletween paired community respiration
measurements (GRand INTy) differed between data collected in November duad t
collected in April and July (Clarke tegt<0.001; Clarke 1980). There was no statistical
difference between the slope of the paired measemtsnin April and July (Clarke tegt,=
0.23) (Fig. 2). The dissimilarity between the slopéNovember CB:INTT data and April
and July CR2:INT+ data may be caused by the high variability inltve rates measured in
November, the small range of cRand INTr rates measured in November, or the change in
plankton community composition with different plaok having different abilities to take up
INT. Due to the low number of data collected infeawnth, a single C&:INTt conversion

model was derived from data collected in all threenths (see section 2.6) (Fig. 2).

Differences in the monthly average vertical disttibn of CRy, corresponded to monthly
changes in the vertical distribution of Ghtoncentrations (Fig. 3B, 3H). At CCS, higher
CRoz rates (3.6 and 1.8 pmob@* d?, in April and July respectively) were measured
coincident with the Ch& maxima which in April was at ~15 m and in July-d42 m, while
CRo2 and Chla were homogeneously distributed in November. At GBbsurface peaks in
CRo20ccurred in November and April whereas in Julyoedtadually decreased from the

surface to the base of the UML. The subsurface maxn CR2 and INTr in April at CCS
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and in July at CS2 were due to an increase indbgination of the plankton fraction >0.8 pm
(Fig. 3D & 3J). Monthly average depth-integratetdseof CRy, varied seasonally by 1.2 to
2.8-fold, with the highest rates in April (164 #fnol G m? dl) and the lowest in
November (27 + 4 mmol Om? dt) at CCS (Fig. 4B). The seasonal range was sm&tli6S2
where the highest depth-integrated rates ofGfere measured in April (78 + 6mmol @12

d?1) and the lowest in November (45 + 9 mmel®? d?).

Monthly average rates of heterotrophic bacterigpimation did not show any vertical trend at
either of the stations (Fig. 3E & 3K). Depth-intatgd INT.2-0.swas highest and most
variable in April (12 - 32 and 14 - 21 mmo} @2 dtat CCS and CS2, respectively) and
lowest in July (7 - 10 and 11 mmob@? dlat CCS and CS2, respectively) (Fig. 4C). Cell-
specific heterotrophic bacterial respiration waghlest in the middle of April (0.51 + 0.05
and 0.89 + 0.11 fmol £celf! d! at CCS and CS2, respectively), and lowest in (4 +
0.02 and 0.23 + 0.03 fmol@elf! d* at CCS and CS2, respectively) (Table 2), due to a
combination of high bacterial numbers and low baateespiration. There were no
significant differences in cell-specific heterothipbacterial respiration between months,

stations and the interaction of month and stat{@ms-way ANOVA, p >0.05).

The monthly average proportion of depth-integratécroplankton community respiration
attributable to bacteria (%INB-0.9 at CCS was higher (37 £ 4%) in November, thaApnil
(21 £ 5 %) or July (19 £ 3 %) (Fig. 4D). At CS2ethighest %INT.2.0.soccurred in April (42

+ 6 %) and the lowest in July (27 = 4 %).

Monthly average bacterial production rates wergdneral higher in sub-surface waters (5 —
20 m) and decreased with depth (Fig. 3F & 3L). $basonal vertical pattern in BP differed
from that of INTo.2-0.sWith the highest BP rates occurring in July (0hd 8.48 umol C 1 d*

at CCS and CS2, respectively) and the lowest ineNdber (<0.1 and <0.08 pmol C b at
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CCS and CS2, respectively). Upper mixing layer deptegrated BP showed no significant
differences between stations and the interactigtaiions and months (Two-way ANOVA, p
>0.05), but significant differences existed betwaemths p = 0.01) with the highest rates in
July and the lowest in November (Fig. 4E). Deptiegmated BP was 2-fold higher at CCS
than at CS2 in April, but there was no differenc®P between stations in November or July.
Cell-specific BP was significantly different betwesonths (Two-way ANOVAp = 0.013),

but not between stations or the interaction of@tatand months (Two-way ANOV A,

>0.05). Monthly average cell-specific BP was higimeduly (0.32 + 0.01 pmol C célid?)

than in November (0.15 + 0.02 pmol C dett?) or April (0.22 + 0.02 pmol C cetld?)

(Table 2).

There was no difference in UML depth-integratediéaal carbon demand (BCD) (Table 2)
between stations and months (Two-way ANOWAz0.05). In general, the volumetric BCD
was always lower than the amount of dissolved aogeerbon produced by phytoplankton as

a result of photosynthesis@OC) (Fig. 5).

Depth-integrated bacterial growth efficiency (BGEhged from 18 % to 71 % (Table 2) with
significantly higher (Two-way ANOVAp <0.05) BGEs in July (average = SE, 61 £ 5 %)
than in November (27 £ 3 %) and April (36 = 6 %) Bignificant differences in BGE were
found between stations and the interaction of@tatand months (Two-way ANOVA,

>0.05).

