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Abstract. The assimilation and regeneration of dissolved which pelagic N-regeneration responded to simulated OA
inorganic nitrogen, and the concentration obQN was  conditions was independent of location. Our objective was
investigated at stations located in the NW European shelf seto develop a mechanistic understanding of how;{Nngn-
during June/July 2011. These observational measurementsration, NI—I oxidation and NO production responded to
within the photic zone demonstrated the simultaneousOA. Results indicated that N-regeneration process responses
regeneration and assimilation of IfH NO, and NO;.  to OA treatments were location specific; no mechanistic
NHj,rr was assimilated at 1.82-49.12 nmolN1h—1 and understanding of how N-regeneration processes respond to
regenerated at 3.46-14.60 nmol Nih—1; NO, was OAinthe surface ocean of the NW European shelf sea could

assimilated at 0-2.08nmolNTh~! and regenerated be developed.
at 0.01-1.85nmolNtth-1; NO; was assimilated at
0.67-18.75nmolNE*h~1 and regenerated at 0.05-
28.97nmoINL1h~1, Observations implied that these
processes were closely coupled at the regional scale and th&t
nitrogen recycling played an important role in sustaining
phytoplankton growth during the summer. The{D, mea-

sured in water column profiles, was 10:£3.11 nmol -1

Introduction

The release of C®to the atmosphere from the combustion
of fossil fuels and its dissolution within the surface ocean has

and did not stronalv diverae from atmospheric equilibrium led, through a series of chemical reactions, to a decrease in
gy 9 P d seawater pH of 0.1 units since pre-industrial times (Orr et

indicating that sampled marine regions were neither a stron%l 2005). With few exceptions, this change exceeds that of
source nor sink of BO to the atmosphere. Multivariate anal- _ ' * ) - ’ ) ) )
any in the last 300 million years, and is projected to continue

ysis of data describing water column biogeochemistry and itsand to influence progressively greater depths of the world’s
links to N-cycling activity failed to explain the observed vari- ocean (Caldeira and Wickett, 2003). The majority of ma-

ance in rates of N-regeneration and N-assimilation, pOSSInyrine biota reside in the surface ocean and are exposed to this

due to the limited number of process rate observations. In roaressive decrease in seawater pH. termed ocean acidifi-
the surface waters of five further stations, ocean acidificatiorP 9 o =T P, ) .

. . . . _cation (OA). This includes the microbes which collectively
(OA) bioassay experiments were conducted to investigate

o . ; Support marine food webs. The activity of marine biota in-
the response of N}‘ﬁ oxidising and regenerating organisms o . : .
. - . : LS T fluences the composition of dissolved chemicals and partic-
to simulated OA conditions, including the implications for

[N2O]. Multivariate analysis was undertaken which consid- ulate organic material SL.jCh a.s.phytoplank.ton gells and fae
) - cal pellets. Through their activity, the marine biota moder-
ered the complete bioassay data set of measured variable .
- . . ate the exchange of elements such as carbon, nitrogen and
describing changes in N-regeneration rate;(\ and the S
. . L ; . . . phosphorous between the ocean surface and its interior and
biogeochemical composition of seawater. While anticipating
: : ; : . also of gases between the surface ocean and lower atmo-
biogeochemical differences between locations, we aimed tg . : s -
sphere. Consequently, biological activity within the surface

test the hypothesis that the underlying mechanism through ; . : .
ocean plays a pivotal role in supporting complex marine food
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webs, in moderating the gaseous composition of the Earth’®t al., 2013), regenerates IﬁlHNithin the pelagic environ-
atmosphere and in the sequestration and export of anthrament while the oxidation of NE‘ to NO, and NG; by ni-
pogenic carbon to the deep ocean, effectively removing ittrifying organisms (i.e. nitrification; Wuchter et al., 2006;
from biological activity for geological timescales. The way Herfort et al., 2007) provides oxidised inorganic nitrogen for
in which marine biota respond to OA will have profound im- autotrophic assimilation. Consequently, pelagic nitrogen re-
plications for both the short-term exploitation of marine ser- generating processes directly influence the concentration and
vices by human activity (Cooley et al., 2009) and also for thecomposition of the dissolved inorganic nitrogen (DIN) pool,
oceans’ capacity to sequester anthropogenig @@r longer  which in turn directly influences the rate, extent and com-
timescales. position of phytoplankton community growth (Riegman and
Biogeochemical investigations of the pelagic environment,Noordeloos, 1998; Riegman et al., 1998; Maguer et al., 1999;
or physiological investigations of the micro-organisms which Rees et al., 2002; Maguer et al., 2011). Even if phytoplank-
inhabit this region in the case of laboratory culture studies,ton communities prove to have a high resilience to the direct
present a complex view of the response of marine biota taeffects of OA, their growth may be indirectly affected via
projected OA conditions (Riebesell et al., 2008; Flynn et changes in the DIN pool if nitrogen regeneration processes
al., 2012; Clark et al., 2014). At the organismal level therethemselves are significantly influenced by OA.
will undoubtedly be those for which projected changes to  Somewnhat surprisingly, there are few studies which have
seawater carbonate chemistry and pH will be advantageougvestigated the potential influence of OA upon nitrogen cy-
while others will be placed at a disadvantage (Hutchins et al.cle processes, although nitrogen regeneration responses have
2009). Nonetheless, generalisations such as the influence @ken inferred during mesocosm studies (Schulz et al., 2008;
OA upon coccolithophorids remain elusive (Ridgwell et al., Piontek et al., 2013). The process of [lléxidation (i.e. the
2009; Beaufort et al., 2011). How potential impacts at thefirst stage of nitrification) is of particular interest as it is a
organismal level will propagate throughout microbial com- significant marine source of the greenhouse gas nitrous ox-
munities and translate into biogeochemical consequences &e (N;O). An OA-related inhibition of N oxidation was
the ecosystem level is a topic of ongoing investigation. Toreported for samples derived from below the euphotic zone at
this end, research programmes such as the European Projdetations in the Atlantic and Pacific oceans (depths between
on ocean acidification (EPOCA, Gattuso and Hansson, 200945 and 240 m; Beman et al., 2011), although contradictory
were designed using a combination of laboratory-based culresults were reported for numerous sites within a shallow
ture, mesocosm and field campaigns. More recently, thecoastal system (depths <15 m; Fulweiler et al., 2011), indi-
United Kingdom Ocean Acidification (UKOA) Programme cating that further investigation is required.
adopted a ship-based approach in order to undertake bioassayThe aims of this study were to investigate how N-
investigations of the pelagic community’s response to simu-regeneration within the surface ocean responds to projected
lated OA conditions at discrete geographical locations; hereDA conditions, including the consequences for the produc-
the findings from an investigation of nitrogen cycle processesion of N,O, by undertaking acidification bioassay experi-
within the NW European shelf sea is reported. ments at a range of NW European shelf locations. We aimed
Shelf seas contribute disproportionately to the global car-to test the hypothesis that the underlying mechanism through
bon cycle by supporting up to 20% of global productiv- which pelagic N-regeneration responded to simulated OA
ity while representing <5 % of global surface area (Jahnkeconditions was independent of location. Specifically, we hy-
2010; Liu et al., 2010). The NW European shelf sea sys-pothesised that simulated OA conditions would modify N-
tem is characterised by seasonal transitions in water colregeneration activity, leading to changes in the concentration
umn biogeochemistry, with changes in nutrient availability, and composition of the dissolved inorganic nitrogen pool.
notably of nitrogen, exerting a significant influence on the Our objective was to develop a mechanistic understanding of
rate and extent of phytoplankton growth (Riegman et al.,how NH;{ oxidation, NI—[{ regeneration and 0 production
1998; Rees et al., 2002; Wafar et al., 2004). Nitrogen hagesponded to OA. Additional observations of shelf sea ni-
five oxidation states and is available to marine microbes asrogen cycle processes and® concentration profiles were
inorganic, organic and gaseous forms; consequently therenade to provide context to OA experiments.
is considerable potential for environmental change to influ-
ence how nitrogen flows through marine systems. Consider-
ing only microbial processes, dissolved nitrogen gas (bl 2 Materials and methods
made biologically available through the process of fix-
ation, which has been observed in the NW European shelfnvestigations were undertaken during the UK Ocean Acidi-
sea during summer (Rees et al., 2009). The subsequent réication cruise aboard RRBiscovery(D366) during 6 June
lease of fixed nitrogen as N{Hand dissolved organic nitro- to 12 July 2011, which departed from and returned to Liver-
gen (DON) can support microbial growth (Mulholland et al., pool, UK. A total of 75 CTD casts were undertaken at sta-
2006). Heterotrophic degradation of DON, through the activ-tions in the NW European shelf sea, from which 10 were
ity of extracellular hydrolytic enzymes for example (Piontek sampled for observational nitrogen cycling studies (Sects. 2.2
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Figure 1. Station locations sampled within the NW European shelf sea area; stations for temperature and nutrient profiles (Fig. 3) are rep-
resented by blue circles; stations fop® profiles (Fig. 3) are represented by open red circles; stations for nitrogen cycle measurements
(Figs. 4, 5) are represented by yellow-box arrows which include Julian day; ocean acidification bioassay experiments (Figs. 8, 9) are repre-
sented by green-box arrows.

