The authors would like to thank reviewer Evan Gtdotsfor giving the constructive
comments, which will definitely improve the manuptrBelow we firstly addressed each
comment and also indicate changes that have beda mahe revised manuscript. Notably,

the page and line numbers are the ones in thehatlaevised manuscript.

Comment #1:

| believe this manuscript could benefit with moescription as to the mechanics of sediment
transport in this specific system to justify theuks (Section 3.2). Fanstance, what drives
sand transport in the modern system? Does sand ftomehe Baltic into the inlet? Or is the
sand coming from the terrestrial setting? i.ea asader it would be helpful to understand in
more detail how this physical system works?

Authors’ reply on comment #1.:

Thanks for the good points. As the catchment ofrilet is characterized with thin soil and

the inlet only has a few small rivers draining iftdOn one hand, we speculated that sand
transportation into the inlet from the catchmenildde limited. On the other hand, the sand
input into the inlet from the offshore regions abbk very small, as a result of the narrow and
shallow sill between the inlet and the open se&wa&verall, sand and/or sediment can be
transported into the inlet through both terresinglut and offshore region with limited

amount (supported by relatively low sedimentatiater<1.5 mm yt, during the last 1 ka).

We speculated that sediment accumulated in thermbstly originates from the terrestrial

setting, compared with the sandy offshore region.

Changes made in the manuscript based on comment #1.

Page 4, line 13: “which hinders sediment transpiortcbetween the inlet and the open water.”
is added after the sentence “It has a restrictéddivexchange with the open Baltic Sea
through a narrow and shallow strait (500 m widd) s2deep) in the east”.

Page 4, line 20: “In the shallow waters of thetirdandy patches can be found in addition to
the rocky coast. The sediment accumulating inrthet most likely originates from the
terrestrial environment through erosion, and framdtrun and river transport, instead from

the open Baltic Sea. Sediment accumulation rate threclast 1000 years is generally less than



1.5 mm yr-1 in the deep basin (Ning et al., 2018)ddded after the sentence “The RSL has
decreased by 17 m in...1.5 mm%r

Comment #2:

Can the authors connect openness index with abodtam water velocity and sediment
transport in some way - i.e., fetch, wind speed, &ater depth to calculate wave orbital
motions at the bed using the relations present&tung and Verhagen (1996)? Or perhaps
the authors could relate the (spatial) change enopss index to the wind field (modern or

ancient) and the fetch?

Author’s Reply on comment #2:

Thanks for the great point. It would be really netging to relate the estimated openness
index with other environmental variables to potaihtiexplain sediment transport mechanism.
However, there is a lack of reliable data on histaiind speed and direction in the Baltic Sea
region. Thus, calculating wave orbital motionshe bed for the long-term scale is not

possible at this moment.

As the reviewer correctly pointed out, it couldiberesting to link the spatial change in the
openness to the changes of wind field in the imlich may improve the ability of our
current method in explaining sediment variationwidger, since the main focus of this study
is to explain the temporal dynamics of grain sizanges at long-term scale, it may bring
additional uncertainties to our estimations if wiyause the available modern wind data for
the past 5.4 ka. With availability of reliable widdta at long-term scale in future, it will
definitely be interesting to explore potential imfgaof wind on the grain size changes at the

core site.

Changes made in the manuscript based on comment #2:
Page 8, line 18, some discussion about landwardrgss index with wind direction has been
added.

Comment #3:
The authors focus on developing an ‘openness ingdbich is the average length
of line from the core site to land at a given tise level. Why are landward vs.

seaward openness indices differentiated? And geckl@mment, the shifting angle



is discussed only briefly. Can the authors givearse guidance on picking a starting
position? Do any radial lines, at any time, make ithe open Baltic sea (i.e., do

any openness measurements exceed the 8 km linesegused)? Are these lines
important? (I would presume so, because thesetidinscwvould permit larger waves

into the system and exert more work on the bed.)

Author’s reply on comment #3:

Both the seaward and landward openness indiceseclinked with fetch and wave energy in
the inlet, where high indices values potentialljiaate relatively large bottom velocity. Thus
higher openness indices in the open system lekdlger grain size in the sedimentation area.
In comparison with the landward openness, the seha@enness index better reflects the
morphological changes of the inlet, which is themtause for hydrodynamic energy
changes in the inlet over the last 5.4 ka. Thevamnd index is used to describe the changes in
offshore distances and it can be important if piteagawind direction is from the land to the
sea.