3.4 Plankton metabolism and relationships with environmental and biological data

The correlation matrix of the volumetric variab{@gble 3) shows how microplankton
community respiration and bacterial production eegpiration were related differently to the

physicochemical and biological characteristicshefwater column. Taking all volumetric
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data together, C#2was positively correlated to total CaleoncentrationpDOC, bacterial
abundance and bacterial production and negatiwhglated to nitrate+nitrite and phosphate
concentrations. INd2-0.swas positively correlated to Chl-silicate concentrations and
bacterial abundance and negatively correlatednipéeature. Bacterial production was
positively correlated to Chd; ammonium concentration, bacterial abundance and
microplankton community respiration and negativayrelated to nitrate+nitrite, silicate and
phosphate concentrations. The negative correlabbesrved between @R BP and
nitrate+nitrite are likely caused by the covariatletween depth and nitrate+nitrite, as deep
waters had higher nitrate+nitrite concentration kweer respiration rates due to lower Ghl-
and bacterial abundance. Phytoplankp®®©C, which is an indicator of the amount of
substrate (DOC) available to the bacteria, wastipe$y correlated with microplankton
community respiration, bacterial production andtbaal abundance. The analysis of the
correlation between UML depth-integrated 63RNTo.2.0.8 BP and BGE with the UML
depth-integrated dissolved organic carbon and geingdDOC and DON) concentrations
showed different trends. @R BP and BGE were negatively correlated to D@OE {0.79,p
<0.01,n =10 for CRy; r =-0.85,p <0.001,n =11 for BP; and = -0.88,p <0.001,n =10 for
BGE) while %INTo.2.0.swas positively correlated € 0.88,p <0.001,n = 10). DON was
positively correlated with %INd>.0.s(r = 0.68,p = 0.03,n = 10) and negatively correlated

with BP ¢ =-0.7,p=0.16,n = 11) and BGEr(=-0.76,p = 0.01,n = 10) (Fig. 6).

Ordination analysis of the environmental and mdtalvates provides a better understanding
of the relationships between the environmental dathmicroplankton metabolism during
the different months. The analysis was performgauseely on the weighted UML depth-
integrated microplankton autotrophfé@-PP,pDOC) and heterotrophic (G INT>os,
INTo.2-0.8 %INTo.2.0.5 BP and BGE) metabolic rates. Distance based redwydaodels were

used to study the relationship between the enviemtat variables (weighted UML depth-
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456  integrated temperature, nitrate+nitrite, phosplslteate, ammonium, DOC and DON

457  concentration, Ch&and bacterial abundance). Results from this arsigdicated that 56 %
458  of the variability in microplankton autotrophic pesises and 85 % of the variability in

459  microplankton heterotrophic responses could beagx@tl by two axes. The environmental
460 variables that best explained the microplanktootaophic metabolic rates were a

461  combination of temperature, DON concentration, &xdalt abundance and nitrate+nitrite
462  concentration (Fig. 7A). By contrast, Chlnitrate+nitrite, silicate, ammonium, DON

463  concentration and bacterial abundance better destthe microplankton heterotrophic
464  metabolic rates (Fig. 7B) which accounted for 100fthe fitted model variation. The

465  ordination analysis of the autotrophic metaboltesaseparated all April data at CCS from the
466  other sampling days. Within the heterotrophic melialrates, three groups could be

467  observed: Group | consists of the majority of th@iRdata (11", 13", 20" and 2%' April) at
468 CCS, Group Il is formed by all July data (CCS arg@Ry; and Group Ill consists of

469  November data together with the April data at C6@ @ata collected on thé April at CCS.

470

471 3.5 Carbon cycling in the upper versus bottom mixing layers

472  Dalily rates of microplankton community respiratitbieterotrophic bacterial respiration and
473  production in the UML were compared with the cop@ding rates in the BML in the
474  different months by pairetitest. Due to the low number of measurements madmpnth at

475 CS2 K2), statistical tests were only performed on daedienfCCS.

476  Within month variability in CR2, INTo.2.0.sand BP was high, especially in April when the
477  phytoplankton bloom developed (Fig. 8). At CCS,dzR the UML was significantly higher

478  than CRyin the BML (p <0.032) in all months (Fig. 8A).
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INTo.2-08Was not significantly different above and below thermocline (Fig. 8C). In
addition, there was no significant difference beaw®&ML and BML cell-specific bacterial
respiration in any of the monthg ¥0.05), which indicates that lower bacterial nunshe
the BML sustained lower bacterial respiration (. There was also no significant
difference between the percentage of microplanktonmunity respiration attributable to

bacteria in the UML and BMLp(>0.05) (Fig. 8E).

BP in the UML was significantly different to that ihe BML in November, April and July (
<0.04). BP rates were between 3 and 7-fold highéne UML than in the BML with the
greatest difference occurring in July (Fig. 8G)cémtrast, cell-specific bacterial production
was only significantly different between the twttelayers in April and Julyp(= 0.001,
both cases) with 2.5- and 5-fold higher cell-spedfcterial production in the UML than in

the BML in April and July, respectively (Fig. 8K).

