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Abstract

One challenge in field-based marine microbial egplis to achieve sufficient spatial
resolution to obtain representative informationwbaicrobial distributions and
biogeochemical processes. The challenges are &etedrwhen conducting rate
measurements of biological processes due to patgmiturbations during sampling and
incubation. Here we present the first applicabda robotic micro-laboratory, the 4 L-
Submersible Incubation Device (4L-SID), for condiugin situ measurements of the rates of
biological nitrogen (M) fixation (BNF). The free-drifting autonomous inginent obtains
samples from the water column that are incubatesitu after the addition 0N, tracer.
After each of up to four consecutive incubationempents, the 4 L sample is filtered and
chemically preserved. Measured BNF rates from tegayments of the SID in the
oligotrophic North Pacific ranged from 0.8 nmol N t* to 2.8 nmol N [* d?, values
comparable with simultaneous rate measurementgebtasing traditional CTD-rosette
sampling followed by on-deck am situincubation. Future deployments of the SID willghel
to better resolve spatial variability of oceanicBNarticularly in areas where recovery of

seawater samples by CTD compromises their integrity anoxic habitats.
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Introduction

Biological nitrogen (N) fixation (BNF), the conversion of \yas to ammonia (N4}
is performed by a select group of microorganisiisned diazotrophs. BNF is a key
component of the oceanic nitrogen cycle, with estén of up to 200 Tg nitrogen (N) being
fixed per year on a global scale (Capeteal, 2005; Gruber & Galloway, 2008; Kaet al,
2002). However, such estimates have large uncégsjmpartly due to an incomplete
understanding of the full diversity and ecologynwdrine diazotrophs (Farnelet al, 2011,
Goebelet al, 2010; Moisandeet al, 2010). In the ocean, the major groups of diapttso
include: (i) the filamentous, non-heterocystousnoj@cteriunTrichodesmiunfCaponect
al., 2005; Caponet al, 1997; Laroche & Breitbarth, 2005; Magetal, 1977), (ii)
unicellular, free-living cyanobacteria such@G®cosphaera watson{fUCYN-B”), (Bench et
al., 2011; Fosteet al, 2013; Hewsoret al, 2009; Webket al, 2009), and (iii) cyanobacteria
that form symbioses with eukaryotic algae, e.g herocystous geneRicheliaand
Calothrix that are associated with diatoms (Foster & ZeD062 Jansomet al, 1995;
Villareal, 1990) and unicellula€andidatusAtelocyanobacterium thalassa (“UCYN-A”)
associated with prymnesiophytes (Bomegal, 2014; Moisandeet al, 2010; Thompsoet
al., 2012; Zehet al, 2001).

Although the major abiotic, nutrient and internahtrols of BNF activity and its
distribution appear to have been identified (Satral, 2011; Vosst al, 2013), the relative
strengths with which these different factors gov@NF under different environmental
settings remain elusive. These variable contnadilely responsible for the unexplained
large spatiotemporal variability in the abundanaiediazotrophs in the surface ocean,
recently highlighted by high-resolution samplingngsa drifting robotic gene sensor
(Robidartet al, 2014). It is currently unknown how these abuneédhectuations affect the

variability in BNF. Thus, conducting correspondnage measurements at similarly high
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spatiotemporal resolution is critical for bettedenstanding the role of diazotrophs in oceanic
N cycling.

BNF field measurements are typically conductedgisirsions of thé°N, tracer gas
technique (Montoyat al, 1996). This method requires the collection ofrggar using a
CTD-Niskin rosette sampling system, and subseqoetteck ofin situincubations of tracer-
amended seawater, lasting anywhere from a few lowdew days. Seawater samples in
traditional BNF studies experience changing pressuight levels and temperatures upon
recovery and seawater transfer, while charactésizéitom cultured representatives and
sorted cells suggest that many of these procefiees diazotroph populations (e.qg.
Thompsoret al, 2012). Further, methodological improvementstaniN, tracer technique
have demonstrated that BNF rates have been unidesie=d in most studies, with the
addition of "N, tracer in a dissolved form more representativénefactual rates (Grosskopf
etal, 2012).