Thanks for the suggestions on adding commentseshiliting angle. The shifting angles of 0°
to 4° have been used to test whether differentisggangles influence the openness indices.
The results presented in Fig. 7 showed that usingtérval and different shifting angles, the
changes in openness indices were substantiak ihterval is set as 1°, changing the shifting
angle from 0° to 4° would be lead to little changethe openness indices. Therefore using
low degree interval such as 1° for calculatingdpenness indices is preferred. The optimal
interval for estimating openness index could vaoyT different coastal settings and we
suggest to test it before apply the index with ogirexy data. In our study, using 1° interval
would give the most robust results when calculatipgnness indices, although the computing

time would be longer than larger degree intervals.

We have sediment data from the core site andglatso the site we are interested to
investigate factors impacting sedimentation pracgest is straightforward for us to use the
core site as the starting point of radial lines trelestimated changes of openness index can

further link the index with other measured sedimemtables.

The maximum length of 8 km line was used becaussaithed open water region for

scenarios at the 5.4 ka ago and is recognizedemsanable limit. For most time slices, the



radial lines have already intersected with islaaidgss than 8 km distance from the coring
site (see Fig. 4). As Fig. 4 illustrates, somedindl reach further before intersecting with
land. With increasing length of radial lines, omeadew these far-reaching lines could
contribute relatively more to the estimated opeanedex, which may increase the relative
changes of the estimated openness index throudginteeHowever, we think the changes
caused by different lengths of radial lines willshprobably not alter the trend which was

detected with the current estimation.

Changes in the manuscript based on comment #3:

Page 6, line 18: The text of “The radial lines &fB were used as they can reach offshore
open water region” is added after the sentence faihgth of the radiating lines...was set as
1-5, 10 and 15°".

Page 8, line 5: “.Furthermore, potential effectstufting angles (angle between the north and
the nearest radial line) were tested and Figuteowsed the cases for 5° intervals of radial
lines with shifting angles of 0° to 4°. The resulamonstrated that using different shifting
angles can cause substantial differences in tiaa@std openness indices when the radial
intervals are relatively large. However, if theeintal is set as 1°, changing the shifting angle
from 0° to 4° would result in openness indices Wiitte very small differences in
consideration of relative changes in the positioinall radial lines. Therefore using low
degree interval such as 1° for calculating the apss indices is preferred and should be
recommended for other similar studies, althoughctimaputing time would be longer than
higher degree intervals. The landward and seawaedrtess indices were differentiated
although they both reflect morphological changethefinlet over the last 5.4 ka. The
seaward openness index reflected more accuratelgribayment process in comparison with
the landward openness index, as the most distirastges of the inlet was from the sill in the
east. The landward openness index, reflecting ofésdistance, could also be important for
considering sedimentary grain size, especiallgfiiimation describing for the past prevailing
wind direction becomes available.” is added attergentence “Therefore, the associated

uncertainties...openness variability.”

Comment #4



The authors present Figure 6 and 7 to show therariation in the openness index for a given
degree interval (or shifting angle) at a given titsehere a way to make this analysis more
guantitative? (i.e., p5, line 9; how much ‘largér®ne suggestion to illustrate this in the
figures is to plot openness variance as oppos#tetoaw openness index. On a related note,
the authors state that they endeavor to find amaptdegree interval (p. 5 line 3). | assume
‘optimal’ in this context refers to a negligiblenance in openness index relative to decrease
computation time (associated with increasing thgreke interval)? Perhaps quantifying the
variation in openness index for a given degreavmalewill aid them in searching for an

‘optimal’ interval?

Author’s reply on comment #4:

Different shifting angles and intervals are usetesi if there is large difference among them.
The results in Fig. 6 and 7 demonstrate that tasrdarge variances among different shifting
angles and intervals. We agree that it would beldoauantify the differences among
different scenarios and which has now been quadtifi the revised manuscript (see the
changes below as well). The 1° interval is recoghias an ‘optimal’ interval in our study,
which is based on the fact that the computing fioneising 1° interval is still acceptable. If
further study has large data set (i.e. procesgpamoess index focusing on many sites), the
computing time may need to take into consideragioth may end up with larger intervals, e.g.,
2° or 3°.

