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Abstract Late winter-to-summer changes (April to July)
in ocean acidification state, calcium carbonate (CaCQOs)
saturation for aragonite (£2,) and calcite (£2.) and biogeo-
chemical properties were investigated in 2013 and 2014 in
Kongsfjorden, Svalbard. We investigated physical (salin-
ity, temperature) and chemical (carbonate system, nutrient)
properties in the water column from the glacier front in the
fjord to the west Spitsbergen shelf. The average range of 2,
in the upper 50 m in the fjord in winter was 1.59-1.74 and
in summer 1.65-2.66. The lowest 2, (1.5) was close to the
reported critical threshold for aragonite-forming organisms
such as the pteropod Limacina helicina. In summer 2013,
Q,, pHt and salinity were generally lower than in 2014 as a
result of a larger influence of high-CO, water from the
coastal current and less Atlantic water. The inner fjord was
influenced by glacial water in summer which decreased Q,
by 0.7. Biological CO, consumption based on a winter-to
summer decrease in nitrate was larger in 2014 than in 2013,
suggesting more primary production in 2014. The influence
of freshwater decreased (2, by the same amount as the
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biological effect increased (2,. The seasonal increase in
temperature only played a minor role on the increase of 2,.
The biological effect showed more inter-annual variability
than the effect of freshwater. Based on this study, we
suggest that changes in the inflow of different water masses
and freshwater directly influence ocean acidification state,
but also indirectly affect the biological drivers of carbonate
chemistry in the fjord.
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Introduction

Specific biogeochemical processes in the Arctic Ocean such
as sea-ice formation and meltwater affect the seawater cal-
cium carbonate (CaCQ3) saturation state (£2) and carbonate
chemistry during an annual cycle (Chierici et al. 2011). In
winter, low  has been observed under the sea ice in the
Arctic Ocean as an effect of sea-ice dynamics, upwelling of
CO,-rich subsurface waters and remineralization of organic
material (Chierici et al. 2011; Shadwick et al. 2011; Fransson
et al. 2013). During ice formation and melting in spring,
CO,-rich brine is drained from the sea ice to the water
beneath the ice through brine channels, decreasing 2 and pH
(e.g., Rysgaard et al. 2007; Fransson et al. 2013). Sea-ice
meltwater causes low pH and undersaturated 2 with regard
to aragonite in the Arctic Ocean (Chierici and Fransson
2009; Yamamoto-Kawai et al. 2009). The same processes
that result in low pH and low carbonate ion concentrations in
the Arctic Ocean also affect Arctic fjords. Freshwater supply
from glacial drainage water has been shown to affect the
carbonate chemistry in Arctic fjords (Sejr et al. 2011;
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Fransson et al. 2015) causing a decrease in € with increased
freshwater supply, particularly during winter (Fransson et al.
2015). Fjords with tidal glaciers, such as Kongsfjorden,
Spitsbergen, are affected by plumes of glacial meltwater and
subglacial melt at the glacier front, which induces upwelling
of relatively fresh water to the surface or near surface (e.g.,
Svendsen et al. 2002; Lydersen et al. 2014). The upwelled
fresh water supplies the surface waters with nutrients which
may increase primary production (if light is not limited by
high concentrations of sediments in the surface water) and
produce favorable feeding conditions for seabirds and sea
mammals (Apollonio 1973; Lydersen et al. 2014). Decreased
fugacity of CO, (fCO,) and increases in £ due to primary
production (i.e., biological carbon uptake) have been
observed in summer near glacier fronts in Arctic fjords (Sejr
et al. 2011; Fransson et al. 2015).

The € is used as a chemical indicator for the dissolution
potential for solid CaCOj; and consequently for ocean acid-
ification (OA) state. When 2 < 1, solid CaCOs is chemically
unstable and prone to dissolution (i.e., the waters are
undersaturated with respect to the CaCO3 mineral). CaCO5
occurs in several solid forms including aragonite (a) and
calcite (c) where aragonite is less stable than calcite. Marine
biogenic CaCOs, such as shells and skeletons of marine
organisms, is biologically formed using a variety of mech-
anisms involving bicarbonate (HCO;z™), carbonate ion
(CO32_) and CO, (Findlay et al. 2011). The dissolution of
CaCOs; is controlled by the concentrations of CO5>~ and
calcium (Ca”) in the water. In ocean acidification field
studies, (2 is thus an indicator for a chemical change in the
CaCOj; dissolution potential, but is not always directly
related to the biological consequences of ocean acidification.
Recent studies on calcifying organisms, in particularly
aragonite-forming organisms, have found clear indications
for linkages between (2, and the integrity of the CaCO;5
structures of these organisms under future ocean acidifica-
tion conditions. The free-swimming pelagic pteropod mol-
lusk Limacina helicina is one of few marine organisms (taxa)
that produce aragonite shells instead of calcite shells (e.g.,
Fabry et al. 2008; Bednarsek et al. 2012). This species has
been shown to have difficulty in regulating the carbonate
chemistry in their internal calcifying fluid at Q < 1.4, and
consequently, they are more sensitive to ocean acidification
than other calcifying organisms (Ries 2012; Bednarsek et al.
2014). Comeau et al. (2009, 2010) found in perturbation
experiments with L. helicina that decreased aragonite pre-
cipitation rate highly correlated with low Q, and low
[CO5%7] and that shell formation decreased by 28 % at high
CO; levels (>900 patm) and at higher temperature (at 4 °C).
In addition, Bednarsek et al. (2012, 2014) and Bednarsek and
Ohman (2015) found that shell dissolution and thinning of
shells in living aragonite-forming pteropods (including L.
helicina) were strongly related to the 2, in the California
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upwelling zone (naturally low € and high fCO, due to
upwelling along the coast) and in the Scotia Sea, Antarctica.
Their studies showed that severe shell dissolution of arago-
nite-forming organisms, such as L. helicina, takes place
when Q, < 1.4, and substantial thinning of shells occurs at
Q, < 1.2 (Bednarsek and Ohman 2015).

Regarding their ecological significance, pteropods act as
important prey for larger zooplankton as well as salmon
(Salmo salar), polar cod (Boreogadus saida), seabirds and
baleen whales (e.g., Gilmer and Harbison 1991; Falk-
Petersen et al. 2001; Hunt et al. 2008). In the view of the
global carbon budget, the main importance of the pteropods
and their aragonite shells is through the transfer of inorganic
carbon into the deep ocean (Tréguer et al. 2013; Bauerfeind
et al. 2014) and organic carbon export as sinking particles
and fecal pellets (Accornero et al. 2003; Manno et al. 2010).