Automated sampling devices capable of conductingpdiag and incubatiom situ
are a promising approach for resolving variabgisgociated with biogeochemical cycling in
the marine environment. Such devices have beerigmmaand successfully employed to
increase the spatial and temporal resolution afkttaic primary production rates
(Dandonneau & Bouteiller, 1992; Taylor & Howes, 49%s well as for comparing
manipulations performei situand under ‘simulatedh situ conditions (Gundersen, 1973;
Lohrenzet al, 1992). The Submersible Incubation Device (SID3¥ waginally designed for
primary productivity measurements (Taylor & Dohed990) and has since been adapted for
a range of oceanographic measurements (Atdaat, 1995; Edgcomiet al, 2011; Edgcomb
et al. in pressLohrenzet al, 1992; Pachiadalat al. in pressTaylor & Howes, 1994).
Integrating the BNF method protocol with a largpa@ty submersiblen situ device (4L-
Submersible Incubation Device, 4L-SID) became nfeasible with recent developments of

the'°N, assimilation technique, which requires dissolvimg°N, gaseous tracer in sterile
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seawater prior to its addition to the samples (&kopfet al, 2012; Mohret al, 2010). In the
present study, a modified version of the 4L-SID waployed, which is capable of
autonomously executing the entire sampling, traceendment (pre-dissolvéiN,, *°C-
bicarbonate), incubation, and filtration processesociated with BNF and primary
production measuremeritssitu. By conducting the entire sampling and incubaparcedure
directly in the water column, delays in the onddéhe incubations and perturbations of the
microbial community assemblages during samplingh@remized. Further, such devices
have the potential to help overcome the major leuofllachieving higher sampling resolution,
which could reveal currently unknown heterogengitBNF rates and the key environmental

factors that control them.

Materials and methods
Cruise overview

The BioLINCS cruise (Biosensing Lagrangian Instrataéon and Nitrogen Cycling
Systems) was conducted in the North Pacific Subtabiyre (NPSG) (24.39-25.13°N,
158.20-157.29°W) in September 2011, aboard thedib/Moana (Fig. 1). The overall goal
of the scientific cruise was to examine microbi@gdeochemical cycling associated with the
nitrogen cycle and was an ideal context for impletimg the 4L-SID test. To characterize
the hydrographic and biogeochemical condition$efupper water column, vertical profiles
were conducted daily using a conductivity—tempeeatdepth (CTD) system coupled to a
rosette consisting of 24 x 12 L Niskin bottles. y@&n (Q) and fluorescence sensors were
calibrated against discrete measurements of disddly (Carritt & Carpenter, 1966) and
chlorophyll extracted and analyzed by fluorome8trickland & Parsons, 1972). Seawater
for determination of nutrient concentrations wasgked and analyzed as documented in the

online manual for “HOT Laboratory Protocols”
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(http://hahana.soest.hawaii.edu/hot/protocols/matohtml). Regional ocean color and sea
level anomaly (SLA) for the NPSG were analyzed gsiatellite-derived images from the

Moderate Resolution Imaging Spectroradiometer (M&DI

Operation of the Submersible Incubation Device §SID

Since the original description of the SID in th®&Q% (Taylor & Doherty, 1990), there
have been several subsequent versions of the Si€pbwhich have adapted the
instrumentation (Alberet al, 1995; Lohrenzt al, 1992; Taylor & Howes, 1994; Edgcomb
et al, in press Pachiadaket al, in presg. This study is the first time that the 4L-SIDsha
been used for conductifgN, rate measurements and therefore the entire instrum
configuration relevant to quantifying;Nixation is outlined here.

The SID, as configured for this study, consisted bfydraulically-driven, syringe-like 4

L incubation chamber, an 18 port Fluidic DistrilatiValve (FDV) for directing fluid flows,
an array of 8 “version 1” Fixation Filter units (E&; Taylor, C. D., K. W. Doherty and S.
Honjo. 2013. Fixation Filter Assembly. US Pate®426,218) for collection and
preservation of incubated particulate samples,aacohtrolling electronics/battery pack (Fig.
2A). The incubation chamber consists of a precibiore borosilicate glass chamber (interior
silane treated with SurfaSil™ siliconizing fluidh&rmo Scientific] for biological inertness).
Each end of the incubation chamber is capped wittose O-ring-sealed polycarbonate end
caps and it contains a silicone O-ring-sealed @olyanate floating piston. The rotor/stator
components of the FDV in contact with sample ardenaf PVC and Teflon® and interfacing
tubing between the incubation chamber, FDV and Fifésnade of Teflon®. All interiors
were acid-washed and rinsed with deionized waiter pv deployment. Communication with
the instrument prior to and after each deploymenpfogramming and data retrieval was via
a serial RS-232 link with a laptop PC. The 4L-SIBswnounted to a free-drifting spar float

system (Fig. 2B) for deployments at a fixed dedtBm. During the instrument operation
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sity, the location of the spar float system was cornistamonitored via two Iridium GPS
transponders. The FF1s are unigue in-line filtetsuhat each contain an appropriate
chemical preservative that is delivered (with normg parts) through the filter by density-
driven laminar convection after completion of ffion (Supplemental Figure 1)..