Changes made in the manuscript based on comment #4.

Page 7, line : “The calculated landward and seawatides using 15° interval are at the
maximum 7 % and 20 % larger than the 1° intervahacio.” is added after the sentence
“Both the seaward...the smaller degree intervals. @)ig

Page 7, line 18: “(maximum 5 %)” is added afterlyominor difference”.

Comment #5:

The authors present openness index data and gzaimgigure 8. | believe more quantitative
analysis could be performed with this data to coowithe readers. For instance, what values
of shifting angle and degree interval was used? WWhat is the correlation between
opening index vs sand %? or openness index vslay®

Authors’ reply on comment #5:



Shifting angle of 0° and interval of 1° are usedhe Fig. 8 scenarios. When the interval of 1°

is used, the shifting angle will only have litttapact on the openness indices (see the replies
on comment #3). The size of the interval indicaiepties spaces without radial lines. With a

reduced interval size, there is high chance touraphore detailed morphological changes

and also there is less impact from the shiftingeung the estimated index.

Changes made in the manuscript based on comment #5:
To quantify the relationship between openness indéx sand fraction, the Rwith
significance level was calculated to better infah@a readers and has now been added in the

Table 1 in the revised manuscript.

Comment #6

Has there been erosion of the islands since 5ilapi§ the present subaerial expression of
the islands identical to the coastlines of thendlan the past?) how could this impact your
study?

Author’s reply on comment #6:

Erosion from the islands since 5.4 ka most likedgwred but has been weak as these islands
are mostly rocky. It may have caused a delivemetHtively large grains into the coring site
during the land-uplift process. As the uplift presdias been generally linear, we might
expect to see a linear change in the grain sizeiti#nd uplift has played the dominant role

in governing the grain size. However, the sandautstand silt/clay ratios exhibit non-linear
changes, which indicate other factors than landtung could also participate in influencing

grain-size distribution.

Changes made in the manuscript based on comment #6:

Page 10, line 3: “Erosion from the surroundingndsince 5.4 ka has most likely occurred,
but could be rather limited as these islands arstlynoocky with little soil cover. It may,
however, result in a flux of relatively coarseriggato the coring site during the land-uplift.
As the uplift process close to be linear (see Eigwe might expect to see a rather linear
change in the grain size data assuming the lanft plalyed the dominant role. However, the
sand content and silt/clay ratios exhibit strongry®-year variations, which indicates other
factors than land uplifting could also participatenfluencing grain-size distribution. For

instance, coarse grains, such as sand, can atsansported to the coring site through storm



events and intense wave action, sea ice or drift@agweed. However, their impacts are not
explicitly included in the openness indices.” islad after “Together with sheltered

condition...in the sediments”.



Replies to the 29 reviewer:

| would like to see a few more notes about tharsgtare there only rocky coasts, or are there
also patches of sandy shores? And what about shal&ders? All rocks? Some notes are
found in 3.2, but more notes could be added to 2.1.

| also wonder how sand is transported to the atee3oes it happen during storms as storm
sand layers? Is sand blown out on the sea icegladll winters? Is sand transported by
drifting sea weed or by drifting sea ice?

| would also like to see a few notes on the chrogyplof the core, at least a reference to Ning
et al. (2016).

The main control on grain size distribution is digte to the shore, but this is apparently not
mentioned. The closer to the shore — the more eagnained sediments. In Gasfjarden,
however, the sediments become more and more faiaegt as the core site moves closer to
the shore. This is not surprising, because the sitgaat the same time becomes more and
more protected. The authors have developed a @&®based approach that allows them to
guantify down-core changes in grain size distriimgiin relation to changing fetch.

Author’s Reply:

Thanks for the great comments. We will first give ceplies to each asked question and then
list all corresponding changes have made in thisedvmanuscript. Notably, the page and
line numbers are the ones in the attached revisedistript.

The shallow waters and the shore are charactew#docky coasts and some sandy patches
based on observation. Inside the inlet, there faisno data about spatial distribution of
sediment grain size. The sand content in the arlesupposed to be relatively low, due to
lack of large rivers draining into the inlet anaddible soil as well as its enclosed setting.

The sand content is generally lower than 1% incauing site. During periods with relatively
high openness, storm events would most likely partdarge amount of sand and silt into the
coring site which is shown in Figure 8. Sand cao &le transported to the coring site through
sea ice and/or drifting sea weeds, although thewatspare hard to estimate.

