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Abstract. One of the great challenges in ocean change rewas conducted in the framework of the European Project
search is to understand and forecast the effects of envien Ocean Acidification (EPOCA), focused on the effects of
ronmental changes on pelagic communities and the associdcean acidification on a natural plankton community and its
ated impacts on biogeochemical cycling. Mesocosms, experimpacts on biogeochemical cycling and air—sea exchange of
imental enclosures designed to approximate natural condielimate-relevant gases. This manuscript describes the meso-
tions, and in which environmental factors can be manipulateccosm hardware, its deployment and handling,,@@anipu-

and closely monitored, provide a powerful tool to close thelation, sampling and cleaning, including some further mod-
gap between small-scale laboratory experiments and obseifications conducted based on the experiences gained during
vational and correlative approaches applied in field surveysthis study.

Existing pelagic mesocosm systems are stationary and/or re-
stricted to well-protected waters. To allow mesocosm exper-

imentation in a range of hydrographic conditions and in ar-

eas considered most sensitive to ocean change, we developdd Introduction

a mobile sea-going mesocosm facility, the Kiel Off-Shore

Mesocosms for Future Ocean Simulations (KOSMOS). TheOf the more than 260 scientific papers published until now
KOSMOS platform, which can be transported and deployedon ocean acidification and its impacts on marine life less
by mid-sized research vessels, is designed for operation if'an 5% have been conducted on communities or ecosys-
moored and free-floating mode under low to moderate wavd€ms, with the vast majority of studies performed on indi-
conditions (up to 2.5m wave heights). It encloses a watevidual species (Gattuso and Hansson, 2011). Extrapolating
column 2m in diameter and 15 to 25m deep50—75n? from organism-based effects to community and ecosystem
in volume) without disrupting the vertical structure or dis- impacts is difficult, because the observed responses are typ-
turbing the enclosed plankton community. Several new dejcally obtained in the absence of competition, trophic inter-
Ve|opments in mesocosm design and Operation were imp|eaCti0nS, and with low or no genetic diverSity (RiEbeseu and
mented to (i) minimize differences in starting conditions be- Tortell, 2011). For the same reasons parameterizations of bi-
tween mesocosms, (i) allow for extended experimental du-ological processes in ecosystem and biogeochemical mod-
ration, (iii) precisely determine the mesocosm volume, (iv) €IS based on physiological responses of individual organisms
determine air-sea gas exchange, and (v) perform mass bz’ problematic. In benthic systems, natural high,@0-
ance calculations. After multiple test runs in the Baltic Sea,Vironments, such as GQventing sites, provide a powerful
which resulted in continuous improvement of the design andf€st bed to assess effects of ocean acidification at the com-
handling, the KOSMOS platform successfully completed its Munity and ecosystem level. Studies at volcanic;G@nts

first full-scale experiment in the high Arctic off Svalbard have revealed drastic changes in benthic community com-

(78°56.2 N, 11°53.6 E) in June/July 2010. The study, which Position and biodiversity when compared to adjacent areas
not exposed to high CO(Barry et al., 2011). Because of
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lateral advection and mixing of water masses,,&@nting means to experimentally manipulate and repeatedly sample
sites generally do not provide useful testing grounds to studymulti-trophic planktonic communities.
ocean acidification impacts on pelagic communities (Riebe- Considering the wide range of topics in ocean change re-
sell, 2008). Oceanographic transects along naturgl @@ search where mesocosm experimentation could greatly ad-
dients, e.g. from temperate to high-latitude waters (Charvance our science, there are surprisingly few marine meso-
alampopoulou et al., 2011) or from recently upwelled high- cosm facilities in operation. Moreover, existing facilities are
CO, waters downstream towards lower-g€@aters (Beau- either stationary or confined to well-protected waters, lim-
fort et al., 2011), offer the opportunity for community-level iting their scope of application. Here we describe a newly
comparisons. Because of the many other environmental facdeveloped sea-going mesocosm facility which can be used
tors varying in concert with C@ the interpretation of ob- in moored and free-floating mode under low to moderate
served biotic differences along those gradients is complex. wave conditions (up to 2.5 m wave heights). The new design
For pelagic systems mesocosms provide a powerful apin combination with new developments in mesocosm han-
proach to maintain a natural community under close-to-dling and sampling are intended to optimize mesocosm per-
natural self-sustaining conditions, taking into account rele-formance, prolong the duration of mesocosm experiments,
vant aspects from “the real world” such as indirect effects,and perform mass balance calculations by accounting for all
biological compensation and recovery, and ecosystem rerelevant pools and fluxes of elements and compounds of in-
silience, which commonly are not accounted for in small- terest.
scale laboratory experiments (Riebesell et al., 2010). The
mesocosm approach is therefore often considered the exper- .
imental ecosystem closest to the “real world”, without losing 2 Material and methods

the advantage of reliable reference conditions and replication

(Petersen et al., 2003). The main advantages unique to mesMOSt of the following description relates to the 2010 exper-
cosm experimentation are as follows: iment off Svalbard. The corresponding sections are written

in past tense. Some aspects of the mesocosm hardware and
1. The ability to investigate community dynamics of three handling used in 2010 were modified in subsequent experi-
or more levels for an extended period of time. ments. To avoid providing detailed descriptions of the KOS-
. ) . MOS approach for each new experiment, we have included
2. The ab'“t.y to measure the pools and fluxes 0be0""‘Ct'vedescriptions of those modifications in this manuscript. To
and particle reactive elements_ and_ compounds and t%istinguish between aspects specific for the 2010 experiment
perform mass balance calculations in complex systems, 4 those applicable to KOSMOS hardware and handling in