The SID was configured for deployment with the taydically-driven floating piston
flushed against the check valve-containing end(Eap 3A). The space behind the floating
piston was filled with deionized water. After deyoents in the afternoon, the incubation
sequence was programmed to automatically commémeceeixt morning at 0530. To
condition the interior of the incubation chambethng@nvironmental sample, ~500 mL of
seawater from the depth of deployment was drawntmthe chamber via tHalet Check
Valve(ICV, red inset, Fig. 3B) and expelled back irte environment via the FDWaste
outlet (Fig. 3A). A total of 2 flushes were exeaut&he flushing operation was immediately
followed by complete filling of the incubation chber with sample via the ICV,
advancement of the FDV rotor to the first FF1 fils@it and immediate filtration of the entire
4L to obtain a natural abundance time 4@g) particulate sample. The ICV has a large
enough internal spacing that will not select agdargier organisms (21 mm diameter annulus
with a 1.63 mm spacing, through six 2.38 mm diamietées, ultimately into the chamber via
a 4.76 mm diameter orifice; see Fig. 3B inset).idy(filling, the ICV exerts low shear stress
of 1.2 pascals (Pa); max. 1.7 Pa, at a flow ra@06fmL/min (Tayloret al, 2015). The FDV
advanced to the next valve port connected to teeliag of tracer and the chamber then re-
filled as described above. The slight negativequesthat developed within the chamber
during filling also quantitatively draws the entif&l, contents from the flexible tracer bag,
which also quantitatively sweeps tH€-bicarbonate contained within the in line injeatoil
into the chamber as shown in Fig. 3B (tracer detdaiscribed below). The gentle turbulence
generated from the main bulk of the sample entehegchamber via the ICV completely

mixes the tracer with the sample as it enters tiaenber (confirmed by dye studies). The 4L
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sample was then incubated a pre-programmed 23ddwed by direction of sample to the
next FF1 to obtain the;iEyp Sample (Fig. 3C). Upon completion of the incubatine

chamber was flushed 4x as described above to retramer. The taper of floating piston and
front end cap were machined to the same angleymzmg the dead volume remaining when
the piston meets the front endcap. Assuming amiantdead volume of 4 ml when the
chamber is empty, the 4x flushing cycle dilutesttheer contents by 5.6 orders of
magnitude, which is well below background concditrs. A given incubation cycle
consumes 3 ports of the FDV and 2 FF1s (Fig. 3R)e 4L SID, as configured, was thus able
to conduct 4n situincubations.

All filtrations were collected onto 47 mm diamepge-combusted glass fiber filters
(GF/F) and chemically preserved in a pH 2 aciddaufiside the FF1s (Taylor and Doherty,
1990; Taylor and Howes, 1994; Supplemental Figyyevhich terminates biological activity
and preserves the sample for at least 1.5 montlarm water (confirmed by a Bermuda Test
Bed mooring SID deployment where data agreed wigtl Bermuda Atlantic Time Series
(BATS) measurements made at the same depth [uspeblidata]). Once the SID was
recovered aboard ship, the filters were immediatetpvered and dried for 48 h at 60°C in a
drying oven and then stored at room temperatunéamdlyzed. In the laboratory, the filters
were pelleted and sent for isotopic analysis asthble isotope facility at University of
California, Davis. BNF rate calculations followdtktprotocol of Montoyat al (1996). To
test for leakage of low molecular weight (LMW) maadites into the acidic preservative, the
remaining preservative contents of the FF1s wese r@covered, evaporated onto GFF filters
(soaking the GFFs with the preservative and puttiegn in a drying oven), and these filters
were treated as described above for the partictileges. We found only very low or even

undetectable amounts of carbon and nitrogen ore thilears, and more importantly, ti&°C

and3™N values were equal or even lower than those ofebpective non-tracereg T
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samples. Thus, the SID derived rates were not estlerated due to loss of tracer to the
LMW fraction.

The two tracers added to the SID incubations Wiie gas to obtain estimates of BNF
and*®C-bicarbonate for measurements of primary proditgtivV°N. gas (98 atom%; Sigma-
Aldrich) was added to seawater samples @ ‘enriched seawater’ which was prepared on
land prior to the cruise using sterile-filteredfage seawater from Station ALOHA (10 mL
15N, per liter of seawater; Wilsoet al, 2012). Thé™N, gas used in this study was from a
batch manufactured from 2008-2009 by Sigma-Alddand we identified it as not causing
severe contamination with other bioavailable inargadN species (Dabundzt al 2014).

