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Abstract

In the present study we investigate dinocyst assemblages in the Trondheimsfjord over
the last 25 to 50 yr from three well-dated multi-cores (2 °Pb and 137Cs) retrieved along
the fjord axis. The downcore distribution of the cysts is discussed in view of changes of
the key surface water parameters sea-surface temperatures (SSTs) and sea-surface
salinities (SSSs) monitored in the fjord, as well as river discharges. We examine the
impact of the North Atlantic Oscillation pattern and of waste water supply from the
local industry and agriculture on the fjord ecological state and hence dinocyst species
diversity. Our results show that dinocyst production and diversity in the fjord is not
evidently affected by human-induced eutrophication. Instead the assemblages appear
to be mainly controlled by the NAO-related changes in physico-chemical characteristics
of the surface mixed layer. Still, discharges of major rivers were modulated, since 1985
by the implementation of hydropower plants which certainly influences the freshwater
and nutrient supply into the fjord. The impact, however, is variable according to the
local geographical setting, and barely differentiated from natural changes in river run
off.

We ultimately test the use of the modern analogue technique (MAT) for the recon-
struction of winter and summer SSTs and SSSs and annual primary productivity (PP)
in this particular fjord setting. The reconstructed data are compared with time-series
of SSTs and SSSs measured at 10 m water depth, as well as with mean annual PPs
along the Norwegian coast and within Scandinavian fjords. The reconstructions are in
general good agreement with the instrumental measurements and observations from
other fjords. Major deviations can be addressed to peculiarities in the assemblages
linked to the particular fjord setting and the related hydrological structure.
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1 Introduction

The climate of western Norway is closely coupled to the circulation of the
topographically-steered North Atlantic Current (NAC) and Norwegian Coastal Current
(NCC) flowing northward along the continental margin over the Norwegian shelf (Loeng
and Drinkwater, 2007). The lateral distribution and physico-chemical characteristics of
the NCC, which is supplied by brackish water from the Baltic Sea, rivers and fjords
along the Norwegian coast, are linked to the prevailing wind patterns in the North
Atlantic realm (Seetre, 1999, 2007). The Trondheimsfjord in western central Norway
adjoins the Norwegian Sea. The fjord hydrology is similarly coupled to the NAC and
NCC circulation, as well as to local riverine input from the hinterland (Sakshaug and
Myklestad, 1973; Jacobson, 1983). Fjords are relatively sheltered environments where
biogenic and lithogenic sediments accumulate at very high rates (Howe et al., 2010).
The fjord sediments and incorporated fossil microorganisms therefore provide highly
resolved information on temporal changes of the fjord hydrology related to the proxi-
mal ocean current variability, and on the interaction of marine and continental climate
conditions.

The distribution of the dinoflagellate cysts (or dinocysts), the zygotic products of di-
noflagellates, in sediments is controlled by the surface water characteristics making
them widely used as paleoceanographic proxies for the reconstruction of sea-surface
parameters (e.g. Harland, 1983; de Vernal et al., 1993; Rochon et al., 1999; Marret and
Zonneveld, 2003; Zonneveld et al., 2013). Dinocysts are composed of highly resistant
refractory organic matter and are therefore usually well preserved in sediments (e.g.
Rochon et al., 1999; de Vernal et al., 2000). Dinoflagellates in coastal environments are
generally adapted to large sea-surface temperature (SST) and salinity (SSS) ranges
due to the seasonally varying relative influence of marine/coastal and continental wa-
ters. In these settings their occurrence is therefore rather related to other species-
discriminating environmental parameters than in the open ocean, such as lateral and
vertical salinity gradients, nutrient availability and the species-specific ability to adapt to
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rapidly changing hydrological conditions (e.g. Smayda and Reynolds, 2003; Harland et
al., 2004, 2006; Radi et al., 2007; Pospelova et al., 2010). These hydrological changes
may however be biased by local and regional anthropogenically induced changes in
the coastal and fjord environment (Szetre et al., 1997; Dale, 2001). Recent studies on
surface sediments from the Trondheimsfjord which encompass the past 4-20yr, show
large spatial variability in the composition of cyst assemblages linked to the complex
fijord hydrography and topography (Milzer et al., 2013). Untreated waste water from
local and regional industry and agriculture was directly led into the Trondheimsfjord un-
til 1980. The assemblages, however, do not reveal any indications of human-induced
eutrophication suggesting that recently imposed environmental regulations and restric-
tions to reduce these nutrient inputs were highly effective (Tangen and Arff, 2003). Al-
ternatively, the exchange of Trondheimsfjord waters with the open sea strongly dilutes
excess nutrient loads, and the regular supply of oxygen-rich Atlantic waters prevents
hypoxic or anoxic conditions at the bottom (Tangen and Arff, 2003).

In the following study we investigate recent changes in the dinocyst assemblages in
the Trondheimsfjord over the last 25 to 50 yr from three sediment cores located along
the fjord axis. We discuss the downcore distribution of dinocysts in view of naturally and
anthropogenically induced changes with regard to SST and SSS variability (monitored
at three fixed mooring stations in the fjord), annual mean river discharges, atmospheric
oscillation patterns (state of the North Atlantic Oscillation — NAO) and nutrient availabil-
ity which all together account for changes of the fjord ecological state (Sakshaug and
Myklestad, 1973; Ottersen et al., 2001). We ultimately apply the now standard Modern
Analogue Technique (MAT) to the downcore distribution of dinocysts and test its ability
to quantitatively reconstruct a series of sea-surface parameters (SST, SSS and primary
productivity (PP)) in this fjord setting, in order to establish a solid basis for the future
investigation of Holocene paleoclimate and paleoceanographic variability.
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2 Physical settings and modern hydrology

The Trondheimsfjord extends from 63°40' N/9°45' E at @rland at the fjord entrance to
64°45' N/11°30' E at the fjord head at Verdal (Jacobson, 1983, and references therein),
and runs over into the Beitstadfjord from Skarnsund 63°50' N/11°04’ E until Steinkjer at
63°00' N/11°28' E (Fig. 1). The fjord is 135 km long with an overall volume of 235 km®
and a surface area of 1420 km? (Jacobson, 1983). The entire fjord area is divided into
three basins, the Seaward Basin, the Middle Fjord and the Beitstadfjord. The basins
are separated by three sills located at the fjord entrance (217 m water depth), at the
island of Tautra (77 m water depth), and at Skarnsund (140 m water depth) (Fig. 1)
(Ellingsen, 2004, and references therein). Sediment deposition in the Trondheimsfjord
is largely controlled by the prevalent currents and the associated pelagic/marine sedi-
ment load, the topography and rivers delivering large amounts of terrigenous sediment
to the fjord (Boe et al., 2003; Milzer et al., 2013). Bottom currents and tidal currents in
the subsurface layers prevent the rapid deposition of the fine particle fraction in topo-
graphically elevated areas as sills, and trigger the sediment remobilisation across the
fijord. Sedimentation rates are consequently higher in the sheltered fjord basins such
as Middle Fjord and Beitstadfjord than at the fjord entrance and in the Seaward Basin
where several currents pass at high frequencies (Boe et al., 2003; Milzer et al., 2013).