3. The ability to study interactions of ecosystem dynamicsdeneral, we will use past tense in the case of the former and
and biogeochemical processes under experimental corresent tense for the latter.

ditions.
2.1 Mesocosm hardware

4. The ability to bring together scientists from a variety
of disciplines, ranging from, e.g., molecular and evo- The Kiel Off-Shore Mesocosms for Future Ocean Simula-
lutionary biology, ecophysiology, marine ecology and tions (KOSMOS) consist of 9 mesocosm units, which are op-

biogeochemistry to marine and atmospheric chemistry. erated independently. Each unit comprises a floatation frame,
the mesocosm bag, a bottom shutter and sediment trap, a

It needs to be acknowledgeq, however, that some cpnstrain@ome_shaped hood on top of the floatation frame, weights
of enclosures are to be considered when extrapolating mesgy the hottom of the floatation frame and the lower end of the
cosm results to natural systems (see Riebesell et al., 201(9Jags to maintain an upright position when exposed to wind
for a review). Enclosures of all kinds are inherently lim- 5,4 wave activity, and various ropes needed for mesocosm
ited in their ability to include higher trophic levels (e.g. operation. The total weight of each KOSMOS unit, including

fish, seabirds and mammals), and to approximate vertical|| components described below, is approximately 1.7 tons.
mixing of water column and small-scale shear occurring in

nature (Menzel and Steele, 1978; Carpenter, 1996). Enclo2.2 Floatation frame

sure effects may also influence food web dynamics to vary-

ing degrees, creating trophic interactions that can differ withThe KOSMOS floatation frame consists of six 7.5m-long,
mesocosm dimension and which may deviate from those o880 cm-diameter closed glass fibre tubes which are fixed to
the natural system intended to be mimicked (Kuiper et al.,a steel structure in the lower part and by a steel metal ring
1983; French and Watts, 1989, Petersen et al., 2009). Despitat the top end. Steel weights are attached to the horizontal
these difficulties and the intense debate they have spurreflinctions at the bottom of the steel structure. The diameter
over the past decades (e.g. Pilson and Nixon, 1980; Brockef the glass fibre tubes, which generate the buoyancy, is re-
mann, 1990; Drenner and Mazumber, 1999), mesocosm erduced at and above the waterline to lower the up- and down-
closure studies still remain the most generally applicableward movement of the floatation frame due to wave action.
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A 2.3 Mesocosm bags

) _ The enclosure bags are made of thermoplastic polyurethane

A (TPU) with a thickness of 1 mm in the upper 7 m and 0.5 mm
below that. The bag diameter is 2m. The length of the bag
can be selected according to the scientific question and the
conditions at the deployment location. For the 2010 exper-
iment a total length of 17m, 2m above and 15m below
the water line, with a volume of approximately 568 mvas

- - — chosen. Follow-up experiments in the Raunefjord south of
lj M L Bergen, Norway, in June/July 2011 used bag total lengths of
] 25 m, and off Hawaii in November/December 2011 and in the
Finnish archipelago off T&rminne in June to August 2012
19 m bag lengths. To maintain an approximately cylindrical
shape of the mesocosm bags, rings of 2m inner diameter
made of 4 cm polyethylene pipes are positioned every 2m in
ring-shaped pockets made of TPU foil fixed onto the outside
i of the enclosure bag by high-frequency welding (Fig. 2).

ET8 Measurements of light intensities taken in parallel inside
the mesocosms and outside in the fjord yielded similar sur-
face layer light intensities and similar depth profiles in the
PAR spectrum (see also Schulz et al., 2013). Light trans-
parency measurements of the TPU foil revealed nearly 100 %
absorbance of UV light. This together with the low light
transparency below 400 nm of the PVC roof resulted in neg-
ligible UV light intensities inside the mesocosms.
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V 2.4 Bottom shutter and sediment trap

Fig. 1. Drawing of floatation frame with steel structure (lower part), At the bottom of the enclosure bag a steel ring holds two
glass fibre tubes for buoyancy, and steel ring at top, holding thesemi-circle plates made of 10 mm-thick Makrofon The
dome-shaped PVC hoods. The tapering of the tubes in the aboveplates are in upright position to allow water to enter the meso-
surface section reduces buoyancy changes due to wave activity. Sizsosm bags during the lowering and unfolding of the bags
indications in mm. (Fig. 3, left panel). A 2 m-long funnel-shaped sediment trap
with a mouth of the same diameter as the mesocosm bag is
. . connected to one of the bottom lids. It is tightly folded and
:r:grcveit_k? hrﬁgtej ;%?Izgager:;&?g\él r;yrl] igm??rfg}/loc; t(':\?i\c/)-n attached_ between the bott(_)m_ plate_s and unfolds and stretches
frame to reduce precipitation into the mesocosms and pregutomgtlcally_through an air-filled ring at the upper end ofthe
. . .. “funnel immediately after the bottom plates are closed (Fig. 3,
vent seabirds from landing on the frame and defecating mtoright panel). A silicon tube connects to the lower end of the
.the enclosures. The PCV foil has ca. 80% light transparenc¥unnel from. below the bottom lids and extends to the wa-
in the spectral range- 400 nm wavelength. Below 400.nm ter surface on the outside of the mesocosms (Fig. 4). Mate-
the transparency strongly decreases, largely precluding thﬁal collected in the sediment trap is regularly sampled via
penetration of UV light. A flashlight with light sensor, solar this tube, using a manual vacuum pump system. Process-
panels and radar ref!ector ?S mounted on top of the f_rame, .inTng of thé samples included sub-sampling for zoéplankton
tended to alert passing shlps..A set of clamps on.elther Sld(ca:ounting, followed by concentrating the residual sediment
of the frame above the waterline serves to fix various ropes . - erial freeze-drying, grinding and homogenizing for sub-
needed to unfold, fix and operate the mesocosm endosuressequent’chemical anaI;/sis
(see mesocosm filling below). At the time of deployment the X