DISCUSSION

4.1 Central Celtic Sea versus Shelf Edge

Recent studies in the Celtic Sea have demonstdiffedences in the physicochemical
properties between the central Celtic Sea andhbk sdge (Sharples 2001, 2009). The shelf
edge station (CS2) is characterized by higher tartiumixing which supports a
phytoplankton community dominated by larger ced20 um), whereas phytoplankton in the
central Celtic Sea are dominated by smaller clls 20 um) (Sharples 2009, Hickman et al.,
2012, this issue). In the present study, watermalstratification differed between the CCS
station and the shelf edge CS2 station. In April anly, there was a well-defined UML and
BML separated by a thin thermocline at CCS whil€&® the thermal gradient was less

distinct and occurred over a broader depth intgidaia not shown). There were, therefore,
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differences in the depth of the upper mixing layssveen the two stations, in the depth of
the Chla subsurface maximum (deeper in the CCS than at,@82)h drove changes in the
vertical distribution of microplankton communityspgration and bacterial production.
However, these differences in hydrodynamic condgiaere not reflected in differences in
UML depth-integrated CE, INTo.2-0.80r BP, except in April. In April, the higher in@ge in
CRo2 at CCS than at CS2 may be related to the diffeCéh concentrations measured at
the two stations (94 + 15 and 48 + 11 mg @miv?, respectively). At CCS, thermal
stratification developed as a consequence of thieimg of surface waters contributing to
ideal conditions (increase in stability, high neti concentrations and solar energy) for
phytoplankton growth leading to the spring bloomitl{ggott et al., this issue). In contrast, at
CS2, the hydrodynamic conditions did not promotggblankton growth and therefore there
was relatively little increase in Chleoncentration (data not shown), microplankton
community respiration or bacterial production. Thgher BP rates at CCS than at CS2 in
April contrast with a previous study in the Celiea in April 1987 where the BP was 2-fold
higher in the mixed water at the shelf edge thahénstratified waters of the continental

shelf (Martin-Jézéquel and Videau 1992).

The lack of difference in the depth integratedsdtetween stations may be caused by the
difference in the depth of integration, which w&sm3 and 13 m deeper at CS2 than at CCS
in November and April, respectively. In fact, thelioation analysis that compares the
weighted microplankton metabolic rates at the déffi stations indicated that the plankton
metabolism in April at CS2 was similar to that iowember at CCS. The strong internal
waves and internal tidal mixing (Pingree et al.3,98harples et al. 2009), establish
differences not only in the phytoplankton distribat(Sharples et al. 2009) but also in the

microplankton metabolism in the Celtic Sea.
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4.2 Carbon metabolism of microplankton communities

Rates of CR2 measured during this seasonal study lie withirrémge of previous
measurements made in the Celtic Sea (Robinson 20@®) and North Atlantic shelf seas
(Blight et al. 1995, Serret et al. 1999, ArbonealeR008) (Supplementary Table 1). Our
range of INB.2-08(0.03 — 0.85 pmol ©L* d?) corresponds with bacterial respiration rates
measured in a seasonal study in the open MeditareSea (Lemée et al. 2002) and lies at
the lower end of the rates measured in the Nor¢gh(Reinthaler and Herndl, 2005) and in a
seasonal study in the northwest coastal regioheoMediterranean Sea (Alonso-Saez et al.
2008). Our UML depth-integrated BP is between 8 3dold greater than the euphotic
depth-integrated BP measured in the Celtic Seaioy and Pomroy (1987) yet is 3-fold
lower than BP measured by Davidson et al. (2013)lg 2008 in the area around CCS (49.8
°N, 7.8 °W). The difference between our measuremant! those of Joint and Pomroy (1987)
is likely caused by the different methodologieyiftidine uptake versus leucine uptake)
used. Bacterial production derived from thymidinel é&eucine assimilation can be different
because the leucine to thymidine incorporatiororatinot constant (Li et al. 1993, Pomroy
and Joint 1999). In fact, a leucine and thymidmeprporation study performed in the Oregon
coast reported 10-fold differences in the leuciné #gnymidine incorporation for bacterial
cells (Longnecker et al. 2006). This large differemetween rates due to different methods
complicates direct comparison between our studytlaatof Joint and Pomroy (1987).
During July the difference between the euphotietdgonsidered as the layer between the
surface and the depth at which incident irradiaade% of surface irradiance) and the UML
in our study ranged between 3 to 4 meters, soitfexrehce in the depth of integration
(euphotic depth versus the upper mixing layer depthnlikely to be the cause of the
discrepancy between Davidson et al. (2013) andlata. In addition, the leucine

methodology and the isotope dilution factor wereiksir for the two studies. Therefore, the
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differences in the bacterial production rates betwavidson et al. (2013) and our data may

be associated to inter-annual variability.

Our depth-integrated BGE ranged from 18 to 71 %inmwith the range of BGEs compiled
by del Giorgio and Cole (1998) and the 3 to 71 #igeareported by Sintes et al. (2010) in the
North Sea, but higher than the 5 to 28 % range uredgreviously by Reinthaler and Herndl
(2005) in the North Sea. The differences betweerfdhmer estimates and those in the
present study may be due to differing methodolod®esnthaler and Herndl (2005) and
Sintes et al. (2010) estimated bacterial respmdtiom dissolved oxygen consumption in pre-
filtered samples incubated for 24 h, while ourraaties are based on INT reduction in
incubations lasting <1.4 h. Incubating pre-filtereater samples can lead to overestimates of
bacterial respiration (Aranguren-Gassis et al. 20IBerefore, BGE in the former studies
(Lemée et al. 2002, Reinthaler and Herndl 2005eSiat al. 2010) may have been
underestimated. However, our Ibdo srates, determined from samples filtered onto G2 p
filters, could also be underestimated, due todise bf bacterial cells less than 0.2 um in
diameter. Bacterial abundance in the 0.2 um fittevater in July corresponded on average
(n=7) to 30 = 2 % of the BA in the unfiltered samptlata not shown). The percentage of
bacteria passing through the 0.2 pum filter in gtigly is slightly higher than the 2 to 26 %
values reported by Gasol and Moran (1999). Thisjmamg a constant cell-specific
respiration rate of all 0.2 - 0.8 um bacteria, ltbeterial respiration derived from INTos

