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Abstract. We discuss the climatic and environmental 1 Introduction

changes during the last millennium in NE Europe based on a

ca. 8-m long high-resolved and well-dated marine sediment

record from the deepest basin of Gullmar Fjord (SW Swe-A number of proxy-based reconstructions show that over the
den). According to thé1%b- and'4C-datings, the record last millennium several intervals with anomalously cold sum-
includes the period of the late Holocene characterised bynerswere characteristic of the period, well-known as the Lit-
anomalously cold summers and well-known as the Little Icetl® Ice Age or LIA (among others: Hughes and Diaz, 1994;
Age (LIA). Using benthic foraminiferal stratigraphy, lithol- Fricke et al., 1995; Bianchi and McCave, 1999; McDermott
ogy, bulk sediment geochemistry and stable carbon isotope§t al-, 2001; Nordli, 2001; Xoplaki et al., 2005; Lund et al.,
we reconstruct various phases of the cold period, identify2006; Leijonhufvud et al., 2010; Trouet et al., 2009; review
its timing in the study area and discuss the land—sea interl? Ljunggvist, 2009, 2010; Cage and Austin, 2010, Sicre et
actions occurring during that time. The onset of the LIA is @l 2011). The LIA was associated with a widespread expan-
indicated by an increase in cold-water foraminiferal speciession and subsequent fluctuation of glaciers in the Arctic and
Adercotryma glomeratat ~ 1350 AD The first phase of the alpine regions at lower latitudes, which happened in response
LIA was characterised by a stormy climate and higher pro-to climatic changes at 1300-1850 AD (Porter, 1986; Miller
ductivity, which is indicated by a foraminiferal unit &fon- et al., 2012). This climatic deterioration coincided with re-
ionella iridea and Cassidulina laevigataMaximum abun-  duced solar activity (Mauquoy et al., 2002), regular decline
dances oN. irideaprobably mirror a short and abrupt warm- in summer insolation as Earth moved steadily farther from
ing event at~ 1600 AD. It is likely that due to land use the Sun during the Northern Hemisphere summer (Wanner
changes in the second part of the LIA there was an increasefit @l., 2011), increased volcanism (Miller et al., 2012) and
input of terrestrial organic matter to the fjord, which is in- weakening of the North Atlantic Oscillation after its strongly
dicated by lighters’3C values and an increase of detritiv- positive state during the Medieval Warm Period (Trouet et
orous and omnivorous species suchTegtularia earlandi al., 2009). Some studies also associated the cooling with a
and Eggerelloides scabefThe climate deterioration during decreased volume transport of the Gulf Stream (Lund et al.,
the climax of the LIA (1675-1704 AD), as suggested by the 2006).

increase of agglutinated species, presendgyalinea balth- There is growing evidence that the Little Ice Age oc-
ica, and a decline oK. irideamay have driven the decline in curred throughout the Northern Hemisphere (Ljungqvist,
primary productivity during this time period. 2009, 2010) and is distinctly seen as taking place during the