. . o The sediment trap as described here created a “dead vol-
mesocosm bag is folded in a pack positioned above the water .
) : o ume” underneath the funnel of approximately 8% of the
line (as displayed in Fig. 1).

enclosure volume. Because this water gradually exchanged
with the rest of the enclosed water over one to two days,
there was a dilution effect after experimental manipulations
such as C@ enrichment and nutrient addition. This com-
plicated determining precisely the start value of the applied

i
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Fig. 3. Sketches of bottom plate. Left: lids in upright position, as
applied during filling of the enclosure bags. A removable net (grey
shaded area) with a mesh size of 3 mm is mounted below the bottom
ring. Each bottom plate is equipped with 8 screws for tightening
the lids after closing. Right: bottom plate in closed position with
unfolded sediment trap.

i
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Fig. 4. Left: sketch of sediment trap used in 2011 and 2012 cam-
paigns. The funnel-shaped trap made of TPU foil is connected to
the bottom of the enclosure bag via a flange (right panel). Note the
Fig. 2. Sketch of floatation frame with unfolded TPU enclosure bag; tapering of the lowest section of the mesocosm bag. Sampling of
different colouring of the light-transparent bag indicates difference Sedimented matter is achieved via a silicon tube which connects to a
in TPU foil thickness: green, 1 mm; brown, 0.5mm. The blue rip- 5L sampling flask and a hand-operated vacuum pump. Right: flange
pled plane represents the water line. At the bottom of the bag abovéing made of laminated fibreglass to attach the external sediment
the bottom plate the funnel-shaped sediment trap is indicated. Th&ap to the lower end of the enclosure bag. The upper ring (con-
red line extending from the tip of the sediment trap to the waternected to the bag) is equipped with steel weights to facilitate the
surface represents the tube used for sampling of sedimented matteéinking of the enclosure bag during mesocosm filling and to keep
the bag in vertical position when exposed to currents. Bag and sed-
iment trap are fixed to the upper and lower flanges by stainless steel
manipulation. To avoid the dilution effect, a new sediment clamps pressing the TPU foil in notches. Upper and lower flanges
trap was designed after the 2010 campaign and applied in afie connected with eight screws and sealed with a silicon rubber
later studies. This new trap is connected to the bottom of thd®iNg-
mesocosm through a flange (Fig. 4). Mounted by divers after
the filling of the bag, the trap closes off the mesocosm at the

bottom end. 50 m between each group and anchored on both ends with
weights (1.2 tonnes) consisting of railway wheels. Buoys are
2.5 Mooring and deployment mounted between mesocosms and the anchor weights to en-

sure that the downward pull generated by strong currents
The mesocosms can be operated in moored or free-floatinggs absorbed by the buoys rather than acting directly on the
mode. When moored, the mesocosms are deployed in groupsesocosms. When operated in moored mode, the water cur-
of three at a distance of 30 to 50 m between mesocosnments acting on the mesocosms should not exceed 0.5 knots
units (Fig. 5). Units of each group are connected to eacho avoid strong vertical deflection of the mesocosm bags and
other through ropes fixed to the floating frames at 2.5 mwearing on the ropes. In free-floating mode, as applied in the
water depth. The groups are separated by approximatel011 campaign off Hawaii, a drogue was connected to one

Biogeosciences, 10, 1835847 2013 www.biogeosciences.net/10/1835/2013/



U. Riebesell et al.: A mobile sea-going mesocosm system 1839

enclosed water bodies in terms of seawater chemistry and
plankton community abundance and composition. This could
have caused large inter-mesocosm variability during the ex-
periment. To minimize differences in starting conditions be-
tween enclosed water bodies, the mesocosms were left open
for free exchange with the surrounding water for 48 h after
filling. For this the bottom shutters were kept open and the
upper part of the bags lowered to 1.5 m below the water sur-
face with the top and bottom opening covered with a net of
3 mm mesh size. Test runs during previous years with dyes
injected into the mesocosms indicated that, depending on bag
length and current speed, a complete exchange of the en-
closed water body occurs within 2—3 days. By gradually ex-
changing the enclosed and surrounding water masses, itis in-
sured that spatial patchiness is averaged out over time. While
the mesocosms were open for water exchange, frequent mea-
surements were conducted for several chemical and biolog-
ical parameters to test for differences between mesocosms.
The absence of detectable differences in these parameters
was a precondition for mesocosm closing.