and 2.3), 34 were sampled for observationgDNconcentra-  tained from 7-day median composites of remote sensing re-

tion profiles (Sect. 2.4) and 5 were used for ocean acidifi-flectance at 547, 488 and 443 nm, combined as the red, green
cation bioassay experiments (Sect. 2.5). The cruise track iand blue channels respectively of an RGB image; hence the

identified in Fig. 1 which includes the location of sampling green-blue section of the visible spectrum was enhanced.

stations.
2.2 Observational nitrogen cycle investigations

2.1 Earth observation images
Seawater was collected from specific depths using 20L

Sea-surface temperature data were generated from Advancétiskin bottles mounted to a 24-way stainless steel rosette.
Very High Resolution Radiometer (AVHRR) data on NOAA Additional instrumentation was attached to the rosette for
satellites, acquired by NEODAAS-Dundee, and processedvater column characterisation, which included Seabird con-
using the Panorama system (Miller et al., 1997). The NOAAductivity, temperature, depth (CTD) units, a Seabird dis-
non-linear SST (NLSST) algorithm was applied and the 7-solved oxygen sensor and a Chelsea MKIII Aquatracka flu-
day median composite used to reduce the effect of cloudsorometer. Seawater was collected during pre-dawn casts (ap-
Ocean colour data from the Moderate Resolution Imagingproximately 4.30 a.m. GMT) at a depth equivalent to 55 % of
Spectroradiometer (MODIS) sensor on the Aqua satellitethe surface photosynthetically active radiation (SPAR) value.
were acquired from NASA OceanColor Website and pro- Light attenuation water column profiles from the previous
cessed to version R2013.0 using the PML Generic Earth Obday were used to derive this depth, which corresponded
servation Processing System (GEOPS; Shutler, et al., 2005jo 5m on average, but were consistently <10m. Samples
Chlorophylla concentration was estimated using the OC3M were not pre-filtered to remove particles of any size prior
algorithm, and a 7-day median composite calculated fromto N-regeneration studies; no information on particle density
the cloud-free pixels to gain a synoptic view. The enhancedvas available. Incubation bottles were not rotated to avoid
colour view to identify the presence of coccoliths was ob- particle settling during these incubations. Usi-based
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methods, investigations were undertaken to determine the An identical procedure was used for Iftand NG, ox-
rate of NH} regeneration, N§ and NG, oxidation with si-  idation incubations in which separate 4 L volumes of sea-
multaneous determinations of JHINO, and NG assimi- ~ water were amended witPNO; and!°NOj respectively.
lation, using methods described in Clark et al. (2006, 2007 Average enrichments for these incubations were-809 %
2011), updated and summarised below. All glassware useg@ambient range 9-66 nmol N!) and 12.7:2.2% (ambi-
for the manipulation of seawater was cleaned with 10 % HCLent range 43-955nmol N'1t) respectively. The concentra-
(reagent grade, 37 %) between CTD sampling iterations andion and isotopic enrichment of NDwas determined by syn-
rinsed thoroughly with Milli-Q high purity water within iter-  thesising sudan-1 in sample volumes of 100-200 mL depend-
ations. All chemicals and solvents were analytical and high-ing on ambient concentration, as described below. The con-
performance liquid chromatography (HPLC) grade respec<entration and isotopic enrichment of NQvas determined
tively, supplied by Sigma-Aldrich (UK) unless otherwise by first reducing NQ to NO, using a high-capacity cad-
stated. Stable isotope salfSH4Cl, Nat®NOg, Nat®NO,)  mium column, and then synthesising sudan-1 in volumes of
were supplied by CK gas products Ltd (UK). 50-100 mL varying with ambient concentration, as described
A 20 L volume of seawater collected in a blacked-out con- below.
tainer from the 55% sPAR depth was used for assimila- Indophenol was synthesised in samples by adding the first
tion and regeneration process studies, which ran in parallelkeagent (4.7 g phenol and 0.32g sodium nitroprusside in
though of differing durations. As an overview, 6 L of this sea- 200 mL Milli-Q water) in the proportion of 1 mL per 100 mL
water was used for nitrogen assimilation studies while 12 Lof sample volume, mixing the sample and leaving for 5 min.
was used to determine the rate of nitrogen regeneration. NThe second reagent (1.2 g sodium dichloroisocyanurate and
assimilation was determined by measuring 1Rl enrich- 2.8 g sodium hydroxide in 200 mL Milli-Q) was then added
ment of particulate material following incubation with sea- in the proportion of 1 mL per 100 mL sample volume, mixed
water enriched with eithef®NH;, NO, or NO;. For  and left for 8 h at room temperature for indophenol devel-
the determination of N-regeneration rates, the DIN pool wasopment. Indophenol was collected by solid-phase extrac-
enriched with eithet>NH , °NO; or 1°NO; and the dilu-  tion (SPE) as described below. Sudan-1 was synthesised by
tion of this tracer due to NEl regeneration, Nljﬂ oxidation adding the first reagent (0.8 g of aniline sulfate in 200 mL 3M
or NO, oxidation respectively was determined following a HCI) to samples in the proportion 0.5 mL per 100 mL sample
period of incubation. For N-regeneration methods, indophe-volume, mixing, leaving for 5 min and then verifying that the
nol (derived from NH) and sudan-1 (derived from N ~ PH was <2.0. Reagent 2 (24 g NaOH and 0.416 g 2-napthol
or NO;3 -N following quantitative reduction to Nf) were  in 200 mL Milli-Q) was added in the proportion 0.5mL per
synthesised from the seawater DIN pool. These products aré00 ML sample volume, mixing, leaving for Smin and then
readily formed at room temperature, are stable, are amenabrifying that sample pH was approximately 8.0. Sudan-1,
to extraction from a seawater matrix, and are also amenablé1€ development of which was complete after 30 min of in-
to purification and analysis using the methods described. ~ cubation at room temperature, was collected by SPE as de-

NH; regeneration rate was determined by amending ascribed below. _
4L volume of seawater in a blacked-out container with Deuterated internal standards were added to samples im-

lSNHI at < 10 % of the ambient concentration. On average, gmediately prior to SPE collection. The major advantage of

5.76+ 2.38 % (ambient range 120-795 nmol N enrich- this step was to minimise error associated with recovery ef-

ment was achieved for these studies. This volume was thorticiency. A full consideration of error and precision during

oughly mixed and placed for 5min in a constant tempera—SPE sample collection is provided in Clark et al. (2007).

ture room, which matched local surface seawater temperaP€uterated indophenol and deuterated sudan-1 were synthe-

ture, in order to ensure homogeneity. Amended seawater wasS€d according to methods described previously (Clark et
then used to fill a 2.2 L incubation bottle, which was placed &+ 2006, 2007) and purified by HPLC as described below.

in a deck incubator at simulated light and temperature forSt"’md"’lrd squtions_in methgnol we_re prepargd (100 ng L
approximately 24 h. The remaining amended seawater waénd the concentration verified against analytical standard so-
filtered through GF/F glass fibre filters and triplicate vol- Utions (Sigma-Aldrich). In-house synthesis and verification
umes between 100-300 mL (varying with ambient concen-proved to be a cost-effective alternative to the direct use of

tration) were set aside for the determination of pre-incubatior@n@lytical standard solutions due to volume requirements.
NH; concentration and isotopic enrichment as described bef\Ppropriate volumes of deuterated internal standards (i.e.

low. Following the deck incubation, bottle contents were fil- 0mparable to samples size) were added to samples follow-

tered through GF/F filters and the filtrate was distributed be-"9 acidification by citric acid and prior to SPE collection.
tween triplicate volumes of 100-300 mL (varying with am- _ Indophenol and sudan-1 were collected by SPE using

bient concentration) for the determination of post-incubation® M-/500mg C18 cartridges (Biotage, UK) which were
NHj{ concentration and isotopic enrichment. prepared for samp!e_ collection by first rinsing wnh 5mL
methanol, 5mL Milli-Q water and 5mL 0.2um filtered
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seawater. Prior to sample collection seawater samples wergable 1.HPLC purification profile for sudan-1. Mobile phases were
acidified with 1 M citric acid to a pH of 5.5, before collec- Milli-Q water and HPLC-grade methanol with a system flow rate
tion by SPE under low vacuum (120 mmHg) at a flow rate of 1 mL min—L. Fraction collection took place in the range 25.5—
<5mL per minute without drying. Samples were then rinsed?27-5 min.
with 5mL 0.2 um filtered seawater and 5 mL Milli-Q water

before being air dried under high vacuum (360 mmHg). Sam-

Time (min) % methanol in

ples were stored frozen until further processing at the land- mobile phase
based laboratory. 0 5

At the land-based laboratory, samples were brought to 5 5
room temperature and prepared for HPLC purification and 15 75
Gas Chromatography Mass Spectrometry (GCMS) analysis ;g 188
in the following way. Indophenol samples were eluted from