last three to four centuries with a termination~at 900 AD
(Grove, 2001). Other studies, however, mention that the LIA
started somewhere betweerll300 and 1400 AD (Fricke et
al., 1995; Mauquoy et al., 2002; Moberg et al., 2005; Cage
and Austin, 2010; Ljungqvist, 2010; Miller et al., 2012).
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The period 1675-1710 AD has been identified as the coldcoast (Fig. 1a, b). It is among the most well-studied fjords
est phase (climax) of the LIA (Lamb, 1983), which was pre- in the world. Over the last ca. 40 yr, many studies were per-
ceded by an abrupt and rather short-lived warming aroundormed in the fjord regarding its hydrography (e.g. Rydberg,
1600 AD, according to some studies (Cage and Austin, 20101977; Bprk and Nordberg, 2003; Arneborg, 2004; Arneborg
Hass et al., 2010). The Little Ice Age has been generally reet al., 2004; Erlandsson et al., 2006) and primary productivity
garded as a stormy period (Lamb, 1983; de Jong et al., 2004Lindahl and Hernroth, 1983; Solthorn and Graneli, 1996;
2009). Hass (1996) divided the LIA into three parts: intervalsLindahl et al., 1998; Belgrano et al., 1999). Due to negligible
1350-1550 and 1750-1900 AD, characterised by a stormyidal activity and high sedimentation rates (0.7-1.4 ctha
mode of sedimentation, and an interval 1550-1750 AD, charFilipsson and Nordberg, 2004a) Gullmar Fjord is a high-
acterised by a “calmer” sediment deposition in the Skager+esolution environmental archive acting as a large sedimen-
rak. Using two raised bogs in a near-coastal part of SWtary trap (Filipsson and Nordberg, 2010). This resulted in
Sweden, Bjrck and Clemmensen (2004) also reported annumerous investigations into sedimentary records from the
increased aeolian sediment influx (ASI) caused by winterfjord basin, including pollen, dinoflagellate cysts and benthic
storminess at 1810-1820, 1650 and 1450-1550 AD. Alsoforaminifera as proxies of environmental changes during the
according to some studies (Clarke and Rendell, 2009; ClemHolocene and recent past (Fries, 1951; Qvale et al., 1984;
mensen et al., 2009), the climax of the LIA coincided with Nordberg et al., 2000, 2009; Godhe et al., 2001; Gustafsson
sand movement and dune formation in Denmark. and Nordberg, 2001; Godhe and McQuoid, 2003; Filipsson
High-resolution fjord sediment records produce archives,et al., 2004; Filipsson and Nordberg, 2004a, b, 2010; Har-
which contain information about variations in marine, ter- land et al., 2006; Risgaard-Petersen et al., 2006; Polovodova
restrial and atmospheric environments (Howe et al., 2010k¢t al., 2011).
and therefore allow for the study of air-ocean-land interac- The Gullmar fjord has a sill area at a depth of 42m and
tions in great detail. The Skagerrak region with its fjords a maximum basin depth of 120 m. The water masses are
is a key area for investigation of such complex interac- stratified with respect to salinity and density into four lay-
tions: it acts as a main depositional basin for the Northers (Fig. 1c). At the surface a first thin layeg {m) of
Sea; it is highly influenced by the North Atlantic Oscilla- river water fromOrekilsalven occurs, which does not sig-
tion, a dominant pattern of atmospheric circulation over thenificantly influence the hydrography of the fjord (Arneborg,
North Atlantic, and it has been classified as a coastal are2004). The residence times for the second and third layers are
with a high cumulative human impact (Halpern et al., 2008).20-38 days and 29-60 days, respectively (Arneborg, 2004),
From the few marine records containing the Little Ice Age whereas the deepest layer has a residence time of approx-
in the Skagerrak and attempting to link the air-ocean orimately one year (Nordberg et al., 2000; Erlandsson et al.,
land—sea interactions, the greatest interest in terms of high2006). The long residence time of the deep water and high
resolution LIA stratigraphy represent studies of Hass (1996,0xygen consumption rates in the fjord provide a likelihood of
1997), Biickner and Mackensen (2006) and Erbs-Hansen ehypoxia (< 2mL O, L~1) in the basin (Inall and Gillibrand,
al. (2011) (Fig. 1). Some of the previous studies, however, in-2010). Indeed, during the 20th century oxygen consump-
cluded!*C dates obtained from mixed benthic foraminiferal tion in the fijord increased from 0.21 mL@ ! montt?!
faunas and therefore potentially contain some chronologi{1950-1970) to about 0.35 mL@ ~! month! (1970s and
cal bias. This paper presents the first well-dated and highlythe early 1980s) and to about 0.41 mgIO~1 month? from
resolved foraminiferal stratigraphy of the Little Ice Age from 1989 onward (Erlandsson et al., 2006). Given that concen-
the sedimentary archives of the Scandinavian coast. With @ration of dissolved oxygen during a bottom water renewal
higher resolution compared to other studies, this investigausually ranges between4 and 8mL Q L~ (Filipsson and
tion has the potential to reconstruct short-term environmentaNordberg, 2004a), and the residence time of bottom water is
and climatic fluctuations during the LIA and contribute to a 1yr, the annual consumption rates may remove all of the oxy-
better understanding of Northern European climate over thegen before the next successive bottom water renewal. Start-
last millennium. Using lithology, bulk sediment geochem- ing in 1973, however, the timing of the basin water renewal
istry, benthic foraminifera and carbon stable isotopes we inin Gullmar Fjord occurs approximately 20 days later com-
tend to reconstruct the various phases of this cold periodpared to the period prior to 1973, which is a suggested re-
to identify its timing (onset, climax and termination) in the sult of climate variations triggered by North Atlantic Oscilla-
study area and to correlate our marine data with terrestriation (NAO) (Erlandsson et al., 2006). Therefore, annual stag-
records. nation periods and temporary hypoxic events, characteristic
features in Gullmar Fjord, became significantly stronger dur-
ing the second part of the 20th century (Filipsson and Nord-
2 Study area berg, 2004; Nordberg et al., 2009 and references therein) and
were likely less frequent/severe during the Medieval Warm
Gullmar Fjord is one of several silled fjords situated in the Period (Polovodova et al., 2011).
middle part of the Bohuah province on the Swedish west
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Fig. 1. Overview map of the study areéA) A rectangle shows the location of Gullmar Fjord in the Skagerrak area; the positions of
sedimentary archives used by previous studies are indicated as a circle and a plus for cores studied by Erbs-Hansen et al. (2011) an

Briickner and Mackensen (2006), correspondingly, whereas black triangles are sediment cores studied by Ha&) @98iR)iew of the
Gullmar Fjord area; a star in the deepest basin (&d&) indicates sampling site for cores GA113-2Aa, 9004 and GA113-091; a dashed line
in the outer fjord indicates location of the si{lC) Overview of water masses in the longitudinal profile of the Gullmar Fjord with indication
of salinity (§) and residence times)(typical for each water layer (Arneborg, 2004).

in 1999. Together cores GA113-2Aa and 9004 represent a
nearly complete sediment record with a small gap in-between

This study is based on three sediment cores: GA113-2Agdue to difficulties with the piston corer methodology in rel-

9004 and G113-091. which were all collected at 116-m waterdtively soft sediments. In order to determine the size of the
depth in Gullmar Fjord (58L7.57 N, 11°23.06 E) (Fig. 1).  9@p, core G113-091 was used. o

The cores 9004 (731-cm-long) and G113-091 (195-cm-long) In the laboratory, all cores were split in two halves. One

were sampled with a piston corer &27.6 cm) during expe- half was saved for dinoflagellate cyst analysis (for the cores

ditions of the R/VSvanicand R/V Skagerrakin 1990 and ~ ©113-091 & 9004 — to be presented elsewhere; for core
2009, respectively. The core GA113-2Aa (60-cm-long) wasGAL13-2A see Harland et al., 2006). The other half was used

taken with a Gemini corer (& 8 cm) aboard R/\Skagerrak for foraminiferal and geochemical studies. Twelve mollusc

3 Methods

www.biogeosciences.net/10/1275/2013/ Biogeosciences, 10, 12882013
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shells were found in life position in cores G113-091 and Calibrated Years (500) BP

9004 and were subjected to radiometftc AMS dating. 0 500 1000 1500 2000 2500
The shells were dated at théngstom laboratory (Upp- 0 Ty core G113-001 ' '

sala University, Sweden) using the marine model calibra- 5 \ o core 9004 e
tion curve (Reimer et al., 2004; Bronk Ramsey, 2005). The ' \ S88558388
half-life used is 5568yr, and the margin of error is.1 100\ o T T T T
Ages are normalized t63C of —25 %o, according to Stu- 150 1 5
iver and Polach (1977), and a correction corresponding tc
813C=0%o (not measured) versus PDB has been applied 200
The radiocarbon dates were corrected using a reservoir a¢ oz |
of 500yr (AR =100) (Nordberg and Possnert, unpublished '
data; see detailed discussion in Polovodova et al., 2011) 300} .-
For dating of core GA113-2Aa and details regarding the ¢/ | 6.6 mm/yr
210pp dating method, see Filipsson and Nordberg (2004a g