The exchange between mesocosms and surrounding wa-
Fig. 5. Schematic drawing of the two modes of mesocosm operater was terminated by lifting the upper parts of the bags
tion: (a) mesocosms in moored mode in packs of three with anchorabove the surface and having divers close the bottom plates.
weight at each end as used in the Svalbard 2010 stijiyneso- At this point the top and bottom nets are removed. With
cosms in free-floating mode connected to a weighted drogue hangthe closing of the bottom shutters the sediment trap, folded
ing from a buoy at 150 m water depth. This approach was firsttestecand fixed between the two bottom plates, unfolds and
in the 2011 campaign off Hawaii. rises through an air-filled ring until fully extended (Figs. 2

and 3). The closing of the mesocosms marks the beginning

of the experimental period.
end of the three mesocosms. The weighted drogue was hang- As described above, bottom plate and internal sediment
ing from a large buoy at 150 water depth and thereby was extrap were replaced by a flange-connected external sediment
posed to water currents deviating from those at the surface. lirap after the 2010 campaign. In the following campaigns the
served to generate a steady drag at one end of the mesocossadiment traps were put in place by divers after the full ex-
array in order to keep the mesocosms apart and in a straighiension of the enclosure bags. In this new design the sed-
line. In this mode there is no limit on the acceptable speed oiment trap also has the function of closing off the bottom
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water currents. of the bags. The sediment trap is put in place in two steps:
initially it is connected by a hinge integrated in the flange
2.6 Filling and closing (see Fig. 7, left side of the flange). At this stage the sedi-

ment trap is hanging parallel to the mesocosm bag, held by
The filling of the mesocosms started after all mesocosmghe hinge and tied to the first support ring. In a second step
were moored in position. For this the enclosure bags werge.g. on the following day), divers turn the lower flange ring
untied at the bottom, allowing the weighted lower end of thein horizontal position to fully connect with the upper flange
bags to sink through the water column with open shutters unsing, thereby expending the TPU foil forming the funnel of
til the bags were completely unfolded. With this approach thethe sediment trap. The two flange rings are tightly connected
mesocosms were filled with minimal disturbance of the en-by 8 screws. As before, the mesocosms are closed by divers
closed water body. To avoid capturing large organisms (e.gafter 2—3 days of open exchange between mesocosm and sur-
fish, jelly fish) a removable net with a mesh size of 3 mm rounding water. After mounting of the sediment trap, three 5
was mounted across the bottom opening. Several teams wekg weights are mounted at its lower end to keep the funnel
involved in filling the mesocosms in parallel in close suc- stretched. A hose connected to the bottom of the funnel and
cession to reduce the effect of changing water masses dueaching above the water surface is used for sampling of the
to lateral advection during the filling process. Nevertheless sedimented material (Fig. 4).
because the mesocosms were not all filled simultaneously
and because of possible small-scale patchiness in the plank-
ton community (i.e. smaller than the distance between indi-
vidual mesocosms), there was a risk of differences between
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enriched water is pumped from 25 L carboys via a garden hose into

the “spider”, which is gradually moved up and down over the en-

tire length of the enclosure bag by manually heaving and hauling it

via a pulley fixed above the centre of the enclosure bags underneath

the hood. Right: the dispersion device (“spider”) is composed of a
Fig. 6. Schematic drawing of the setup used for the preparation ofpolyoxymethylen body weighted with a 5 kg stainless steel stand. It
COy-enriched water. An electric outboard moi@) continuously  has 84 jets (@ 500 um) of which 78 are equipped with elastic acryl
mixed the water in the 1.4%polypropylene tank which was tightly  branches of different lengths distributing the liquid evenly over a
closed by a lidc). Two large aerating disk®¥) produced fine bub-  horizontal cross-section of the mesocosm. The diameter of the jets
bles ensuring relatively low gas consumption. After aeration, theserves as a bottleneck, releasing0 mL min—1 of liquid dispensed
COy-enriched water was filled into 25 L polycarbonate carb@)s  through every jet irrespective of the length of the branch connected
for transport and quantitative addition into the mesocosms, usingo it.

.:E Fig. 7. Left: sketch of setup used for GOmanipulation. CQ-
ﬁ d

the “spider”.
(d) Although CQ manipulation is relatively straightfor-
2.7 COz and nutrient manipulation ward, it is challenging to precisely achieve the targeted
] _ ) ) CO; levels. While critical in a replicated approach, in
CO, enrichment was carried out by adding g&@nriched a COx-gradient approach deviations from the targeted
fiord water into the mesocosms. The addition of £0 CO, levels can be tolerated.