After enrichment, the tracer water was stored i@ 20 gas-tight tri-layer aluminized

polyethylene baghttp://www.pmcbag.com/). The bags were individyalbnnected to the

18-port FDV via Luer locks and 1.6 mm I.D. Teflarbing and coiled in-line tracer loops

made of Teflon® tubing, as illustrated in Fig. 3A.complete 200 mL bag was added to each

4 L incubation, providing a final atom enrichmef66. For the*C additions, 400 L of a
0.1 M solution of H*CO;” were stored within a coiled section of the Tefiohing (see inset
in Fig. 3A). To facilitate loading of thEC-tracer into the coil using a syringe, small biisbl
(volume ~50 uL) were introduced at the beginnind end of the injection. The leading
bubble isolates the tracer from the water contawiglin the tubing leading to the FDV,
allowing it to be introduced as a “plug flow” inaté of the spreading of tracer by the
parabolic laminar flows that would otherwise occlilihe trailing bubble provides isolation
from the™N, enriched seawater in the bag. The surface temsitire small bubbles quite

effectively confines the tracer within the loop aedists modest vibration.

Complementary"N, measurements conducted during the cruise
Measurements of BNF were also conducted duringriiee by sampling the water

column using the CTD-rosette and incubating thevagar samples either using iansitu
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array or on-deck incubators which simulateditu conditions. Then situincubations were
used to obtain vertical profiles of BNF. Seawatas collected from depths of 5, 25, 45, 75,
100, and 125 m into replicate 4.3 L polycarbonatlés, amended with’N, enriched water
and attached to a free-floatimgsitu array at the appropriate depth for a 24 h per@au¢ch

et al, 2009). The on-deck incubations were performe@4oh using blue shaded incubators
cooled with running surface seawater and additioeatral mesh shading to mimic the
corresponding light irradiances for each depththBets of BNF measurements were also
amended with 400 pL of a 0.1 M solution o805 injected through the septum cap with a
syringe. Upon termination of the incubations, skawater samples were gently filtered
through pre-combusted Whatman GF/F filters (0.7nominal pore size) and processed as

described for the SID filters.

Quantitative PCR

Different diazotrophs present in the water colunarerquantified using quantitative PCR
(qPCR) enumeration of specifiifH gene copies. Water column samples were collectaa f
between 5 m and 175 m depth. Once the CTD was eeedythe seawater was immediately
drained from the Niskin bottles into acid-washeld golycarbonate bottles. Using peristaltic
pumps, 2 L from each depth was filtered in-lineotigh 10um (Polyester, Sterlitech, Kent,
WA, USA) and 0.3um (Supor; Pall Life Sciences, Ann Arbor, MI, USAQrp-size filters,
held in 25 mm diameter Swinnex filter holders (dre, Billerca, MA, USA). The filters
were placed into sterile 1.5 mL cryotubes contaril g autoclaved glass beads, frozen in
liquid nitrogen, and stored at -80°C until procegdn the laboratory. DNA extractions were
carried out as described previously (Boméial, 2013). We used previously designed Tag-
Man® primer-probe sets, including cyanobacterigliptypes UCYN-A and UCYN-B
(Moisanderet al, 2010),Trichodesmiun{Churchet al, 2005), and two Diatom-Diazotroph

Associations (DDASs) (Fosteat al, 2007) termed het-Rhizosolenia-Richeljaand het-2

10
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(Hemiaulus-Richelip Additionally, we quantified presumed heterotrap@zotroph
phylotypes HM210397y{Proteobacteria) and KC013231 (cluster 3), desdribd8ombar et
al. (2013). QPCR optimizations and quantificatibase been described in detail in
Moisanderet al. (2010), (Halmet al, 2012) (specifications for phylotype HM210397)dan

Bombaret al (2013) (specifications for phylotype KC013231).

Results and Discussion

The application oin situ devices for observing physical, chemical, anddgadal
parameters in the ocean is an important approadbetter understanding the complex
relationships between the physical and chemicakremwment and microbial distributions and
activities (Johnsoet al, 2010; Ottesemt al, 2011; Robidaret al, 2014; Taylor & Howes,
1994). This study reports the first successful ogplent of an autonomous device capable of
conducting sampling, incubation, and filtration ggeses for BNF measurememsitu. We
evaluate the operation of the SID agrasitu instrument for BNF measurement, compare the
SID-derived BNF rates with commonly applied samplamd incubation methods, and
discuss the SID rates in the context of physidanacal, and microbial data obtained during

the BIOLINCS cruise.

SID operation and measurements of BNF rates

The SID was deployed twice during the 2011 BioLINE&6&ise (Fig. 1). During the first
deployment (4L-SID deployment 1) from 9-14 Septen@fd 1, the SID followed a 47 km
drift path in a north-easterly direction, and dgrthe second deployment (4L-SID
deployment 2) from 16-20 September 2011, it dri2g8ckm westwards (Fig.1). During both
deployments, the 4L-SID performed four autonomoasear incubations over a 4 day period

at a depth of 25 m in the water column. With respe the proximity of each incubation

11
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event, the 4L-SID sampled approximately every 16ckmng deployment 1 and every 10 km
during deployment 2.