The pteropod L. helicina, which is ubiquitous throughout
the Arctic Ocean and shelf areas including Spitsbergen
fjords, is often located in swarms in surface waters
(0-50 m) in spring and summer (Kobayashi 1974; Gan-
nefors et al. 2005). During a 24-h cycle, they migrate from
surface to deeper water layers down to >200 m, especially
during the night, likely to avoid predators (Comeau et al.
2010; Lischka and Riebesell 2012). In Kongsfjorden, L.
helicina has a l-year life cycle (Lischka et al. 2011) and
overwinters at depths below 200 m (Gannefors et al. 2005;
Lischka et al. 2011). They become adults in early summer
and reproduce in July/August and their veligers grow and
become juveniles in autumn (Lischka et al. 2011). The
juveniles also overwinter at depths below 200 m and con-
tinue to grow in spring to become adults in early summer
(Gannefors et al. 2005; Lischka and Riebesell 2012). Most
studies confirm that early stages of L. helicina are the most
vulnerable (e.g., Kurihara 2008; Comeau et al. 2010; Lis-
chka et al. 2011) since they have not fully developed with
shells (Kobayashi 1974; Fabry et al. 2008). In the Canadian
Arctic, a seasonal study of the carbonate system during a
full annual cycle showed that the surface layer had the
largest Q, variation and that the water below 50 m had
2, < 1 from November to April (Chierici et al. 2011). The
study also showed dramatic decreases in €2, during autumn
and winter as a result of increased CO, due to physical
mixing of CO,-rich subsurface waters, sea-ice dynamics
producing CO,-rich brine and respiration of organic of
matter (Chierici et al. 2011; Fransson et al. 2013). Despite
these conditions, the juvenile L. helicina is presently able to
persist this sensitive period of their life cycle at low food
availability, although they do appear to have limited growth
at this time. Indeed, there is evidence that L. helicina (and L.
retroversa) cease growth in winter (Lischka and Riebesell
2012). Some organisms can survive low food periods such
as winter on stored lipids. Gannefors et al. (2005) found two
to three times more lipids (stored lipids and membrane
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lipids) in veligers and juveniles than in adult female L.
helicina. However, it is unclear whether L. helicina lives on
stored lipids during winter. For example, lipids found in
juvenile L. helicina in Kongsfjorden in May could have
been accumulated and stored before overwintering or
equally could have been fresh lipids accumulated in April/
May with the onset of the spring bloom (Gannefors et al.
2005). The ability to feed or utilize energy (lipid) stores
over winter is important for organisms to cope with envi-
ronmental stressors such as low ,. Hence, the winter
period is likely to be the most challenging for L. helicina
with regard to low €, levels, as ocean acidification con-
tinues to alter carbonate chemistry in the future.

The inner parts of Kongsfjorden are comparable to
Arctic conditions due to cold local, winter cooled water
and fresh surface water from glacial meltwater (and river
supply), while the outer parts are influenced by the warm
and saline Atlantic water (or transformed Atlantic water;
Hop et al. 2006). These conditions result in physical and
chemical gradients that make Kongsfjorden a suitable nat-
ural laboratory to investigate impacts of different stressors,
such as ocean acidification on calcifying organisms. Sev-
eral studies in Kongsfjorden have focused on the physical
and biological properties, but few studies have described
the carbonate chemistry and @ and ocean acidification
state. Hence, in this paper, we (1) present seasonal and
inter-annual variability in hydrography (salinity, tempera-
ture), carbonate chemistry (pH, fCO,, Q) and nutrients
from late winter (April) and summer (July) 2013 and 2014
and discuss the implication for calcifying marine organ-
isms; (2) investigate the effect of freshwater supply (e.g.,
glacial drainage water, Arctic regime) and Atlantic water
inflow on the OA state and Q from the glacier front to the
shelf/adjacent water; and (3) compare the seasonal signal in
2 in two contrasting regimes, Arctic and Atlantic, and
discuss the effect of increased Atlantic water inflow and
increased freshwater runoff, with possible consequences
for calcifying (e.g., aragonite-forming) organisms.

Study area

Kongsfjorden is situated on western Spitsbergen and is ori-
ented from southeast to northwest between 78°50" and
79°04'N and 11°20’ and 12°30'E (Fig. 1). The entire fjord is
20 km long and has no pronounced sill (Svendsen et al.
2002). However, the inner fjord basin, which is <100 m
deep, has a sill of about 20 m (Hop et al. 2002). Further out,
the fjord is deeper (>300 m) and more influenced by Atlantic
water (e.g., Cottier et al. 2005, 2007; Hop et al. 2006). The
fjord has two tidal glaciers (Kronebreen and Kongsbreen) at
the inner part of the fjord, where the depth near the glacier
front is shallow (60-90 m). It has typical fjord circulation

where the water masses in fjord consist of three to five layers:
a fresh surface layer in summer (SW), a layer of intermediate
water (IW), transformed Atlantic water (TAW) in the middle
to outer part and local fjord water (LW) in the deeper part of
the fjord, including winter cooled water (WCW) mainly in
the inner bay (Hop et al. 2006). The TAW is dominated by
Atlantic water (AW), which has its origin in the West
Spitsbergen Current (WSC) and is mixed with Arctic water
(ArW) on the shelf when it is advected into Kongsfjorden
(Cottier et al. 2005). The waters transported in the coastal
current (CC) on the western side of Spitsbergen originate
from the area east of Spitsbergen and has lower salinity and is
colder than WSC (Walczowski 2013). This water rounds the
southern Cape of Svalbard (Sgrkapp) and is sometimes
referred to as the Southern Cape Current before it reaches the
western shelf (blue arrows, in Fig. 1). The SW is affected by
warming, freshening and biological processes in summer,
and in winter, the upper layer is mainly affected by sea-ice
dynamics and cooling. The cold and saline WCW is formed
during winter as a result of cooling, sea-ice formation and the
sinking of dense cooled water (Svendsen et al. 2002).
Landfast fjord ice forms in autumn and winter (Gerland and
Renner 2007) although recently the distribution of the fast
ice has declined, with less sea ice after 2006. Fast ice is now
generally limited to the inner bay, with least ice recorded in
2012 (S. Gerland, Norwegian Polar Institute, unpubl. data).
In spring (May/early June), the sea ice melts and contributes
to the stratification of the surface water (Svendsen et al.
2002). In the fjord, there is large inter-annual variability in
temperature with warm periods in 2006-2008 and
2012-2013 (Dalpadado et al. 2016). The fjord is largely
affected by meltwater discharge, up to 45 km distance from
the glacier front (i.e., >10 km outside the fjord) and up to
30 m depth in the inner part (Keck et al. 1999; Hop et al.
2002, 2006; Svendsen et al. 2002), which results in strong
surface stratification during summer. As an effect of
increased WSC, the fjord water is expected to become war-
mer resulting in larger discharge of meltwater into Kongs-
fjorden (Piquet et al. 2014). Primary production starts in
spring, between April and May, with the highest chlorophyll
a in the inner parts of the fjord (Hodal et al. 2012; Hegseth
and Tverberg 2013). However, in July the chlorophyll a near
the glacier front is insignificant due to supply of sediments
causing light limitation (Lydersen et al. 2014).

Materials and methods

The summer data were collected in July 2013 and 2014
with R/V Lance as part of the Kongsfjorden pelagic survey
(as part of Monitoring of Svalbard and Jan Mayen
Kongsfjorden survey, MOSJ). In late winter (April 2013
and 2014), water was sampled from the surface water from
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1100 km

Depth interval: 1000m, data: IBCAO

Fig. 1 Map of a Svalbard location, b surface currents around
Svalbard showing the cold and relatively fresh Arctic water
transported by the East Spitsbergen Current, also referred to as the
coastal current west of Spitsbergen (CC, blue arrows), and the warm
and saline Atlantic water (AW, red arrows) transported in the West
Spitsbergen Current (WSC). Bathymetry on the maps is shown in
different shades of blue representing the depth of the contour in

small boats supplied by the Sverdrup station and Kings Bay
in Ny-Alesund in the inner part of the fjord. In July
onboard R/V Lance, water was sampled from Niskin bot-
tles mounted on a rosette with conductivity—temperature—
pressure sensors (Seabird SBE 911 CTD). Temperatures of
the winter water column samples were measured on site,
immediately after the sample recovery, using a digital
probe (Testo 720) with the precision of £0.1 °C and
accuracy of £0.1 °C. Salinity of discrete samples was
measured by a conductivity meter (WTW Cond 330i,
Germany) with the precision and accuracy of £0.05. In
addition to sample-bottle measurements of temperature and
salinity, we obtained hydrography data by deploying CTD
probes on the stations (Table 1). In April 2013, we used a
SBE 37 MicroCAT (Seabird Electronics, USA) with a
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(Color figure online)