enriched seawater increases dissolved inorganic carbon
(DIC) while leaving total alkalinity constant, perfectly mim- It was decided to replicate the ambient £@vel (control
icking on-going ocean acidification (cf. Schulz et al., 2009, treatment) in order to minimize the risk of completing the
Gattuso et al., 2010). With 9 mesocosms available for thisexperiment with no control in case of losing one or several
study, the choice was made to apply aC§dadient with 8  mesocosm units. The different GQevels were randomly
different CQ levels, duplicating only the ambient G@on- interspersed among the 9 mesocosms (cf. Riebesell et al.,
ditions without CQ manipulation (considered as control). 2010).
This approach involves the use of regression statistics for as- The CG-enriched seawater was prepared in a 134ank
sessment of possible G@ffects. This choice was made for on land filled with filtered (pore size 20 um) fjord water
the following reasons: which was stirred by an electric propeller while aerated with
i ) . pure CQ gas for approximately 24 h (Fig. 6). At this stage
(2) Because of the low number of experimental units avail-yhe c, partial pressure in the water was close to saturation
able and considering the risk of losing one or sev- pH~ 4.4).
eral mesocosms (e.g. due to damage by ice floats), & the piC concentration in the G@enriched water was cal-
COy-gradient approach carries a lower risk of failure ¢j5ted based on measurements of total alkalinity, pH (pre-
compared to a replicated approach (e.g. 3;@@at-  gented in total scale unless stated otherwise), salinity and
ments with triplicates each) relying on ANOVA statis- temperature, using the computer program,S®S (Lewis
tics. and Wallace, 1997). Based on this the amount of,CO
enriched water needed to achieve the targ€0, levels
in the different CQ treatments was calculated. The &0
enriched water was filled into 25 L carboys and transported
to the mesocosms. Depending on targ&€O,, between 0
(c) With a COy-gradient approach the opportunity arises to and 320 L (see Schulz et al., 2013) of the £€hriched sea-
include one or two C@levels outside the range rec- water was injected into the mesocosms by means of a mem-
ommended for ocean acidification perturbation experi-brane pump and a dispensing device (termed “spider”; Fig. 7,
ments (Barry et al., 2010), which would be more diffi- right panel). To achieve an even distribution of the 20
cult to justify if such extreme levels were replicated. enriched water throughout the mesocosms, the “spider” was

(b) If there is a threshold level for any of the G/PH sen-
sitive processes, a G&yradient approach has a higher
chance of detecting it.

Biogeosciences, 10, 1835847 2013 www.biogeosciences.net/10/1835/2013/
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slowly moved up and down during the injection over the en-
tire length of the enclosure bags (Fig. 7, left panel). Verti-
cal pH profiles were conducted after g@dditions to check
whether an even distribution was achieved.

The injection of CQ-enriched water was done in steps
over 4 consecutive days starting in the afternoon of 6 June
(t-1). Two mesocosms served as controls, while 7 meso-
cosms were manipulated to establish treatments of elevated £
pCO; with an initial range of 185-1420 patm. Mean val- %
ues of pCO, during the experimental period ranged from
175-1085 patm (for details see Bellerby et al., 2012). In
mesocosms with no or low addition of G@nriched water,
similar amounts of filtered fjord water were added in order
to apply the same physical perturbation to all mesocosms.
Some fine-tuning to reach target ¢@vels was conducted
on 11 June (t4), at which time the targe€O, levels where
reached with an offset generally smaller thah0 patm. Af-
ter this no further C@ manipulation was done in any of
the mesocosms. Because of the slow exchange of water in
the “dead volume” below the sediment trap with that in the Fig. 8. Ring-shaped brush used for cleaning the inside of the enclo-
rest of the enclosure bag, there was a dilution of the ini-sure walls. The brush is pulled downwards by a weight attached by

tial CO, enrichment due to mixing of the GOnanipulated ropes below the ring and pulled upwards manually by a rope run
(open bag) and non-manipulated (“dead volume”) water durover a pulley fixed above the centre of the enclosure bags under-
neath the hood. In follow-up experiments the brush was replaced by

ing the first cquple of days. Budget calc_ulanons baseq oncar; . bie-bladed wiper.
bonate chemistry measurements starting aftes @@nipu-
lations needed to account for this dilution effect (Czerny et

al., 2012a, 2013; de Kluijver et al., 2013; Silyakowa et al., the walls to quantify the amount of biomass released into the
2013). _ _ _ ~water column. As reported in Czerny et al. (2012a) on aver-
In the early morning of 20 June (t13), inorganic nutrients 556 16 % of the nitrate and 32 % of the phosphate added on
were added using the same dispersion device as describgflz had accumulated on the mesocosm walls due to biofilm
above and shownlln Fig. 7 at concentrziltlo_ns of SUMBIL  formation on t30. In follow-up campaigns, the formation of
NOg, 0.32pmol " POy, and 2.5umol L= Si. The precise  pjgfilms on the inside of the enclosure bags (wall growth)

amounts of inorganic nutrients added to each mesocosm werg, s prevented by regular cleaning (once per week) with a
calculated based on volume determinations conducted for a“ing-shaped double-bladed wiper using a similar configura-

mesocosms thrpugh salt feld_ditions on 3 June (t4) and.ll gu%n as depicted in Fig. 8.
(t4). For a detailed description of the volume determination
see Czerny et al. (2012b). 2.9 Sampling