could be underestimated by ~30 %. Recalculating B8®BGE, using INd2-0.sincreased

by 30 %, results in an increase on the monthlyayeBCD of the two stations of 24, 21 and
12 % in November, April and July and a decreageermonthly average BGE of 19, 17 and
10 %, respectively. Overall, the rates of microgtan and bacterioplankton metabolism

measured here are comparable to previous ratesinredaa North Atlantic shelf seas.
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4.3 Seasonal variability

The seasonal changes in environmental conditioogrong in the Celtic Sea were reflected
in pronounced seasonality of GRn the UML, with a minimum in November and a
maximum in April. The increase in Chleoncentration (an indicator of increased
phytoplankton abundance) in April was associatel am increase in the respiration of the
>0.8 um size fraction of the plankton communityq &mus CRy.. In general, heterotrophic
bacterial respiration only contributed 38, 24 adad2 of the microplankton community
respirationin November, April and July, respectively. Despite increase in the production
of organic matter by phytoplankton in April (Fig.Boulton et al. this issue, Mayers et al. this
issue), the INT2-0.8did not show a corresponding increase. This congtamrates of
heterotrophic bacterial respiration, despite aaB\@ 1.4-fold greater average phytoplankton
DOC production in April than in November and Julgspectively, contrasts with previous
studies where bacterial respiration was enhancexdgnic matter synthesized by
phytoplankton during bloom periods (Blight et 895, Alonso-Séez et al. 2008). This may
suggest that heterotrophic bacterial respiratioouinstudy was not controlled by the
availability of organic matter but by limiting coetrations of inorganic nitrogen or
phosphorus (Rivkin and Anderson 1997, Kirchman 2080wever, since there was an
increase in bacterial abundance and bacterial ptaohy it seems that bacterial activity was

not limited by inorganic nutrients.

BP showed a seasonal trend, with the highest cat@sring at the end of April and in July
and the lowest rates occurring in November. Theegfoacteria appear to use the newly
produced dissolved organic matter to produce macgebial biomass while maintaining low
respiration levels in April and July. Another expddion for the lack of a seasonal trend in
bacterial respiration might be related to a sedsdrange in bacterial community
composition (Gilbert et al. 2009, 2012, Tarranletras issue) between bacterial groups with
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different specific respiration rates (del Giorgirmasasol 2008) and differing ability to take
up INT. The INT reduction technigue has been usednicroplankton organisms (Martinez-
Garcia et al. 2009), but a comprehensive suitellbdiie experiments confirming that all
representative groups of bacterioplankton can égtae up and reduce INT has not yet
taken place. Such experiments are required tomorhiat INTo 2-0.sdoes not underestimate
bacterial respiration when particular bacterioptankgroups, which are less able to take up

INT, are dominant.

Seasonal variability in C& and BP has been previously observed in coastedragyBlight

et al. 1995, Griffith and Pomroy 1995, Serret etlPR9, Alonso-Saez et al. 2008, Arbones et
al. 2008, Céa et al. 2014). Highest&Rates in the present study coincided with maximum
values of primary production determined by radielial bicarbonate uptak&C-PP) (Fig.

9), and these two indicators of plankton metaboligene positively correlatea € 0.47,p
<0.0001,n =72). These observations are in agreement wahigus seasonal studies where
the highest respiration rates were measured dtlmmgme of highest phytoplankton
abundance (Blight et al. 1995, Serret et al. 1988 xandeau et al. 2005, Arbones et al.
2008). However, minimum C42 values were measured in November in the Celti¢c Sea
despite the Ché& concentrations being higher in November (avera§&;t1.29 + 0.05 pg
Chl-a LY than in July (0.66 + 0.11 pg ChltY). Zooplankton abundance may influence the
seasonal differences in plankton community respmaiJoint et al. 2001) as intermediate
CRo2 values were measured in July when @llas lowest, but mesozooplankton (>200 pum)
and nauplii abundance was high (Tarran et al.i$isise, Giering et al. this issue). The low
Chl-a values combined with the low %INZ%-0.sfound in July support our suggestion that
zooplankton had a higher contribution to &k July, leading to high C& rates.

Interestingly, the relationship betwet€-PP and CR. showed distinctive patterns in April

and July (Fig. 9). The linear regression slope ketW*C-PP and CR: was higher in July
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(0.78 £ 0.12), and statistically indistinguishafsteam unity (Clarke test,= 1.4,df = 35,p =
0.17), while in April the slope was lower (0.15 DB) and statistically different from unity
(Clarke testt = 16,df = 70,p <0.0001). The difference in thé&C-PP:CRy; ratio indicates

that the system was in balance during July, anedaas a sink of C£and source of organic
matter in April, with this surplus of organic matmnsumed by bacteria and/or zooplankton,

or horizontally and vertically transported.