Core GA113 2Aa 2°Pb Years | | GAt13-24a

4199
97
96
95!
93

3

Core depth, cm

N
S

N
a1

CRS model

and Nordberg et al. (2001), respectively. =400 Turbidite layer. ...\ N %

Prior to foraminiferal studies, core 9004 was sliced into 1- §450A & o
cm intervals down to a depth of 28cm and thereafter intog ~ | 3
2-cm intervals. Core G113-091 was cut into 1-cm slices S 500

until 19cm, and thereafter 2-cm slices were taken. The 550 :
same preparation technique was used for all samples: the A\
2.8 mm/yf

were weighed, freeze-dried and the water content was de 600
termined. The measurements of organic carbagf@ the
bulk sediment and stable carbon isotopes on tests of benthi
foraminifer Cassidulina laevigatavere performed on cores 7004
GA113-2Aa and 9004. All organic carbon samples from

core GA113-2Aa were analysed at University of Gothenburg 750
(Sweden) using a Carlo Erba NA 1500 CHN analyser. Sam- 8o |
ples from core 9004 were run at Bremen University (Ger-
many) using a Vario EL Il CHN analyser and simultane- 850

ously were subject to the total nitrogen (TN) measurementsgig 2 age model based of%Pb (core GA113-2Aa; Filipsson and

In core G113-091 we measuréd°C on tests ofC. laevi- Nordberg, 2004a) anttfC AMS datings (core 9004; Filipsson and

gata and conducted a benthic foraminiferal analysis in or- Nordberg, 2010). The neh*C AMS dating for the core G113-091

der to determine the gap between the cores GA113-2Aa ani indicated by a diamond. In the revised versiot 4 age model

9004. All 513C measurements were run at the Department(Polovodova et al., 2011) a 500-yr reservoir correction has been ap-

of Geosciences, University of Bremen, using a Finnigan Matplied, whereas a rectangle with a zigzag pattern at 357-371 cm in-

251 mass Spectrometer equipped with an automatic Carborfiicates the primary pOSition ofa tUrbidite, which was removed from

ate preparation device. the age curve. Separa_tted by (_jashed _Iines are curve intervals, char-
All foraminiferal samples were washed over 63 pm and 1-2Cterised by changes in a sedimentation rate.

mm sieves and treated with sodium diphosphate;a@y),

when necessary, in order to disintegrate sediment aggregat

To estimate the sand content, the size fractioi@8 um were

650 |

e(%004, 2010). For the results on benthic foraminifera and

. X . . dinoflagellate cysts analyses from the core GA113-2Aa see
dried at 50°C and weighed. The foraminifera-rich samples Filipsson and Nordberg (2004) and Harland et al. (2006), re-
were split and at least 300 specimens were counted in eac . . L

) ) Spectively. The part of the benthic foraminiferal record cover-
sample from the dried- 63 um fraction. In total, 262 sam- . he Medieval W Period 9004 350-500

les were analysed for foraminiferal fauna, 72 samples oimgt. e edieval varm Ferlo (core ’ —500cm) was
?hem are reported here. Both relative (%) an’d absolute abun[?re\IIOUSIy published in Polovodova et al. (2011). In the cur-
dances (ind. g" dry sed ) for the benthic species were deter- rent study we focus on the last 1000 yr of the high-resolution

. -g-drysed.) for pe . ..~ record with a special emphasis on the Little Ice Age.
mined. In order to distinguish the foraminiferal units with
different species dominance we performed a simple CAB-3 1 Results
FAC factor analysis with Varimax rotation using the software
PAST, University of Oslo (Hammer et al., 2001). The analy- 3.2  Chronology
sis included all species with relative abundanees% in at
least one sample. The records GA113-2Aa & 9004 span from approximately

Results of Gy and §13C measurements from the cores 350 BC to 1999 AD (Table 1, Fig. 2), and include the Ro-
GA113-2Aa & 9004 are given in Filipsson and Nordberg man Warm Period (RWP), the Viking Age/Medieval Warm

Biogeosciences, 10, 1275290 2013 www.biogeosciences.net/10/1275/2013/
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Table 1.Radiocarbon dating results based on 12 double mollusc shells recovered intact from the cores 9004 and G113-091. The correction of
14¢ ages for reservoir age is modified after Filipsson and Nordberg (2010) and a 500 yr reservoir age has been used based on a complementa
mollusc shell dating (Nordberg and Possnert, unpublished data; Polovodova et al., 2011). The genuine depths of core 9004 in the seconc
column were corrected for60 cm in order to include the core GA113-2Aa on top of the record.

Core Core Lab.ID Species 14C and reservoir  Errorf)  Years AD corrected Years BP,
depth (cm) corrected age for atmosphtfe  calendar years
9004 96 Ua-24043 Nuculana minuta 210 35 1660+ 100 290+ 100
9004 136 Ua-35966 Nuculana pernula 175 25 1695+ 75 255+ 75
9004 162 Ua-23075 Yoldiella lenticula 300 40 1635105 315+ 105
9004 265 Ua-35967 Nuculasp. 525 30 1448-60 510+ 60
9004 312 Ua-35968 Clamys septemradiatus 645 25 135432 593+ 32
9004 313 Ua-23000 Abra nitida 805 45 1220+ 100 730+ 100
9004 371 Ua-35969 Nuculatenuis 745 25 1305t 55 645+ 55
9004 490 Ua-23001 Abra nitida 1140 45 880+ 110 1070+ 110
9004 562 Ua-23002 Nuculana minuta 1425 40 62Q: 100 1330+ 100
9004 621 Ua-23003 Thyasira flexuosa 1655 45 365E 135 1585+ 135
9004 703 Ua-23004 Thyasira flexuosa 1915 45 45+ 225BC 1995+ 225
G113-091 145 Ua-39016 Nuculana pernula 217 30 1665t: 85 285+ 85