. . . 30 5

SPE cartridges in 2mL methanol. Samples were placed in 40 5

a bench-top centrifuge for 2min at 20 0RG5 to remove

particulate material derived from the SPE column. A 500 pL
sub-sample was used for HPLC purification and GCMS anal- . .
ysis and the remaining 1.5 mL was stored-@0° C for any in Table 1. Sample fractions, which were collected at reten-

subsequent repetition of the analysis. 500 uL sub—sample%On time 25'5__27'5 m_in, were d_ried using a Zymark Tur-
were blown down under oxygen-free nitrogen (OFN) to ovap evaporation unit at 3€ using OFN. Dried samples

200 L for HPLC, during which it was absolutely essential were transferred to GC vials and stored over anhydrous sil-

that samples were not reduced to dryness, as this would rdS@ 9€! for 24h prior to derivitisation in a 50 L volume of
1 0 .

sult in significant sample loss. 175 pL of the 200 uL samples5 /° MTBS.TFA n gthyl acetate at 7’@: for 2h. The GCMS

were purified by HPLC using the preparative system, mobileUnit: ramping profile and extr_acted ions descrlkled in Clark et

phases and profile described in Clark et al. (2006) in combi2l- (2007) were used to derive sample NONO; concen-

nation with a Gemini-NX 5u C18 110A 2504.6 mm col-  tration and isotopic enrichment. The rate of Nebr NGO,

umn (Phenomenex, UK) and collecting sample fractions in aoXidation was derived by re-arranging the mixing model of

volume <2mL. Collected sample fractions were blown dry SWeeney et al. (1978) as described in Clark et al. (2007)

under OFN at room temperature (alternative, faster proce@nd k?y applying the Blackburn—Caperon model (Blackburn,

dures all resulted in sample loss, notably those that involved-979; Caperon etal., 1979).

sample heating). Dried samples were stored for 24 h over an; . . L
o ; 2.3 Observational nitrogen assimilation measurements
hydrous silica gel at room temperature prior to GCMS anal-

ysis. Samples were derivitised in SO UL of 5% Sylon HT in ygjng 6 | of seawater collected from the 55% sPAR depth,
n-hexane and incubated at 50 for 4 h. Samples were anal- nitrogen assimilation rates were derived usitiN tech-

ysed by GCMS using the system, ramping profiles and exyques. Triplicate 660 mL volumes of seawater were sepa-
tracted ions described in Clark et al. (2006). Hexane (not a"rately amended witASNH, 15NO; and15NO; at an av-
cohols) was used for GCMS syringe washes. Internal stan-erage enrichment of 7, 18 and 220% of thg ambient pool
dards were PSed tq quantify samplel&lldoncentratmn, and concentration respectively. Bottles were placed in deck in-
when combined with sample enrichment, the rate ofj]NH cypators in conditions of simulated in situ light and tempera-
regeneration was determined by applying the Blackburn—yre for an average of 6 h. A volume of un-amended seawater
Caperon model (Blackburn, 1979; Caperon etal., 1979).  was filtered through GF/F and used to derive ¥ natural
SPE columns loaded with sudan-1 samples were broughipyndance in particulate organic matter (PON). Deck incu-
to room temperature and processed for HPLC purificationyations were terminated by filtration onto GF/F filters, which
and GCMS analysis in the following way. Sudan-1 sam-\yere frozen at-20° C until isotope ratio mass spectrom-
ples were eluted from SPE cartridges in 2mL of ethyl ac-gtry analysis was undertaken at the land-based laboratory.
etate. 100-300 pL sub-samples were used for further processhe rates of nitrogen assimilatioml(lHj{, pNOj, pNO3)
ing while the remaining samples were stored-@0°C and  \yere determined using the equations of Dugdale and Go-

available for subsequent repeated analysis. 100-300 L suleing (1967), corrected for nitrogen regeneration using the
samples were blown dry under OFN, re-dissolved in 200 uLequations of Kanda et al. (1987).

methanol and centrifuged in a bench-top unit at 20 Q@

for 2min to remove particulate material derived from the 2.4 Observational NO measurements

SPE packing. Samples were transferred to GC vials and pu-

rified by HPLC. The HPLC system described in Clark et Niskin bottles mounted to a stainless steel rosette were

al. (2007) was used in combination with the Gemini col- used to collect seawater from specific depths, which were

umn identified above and the mobile phase profile presentetransferred into 1L borosilicate flasks using Tygon tubing.
Samples were overfilled to three times bottle volume in

www.biogeosciences.net/11/4985/2014/ Biogeosciences, 11, 80852014



4990 D. R. Clark et al.: The influence of ocean acidification on nitrogen regeneration

order to expel trapped air bubbles, poisoned with 200 pLIncubation bottles were not rotated to avoid particle settling
of saturated HgCI solution and in all cases analysed withinduring these incubations as this would have been logistically
8h of collection. NO concentration was determined by impossible. Incubation temperature matched in situ condi-
single-phase equilibration Gas Chromatography with Elec-tions while an irradiance of 100 pETAs ! was provided in
tron Capture Detection (GC-ECD) similar to that describeda 16 /8 h light/dark cycle for all OAB experiments. The third
by Upstill-Goddard et al. (1996). The analysis protocol in- CTD cast was used for biogeochemical parameter determina-
volved determination of three certifiedt@ %) reference tions at the start of each OAB experiment (i7g). Biogeo-
standards of 287, 402 and 511 ppb (Air Products, UK) im-chemical parameter determinations were repeaté&ggand
mediately before each sample with daily determination of theTog time points by terminating selected bottle incubations.
atmospheric mixing ratio against the same standards. Mean

instrument precision from daily, triplicate analyses of the 2.6 Statistical analysis of observational

three calibration standards & 81) was 0.95 %< +2.7 %). and bioassay data

The method returned gas partial pressures in the samples

at equilibration temperature. Concentrations of in situ dis-Data generated during this study in combination with that of
solved NO were calculated from solubility tables of Weiss other cruise participants (Richier et al., 2014b) were anal-
and Price (1980) at equilibration temperature (approximatelyysed in a multivariate context using PRIMER v6 (Clarke and
25°C) and salinity. The per cent saturation of seawater withGorley, 2006) and PERMANOVA (Anderson et al., 2008).
N2O was determined as the ratio of in sitpy®lto atmo-  The former utilises a robust non-parametric multivariate an-
spheric samples determined on-board (meani32pb, cf.  alytical approach, while the latter extends some of the ideas
322.8 at Mace Head, Ireland and 322.4 Ragged Point, Barunderpinning PRIMER to allow analyses of higher-way ex-

bados). perimental designs. At each of the five OAB locations, sam-
ples were collected and analysed from four different exper-
2.5 Ocean acidification bioassay (OAB) experiments imental treatments (Ambient, 550, 750, 1000 patm) at two

time points {43 and Tgsh). Additional samples analysed
Details of the OAB experiments, including implementa- from the commencement of experiments (Tg. represented
tion and aspects of interpretation are presented elsewherthe initial (ambient) conditions. Thus there were 45 combi-
(Richier et al., 2014a). As an overview, the carbonate chemnations of treatment and time, in an unbalanced design. Al-
istry of seawater collected from a depth of 5-12 m at five lo-though efforts were made to replicate measurements within
cations (identified as E1-5) in the NW European shelf seacombinations of experimental treatments, these were made
was manipulated to provide threeCO, treatments (550, with a view to replicating measurements of individual vari-
750, 1000 patm) and compared to an ambient treatment, iables rather than producing genuine replicates representative
which carbonate chemistry was un-modified. A range of bio-of the true variability across variables within the overall ex-
logical and chemical parameters were determined at the stapierimental set-up. Thus experimental units were not sampled
of each OAB experiment, and again following 4B§) and  to provide matching variability estimates for all variables,
96 (Tgs) h of incubation in order to assess the short-termbut different measurements were made on different units.
response of the biological community CO, treatments  The experiments were not “fully replicated” in a multivari-
and the implications for seawater chemical composition.ate context. To analyse the data in a multivariate context it
A stainless steel rosette to which were attacheck 20 L was therefore necessary to pool (average) measurements of
Niskin bottles and CTD instrumentation was used to col-each variable within experimental treatments.
lect seawater in three successive casts at stations identified An additional complication was that many variables were
in Fig. 1. For the first two CTD casts, Niskin bottles were not measured in all 45 combinations of experimental treat-
retrieved from the rosette as soon as access was permitnents. This was particularly so ify treatments. Omitting
ted. Seawater was transferred in acid-cleaned silicon tubthese samples from the analysis left one missing pool obser-
ing into 72x 4.5 L polycarbonate incubation bottles, and dis- vation from location 3 affgs. This was NI—I regeneration
tributed between the four separate treatments. In three treatate in the 1000 patm treatment. Rather than removing this
ments, the carbonate system was manipulated to achieveariable from further analyses, a value for this observation
amendedPCO; targets of 550, 750, 1000 patm by the ad- was estimated using the EM (estimation maximisation) algo-
dition of NaHCGQ; +-HCI (Gattuso and Lavigne, 2009). Total rithm (Clarke and Gorley, 2006). The data set, on which the
alkalinity (TA) and DIC analysis (the remaining carbonate following analysis was based, therefore consisted of 40 com-
parameters were derived using CO2SYS) was immediatelypinations of experimental treatments (faR€O, treatments
undertaken to verify these amendments after which bottlesneasured at two times and at five locations).
were sealed with septum lids, and incubated in a constant- Of the variables recorded, some were “explanatory”, be-
temperature room equipped with LED-light banks. Samplesing those that represented experimental conditions (manipu-
were not pre-filtered to remove particles of any size prior tolated or otherwise). These included physical measures such
incubation; no information on particle density was available. as temperature and salinity which were not measured in each
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experimental unit, but were recorded as a single value forj§
each location. Others, the “response” variables, representet
potential variation in response to variation in the explanatory
variables. These could be grouped into a range of types iden
tified in Table 2 which included measurements of inorganic | 5 1
nutrient concentration, carbonate parameters and microbia A s A " A
populations from analytical flow-cytometry. The first, and : ' A :
most obvious, question to address was whether there werg
differences in values of response variables among levels of
experimental treatments. Only if this was the case did it make
sense to go on to try and relate these to measurements of e
planatory variables.
Variables were normalised to convert them to a common
scale by subtracting the mean and dividing by the standard
deviation. For all variables, and separately for each of theg
groups of variables, a Euclidean distance matrix of differ-
ences between every pair of samples was calculated and us¢g
to conduct tests of differences between locations (LO), treat-
ments (TR) and times (TI), using permutation-based analysi
of variance (Anderson, 2001; McArdle and Anderson, 2001).
This procedure is formally equivalent to a standard ANOVA
but the flexibility and robustness of the permutation approach
ameliorates the necessity for variables to fulfil standard asfigure 2. Earth observation 7-day composite images of sea-surface