2.1 Water mass exchange with the Norwegian Sea

The hydrology of the Trondheimsfjord is characterized by a three layer system mainly
driven by density differences related to the seasonal temperature and salinity vari-
ability of the water masses inside and outside the fjord (e.g. Sakshaug and Myklestad,
1973; Stramgren, 1974; Jacobson, 1983). The bottom water is generally renewed twice
ayear, in February—June and September—November, by NAC and NCC waters, respec-
tively (Sakshaug and Myklestad, 1973; Stramgren, 1974; Jacobson, 1983). The depth
of the NAC and its ability to cross the sill at the Trondheimsfjord entrance depends on
the depth of the overlying wedge-shaped NCC which, in turn, is linked to the prevailing
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seasonal wind patterns in the Nordic Seas (Jacobson, 1983; Seetre, 1999, 2007). In
early winter—spring, when the NCC is supplied by large amounts of fresh water from
the Norwegian hinterland, the current is deflected offshore by northerly winds forming
a shallow surface layer. NAC waters replace the NCC at lower depths, cross the sill
at the fjord entrance and renew the fjord bottom water. In late summer/early autumn,
south westerly winds induce a downwelling of the NCC inhibiting the crossing of NAC
waters over the sill. Consequently, NCC waters substitute the fjord water at intermedi-
ate depth (e.g. Sakshaug and Myklestad, 1973; Jacobson, 1983).

The intermediate/subsurface and surface waters in the Trondheimsfjord are subject
to a two-layer estuarine circulation induced by large amounts of fresh water supplied by
the 6 major rivers Orkla, Gaula, Nidelva, Stjgrdalselva, Verdalselva and Steinkjerelva
(Fig. 1) with a mean annual runoff of 725 m®s™" and up to 6430 m3s™ during spring
(Ellingsen, 2004 and references therein; Pettersson, 2012). Tidal surface currents are
considered to be the main force for internal mixing with a semidiurnal sea level change
of ca. 1.8 m (Jacobson, 1983). The tidal currents flow anti-clockwise, entering the fjord
on its southern edge during flood and flowing out along the northern edge during ebb
(Jacobson, 1983).

2.2 Surface water characteristics over the past 50 yr

The temperature and salinity structure and the nutrient content in the surface waters
vary seasonally linked to coastal water exchange, riverine input and internal mixing
(Sakshaug and Myklestad, 1973; Stremgren, 1974; Jacobson, 1983). These water
mass characteristics, in turn, are to a large extent controlled by the prevailing win-
ter NAO pattern of atmospheric variability (Ottersen et al., 2001). During a positive
NAO-phase, the Norwegian climate is dominated by marine warm and wet air masses
from lower latitudes causing strong precipitation and continental run-off (e.g. Hurrell
and van Loon, 1997; Ottersen et al., 2001). During a negative oscillation state, Nor-
way is affected by pulses of cold and dry continental air masses resulting in extremely
low temperatures and reduced continental run-off. This atmospheric influence explains
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to a high extent the modern mean annual SST and SSS variability over the Norwe-
gian margin and the adjoining coastal systems (Visbeck et al., 2003; Blindheim et al.,
2000). Contrary to the deep water layers, which are largely decoupled from the sur-
face layers after the bottom water exchange, SSTs and SSSs strongly vary seasonally
and (multi)annually in the Trondheimsfjord (Jacobson, 1983). According to instrumen-
tal measurements obtained from mooring stations within the Trondheimsfjord (Fig. 2),
SSSs and SSTs at 10 m water depth display a minor long term salinity decrease (< 0.5
PSU) and temperature increase (ca. 1°C) over the past 42yr (data from Trondhjem
Biological Station of the Norwegian University of Science and Technology (NTNU):
http://www.ntnu.edu/biology/tbs). On an annual to decadal scale, mean annual river
discharges (data from Norwegian Water Resources and Energy Directorate (NVE):
www.nve.no) are lowest when the NAQ is in its negative state and highest during a pos-
itive oscillation phase. This NAO-forced variability in river discharges is concomitant
with the SST and SSS fluctuations with increased consistency towards the inner fjord
(Fig. 2). Calculated correlation coefficients between the NAO-index, river discharge,
SST and SSS are highest during spring and autumn (F)’2 = 0.6-0.9). Annual to multi-
annual SST changes closely correspond to the NAO pattern in winter (/?2 =0.6-0.9)
suggesting a major influence of atmospheric temperatures on the thermal signature of
the surface waters. Still, the close relationship between NAO phases and SST and SSS
changes seems to be best established before 1980. This might be either explained by
the long term negative NAO phase until ca. 1982, which imposed a higher climatic
stress on the fjord surface water, or, alternatively, by the implementation of local hy-
dropower plants in the early 80s’ such as in the Orkla river which modifies the river
input (LAbée-Lund et al., 2009) (Fig. 2).

A proper investigation of the NAO impact (and associated precipitation and atmo-
spheric temperature changes) on the quantity and type of nutrients in the fjord sur-
face mixed layer is not possible yet, due to the lack of time series of nutrient con-
centrations. Short-term observations by Sakshaug and Myklestad (1973) in 1970/71,
however, showed that nutrients such as nitrite, nitrate, orthophosphate and silicate,
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fluctuate seasonally according to the depth and stability of the pycnocline and riverine
input. The supply of NO3-N and PO,-P to the Seaward Basin from continental run off
and rivers roughly amounted to 1.2—7.0tons day’1 and below 0.15tons day’1, respec-
tively, with maxima in late spring and autumn. Sewage supplied directly to the outer
fjord yielded ca. 2.5 and 0.75tons daily of total N and total P, respectively (Sakshaug
and Myklestad, 1973).

3 Material and methods

Three sediment cores were retrieved along the fjord axis, in Stjgrnfjord at the fjord
entrance, in the central Seaward Basin and in the Middle Fjord (Fig. 1, Table 1) with
a multi-corer as part of a research cruise of the research vessel FF Seisma from the
Geological Survey of Norway (NGU) in April 2011. The sediment cores were sub-
sampled on board at 1cm intervals and split into two halves later in the lab, one for
radiometric dating and one for dinocyst census counts. The sediment samples were
freeze-dried in order to save as much material as possible for dinocyst census counts.

3.1 Chronology and sediment accumulation rates

Activities of 2'°Pb, ?®°Ra, ¥’Cs and ?**Th were measured in ca. 4-5 g of dried bulk
sediment using a low background, high efficiency, well-shaped y-detector (Schmidt
et al., 2013). Activities are expressed in mBq g_1 and errors correspond to 1 SD count-
ing statistics. The detector was calibrated using IAEA standards (RGU-1; RGTh; SOIL-
6). Excess of 210py, (21°Pbxs) was calculated as the difference of the total activity of
21%pp in the sediment and the supported activity by its parent isotope 22Ra. The error
on 21°PbxS therefore corresponds to the propagation of errors in measured 21%pp and
226Ra activities.