salinity resolution of £0.0001 and accuracy of £0.003 and
temperature resolution of 0.0001 °C and accuracy of
0.002 °C onboard the Polarcirkel. In April 2014 we used a
CTD SD204 (SAIV A/S, Norway) with a salinity resolution
of £0.01 and accuracy of £0.02 and a temperature reso-
lution of 0.001 °C and accuracy of £0.01 °C onboard the
MV Teisten. Water for the carbonate system was sampled
directly into 250-mL borosilicate bottles and immediately
preserved with saturated mercuric chloride (HgCl,; 60 pL
to 250 mL sample) and stored dark at 4 °C. The sampling
from the small boat and from the sea-ice edge in April 2013
and 2014 was done with a polyethylene water sampler,
immersed directly into the water column, where there was
no sea ice. We transferred the water to 1-L bottles (Nal-
gene®, Rochester, NY, USA), and immediately after return
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Table 1 Summary of the sampling dates, stations, locations in the
fjord (GF = glacier front, MF = mid-fjord and OF = outerfjord,
SH = shelf, OSH = outer shelf), position (see also Fig. 1), bottom

depth (m) and number of water samples for each station (n) during
2014 and 2013

Sampling date Station Location Latitude (decimal Longitude (decimal Bottom n
degrees N) degrees E) depth (m)

16.04.2013 KB3 MF 78.95 11.96 329 6
KB5* GF 78.90 12.44 68 6

23.07.2013 KB3 MF 78.95 11.96 329 8
KBS GF 78.90 12.44 68 5
Vi2 OSH 78.98 10.22 217 7
V10 OSH 78.93 8.54 300 8
Vo6 OSH 78.91 7.75 1120 7

25.04.2014 KB7 GF 78.97 12.38 64 5
KB6 GF 78.93 12.39 83 5
KB5 GF 78.90 12.44 96 6
KB3 MF 78.95 11.96 329 8
KB2 OF 78.98 11.73 330 8

23.07.2014 KB7 GF 78.97 12.38 64 6
KB6 GF 78.93 12.39 83 6
KB5 GF 78.90 12.44 96 6
KB3 MF 78.95 11.96 329 7
KB2 OF 78.98 11.73 330 7
KB1 OF 79.01 11.44 352 7
KBO SH 79.03 11.14 315 7

24.07.2014 Vi2 OSH 78.98 9.55 224 6
V10 OSH 78.97 8.55 300 7
Vo6 OSH 78.91 7.77 1120 11

Samples were obtained at the following depths: 0, 5, 10, 25, 50, 100, 200, 300 m, depending on the bottom depth. *Kb5 in April 2013 was

sampled on the following depths: 0, 3, 7, 15, 19, 30 m

to the Marine laboratory at Ny-Alesund, the water samples
for the determination of the carbonate system were trans-
ferred carefully to 250-mL borosilicate bottles using tubing
to prevent contact with air. Samples were preserved with
saturated mercuric chloride using the same procedure as
onboard RV Lance. In parallel to carbonate system sam-
pling, nutrients were sampled in acid-washed 125-mL
bottles (Nalgene®, Rochester, NY, USA) and stored dark in
freezer at —20 °C during April 2013 and during July 2014,
while the nutrients from July 2013 were stored on 20-mL
acid-washed vials, then added 200 pL. chloroform and
stored at 4 °C until analyses. In April 2014, 50 mL of
seawater was filtered (GF/F filters) into acid-cleaned, aged,
60-mL bottles (Nalgene®, Rochester, NY, USA). Bottles
were stored frozen (—20 °C).

The water samples were analyzed for total alkalinity (At),
total inorganic carbon (Cr), dissolved inorganic nutrients
(nitrate, nitrite, phosphate and silicic acid) and salinity
approximately 2 months after the field work. Cr and At were
analyzed at the Institute of Marine Research (IMR), Tromsg,
Norway, following the method described in Dickson et al.
(2007). Briefly, Ct was determined using gas extraction of

acidified samples followed by coulometric titration and
photometric detection using a Versatile Instrument for the
Determination of Titration carbonate (VINDTA 3C, Mar-
ianda, Germany). The At was determined in the water col-
umn samples from potentiometric titration with 0.1 N
hydrochloric acid using a Versatile Instrument for the
Determination of Titration Alkalinity (VINDTA 3C, Mar-
ianda). The average standard deviation for Ct and Ar,
determined from replicate sample analyses from one sample,
was within £1 pmol kg~'. Routine analyses of Certified
Reference Materials (CRM, provided by A. G. Dickson,
Scripps Institution of Oceanography, USA) ensured the
accuracy of the measurements, which was better than £1 and
+2 pmol kg~ for Cy and Ar, respectively.

Dissolved inorganic nutrient concentrations of nitrate
(INO5™]) + nitrite ((NO,]), phosphate ([PO,>7)) and sili-
cic acid ([Si(OHy)]) were analyzed at UiT The Arctic
University of Norway (April 2013 and July 2014), at the
Institute of Marine Research (IMR), Bergen, Norway (July
2013), and the Plymouth Marine Laboratory (PML), UK
(April 2014). For the April 2013 and July 2014 nutrients,
colorimetric determinations of [NOs; ] + [NO, ] and of
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soluble reactive phosphorus and orthosilicic acid were per-
formed in triplicate using a Flow Solution IV analyzer (O.1.
Analytical, USA) with routine seawater methods adapted
from Grasshoff et al. (2009). The analyzer was calibrated
using reference seawater from Ocean Scientific International
Ltd. UK, and analytical detection limits (precision) were
obtained from six replicate analyses on the same sample. The
detection limits were 0.02 mmol m—> for [NO5 ],
0.01 mmol m~—> for [PO43_] and 0.07 mmol m—> for
[Si(OH,)], respectively. The nutrient samples from 2013
were analyzed at IMR, Bergen, and the following nutrients
[NO, ], [NO3 ], [PO437] and [Si(OH,4)] were measured
spectrophotometrically at 540, 540, 810 and 810 nm,
respectively, on a modified Scalar autoanalyser (Bend-
schneider and Robinson 1952, RFA methodology). The
detection limits were 0.06 mmol m™> for [NO, ],
0.04 mmol m— for [NO5~], 0.06 mmol m— for [PO,*"]
and 0.07 mmol m~> for [Si(OH,)]. The nutrient samples
from April 2014 analyzed at the PML (Woodward and Rees
2001) used a Bran & Luebbe AAIII segmented flow auto-
analyser (SPX Flow Technology Norderstedt, Germany) for
the colourimetric determination of inorganic nutrients:
combined [NO; ] 4 [NO, ] (Brewer and Riley 1965),
[NO, ] (Grasshoff 1976), [PO43_] (Zhang and Chi 2002)
and [Si(OH,)] (Kirkwood 1989). Nitrate concentrations
were calculated by subtracting the nitrite from the combined
[NOs™] + [NO, ] concentration. The detection limits for
[NO;7] and [PO,”"] were 0.02mmol m™>, [NO, ]
0.01 mmol m . The accuracy was 1-2 % for all nutrients
according to GO-SHIP recommendations.

Calculations

We used Cr, AT, [PO43_], [Si(OHy)], salinity, temperature
and depth (pressure) for each sample as input parameters in
a CO,-chemical speciation model (CO2SYS program,
Pierrot et al. 2006) to calculate all the other parameters in
the carbonate system such as pH, fugacity of CO, (fCO,)
and calcium carbonate saturation states in the water column
() for aragonite (£2,) and calcite (£2.). We used the total
hydrogen-ion scale (pHrt), the HSO, ™ dissociation constant
from Dickson (1990) and from Mucci (1983) for the sol-
ubility products of aragonite and calcite and the carbonate
system dissociation constants (K*1 and K*2) estimated by
Mehrbach et al. (1973) and modified by Dickson and
Millero (1987).