: ( , o - 3
sumptions, such as normality. Tests were carried out for alltemhperatgre"’l( L(C))‘ tChl_Oro?hy” Jcﬁhcegtrat'izg((rgga )(_)"’;”‘:63

variabl nd for h of the variabl r ) enhancedad-coloulc) starting from Julian days ay (1)),
ariables, and for each of the variable groups (12 June (ii)) and 190 (9 July (iii)).

3 Results
per mixed layer depth of approximately 40 m. The highest

Macro-scale features of the NW European shelf sea aresvater column temperatures were associated with the Biscay
are presented in 7-day composite Earth observation imagegion, which were mixed to depths exceeding 80 m. As the
for sea-surface temperature (EO-SST), chlorophyll (EO-Chl)ship re-entered the English Channel and proceeded through
and enhanced colour (EO-EC, which provides a qualitativethe North Sea, strong water column stratification was evi-
indication of coccolith density; Fig. 2). During this investi- dent, with an upper mixed layer depth of 10 m in the southern
gation sea-surface temperature of the shelf sea region gemNorth Sea, increasing to approximately 25 m in the northern
erally increased, with warmer water being evident progres-North Sea and 40m in the North Atlantic off the Scottish
sively further north. EO-Chl data suggested a regional-scalgorth coast.
proliferation of autotrophic growth from approximately 10  Chlorophyll profiles suggested a patchy autotroph distri-
June which persisted in coastal regions beyond the end dpution. Relatively high chlorophyll concentrations were as-
this study period, notably within the southern North Sea,sociated with the well mixed water of western Scotland, co-
Skagerrak and Norwegian Current areas. Enhanced colounciding with relatively high nutrient availability for both
imagery was used to further discriminate the characterisNO, 5 and PQ™. Nutrient concentrations in the upper 40m
tics of shelf sea water masses: seawater free of particulatef the Celtic Sea, Biscay and southern North Sea regions
matter (i.e. phytoplankton cells or sediments) appears blueywere low in P(j’, occasionally coinciding with relatively
plankton blooms appear green or brown-red for more denséow NO 5. A high concentration of chlorophyll was iden-
blooms; suspended sediment appears white/yellow; coccolithified as a discrete feature at approximately 30m in a re-
blooms appear brighter turquoise. A region of relatively high gion of the northern North Sea where cooler waters with
coccolith concentration in the central North Sea was promi-higher nutrient concentrations were located at relatively shal-
nent from 4 June and remained discernible for 4 weeks. low depths. This feature was associated with a coccol-

Contour plots of water column temperature, chlorophyll, ithophorid bloom. Progressing through the North Sea and
inorganic nutrients (NQ/3, P@[) and NO concentration into the North Atlantic relatively high chlorophyll concen-
are presented in Fig. 3 and summarised below. Water coltrations were again observed in the upper mixed layer, asso-
umn profiles for western Scotland suggested that the uppetiated with high inorganic nutrient concentrations.
80 m were relatively cool and mixed. For western Ireland and The range of MO concentrations for all profiles was nar-
the Celtic Sea, the water column was stratified with an up-row (approximately 8—12 nmolt!). Relatively high NO
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Table 2.1dentification of parameters arranged within groups for statistical analysis of bioassay and observational data.

Group identifier Parameters included within group

Physical Salinity
Temperature
Carbonate Total alkalinity

Dissolved inorganic carbon

[HCOg] (calculated from DIC and TA using CO2SYS)
[CO\%*] (calculated from DIC and TA using CO2SYS)
PCOy (calculated from DIC and TA using CO2SYS)
Qca (calculated from DIC and TA using CO2SYS)
Qar (calculated from DIC and TA using CO2SYS)

pH (calculated from DIC and TA using CO2SYS)

Inorganic nutrient  [NQ]
[NO, ]
[Si(OH)4]
[PO; 7]
[NHS1
[O2]
Dimethylsulfide (DMS)
Total dimethylsulfoniopropionate (TDMSP)

Organic nutrient Dissolved organic carbon
Total dissolved nitrogen
Transparent exopolymer particles
Biogenic silica

Phytoplankton Total and size fractionated chlorophyll a
Fast repetition rate (FRR) calibrated fluorescence
Maximum photochemical yield of photosystem Il (photosynthetic efficiency)
Effective absorption cross section in darkness
Minimum turnover time of PSII photochemistry
Primary production
Calcite production
Coccolithophore cell density
Emiliania huxleyi coccospheres counted

Particulate Particulate organic carbon/nitrogen/phosphorous
Particulate dimethylsulfoniopropionate

Analytical flow High/low nucleic acid bacteria

cytometry Total bacteria

Synechococcus cell density
Heterotrophic Nanoflagellates abundance
Phototrophic nano/picoplankton abundance

Nitrogen cycling NH regeneration rate
NH oxidation rate
NO; oxidatiori
NH?{ INO; /NOj assimilation raté
[N2Q]
[CH4]

* Parameter included in the analysis of observational data only.
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Figure 4. The rate of NI—I, NO, and NG; assimilation(a) de-
termined at observational stations identified in Fig. 1, and the con-
tribution (in %) that each inorganic nitrogen source makes to total
N-assimilation(b).
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below the upper mixed layer. A loose association between
higher NNO concentration and lower temperature was appar-
entin profile data, possibly related to increased gas solubility.
The rate of N, NO, and NG assimilation is pre-
sented in Fig. 4 and includes the contribution of each to the
combined rate of nitrogen assimilation (i.e. $I-shssimila-
tion +NO; assimilatior+-NOj assimilation), which ranged
from 3 to 57nmolNL2h~. The lowest combined rates
Figure 3. Contour plots of temperatur¢a), chlorophyll (b),  of nitrogen assimilation (<18 nmolN1!h~1) were asso-
NO3 +NO; (o), Pof’,r‘ (d) and NyO saturation(e) derived during ~ ciated with western Scotland, Celtic Sea, western English
the cruise track. The position (Julian day and sample depth) of ob-Channel (time series Station E1; first visit) and Biscay re-
servational and bioassay stations is indicated by black circles angjions. Following the passage of a storm in the Western Ap-
white diamonds (sequentially E1-E5) respectively. proaches region, higher rates were associated with stations
in the Western Approaches and the western English Chan-
nel station E1 (33-43 nmol Nt h~1). Combined rates of
concentrations were associated with the cool, mixed, highps5_57 nmol N =1 h-1 were measured at the remaining sta-
chlorophyll, high nutrient waters of western Scotland. tions in the North Sea and North Atlantic. IjHassimilation
Concentrations decreased through the Celtic Sea, Westeffequently dominated phytoplankton nitrogen demand while

Approaches and into the Biscay regioreiconcentrations  NO, assimilation made a variable contribution (0-5 %).
remained relatively low in the surface stratified water of the

North Sea, although higher concentrations were measured

Depth (m)
N,O saturation (%)

Ocean Data View / DIVA

160 170 180 190
Julian day
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treatment and time point. Across all bioassay experiments,

40 1 — ;H;‘j PCQ, initial conditions were 364 21 patm, 538t 13 patm,
; NO? 710429 patm and 912 38 patm for ambient, 550, 750

and 1000 patm treatments respectively. Corresponding ini-
tial pH values were 8.0& 0.02, 7.94+0.01, 7.83:0.02,
7.73+0.02 respectively. During the progression of experi-
ments, pH /PCO, changed in a way which was inconsistent
between bioassays. Similarly, microbial community abun-
dance differed between geographical locations and changed
10 1 in a way which was frequently inconsistent between bioassay
experiments. The concentration of@® and the rates of N}I

| l Lj I IE regeneration and N;H oxidation are presented in Fig. 9.
0 - - Cursory examination suggested that;{\llrbgeneration rate
b increased withPCO, at E1 and E3. However, no consis-
tent response between bioassays was immediately evident.
Independent measurements of nitrification activity, namely
the rate of NI—I oxidation and changes inJ® concentra-
tion (a product of the Nljﬂ oxidation process) suggested that
there were no clear treatment-related responses between time
points and locations.