Approximately 200 live adult pteropods
(Limacina helicinajsampled individually from the fjord Vertical profiles of temperature, conductivity, pH, oxygen,
were added to each mesocosm during 11-13 June (t4—t@)uorescence, turbidity and light intensity were taken daily
to study their response to ocean acidification. For unknownin each mesocosm and the surrounding water between 14:00
reasons the pteropods rapidly disappeared from the watesnd 16:00 LT with a CTD60M (Sun and Sea Technologies).
column. Some pteropods were collected in the sedimenBampling of seawater from the mesocosms was conducted
traps; others were seen by divers accumulating in the deadiith a depth-integrating water sampler (Hydro-Bios). The
volume underneath the sediment traps. Very few specimesampler is equipped with a pressure-controlled motor and

survived the experiment. continuously collects water (5L volume) while being low-
ered from the surface to 12m depth. Samples were col-
2.8 Cleaning of the mesocosm walls lected in the morning between 9:00 and 11:00 In addition

discrete samples were taken at fixed depths using Niskin
To estimate the contribution of wall growth to the overall bottles and pumping systems with sampling tubes lowered
production and accumulation of particular organic matterinto the mesocosms (for details see M&M in the correspond-
(POM) in the mesocosms, the inside of the enclosure bagihg manuscripts). For measurements of DIC, total alkalinity,
was cleaned with a ring-shaped brush on 7 July (t30). VarN,O, inorganic nutrients, dissolved organic matter, volatile
ious biological parameters were determined on suspendedrganic compounds, oxygen incubations, and other samples
particulate matter immediately before and after brushing ofsensitive for contamination and gas exchange, subsamples

www.biogeosciences.net/10/1835/2013/ Biogeosciences, 10, 18352013
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Table 1. Starting conditions in the nine mesocosms (M1-M9) and the surrounding fjord water. Data for salinity, pH and oxygen concentration
(determined in situ with a CTD equipped with pH and oxygen sensors) for day t-4, all others for day t0. pH is in total scale, concentrations
for oxygen, nitrate, ammonium, phosphate and silicate are in um’oISee Schulz et al. (2013) for details on the methodologies.

M1 M2 M3 M4 M5 M6 M7 M8 M9  Fjord

Salinity 33.90 3390 3390 3391 3391 3390 3390 3393 3393 3358

pH 8.36 8.36 8.37 8.35 8.36 8.35 8.37 8.37 8.39 8.36
O 466 462 461 462 460 460 462 463 466 476
NO; 0.03 0.03 0.02 0.03 0.01 0.01 0.02 0.02 0.03 0.01
NHZ 0.59 0.59 060 060 059 0.59 0.49 0.59 0.69 0.22
PO‘%* 0.04 0.05 005 006 0.05 0.06 0.05 0.06 0.06 0.04

Si(OH); 015 016 015 0.17 012 012 012 010 0.12 0.23

were taken directly from the depth-integrating samplers in3.1 Conditions in the fjord
a fixed order. For bulk measurements of suspended particu-
late matter, photosynthetic pigments, biogenic silica, phyto-At the time of mesocosm deployment Kongsfjorden off Ny-
and microzooplankton abundance and composition, and varAlesund was ice-free, while parts of the inner fjord were cov-
jous other components (see M&M in the correspondingered by sea ice. During the course of the study, the sea ice
manuscripts), the depth-integrated samples were transferrderoke off and the glaciers surrounding Kongsfjorden started
to 10 L polyethylene containers which were kept in a darkto calve. Floats of sea ice and glacier ice drifted towards the
cold room at in situ temperature for later subsampling. mouth of the fjord starting in mid-June. Most of the ice trans-

Net hauls were done about once a week (for details se@ort occurred along the northern side of the fjord, i.e. on the
Niehoff et al., 2013). To minimize the effect of zooplank- opposite side of the mesocosm mooring, following the gen-
ton catches on the plankton abundance and composition, theral current pattern in the fjord system. At times of persistent
cross-sectional area sampled by the sum of all net hauls corfiorth to north-east winds some ice floats occasionally drifted
ducted over the course of the experiment was kept to les¢gowards the mesocosm array. A 24 h ice watch was on duty
than one-sixth of the total cross-sectional area of the enclofor the duration of the experiment. In a few cases ice floats
sure bags. needed to be pushed out of their path by small boats to avoid

All sampling gear and sensors were plunged into fjord wa-collision with the mesocosms.
ter next to the sampling boats before being deployed in the The initial pCO, of the ambient water in the fjord was
mesocosms to avoid contamination by adhering materials>~ 175 patm, corresponding to a pH of8.3 (Bellerby et
All instruments were cleaned with fresh water when return-al., 2012). Concentrations of mineral nutrients in the wa-
ing to land. ter were close to detection limit at the beginning of the ex-

periment (0.11 umol t* of nitrate, 0.7 pmol £* of ammo-
nia, 0.13umol 1 of phosphate). Additionally, there were

3 Results 5.5 umol L of dissolved organic nitrogen, 0.20 umolkg

A c ich i . i ducted | of dissolved organic phosphorus (Schulz et al., 2013) and
mesocosm C@enrichment experiment was conducted in 7g umol L1 of dissolved organic carbon (Engel et al., 2013).

Eongsfjorgin’\z nthe r(]joghjvvles;g(igstl\cl)_f Spitsberg_en (Fig. 9)Reduced pC®and inorganic nutrient concentrations as well
etween ay an uly - NIN€ S€a-goiNg MeSO%4 increased concentrations of organic carbon, nitrogen and

cosms were Ioa_ded in Kiel arld deployed on the SOUtherl})hosphorus indicated a post-bloom situation in the fjord at
shore of Kongsfjorden near Nilesund at 7856.2 N und the start of the experiment