A description on the chronology of the core hasmtesided.



Thanks for pointing out the underlying impacts wtances on grain size distributions. We
have now addressed in the revised version.

Changes in the manuscript:

Page 4, line 20: In the shallow waters of the jrdahdy patches can be found in addition to
the rocky coast. The sediment accumulating inrthet most likely originates from the
terrestrial environment through erosion, and framdtrun and river transport, instead from
the open Baltic Sea. Sediment accumulation rate tbeelast 1000 years is generally less than
1.5 mm yr-1 in the deep basin (Ning et al., 2016).”

Page 5, line 16: “Grain-size analysis” is changetthronology and grain-size analysis”.

Page 5, line 18: “and the age-depth model of tdersent sequence was established through a
combination of*%Pb and“’Cs and AMSYC dating methods (Ning et al., 2016).” is added
after “A 6 m sediment sequence was obtained cogeha last 5.4 ka (Ning et al., 2016)”".

Page 9, line 8: “The maximum sand content at the sibe was only10.4%, suggesting a
relatively low bottom water velocity compared wapen Baltic Sea waters (Jonsson et al.,
2005). Generally, the closer to the shore, the moegse-grained sediments can be deposited.
However, the sediments in Gasfjarden became matename fine-grained as the coring site
became shallower and closer to the shore (clogeresent time, see Figs. 5 and 8), which
was a result of less exposure and an increasimgheqted location (reflected by the openness
index)..” is added after “We have...openness vamatid

Page 10, line 8: “For instance, coarse grains, asgand, can also be transported to the
coring site through storm events and intense watierg sea ice or drifting sea weed.
However, their impacts are not explicitly includedhe openness indices.” is added before
the sentence “Furthermore, the recorded large hifitygin the sand...from human activities”.

Reference:

Ning, W., Ghosh, A., Jilbert, T., Slomp, C. P., Kh#., Nyberg, J., Conley, D. J., and
Filipsson, H. L.: Evolving coastal character of @ti® Sea inlet during the Holocene
shoreline regression: impact on coastal zone hgpdxiPaleolimnol, 55, 319-338,
10.1007/s10933-016-9882-6, 2016.
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Abstract. We analysedhe long-term variations in grain-size distributiondadiments from Gasfjarden, a fijord-
like inlet ien the soutkhwest Baltic Sea, and explored potential drivershef recorded changes fine sediment

grain-size data. Over the last 5.4 thousand yda)St{ the study regiorthe relative sea level decreaseth 17

m-in-the-study—regignwhich wascaused by isostatic land uplift. As a conseque@dsfjardenwashas—been

transformed from an open coastal setiifig a semi-closed inlet surrounded-the-seaward-side-on-the-eapt

numerous small islandsn the seaward sid&o quantitatively estimate the morphological asin Gasfjarden

over thelast5-4-kainvestigated time periadd to further link the changesderthegrain-sizedistributiondata,

a digital elevation model (DEM)-based opennéssices- indexwaserecalculated.The highest valigeof the

openness irideswerefound between 5.4 and 4.4 ka BP, which indicagéstively high bottom water energy In

inDering tke same

periodis-atervgl the highest sand conter(t-0.4%) and silt/clay rati(~0.3) in the sediment sequence were
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recorded —indicating-relatively-high-bettom-waterenAfter 4.4 ka BP, the average sand content was tdtve

[0.2% and the silt/clay raticsshowed a significant decreasing trend over thiedds. These changese were
found to be associated with the gradual embaymieGsfjarden as representedoy the openness indices. The
silt/clay ratios exhibited a delayed aredatively slower change compared with the sand costeviich further

suggest indicates different grain-size sedimergpaeses differently to the changes in hydrodynasniergy.

ene@yr DEM-

based coastal openness indices have proved to usefal tool for interpreting théemporal dynamics of

sedimentary grain-sizeecord

1 Introduction

Sedimentary grain-size distribution provides impattinformationen-regardingthelepositional conditions and
has been widely analysed in both modern samplessadiinent cores(e.g., Tanner, 1992¥ang et al., 2008;

