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1. Responses to online discussion Referee @#icluding list of revisions): pages 19
2. Responses to online discussion Referee @2cluding list of revisions) pages 1014

3. Marked up revised manuscript: separate page numberig (pages 158)

1. Responses to online discussion Referee #1

Thisdocumentontaing he responses given during the Open Discu
from the northern Baltic Sea indicates unprecedented deoxygenation ovef tea 20u r y desaiptioh ofehe
subsequent modifications in the revised manuscript.

[Referee comments in bold]
[Responses in italics]
[Changes in the manuscript in regular text]

The authors presented a 150§ear multiproxy sedimentary record form the Archipelago Sea in the Baltic
Proper. The records show a progressive eutrophication in the region and a pronounced aggravation of
bottom water hypoxia in the 1950s, which is unprecedented. This is interesting and merits publication.
However, the authors fail © convince me that between 900 and 1900 the multicentennial variability of the
bottom water oxygen concentration was locally forced. Furthermore, it remained puzzling how the combined
effects of gradual shoaling of the basin and warming climate amplifiecesliment focusing and increased the

vul nerability to hypoxia. This however appears to
natur al changes should be considered when elucida
suggest to inclde C/N ratios, d13C and d15N values of soil organic matter into discussion and most
importantly into the mixing analyses used to quantify inputs of terrestrial organic matter.

We thank the referefor thorough consideration of our manuscript. Below we asklr each of the specific
comments.

Page 19

Authors: (Fig 5) Indeed, despite the negative lonterm trend in autochthonous OM concentration from the
pre-MCA towards the present, the MCA and MoWP are typified by relatively high input in comparison to
the LIA , implying enhanced productivity under warm climatic phases.
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This is difficult to see in the figure 5. If at all the declining OM concentration hold oruntil about 1700 and
not towards the present. Assuming that OM% indicates primaryproduction why OM% dur ing the MoWP
does not exceed those during the MCA despite heavy eutrophication and global warming after 1900.

Indeed, the existence of a lotegm trend in Ggissomewhatd e b at abl e, w h PQ,gareBHowing C/ N
this trendmore clearly The G,contentduringthe MoWP remaigat the MCA levemost likely due to the dilution

effect, resulting from the combined effects of intensive sediment focusing and ballastigghe MoWHRSectiors

6.2.2 and 6.3.2 This is in accordance witthe unprecedentedly higediment anc.,; MAR during the MoWP

(Fig. 5).

The revised manuscript includes a new paragcdgiifying the interpretation of Corg MAR and content profiles
(Section 6.2.2). In addition, the statement about the-terrg negative trend in Corg MAR is excluded and the
dilution of Corg content during MoWP is emphasizétkection 6.2.2)

Authors: By contrast, a distinct decrease in Corg andil3 Corg , paralleled by an increase in C/N and BIT
index, coincides with the MCA LIA transition (Fig. 5), suggesting that this marked decline in local primary
productivity was most likely forced by the climatic cooling (Kabel et al., 2012).

The use of OM% as productivity indicator and ignoring Corg MAR is problematic and calls for further
explanation justifying this interpretation.

We agree that the use,gcontent as a proxy for productivity is problematic doethe potential dilution and
preservatiorissues. Howevei, n t hi's case, all other pr oxCg)suppodr t h
our interpretation of decreased delivery of phytoplaniderived OM at the MCALIA transition, suggesting that

the contemporaneous decline igd@vas likely attributedo decreased productivity in the photic zone. We also
note that there is aubtledecrease in &gMAR (Fig. 5) and LSR (Fig. 1at the MCALIA transition (Fig. 5) but

the unprecedentedly high/{&MAR during the MoWP is masking this. Howeveracknowedgethatin this lower

part of the corethe scarcity of age constraints hampers recognition of potential rapid changes in the sedimentation
rate.

As mentioned above, the interpretation of the proxies for OM delivery is clarified in the revised mafBectiph
6.2.2).

Page 20 Authors: However, this period is characterized by a shift to suppressed primary productivity at our
study site, implying no influence of enhanced external nutrient inputs.