11°53.6 E (Fig. 10) by M/V Esperanzeaof Greenpeace In-

ternational on 31 May (t-7). Before mesocosm deployments 5 ~gnditions in the mesocosms

mooring weights were laid out by R/Viking Explorerof

the University Centre in Svalbard (UNIS). Upon deployment comparing the initial conditions after closing of the meso-

the mesocosms were towed to the mooring site by small boatggsms provided an indication of the similarity between bags

gnd_tied in three groups of three mesocosms each as indicateg the start of the experiment. As indicated in Table 1, the

in Fig. 10. chemical conditions were almost identical in all mesocosms.
Small differences between mesocosms and the surround-
ing fjord water were due to changing water masses in the
fiord after closing the bags. Close agreement also exists
for phytoplankton biomass and taxonomic composition (Ta-
ble 2). Differences in group-specific chlorophyllequiva-
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— phase 2: nutrient addition until 2nd chlorophyll mini-

Fig. 9. Map of the Arctic. Red dot denotes the location of the
mum (113 to t21),

study site (Kongsfjorden, N)ﬂlesund) on the north-west coast of
Spitsbergen, the largest island of the Svalbard archipelago. Source:

Wikipedia — phase 3: 2nd chlorophyll minimum until end of experi-

ment (t22 to t30).

The temporal changes in phytoplankton biomass and com-
lent concentrations between mesocosms for some of the taxnunity composition observed in the mesocosms follow the
onomic groups are more pronounced for those with predomsame basic trends as those recorded in the waters surrounding
inantly large cell sizes combined with low abundances, suchthe mesocosms (Brussaard et al., 2013; Schulz et al., 2013).
as diatoms and dinoflagellates. This difference is most likelyConsidering that lateral advection caused the water surround-
due to a sampling bias rather than a true representation dhg the mesocosms to exchange rapidly, the close agreement
biomass differences in the mesocosms. AImost identical conpetween enclosed and ambient plankton community devel-
centrations in all mesocosms are obtained for bacteria and taapment seems quite remarkable. This indicates that (1) ma-
tal virus counts (Table 2). Overall, the resemblance in initial jor trends in plankton development persisted independent of
values for a variety of chemical and biological parameterssmall-scale patchiness in the study area and (2) the enclosed
suggests proper conditions for the start of the experiment. plankton community mimics the natural system reasonably

well in terms of major developments in biomass and com-
3.3 Temporal development position. The close agreement starts to weaken after nutrient

addition in the mesocosms.
A short temporary increase in phytoplankton biomass dur-  Aside from providing a comprehensive data set on plank-
ing the first part of the experiment was probably fuelled by ton community responses to ocean acidification and their im-
utilization of organic nutrients. Half way through the experi- pacts on biogeochemica| Cyc“ng, the Study offered the op-
ment inorganic nutrients were added to the mesocosms stinportunity for consistency checks between individual mea-
ulating two additional phytoplankton blooms. surements. Particularly enlightening in this respect was the

Based on the manipulations carried out over the course ofomparison of different approaches determining net com-

the study, the deployment period is divided into 4 phasesmunity production, which was obtained from bottle incuba-
one pre-experimental phase (phase 0) and three experimentgdns measuring @production/consumption (Tanaka et al.,

phases (phases 1-3) as follows: 2013), estimates of changes in DIC concentration (Silyakowa
et al., 2013), and incorporation &#C tracer added directly

— phase 0: closing of the mesocosms until end 06@@-  jnto the mesocosms (de Kluijver et al., 2013). These esti-
nipulation (t-4 to t4), mates were further compared witfiC incorporation deter-

mined in bottle incubations (Engel et al., 2013). While at
— phase 1: end of C&manipulation until nutrient addition first sight the different approaches appeared to yield differ-
(t5tot12), ent rates and — more surprisingly — different relationships
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Table 2. Concentrations of chlorophydl equivalent (in ng £l for eight taxonomic groups of phytoplankton determined from HPLC mea-
surements using CHEMTAX and bacterial and viral number§ ¢iD~1) measured by flow cytometry for day t0. See Schulz et al. (2013)

for details on methodologies. Abbreviations for taxonomic groups refer to prasinophyceae, dinophyceae, crytophyceae, chlorophyceae,
cyanophyceae, bacillariophyceae, chrysophyceae, and haptophyceae.

MiTI M2 M3 M4 M5 M6 M7 M8 M9 Fjord

Prasino 458 458 491 555 586 415 668 545 489 715
Dino 0 0.4 8.1 101 0 274 82 131 46 122
Crypto 252 155 197 346 456 231 295 20.7 183 733
Chloro 18.8 0 0 10.0 14 272 408 435 383 569
Cyano 299 313 414 414 442 365 283 222 387 372
Bacillario 28.4 185 27.7 314 318 196 372 153 357 978
Chryso 6.4 2.6 51 5.0 3.0 4.5 5.8 5.1 7.3 3.4
Hapto 28.0 654 287 351 513 253 161 254 19.7 185
Bacteria 20 21 20 21 2.0 21 2.2 20 2.0 1.7
Viruses 614 535 542 580 484 533 493 583 539 524

with CO, concentration, closer examination yielded somebergen Shelf, (ii) Atlantic water masses coming in with the
interesting insights into the underlying processes and evennorthbound West Spitsbergen Current, and (iii) freshwater
tually resulted in a coherent interpretation of plankton com-input from calving and melting glaciers as well as precipi-
munity responses to ocean acidification (see discussions itation (Hop et al., 2006). Discharge of freshwater and sedi-
references cited above). ments from the adjacent glaciers strongly varies seasonally,
peaking in the summer. During winter, the inner part of the
fiord is covered by sea ice , with large interannual variability

4 Discussions in ice thickness, time of formation and break-up (see Svend-
sen et al., 2002, for a detailed review of the physical environ-
4.1 The study area ment of the Kongsfjorden area).