Statistical analysis of observational data, which included
all available biogeochemical data from cruise participants,
was undertaken in an attempt to identify links between ni-
trogen cycle process rates and environmental variables (Ta-
ble 2). Excluding variables with missing observations from
one or more sites, a suite of 27 variables were retained. A
“Similarity Profile” analysis (SIMPROF; Clarke et al., 2008)
based on normalised Euclidean distances among samples cal-
Figure 5. The rate of N"I' NO, and NG regeneratior(a) de- culated”from 10 explqna.tory vari'abl.e_s (“physigal“ gnd “car-
termined at observational stations identified in Fig. 1, and the conPonate” parameters) indicated significant multivariate struc-
tribution (in %) that each inorganic nitrogen source makes to totalture (Pi=1.62, p <0.001), but a similar analysis based on 17
N-regeneratiortb). response variables (“inorganic nutrient” parameters exclud-

ing [DMSP], “nitrogen cycle” parameters excluding [G]H
total chlorophyll, dissolved organic carbon, total nitrogen)
) L indicated that there was no structure to interpret£Pi238,

The rate of NKf regeneration, Nii oxidation and NG ' _ 5115 A further SIMPROF analysis based on correla-
oxidation is presented in Fig. 5. Nltrogen .regeneratl'ontions among response variables reinforced this, failing to re-
process rates were detectable at all stations, with a combmejfgCt the null of “no significant correlation” (Ri 0.234, p =
rate (i.e. NH regeneration-NH, oxidation+NO, oxida- (5 106). A BIOENV analysis was undertaken, which searches
tion) of 5-37 nmol N " h™%. NHj regeneration frequently  for subsets of variables that, in combination, “best match” a
made the largest contribution to the combined rate, whilethepattern defined by a target resemblance matrix. The match
separate stages of nitrification were frequently uncoupled afyas quantified using a Spearman rank correlation between
the sampling depth investigated (average ratio of 0.22 forcorresponding elements in the resemblance matrices. Owing
NH; :NO, oxidation). A very high rate of N® oxidation  tq the lack of independence among elements in such matrices
measured at station E1 (Julian day 175) following the pasng a selection bias explicit in the method, standard meth-
sage of a storm was a prominent feature of these results. s for testing the significance of these correlations were in-

Selected OAB data are presented in Figs. 8 and 9. Asjalid. Consequently, a permutational procedure was adopted
an indication of potential microbial community responses to (Clarke et al., 2008). Using a normalised Euclidean distance
PCQ; treatment, the abundance of bacterial cells and hetyesemblance matrix derived from all 10 explanatory vari-
erotrophic nanoflagellates are presented as these were antigmes, a search through all subsets of response variables (up
ipated to be most closely associated with the processes gy sypsets with a maximum of 10 variables) found a high-
NH; regeneration and oxidation. Further details of changesst rank correlation of 0.84, with a combination consisting of
in carbonate chemistry and inorganic nutrients during bioas-NOE' Si(OHy), NH;7, DOC and total dissolved nitrogen. De-

say experiments are presented by Richier et al. (2014a)gpite the apparent strength of this relationship, a permutation
Box plots collated data from up to nine replicate bottles per
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Table 3. Summary of results from permutation-based analysis of variance tests for differences among parameter groups using Type Ill
sums of squares based on 999 permutations of residuals under a reduced model. Details of the parameters included in parameter groups a
provided in Table 2. Location (Lo) was included as a random factor, while treatment (Tr) and time (Ti) were fixed.

| All | Inorganic nutrients| Organic nutrients| Phytoplankton | Particulate | Analytical flow cytometry | Nitrogen cycling
Source ¢ | Pseudof p | Pseudof p | Pseudof p | Pseudof p | Pseudof p | Pseudof p | Pseudof p
Lo 4 25.64 0.00 44.15 0.00 18.96 0.00 36.93 0.00 65.04 0.00 13.24 0.00 13.87 0.00
Tr 3 2.65 0.00 4.98 0.00 0.58 0.82 2.20 0.02 4,12 0.01 3.93 0.00 1.68 0.10
Ti 1 241 0.06 2.05 0.19 8.85 0.01 1.39 0.32 594 0.05 1.99 0.22 1.12 0.47
LoxTr 12 1.33 0.04 1.62 0.04 1.23 0.28 1.83 0.01 0.99 0.53 1.00 0.54 1.28 0.23
LoxTi 4 3.86 0.00 12.14 0.00 1.72 0.11 4.11 0.00 2.36 0.03 3.64 0.00 1.94 0.06
TrxTi 3 1.98 0.03 2.47 0.03 247 0.03 2.58 0.02 0.96 0.46 2.10 0.06 0.94 0.53

test demonstrated that values of 0.84 or greater occurreth the ANOVA model. Little variability was explained by
11 % of the time purely by chance. The equivalent results fordifferences between times, and the least important sources
a test using only the carbonate variables (Table 2) returned af variation were those associated with differences among
maximum correlation of 0.78 (with variables JOSi(OHy), treatments. This pattern was consistent, with minor variation,
NH;, DOC and total dissolved nitrogen) but values as highacross all groups of variables. Relationships among samples
or higher than this occurred 28 % of the time in random rear-(and groups of samples) could be visualised by an appropri-
rangements of the data. With pH alone the highest correlatiorate ordination (Fig. 11). The differences among samples from
(0.8) was with a single variable (F?iO) and the second high- different locations were readily apparent; differences among
est match (0.77) was with a subset of five variables {NO treatments or between times less so. Water column charac-

Si(OH) POZ_ 0, and Nl_ﬁ‘ assimilation rate), but values teristics may have contributed to the clustering of results for
of 0.8 or higher occurred 16 % of the time in random permu- E2+4 and E3-5, being sampled from a fully mixed or strat-

tations. Thus none of these relationships could be considereffi€d water column respectively. The distinct clustering of E1
significant. data, which was sampled from a stratified water column, may

Statistical analysis was extended to bioassay data, cornave related to bioassay bottle conditioning effects (Richier

sidering stations both individually and collectively, in or- €tal-, 2014a).
der to provide a rigorous and impartial interrogation. The
aims were to (i) identify significant treatment effects in the
bioassay data set so that (ii) any significant treatment effects

in relation to nitrogen _cycle processes could be placed i”t(buring this study a ship-based bioassay approach was used
context. Results of this analysis are presented in Table 3y jnyestigate the response of surface ocean microbial com-
For all groups of variables there were significant differencesy, nities to projected ocean acidification conditions. This
among groups of samples. However, although there were ap;pnroach had the major advantage that different geograph-
parent .S|gn|f|ca.nt treat.ment effects, it should be noteq thaﬁcaﬂ locations could be examined and compared to observa-
the majority of interactions among factors were also signif-(ions Earth observation data demonstrated that OAB exper-
icant (p<0.05). Consequently, there was little evidence of jments were conducted in contrasting areas which was re-
consistent effects of treatment or time across the five locafiected in the biogeochemical composition of seawater sam-
tions. Ignoring these, significant differences among levels ofyjeq. Through observational data we demonstrated that mi-
treatment (Table 4) tended to be between ambient treatmen%.obia“ nitrogen regeneration and assimilation took place
and h!ghPCOZ, ar_1d for most groups of v_arlables there was \yithin the near-surface ocean at all locations and that the
no evidence of differences among manipulated treatmentsange of nitrogen regeneration rates was comparable between
However, there was evidence for significant treatment effectg,pservational and bioassay experiments. We undertook sta-
related to inorganic nutrients (Fig. 10). These results indi-(istical analysis in an attempt to uncover a mechanistic basis
cated that the normalised concentration of specific inorganig,, our observations and to place nitrogen cycle OA treat-

i + — + i i X . :
nutrients (PQ", NO,,5, NH;) and DMS increased with ment responses into context. We found that the biological
PCO, treatment while that of TDMSP decreased. The nor-response t?CO, treatments differed between locations and
malised concentration of silicate (Si(Qffwas unchanged,  that 4 mechanistic understanding of how nitrogen cycle pro-
implying that diatoms had no short-term role in this relation. ogges responded to OA could not be achieved.

Examining estimates of components of variation (sum-
marised as ranks in Table 5) demonstrated that most of th@. 1  Opservational measurements of the nitrogen cycle
variation was associated with differences among locations,
followed by residual variation not associated with the termsConsidering all stations, total nitrogen assimilation rate (i.e.
NH} +NO; +NOj3) ranged from 2.8 to 56.7 nmol N1t h~?

Discussion
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Table 4. Summary of results from pairwise tests for differences among levels of treatment, from permutation-based analysis of variance tests
for differences among groups using Type 1 sums of squares based on 999 permutations of residuals under a reduced model. Details of thi
parameters included in parameter groups are provided in Table 2.

Groups All  Inorganic nutrients  Organic nutrients  Phytoplankton  Particulate ~ Analytical flow cytometry  Nitrogen cycling
Ambient, 550 n.s. n.s. n.s. n.s. n.s. * n.s.