The dating of the multi cores relies on 210pp g naturally-occurring radionuclide in
the sediment with a half-live of 22.3yr. This method is commonly used to estimate
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short-term (years to decades) sediment accumulation rates in continental and oceanic
environments for the last 40 yr (Appleby, 2001). Briefly, dating is calculated using the
excess activity of 210py, (210PbXS) which derives from atmospheric fallout and water col-
umn scavenging, and is rapidly incorporated into the sediment. The unsupported 210py,
incorporated in the sediment decays with time according to its half-live. In order to es-
timate ages and/or sediment accumulation rates several models have been developed
assuming different hypothesis such as constant initial concentration (CIC model), con-
stant rate of supply (CSR model) or constant flux and constant sedimentation (CF:CS
model) (Kirchner, 2011, among others). In this study we applied the CF : CS model and
examined its accuracy in dating of the sedimentary archives using '*'Cs (T1/2 =30yr)
(e.g. Robbins and Edgington, 1975; Durantou et al., 2012). This artificial radionuclide
serves as independent time-stratigraphic marker due to elevated activity peaks associ-
ated with nuclear weapon test fallouts (maximum in 1963) and the Chernobyl accident
in 1986 (Durantou et al., 2012).

3.2 Dinocysts: sample preparation and ecological background

Dinoflagellate cysts were retrieved from the < 150um fraction. The treatment of
the samples follows a standard sample preparation procedure (e.g. Stockmarr,
1971; de Vernal et al., 1996), slightly modified at EPOC/Université Bordeaux1
(Penaud et al., 2008, http://www.epoc.u-bordeaux.fr/index.php?lang=fr&page=eq-
paleo_pollens). The samples were treated with cold hydrochloric acid (HCL) (10, 25
and 50 %) and cold 40 and 70 % hydrogen fluoride (HF) to dissolve carbonates and sil-
icates and washed through a 10 mm nylon mesh. The residue was centrifuged and ad-
ditionally swirled in a large watch glass to remove high amounts of amorphous organic
material (AOM) (Riding and Kyffin-Hughes, 2004; Milzer et al., 2013). The final residue
was mounted with glycerine jelly between the microscope slides. On average, 300 cysts
per slide were counted using a Zeiss Axioscope light microscope at 40x magnification.
Absolute abundances (cysts cm'3) of dinocysts and palynomorphs were calculated
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using the Lycopodium marker grain method (Stockmarr, 1971). Relative abundances
(%) of each species were calculated including only dinoflagellate cysts.

The taxonomical nomenclature corresponds to Rochon et al. (1999) and Head
et al. (2001, 2006). Operculodinium centrocarpum s.I. includes the long and short-
process forms of O. centrocarpum sensu (Wall and Dale, 1967) and O. centrocarpum
— Arctic morphotype (de Vernal et al., 2001). Dinocyst species within the Spiniferites,
Selenopemphix, Islandinium, Brigantedinium and Impagidinium groups were grouped
according to Marret and Zonneveld (2003), as summarized in Milzer et al. (2013).
The resulting species richness in the studied sediment cores from the Trondheims-
fjord amounted to a maximum of 17 dinocyst taxa and 4 chlorophycean and Prasino-
phyceae species. The spatial distribution of the dominant species in surface sediments
of the Trondheimsfjord was recently discussed by Milzer et al. (2013). The following
section summarizes the ecology and environmental background of each recognized
species. Unless otherwise specified, most information are taken from Matthiessen
(1995), Rochon et al. (1999), Marret and Zonneveld (2003), de Vernal and Marret
(2007), van Nieuwenhove et al. (2008), and Zonneveld et al. (2013).

The autotrophic species Pentapharsodinium dalei is associated with cold and strati-
fied waters as typical for Norwegian fjords and other temperate and polar embayments.
This species generally blooms in spring — early summer when it takes advantage of
enhanced amounts of nutrients in the water column from previous winter mixing, of in-
creasing stability of the water column and of rising amounts of sun light (Grosfjeld et al.,
1999; Grgsfjeld and Harland, 2001). Operculodinium centrocarpum is considered as
a cosmopolitan species which is able to quickly adapt to environmental changes, and
is therefore often observed in coastal waters and/or at the coastal/oceanic boundary
(Wall and Dale 1967; Dale et al., 2002, 1999b). In the Nordic Seas this species is
associated with the pathway of the warm and saline NAC (de Vernal et al., 2000).
Selenopemphix quanta s.l. is a heterotrophic species which has been mainly docu-
mented from subtropical coastal areas in regions characterized by mesotrophic to eu-
trophic conditions. The abundance of the heterotrophic species Brigantedinium spp.
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largely depends on the presence of diatom preys whose occurrence is similarly linked
to nutrient enrichment in the photic layer. The heterotrophic taxon Islandinium minu-
tum shows a bipolar distribution in coastal areas north of 30°N and south of 30°S,
withstanding large (inter-)seasonal fluctuations of temperature, salinity, insolation, nu-
trient concentration, and sea-ice cover. Cysts of Lingulodinium machaerophorum are
reported to be restricted to regions with summer temperatures above 10-12°C. An
enhanced occurrence of L. machaerophorum in southern Norwegian fjords has been
related to eutrophication due to industrial and agricultural activity (Seetre et al., 1997;
Dale et al., 1999a) as well as frequently to increased freshwater advections (Zaragosi
et al., 2001). Ataxiodinium choane is a coastal to open oceanic fully marine species
with highest relative abundances in eutrophic environments (Marret et al., 2004). In this
study the species is most likely related to an enhanced influence of Atlantic-derived
waters. Cysts of Nematosphaeropsis labyrinthus are generally linked to outer neritic
to oceanic environments and to eutrophic conditions within the North Atlantic Ocean
(Devillers and de Vernal, 2000). The Spiniferites group is dominated by Spiniferites
ramosus and Spiniferites elongatus. Spiniferites ramosus s.I. is considered as a cos-
mopolitan species linked to upwelling or a well-mixed surface water layer resulting in
mesotrophic to eutrophic conditions. Nowadays highest occurrence of S. elongatus s.I.
is found around Iceland, potentially indicating a preference to colder and lower salinity
but eutrophic surface water conditions (Marret et al., 2004). Cysts of Spiniferites lazus,
Spiniferites mirabilis, Spiniferites membracaneus, Spiniferites delicatus and Spiniferites
bentorii are associated with marine warm and saline waters in oligo-/mesotrophic envi-
ronments. Since their total abundance in the Trondheimsfjord does not exceed 3 % we
relate their presence to a stronger marine influence in surface layers assigned as the
combined term Spiniferites “AW” without distinguishing their particular species-specific
characteristics. All species grouped within Impagidinium ssp. generally thrive in fully
marine environments (rarely neritic) with oligotrophic to eutrophic conditions. The distri-
bution of Bitectatodinium tepikiense is related to the transitional zone between the sub-
polar and temperate zones in the Norwegian Sea (Grgsfjeld and Harland, 2001). Higher
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abundances of this species may indicate a strong seasonal temperature gradient with
enhanced surface water stratification. Cysts of Polykrikos schwartzii do not seem to be
restricted to coastal areas and they are generally found in sediments from subtropical
to temperate continental shelves, estuaries and shelf seas of the North Sea, Skager-
rak/Kattegat, the North Atlantic and Greenland Sea and Nordic Seas. Cysts of Alexan-
drium tamarense are reported in coastal sediments of temperate/subtropical regions
with brackish to fully marine, oligotrophic to eutrophic environments from the coasts of
e.g. Germany, Sweden, and Spain (Nehring et al., 1997 and references therein). The
increased abundance of Halodinium minor, Radiosperma corbiferum and Hexasteria
problematica is related to moderate salinity and high nutrient content in surface waters
in transitional brackish to marine environments (e.g. Parke and Dixon, 1964; McMinn,
1991; Matthiessen, 1995; Sorrel et al., 2006; Price and Pospelova, 2011).