In the fjord the initiation of the phytoplankton spring

The Arctic Ocean ecosystem is expected to undergo mabloom starts already under ice cover, CUlminating between
jor climate-change-related transformations in the comingAPril and early June after ice break-up (Eilertsen et al.,
decades, ranging from surface layer warming and freshen1989). The majority of studies conducted on the plankton
ing to enhanced stratification and loss of sea ice. Due to th€ommunity in Kongsfjorden focused on the spring period
high CO solubility and low carbonate saturation states of When high nutrient availability and increasing light levels
its cold surface waters, the Artic Ocean is also consideredupport a substantial fraction of the annual primary produc-
particularly vulnerable to ocean acidification. If ¢®mis-  tion (Iversen and Seuthe, 2011; Seuthe et al., 2011). After
sions continue to rise at current rates, half of the Artic Ocearthe spring bloom, phytoplankton biomass remains moder-
will be undersaturated with respect to calcium carbonate and@tely high during late spring and summer (Hop et al., 2002).
therefore, corrosive for calcareous organisms within the nexf\t this time of the year, the plankton community is typi-
three to four decades (Steinacher et al., 2009). While sevcally characterized by an efficient microbial loop (lversen
eral Arctic calcifying species have been shown to responc@nd Seuthe, 2011) that provides inorganic nutrients to phy-
negatively to ocean acidification (e.giienbender et al., toplankton and bacteria through rapid organic matter rem-
2011: Comeau et al., 2009: Lischka et al. 2011: Walther etineralization. These were the conditions encountered at the
al., 2010; Wood et al., 2011), little is known about possible start of this mesocosm campaign. Accordingly, pico- and
consequences of ocean acidification at the base of the ArctifBanophytoplankton groups were the dominant autotrophs
food web. The experiment described here was intended as @uring the first part of this study (Brussaard et al., 2013).
first attempt at closing this gap by conducting a pelagic mesoDue to the low seed population of dinoflagellates and di-
cosm CQ-enrichment study in Kongsfijorden on the western atoms, the dominance of pico- and nano-sized phytoplankton
coast of Spitsbergen — about 1000 nautical miles south of théontinued even after nutrient addition. The standing stock of
North Pole. microphytoplankton was building up slowly and dominated
Kongsfjorden, an open fiord system without sill, is about Phytoplankton biomass only towards the end of the experi-
26 km long and between 4 and 10km wide, with a maxi- ment (Schulz etal., 2013).
mum depth of 400 m. The water in Kongsfjorden is influ-
enced by (i) Arctic water masses transported by the coastal
current flowing from the Barents Sea over the West Spits-
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4.2 KOSMOS experimental facility Ministry for Education and Research (BMBF). GEOMAR and SO-
PRAN provided the KOSMOS facility for the Svalbard 2010 experi-
After a sequence of test runs in free-floating mode con-mentand organized the logistics leading up to and during the exper-
ducted in the Baltic Sea in 2006, 2007, and 2008, whichiment. GEOMAR was responsible for deploying the mesocosms,
|ed to CO”Slderable |mprovements |n the mesocosm hardwar@nnlng the eXperiment and COOI’dina'[ing all scientific aSpeCtS be-
and handling, and a four-week trial run in moored mode infore, during and after the experiment. The scientific work is a con-
2009, which yielded some novel results on ocean acidiﬁca_tribution to the European Project on Ocean Acidification (EPOCA),

tion effects during a phytoplankton spring bloom (Schulz which received funding from the European Community’s Seventh
Framework Programme (FP7/2007-2013) under grant agreement

and Riebesell, 2012), the Svalbard 2010 campaign was thg, 11384 several participants of this study received funding from
first full-scale experiment involving nine Mesocosm UNts e Eyropean Community's Seventh Framework Programme under
and covering a broad range of parameters over an extendegtant agreement no 228224, MESOAQUA. We gratefully acknowl-
period of time. Building on the experience gained during this edge the logistical support of Greenpeace International for its assis-
campaign, this new sea-going experimental platform opensance with the transport of the mesocosm facility from Kiel to Ny-
up new opportunities for mesocosm experimentation undelesund and back to Kiel. We also thank the captains and crews of
a variety of hydrographic conditions and geographical loca-M/V Esperanzaf Greenpeace and RMking Explorerof the Uni-

tions. Important new features of this facility include versity Centre in Svalbard (UNIS) for assistance during mesocosm
transport and during deployment and recovery in Kongsfjorden. We
— the enclosure of large volumes (45-7%)mvith mini- thank the staff of the French-German Arctic Research Base (AW-

mal disturbance of the enclosed water body and pIank-'PE_V? at Ny-Alesund, in particular Marcus Schumacher, for on-site
ton community, logistical support.
. . . . . The service charges for this open access publication
— controlled carbonate chemistry manipulation with min- e been covered by a Research Centre of the
imal agitation of the enclosed water, Helmholtz Association.

— mass balance calculations through precise determinagdited by: J. Middelburg
tion of mesocosm volume by full accounting of all rel-
evant pools and fluxes for key elements (carbon, nitro-
gen, phosphorus, silica),
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