Virtasalo et al., 2014). Grain-size distribution generally governed bgediment inputs antiydrodynamic

energy conditions—ard The higher the energy conditions, thigher largeproportion of coarse grair{Dearing,
1997;J6nsson et al., 2005). Water depth, wind directind strengthas—well-asbasin morphometryas well
asandman-made constructions such as dam-buildingld influencethe bottom water hydrodynamics and may
lead to different characteristics in grain-sizetriisitions. The Baltic Sea is connected with thetNeé\tlantic

Sea -with- throughthe narrow Danish Straits. Although didactivity e can strongly influence grain-size

distribution in coastal regien as shown byZhang et al.(2002), thetidal amplitudeef-the-tiderecorded in the

Baltic Sea is onlgeveral a feveentimetres (Ekman and Stigebrandt, 1990) and ftverés impact on sediment

grain-size isnot considered in this regien-reghgiblastead, wMhd conditions and coastal morphometng

considered to be-are-prebably-the-miogportant factors tharfluence influencinghe sedimentary grain-size

distribution in the Baltic Sea coastal zone (Lehmanal., 2002J6nsson et al., 2008;e-grain-size-distributions



exist-ameng-coastal-sitdd-Hamdani and Reker, 2007).

During the Holocene, the Baltic Sea has experierseegral stages modulated by global sea-level dsang
well asby-isostatic land uplift (Bjorck, 1995Andrén et al., 2011). As the Late Weichselian icees retreated,

land uplift during thedeglaciation and thelolocene resulted in shoreline displacements inctastal zones of

the Baltic Sea. A maximumf 60 m decline in relative sea level (RSL) has bemonmded over the last six
thousand years (kah the Baltic SegPasse and Andersson, 2005), leading to basiatisos and long-term

changes in the coastal morphometry (Eronen e2@01).Ning et al., (2016) further pointed outhé@e changes

in the coastal morphometry variations may potelytiaé linked with variations in grain-size distriinnsin the

southwest of Baltic Seas

a(Ning et al., 2016).

To examine the impact of coastal morphometry charme grain-size distribution in a longmperal term
perspective, quariting tative-estimates-adhe eceastalmorphdogical changesmetryneluding e.q. water depth

and cross-section areasuld be usefulare—needehchieving this suchquantification-estimats difficultdata-

demanding-anrd-may-cause-large-bhcertasince it requires-due-td) the-lack-ofhigh-resolution bathymetry
data, 2)right difficulties-in-selecting-theross-section area and @)knownsedimentation rateslowever, all

these data are difficult to obtain and makes thentification impossibleAlternatively, throughusing digital

elevation maps;previous-studieslindgren (2011)sed proposed geographical information system (GIS)-

based wave fetch indexalled namedilter factor, to estimate coastal morphometry. Tésult of the quantified
coastal morphometry was found to be significanttyrelated with bottom water dynamics (Persson and
Hakanson, 1995) and deegater turnover time (Persson and Hakanson, 199&)ere are also other GIS-based
indices existing for describing coastal openness aave exposure (Ekebom et al., 2003lvanen and
Suominen, 2005) and these GIS-based methods hawebalen applied to investigate sediments grain-size

distributions from lakes and coastal zones (Hakand4®77;Lindgren and Karlsson, 2011). However, these
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aforementioned indicasave-been-se-faarerrestricted restricted-tepictag the modern coastal morphometry
and have not ydieenemployed inthea—centext-opaleoenvironmentalontextstudies
In this studypur-approach-of we-ecaleulating proposetiopenness index usiagigital Elevation Mode(DEM)

data-based-—methodnd as this approach could—mpyovide an opportunity to estimate long-term cdasta

morphometry variations for the Holocene. Furthemmnawe innovatively used the coastal openness itfidex
grain-size data interpretations. The aim of thelgtg to: (1) present a method for quantifying apess changes
in coastal region that experienced large relatea levelas well as—andhoreline changes, and (2) link the

estimated openness index with the long-term sedigram-size distribution.