3.3 Multivariate analyses

Multivariate analyses were applied on the relative cyst abundancesin in order to ex-
tract major patterns in species abundances, and to investigate their spatio-temporal
organization according to the various geographical and environmental settings of
the studied sediment cores. The analyses were conducted using the free software
package RStudio (integrated development environment for R, Version 0.97.336) and
the paleontological statistics software “PAST” (http://folk.uio.no/ohammer/past/) by
Hammer et al. (2001). We performed a statistically based classification of the inves-
tigated sediment samples into groups based on species assemblages (species rel-
ative abundances) using non-metric multidimensional scaling (NMDS) and the Bray-
Curtis (dis)similarity index visualized in a two-dimensional space. The grouping was
conducted on both separate data sets related to single sediment cores, and on the
combined cyst assemblages obtained from the three studied multi-cores. The Shep-
ard plot was applied as a quality/reliability measure of the grouping (Holland, 2008).
In a final step we performed a correspondence analysis (CA) on the combined three
data sets of cyst abundances to define groups in terms of characteristic species, and
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to discuss them with regard to the geographical, environmental and stratigraphical con-
texts controlling the cyst distribution (Hammer et al., 2001).

3.4 Quantitative reconstructions of the sea-surface parameters SST, SSS
and PP

The modern analogue technique (MAT) was applied to the relative cyst abundances
in the studied sediment cores for quantitative reconstructions of winter and summer
SSS and SST, and annual primary productivity (PP) (de Vernal et al., 2001; Radi and
de Vernal, 2004; Guiot and de Vernal, 2007). Hydrographical (summer and winter SST
and SSS) and annual primary productivity data at 0 m water depth averaged over the
period 1900 to 2001 (NODC, 2001), and 2002 to 2005 (VGP model applied on MODIS
chlorophyll data), respectively, were assigned to each of the reference modern sites
(i.e. analogues). Sea surface conditions were then reconstructed for the fossil records
based on their similarity with the modern dinocyst spectra. The corresponding hydro-
graphical data were obtained by a weighted average of the 5 best analogues (maximum
weight is given for the closest analogue in terms of statistical distance). The accuracy
of the approach is assessed by the correlation coefficient between observed and es-
timated values for each reconstructed parameter when the test is performed on the
calibration data set (i.e. the modern database excluding the spectrum to analyze, see
de Vernal et al., 2001, 2005). This step furthermore provides residual differences be-
tween observations and estimates from which is derived the root mean square error
(RMSE) of prediction, equivalent to the standard deviation of these residuals (e.g. de
Vernal et al., 2001, 2005; Radi and de Vernal, 2004; Guiot and de Vernal, 2007).

The MAT was run using the free R software (http://www.r-project.org/) with a script
especially developed by J. Guiot in the BIOINDIC package (https://www.eccorev.fr/spip.
php?article389). The reconstructions of winter and summer SSTs and SSSs as well as
PPs were achieved using the original dataset of Radi and de Vernal (2008) collected
in the Northern Hemisphere of the North Atlantic, Arctic and North Pacific Ocean with
additional data points (database available from the DINO9 workshop, http://pcwww.liv.
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ac.uk/~dino9/workshops.htm), bringing the total number of sites to 1207. Most accurate
reconstructions (based on linear regressions of estimated vs. observed data) can be
achieved for winter and summer SSTs with A2 = 0.98 and RMSE = 1.0°C, and R? =
0.96 and RMSE = 1.5°C, respectively. Summer SSSs similarly reveal a good accuracy
with A% = 0.74 and RMSE = 2.4 PSU. The lowest accuracy was achieved for winter
SSSs with A2 = 0.69 and RMSE = 2.3 PSU. The validation test for the reconstruction
of primary productivity yields a good accuracy with R? = 0.84 and quite alarge RMSE =
54.6gC m=2 yr'1 .

In a final step we compared separately the reconstructed mean, minimum and maxi-
mum SST and SSS values with the equivalent measured time series monitored at 10m
water depth at the respective mooring stations (Rgberg for core MC 61-1 and MC99-1,
Ytteroy for core MC S4-1) and tested the similarity/variance using the Mann—-Whitney
(Wilcoxon) test (Bigler and Wunder, 2003; von Detten et al., 2008).

4 Results and Discussion
4.1 Chronologies and sediment accumulation rates

210pp . activities in MC 99-1, in the Seaward basin, range from 37 to 159 mBqg ™", de-
creasing downcore according to the radioactive decay of 21%pp with time (Fig. 3). With
regard to the CF : CS model the sediment accumulation rate in MC 99-1 is 0.49 cmyr'1
and encompasses the last 49 yr. The counting error increases downcore reaching max.
3.5yr (Fig. 3). The 87¢cs profile in MC 99-1 shows remarkable peak activities with
maximum values of 53-59mBqg~" at 12-13cm and of 36-37mBqg~" at 23—24cm
sediment depths. According to the 210Pbxs-based dating, sediments at these depths
correspond to an age of 1986 + 1.7 yr and ca. 1963—-1965 + 3.4 yr, respectively, which
is in good agreement with the known nuclear power plant accident in Chernobyl (1986)
and the nuclear weapon test fallouts (max. in 1963) (Fig. 3).
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Activities of #'°Pb, at the fjord entrance (core MC 61-1) decrease continuously with
depth from 132 to 69 mBq g‘1. The deepest layer of core MC 61-1 (10.5cm) shows an
increase in activity (82 m qu'1) with a concomitant increase of 2%2Th (data not shown).
The long-lived 232Th occurs naturally and is usually associated with the detrital fraction.
Variations in 2*Th activities are thus assumed to trace changes in the detrital fraction
proportion (van der Klooster et al., 2011). Sedimentation rate in MC 61-1 was there-
fore estimated based on 21°Pbxs activities normalized by the measured 232Th activities
to correct for any deviations related to substrate changes (Fig. 3). The corresponding
sediment accumulation rate yields 0.46 cmyr'1. The 12cm long sediment core thus
comprises the past 25yr (+ max. 1.1yr). The time period encompassed in this sed-
imentary archive is too short to reveal peak activities associated with the Chernobyl
accident or past nuclear weapon tests. The absence of activity peaks in %7¢cs profile,
however, serves as an indirect validation (Fig. 3).