The seasonal variability in BCD and BGE was drifagrchanges in BP, which increased 2-
fold from November to July, and in IN}-0.swhich decreased 2-fold from November and
April to July. The published seasonal studies wimgasured BGES in temperate coastal
regions all showed seasonal variability (Leméd 2082, Reinthaler and Herndl 2005,
Vazquez-Dominguez et al. 2007, Alonso-Saez etd@IB2Sintes et al. 2010, Céa et al. 2014),
but there is no single environmental variable widohsistently drives the variability in BGE.
On the one hand, several researchers found thaets®onal variability in BGE was driven by
changes in bacterial respiration (Sherry et al919@mée et al. 2002, Vazquez-Dominguez
et al. 2007). Whereas, other researchers conclind¢dbacterial production influenced the
changes in BGEs (del Giorgio and Cole 2000, Relatlend Herndl 2005,). The present
study shows that the variability in both BP and §M¥.sdetermined the variability of BGE
and that the two variables have different influendepending on the month (BP was the
dominant inflence in November and April, while b&R and IND.20.sdrove the changes in
July). However, this does not reveal which envirental conditions drive the changes in BP
and INTo.20.8 and therefore BGE. Production of dissolved orgaarbon by phytoplankton
did not control the changes in BGE and the relatiges between environmental conditions
(i.e. temperature and nutrient concentrations)B@G& were different in November, April

and July. Therefore, a combination of several factehich may act simultaneously, and may

be different during different months, influenced BGrdination analysis showed that
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different environmental parameters were influen¢heautotrophic and the heterotrophic
metabolic rates differently during the three monthsApril, microplankton heterotrophic
metabolism at CCS was related to a decrease mtentnitrite and increase in Cal-
concentration, while in July microplankton heteoptric metabolism was related to an

increase in ammonium and bacterial abundance.

4.4 Consumption of phytoplankton produced dissolved organic carbon by bacteria

Previous studies show that during productive peritoakcterial carbon requirements are
sustained by concurrent phytoplankton DOC produgctichile external DOC inputs are
required to fulfil the BCD during unproductive tisi@_a Ferla et al. 2006). In contrast to
these results, in the present study DOC produdesived from phytoplankton
photosynthesis was always higher than BCD, irrespeof the time of year (Fig. 5). Even if
we consider that our BCD calculations are undereded (see above) and we recalculate the
BCD with an increase of 30 % in heterotrophic baateespiration, th@DOC was still

greater than the recalculated BCD for all concurdata. ThggDOC:BCD >1 suggests that
bacterial metabolism was not limited by resouresshere was always sufficient DOC
produced by phytoplankton to satisfy the bactegglirements. Therefore phytoplankton
and bacterial metabolism were coupled, considégogpling” to be the capacity of
phytoplankton to produce enough dissolved primaogpction (PP) to meet the BCD
(Moréan et al. 2002). However, the magnitude of &aat carbon demand was not dependent
on the amount of organic carbon produced by phgtdgbn, as shown by the lack of
relationship betweepDOC and BCD within each month (Fig. 5). Moran et(2002)
investigated the relationship between BCD and pebdn of dissolved organic carbon in

different ecosystems (Antarctic offshore, Antarcibastal, NE Atlantic NW Mediterranean),
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calculating BCD from bacterial production data eoted in situ and assuming a constant
BGE of 7.1, 15 and 30 %. They concluded that @D would on average always exceed
dissolved primary production in the NE Atlantic, unless unrealistically high BGEs were
used”. Contrary to their conclusion, our BCD values watways lower than thegDOC
(considered as dissolved primary production) atoadh range of BGE values (18 - 71 %)

suggesting a good coupling between bacteria antbplaynkton.

4.5 Upper mixing layer versus bottom mixing layer

Light, nutrients, phytoplankton biomass, and comiystructure may have a major control
on microplankton metabolism in the UML and BML.daneral, the BML was characterized
by low light intensities (<0.1 % of the)] lower temperatures and higher nutrient
concentrations. The temperature difference betwleetwo layers was <1 °C in November
and April and ~ 2.5 °C in July. Bacterial metabalis positively related to temperature
(Kirchman et al. 2005, Vazquez-Dominguez et al.7200itzberg et al. 2010). However, we
found similar cell-specific bacterial respiratiatas in the UML and BML, no relationship
between temperature and BP, and furthermore theadioh analysis did not select
temperature as a major variable separating midrbktarotrophic metabolic rates (Fig. 7B).
Similar concentrations of DOC and DON were measureéde UML and BML (Davis et al.
this issue), except in July when DOC and DON weveel in the BML than in the UML.
Therefore, the composition of the organic matteN(€tio) was not a major influence on the

differences observed in microplankton metabolism.