Period (MWP), the Little Ice Age (LIA) and the recentwarm- surface was light brown, which indicated oxic conditions. An
ing of the 1900s (Filipsson and Nordberg, 2010). For theincreased amount (9 %) of sand-sized fractisr6@ um) was
chronologies of cores GA113-2Aa and 9004 based8Ab  found between 51 and 43 cm-(L915AD). For a more de-
(Fig. 2) and**C AMS datings, see Filipsson and Nordberg tailed lithology of a Gemini core GA113-2Aa see Filipsson
(2004a, 2010). The age model for core 9004 was revisecand Nordberg (2004a).

by Polovodova et al. (2011) and the updated version is used

in this study (Fig. 2, Table 1). For core G113-091 the only 3.4.2 Core 9004

intact mollusc shell oNuculana pernulayields an age of

1665+ 85 AD (Table 1; Fig. 2), which indicates that this core The distribution of sand-sized fractios 63 um) and lithol-
represents the time interval from the middle part of the Little ogy of the core 9004 were previously discussed in Filipsson

Ice Age to 2009. and Nordberg (2010) and Polovodova et al. (2011). Based
on the presence of exotic foraminiferal species50% of
3.3 Organic geochemistry of bulk sediment a shallow water specieElphidium excavatuina distinct

light grey horizon of clay and silt at 367—-364 cm was in-
The organic carbon (&) data for sediment cores terpreted as a turbidite (Polovodova et al., 2011; Fig. 4a).
GA113-2Aa and 9004 (Figs. 4-5) are discussed in detailWithin depth interval 350—60 cm, which corresponds to the
by Filipsson and Nordberg (2010). The C/N ratio measure-Little Ice Age (1350-1900 AD), the sand-sized fraction in-
ments are only available for core 9004 and therefore C/Ndicated three distinct units (Figs. 4-5). A first coarser unit
data for the last 100yr are missing. In core 9004 C/N ra-at ca. 1350-1600 AD (350-190 cm) can be identified based
tio ranges from 5 to 10, indicating organic matter of primar- upon high variability of the sand fraction. A second unit
ily marine origin (C/N ratio of 5-7; Redfield et al., 1963). between AD 1600 and 1850 (190-100cm) was character-
The long-term average of the ratio is 8.3. Around 170-cmized by less variability and finer sediment. A third unit at
depth (ca. 1650 AD) a slight offset occurs in the C/N values,ca. 1850-1900 AD (100-60cm) was also characterised by
which divides the Little Ice Age into two periods: (1) before coarser sediment.
1650 AD with C/N values higher than the long-term aver-
age and (2) after 1650 AD with C/N ratio below the average.3.4.3 Core G113-091
Around 1900 AD, the C/N ratio increases again and reaches

9.5 on top of the record~< 1900 AD). In general, the sediment column consisted of dark-olive-grey
mud (gyttja clay) with mottled (containing black dots) sec-

3.4 Lithology tions in places. However, there were some distinct changes
in colour within the interval 185-129cm. At 185-181cm

3.4.1 Core GA113-2Aa the generally dark-grey mud contained horizontal layers of

darker sediment, which gradually faded away at 174 cm. An
The sediment column in general was olive-green-grey andnterval of a light-grey mud was encountered at a depth
contained mainly organic-rich silt and clay. The sedimentof 174-171cm and had a distinctly lighter 5-6 mm-thick

www.biogeosciences.net/10/1275/2013/ Biogeosciences, 10, 12882013
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e Cores GAT3-200 29004 Table 2. The factors resulted from a CABFAC factor analysis
e Core G113-091 with varimax rotation performed on foraminiferal counting data for
% Peaksin ASl values species contributing by 5% to the assemblages in at least one
(Bjorck & Clemmensen, 2004) sam ple .
55 A.glomerata  C.laevigata  H. balthica
ﬁ;% 2009AD Factors Eigenvalue Variance (%)
“ S B s 1 125.29 62.02
o 2 28.985 14.35
N 1850 AD 3 14.338 7.1
% 4 10.389 5.14

=
— - ‘ el 1250AD The stable carbon isotope record for G113-091 showed a
PoHm 162 08 0400 o /;200 e ’ |8n(31 / 10 fairly good correlation with theé?*3C record derived from
"’ ' ” h GA113-2Aa & 9004 down to a depth of ca. 90 cm (Fig. 3).
Fig. 3. The §13C (%0) and foraminiferal (ind. g?) correlations be- ~ Below 90 cm the G113-091 curve had a slight displacement
tween cores GA113-2Aa, 9004 and G113-091. The abbreviatiorof 0.2—0.4 %o from the GA113-2Aa & 9004 record. Neverthe-
RW indicates the recent warming of the 1900s. The dates (yr) forless, the good correlation of both isotopic records until 90 cm
Ei)me i?ztggvflf O”dth: rlightdhand Stidle i‘;%flo)mT';i”p_ss?” "?‘”(:1 ’\t'or?'indicated that there is no gap between the cores GA113-2Aa
erg a) an olovodova et al. . € Isotopic aata for, : . ; _
GA113-2Aa & 9004 are given after Filipsson and Nordberg (2010). ﬁ:;c:] t9 ?oorih-li—rr:ilfseg?ssF?eli?egoi:ﬂgg;drgzoigzl)(lliliz_Oé)fh'?'hde?gq-
fore, the depths of the core 9004 had to be corrected for
—40cm, as compared to those presented in Filipsson and
horizon in the middle. After the light-grey layer, the sedi- Nordberg (2010) and Polovodova et al. (2011), which both
ments became dark-grey again until 152 cm. Another lightysed 100 cm” depth correction in order to compensate for

grey horizon was found at 152-129 cm, thereafter the sedi gap between two cores. This literally means that a 60-cm

ment had continuously a dark-grey colour. The surface of thqong GA113-2Aa core could be directly placed on top of the
core G113-091 was oxidised and had a light-brown colourcgre 9004.

down to 5cm. The sand-sized fraction displayed two distinct
maxima (5 and 3 %) at depths of 36 and 64cm and had & 6 Foraminifera
long-term average of 0.9 % (Fig. 3).

| 1750 AD

%

1650 AD

core depth (cm)

reached a maximum 6£0.2 %0 and remained less negative
= 5000 until the termination of the LIA.