Ambient, 750 * * n.s. n.s. * * *

Ambient, 1000 * * n.s. n.s. * * n.s.

550, 750 ns. * n.s. n.s. n.s. n.s. n.s.

550, 1000 ns. * n.s. n.s. n.s. n.s. n.s.

750, 1000 ns. * n.s. * n.s. n.s. n.s

Note:*x = p<0.05,n.s. = p>0.05.

Table 5. Ranked estimates of components of variation for permutation-based analysis of variance tests. Details of the parameters included
in parameter groups are provided in Table 2. Lo — location, Tr — treatment, Ti — time, Res — residual. “Average” indicates the average rank
across groups of variables excluding the ranks for all variables.

Source All  Inorganic Organic  Phytoplankton Particulates Analytical  Nitrogen Average
nutrients  nutrients flow cytometry  cycling
V(Lo) 1 1 1 1 1 1 1 1.0
S(Tr) 5 5 7 6 5 4 6 5.5
S(Ti) 4 4 3 7 3 6 3 4.3
V(LoxTr) 7 6 6 4 7 7 5 5.8
V(Lo xTi) 3 2 5 3 4 3 4 3.5
S(TrxTi) 6 7 4 5 7 5 7 5.8
V(Res) 2 3 2 2 2 2 2 2.2

(Fig. 4). NH} assimilation ranged 27-fold, NDassimila-  uncoupling between N source and sink processes lead-
tion ranged 262-fold and NDassimilation ranged 28-fold. ing to localised short-term increases in N@oncentration;
Nitrogen assimilation rates were comparable to previous obmaintaining an opportunistic ability to utilise pulses of NO
servations in the North Sea (Reigman and Noordeloos, 1998nay have been advantageous. In support of this, Wafar et
Rees et al., 2002; Weston et al., 2004) and indicated that phyal. (2004) demonstrated that during an annual cycle in a per-
toplankton preferentially assimilated jHluring the sum-  manently well-mixed water column in the English Channel,
mer months. In contrast to the range of nitrogen assimilaphytoplankton were able to assimilate N@t a rate which
tion rates measured, PON varied only 1.6 fold (range 1.0-was comparable to, though less than that of urea.
1.7 umol N L1). While this plasticity could relate to changes  Data from observational stations emphasised the impor-
in the ability of phytoplankton to utilise inorganic nitrogen, it tance of regenerated productivity despite the low ambi-
was more likely to reflect changes in phytoplankton compo-ent NI—E{ concentration observed (average 342 nmord,L
sition between stations, although we lacked taxonomic dataange 120-795 nmol Nt%). The significance of Nﬁq cy-
to verify this. cling for the shelf sea region has been noted in previ-
Determinations of nitrogen assimilation rates for threegys studies over a wider geographical area (Kiihn and
inorganic forms were made simultaneously and indicatedradach, 1997: Reigman and Noordeloos, 1998; Rees et al.,
that the phytoplankton community maintained the ability to 2002; Weston et al., 2004) and across seasons (Maguer
utilise all three nitrogen sources concurrently, although notet al., 1999; 2011: Wafar et al., 2004) and may have
implying that a single species was able to achieve this. Ithad particular prominence during the summer months of
is curious that the near sea-surface community maintained gjs study when nitrogen availability could limit phyto-
capacity to assimilate NDgiven that this nitrogen source plankton productivity (Van Engeland et al., 2010). The ra-
represented a minor fraction of the total DIN p00|. The tio between N_regeneration processes (i.e.j“[\h}egenera_
phytoplankton community at the depth sampled (<10M)tion: NH;" oxidation: NG5 oxidation), N-assimilation pro-
were unlikely to encounter high NOconcentrations such  oqqag (NEI assimilation: NG assimilation: NG assim-
as those associated with a primary N@aximum (Lomas ilation) and DIN availability ([NH{—] :[NO;1:[NO3]) was
and Lipschultz, 2006). However, it is feasible that epiSOdiCcomparable (Fig. 6), implying relatively close coupling be-

events such as storm-induced mixing could lead to transienf een regeneration and assimilation processes at the regional
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100 would be sustained in situ by advective transport or diffu-
_ Eﬁgemmﬁm sive/turbulent mixing mechanisms. Dissolved organic matter
%0 B N-assimilation directly released from phytoplankton during periods of high
* productivity (e.g. associated with bloom events), or from the
9 benthos following the sedimentation and subsequent degra-
60 dation of particulate matter could prolong phytoplankton
productivity (Sintes et al., 2010). Consistent with this mech-
40 1 anism, Van Engeland et al. (2010) reported that in the North
Sea, strong cycling of organic matter, notably of dissolved or-
. ganic nitrogen (DON), constrained accumulation in the water
20 1 ¢ column of open ocean stations, implying that bacterial DON
Jm

Percentage of total

degradation and N}I regeneration were important processes
. . sustaining phytoplankton growth. The significance of nitro-
NI, NO, NO; gen regeneration was also highlighted in the modelling study
Nitrogen source of Kiihn and Radach (1997), based on an investigation of
the North Sea spring bloom, which suggested thaﬁrNbI-
generation took place throughout the water column but was
strongest within the upper 30 m.

Figure 6. Ratio between dissolved inorganic nitrogen (DIN) avail-
ability (NHI *NO; :NOy), inorganic nitrogen regeneration rate

(NH,I r.egeneratlorlw : N"jﬂ oxidation NOZ_, o.xw.latlon) and |.no.r- The potential for pelagic nitrification within the temper-

ganic nitrogen assimilation rate (I\IHassnmllatlon:Nq assimi- ate NW European shelf sea was demonstrated following
Iati_on:NOg _assimilation) derived from all data measured at obser-ye isolation of Crenarchaeota (now known as Thaumar-
vational stations. chaeota, Spang et al., 2010) from a coastal North Sea re-
gion (Wuchter et al., 2006). A subsequent study in the south-
ern North Sea demonstrated spatial and temporal variabil-

eity in archaeal abundance (Herfort et al., 2007) while sta-
+ . . . 0 . .y
NH, assimilation represented 338 % of the }IHupplled ble isotope evidence supported a prominent role for pelagic

+ . . . .
by NH,  regeneration, NQ assimilation represented 155% ification in the North Sea nitrogen cycle (Dahnke et al.,
of NO, supplied by NH oxidation and NQ assimilation  2010). However, contradictory results for the relative im-
represented 115 % of the NOsupplied by N@ oxidation  portance of bacterial and archaeal nitrifiers in the coastal
(with the omission of one outlying station at which extremely North Sea (Wutcher et al., 2006; Veuger et al., 2013) high-
low NO, oxidation was measured). However, it is impor- |ighted the need for combined studies of microbial com-
tant to note that process rates were derived over differenposition and direct rate measurement. To date, few stud-
time frames; 24 h incubations for N-regeneration studies in-ies have reported nitrification rates and the significance of
cluded diel Var|ab|l|ty whereas 6 h N-assimilation incuba- NOE and Nq regeneration to the shelf sea nitrogen cy-
tions did not. If it was assumed that N-assimilation ratesgje remains unresolved. Using tRé&N-based NH diffu-
were maintained at the measured rate for the duration of thgj,, method Veuger et al. (2013) determined Nbiida-
light phase (18h), but ceased during the dark, then the as;,\ 1105 of 43221 nmol Nt h— in the coastal North Sea
similation of NFQ’ NO;, and NG would account for 225, while Rees et al. (2002) using the allylthiour€'® inhibitor

,103 and 77,% of the NE" NO, fand NG; regenerated qur- method reported rates in the upper 40 m of the northern North
ing a 24 h light/dark cycle. While the complete cessation of5ea in the range 1-18 nmol N'Lh~L. During the present

dark N-assimilation may be unrealistic (Clark et al., 2002; study. N"[f oxidation (0.20-1.85 nmol Nt! h~1) and NG
Flynn et al., 2002), this observation suggests that the regener, . -tion (0.05-28.97 nmol Nt: h-1) was measured indi-
ation/assimilation of oxidised nitrogen (NONO;) is ap- : !