The freshwater fractions were calculated using the fol-
lowing Eq. 1:

Freshwater fraction = 1 — Sypas/Srer (1)

where Sggr 1S the mean salinity of the average of winter
water salinity in the upper 30 m (WSW) in April 2013 and
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2014 (34.83 £ 0.01; n = 18), and Sygas is the measured
salinity in the water samples. Sggp is within the salinity
range (34.7-34.96) of the transformed Atlantic water
(TAW) reported by Svendsen et al. (2002). The WSW
(T < 0 °C) of the inner parts of the fjord (glacier front) also
falls within the salinity and temperature ranges of winter
cooled water (WCW,; S > 34.4, T < —0.5 °C), whereas the
winter water in the middle parts of the fjord is more similar
to TAW (§>34.7; T>1°C; Svendsen et al. 2002).
However, we used the salinity and temperature ranges
of <34.96 and T < 0 °C, respectively, for the mean value
of SREF'

Results

Inter-annual and spatial variability of physical
and chemical properties in summer 2013 and 2014

Temperature data from July 2013 and 2014 showed a gradual
warming from the inner fjord to the shelf (Fig. 2a, b), with
the warmest (>7 °C) water found on the outer shelf (V10).
The coldest surface water was near the glacier front (Kb5).
The fjord water temperature was generally colder in 2013
than in 2014 (Fig. 2a, b). In 2013, the coldest water was
found at the bottom parts of the fjord (<1.5 °C) and near the
glacier front (0.9 °C), while in 2014 the bottom water in the
fjord (>2 °C) and water near the glacier front (>3 °C) were
warmer (Fig. 2a, b). In the water layer between 100 and
250 m (2013), the temperature varied spatially, being colder
(2-3 °C) inside the fjord and warmer (4 °C) outside the fjord
and on the shelf, while in 2014 the temperature was quite
homogenous at 3—4 °C throughout the study area.

In both 2013 and 2014 the salinity showed a gradual
increase from the inner fjord to the shelf with the most saline
water (>35) found on the outer shelf (V10) (Fig. 2c, d).
Inside the fjord, the freshest water was found in the upper
30 m near the glacier front (Kb5). Here, the largest vari-
ability in salinity was observed, and in 2013, the salinity
varied from 31.30 near the glacier front to 34.83 at V10
(Fig. 2¢). In 2014, the salinity varied from 31.73 near the
glacier front to 35.11 at V10 (Fig. 2d). The salinity was
generally lower in the outer parts of the fjord and on the shelf
in 2013 than in 2014 (Fig. 2c, d). The highest salinity of >35
in 2013 was limited to the shelf (V6, V10), while in 2014, the
high salinity plume reached into the fjord (Kb3; Fig. 2c, d).

Nutrient concentrations showed spatial variability across
the study area with the highest values found below 100 m
depth on the shelf (i.e., [NO5;~] > 10 mmol m_3) in both
years (Fig. 3a, b). In both 2013 and 2014, high [NO3; ] was
also found at the bottom waters in the fjord although the
concentration was lower in 2013 than in 2014 (Fig. 3a, b).
The concentration gradients of nutrients (nutriclines)
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Fig. 4 Section plots of ocean acidification parameters; pHr, fugacity
of carbon dioxide (fCO,, patm), aragonite saturation (£2,) and calcite
saturation (£2.) in the upper 350 m from the glacier front (distance

deepened from the shelf toward the fjord and glacier front
in both years. For example, [NO3] of 5 mmol m~> was
found at 25 m on the shelf slope (V6) and deepened to
>150 m in the middle part of the fjord and also extended
across a larger depth interval relative to the stations on the
slope (Fig. 3a, b). A similar trend was observed for the
nutriclines of [PO,*>"] and [Si(OH,)] at 0.6 and
3 mmol m ™3, respectively (Fig. 3d—g). For both years the
largest variability in [NO3 "], [PO43_] and [Si(OH,4)] was in
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the upper 50 m in the fjord, while concentrations were low
or below detection limit in most other parts of the fjord,
except for near the glacier front in 2014, where all nutrient
concentrations were higher (Fig. 3a—f). Depletion of
[NO;™] occurred in both years, but was more pronounced
and extended deeper in 2014 (Fig. 3a, b).

In 2013, in the upper 50 m of the fjord, pHt varied from
about 8.25 near the glacier front to 8.11 in the outer parts of
the fjord (Fig. 4a). In 2014, pHt showed little spatial
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variability with distance from the glacier (Fig. 4b). In
general, pHt in 2013 was lower than in 2014 at the same
depth and location (Fig. 4a, b). In 2014, the highest pHt
values (8.28) were recorded mid-fjord (Kb3, Fig. 4b),
approximately 10 km from the glacier front. pHyt values
decreased from 8.28 in surface to 8.05 at the bottom on the
slope (Fig. 4b). In 2013, the highest pHt was in the upper
50 m near the glacier front, while in the middle and outer
parts of the fjord pHt showed little variability with depth
(Fig. 4a) and the lowest pHt (8.06) was found on the shelf
below 200 m. The pHt values were relatively low (8.13 in
2013 and 8.06 in 2014) in the bottom waters of the outer
part (Kb0) of Kongsfjorden in both years.

The surface water fCO, showed a gradual increase from
the glacier front to the shelf in both years (Fig. 4c, d). fCO,
was generally higher in 2013 than in 2014 at the same depth
and location (Fig. 4c, d). In 2013, surface water fCO, ran-
ged from 197 patm (at 0-2 m) at the glacier front (Kb5) to
the highest surface water values of 251 patm (at 0-2 m,
V12, Fig. 4¢).In 2014, fCO, ranged from 192 patm (0-2 m)
at the glacier front to the highest surface water values of 308
patm and 274 patm at V10 and V12, respectively (Fig. 4d).
Subsurface waters contained higher fCO, than the surface
water. In 2013, the highest value of 383 patm was found
below 50 m depth, while in 2014 this value was found
below 200 m depth on the slope (V6 and V10, Fig. 4c, d).

In the surface water inside the fjord, the aragonite sat-
uration, Q,, was generally lower in 2013 than in 2014
(Fig. 4e, f). At all stations, including the shelf and slope, 2,
decreased with depth, except in 2014 at the glacier front,
where Q, was relatively constant with depth. The lowest Q,
(1.6) in 2013 was found in the deeper parts of the outer
shelf (V6) at 250-300 m and in 2014 (1.51) in the bottom
water of the outer fjord (KbO) (Fig. 4a, b). In 2013, low Q,
was also found at more shallow depths (from 25 m to
below 200 m) on the shelf (Fig. 4a). The trend and vari-
ability of Q. were similar to those for ,, but with higher
values (3.5) near the glacier front increasing to Q. > 4
(2014) in the outer parts of the fjord and on the slope (V6,
Fig. 4h). In 2013, Q. decreased from the glacier front to the
outer parts of the fjord (Kb0) and then increased again on
the slope (V6, V10; Fig. 4g).