1400 AD 3.5.2 Core G113-091

3.6.1 The last millennium: ca. 900-2001 AD
3.5 Stable carbon isotopes
For foraminiferal data from the GA113-2Aa & 9004 record,
3.5.1 Cores GA113-2Aa & 9004513C record of the LIA we performed a factor analysis, which resulted in 4 factors,
(1350-1900 AD) explaining as much as 89 % of variance (Table 2, Fig. 4). Ac-
cording to Klovan and Imbrie (1971), the minimum absolute
The full record ofs3C values from the cores GA113-2Aa factor value is a zero, which indicates that the variable con-
and 9004 covering the last ca. two millennia was discussed itributes nothing to the factor. In our study eight foraminiferal
detail by Filipsson and Nordberg (2010). In the current paperspecies had high<{1.0) absolute values of factor scores (Ta-
we concentrate on the part relevant to the Little Ice Age.  ble 3, Fig. 4), which resulted in four foraminiferal assem-
The averagé'®C value for the GA113-2Aa—9004 record blage units. Each foraminiferal unit was named after the
was —0.65 %o. Thes13C record of the LIA around 310-cm mostimportant species explaining each factor. Thus, Factor 1
sediment depth (ca. 1350 AD) began with less negative val{62 % of variance) corresponded to tNenionella iridea
ues as compared to the long-term average (Fig. 3) and th€assidulina laevigataunit. Factor 2, which corresponded
heavier values persisted until ca. 210cm (1500 AD). Afterto Stainforthia fusiformiaunit, accounted for 14 % of vari-
thats13C values reached their minimumefl.15 %0 and had  ance and also included speci@axtularia earlandi, Boliv-
a distinctly more negative phase, which lasted until almostina pseudopunctataandBulimina marginata Factors 3 and
100-cm depth (ca. 1850 AD). Afterwards, the trend of the4 accounted for 7 and 5% of variance and corresponded
813C record changed again towards the less negative value$o units of Adercotryma glomeratand Hyalinea balthica,

Biogeosciences, 10, 1275290 2013 www.biogeosciences.net/10/1275/2013/
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Fig. 5. Absolute and relative abundances of the main benthic foraminiferal species, together with sediment proxies shown as an enlargement for the Little Ice Age (LIA) nm:onmomm:ma

3 Absol. abundances (ind./g)

lines indicate the main faunal changes at ca. 1650 and 1850 AD discussed in the text.
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respectively. The fourth unit also included spedigslae- Table 3. The varimax scores for factors 1-4. The bold numbers indi-
vigata and T. earlandi The “N. iridea—C. laevigata unit cate foraminiferal species with higk- (1) absolute values of factor
dominated the record at 500-375 cmm400-1150 AD) and  scores.

300-170cm depth~1350-1650 AD) (Fig. 4). Thé\der-

" ) 4 Foram. i Factor 1 Factor 2 Factor 3 Factor 4
cotryma glomeratainit interrupted its dominance at 335cm oram. species actor actor actor actor
(~ 1300 AD). Fromr~ 1650 to 1900 AD the record alternated =~ A-glomerata —0.10768 —0.070154 = 5.3381  0.016301
between foraminiferal units 3 and #A.(glomerataversus A. planus 0.055213 = 0.021256 ~ 0.011319-0.030299
! 19 B.pseudopunct. —0.11202 1.8777 —0.05062 0.35149
H. balthica). After 1900 AD (70cm depth), howeverya- B. marginata 0.34813 1.478  —0.4567 0.92736
linea balthicaunit dominated for ca. 80 yr and was replaced C.laevigata 2.3839  —0.88175 0.97848 1.7637
: : . : . C.reniforme  0.0077358 0.44531  0.066155  0.099771
by unit 2 represented I%. fusiformisas the main species. Cribrost. sp. 0.038509  0.025085 0.27017—0.089008
) C. lobatulus 0.29699  0.088751 0.20022 0.11073
3.6.2 The Little Ice Age: 1350-1900 AD C. nitida 0.060098  0.028202  0.11089-0.041738
E. scaber —0.26005  0.064873 0.61528 0.246

In general, species composition of the benthic foraminiferal E.excavatum  —0.082485 0.45029 0.42016 0.64108
fauna during the Little Ice Age was characterized by three Eincetum — —0.011122  0.20031 —0.067762 0.12595

. . ) Elph.sp. 0.1241  0.061917 —0.010176  0.006397
dominant ¢ 10%) speciesA. glomerata C. laevigata and G.auriculata 0076751 —0.025578 —0.059181  0.031602
H. balthica whereasEggerelloides scaber, Elphidium exca-  G. turgida 0.025327  0.077637 0.09994 0.25327
vatum, N. iridea, S. fusiformis, Reophax subfusiforrarsi E baltica 8-1‘3‘322 _8.12232 _06429288735 5‘-(?70(?5‘81

. . 0, . goesi . —0. . .
T. earlandiwere present as accessory specietQ %). Also, 1. islandica 0021199  —0.0138 0.0056691  0.024997
Nonionella irideawas a co-dominant species (20—30 %) dur-  |. norcrossi 0.17626 —0.095165 —0.062956 0.17307
ing the first part of the Little Ice Age (ca. 1300-1650 AD). M. barleean. 0.46682 —0.089688 —0.022884  0.023435
; Y ; M. subrot. 0.13755 —0.071081 0.06433 0.1651
. Altogether 156 benthic foramlnlferal' species were found N, labrad. 0.20474 0.41638 0.14557 054104
in the part of the record C(_)rrespondlng to the Little Ice |\ iridea 4905 023259 —0.45699 —0.87469
Age. Among them 42 species had agglutinated tests and p.osloensis ~ —0.058897 0.10956 0.161 0.27298
114 species were calcareous. The Fishliversity (Mur- SW'”'a_mSI- 8-‘21323 006%231()%319 00-1183028638 0-(‘)3(:’[15%2652
. . . seminula . —0. . .
ray, 2006) varied between 6 and 20, \.NI.'[h a mean of 13 (not Recurvsp. 0.0027056 —001394  0.013286  0.0082206
shown). The average absolute foraminiferal abundance was Rr. subfusif. 0.65934  —0.2133 050517  0.082465
87ind.g! of dry sediment, (14-208ind:g). The high- S. fusiformis 049417 44902  0.33699 —0.30734

est absolute abundance of foraminifera was encountered at - fricarinata 041554 003763  0.34257 -0.21743
T. earlandi ~0.63152 2075 010634  1.3917