. i - cating that NQ was actively recycled within the photic zone
proximately balanced on a daily basis but thatgNiggenera- ¢y "Ny European shelf seas. On average, 12 % (range 0.3—

tion/assimilation is unbalanced. This may be a CONSEQUENCEq 1 o5 of regenerated NHentered the nitrification path-

of the sampling strategy; additional ljHsources excluded way and the two stages of nitrification were uncoupled. Un-
from bottle incubations may have included the excretion . e q nitrification has been reported in previous studies of
prqducts of heterotroph!c grazers (notably those >100 Hm)(he photic zone (Clark et al., 2008, 2011), possibly reflecting
which may not be quantitatively represented due to the UIM&yifferential sensitivity of the separate stages to environmental

and method of seawater collection. o _ drivers such as light and nutrients. Changes in environmental
Consequently, nitrogen regenerated within incubation bot-,gitions with depth, predominantly of light, are likely to

tles was capable of making a significant contribution to phy'modify the rates at which NP and NG, oxidation proceed

toplankton nitrogen assimilation. Presumably, the microbialand hence the strength of coupling between them

degradation of labile organic matter would sustain this re-
cycling activity over a finite time frame within a bottle, but

scale (Maguer et al., 1999; Weston et al., 2004). On averag
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The NH; regeneration and nitrification activity measured Chlorophyll (mg-m>)
at observational stations resulted in rapid DIN pool turnover
(data not shown) which on average was <3 days fof;INH 0002 04 06 08 10 12
<6 days for NQ and < 23 days for NQ (or <3 days if out- Temperature (°C)
lying data for Julian day 166 was removed, which arose due 10 11 12 13 14 15
to an exceptionally low N©® oxidation rate). These values 0 ' ' ' '

compared favourably with the range of 1-15 days reported
for the southern North Sea during the summer (Weston et al.,
2004) and implied that in regions not directly influenced by 20 1
new nitrogen inputs (e.g. riverine sources), the inorganic ni- _
trogen pool substantively represented regenerated nitrogen. £
During this study, the analysis of2® profiles suggested <

a

that the concentration of this greenhouse gas was comparabl 401

to that of the lower atmosphere, with percentage saturation in —8— 166 Temp
the range 99.4-102.4 (95 % confidence interval for the pop- o e
ulation mediann = 229). In the oxygenated water columns 60 175 Chl
investigated, NO consumption due to denitrification would

not be a significant sink (Thomson et al., 2012). In contrast, 0

the first stage of nitrification has been linked with@Ipro-

duction (Ldscher et al., 2012), making the oceans a major
source of NO to the atmosphere by contributing approxi- 20 -
mately 30 % (Bange et al., 2010). Estuaries such as those o
the NW European shelf sea region have been shown to rep-é

resent a significant source ob0 to the atmosphere (Barnes =

and Upstill-Goddard, 2011). However, results of this study 3 407 —e— 166%0, O
indicated that open waters could not be viewed as a strong —o— 17530, Noy
source or sink, consistent with previous observations which —e— 166 Si
suggest that the open waters of shelf sea systems contribut 60 - —0— 175 8i

only 0.5 % to global atmospherico® (Freing et al., 2012).
Two sampling regions provided insights into nitrogen cy-
cle activity which deserved further consideration. The first
was the time series station E1 of the Western Channel Ob-
servatory [ittp://www.westernchannelobservatory.org)ut/
which two station visits were separated by the passage ofigure 7. Water column profiles for Western Channel Observatory
a storm. The second was a waning coccolithophorid bloomtime series station E1 for Julian days 166 and 175.
in the central North Sea. Observational studies were un-
dertaken at station E1 during Julian days 166 and 175 be-
tween which storm conditions modified water column struc-this activity to reflect the physical transportation of highly
ture and nutrient distribution (Fig. 7). Prior to the storm, the active nitrifying organisms usually resident close to, or be-
water column was stratified and a strong chlorophyll max-low the base of the photic zone, to the near-surface where
imum was evident at the base of the upper mixed layer inthey maintained uncharacteristically high activity (compared
close association with the nutricline. The PON concentrationto observations at similar depth elsewhere). This activity was
was 1.25+ 0.06 umol N 1. Following the storm, stratifica- likely to be short-lived and limited by the depletion of sub-
tion was weakened, and cooler nutrient-rich water was asstrate or photo-inhibition. We interpret the enhanced nitrogen
sociated with shallower depths. The distinctive chlorophyll assimilation rates, notably the assimilation of oxidised nitro-
distribution prior to the storm was dissipated and replacedgen, as a reflection of increased DIN availability due to both
by higher chlorophyll concentrations at depths closer to thethe initial mixing event and then subsequent nitrogen recy-
surface. The PON concentration was 14420 umol N -1, cling activity.
This change in water column structure coincided with a The second region of interest was located in the northern
change in nitrogen cycle activity; |\g-| NO; and NG as- North Sea where high-resolution sampling across a coccol-
similation rates increased as did the rate of ;Ntégenera-  ithophorid bloom was undertaken for 2 days, incorporating
tion. NH; oxidation rate dropped and the rate of N@xi- ~ Ploom, bloom edge and non-bloom stations. Only two of
dation increased approximately 25 fold. While data providethese stations were sampled for nitrogen cycle activity; out

only a limited insight into the chain of events we interpret Of the bloom on Julian day 179 and within bloom on Julian
day 180. Relatively high rates of I\IHand NG, assimilation

0 1 2 3

Nutrient concentration ( umoI-L'l)
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Figure 8. PCO, total bacterial abundance and the abundance of heterotrophic nanoflagellates derived from bioassay experiments (E1-5)
for each treatment and time point. Treatment labels represent the initial int@&ieg value.

were measured at both “bloom” and “non-bloom” stations from the 55 % sPAR depth (5.7 and 3.4 m for Julian days 179
while the NG; assimilation rate was lower within the bloom. and 180 respectively) at which down-welling 2calar irra-

A notable feature was that the separate stages of nitrificationliance was 0.97 vs. 0.56 WtA. While light intensity was
were closely coupled within the bloom station (coupling ratio weaker within the bloom, it is likely that spectral quality
of 0.78 compared to an average of 0.22 forj\lHNOz‘ OX- also differed significantly. We speculate that this difference
idation for all observational data) which was the only point in both light intensity and spectral quality, which has been
at which this was observed. Seawater was collected at a simshown to mediate nitrification activity (Guerrero and Jones,
ilar time for both stations (approximately 8.15 a.m. G.M.T) 1996), may have influenced the strength of coupling between
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the stages of nitrification, resulting in a higher than averageenhances the supply of regenerated;N@thin near-surface

fraction of regenerated N}|entering the nitrification path- seawater.

way at the sea surface (21 % vs. 12 %) within the bloom. It In an attempt to understand the links between nitrogen

remains to be tested whether modification of the light field by cycle variability and environmental variables, we undertook

coccolithophorid blooms generally strengthens the couplingstatistical analysis to identify parameter combinations which

between Nlj* and NG, oxidation processes and ultimately could explain variability in nitrogen cycle observations. Ulti-
mately, the aim was to contribute towards the development of
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a mechanistic understanding of nitrogen cycle activity. Re-community composition. By extension, this activity was an-
sults indicated that although there were differences amondgicipated to drive potential changes in seawater compaosition,
sites in terms of their physio-chemical variables, there wassuch as dissolved inorganic nutrient and gas concentrations.
no evidence that these were related to any of the measurelvidence for treatment effects was not anticipated for bulk
response variables including nitrogen cycle parameters, odissolved organic pool concentrations, due to the combina-
that the measurements of response variables represented ariien of high concentration and slow turnover (de Kluijver et
thing other than random variability. Factors which may haveal., 2013).

influenced this outcome included the limited number of ob- Caveats were associated with the use of prolonged bottle
servations, and the extent to which the system could be deincubations; while the photoperiod matched the geographi-
scribed with the selected response variables. In additioncal location sampled, the spectral quality of light within in-
there was the possibility that microbial rates reflected con-cubation bottles differed from natural light and may have in-
ditions associated with the recent past rather than those dtuenced phototrophic activity; there was potential for pro-
the point of sampling, which are not necessarily the same irgressive deviation in community composition and activity
a dynamic environment. Results imply that in order to drawfrom that of natural communities due to bottle confinement,
significant links between N-cycle parameters and physio-which prevented nutrient and metabolite exchange processes
chemical variables a more comprehensive description of thend may have selectively enhanced/suppressed the activity of
biological system is required. The analysis highlighted thespecific community components (Timmermans et al., 1998;
risk that in the absence of comprehensive analysis, undu€alvo-Diaz et al., 2011). It is unclear how these factors influ-
significance could be placed upon links between responsenced the results presented.

and explanatory variables. Consequently, observational re- The locations chosen for bioassay experiments differed in
sults presented here allowed us only to confirm that specifi¢heir biogeochemical characteristics, as indicated by contour
nitrogen cycle processes were active and to offer a range oveplots (Fig. 3),7p values of selected parameters (Figs. 8, 9)
which they took place. We are left to speculate as to the unand macro-scale features (Fig. 2). For example, the initial
derlying reasons for the distribution and range of observa-concentration of N@ and PCﬁ* varied over 6-fold, the

tions. abundance of bacteria and heterotrophic nanoflagellates var-
ied 2.5-fold, phototrophic nano- and pico-plankton varied
4.2 Response of nitrogen regeneration processes to 7-fold and Synechococcuabundance varied >45-fold. Re-
simulated ocean acidification conditions sults demonstrated that the magnitude, and on occasion, the