2 Materials and methods

2.1 Study areaand digital elevation model

Gasfjarden is a semi-enclosed fjord-like inlet kechon the soutleast Swedish Baltic Sea coast (Fig. 1a). It has
a restricted water exchange with the open Balt& theough a narrow and shallow stralbQ0 m wide, <20 m

deep) in the eastvhich hinders sediment transport between thet iafel open watersThe surface area of

Gaésfjarden is 22 kfrand the mean and maximum water depths are 10 nsmd respectivelyThe RSL has

decreased by 17 m in the region over the last &§.4ka result of isostatic land uplift (Fig. 2) d@hd present

land uplift rate ig11.5 mm y'r1 (Pésse & Andersson 2009he catchment of Gasfjarden is characterised by ver

thin soils (<1 m) and exposed pre-Cambrian bedrAcikble land is sparsely distributed in the lowlaadsl-the

vegetation mainly consists of coniferous foresg(Hib). Small-scale human activities existed in the regisn

early as 2 ka ago, although substantial expansasrohcurred since the 1700s (Karlsson et al., 2Qif et al.,

2016. In the shallow waters of the inlet, sandy patatsasbe found in addition to the rocky coast. Thdireent

accumulating in the inlet most likebriginates from the terrestrial environment throwgbsion, and from land-
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run and river transport, instead from the openiB&ea. Sediment accumulation rate over the |30 i@ars is

generally less than 1.5 mm yiin the deep basin (Ning et al., 20

of the DEMs are approximately 2 m and 0.1 m, reg . The data are in the Swedish national cauat#

system (SWEREF99 TM).

2.2Chronology and g&ain-size analysis

Sediment cores were collected at Station VG31 (52133" N, 16°34'58.4" E) in August 2011 on the R/V

Ocean Surveyor-ship. A 6 m sediment sequence was obtaiaed the-covering-the-last-5.4-ka . age-depth model

was established through a combinatiorf'@b, *'Cs and AMSYC dating methods (Ning et al., 2016). For the

grain-size analysis;— @ganic mattercarboncalcium carbonate and biogenic silica were removed from the

sediment samples using procedures by Van Hengstuh €007). To obtain enough minerogenic matedal

mixed sediment sample of about 13 g, withore sectios of a maximum of 7 cm (covering0 years), was
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used. The sand particles (>63 um) were sievedd dmel weighed. The mass fraction of sand was ckmlilby

dividing the dried sand weight with the originaydample weight before any chemical treatment. iMass

fraction of clay (<2 um) and silt (2-63 pm) fromrpeles less than 63 pm were obtained with a Micdtits

Sedigraph Il Particle Size Analyser at the Departtrof Geology, Lund University, Sweden.

2.34 Openness indexaledlation

The calculation of the openness indéxg. 3) has been modified on the basis of the method ithestihby

Lindgren (2011) and the fetch-length method of Ekebet al. (2003)(Fig—3) The following steps for

estimating openness index variations were takéré®1S 10.3:

1)

2)

3)

The coring site was identified in the DEM.

Using the coring site as starting point, two sét$8D° circles of radiating lines were created. Gaeof
radicalradiallines was towards the east (seaward) and the athertowards the west (landward), with
an interval ofA degree (generated by the Python scripts in Supgpie®1). The length of the radiating

lines was set as 8 km and the interdalas set as 1-5, 10 and 15he radicalradial lines of 8 km were

used as they can reach offshore open watse radicalradiallines with a 5° interval but with different

shifting angle® (1-4°) were also createddeFig. 3).
The RSL changes with a 100-year interval were appih the present-day DEM. For every 100 years, a

new DEM was generated and the RSL changes werd basthe age-RSL relationship in Fig. 2.
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4) For every 100 years, the grid cells in the gendr@EM were classified as sea or land based on the
elevation.

5) The raster DEMs were converted to land and seagpoby for vector calculation in ArcGIS, and the
radiating lines generated in Step 2) were divided smaller segments when the lines were interdecte
by the land polygons.

6) The lines originating from the coring site and tbatne into contact with the land were seledtszk

Figs. 4 and 5)The seaward and landwarmpennessnadex- indiceswereascalculated as the average

length of the selecteddiatinglines.

3 Results and Discussion

3.1 Estimated openness indices under different scaios

The openness indices with different intervals hbgen estimated in order to determine an optimakval for

applying this index for the study region—W

landward openness indices, calculated with 15° 268 intervals, exhibited relatively larggear-to-year
deviationsas_,compared witlthe -opennesimdicesealcutatedusing therelatively smaller degree intervals (Fig.