179 cm depth (ca. 1650 AD: see Fig. 5). V. media 0.082701  0.0097254  0.29911-0.021164
The absolute abundances (ind1ydisplayed rather lower
values over the time period from ca. 1450 to 1600 AD
(Fig. 5). At the same time, there was a clear increase of th% 7 Discussion

foraminifer N. iridea, which reached its highest abundances =
(30% and 56ind. g') during the LIA at~ 1600 AD.

In general, calcareous foraminiferal species dominate
for the majority of the LIA. However during the second 38.1 1350-1650AD
part of the LIA, agglutinated species suchAasglomerata,

E. scaberandT. earlandi became important components of During ca. 1350-1650AD we observed increased scores

the foraminiferal assemblages (Fig. 5). Both relative and ab+¢ Factor 1 represented bil. iridea and C. laevigata

solute abundances demonstrated a salient faunal change @i 4. This agrees with previous studies based on benthic
180cm (ca. 1650 AD) whei. iridea became rare in the o aminiteral stratigraphy from the Skagerrak (Hass, 1997;
record. Around the same time. glomerata, E. excavatum, gs Hansen et al., 2011), which report high abundances of
E. scaber, S. fusiformisand 7. earlandiall increased. The C. laevigataafter 1450 AD and suggest increased stormi-

foraminiferal absolute abundances showed high values from\o<s enhanced mixing of the water column and more fresh
1650 to 1850 A.D with two minima at ca. 1630 and 1700 AD. v todetritus reaching the sea floor. Those studies, however,

Hyalinea balthicabecame a prominent species in the y, not report any increase iN. iridea, which is proba-
record betvyeeﬂv1650 and 1700 AD (.Flgs. 4, '5), but there- bly due to an analysis of the 100- and 126 sediment
after experienced several short declines until 1850 AD, aft4ctions for benthic foraminifera. A short and abrupt cli-

ter which its absolute abundance increased again. Aftefate warming occurred at 1540-1610 AD as it is suggested
1850 AD there was also a significant increase in a portion ofby the benthic foraminifera$80 record from the Scottish

calcareous species, whereas some agglutinated and calcaqﬁ)—rds (Cage and Austin, 2010). We speculated tRah-
ous species, such AsglomerataC. laevigata, E. excavatum jonelia irideais a species indicative of fresh phytodetritus

andE. scaberdeclined during that time. pulses occurring during the Medieval Warm Period in Gull-
mar Fjord (Polovodova et al., 2011). It is a cosmopolitan

d3.8 Benthic foraminiferal record of the Little Ice Age

www.biogeosciences.net/10/1275/2013/ Biogeosciences, 10, 12882013
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Table 4. The ecological preferencesbnionella irideasummarised for different settings. The information given in remarks indicates either
parameters reported as essential for higher abundandédralea, or refers to microhabitat preferences of this species.

Geographical Water depth  Temperature Salinity Remarks Reference
setting (m) £C) (psu)
Gulf of Cadiz 40-95 - — Muddy sediment; low water energy Mendes et al. (2004)
Rhone prodelta 67 16.3 — High labile organic matter Goineau et al. (2012)
(NW Mediterranean) (spring bloom)
Bay of Biscay 130 10.8-11.3 35.3-35.4  Spring bloom Duchemin et al. (2007)
Hebridean shelf 167-218 7.5-10 34.5-35.25 Infaunal Murray (2003)
(off W Scotland)
Skagerrak > 450 6-6.5 >35 - Alve and Murray (1995)
320 - — Fresh phytodetritus Alve (2010)

North Atlantic > 1900 3.4-3.7 34.4-34.9 Spring bloom; Gooday and Hughes (2002)
(deep sea) embedded in mud cysts

1100; 1926 3.4-3.7 34.9 Shallow infaunal Hughes et al. (2000)

species, which occurs within a broad bathymetric range an®.8.3 Adercotryma glomerata: a proxy of climate
has slightly different temperature preferences depending on deterioration
a shelf or a deep-sea habitat (Table 4). The temperature toler-

ance ofN. iridea within the Northern Europe and at depth ) 18 . - .
ranges similar to deep Gullmar Fjord (Table 4) indicates YSing thed™O of benthic foraminifera, Bickner and Mack-

that the species usually occurs at temperatures higher tha®'Sen (2006) suggest enhanced circulation and warmer tem-
5.7°C (a long-term temperature average for the deep watePeratures from ca. 1630 to 1870AD. The latter is con-
in the fijord; SMHI, 2012). In paleostudieblonionella iri- tradlctory to our results, which clear!y show threg re-
deais found in higher abundances in Eemian interglacial peated_ Increases of the. gIomerataumF _corre§pond|ng
deposits (Seidenkrantz, 1993: Seidenkrantz and KnudsenVe!l with periods of reduced solar activity (Fig. 4): the
1994) and Sclirder-Adams (1991) reports it as a typical Wolf (1300-1380 AD), the Maunder (1645-1715AD) and
Holocene species. Therefore, it appears rather likely thafe Dalton (1790-1820 AD) minima (Eddy, 1976; Mauquoy