CRo2and BP were higher in the UML than in the BML (4éfand 7-fold, respectively)
presumably as a result of the larger amount ofggighkton and bacteria in the UML than

the BML. However, IND.2.0.8and cell-specific bacterial respiration were simitaboth
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layers. It seems that the interactions betweengpttgmkton and bacteria were favouring
bacterial production in the UML, in contrast to tber bacterial production in the BML.
Release of DOC from phytoplankton is one of sevietatactions existing between
phytoplankton and bacteria (Cole 1982, Amin e2@l2). The organic carbon released by
phytoplankton has been shown to be used as a atéo&ir bacteria (Cole 1982, Baines and
Pace 1991, Moran et al. 2002), enhancing bactesgiration and bacterial production. In
our study, the DOC produced by phytoplankton otilpslated the bacterial production, as
there was no correlation between the dNd§sandpDOC. The use of organic compounds
only for growth rather than respiration could besidered a survival response. For example,
in April, when the inorganic nutrients start to lilee due to phytoplankton uptake, and the
direct competitors for nutrients (phytoplanktong arcreasing in number, bacteria in the

UML could have used theDOC to increase their production at similar redorarates.

Overall, our results contrast with a previous studthe North Sea, where they reported a
separation in the water column of consumption s$dlived inorganic carbon (DIC; primary
production), which occurred in the surface layéan DIC production (respiration) which
occurred in the bottom mixed waters (Thomas €@04). In this former study, the
enhancement of respiration processes below thengnlayer during a stratified period
increased the transport of @@®om the shelf sea to the open ocean (Thomas 208#). In
contrast to Thomas et al. (2004), our results ssigifpat most of the respiratory €O
production occurred in the upper mixing layershef tvater column, contributing to the €0

available for evasion to the atmosphere rather éxgort to the open sea.

CONCLUSION
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Pronounced seasonal variability was observed, kgher rates of microplankton
community respiration at the end of April, highestes of bacterial production and bacterial
growth efficiency in July, and lowest rates of &P and BGE in November. The
relationship between microplankton community respn and primary production differed
between seasons, wifC-PP > CRin April as a result of the phytoplankton bloom and
14C-PP ~ CR2 during July, due to the combination of low&E-PP and higher C#3.
Autotrophic and heterotrophic metabolic rates wkreen by different environmental factors
(temperature, nitrate+nitrite, DON and BA for thearophic metabolic rates, and
nitrate+nitrite, DON, silicate, Chd; BA and ammonium for the heterotrophic metabolic
rates) with different importance in the differenbmths. Comparison of the upper mixing
layer with the bottom mixing layer indicated a dezavariability in community respiration
and bacterial production in the UML despite simdancentrations of DOC and DON.
However, bacterial respiration was similar in biatyers. This constancy in the bacterial
respiration rates might be explained by a lackegfeshdency of bacterial respiration on the
production of dissolved organic carbon or / andalmhfference in bacterial community
composition. Our data clearly demonstrate thatdyadtgrowth efficiency varies with season
and depth as a response to the greater variaipiligcterial production than respiration.
Inclusion of this variability in BGE in future stigb or model simulations is necessary for
realistic carbon budget calculations as estimatéseoproduction of Ce®by bacteria derived

using a constant BGE could incur significant biases
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Table 1. Average surface * standard error envirortah€onditions and the depth of the base
of the thermocline at the Central Celtic Sea (Ca&®) Shelf Edge (CS2) stations in

November 2014, April 2015 and July 2015. * indicatieere was only one datum for the

analysis.
November 201 April 201& July 201!
CCS CS2 CCS CS2 CCS CS2
SST (°C) 13.3+0.18 14.01+0.13 1049+0.2 115+0.15 14082 16
Salinity 35.39+0.01 3557+001 3533+0.01 3559+001 43%0.02 35.54
Nitrate+nitrite (UM) 2.11+0.14 3.03+0.46  3.19+0.95 7.16 +1.06 <0.02 <0.02°
Ammonium (uM)  0.14+0.02 9.09+0.01  0.10#0.02  0.09+0.05 0.06 0.1
Phosphate (uM) ~ 0.19+0.01 0.25+0.03 0.30+0.06 045+0.06 0.@rGd  0.07
Silicate (M) 0.93+0.06 1.35+0.04 2.55+0.08 2.73+0.4 0.36170 0.2
Chlorophyll-a (ug L) 1.53 + 0.09 0.84 3.51 +0.92 155+0.72  0.29+0.020.92°
Bacterial abundance .
A ) 0.7+0.1 05+0.1 1.0+0.1 0.5+0.1 08+0.1 14
(x10" cells mL")
Thermocline (m) 75+7 114 5 54 + 4 67 +2 53+2 50"
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Table 2. Upper mixing layer depth integrated baatearbon demand (BCD), bacterial

growth efficiency (BGE), cell-specific bacteriabparation (INTo.2.0.9 and cell-specific

bacterial production (BP) £ standard errors dulmyember, April and July at CCS and

CS2.
BCD BGE cell-specific cell-specific BP
Station Date INTo208
mgCm?d* %  fmol O,cell* d™ fmol C cell*d*

CCS 10/11/2014 23423 33.2+35 0.42+0.06 0.21+0.01

12/11/2014 23. 42 18.4+1rF

22/11/2014 24.%1.1 34.8+1.¢ 0.32+ 0.0z 0.17+C

25/11/2014 27.82.: 24.4+21 0.34+0.0¢ 0.11+cC
CS2 18/11/2014 23.63.3 22.9+3.3 0.41+0.07 0.12+0
CCSs 04/04/2015 30.84.7 24.9+4.7 0.46+ 0.0¢ 0.15+0.02