Water mass properties in winter and summer

Saline and warm AW was only present in the fjord in 2014,
whereas in 2013 the Atlantic influence was classified as
TAW (Table 2). AW contained the highest mean At of
2319 umol kg~' with little variability. The TAW was
warmer and more saline in 2014 than in 2013. The mean Cy
in the TAW was about 60 pmol kg~ " higher in 2013 than in
2014. Consequently, pHt and €, values were lower and
SCO, was about 75 patm higher in 2013. In 2013, the mean

Q, (2.) in the TAW was 1.9 (3.0), which was about 0.5 (0.8)
lower than in 2014 (2, = 2.4, Q. = 3.8). The highest pHr
of 8.27, Q, of 2.5 and Q. of 4 were found in the locally
formed summer surface water (SSW, upper 50 m) in July
2014. In 2014, Q, in the surface water decreased by about
0.8 between summer and winter, which implied a larger
seasonal decrease in Q, (0.5) than in 2013. Generally, the
surface water winter values (WSW) showed little difference
between years with regard to salinity, pHy and CaCO;
saturation values, even though Ct and At values were about
10 pmol kg~ lower in April 2014 than in April 2013. The
average range of Q, in the upper 50 m in the fjord (both
years) in winter was 1.59-1.74 and in summer 1.65-2.66.

Late winter-to-summer changes in 2013 and 2014

For the seasonal and inter-annual comparison of physical
and chemical properties in two regimes (Atlantic and
Arctic), we used data from the upper 30 m in the fjord over
the 2 years at two locations (Table 1): the glacier front
(Kb5) and at the mid-fjord station (Kb3; Tables 3, 4). In
late winter (April), the temperature showed less variability
in the upper 30 m than in summer (July) in both 2013 and
2014. Late winter mean temperatures varied between
0.4 °C (2013) and 1.8 °C (2014) at the mid-station and
—1.2 °C (2013) and —0.1 °C (2014) at the glacier front
station (Kb5). In summer, the temperature ranged between
4.7 °C (2013) and 5.1 °C (2014) at the mid-station and
between 3.1 °C (2013) and 3.7 °C (2014) at the glacier
front. The seasonal change in temperature was larger in
2013 than in 2014, with the largest seasonal change
(4.3 °C) occurring near the glacier front in 2013. In late
winter 2013, the upper 30 m was colder than in 2014
(Tables 3, 4).

Salinity was lower in late winter of 2013 than in 2014 at
both the mid-station (34.85 in 2013 and 35.13 in 2014) and
the glacier front station (34.80 in 2013 and 34.84 in 2014).
The salinity was also generally lower in summer than in late
winter in both years, with summer salinity of 32.91-32.94 at
both mid- and glacier front stations in 2013 and 33.02-33.16
in 2014. The seasonal salinity decrease from April to July in
2013 was 1.90 and 1.98 at the mid-station and glacier front,
respectively, while in 2014 the salinity decrease was lowest
(1.82) near the glacial front (Tables 3, 4).

In order to compare parameters measured at different
salinities, we normalized all parameters to the salinity of
35. The seawater fCO, was undersaturated during late
winter and summer in both years (Tables 3, 4) with respect
to the atmospheric value of about 400 patm (Zeppelin
Observatory, Svalbard, Ny-Alesund, NILU—Norwegian
Institute for Air Research). The fCO, values were higher in
winter than in summer for both years. The largest seasonal
fCO, decrease (loss between winter and summer) of about

@ Springer



Polar Biol (2016) 39:1841-1857

1850

K1oanoadsar g5 pue %gy pojousp dIe UoneINIes AI0[ed pue NUoSeIY D, € < I PUB 96'H¢ < § JO Apmis SIY} UI pasn BLIIIO Y} UO paseq ¢[(g Ul punoy
JOU SEM AV 1B} SOIOUIP (—) YL, “H 1T Ul PIIOS[[0d A[UO SI9M SUOIIBIS 9SO} OUIS /3] PUB Q3] PIPN[OXS pue Sq3 03 0q3 WOIJ SUOIR)S U0 PIseq dIe son[eA Y} uosLeduiod [enuue-Iajul 10,

(. o)
LOS ‘vEE YLV S6v €Sy TLY L6€ 9L0 €571 6S°1°C80 611 99T 680  €6'1 TLT99T 11T T8ECLO  LET 0 ) "(HO)IS
6L°0 ‘190 Lo 680690 8L0 19T ‘800  0€0 1€0°600 810 €70 ‘110 820 890 90 610 180 ‘0T0 IS0 0 (;_wr fourwr) *Od
Po'IL ‘vL'L  TTIL  LTOI ‘656  S6'6 0LT000 890 €8°0 ‘200 0v0 0r'¢ ‘000 9¢T S0S ‘68T  ¥S€ 656970  00Y 0 (;_uwjowrw) EON
L9T 191 791 691 T9T  S9'1 99C SI'T 08T €CTOT 90T 79T 0T  6£C 91T ‘OP'l 681 LSTTLT  S0T 0 U
99°C ‘96T 19C 0LTLST €9T Wy e 96¢ 10V ‘T€T  8TE YLy ‘6v'€  6L¢C €V'ETET 66T LOY TLT  ¥T€ 0 Ko}
L1€ “S0€ (453 8C€ ‘€I¢ 1ce 0ve ‘ol Sic 96€ ‘L61 LLT LST ‘s€T e 1€y ‘LST 91¢ 0S¢ ‘1€T 66¢ 0 (unen) <00f
CEI'g ‘811°8  9CI'8 8TI'S “LOI'S LII'S 00¢'8 ‘9CT'8 S9T'8 16T8 ‘8€0'8 181'8 8€T'8 ‘SOT'S LTT'8 P0T'S ‘8008 €€I'S 9¥T'8 ‘1808 8¥I'S 0 Hd
¥SIT OPIT 61T €91T ‘6SIT  09IT  ¥90T ‘6€61  100T  9LIT ‘1961 S90T  TIIT ‘190C 8LOT  SOTT ‘¥OIT IvIT  LSIT ‘TLOT  9TIT 0 (8 rowr) L9
66TC ‘96TC  L6TT  ¥IET ‘LOST 60€T  €0€T “9SIT  6€TC  80ET ‘091T O¥VTT  ITET ‘TSTT +OET  0CET “90€T  9I€T  LTET ‘60€C  0OTET 0 (;_8 rou) 1y
00— ‘L1'0— 110— L0 ‘vP0  SPO 989 ‘TLT  OF'S 69°C‘LLT  VEV 699 ‘1T¢  TLV TTES8T  00°€ €99 TV'Ee  99¥ 0 (D) durag,
L8VE ‘08 VE  V8PE LSPE ‘ISVE S8VE SOPE ‘6606 STEE 8SVE TTIE PEEE S6TVE V8VE 167E 68FE ‘€LVE I8VE TI'SE “00°SE  80°SE 0 Kyurreg
Xew ‘UIN  UBIN Xew ‘U UBIJA! XeW ‘U UBIIN XeWw ‘UI[|  UBIJN Xew ‘UrN  UBIA Xew ‘UrjN  UBIA Xew ‘UrN  UBIA
¥10¢ €10¢ 10T €10¢ 10T €10¢ ¥10C  €10¢ Tes X
MSM MSM MSS MSS MVL MVL MV MV SSBUW IoJe \\

10T PUB €107 Ul (MASA\) Iorem I9uIM d0eJInS pue (A SS) Iojem Jowwns ddens ‘(MV.L) Joiem onuepy

pawIojsuen) ‘(A\V) Iojem Onue[ly Y} UI sonfeA (Xew) wnwixew pue (Url) WNWU ‘UedW S8 pomoys uoplofJsSuoy] oy} ur sessew Iojem oyl Jjo sontodoid [eorwudyo pue [edisyd g dqel

pringer

A's



Polar Biol (2016) 39:1841-1857

1851

Table 3 Mean values and range shown as the minimum value (min) and the maximum value (max) of chemical and physical properties in winter
(w) and summer (s) in the upper 30 m at two station locations in Kongsfjorden (mid, Kb3) and at the glacier front (GF, Kb5) in 2013