N. iridearesponded positively to both the warming event (at etal, 2902)' Reduced SO',‘"‘T actiyity has '°T19 been copsid-
ca. 1600AD) and the increase of phytodetritus, and there-ered an important factor driving climate cooling (e.g. Haigh,

fore may be considered as a proxy of climate warming during296; Shindell etal., 1999; Bond etal., 2001; Mauquoy etal.,
the LIA. Nonionella irideadisappeared from the record after 2002)- The Wolf sunspot minimum coincides with the onset

1650 AD, which coincides with the Maunder Minimum in ©f the Little lce Age (Mauquoy et al., 2002), an abrupt ice-
solar activity between 1645-1715 AD (Maugquoy et al., 2002) C@P growth in the Arctic Canada between 1275 and 1300 AD
and the climax of the LIA (1675-1710AD; Lamb, 1983). (Miller et al., 2012) and anincrease in drift ice off Icela_md in
This period would likely be characterised by a shorter grow-the_ late 13th century, which may have caused the failure of
ing season of phytoplankton and therefore by less food avail\/King settlement on Greenland (Andrews et al., 2009). The
able for fresh-phytodetritus feeders liké iridea Indeed, cllma'x of the Little Ice Age at ca. 1675/80-1710 AD (Flohn,
according to a tree ring-based climate reconstruction from:98°; Lamb, 1983) is often associated with the Maunder
west-central Sweden, the LIA was characterised by coldeflinimum (Eddy, 1976)Adercotryma glomeratan turn, is
summer conditions during 1600-1900 AD, whereas milder@" epifaunal agglutinated species, which is often reported

summers prevailed during 1350-1600 AD (Gunnarson et al.2S 0ccurting ak 4°C and tolerating a wide salinity range

2011). (28-35) in the Northern Europe, Labrador Sea, Canadian
Arctic, Antarctic (Schafer and Cole, 1982, 1986; Williamson
3.8.2 1650-1900AD et al., 1984; Alve, 1991; Kuhnt et al., 2000). This is also

supported by a distinct increase Af glomeraraduring the
From Fig. 4, it emerges that the part of our record corre-Dark Ages (after~400AD) in our record (Polovodova et
sponding to ca. 1650-1900 AD represents a consecutive ahl., 2011). At the same tim@. glomeratawas mentioned
ternation of factors 3 and 4A( glomerataand H. balthica  as one of the dominant faunal components of the Medieval
units), which implies variable environmental conditions dur- Warm Period (Polovodova et al., 2011), but it occurred dur-
ing this time period. Below we discuss both theglomerata  ing the MWP in lower concentrations (up to 30indXy as
and H. balthicaunits and speculate about possible environ-compared with the LIA (up to 70ind:d). Therefore, the
mental changes associated with them. increase ofA. glomeratasuggests that the intermediate Sk-

agerrak water flowing into the fjord during the LIA could

Biogeosciences, 10, 1275290 2013 www.biogeosciences.net/10/1275/2013/
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have been colder than today. This supports the general idea It is interesting that after occurring during the coldest
of climate cooling during ca. 1675-1700 AD, similar to the phase of the LIA, the abundance ldf balthicapeaks dur-
onset of the LIA when increase @f. glomeratacoincides  ing the warming of the 1930s in our record (Polovodova et
with the Wolf minimum. al., 2011). The immigration ofl. balthicainto the Skager-

In general the period of 1600—1850 AD is characterised byrak is also suggested to happen due to a climate warming
an increased abundance of agglutinated specfesgfomer-  (Nagy and Qvale, 1985: ca. 7800 BP) and this species occurs
ata, T. earlandandE. scabel(Fig. 5). Wollenburg and Kuhnt  frequently in Eemian interglacial deposits of the North Sea
(2000) reportA. glomeratato prevail in low-energy envi- (Feyling-Hanssen, 1980).
ronments characterised by lower carbon fluxes in the Arc- On the other hand, the first increase of thebalthicaunit
tic Ocean. This is consistent with our results, showing pro-after ca. 1650 AD (see F4: Fig. 4) coincided with the offset in
liferation of A. glomerataduring ca. 1600—-1800 AD, which  C/N ratio values. After 1650 AD, C/N values became lower
was characterised by a finer sediment interval, i.e. a lowethan their long-term average, unlike the values present prior
amount of the sand-sized fraction (Figs. 4-¥&xtulariaear-  to this date. This could imply changes in the quality of or-
landi, an omnivorous opportunist (Alve, 2010), is reported asganic matter, perhaps due to a decrease in primary productiv-
a dominant faunal element in Canadian fjords at water depthgty, which would most certainly have an effect on the species
>100m (Schafer and Cole, 198&ggerelloides scabeis composition.Hyalinea balthicaoccurs in areas with rela-
presented by Murray (2006) as a detritivorous shelf speciestively low quality (partially degraded) organic matter, mainly
which demands salinity 24 for most of the year and tem- of terrestrial origin (Hess et al., 2005). According to Sweet-
peratures 1-20C. Therefore, proliferation of these agglu- man et al. (2009), the large-sized foraminifera fadalth-
tinated species might imply a change in a quality of organicica) usually display a slower response to fresh phytodetritus
matter in Gullmar Fjord sediments during ca. 1600—-1800 ADdeposition compared to small and thin-shelled foraminiferal

Some studies pinpointed that an increase in arenaceouspecies (as e.d)\. irided). Given that at 1650 ADH. balthica
species may result from the dissolution of calcareous testseplacesN. iridea, a well-known fresh-phytodetritus-feeder
due to low temperatures (e.g. Murray and Alve, 1999; Stein-(e.g. Gooday and Hughes, 2002; Duchemin et al., 2007;
sund and Hald, 1994). In our record, however, the degree ofAlve, 2010; Goineau, 2012), the faunal shift may reflect re-
carbonate dissolution has been previously estimated as modiuced primary productivity and consequently the dominance
erate (Polovodova et al., 2011), since together with aggluti-of partially degraded organic matter at the sea floor. This is
nated species we still find well preserved and shiny tests ofurther supported by a small decrease in dinoflagellate cyst
thin-shelled species likW. irideaandS. fusiformis abundance (Nordberg and Harland, unpublished data) and

813C values (Fig. 4). However, the simultaneous short de-

3.8.4 Hyalinea balthica: a proxy of climate warming or  creases of both proxies at 1650 AD are too small to draw any
changed diet composition? firm conclusions.