6). The calculated landward and seaward indices usied 5° interval are at the maximum 7 % and 20 %elar

than the 1° interval scenari@nly minor differencegmaximum 5 %)were observed between the openness
indices calculated using 2,and3° intervals.Generally, +he larger degree intervals, such as 5°, 10° and 15°
resulted in feweradicalradiallines; as a consequence, the weigtita few very long or shortdicalradialines

on the average length will be relatively larger pamed with the estimation using smaller intervalserefore,
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the associated uncertainties in the estimated @@snimdexmay-will be larger when usingadicalradiallines

with larger intervals. The high frequency efdicalradiallines e.g., using a 1° intervaknsures a higher

possibility for capturing the details of the coastpenness variabilityrurthermore,—using-less-frequentradical

potential effects of shifting angles (angle betwdsnnorth and the nearest radial line) were teatebFigure 7

showed the cases for 5° intervals of radial linéth whifting angles of 0° to 4The results demonstrated that

using different shifting angles can cause substhdiiferences irthe estimated openness indices when the radial

intervals are relatively large. However, if theeintal is set as 1°, changing the shifting anglenfi®® to 4°

would result in openness indices with very smdfiedénces in consideration of relative changeshegositions

of all radial lines. Therefore using low degreesimtl such as 1° for calculating the openness @i preferred

and should be recommended for other similar studiéisough the computing time would be longer thayher

degree intervals. The landward and seaward openndges were differentiated although they botHedf

morphological changes of the inlet over the lagti&. The seaward openness index reflected mongatety

the embayment process in comparison with the lamlwaenness index, as the most distinct changeiseof

inlet was from the sill in the east. The landwamkness index, reflecting offshore distance, caldd be

important for considering sedimentary grain sizepeeially if information describirg—for the pasteypailing

wind direction becomes available Seaward -—and landward openness indices haw&ewn

demenstarteddemonstratadcontinuous decline over the last 5.4 ka (Figs@&Jecting-the-embayment-process

caused by isostatic land uplidind the embayment proce3he decreasing rate of the seaward openness index

was generally more pronounced during 5.4-4.4 ket during 4.4-0.1 ka BP. In contrast, the dedlinthe

landward openness index was relatively smoothemandrastic transition was recorded.4 ka BP.
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3.2 Implications for sediment grain-size distributbns

The openness indices calculated with 1° intervdl Ghshifting angle were plotted along with theigrsize data

(Fig. 8). Correlations fy between the openness indices and grain sizeraiage between 0.47 and 0.65 (p<0.01)

(Table 1). This suggests changes in coastal opsmresmportant factor influencing the sedimentmin size.

Both the seaward openness index and sand cerfitadtthe highest values between 5.4 and 4.4 k&FBR-8).
and there isWe-have-netadsynchronous large decline in seaward opennessaamticontestaround 4.4 ka BP
(Fig. 8),.whieh-This furtherindicates a connection between the depositionar@mwent and coastal openness

variations.The maximum sand content at the core site was [dhK§%, suggesting a relatively low bottom water

velocity compared with open Baltic Sea waters (§6nst al., 2005). Generally, the closer to theehbe more

coarse-grained sediments can be deposited. Howitneesediments in Gasfijdrden became more and rimee f

grained as the coring site became shallower amsecho the shore (closer to present time, see bigsad 8),

which was a result of less exposure and an incrghsprotected location (reflected by the opennedgx).

present, the sea-floor outside Gasfjarden is ckeniaed by sandy sediments, whereas gyttja cldgp®sited in

the sheltered Gasfjarden (Al-Hamdani and Reker,7200he modern grain-size difference between teasr
inside and outside Gasfjarden is linkedh-to thedifferent hydrodynamic statuses. The relativelyheigsand
content during 5.4nd-4.4 ka BP may also be associated with the incresaed transport when Gasfjarden had

a relatively large cross-sectional are&

Based on an analysis of 201 sites along the Swexiahkt characterised by complex bathymetry, Lindgned
Karlsson (2011roncluded-have-estimattiiat the mean critical depth separating the depaosit areas from the

erosion and transport areasas located at 19 mit Ppresentdy our caering site has a water depth of 31 he
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relatively deeper water depth (sediment dominatedrdnsport, instead of erosion)-.ogether with sheltered

condition,conditiorresulted in thédow sand contestare-expected-inthe-sediments

Erosion from the surrounding islands since 5.4 &s imost likely occurredyut could be rather limited as these

islands are mostly rocky with little soil cover.nitay, however, result in a flux of relatively coargrains to the

coring site during the land-uplift. As the upliftqeess close to be linear (see Fig. 2), we migheeixto see a

rather linear change in the grain size data assuthi& land uplift played the dominant role. Howewhe sand

content and silt/clay ratios exhibit strong yeaiyé@r variations, which indicates other factorsitlend uplifting

could also participate in influencing grain-sizetdbution. For instance, coarse grains, such ag,smn also be

transported to the coring site through storm evemd intense wave action, sea ice or drifting seadw