The activities of 210PbxS in MC S4-1 in the Middle Fjord range from 44 to 11 mBq g'1
from the sediment surface to the lowermost depths, with fairly low activities from 11 to
16 mBq g'1 at depths deeper than 28 cm (Fig. 3). The core is located in a deep basin
surrounded by hills, and the river Verdalselva discharges significant amounts of fresh
water and terrigenous sediments from the hinterland into the Middle Fjord. We assume
that relatively low 210PbXS activities as well as the changes in the activity profile below
28 cm sediment depths may be related to changes in sediment source and delivery. We
therefore normalized the measured 210PbXs activities with the depth-related activities
of the detrital tracers *Th similarly to the chronology in MC 61-1. The sedimenta-
tion rate in the 38 cm long multi-core MC S4-1 yields 0.68 cmyr‘1 and consequently
encompasses the last 55 yr with maximum error of £5yr (increasing downcore). Peak
activities of '*'Cs (54mqu'1) at depths of 16—18cm (according to the chronology
accomplished by correcting for changes in the detrital fraction) correspond to the years
1985-1987 and can thus be addressed to the Chernobyl accident in 1986 (Fig. 3).
In depth 31-32cm the expected peak related to fallout test is not well expressed.
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However, the occurrence of detectable 137Cs activities testifies for sediments deposited
after 1950.

4.2 Dinocyst concentrations and preservation

Palynomorphs identified within the studied cores are mainly dominated by dinocysts
whereas Chlorophycean and Prasinophyceae algae account always for less than 5 % of
the total assemblages. The following discussion will therefore only relate to dinocysts.
Maximum absolute abundances of dinocysts were found in MC 61-1 in Stjgrnfjord at the
fjord entrance, fluctuating between ca. 10 000 and 130 000 specimens cm™> with mean
concentrations of 72 000 specimens cm™3 (Fig. 4a). Values were significantly lower in
the cores located in Middle Fjord and the Seaward Basin with mean cyst concentrations
of 25 000 specimens cm™ (MC S4-1) and 14 000 specimens cm™ (MC 99-1) (Fig. 4a).

These relatively high mean concentrations correspond well with observations by
Dale (1976) from a limited set of surface samples, and our own analysis based on
59 surface samples evenly distributed in the Trondheimsfjord (Milzer et al., 2013), as
well as to concentrations at inner shelf and fjord environments along the Norwegian
coast observed by Grgsfjeld and Harland (2001). Differences in mean cyst concentra-
tions among the studied multi-cores are most likely related to the various sedimentary
processes linked to the current circulation features, and to the proximity of river in-
lets and associated nutrient and terrigenous sediment loads (see Sect. 2). Highest
absolute cyst abundance and largest species evenness are observed in MC 61-1 in
Stjernfjord at the fjord entrance and can be related to the proximity of the Norwegian
Sea. Stjgrnfjord is easily flushed with Atlantic water and is likely to experience a pe-
riodical coastal upwelling resulting in an enhanced nutrient availability. Additionally,
the dilution of marine biogenic material by terrestrial organic and lithogenic particles
might be limited (sediment accumulation is lowest at site MC 61-1 (0.46 cmyr’1)) due
to lower terrigenous inputs linked to the absence of major river inlets contrary to the
inner parts of the Trondheimsfjord. The Seaward basin receives discharges from 4 of
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the 6 major rivers which end in the Tronsheimsfjord (Fig. 1). Associated nutrient and
terrigenous loads as well as dinocysts thriving in the surface layers are distributed
across the fjord, linked to the general circulation pattern of the surface currents during
flood (Jacobson, 1983). Sediment (sedimentation rate in core MC 99-1: 0.49 cmyr'1)
and cyst accumulation in the deep Seaward basin is thus limited despite the proxim-
ity of major river inlets. Moreover, the observed low cyst concentrations measured at
site MC 99-1 (mean = 14 000 cysts cm™®) might also be explained by strong dilution by
sediments carried into the fjord basin during bottom water renewal events. Middle fjord
is more sheltered than the Seaward basin with relatively high riverine (and nutrient)
input and high sedimentation rates (MC S4-1: 0.68 cmyr_1). Additionally, tidal surface
currents cause a drift of cysts towards the fjord head during flood. Cyst concentrations
are, nevertheless, relatively low and we assume that cyst assemblages in Middle Fjord
are subject to dilution due to the large sediment input from the hinterland.

Ultimately, the preservation ability against post-depositional degradation due to sed-
iment oxygenation may alter the original cyst assemblages (Zonneveld et al., 1997,
2001). The dominant species in the Trondheimsfjord, P. dalei, is considered to be rela-
tively resistant to aerobic decay (Zonneveld et al., 1997, 2008), in contrast to the mod-
erately sensitive cysts of O. centrocarpum, L. machaerophorum, and the highly sen-
sitive Brigantedinium spp. species. Post-depositional degradation may therefore partly
cause the poor cyst evenness and species dominance in the fjord sediments. Still,
the relatively high sedimentation rates are supposed to limit degradation processes by
minimizing the time organic remains are exposed to oxygen in the bottom and pore
waters.

4.3 Species diversity and temporal succession of assemblages

Species richness and distribution in the three investigated sediment cores follow the
general abundance patterns described by Milzer et al. (2013) from surface sediments
in the Trondheimsfjord. Dinocyst assemblages are dominated by P. dalei and O. cen-
trocarpum. Maximum mean relative abundances of Pdalei were found in MC 99-1 in
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the Seaward basin (67 %) and lowest values in MC 61-1 (50 %) (Fig. 4b). Cysts of O.
centrocarpum showed highest mean relative abundances in MC 61-1 (34 %) followed
by MC 99-1 and MC S4-1 with 25 % (Fig. 4b). Cysts of S. quanta and Brigantedinium
spp. are subordinate in all multi-cores both averaging 5% in MC 61-1, ca. 1.7 % in
MC 99-1, and 3.6 % (S. quanta) and 5.1 % (Brigantedinium spp.) in MC S4-1. All other
species do not exceed > 3 % of the total assemblage.

The recorded species richness and abundances are comparable to the assemblages
identified in modern settings of coastal western Norway (Grgsfjeld and Harland, 2001)
with the exception of P. dalei and O. centrocrapum. The reverse dominance of these
species in the Trondheimsfjord, with P dalei being the most abundant species, may be
explained by the hydrological differences between the well-stratified, brackish and shel-
tered fjord and the dynamic coastal environment, as already suggested by Grasfjeld
and Harland (2001).