Year 2013 2013 2013 2013 2013 2013
Station Kb3w Kb3s Kb3 Kb5w Kb5s Kb5s
Location Mid Mid Mid- GF GF GF change
change

Mean Min, max Mean Min, max Mean Mean Min, max Mean Min, max Mean
Salinity 34.85 34.81,34.87 3291 31.45,34.50 1.90 34.80 34.50,35.00 3294 31.33,34.37 1.86
Temperature (°C) 045 044,047 4.68 3.73,5.24 —4.20 —-125 —-1.50,-096 3.08 2.77,3.27 —4.33
At (umol kg™h 2309 2307, 2314 2228 2160, 2299 81 2309 2300, 2333 2214 2172,2284 95
Cr (umol kg™") 2160 2159, 2163 2027 1972,2084 133 2158 2150, 2181 2008 1961, 2056 150
pH 8.117 8.102,8.128 8.194 8.038,8.270 —0.077 8.12 8.107, 8.128  8.24  8.158,8.291 —0.13
fCO, (patm) 321 313, 328 266 214, 382 55 321 313, 328 227 197, 282 94
Q. 2.63 257,270 341 2.32,4.01 —-0.78 2.63 2.57,2.70 347 294,3.78 —0.84
Q, 1.65 1.62, 1.69 2.15 146,253 —0.49 1.65 1.62, 1.69 2.18  1.85,2.38 —-0.53
NO5 (mmol m™>) 9.95 9.6, 10.3 0.38 0.21, 0.83 9.57 7.07 6.58, 7.90 0.63 049, 0.80 6.44
PO, (mmol m™) 0.78  0.69, 0.85 0.18  0.13,0.26 0.60 0.53 0.49, 0.55 0.20  0.19, 0.21 0.33
Si (mmol m™3) 4.72  4.53,4.95 1.30  1.04, 1.49 3.42 4.08 3.62,4.42 140 1.17, 1.59 2.68
Ats-35 (umol kg_l) 2319 n/a 2238 n/a 81 2319 14 2224 n/a 95
Crs—ss (pmol kg™ 2169 n/a 2036 n/a 134 2168 13 2017 n/a 151
PHs—3s 8.123 n/a 8.259 n/a —0.136 8.128 8.272 n/a —0.144
fCO,5-35 (patm) 321 n/a 266 n/a 56 293 227 n/a 66
Q535 2.63 n/a 341 n/a —-0.78 2.64 347 n/a —0.83
Q.5-35 1.65 nl/a 2.15 n/a —0.49 1.66 2.18 n/a —0.52
NOj s-35 10.00 n/a 0.38 n/a 9.57 7.21 0.55 0.64 n/a 6.57

(mmol m™>)

PO,s.3s (mmol m™3) 078  n/a 0.18 n/a 0.60 0.54 0.02 0.20 n/a 0.34
Sis_35 (mmol m™>) 474  n/a 130 n/a 3.42 4.22 0.24 140 n/a 2.82

We show both original and salinity-normalized data to S = 35 for the chemical parameters (denoted in subscript S = 35). Aragonite and calcite
saturation are denoted as €, and ., respectively. Winter-to-summer difference (seasonal change) of the study parameters is shown as italics for
the two stations. n/a not applicable

120 patm occurred in 2014. The pHt values were lowest in
late winter in both years compared to the values in summer
resulting in the largest seasonal increase in pHr in 2014. Q,
(and Q.) showed similar trends with the lowest values
(1.6—1.7) occurring in late winter. The nutrients showed the
opposite trend with the highest concentrations in late
winter (max in April 2014) and the lowest in summer
(Tables 3, 4). [NOsls—35 in summer and winter surface
waters was lower (by nearly 4 mmol m™—>) at the glacier
front in 2013 compared to 2014 (Tables 3, 4). This implies
that the winter-to-summer seasonal change in [NO3 | was
larger in 2014 than in 2013 at the glacier front.

Discussion

Water masses contain different concentrations of carbon and
nutrients, and thus, their relative proportions will affect the
carbonate chemistry in the Kongsfjorden. The warm and
saline AW was more prominent in 2014, likely making the

TAW warmer and more saline in this year compared to in
2013. The AW had the highest At values during both years,
and because of low Cr, this resulted in some of the highest
pHrt (>8.2) and Q, (>2) values in the studied area. In 2013,
lower salinity and temperature suggest that the TAW had a
larger influence from water transported by the coastal current
(CC) relative to 2014. The Q, value in the TAW in 2013 was
0.4 lower than in 2014, suggesting that the CC decreased €,
and pHr values. Few carbonate chemistry data are available
from the East Spitsbergen Current (ESC), but data from
Storfjorden and the southern Cape of Spitsbergen show that
these waters have high Cr concentrations due to high fCO,
levels. This high fCO, is caused by processes that are unique
for sea ice-covered waters such as CO, production from the
precipitation of CaCO; in brine during sea-ice formation
(Rysgaard et al. 2007; Omar et al. 2005; Fransson et al.
2013). Chierici et al. (2014) reported high Cr values
(2180-2200 pmol kg~ ') as aresult of high CO, content near
the southern cape of Spitsbergen. In this water, 2, was about
0.5 lower than the lowest €2, that was found in the TAW in

@ Springer
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Table 4 Mean values and range shown as the minimum value (min) and the maximum value (max) of chemical and physical properties in winter
(w) and summer (s) in the upper 30 m at two station locations in Kongsfjorden (mid, Kb3) and at the glacier front (GF, Kb5) in 2014

Year 2014 2014 2014 2014 2014 2014
Station Kb3w Kb3s Kb3 Kb5w Kb5s Kb5
Location Mid-w Mid-s Mid- GF-w GF-s GF
change change
Mean Min, max Mean Min, max Mean Mean Min, max Mean Min, max Mean
Salinity 35.14 34.13, 34.14 33.16 32.03,34.52 1.98 34.84 34.80,34.87 33.02 30.99,34.65 182
Temperature (°C) 1.76 1.71, 1.82 5.14 4.23,6.52 —3.38 -0.11 —-0.17, —=0.02 3.68 2.72,5.02 —-3.79
At (umol kg™h 2312.00 2311, 2314 2238 2166,2303 74 2297 2296, 2299 2229 2156, 2302 68
Cr (umol kg™") 2156.00 2155,2158 1999 1945,2050 157 2149 2146, 2154 2010 1941,2064 139
pH 8.109 8.109, 8.111 8.276 8.251, 8.297 —0.17 8.126 8.118,8.135 8261 8.226,8.300 —0.14
fCO, (patm) 329.00 328, 330 209 198, 228 120 312 305, 317 217 192, 240 95
Q. 2.73 2.72,2.76 4.00 3.72,4.18 —1.27 2.61 2.56, 2.66 3.68 342,395 —1.07
Q, 1.72 1.71, 1.74 2.52 233,264 —0.80 1.64 1.61, 1.67 231 2.15,2.49 —0.67
NO; (mmol m™>) 11.35 10.60, 11.94 0.54 0.04, 1.25 10.81 11.53  11.18, 11.80  1.80  0.00, 2.70 9.73
PO, (mmol m™) 0.72 0.68, 0.76 0.12  0.08, 0.16 0.60 0.72 0.69, 0.79 0.27  0.00, 0.32 0.45
Si (mmol m™) 4.72 4.43, 4.96 1.52  1.15,2.10 3.20 491 4.72, 5.07 2.02  0.00, 2.22 2.89
Arts-35 (Lmol kg_') 2303 n/a 2230 n/a 74 2288 n/a 2221 n/a 67
Crs_ss (umol kg™ 2157 n/a 1999 n/a 157 2141  n/a 2002 n/a 139
PHs—3s 8.117 n/a 8.322 n/a —0.205 8.121 n/a 8.298 n/a —0.18
fCO, s-35 (patm) 320 n/a 180  n/a 120 314 n/a 191 n/a 123
Q535 2.59 n/a 375 n/a —1.16 2.60 n/a 3.57 n/a —0.97
Q535 1.63 n/a 236 n/a —-0.73 1.63 n/a 224 n/a —0.61
NO3zg-35 11.31 n/a 0.38 n/a 10.93 1149 n/a 1.79 n/a 9.70
(mmol m™>)
POys-35 0.72 n/a 0.18 n/a 0.54 0.72 n/a 0.60 n/a 0.12
(mmol m~%)
Sig_3s (mmol m™3)  4.70 n/a 1.29 n/a 3.41 4.89 n/a 2.50 n/a 2.39