Decreasing OM% and increasing BIT implies to me that a enhanced input from land could have lower
OM% because of dilution. Since at this time grain sizes decrease this might be a response to enhanced aeolian
dust inputs due to the expanding agriculture at around 1400. Which role could the changing sediment
structure play with respect to the preservation of OM in the sediment?
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Aeolian dust input isi0t a significant vector of sedimentation in this setting. Our previous studyeasonal
sedimentation dynamics this basin(Jokinen et al., Mar. Geol. 366, 201&8early shows that the sedimentation

of lithogenic material is largely controlled by the intensive wianeiced reworking and subsequent lateral
transport of previously deposited latnd post glacial kays and brackistwater muds linketb the glacieisostatic

uplift. There are no signs of vernal riverine sediment plumes (spring thaw) affecting the sedimentigtiogenic
material (Jokinen et al.,2015) This is already stated in the description of the study locatioSection 2
Furthermore as indcated by our Ti/K and grain size profiiethesedimenteworking whichhas the potential to
dilute the Gy, contenf was at maximum during the warphases of the MCA and MoWRg. 4). Moreover we

stand by the assertion that our binary mixing modelGéX robustly tracks past variations in the delivery of
terrestrial vs. phytoplanktederived OM in this setting (see our later response), and suggests negligible changes
in the input of terrestrial OM throughout the recdfeg. 5). By contrast, the mixgnmodel shows that the changes

in Corg content are controlled by changes in the delivery of phytoplardéomed OM, which was suppressed
during the LIA This interpretation is independently supported by the the BIT'd@gl, profiles.As fortherelation
between the change in sedimenttalyric and OM preservation we again refer to the consistency between BIT,
C/ NHCoq 8ind Gig profiles, all of which are pointing to a decrease in the delivery of phytoplawlaoved OM

at the MCALIA transition. Yet, we acknowledge that the.{&ccumulation in sediment is an integral of OM
delivery and preservation. Howevers these two mechanisms often work in concerinfee that althoughthe
increased Gg content during thevarm phases might be partly attributed enhanced preservation due to decreased
oxygen availability, it is likely that the decrease in rbattom water oxygenation wasimarily forced by
intensified OM deliveryg.g. Pedersen and Calvert, Bull. Am. Asgtetrol. Geol. 74, 1990Finally, we note that

a recent study from the eastern coast of Sweden, where intensification of land use likely occurred earlier than in
our study region, suggests that the onset of cultural eutrophication became notable asthésamiment record

not earlier than in the 1800&({ng et al., Anthropocene 212018.

In the revised manuscript, wetarify the assumptions behind the Nb@sed mixing model and justify its utilization
as a proxy for the source of OM (Sections 4.4.2,16 6.2.2)We further emphasize the concordant trends in the
OM related profiles (Sections 6.2.1, 6.2 Phe OM preservation and dilution issues are discussed in Section 6.2.2.

Authors: The lack of anthropogenic forcing of OM input during the MCA is also evidenced by the constant
sedimentlil5 N signature over this period at Haver6 (Fig. 5; see also Cole et @004).

Impacts on d15N | would expect only in response to an intensive use of fertilizer which occurred much later
as indicate by the provided data. | would expect an enhanced saibsion, that is why | suggested to integrate
CI/N ratios and til3 Corg of soil organic matter.

We thank the referee f 0N overdie MEA doeg nobpuovide sufficient evideree far o n
the argument As for the inclusion of soil orgammatter C/N ratios andi**Corg values into the mixing modete
thank the referee for the suggestion, and acknowledge that we did not point out our assumptions related to the
binary mixing model explicitly enougkollowing Gofii et al. Est. Coast. Shelb. 57,2003 and Jilbert et al.
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(Biogeosciences 12018, our terrestrial endmember integrates both soil and platdrived OM, because
essentially all of the OM transported by rivers to the coastal zonegidseugh the soil reservairand ranges in
composition from relatively frestascular plant detritus to more degraded soil QWajority of this riverine OM
input tothe estuaries along theoastal areas of Finland occurs in dissolvedm (see Jilbert et al., 2018 and
references therein)importanty, the twoendmembemixingmodel appliedn our studyhas been shown to lae
functional tool in estimating the relative contribution of terrestrial versus phytoplamdddaed OM in an
analogous setting along an estuary in the northern Baltic Sea ¢hlimstrt et al.,Biogeosciences 12018).This

is supported by a crossplot of C/N against BIT (Fig., Rbere the linear coupling between the parameters with
no marked deviations from the regression line suggests that our twmemter mixing modés sufficient to
describe the systerand thus inclusion of a separate third emémber is not necessaiurthermore, the close
correlation between C/N and BIT (Fig. R1) suggests that either thedafithé of soil and plant OM are rather
similar or that therelative contribution of these two compartments has remained more or less constaalso
note thatthere is considerable uncertainty related to the selection of a validnemaber C/N ratio for soil OM
(See e.gWeijers et al., GCA 72009) mealing that the results of a threendmember mixing model, wherein the
soil OMis incorporatedas a separate eaghember would be highly sensitive to this rather arbitrary selection.
Finally, we again refer to the marked consistency between all the proxies faelihery of OM BIT, C/N and
U*Corg) in our sediment recotdased on these considerations, inferthatit is more objective to follow the binary
mixing modeby Jilbert el al.(2018)that has been shown to reliably trace the contribution of terrestrial OM in
relationto phytoplanktorderived OM in a similar setting.