The NMDS classifies the assemblages in the Trondheimsfjord into three groups
(stress Shepard plot: 0.06) which are mainly categorized upon the dominant and the
subordinate species P, dalei, O. centrocarpum, S. quanta and Brigantedinium spp. The
classification of samples into one specific group is mainly linked to the varying relative
abundance of these species. Statistical analysis with reduced weight on the dominant
taxa using log-ratio, or exclusion of the dominant species, did not lead to any reliable
grouping (stress Shepard plots: 0.17-0.21) due to the low abundances of the other
taxa. The chi-square metric used in CA preserves ecological distances by modeling
differences in associations rather than abundances of single species, aiming at ex-
tracting groups or data points related to the preferred environmental conditions and
possible geographical, stratigraphical or ecological gradients (Hammer et al., 2001).
The correspondence analysis identified a total of 16 factors controlling the assem-
blages with very low eigenvalues (max. eigenvalue: 0.08). The first and the second
axis with eigenvalues of 0.08 and 0.02 explain 49 % and 10 % of the variance in the
data set, respectively (Fig. 5).
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Group | is mainly represented in the 1960s and 1970s and therefore only grasped in
the sedimentary archives MC 99-1 in the Seaward basin and MC S4-1 at the fjord head
(Fig. 5). This group is characterized by a strong dominance of P, dalei (60—-80 %) over
O. centrocarpum (lowest recorded abundance within all three cores) (Figs. 5, 7 and 8).
All other taxa, mainly represented by Spiniferites spp., S. ramosus, S. elongatus and
Spiniferites “AW” as well as A. choane and S. quanta generally add up to < 3% with
very low variability (Figs. 7 and 8). Group Il, mostly represented from around 1980—
1982, is characterized by slightly decreased abundances of P. dalei (48—75 %), which
are compensated mainly by increased occurrences of O. centrocarpum (19-35 %),
S. quanta (0.3—7 %), Brigantedinium spp. (0.3—9 %), as well as generally minor higher
occurrence and variability of all other taxa (Figs. 5-8). Group Il is temporally distributed
during “transitional periods” between groups | and Il. This group is characterized by
lowest relative abundances of P. dalei and highest occurrences of most other taxa
(Fig. 5). This last group explains most of the dinocyst spectra in all three cores during
relatively short time intervals of up to 4 yr during the 70’s to 80’s transition, as well as
throughout the final part of the records from ca. 2004 (2000 in MC 61-1) (Figs. 6-8).

According to the core chronologies the resolution of the multi cores is ca. 2yrcm™ .
The chronological framework of the studied cores is related to the classical statistical
counting error increasing downcore with maximum deviation of 5yr (in MC S4-1). In-
consistencies in the order of 2-3yr in the timing of group changes between the three
sediment cores may thus be partly explained by the sampling strategy (1 cm thick ho-
mogenized samples) and fall within the error range of dating (higher in bottom parts
of the sediment cores). Still, there are few single samples or series of samples which
fail to follow this general scheme pointing either to some limitation in the statistical
ordination of the data sets, or to local hydrological-sedimentological settings causing
irregularities in cyst abundances and diversity. In MC 61-1 the period from 1995 to
2000 differs from the general trend and vary (bi)anually from group | to Ill (Fig. 6).
Around 1995 P, dalei shows maximum abundance whereas the other species appear
to be less abundant. Minor variation in the relative abundance of P dalei and other taxa
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with regard to the general temporal trend and associated assemblages determined as
group lll cause the determination of the years 1998/1999 into group Il. The dinocyst
distribution in MC 99-1 is generally organized according to the main grouping. Annual
and/or biannual periods of relatively enhanced species variability and diversity refer to
group Il and occur from 1978 to 1980 and around 1996 (Fig. 7). The grouping suc-
cession in core MC S4-1 (Fig. 8) displays a series of annual to bi-annual shifts from
group | to group Il throughout the 70s’ to 80’s transition as a result of minor changes in
dinocyst abundance within years 1976 and 1987.

The three groups and their temporal succession are associated with distinct envi-
ronmental conditions and potentially with the history of development policies in the
Trondheim area and their related impact on the physico-chemical structure and trophic
state of the surface waters. The period from the 1960s and the 70s associated with
group |, is characterized by a long term negative NAO phase, with lower than normal
river discharges into the Seaward Basin and the Middle Fjord, as well as generally
negative and positive anomalies in SSTs and SSSs, respectively (Fig. 2). This pattern
was interrupted during the early 70s by a short interval of positive NAO pattern and
respective changes in the physico-chemical characteristics of the surface waters. The
high representation of the cyst assemblages typical of group | within cores MC 99-1
and MC S4-1 during the 60s’ and 70s’ is supposed to result from the close relationship
between NAO phases and SST and SSS changes which is best established before the
1980s’. Low amounts of river discharges from the hinterland and thus reduced supply
of nutrients into the fjord impede the production of phytoplankton prey for heterotrophic
species from spring to autumn, and explains the scarcity of taxa such as S. quanta,
Brigantedinium spp., I. minutum and L. machaerophorum in group | (Figs. 7 and 8).
Furthermore, low river discharges may also promote the inflow of coastal waters and
increase the impact of the tidal surface currents triggering the displacement of cysts
into the inner fjord or seaward.

After 1980 the period is mainly represented by group Il, and the NAO changed to
a long term positive oscillation pattern, resulting in generally higher SSTs, higher than
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normal river discharges, and lower SSSs (Fig. 2). The temporal distribution of the cyst
assemblages referred to group Il within the three studied cores is however less straight-
forward and homogenous than group | before 1980s. This may relate to ill-defined NAO
conditions after 1996, leading to rapid fluctuations in SSTs, river discharges and SSSs.
Still, the generally higher contributions of heterotrophic species and cysts with a prefer-
ence for mesotrophic conditions within all cores after 1980 are indicative of enhanced
phytoplankton production related to increased nutrient load from rivers and internal mix-
ing. Group Il associated with the largest species richness generally occurred through-
out the 70s’ to 80s’ transition as well as after 2000, both periods during which the NAO
shifted from one long-term mode to another. Its absence from the most-recent part of
core MC 99-1 (Fig. 7) might be related to the regulation of river inputs into the Seaward
Basin due to the implementation of hydropower plants in the early-mid 1980s’ (Orkla
river; LAbée-Lund et al., 2009). The artificially modified river discharges might account
for the heterogenous patterns of discharge anomalies between the rivers Orkla, Gaula
and Nidelva (low discharges) and the other major tributaries to the Trondheimsfjord
(high discharges) (Fig. 2).

Investigations in southern Norwegian fjords showed that high amounts of nutrients
related to industrial activity and effluents caused an increase of the cyst concentra-
tion and abundance of heterotrophic species such as L. machaerophorum and, in turn,
a sharp decrease in the contribution of P. dalei (Seetre et al., 1997; Dale et al., 1999a).
Regulations to reduce the impact of agricultural and industrial activities on the quality
of Trondheimsfjord waters were successfully applied around 1980 (Tangen and Arff,
2003). If eutrophication was one of the important driving forces for the dinocyst pro-
duction in the Trondheimsfjord during the past 50 yr, this would result into a temporal
pattern of the assemblage distribution opposite to the one observed in the present
study (Figs. 6-8). We therefore conclude, with the exception of the implementation of
hydropower plants, that dinocyst abundance patterns over the last 50 yr were essen-
tially controlled by natural environmental/climatological changes.
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4.4 Quantitative reconstruction of SSTs, SSSs and PP

The MAT applied for the reconstruction of SSTs and SSSs relate to the best 5 ana-
logues for every multi-core samples with distances below the statistical thresholds for
all cores.