The 4L-SID-derived BNF measurements ranged fromQ®nmol N [* d* (average 1.4
+0.5 nmol N [* d?) during deployment 1 and from 1.4-2.8 nmol Nd* (average 2.0 +
0.6 nmol N L* d%) during deployment 2 (Table 1). Thus, during edatay deployment, a 2-
fold variation of BNF was recorded, and BNF ratesevoverall higher during deployment 2.
The simultaneous rate measurementS®@fprimary production by the 4L-SID also revealed
higher values for deployment 2 (344 + 40 nmol €d) compared to deployment 1 (207 +
48 nmol C I d%). The higher rates of botfiC primary production and BNF suggest that the
difference in BNF rates between the two deploymesas not due to methodological errors
that were only specific to the BNF measurementbl@a, Fig. 4).

Compared to 4L-SID derived rates’df, assimilation, BNF rates obtained from
incubations in the on-deck incubator (with watenir25 m) were higher during deployment
1 (3.3 +0.2 nmol N 1! d*) and more variable (ranging from 1.4 + 0.1 to6 559 nmol N [*
d™) during deployment 2 (Table 1). There are sevfaibrs which might contribute to the
difference in 4L-SID and on-deck measurementSif assimilation. The first is the
potential for sampling different populations of zb&ophs by the SID and the shipboard
CTD-rosette. The distance between the ship an&lbevhen the comparative samples were
taken was 5.4 km and 3.9 km for 4L-SID deploymemnt deployment 2, respectively (Fig. 1).
Another potential source of variability is the mathof incubation itself. The on-deck
incubators are a best-effort to mimic temperatunct lgght levels equivalent to a depth of 25
m in the water column, but have a few limitatioRsr example, near-surface seawater intake
is used for cooling which has a slightly higher pamature than 25 m water, and the existence
of variability in light intensity due to shading amg incubation bottles or from ship

structures.

12



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Potential perturbations of the natural abiotic gbads during sampling and incubations
are a well-known problem (Feilet al, 2012), and highlight the necessity for usimgitu
devices especially when longer incubations areiredquThis theory seems to be supported
by the BNF measurements obtained usinasitu array which performed incubations at 25
m, the results of which are better aligned with4heSID deployment 1 values (Table 1, 0.9—
2.9 nmol N [* d%). Unfortunately, correspondirig situarray incubations to match
deployment 2 were not obtained due to the losk@htray at sea. In contrast, the available
rates of-*C primary production (Table 1) do not mirror thethsimilarity of BNF observed
between the SID and the situ array measurements, with higher rates obtaingtidon situ
array compared to the SID. However, overall both4h-SID-derived BNF and primary
production rates compare favorably to values obthumsing traditional methods during the
same oceanographic expedition and during timesen@asurements conducted at nearby
Station ALOHA. BNF and“C primary productionif situ array incubations) rate
measurements are conducted on a nearly monthly dastation ALOHA , situated
approximately 100 km to the south of the BioLING®edition region (Hawaii Ocean Time-
series (HOT) and other funding programs (Grabowskil, 2008; Churclet al, 2009)). BNF
rates at 25 m depth ranged from 1 to 5 nmol Nt during the summer months (July-
September) between 2004 and 2007 (Chetal, 2009,"°N, bubble addition protocol).
During a more recent cruise in June 2014, BNF natse measured daily for 7 days and
produced values of 5.9 + 1.1 nmol N 0™ (range 3.7-7.2 nmol N'Ld™) (Wilson,
unpublished datd™N, added as pre-dissolved in sterile-filtered sean)afde average rate of
14C primary production for the month of Septembetrdythe years 1989-2011 is 463 + 126
nmol C L* d*, which is quite similar to values obtained usiiféedgent incubation techniques
during our cruise (Table 1). We can only specubat¢he reasons for the comparably high
primary production fronin situarray 2 (11. September 2011, 594 + 68 nmol'GIL) or the

relatively low values from SID deployment 1 (204&nmol C L d*). Interestingly, CTD

13
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chlorophyll fluorescence measurements were relgtivigh at 25 m during sampling for
situarray 2 (0.20 + 0.00 pg1) compared to any measurements at 25 m at fouorssan
proximity to 4 L SID samplings during deployment0113 + 0.04 ug ). Given the high
spatiotemporal variability in prokaryotic distrilbois and abiotic conditions for our particular
expedition (Figure 5, also see Robidztral, 2014), the observed range in primary production
appears realistic. Without more specific compariegperiments, at this point it is difficult to
claim that one or the other method delivers marstivorthy rate measurements. Most
importantly, the overall similar range of BNF amthpary production values obtained using

the different methods supports the efficacy of$ie forin situ rate measurements.