The argument regarding the consta@ifil signature over the MCA is excluded from the revised manug8egtion
6.2.2) We retained thédinary mixing model for sediment N/Qut the assumptionehindthe model are
highlightedand itis clarified that the terrestrial ermdember comprises a mixture of variably degraded OM (Section
4.4.1).Furthermorewe emphasizéhe consistency between all the proxies for OM provenéBeetions 6.2.1,
6.2.2) ancaddel a new supplementary figuslowing a crossplot between C/N and BFig. S2).
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Page 20 Authors: Yet, we observe negligible changes in the source of OM around 1900 AD, as implied by the
relatively constant C/N andli13 C values (Fig. 6). This suggests that the strong increase in the Corg MAR at
this time was mainly caused by intensified sediment focusing, as supported by the contemporaneous
increases in Ti/K and sediment MAR (Figs. 4 and 6). We propose that the geaktrend towards higher
sourceto-sink ratio in the basin, combined with the climatedriven intensification of wind-induced sediment
reworking (Fig. 6) to increase the Corg MAR to the sediments.

| would argue that a stronger physical forcing in addition towaste water discharges (enriched in 15N)
increased the marine productivity which decreased BIT, C/N ratios and 13C values as seen in your data.

Both reviewers suggest that the role of anthropogenic forcing already in the beginniriaefr20ry should &
stressedHowever, in our opinion it is an oversimplification to state that the increase in OM input around 1900
AD was only related to humanduced eutrophication. Accordingly, the constant C/N, BIT @G, over the
transition to enhanced sedimaartdd OM accumulation (and onset of recurring seasonal hypoxia) at the onset of
20" century should not kignored However after careful reconsideration, we admit that the anthropogenic forcing

in the early 1900s due to the population growth and sewagerietonstruction merits more attention as a driv

of intensified OM deposition (and subsequent aggravation of hyps)ggested by the similarity betwé&n,
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137 Cog MAR andMo MAR profiles and the population growth in Turku (Fig. Sjll, westand bythe assertionthat

138 the physical factors that enhanced sediment focusing, stratification, and natural vulnerability to hypoxia have to
139 beacknowledged in themanuscriptbecausehe depositional conditions unarguably have changed through time
140 due to climatic oscillations and changes in the ptalonfiguration of the basin (e.g. Sémh 6.3.2) Combined,

141 we infer that theegime shift around 1900 AD most likeksulted from the combined effects of increased physical
142 and anthropogenic forcinthattogether irreversibly tipped the system over a thresholflinitiated the fedzhck

143 mechanisms associated with hypoxia

144 We have revised our interpretation émphasie that the increase in OM accumulation and onset of recurring
145 seasonal hypoxia around 1900 AD was forced by a combination of physical and anthropogenic forcirgdactors
146 revised Abstract, Conclusions, Sections 6.2.2, 6.818)jead of attributing thisegime shift merely to physical
147 factors.

148 Authors: By contrast, the shift to unprecedentedly heavyil3 C signature, sympathetic with a decrease in
149 C/N and BIT index around 1950 AD (Fig. 6), points to direct enhanced export production of phytoplankten
150 derived OM at this time (Meyers, 1994; 1997; Hopmans et al., 2004).

151 | agree but this occurred already béore but on a lower scale.
152 Wepartly agree See our previous response.

153 As stated above, we have revised our interpretaifaine forcing mechanismsegarding the increase in OM
154 delivery in the early 1900see revised Abstract, Conclusions, Sections 6.2.2, 6.3.2)

155 Page 21 Authors: We attribute the multicentennialscale fluctuations in bottom water oxygenation
156 associated with the MCA and LIA to climatic variability that modulated both hydrographic conditions and
157 accunulation of OM at the sea floor.