direction of change in the value of measured parameters
The bioassay approach used here facilitated rigorous contrdliffered between experiments as bioassays progressed (the
of incubation conditions, allowing investigators to examine present study, Richier et al., 2014a). Progressive changes in
changes in biological and chemical composition of seawapH and carbonate chemistry observed during these bioassays
ter in response to ZCO, gradient. In common with lab- have been noted in previous OA experiments (Bellerby et al.,
oratory or mesocosm studies, bottle bioassays allowed foR008; Niehoff et al., 2013); this departure from initial condi-
replication and statistical analysis, with the added advantions added complexity to the interpretation of results.
tage that a ship-based approach allowed different geograph- The response of §O concentration and nitrogen cycle
ical locations to be sampled. While anticipating differencesparameters is presented in Fig. 9. The concentration and
in biogeochemical characteristics between locations (i.e. difprocess rate ranges measured during bioassay experiments
ferences in the concentration of dissolved compounds or thevere comparable to those measured at observational sta-
rates at which specific processes progressed), our hypothesi®ns. However, the response RCO, treatments was am-
was that the underlying mechanism through which pelagicbiguous. While direct observations of IjHegeneration rate
biota responded to OA conditions would be independent ofresponses to simulated OA conditions are lacking to our
location. Our objective was to develop a mechanistic underknowledge, Piontek et al. (2013) measured enhanced rates
standing of how N-regeneration (nitrification, Ijﬂ-ﬂegener— of bacterial extracellular hydrolytic enzyme activity during
ation) and NO production responded to simulated OA con- both acidification bioassay and mesocosm studies, indicating
ditions. The underlying rationale for this approach was to testhe potential for enhanced nutrient regeneration under OA
the intrinsic assumption of ecosystem models that biologicalconditions. By contrast, observations suggest that OA condi-
process rate descriptions (potentially derived from a singletions inhibit NI—Q oxidation (Beman et al., 2011; Huesemann
location and time) can be extrapolated across geographicadt al., 2002) and implications ford® concentration would
areas within a modelled domain. During bioassay experi-be anticipated. While this hypothesis has been contradicted
ments we anticipated that potential treatment effects wouldFulweiler et al., 2011), cursory observation of our results of-
reflect the growth and activity of organisms with division fered no support for a consistent treatment-related response
rates comparable to, or less than, the duration of the experiin the rate of NI-I oxidation or regeneration, or in the con-
ment (Flynn et al., 2012; de Kluijver et al., 2013). This would centration of NO. However, data set complexity required a
include both cellular acclimation responses and changes imore sophisticated analytical approach in order to draw out
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vestigation we recognised the danger of selective data rep-
resentation; that is, scanning across variables and relation-
ships among variables, across and within locations, to draw
g out subsets that produced results that were in tune with pre-
conceptions. We noted that there were 44 variables in the
full data set and 946 relationships among them, ignoring co-
linearity, and for the purposes of a broad demonstration, if
approximately 5 % of these were expected to be “significant”
by chance then we should expect somewhere in the order of
50 spurious relationships. If we were to examine each loca-
tion separately we would be looking at in excess of 24 000
potential relationships, of which 1200 could have appeared
' to be significant even if there were no genuine relationships
Ambient 550 750 1000 among them to interpret. Our analyses demonstrated that
Treatment (patm) measurements from each location expressed different pat-
terns, that of the different factors included, tREO, treat-
Figure 10. Normalised plot of changes in inorganic nutrient and ments had the least effect, and that there were no clear pat-
DMS/TDMSP concentration withPCO, treatment for collated terns consistently associated with tR€QO, treatments. Con-

0.6 -

—a— NH;”
—.— NOZ'+NOE'
—=— PO
Si(OH),
DMS
—=— TDMSP

04 -

0.2 -

0.0 -

-02 A

Normalised concentration

04

bioassay data. sequently, a mechanistic basis for the response of marine
biota to simulated OA conditions could not be provided. By
2D Stress: 0.16 extension, neither the response of nitrifying organisms, the
64 response of Nlj,j regenerating organisms or the concentra-
Zé s A tion of NoO allowed for the development of a mechanistic
o . = understanding of these nitrogen cycle components to sim-
2 AV ulated OA conditions. It remains to be tested how N-cycle
E‘zz 2, 4 ; results would differ if bioassay experiments were repeated
N4 E,A 151 1 L using seawater collected from below the photic zone (es-
5, v =1 Vo oa Ie:r;;‘;tjg‘e caping for example, light inhibition of nitrification; Olson,
. é fﬁh A A Ambient-96 1981), where rates of N-regeneration processes are likely to
S 5w, W 550-48 be higher, and potential treatment responses less ambiguous.
. v 33. 2':' E?:gig Results suggested that the biological community of the
n V 750-96 NW European shelf sea may be insensitive to ocean acidi-
A 31338;‘2 fication conditions. However, while no significant treatment

response was consistently identified between groups of vari-
Figure 11.Non-metric multidimensional scaling (MDS) ordination ables at all locations and time points, results indicated that
of samples based on normalised Euclidean distances. Labels deno@esignificant treatment response was identified for inorganic
bioassay number. nutrient concentrations alone (Table 4). It must be re-iterated
that PCO, treatment explained least of the data variability
in our analysis (Table 5). Within this constraint, further ex-
potential treatment responses. This was undertaken using @mination of changes in nutrient concentration (Fig. 11) in-
range of statistical techniques. dicated that the relative concentration of LNJ-NO,; /20 PO}[

The primary conclusion to be drawn from the statistical and dimethylsulfide (DMS) increased withCO, treatment
analysis of OAB data was that we were able to extract little while total dimethylsulfoniopropionate (TDMSP) decreased
in the way of useful information about the effects of acidifi- and Si was unchanged. A direct effect of pH onj\lebncen-
cation on any of the measured groups of variables, with theration has been suggested (Wyatt et al., 2010), and a similar
possible exception of nutrient concentrations, as discussethechanism may contribute to the speciation and availability
below. Experiments from different places produced differentof other nutrient ions. However, we speculate that this ob-
results. While some of the experimental units demonstratedervation is substantively related to biological activity. Since
differences among treatments, there was little evidence thatutrient concentration may be viewed as an integrated mea-
these results were consistent or meaningful. While it could besure of the balance between production and consumption
argued that the analysis presented here was based on groupocesses, we speculate that these results allude to a short-
of variables and therefore differed from a study which fo- term biological response tBCO, treatment. After location,
cused on a single variable or a limited subset, we argue thafactors excluded from the parameter set explained the great-
there must be some defendable reason for selecting variablesst variability in bioassay data, potentially indicating that
a priori before conducting such an analysis. During this in-the most significant biological processes responsible for this
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observation were not measured. By necessity, such processBgaufort, L., Probert, I., de Garidel-Thoron, T., Bendif, E. M., Ruiz-
must have been facilitated by microbial community com-  Pino, D., Metzl, N., Goyet, C., Buchet, N., Coupel, P., Grelaud,
ponents capable of a rapid response, potentially including M., Rost, R., Rickaby, R. E. M., and de Vargas, C.: Sensitivity of
nutrient assimilation by both phytoplankton and bacteria, and coccolithophores to carbonate chemistry and ocean acidification,
virally induced cell lysis. Consequently, although our analy- ll\llattl)Jre’R 473 ?0‘583H o:djokltgsS/gatErel(l)lz?JaO’tl._” . Nondal
P H _ H . pellerny, k. G. J., Schulz, K. G., Riepesell, U., Neill, C., Nonaal,
sis indicated that short-term changes in nutrient concentra G.. Heegaard, E., Johannessen. T.. and Brown. K. R.: Marine

tions were related to OA treatments, these were not linked ecosystem community carbon and nutrient uptake stoichiometry

V\{'t,h N—regene'ratlon activity in any significant way. Our spe- under varying ocean acidification during the PeECE Il exper-

cific hypothesis could not be supported. Further work needs jnent, Biogeosciences, 5, 1517-1527, 16i5194/bg-5-1517-

to be undertaken to elucidate how this finding relates to mi- 2008 2008.

crobial community activity and how this may relate to the Beman, J. M., Chow, C., King, A. L., Feng, Y., Fuhrman, J. A.,

longer-term community-level response. Andersson, A., Bates, N. R., Popp, B. N., and Hutchins, D. A.:
Global declines in oceanic nitrification rates as a consequence
of ocean acidification, P. Natl. Acad. Sci. USA, 108, 208-213,

5 Concluding remarks doi:10.1073/pnas.10110531(1?1)11._ _

Blackburn, T. H.: Method for measuring rates of $Hﬂrnover in

Results presented here add to, rather than diminish from the anoxic marine sediments, using"2N-NH;" dilution technique,

complexity of understanding the marine biota response to_ APPl- Environ. Microbiol., 37, 760765, 1979.

projected OA conditions. The biological response to OA COn_CaIdelra, K. and Wickett, M E.: Anthropogenic carbon and ocean

ditions varied between locations, highlighting the need for PH, N?‘ture’ 425,’ 365’,ddlo'1038/4253652003' .

. . . ) Calvo-Diaz, A., Diaz-Pérez, L., Suarez, L. A., Moran, X. A. G.,
studies to mcqrporateabroader gepgrgphlcal sprgad ',n order Teira, E., and Marafién, E.: Decrease in the autotrophic-to-
to te_St the resilience of OA-related f'nd.'ngs' espeCIaI.Iy in dy- heterotrophic biomass ratio of picoplankton in oligotrophic ma-
namic systems. Although a mechanistic understanding could rine waters due to bottle enclosure, Appl. Environ. Microbiol.,
not be developed from our analysis, it does not dismiss this 77, 5739-5746, ddi0.1128/AEM.00066-112011.
possibility. Rather, it raises the question about which com-Caperon, J., Schell, D., Hirota, J., and Laws, E.: Ammonium excre-
bination of biogeochemical characteristics drives the short- tion rates in Kaneohe Bay, Hawaii, measured byPN isotope
term biological response to ocean acidification. dilution technique, Mar. Biol., 54, 33-40, 1979.
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