Hydrographic and biogeochemical background

4L-SID deployment 1 was on the northern edge draicyclonic eddy (Fig.1). During
the second deployment, the SID drifted west betvieemprimary eddy and a smaller adjoined
anticyclonic eddy (Fig. 1). The drift paths forth@L-SID deployments followed the
clockwise circulation patterns of the two anticygtmeddies revealed by sea surface altimetry
(Fig. 1) and shipboard ADCP measurements (Robetat, 2014). These mesoscale eddies
introduced small-scale physical and chemical hetaneity in the area, which clearly affected
microbial distributions, especially of diazotropjaaobacteria (Robidaet al, 2014).

Several hydrographic and biogeochemical conditroag have influenced the 4L-SID
measurements. Low average wind speeds of 4.8 thfeedeployment 1 and 6.9 m sefor
deployment 2 contributed to a shallow mixed layepttd (MLD) during both deployments,
but with an average of 17 m (range 10-27 m) dudmggoyment 1 and 30 m (range 14-57 m)
for deployment 2 (based on 0.03 density offset fidvn criterion) (De Boyer Montéget

al., 2004). Accordingly, along the 25 m depth horizeawater temperatures averaged 25.9

14
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°C (range 25.7-26.1°C) during deployment 1 and 6 @ange 26.1-26.2°C) during
deployment 2 (Fig.5). Therefore, possibly the mgjaf sampling conducted by the 4L-SID
during deployment 1 was beneath the mixed layet tlans below the main accumulation of
diazotrophs, which could partly explain why lowateas were found compared to deployment
2. However, with the available gPCR data (sampla® m, 25 m, 45 m etc.) we cannot
resolve whether the MLD had an influence on théie@rdistribution of diazotrophs that
would explain the variations in BNF.

Nutrient concentrations in the upper 100 m weretipdésw, which is common in
oligotrophic oceanic gyres (Fig. 5). However, sarhthe NQ + NOs™ (Low Level Nitrogen,
LLN) and phosphate concentrations near the sudgaaled concentrations much deeper in
the water column at around 125 m (Fig. 5D, neardpex”), which is atypical for NPSG
waters (Robidaret al, 2014). Along the 25 m depth horizon where theSAD-was situated,
LLN concentrations ranged from 2—6 nmat,land phosphorus concentrations ranged from
20—137 nmol [* for the complete 12 day oceanographic expedifiog. 6). During
deployment 1, the 4L-SID encountered remarkablgpstgadients in salinity and phosphate
concentrations (Fig. 5B, D). In turn, waters sardmlaring deployment 2 were relatively rich
in chlorophyll (Fig. 1). Overall, these data suddkat different water types were sampled
during 4L-SID deployments 1 and 2.

The highest BNF and primary production rates weeasured nearest to the “apex” of
the cruise transit (Fig. 5), where nutrient concaians were elevated. Possibly, diazotrophs
in this region were stimulated by the nutrients e able to respond with higher BNF,
although it is not clear whether nutrient concendres were elevated due to influx from
depth, atmospheric deposition (Kehal, 2014), or whether there was low demand in the
microbial community which led to its accumulatiortivin the surface layer. The 4L-SID
drifts in a Lagrangian manner and can provide wsdtzasamples describing the variability in

BNF within a complex setting of small spatiotempdltactuations in abiotic parameters. In
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order to pinpoint specific abiotic/biotic paramsteesponsible for observed variations in BNF
rates, future versions of the SID need to includigiteonal oceanographic sensors, like a CTD
package including oxygen, nitrate, and optical senésee next section).

The gPCR quantifications oifH gene copies suggest that unicellular cyanobatteria
diazotrophs CandidatusAtelocyanobacterium thalassa, “UCYN-A”", a@docosphaera
watsonii,” UCYN-B”) were the most abundant diazotrophs presetite water column
throughout the sampled area (Fig. 6A). In the negiear the apexiifH genes of these
organisms attained concentrations of approximadlyx 16 copies rif, which was 96% of
all quantifiednifH gene copieslrichodesmiunsp. was the next most abundant diazotroph
(up to 3.0 x 10nifH gene copies if); heterocystous symbionts of diatoms (het-1 arehe
as well as heterotrophic bacteria were presenuahrfower abundances (Fig. 6B). While
nifH gene copy inventories appeared to co-vary foralhilar cyanobacterial diazotrophs
(UCYN-A and UCYN-B, Fig. 6A), a different patternaw observed for the remaining five
phylotypes, i.eTrichodesmiumheterocystous cyanobacterial symbionts het-1hat@, and
the two heterotroph diazotrophs (Fig. 6B). Tiié gene abundances in this latter group also
co-varied, but appeared to be relatively more ahohdt stations parallel to 4L-SID
deployment 1 (Fig. 6B). This group includes thezdteophs typically assigned to the >10 pm
size fraction Trichodesmiunand heterocystous cyanobacteria), and was up%ocfaifH
inventories in the “transit 1” area (Fig. 6C). Taakata suggest that the eddy-induced
advection and mixing in the area had clear effentthe distribution of different diazotrophs.
While such data cannot be used to infer which drapbis were responsible for the measured
BNF rates, it is noteworthy that the overall highetes obtained during 4L-SID deployment 2

coincided with a generally lower abundance of digyhs in the >10 pum size fraction.