We show both original and salinity-normalized data to § = 35 for the chemical parameters (denoted in subscript S = 35). Aragonite and calcite
saturation are denoted as @, and Q. respectively. Winter-to-summer difference (seasonal change) of the study parameters is shown as italics for

the two stations. n/a not applicable

Kongsfjorden in 2013. Other carbonate chemistry data
available from the Kongsfjorden were limited in both space
and time but show similar spring/summer values to our data
(EPOCA 2009 Svalbard benthic experiment. doi:10.1594/
PANGAEA.745083; EPOCA Svalbard 2010 mesocosm
experiment in Kongsfjorden, Svalbard, Norway. doi:10.
1594/PANGAEA.769833; Riebesell et al. 2013).

The WSW had the lowest Q, value (~ 1.6), while the
SSW had the highest 2, (~2.5 in 2014). The high @, in
summer was likely an effect of biological CO, uptake.
Previous studies have shown that the increased €2, because
of biological CO, uptake during photosynthesis, counter-
acts decreases in Q due to freshwater supply (Chierici and
Fransson 2009; Chierici et al. 2011; Fransson et al. 2015).
To investigate the net effect of these two processes, we
inspected the influence of freshening due to addition of
glacial water on the OA state at the glacier front, where the
freshening signal is most pronounced. The effect of
freshwater addition (calculated as fractions of freshwater)

@ Springer

on 2, (and Q.) in Kongsfjorden was estimated by applying
the formulation of the linear relation between 2, and
freshwater fraction derived from a study in Tempelfjorden,
another west Spitsbergen fjord (Fransson et al. 2015),
which showed a 0.07 decrease in Q, for each 1 % increase
in the freshwater fraction (Fig. 5). In the surface water at
the glacier front, the change in freshwater fraction was
10-11 % in both years, resulting in £, decrease by
approximately —0.7. The effect on 2, due to biological
carbon uptake was estimated using the nitrate concentra-
tion [NO3 7] loss from late winter to summer (Tables 3, 4)
and the empirically derived formulation by Chierici et al.
(2011). In their study, €, increased by 0.09 for each
1 mmol m™> loss in salinity-normalized [NO; ]. The
biological uptake of carbon increased €2, by 0.59 and 0.87
in 2013 and 2014, respectively. Based on these estimates,
the increase of (2, due to biological carbon uptake
(46-55 %) was of similar strength to the estimated
decrease due to freshwater addition (45-54 %), although
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Fig. 5 Conceptual illustration of dilution scenarios at different total
alkalinity content (Ar) in the freshwater source waters based on
freshwater fractions (x-axis) versus aragonite saturation (y-axis, €2,)
for Tempelfjorden at At of 526 pmol kg~ (Tfjord low) and at the A
of 1126 pmol kg~' (Tfjord high). We added the projected change
based on the At value of Kongsfjorden freshwater end member of
888 umol kg~' (Kfjord, thick dashed line), with the slope 0.07.
Vertical lines emphasize the freshwater fraction at Q, of 1.4, 1.2 and
1, and gray-shaded area denotes the range of Q, where shell damage
is initiated (1.4), to severe damage with net calcification (1.2) and
undersaturation where calcification is strongly limited (< 1), as
described in Bednarsek et al. (2012) The data from Tempelfjorden is
adapted from Fransson et al. (2015)

the influence of the biological uptake showed larger inter-
annual differences than the effect of freshwater. Our cal-
culation for the influence of biological uptake only takes
into account the CO, consumption from new production
and does not consider consumption from regenerated or
upwelled nutrients. Some studies of fjords show that
upwelling of nutrients (and carbon) at the glacier front lead
to high primary production in spring in the inner part of the
fjord (e.g., Hodal et al. 2012; Hegseth and Tverberg 2013).
However, in summer high loads of sediments in the inner
bay cause aphotic conditions (at shallow depths), and the
majority of the primary production takes place further out
in the fjord (Piwosz et al. 2009). The direct warming effect
on 2, was estimated by Chierici et al. (2011), where 2,
increased by 0.009 per 1 °C increase. The relative effects
on €, showed that temperature had a minor effect of 4 %
of the total Q, change due to combined temperature,
freshening and biological carbon uptake.

Kongsfjorden has a similar physical marine environment
as another west Spitsbergen fjord, Tempelfjorden, with the
inflow of TAW and influence of glacial freshwater drai-
nage from tide-water glaciers. In Tempelfjorden, Fransson
et al. (2015) observed higher At in the freshwater source
water in a warmer year (2012) with larger freshwater
content in the fjord (1142 pmol kg™') compared with a
colder winter (2013) when there was less freshwater con-
tent (526 pmol kg™ '). Higher A in freshwater is likely due
to the supply of carbonate-rich glacial drainage water

originating from calcite and dolomite minerals from the
bedrock. Kongsfjorden is surrounded by the same type of
bedrock containing calcite and dolomite (e.g., Dallmann
et al. 2002), and the corresponding At in the freshwater
source was about 890 pmol kg_l (At = 40.6 x salin-
ity + 890, * = 0.9) in Kongsfjorden, similar to what was
found in Tempelfjorden. Thus, buffering minerals (con-
taining carbonate ions) in the glacial drainage water likely
also affect Ar, the carbonate chemistry and OA state in
Kongsfjorden.

We found the lowest Q, of 1.5 in the deep water of
Kongsfjorden and Q, of 1.6 in the surface in late winter
(April), which was similar to April values (2, = 1.4) in
Tempelfjorden (Fransson et al. 2015). Such low €2, may be
detrimental for the aragonite-forming organisms (Bednarsek
and Ohman 2015). Laboratory experiments on Limacina
helicina found reduced calcification and larval dissolution at
Q, <1 (Comeau et al. 2009, 2010; Lischka et al. 2011;
Lischka and Riebesell 2012), although it was also evident
that calcification continued even at aragonite-undersaturated
conditions (Comeau et al. 2010). Projected shoaling of the
aragonite saturation horizon due to ocean acidification may
change the depth of their diel vertical migration, as well as
the overwintering depth, and could impact the length of time
that these organisms are exposed to aragonite-undersatu-
rated water (Comeau et al. 2010, 2011). This may have
consequences for predatory pressure, especially on juve-
niles. Increased exposure to aragonite-undersaturated water
may also have consequences for shell calcification and
growth (Comeau et al. 2011). Studies from marine envi-
ronments with large natural gradients in the carbonate
chemistry confirmed the connection between low carbonate
ion concentrations and damage (thinning and dissolution) of
the aragonitic shells of L. helicina (BednarSek and Ohman
2015), with severe dissolution occurring at €, lower than
1.2-1.4 in the California Current upwelling system. In
Kongsfjorden, the €2, values were lowest in the winter sur-
face water (1.6) and increased to 2.5 in summer. Hence, in
this fjord seasonally and spatially, L. helicina may already be
living in €2, conditions that are detrimental.