In general, based on the distribution of the main foraminiferal
units, it appears that 1650 AD is a starting point for the es-

tablishment of new foraminiferal faunas in the fiord. This £rom the /N data (Fig. 4) it is rather difficult to distinguish

is & time whenH. balthica typical of the area during the e goyrces of organic matter (marine vs. terrigenous) since
20th century, increases in Gullmar Fjord (Figs. 4-5). Itis ayhe ratio fluctuates within the marine range. It has also been
Boreal-Lusitanian species (Ngrvang, 1945), which is present o ested that the C/N ratio reflects organic matter sources

in higher latitudes and becomes !ess abundant at lower Iatil'naccurately, since nitrogen is affected by organic matter di-
tudes (Murray, 1971, 1973, 2006; Ross, 1984). Hass (1997} genesis and biological controls (Thornton and McManus,

suggests that the assemblagesiobalthicain the Skagerrak 1994). Therefore, it may be hard to distinguish a marine ver-
are indicative of “stagnant conditions”, which we interpret ¢ o o terrigenous source when using the C/N ratio of de-
as less intense bottom water currents on the southern flank qf,;4eq organic matter.

the basin. Indeed, in one of his cores (15 535-1), there was an Filipsson and Nordberg (2010) studie®C of the tests
increase irH. balthicaduring the calm and the coldest phase ¢,y c. laevigata from core 9004 and suggested that
of the LIA (ca. 1550-1750AD). Erbs-Hansen et al. (2011) changes in land use of the areas surrounding fiords may
also report that. balthicaincreases during the LIA maxi-  paye occurred during the LIA. The intensification of land use
mum. Our results are consistent with both studies and showy g cultivation and deforestation would increase erosion
H. balthica peaks at~ 1650 AD, then again at-1800AD ¢ q4ils, which in Sweden generally have a high erosion risk

and finally at~ 1900 AD. After that, H. balthicaremains as  §e to presence of silt and marine claysdtand Jakobsson,
a dominant species for about 80 yr, which is in contrast with,05) sl erosion could lead to increased sediment trans-

most of the Hass’ cores (except | KAL) displaying a general ¢ py jocal streams and land runoff, as well as increased in-

decrease offl. balthicaafter the LIA (Hass, 1997). put of terrestrial organic matter into the fiord. The terrestrial
carbon would shif§3C towards lighter values, which does

3.9 Land use changes during the LIA

www.biogeosciences.net/10/1275/2013/ Biogeosciences, 10, 12882013
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not occur around 1350 AD (Fig. 4), but rather around 1500AcknowledgementsThe authors thank the crews of RSvanic
AD. Based on the pollen data from the Gullmar Fjord, Fries R/V Skagerakand personally Lennart Bornmalm and Ardo Robijn
(1951) showed an increase in non-arboreal pollen (NAP)(University of Gothenburg) for help with sampling. Ardo Robijn
which began at the end of the Medieval Warm Period and@!se helped with picking ofC. laevigatafor isotope analysis;
lasted until ca. 1650 AD (Fig. 4). This suggests an intensgonika Segl (University of Bremen, Germany) ran the stable
clearing of forests to increase croplands and pasture togethé?omp.e_measureme.ms’ Asli Oflaz and Sofia Andersson did some
with exploitation of timber for construction. However, land o-aminiferal analysis, and Tim Gallagher (University of Michigan,

. . . . ! USA) scrutinized the English of the text. The manuscript has
use in Sweden and particularly Boh@isimost likely expe-

. . benefitted from the valuable comments and suggestions by Elisa-
rienced a decline due to the outbreak of the Black Deathyeh alve (University of Oslo, Norway) and Christian Hass (Alfred

around 1350 AD, which decreased the population by half onwegener Institute, Germany). The research has been supported by

2/3 (Harrison, 2000) and resulted in large scale abandonmengniversity of Gothenburg (a postdoctoral fellowship to IPA), the

of farms together with a series of wars, which followed there- Lamm Foundation and the Swedish Research Council (VR) (grants

after (Fig. 4). The same was suggested for the records fron$21-2007-4369 to KN and 621-2005-4265 & 621-2011-5090

the central Europe (@tgen et al., 2011). to HLF). The full datasets discussed in this manuscript will be
From ca. 1500 to 1850 AD, the!3C values in our record  @vailable online through the PANGAEA database.

become lighter. According to terrestrial records, changes_ _

in land use and irrigation during 1500-1700 AD increased=dited by: H. Kitazato

losses of topsoil and finer particles in Sweden (Dearing et

a_I., 1990) apd led to a widespread deforestation in Scandinageferences

vian countries (Bradshaw et al., 2005; Kaplan et al., 2009). In

addition, there were several productive herring periods in thealve, E.: Foraminifera, climatic change and pollution: A study of

Bohushn and Norwegian fisheries (Cushing, 1982; Corten, Late Holocene sediments in Drammensfjord, SE Norway, The

1999) after ca. 1550 AD. One of them, the so-called “Great Holocene 1, 243-261, 1991.

Herring Period” (Den Stora Sillperioden: 1748—-1808 AD) re- Alve, E.: Benthic foraminiferal responses to absence of fresh phy-

sulted in the extensive production of fish oil, which required ~ todetritus: a two-year experiment, Marine Micropalentol., 76,

a lot of wood for the boiling of herring guts and therefore 67-75, 2010.

lead to a substantial alteration of the landscape (Uttarstr Alve, E. and Murray, J. W‘f Benthic foraminiferal d|§tr|but|on
. and abundance changes in Skagerrak surface sediments: 1937
1959; Byron, 1994).

(Hoglund) and 1992/1993 data compared, Mar. Micropaleontol.,
25, 26-288d0i:10.1016/0377-8398(95)000261095.
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