Recommendations for future SID deployments
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In its current configuration, the SID was succelbgfieployed and recovered on two
occasions, providing daily BNF and primary prodoistmeasurements in the surface waters
of the oligotrophic open ocean. The SID conceptaatribute more environmentally-
relevant rates of BNF to inform global flux calcides, and this technology has been
validated in this study and others (Taylor and Hewl®94; Pachiadakit al, in press;
Edgcombet al, in press) for expeditions in various marine pmoes. The SID could be
especially helpful for studies in ‘delicate’ halié#e.g. anoxic habitats), where the seawater
samples are severely compromised when they argbtranboard the research vessel for on-
deck incubations (Edgcondi al, in press; Feiket al, 2012).

The current SID technology would be improved bydumting simultaneous replicate
measurements. Furthermore, an increased numbé&ilsfwould permit more samples to be
processed and longer deployment periods. Thewtwlidlso collect replicate samples for
metagenomic and metatranscriptomic analysis wabémninvestigators to link biological
function with the identity and activity of the praiyotic key players present in the water
column at the exact time of sampling (Robidgral, 2014). To this end a new SID-
implemented fixation filter (FF3, Tayl@t al, 2015) capable of chemically preserving
particulate microbial samples in a manner compatiith subsequent metagenomic and
metatranscriptomic study (Edgcorabal, in press) has just been developed. Finally, the
addition of further oceanographic sensors, likéSS for NQ™ measurements (Johnson &
Coletti, 2002), and the ability for adaptive samglin response to thresholds in
environmental parameters, would allow the SID to@a along environmental gradients. A
relatively new version Microbial Sampling-SID (MS$ES Edgcombet al, in press,
Pachiadaket al, in press; possessing a host of sensors [CTDidity sensors, oxygen
optode]), that was not available during this stugyyow in hand and possesses the ability of
collecting /in situchemically preserving up to 48 incubated samphesaa larger volume

microbial samples as well as 24 samples in gas ltighs. At present, a dual incubation
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chamber SID is in advanced development (Vent-SADotatories of C. Taylor and S. Sievert,

WHOI).

Conclusions

The development of a device for conducting therersampling, incubation, and
filtration processes ofN, rate measuremenits situ could help in the future to obtain higher
resolution coverage of direct estimates of oceBINE. The two 4 day deployments
conducted during the September 2011 BioLINCS crwisee successful with respect to
instrument operation and obtaining BNF rates comdgarto those achieved by traditional
CTD-rosette sampling and incubation. Overall, $@ offers increased sampling resolution
of BNF measurements and a platform for conduatirgjtu sampling of oceanic water
columns where on-deck incubations are not feasithies device will help in identifying
driving factors of BNFn situ, and could be used to test important hypothesestdbe

regulation of BNF within the oceanic nitrogen cycle
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Tables

Table 1: Summary of values of BNEN, fixation) and primary production (fCO; fixation) obtained from 24 h SID incubations andnparison incubations on deck
or using then situarray. Parallel to the first incubation of eachldgment, a comparison incubation in the shipboaadibator was carried out, using water sampled 26rm
at stations close to the SID location. These coispas, even though they are not perfect controlsonesments taken in closest proximity to the Si@gest that the SID

derived rates are of realistic magnitude.

SID On deck incubations in situ array
Primary N, fixation :c'jnl]?t%n N, fixation F;&Tg&n

Date N, fixation  production Date (nmol N L (npmol e Date (nmol N L (nF;nol cLld
(month/day)  (nmolNL* (nmolC L'd (month/day) dh 1) (month/day) dh) 1

d?) Y n=2 nep n=2 22
9/10 - 9/11 1.9 229 9/10 - 9/11 3.3+0.2 322+47 9/8 - 9/9 09+11 381+0
9/11 -9/12 1.6 237 - - 9/10 - 9/11 29%0.0 594 + 68
9/12 - 9/13 1.4 226 - - - -
9/13 - 9/14 0.8 135 - - - -
9/16 - 9/17 2.8 330 9/16 - 9/17 14+0.1 434 + 10 - -
9/17 - 9/18 1.4 307 - - - -
9/18 - 9/19 1.8 400 9/18 - 9/19 6.6+1.9 - - -
9/19 - 9/20 2.1 338 - - - -
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Figure 1: Sampling stations north of Station ALOM&ited during the BioLINCS
cruise (gray dots), locations of the SID on the mmags of all incubation starts (black crosses)
and stations at which the situ array was deployed (black circles). The gray contimes
(mesoscale altimetry) indicate the presence ofaatcyclonic eddies that influenced the drift
paths of the SID (described in the text). Coloremdear-surface chlorophyll concentrations
are averages of satellite data from AVISO (ArchiyiNalidation and Interpretation of
Satellite Oceanographic data) and MODIS (ModerasdRition Imaging Spectroradiometer)