Regardless of the site-specific chronological extent and time resolution of the down-
core records, reconstructed sea-surface abiotic parameters are generally in good
agreement with the modern instrumental data and general temporal variability (Ta-
ble 2, Fig. 9). Furthermore, reconstructed hydrological values in all cores maintain the
overall seasonal temperature and salinity structure of the surface water as recorded
at the respective mooring stations (Reberg for MC 61-1 and MC 99-1, and Yittergy
for MC S4-1) with low SSTs and higher SSSs in winter, and high SSTs and slightly
lower SSSs in summer. Estimated winter mean SSTs vary between 1.3°C (MC 99-1)
and 3.2°C (MC 61-1) with minimum and maximum values of —1.6°C and ca. 8.2°C for
all cores (Table 2, Fig. 9). Reconstructed mean summer SSTs range from 9.2°C (MC
99-1) to 12.6°C (MC 61-1) with maximum ranges at site MC 99-1 (ca. 19°C). Differ-
ences between reconstructed and instrumental values are specific to the core locations
and the reconstructed (seasonal) hydrographic parameters (Fig. 9). Estimated mean
and minimum winter SSTs significantly underestimated at all cores compared to mea-
sured winter SSTs (Mann—-Whitney test: p < 0.05). Maximum estimated winter SSTs in
turn, correspond well with the measured winter temperatures at the respective mooring
station (p: 0.1-0.5). Reconstructed mean summer SSTs in all cores correspond sig-
nificantly well with the instrumental summer measurements at the respective mooring
stations Rgberg and Yitergy (p: 0.1-0.3). Reconstructed winter SSSs are generally
underestimated in all cores with best approximation for the estimated maximum values
(p < 0.05). Estimated summer SSSs reveal statistically no significant correspondence
(p < 0.05) with measured data in spite of relatively similar maximum SSSs (Table 2).
Qualitatively, most deviations from the instrumental data might be explained by the
dominance of P. dalei in the fjord area. This species is related to regions characterized
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by cold and low saline surface layers and seasonal sea-ice cover (e.g. Marret and
Zonneveld, 2003; Zonneveld et al., 2013). Furthermore, the production of cysts is sea-
son dependent and seasonal SST differences are more extreme in winter than in sum-
mer which might explain the generally large underestimation of winter SSTs. An im-
provement of the estimated values may be achieved by integrating the cyst counts from
surface samples in the Trondheimsfjord published in Milzer et al. (2013) in the reference
database. However the measured key hydrological parameters in the Trondheimsfjord
available today do not properly represent (due to the limited amount of measurement
stations) the large heterogeneity of the fjord environment as well as the spatial reso-
lution of the surface sediment database (Milzer et al., 2013). Ultimately, regarding the
present study, the dinocyst production in the Trondheimsfjord is to a high extent con-
trolled by the nutrient availability linked to internal mixing and river discharges rather
than SSTs and SSSs, which may also account for the uncertainties of the estimated
values.

The reconstructed mean annual PP values are lowest at MC 99-1 (277ng'2 yr'1)
and highest at MC 61-1 (38590m_2yr‘1) (Table 3, Fig. 10). The range between min-
imum and maximum estimated PP for a given core location is significantly higher in
the Seaward Basin and Middle Fjord (ca. 530—55090m’2yr’1) than at the fjord en-
trance (MC 61-1: 4OOQCm'2yr'1) (Table 3, Fig. 10). In the absence of published
datasets on annual rates of primary productivity in the Trondheimsfjord, a proper
comparison of estimated vs. measured PP values is not possible. Chlorophyll distri-
butions extracted from moderate resolution images of the spectroradiometer MODIS
for the 2002—-2005 period translate into an annual primary productivity of 200-
BOOng'zyr'1 along the Norwegian coast (http:/daac.gsfc.nasa.gov). This is twice
the rate reported by Erga et al. (2005) and Aure et al. (2007) for Norwegian fjords and
coastal waters, but corresponds to measured PP in local Scandinavian fjords rang-
ing between 95 and 241gCm™2yr~' (Grundle et al., 2009 and references therein)
as well as to the 150—30090m'2yr'1 PP range reported by the UNEP Regional
Seas Programme for coastal waters off Norway (Sherman and Hempel, 2008). Our
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reconstructed mean annual PP in the Trondheimsfjord reveal minimum mean annual
PP of ca. ZSOng'2 yr'1 in the central Seaward Basin (MC 99-1) and maximum to
38590m_2yr_1 at the fjord mouth (MC 61-1), and fall within the higher range of most
of the above listed measured values for Norwegian fjords and coastal waters.

5 Conclusions

Multivariate analyses of dinocyst census counts in sediment cores of the Trondheims-
fiord classify the assemblages into three groups which show a high degree of co-
herency in terms of temporal succession between the three studied locations. Changes
in dinocyst abundances and species diversity mainly reflect multi-annual and decadal-
scale changes in NAO pattern and related variability in SSTs, river discharges, SSSs
and trophic conditions at the time of cyst production. Significant impact by human ac-
tivity on the fjord ecological state over the last 50 yr is barely detectable from the inves-
tigated micropaleontological successions. Deviations from the NAO-induced pattern of
dinocyst assemblage composition between each core site can be mainly explained by
local hydrological and topographical features.

Species assemblages in core MC 61-1 at the fjord entrance reveal relatively high
species evenness and cyst concentrations. Donwcore changes in species distribution
are primarily driven by regional-scale variations in the physico-chemical characteristics
of the NCC linked linked to changing continental run-off from southern Scandinavia.

Core site MC 99-1 in the Seaward Basin is located in the flow path of strong tide
and bottom water currents, and high river inputs from the local rivers Orkla and Gaula.
Both induce inward and seaward displacement of cysts and sediments across the fjord
as well as dilution of microfossils by terrigenous sediment. This explains the lowest
recorded mean cyst concentrations. However, at this stage we cannot explain the poor
species evenness and dominance of P. dalei recorded at this location compared with
the inner fjord location (MC S4-1).
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Cyst assemblages at the most inshore site MC S4-1 reflect the relative influence of
marine vs. continental climate and associated changes in the physico-chemical surface
water characteristics related the prevailing NAO-phase. The core location is strongly
influenced by the river Verdalselva. Associated sediment and nutrient loads on one
hand trigger cyst production and on the other hand may cause dilution of any fossil
remains by terrigenous material.

Reconstructed abiotic and biotic sea-surface parameters are in relatively good
agreement with measured time-series SSTs and SSSs in the Trondheimsfjord as well
as with datasets from coastal Norway and other Scandinavian fjords (mean annual
PPs). Best estimates are generally achieved for summer SST and SSS conditions con-
straining both the site selection as well as the chosen parameters for future quantitative
Holocene climate and hydrological reconstructions.
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Table 1. Site locations, water depths and core lengths.