06/04/2015

11/04/2015 24.22.2 50.5+5¢ 0.23+ 0.0« 0.24+0.01

15/04/2015 445329 28.7+2.1 0.51+0.05 0.20+0.01

20/04/2015 32.%k2.1 48+4.°: 0.23+ 0.0z 0.21+0.01

25/04/2015 27+0.8 45.8+1¢ 0.44+ 0.0z 0.37+0.01
CS2 10/04/2015 25.82.7 18.1+2.1 0.89+0.11 0.20+0.01

24/04/2015 21.85<4 35.7+¢ 0.36+ 0.1« 0.20+ 0.01
CCS 14/07/2015 2551.¢ 62.5+4¢ 0.2+ 0.0« 0.33+0

24/07/2015 23.51.z 70.6+3.c 0.14+0.02 0.33+0.01

29/07/2015 21.41.F 55.6+3.¢ 0.25+ 0.0« 0.31+¢C
CS2 19/07/2015 24.7+1.4 57.3+35 0.23+0.03 0.31+0.01

46



991

992

993

994

995

Table 3. Spearman correlation matrix between vottumbacterial abundance (BA), microplankton commyurespiration (CRz, and INTr),

bacterial respiration (INdl2-0.9, bacterial production (BP), bacterial carbon dedh@BCD) and bacterial growth efficiency (BGE) with

environmental parameters (temperature, T; chloria)\Chl-a; nitrate+nitrite, ammonium, silicate and phosplaecentration and

phytoplankton DOC productiopDOC).

Nitrate . .

T Chl-a Tnitrite Ammonium Silicate Phosphate pDOC  CRg, INT INTg.08 %INTpes BP BCD
BA 057" 038" -0427" 0.50 011  -0327 0497 0487 0727 0287 -0477 06777 06277
CRo» -0.04 040 -0327 0.17 -0.12 -040"" 0537 062" 017 -048"" 0757 060
INT 036" 05477 -0397 0.05 0.01 -026° 0647 06277 055" 045" 0637 0797
INTp0s -0.42°77 038"  -0.12 0.01 021" 0.09 0.13 017 055 040" 012 075"
%INTg.0s -0.04 021 0317 -0.10 014 0347 -062"7" -048"" -045" 0407 051" -0.06
BP 015 0347 -0687 035 -048"7 0697 0597 0757 0637 012 05177 070"
BCD 019 042"  -0.12 0.16 -013 -036"" 0477 0607 0797 0757 -0.06 070"
BGE 037" -004 0537 0307 -05177 -0647 0437 05277 022" -048" -07577 07577 016
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LEGEND

Figure 1. Time course of the temperature verticgtiution in the upper 130 m at CCS and
CS2 during November 2014, April 2015 and July 2@lack dots represent the depths
where water was collected for measurement of ptankietabolic rates and the dotted white

line is the base of the thermocline considerecktthle base of the upper mixing layer.

Figure 2. Paired measurements of log-transformexaplankton community respiration
derived from 24h oxygen consumption (€Rand <1.5 h INT reduction rates (INT
determined from samples collected at CCS and CBR different colours correspond to the
different months sampled: November in blue, Aprigreen and July in orange. The dashed
line corresponds to the ordinary least-squaresitingationship. The statistical Spearman

correlation analysis is shown.

Figure 3. Vertical profiles of the monthly averadgpeterial abundance (BA), microplankton
community respiration (C& and INTr), respiration of the plankton fraction >0.8 um

(INT>0.9), bacterial respiration (INbl2-0.9 and bacterial production (BP) at CCS (A, B, C, D,
E, F) and CS2 (G, H, I, J, K, L) in November 20b#¢), April 2015 (green) and July 2015

(orange). Error bars represent the standard efibiecaverages.

Figure 4. Upper mixing layer depth-integrated baat@abundance (BA), microplankton
community respiration (C&), bacterial respiration (INol2-0.9, proportion of plankton
community respiration attributable to bacteria (%bdNo.9 and bacterial production (BP) at
CCS (solid circles) and CS2 (open circles) duririy®&mber 2014 (blue), April 2015 (green)

and July 2015 (orange). Error bars represent tredard error.

Figure 5. Volumetric bacterial carbon demand (B@&x¥sus dissolved organic carbon
produced as a result of phytoplankton photosynshpBIOC) during November 2014 (blue),

April 2015 (green) and July 2015 (orange). Theiglidine is the 1:1 line.
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Figure 6. Relationship between depth-integratedapiankton community respiration
(CRo2), bacterial production (BP), bacterial respirat{tdiTo.2-0.9, contribution of bacteria to
microplankton respiration (%INk-0.9 and bacterial growth efficiency (BGE) with dissed

organic carbon (DOC) and nitrogen (DON).

Figure 7. Distance-based redundancy analysis (dbRD#e linear model describing the
relationships between environmental variables (&nadpre, T; nitrate+nitrite concentration;
silicate concentration; ammonium concentrationtdréad abundance, BA; chlorophydl-

Chl-a; dissolved organic nitrogen, DON) and (A) autotrigometabolic rates (primary
production and production of dissolved organic oajtand (B) heterotrophic metabolic rates
(daily microbial respiration, respiration of the.8Qum size fraction, bacterial respiration,
bacterial production and bacterial growth efficiessy. Sampling days at CCS are represented
by triangles and at CS2 by circles in Novemberdhlépril (green) and July (orange).
Significant environmental variables explaining Yagiability of the ordination (best selection

procedure) are represented by the lines.