Aqua, for 6-20 September 2011.
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Figure 2. 4L-SID and Lagrangian drifting buoy. @hart showing all components of
the 4L-SID including the Fixation Filters “FF1staad-alone devices for stopping biological
activity and chemically preserving incubated samila& shown are the four gas-tight 200 ml

polyethylene bagshftp://www.pmcbag.comthat stored®N,-enriched seawater and were

individually connected to the 18-port sample digttion valve via Luer locks and 1.6 mm
[.D. Teflon tubing. Within each individual piece adnnection tubing, 400 pL ofa 0.1 M
solution of H3CO; were stored, separated from seawater by smalllésilob air (see Fig. 3).

B) Lagrangian drifter setup used in this study.
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Figure 3. Diagrammatic illustration of 4L-SID furmans. A) Deployed configuration.
FDV: 18 port Fluidic Distribution Valve. The inssiows an enlarged view of tHi-
bicarbonate stored in the tracer coil. B) Procumanoé sample and introduction of tracer. The
inset illustrates the water flow through the indbeck valve (ICV). The poppet is normally
closed by a light duty, Teflon® coated spring, gatder when sample is drawn into the
chamber. When the piston reaches the full exteits afavel in either direction, it is “lugged
down” and the reduction in pump RPM sensed by kbetrenics turns off the pump. C)

Delivery of incubated sample through an FF1 filielder. The inset illustrates the seating of
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the Poppet O-ring against an annular “Knife Eddg€E)to prevent loss of sample through the

check valve during emptying of the chamber.

(A) 15N, fixation (nmol N L-1 d-1) (B) 13C fixation (nmol C L-1 d-1)

0.0 2.0 4.0 6.0 8.0 10.0 0 200 400 600 800
O 1 1 1 1 ] O 1 1 1 []
20 A 20 -
40 40 A
~ 60 - 60 -
5 Array 1
%_ 80 7 Array 2 80 1
g 100 1 ¢ SID deployment 1 100 -
120 - m SID deployment 2 120 -
Station S11C1 (deck
140 J incubator) 140 -

Figure 4. A) BNF- and B) primary production ratéganed from both SID
deployments in the context of vertical rate prafitdtained fronin situ array deployments (n
= 2). Incubations at station 11 are shown as \weliwere done in the shipboard incubator

due to the loss of thia situarray. No primary production was measured oncstatil.
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Figure 5: Contour plots showing A) temperatures8)nity, concentrations of C)
Low level Nitrogen (LLN = [NQ + NO) above 100 m depth, and D) phosphate measured
on shipboard stations during the BioLINCS cruisikee @ata are plotted vs. depth and total
section distance, i.e. distance covered by shigbstations along the northeast- and
following westward transit. The triangles at thp txis indicate where the SID took samples
along the section distance during its two conseeudeployments (four samplings per

deployment).
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Figure 6: Depth-integrated inventories of nifH geogies of diazotroph microorganisms
(quantified by QPCR) on ship stations in close proty to the SID drift paths. Section
distance on the x-axis is the total distance calbgeshipboard stations along the northeast-
and following westward transit. A) nifH inventories UCYN-A (Candidatus
Atelocyanobacterium thalassa) and UCYN-B (Crocosphavatsonii). B) nifH inventories of
Trichodesmium sp., het-1 and het-2 (Diatom-Diazaitrassociations between the diazotroph
cyanobacteria Richelia intracellularis and two eliéint diatom species, Rhizosolenia-Richelia
(RR) and Hemiaulus-Richelia (HR)) and heterotropfilgtypes HM210397 (Halm et al.,
2012) and KC013231 (Bombar et al., 2013). C) Peaggnof the total nifH gene copies m-2
of diazotrophs that are usually found in the > @ gize fraction (Trichodesmium, het-1, het-
2). The triangles at the top axis indicate wheeeSID took samples along the section
distance during its two consecutive deploymentsr(&amplings per deployment).
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Supplemental Figure 1. Diagrammatic illustration of the construction ofIFfter holders.

A) All components of the FF1 in exploded view, andross section showing how all parts fit
in the assembled FF1. B) Deployed configuratioriikative (in pink) filling out all voids
within the FF1. C) The flow of water (blue) durifigration, initially displacing a part of the
fixative not stored in the reservoir. D) Flow ofdtive by density-driven laminar convection
after filtration, preserving the sample on the GiREr.
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