CPD
9, 4553-4598, 2013

Dinocysts in the

Trondheimsfjord

during the past
25-50yr

G. Milzer et al.

Multi core  Location Longitude Latitude Water Core
[degrees_east] [degrees_north] depth [m] length (cm)
MC 61-1 Stjernfjord 9°86'E 63°71'N 225 12
MC 99-1  Seaward Basin 10°19'E 63°48'N 504 24
MC S4-1  Middle Fjord 10°98'E 63°73'N 420 40
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Table 2. Descriptive statistics of measured and estimated winter and summer SSTs and SSSs
with a 95 % confidence level. Standard error for the mean values and standard deviation for
the mode values are in brackets. Instrumental measurements were monitored at 10 m water
depths at the mooring stations Rgberg and Yttergy; estimated SSTs and SSSs are denoted by
the core name and compared with the surface water parameters of the nearest mooring station:
MC 61-1 and MC 99-1 with Rgberg and MC S4-1 with Ytteroy.
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SST Winter SST Summer

Roberg MC 61-1 MC 99-1 Yiteroy MC S4-1 Roberg MC 61-1  MC 99-1 Ytteroy MC S4-1
Mean 4.7(01) 32(0.5) 13(04) 42(01) 1.9(0.3 11.0(0.2) 12.6(0.7) 9.2(0.7) 10.4(0.2) 11.3(0.5)
Median 4.8 3.2 0.7 4.2 1.7 11.0 12.6 8.9 10.4 10.6
Mode 35(1.00 15(3.1) -15(3.00 3.7(1.0) 4.8(2.9) 11.3(1.9) 17.7(4.0) 17.7(5.5) 11.1(2.0) 17.7 (4.7)
Variance 1.1 9.7 9.0 0.9 8.4 3.7 16.1 30.7 3.9 21.8
Kurstosis -0.2 -0.8 -0.2 0.1 -0.8 -0.2 -1.5 -0.8 -0.7 -1.0
Skewness 0.1 0.1 0.8 0.4 0.4 -0.1 0.1 0.1 0.0 0.0
Range 5.1 9.8 10.0 4.9 10.0 10.0 10.8 19.0 8.5 17.4
Minimum 2.6 -1.6 -1.8 241 -1.8 5.9 6.8 -1.3 6.2 0.3
Maximum 7.7 8.2 8.2 7.0 8.2 15.9 17.7 17.7 14.7 17.7

SSS Winter SSS Summer

Roberg MC 61-1 MC 99-1 Yiteroy MC S4-1 Roberg MC 61-1  MC 99-1 Ytteroy MC S4-1
Mean 32.5(0.1) 29.9(0.6) 30.3(0.4) 32.0(0.1) 29.9(0.4) 31.1(0.1) 27.3(0.9) 27.6(0.6) 30.6(0.1) 27.2(0.5)
Median 32.7 30.7 31.0 321 30.7 31.2 29.0 28.4 30.8 285
Mode 32.0(0.9) 25.4(3.5) 25.4(3.2) 31.8(1.1) 25.4(3.3) 31.2(1.4) 20.4(5.2) 20.4(4.8) 32.0(1.5) 20.4(5.1)
Variance 0.9 12.0 10.2 1.2 111 2.0 275 23.2 22 25.9
Kurstosis 1.1 -15 -1.1 0.3 -1.4 4.0 -1.4 -1.0 1.3 -1.4
Skewness -11 -0.2 -0.4 -0.7 -0.3 -1.2 -0.3 -0.3 -0.9 -0.3
Range 4.6 9.5 9.4 5.7 9.8 9.5 14.4 14.3 8.7 14.7
Minimum 29.5 25.4 25.4 28.2 25.4 241 20.4 20.4 24.7 20.4
Maximum 341 34.8 34.8 34.0 35.1 33.6 34.7 34.6 334 35.0
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Table 3. Descriptive statistics of MAT reconstructions of annual primary productivity (confidence 25-50yr
level of 95%); standard error for the mean values and the standard deviation for the mode '
values are in brackets. G. Milzer et al.
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Fig. 1. (A) Surface circulation in the North Atlantic region; (B) bathymetric map of the Trond-
heimsfjord modified from Milzer et al. (2013). Yellow dots indicate the core locations, black dots
the fixed mooring stations Reberg, Ytteroy and Beitstad referred to in the text; (C) temperature
structure of the water column along the fjord axis in April 2011 (modified from Milzer et al.,
2013); locations of MC99-1 and MC S4-1 (black arrows) and the mooring stations Reberg, Yt-
tergy and Beitstad (white triangles) are also indicated along the fjord axis. The location of MC
61-1 is outside the cross section.
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Fig. 2. Hydrological and climatic data: Red lines (a) illustrate the 15 pt. running average of
annual SSTs and green lines (b) the 7 pt. running average of SSSs monitored at the moor-
ing stations Roberg, Yttergy and Beitstad at 10 m water depth from 1963 to 2005; black lines
(c) represent the associated 7 and 10 order polynomial functions of SST and SSS, respec-
tively; grey shaded graphs (d) display the annual running average of river discharge anomalies
(m*yr™" in % below/above the 50 yr mean value (data from Norwegian Water Resources and
Energy Directorate (NVE): www.nve.no) with (e) grey dashed lines: standard deviation of river
discharges in % during the past 50 yr; grey black-framed columns (f) show the NAO — index
(Hurrel, 1995); blue columns (g) mark negative anomalies of river discharge.
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Fig. 3. Core chronology of MC 61-1 (center) at the fjord entrance, MC 99-1 (top) in the Seaward
Basin and MC S4-1 (bottom) in the Middle Fjord showing (A) 2'°Pb, or 2'°Pb, (i.e. 2"°Pb,,
normalized to #**Th, explanation in the text) profiles, (B) ¥7Cs profiles (except for MC 61-
1, explanation in the text) and (C) calculated ages based on the CF:CS model. The arrows
indicate the expected position of the ¥7Cs peaks related to maximum weapon test atmospheric
fallout and Chernobyl accident according to the chronology based on 2'°Pb,.
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Fig. 4. (A) mean absolute (number of cysts cm_3) and (B) relative (%) cyst abundances in
the Trondheimsfjord; grey dashed line divides the species with regard to the respective y-axis:
species on the left side refer to the left axis (high relative abundances), species on the right
side to the right axis (low abundances).
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Fig. 5. Correspondence analysis based on relative cyst abundances of all cores combined as
one data set, and groups determined by the NMDS. Hollow squares display the years associ-
ated with group |, crosses refer to group Il and grey shaded diamonds to group lll. The species
are ordinated by the CA according to coexistence and variability of cysts. The coloured numbers
are organized by sediment cores: MC 61-1: blue; MC 99-1: red and MC S4-1: green; samples
belonging to group | are placed on the positive axis 1 in correspondence with the dominance of
P, dalei, minimum abundances or absence of other taxa; samples categorized into group Il are
placed in the center of the CA, and representatives of group Ill on the far negative axis 1.
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Fig. 6. Cyst assemblages in MC 61-1 and associated groups according to NMDS; cyst concen-
trations and Chlorophycean and Prasinophyceae algae are given in nb cc-1, relative dinocyst
abundances are given in %; the NAO index is shown to the right (Hurrel, 1995).
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abundances are given in %; the NAO index is shown to the right (Hurrel, 1995).
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abundances are given in %; the NAO index is shown to the right (Hurrel, 1995).
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Fig. 9. Winter and summer SST and SSS reconstructions based on cyst assemblages at every
core site; red line: mean SST; green: mean SSS; grey lines: associated min. and max. val-
ues calculated from the set of the 5 selected analogues; grey dots: instrumental temperatures
and salinities measured at the respective mooring station, Regberg for MC 61-1 and MC 99-1
and Ytteray for MC S4-1; black lines are the three point running average of the instrumental Back
temperatures and salinities.
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Fig. 10. Reconstructed primary productivity (gC m~2 yr‘1) at every core site; black lines indicate
the mean (most probable) values and grey lines the min. and max. values calculated from the
set of the 5 selected analogues. Interactive Discussion
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