Figure 8. Weighted average (depth-integrated raidetl by the depth of integration)
microplankton community respiration (GB, bacterial respiration (INbl2-0.9, percentage
microplankton community respiration attributablebtcteria (%IN.2-0.9, bacterial
production (BP), cell-specific bacterial respiratiand cell-specific bacterial production in
the upper mixing layer (UML, solid circles) and tooh mixing layer (BML, open circles) at

CCS (A, C,E, G, land K) and CS2 (B, D, F, H, Jir.November, April and July.

Figure 9. Daily microplankton community respirati@Ro2) versus primary production
determined from radiolabelled bicarbonate uptaker & 6-8 h incubatiot{C-PP) in

November 2014 (blue), April 2015 (green) and JWl§2 (orange) (A). (B) Zoom of the
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dotted area in (A) with November and April datayonError bar represents the standard error

and the solid line is the 1:1 line.
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Figure 3.
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Figure 6.
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Figure 7.
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Figure 9.
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Supplementary Table 1. Volumetric and depth-integraates of microplankton community
respiration, (CR); bacterial production, (BP), lesial respiration, (BR); bacterial carbon

demand, (BCD); and bacterial growth efficiency, @G temperate Shelf Seas.

Publication Site Variable Period Value Units

Blight et al. 1995 LiverpoolBay CR Seasonal <2 mmeh® d*
Serret et al. 1999 Bay of Biscay CR Seasonal 1-9 ramat® o
Céaetal 2014 Mediterranean  CR Seasonal 0-646 Ol d*
Serret et al. 1999 Bay of Biscay  integrated CR Sedsona 10-180 mmol em’d"
Arbones et al. 2008 Ria de Vigo integrated CR ~ April 04 mmolq m’d*
Arbones et al. 2008 Ria de Vigo integrated CR  July 74.5 mmol Gy m” d”
Arbones et al. 2008 Ria de Vigo integrated CR  October 0 3 mmolGm’d"
Robinson 2009 Celtic Sea integrated CR ~ April 17-73 oh@am’d"
This study Celtic Sea CR November 0.1-1.6 mmehd d*
This study Celtic Sea CR April 01-79 mma@°d"
This study Celtic Sea CR July 0.1-3.0 mmel® d"
This study Celtic Sea integrated CR  Seasonal 27 -164 ol@smi d*
Alonso-Saez et al. 2008 Bay of Biscay = BR Seasonal B.8- mmolCrid"
Reinthaler & Herndl 2005 North Sea BR Seasonal 0.2-7 mokg m’ d*
Lemee et al. 2002 Mediterranean  BR Seasonal 0.05 - 2mol @ m° d*
This study Celtic Sea BR November  0.05-0.49 mmohQ d”
This study Celtic Sea BR April 0.07-0.85 mmal@°d"
This study Celtic Sea BR July 0.03-0.39 mmel® d"
This study Celtic Sea integrated BR  Seasonal 7-32  l@moicd"
Martin-Jezequel & Videau 1992 Celtic Sea BP April <024 mgC M d*
Davidson et al. 2013 Celtic Sea BP July 2-25mgC n gt
Davidson et al. 2013 Celtic Sea integrated BP  July 42D mgC i d*
Lemee et al. 2002 Mediterranean  BP Seasonal 0.6-BgC ndt
Alonso-Saez et al. 2008 Bay of Biscay = BP Seasonal -61 mgC m d*
Reinthaler & Herndl 2005 North Sea BP Seasonal 0.1-24gC n gt
Céa et al. 2014 Mediterranean  BP Seasonal 0-4.8 mﬁ &'m
Joint & pomeroy 1987 Celtic Sea integrated BP  Seasonal 1-245 mgC nd*
This study Celtic Sea BP November 0.2-19 mg’%:cf%\
This study Celtic Sea BP April 0.4-50mgC n gt
This study Celtic Sea BP July 05-58 mg édi
This study Celtic Sea integrated BP  Seasonal 52 -198g C nd*
Joint et al. 2001 Celtic Sea integrated BCD November 50 mg C i d*
Joint et al. 2001 Celtic Sea integrated BCD Apiril 100 mgC i d*
Joint et al. 2001 Celtic Sea integrated BCD July 1a80 mgC i d*
This study Celtic Sea integrated BCD November 281 - 338g C ni d*
This study Celtic Sea integrated BCD April 261 - 534 @ngi2 d*
This study Celtic Sea integrated BCD July 257 - 306 mg'z(}j’l
Sintes et al. 2010 North Sea BGE Seasonal 3-71 %
Reinthaler & Herndl 2005 North Sea BGE Seasonal 5- 286

Lemee et al. 2002 Mediterranean  BGE Seasonal 5-45 %
Céaetal 2014 Mediterranean  BGE Seasonal 1-37 %
Alonso-Saez et al. 2008 Bay of Biscay = BGE Seasonal 32- %

Robinson et al. 2002 North Sea BGE June-July 18 %

This study Celtic Sea BGE November 18-33 %

This study Celtic Sea BGE April 18-51 %

This study Celtic Sea BGE July 56-71 % 60