Furthermore, synergistic effects of high winter temper-
atures (2-7 °C) and high fCO, (>650 patm) in experiments
have shown shell degradation of the L. helicina, in par-
ticular for overwintering juveniles (Lischka and Riebesell
2012). Since the life stage during winter is the most vul-
nerable stage of the L. helicina, in case of warmer winters,
shell damage due to the contributing effect of increased
temperature and increased fCO, could be critical for suc-
cessful recruitment to the adult population. Thus, the
winter season will likely be more critical for L. helicina
than the summer, due to the lower €, the shallowing of the
2, horizon and less food availability (Lischka and Riebe-
sell 2012). Any additional winter warming resulting in
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increased supply and accumulation of freshwater from
glacial water and river water supply would also affect 2, in
fjords and increase the stress on L. helicina.

Interestingly, time-series sediment data in the eastern
Fram Strait (west of Svalbard) showed that warming events
resulted in a change of pteropod species from a prevalence of
cold-water (Arctic)-associated L. helicina to the warm-water
(Atlantic)-favoring L. retroversa (Bauerfeind et al. 2014).
Limacina retroversa is probably introduced to Kongsfjorden
with the AW and is not autochthonous (e.g., Hop et al. 2006).
Consequently, the occurrence and abundance of L. retro-
versa could be used as an indicator for the warm AW in
Kongsfjorden and adjacent seas (Lischka and Riebesell
2012). The change from Arctic species to the Atlantic species
in parts of the fjord may have consequences for the carbon
cycling and export to deeper water layers. Further investi-
gation is required to assess whether these species have dif-
ferent sensitivities to changes in carbonate chemistry (and
consequently future OA), which could impact how these
populations survive in Kongsfjorden.

Previous studies show that the AW contains high
amounts of anthropogenic CO, (e.g., Sabine et al. 2004),
due to efficient anthropogenic CO, uptake during cooling
as the AW is transported northward along the Norwegian
Coast. Olsen et al. (2006) estimated the rate of fCO,

increase due to anthropogenic CO, uptake to be about
1 patm year ' in the WSC and on the west Spitsbergen
shelf. Assuming no change in A, salinity and temperature,
this corresponds to a decadal decrease of 0.04 in Q,. This
means that if only anthropogenic CO, uptake is taken into
account, it would take about 50 years to reach the highest
threshold level for damage of the shell reported to occur at
Q, of 1.4 from the current winter surface minimum of 1.6
(and deep minimum of 1.5). However, these threshold
levels are uncertain since they are based on different L.
helicina populations, and do not consider specific ecology
of pteropods (e.g., diel and seasonal migrations of pter-
opods and latitude could be influential). Anthropogenic
CO, uptake in combination with other climate drivers such
as increased freshwater addition and warming will likely
accelerate ocean acidification and result in detrimental
conditions for calcifying organisms. However, compen-
satory mechanisms, such as adaptation, changes in energy
balance, phenotypic plasticity and genetic selection at the
population level, could, to some extent, reduce the negative
effects on the calcifying organisms and need to be con-
sidered (e.g., Thor and Dupont 2015).

We present a conceptual illustration (Fig. 6) of various
effects on 2, in Kongsfjorden in winter and summer, with
two scenarios: (1) colder and less saline (Arctic regime)

Winter Summer :
glacier glagder
Coastal IE]E]: -
Current o GW
5 \Ll ,éw ™ sy epf e 4 S >
G o | LA S
st Q ‘1'
Limacina helicina SV
Outer fjord Glacier front Outer fjord Glacier front

Atlantic J

lacier

.é:ier

Water %\/ TT s¥ PPT(T) PPT(T) Sl GW
o o)
s ¥ Q T v

Limacina retroversa

Outer fjord

Fig. 6 Conceptual model of different effects such as salinity change
due to ice formation and ice melt (S), temperature change (7), primary
production (PP) and glacial water inflow (GW) on CaCO; saturation
(Q) in the upper 30 m in winter and summer in Kongsfjorden during
two scenarios; (1) inflow of predominating coastal current water (CC,
upper display) and (2) inflow of predominating Atlantic water (AW,
lower display). Both scenarios include inflow of glacial water (GW).
The magnitude of the resulting change in 2 from the processes is
depicted using size and direction of arrows. Small arrows depict a
relatively small change, and large arrows show a relatively larger
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Q'T‘QJ,

Glacier front

effect on Q. The smaller arrows of PP in parenthesis mean that during
late summer, strong stratification may introduce nutrient limitation for
PP. During late summer, PP declines because of light limitation due to
sediment supply from glacial water, but also because of community
changes and sinking down of the plankton biomass (deep chlorophyll
maximum). CC is colder and less saline (with lower Q) than AW,
which is warmer and more saline (with higher Q). In the colder
regime, Limacina helicina is the dominant species of pteropod
species, but is replaced by Limacina retroversa in the warm regime
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and (2) warmer and more saline (Atlantic regime). In the
colder scenario, L. helicina will most likely be the pre-
dominant species and L. retroversa in the warmer scenario
(Bauerfeind et al. 2014). Based on our study, the TAW in
Kongsfjorden is either influenced by the inflow of a larger
component of colder and less saline (and lower 2,) water
transported by the coastal current (CC) or influenced by the
inflow of warmer and more saline Atlantic water (AW,
higher ,). Landfast sea ice forms in the fjords during
winter, when the conditions are sufficiently cold, resulting
in rejection of CO,-rich brine (which decreases (2,) from
the ice to underlying water. Freshwater supply also
decreases (2,, and this effect may be greater in a warmer
scenario due to higher glacial water (GW) discharge. In
spring and summer, the surface water becomes stratified
and photosynthesis (primary production) initiates the bio-
logical CO, uptake, which consequently increased €,. In
the warmer scenario (AW scenario), more meltwater (de-
creased ,) will likely create stronger stratification, caus-
ing a larger, earlier bloom in phytoplankton, resulting in a
larger increase in ,. However, early blooms may become
nutrient limited in stratified water masses or light limited in
the inner basin because of suspended sediments. In
Kongsfjorden, increased meltwater runoff from the glaciers
due to enhanced inflow of warm AW entering the WSC is
expected in the future (Piquet et al. 2014). This freshwater
may result in decreased €2,, potentially causing multistress
impacts on calcifying organisms such as L. helicina, by
generating physiological stress due to lower salinity, higher
temperatures and increasing the risk of dissolution and
thinning of their aragonitic shells. The thinner (lighter)
shells will consequently cause less carbon export out of the
mixed layer to the deep ocean, as suggested by Bednarsek
et al. (2014). Moreover, increased advection of CO,-rich
waters from east of Svalbard and Storfjorden transported in
the CC will contribute to further decreased €, in the
Kongsfjorden, the west Spitsbergen shelf and further north
into the Arctic Ocean (Fig. 6). Biological carbon uptake
during summer may increase due to increased AW in the
outer parts of the fjord, increasing €2,. However, at the
inner parts of the fjord, , may decrease in summer due to
enhanced freshening and less biological carbon uptake as a
result of nutrient and light limitations. For a complete
understanding of the effect of multiple stressors on the
marine ecosystem, we suggest a combination of modeling
efforts and integrated observational programs with sam-
pling of physical and chemical parameters and biological
collection of particularly sensitive species across large
natural gradients.
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