However, their impacts are not explicitly includedthe openness indices. Furthermore, the recolidarje

variability in the sand contentias—been—recerdedithin the last millenniumwhich- may be linked with

catchment disturbance from human activities (Karisst al., 2015Ning et al., 201§

The sdt/clay ratioscanalso reflect bottom water energy, with higher valueicating higher energy conditions.
The silt/clay ratio wa§D.3 between 5.4 and 4.0 ka BP, and exhibited aragnis decline from 4.0 ka BP. The
different pattern between the silt/clay and sandtems, particularly during the period when Gasfjarderswa
relatively open, between 5.4 and 4.0 ka BP, sugdeshat different grain-sizeediments—classeespond

differently to the changes in hydrodynamic conditions this region Altheugh- The-large decrease sand

contens deereaseffom 5.4 to 4.4 ka BAndicats-irga decline in bottom wateelocityerergy. However-Even

seywhichthe declined bottom water velocity——therggrwas probablystill high enough to maintain the silt/clay

ratios as silt and clay might have responded similaslyhie changes in hydrodynamid$eat-Ddfferent grain-

size classes respangd differently to hydrodynamic changesere werearalso reported in two coastal sites in
Italy (Molinaroli et al., 2009), where positive celations between current velocities and silt (8468 and fine

sand (63-10um) fractions were found in the two lagoons. Thengjes in landward openness, which reflect the

10
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offshore distancewater depth-changesembaymentsseem to follow the silt/clay ratigs’ = 0.65) In our

data, the silt/clay ratios exhibited a significdetreasing trend (p<0.01, Mann-Kendall test) betwk8 and 0.1

ka BP, which indicates a long-term impactafered decreasezbastal openness on the grain-size distribation

4 Conclusions

Our DEM-based calculations of coastal opennestexesindiceshave shown to be a useful towlhen

interpreting-tr-the-interpretation-ddng-term sedimentary grain-size datarélatively-high relative sea level

wais linked witha large coastal opennesmd higler hydrodynamic energy, whiah turn was well reflected in

the seaward openness index. The biglalues of both sand conterdnd the seaward openness index were

recorded in the early part of the record, indiaatihat coastabpenness morphology (presented by openness

index) strongly influencds sand-grain-sizéistribution. The differeces in temporal dynamics eft-patterns for

sand contestand silt/clay ratiosindicate different grain-size sediments respatifferently to hydrodynamic

energhhe significant

decline in silt/clay ratios between 4 and 0.1dgkews demonstratetthat a -coastal-epenness-hadong-term

impactinfluence of coastal openneen this finer grain-size sedimentdistributions. Fhe- Our DEM-based

openness index can be easily applied to other @losettings that have experienced large sea-léagiges over

time. The index could also be further used in predicfintgre dynamics by combing information about s=zel

changes in a warmer future.
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Tables and Figures

Table 1. Correlation fy matrix for the grain size data and the calculateenness indices

Index Sand Silt/clay
Landward openness 0.48 0.65
Seaward openness 0.47 0.56
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Figure 1 (a) Overview of the Baltic Sea region anthe location of Gasfjarden; (b) vegetation in the tsidy region and

the coring site (white filled circle) and (c) digial elevation model of the study region.
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Figure 4 lllustrations showing the variations of saward radicalradial lines intercepted with land over the last 5.4 ka

years. (a) 0.1 ka BP (b) 2.5 ka BP (c) 3.5 ka BB)@ ka BP (e) 4.5 ka BP (f) 5.4 ka BP.



‘ Figure 5 lllustrations showing the variations of laadward radicalradial lines intercepted with land over the last 5.4 ka.

(a) 0.1 ka BP (b) 2.5 ka BP (c) 3.5 ka BP (d) 4 I8P (e) 4.5 ka BP (f) 5.4 ka BP.
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angles.
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Figure 8 Comparison of the calculated opennesadexesindices (with ? interval and 0° shifting) with_the measured

grain sizefrom the sedimentdata
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