158 It is not clear on which data this statement based.

159 In our opinion, the basifor the change in hydrographic conditions and accumulation ofi©8early stated in

160 t he f ol | owiThigis ssippartedeby thedK andigrain size profiles and the organic matter proxies
161 (Secions. 6.1 and 6.2) that indicate amplified lateral sediment transport (focusing) and primary productivity
162 during the MCA in comparison to the LIA (Figs. 4 andIB)case the reviewer meansatithe basis for the

163 multicentenniaiscale fluctuations in bottom water oxygenation is not clearly stated, we would fig&etbat this

164 is rather explicitly pointed owarlier in Section6.3.1

165 We found noclearreasons toephrasehis sentence.
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Page23 Authors: Considering the negligible variation in the proxies for the source of OM prior to 1930 AD
(Fig. 6), the onset of seasonal hypoxia and the resulting preservation of continuous lamination since the
beginning of 20th century was apparently not foced by changes in primary productivity. Instead, we
postulate that this deoxygenation was forced by the following complex interplay of warming climate and
millennial -scale changes in the basin configuration:

To me your data are showing that eutrophicatiorincreases primary production and hypoxia.

Partly agreed.See our previous respond¥e infer that this regime shift resulted from a combination of physical
and anthropogenic forcintdhattogether enhanced OM accumulation and the vulnerability of the tmabiypoxia.

In the revised manuscript we attribute the deoxygenation in the early 1900s to the combined effects of
anthropogenic and physical forcing (Seeised Abstract, Conclusions, Sections 6.2.2, §.3.2

Page 23 Authors: Accordingly, although we can not complely exclude the possible contribution of
anthropogenic forcing, the onset of recurring seasonal hypoxia at around 1900 AD can be largely attributed
to the naturally increased vulnerability to deoxygenation that together with global warming irreversibly
tipped the ecosystem over a threshold, inducing a regime shift commonly associated with coastal oxygen
deficiency (e.g. Conley et al., 2009b).

I would say the opposite: anthropogenic forcing seems to be the decisive factor but you cannot rule out others
processes.

Partly agreed. Seeur previousresponss.

We have emphasized the combined effe€ishysical and anthropogenic forcing that together irreversibly tipped
to system towards seasonal hypoxia (8kstract, Conclusions, Sections 6.2.2, §.3.2

Page 24Authors: We postulate that, in addition to effective sediment focusing, the increased sediment MAR
was likely fueled by ballasting effects, whereby eutrophicatioinduced increase in the OM production in

the euphotic zone drives the sedimentation of fingrained lithogenic material through aggregation (Passow,
2004; Passow and De La Rocha, 2006; De La Rocha et al., 2008), as suggested by the close covariation
between sediment and Corg MARs (Fig. 6).

This part sound also odd: What fuels the ballast effect?

I n our opinion, this process is rather explhdeed,tt | y
has been shown that rapid sedimentation events during vernal phytoplankton blooms in the study area are cause
by the formation of organomeéralic aggregates adhered together by sticky transparent exopolymers (TEP)
excreted by phytoplankton (Jokinen et al., 2015).
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We havdurtherclarified the ballasting mechanism in the revised manuscript (Sect..6.3.2)

Page 25 Authors: Our data show thaenvironmental conditions in some areas of the Archipelago Sea likely
deteriorated several decades prior this, and therefore also prior the establishment of water quality
monitoring campaigns in the 1960s.

Not at some areas only at your study sites.
We thank the referee for pointing out this vague statement.
We have reworded the text as suggested (Section 7)

Our U15N record demonstrates increased anthropogenic nutrient input already at the beginning of the 20th
century (Fig. 6), although the onset of hypoxia and laminated sediment deposition at this time was likely
driven by other factors (Sect6.3.2).

fyouwoul d repl ace o6l i kelyd with 6éadditionallyd | woul
Partly agreed Seeour previousresponse.
We have modified the text as suggested (Section 7)

Page 25 Conclusion Authors: This study shows that multicentenniglcale climatic oscillations affecnear-
bottom water oxygenation of a shallow coastal basin in the northern Baltic Sea currently suffering from
severe seasonal hypoxia. During warm phases, increased export production of labile, phytoplankiberived
OM combined with effective sediment foasing to the deepest part of the basin drive deoxygenation of the
near-bottom waters in summer.

Based whi ch data you define 6l abil ebd To my unde
accumulation of more refractory OM and considering the declining @rgMAR until 1900 | doubt that
changes in bottom water concentration are locally forced.

We infer it is likely that increased sediment focusing will enhance the accumulatioth tbile and refractory
OM. Considering the combined effects of enhanceniresd focusingindintensified primary productivity during
warm climatic phases, it is reasonable to expectiioaonly refractory but alsthe fresh phytoplanktorderived
OM will be more effectively buried below the zone of active biotunhadis forthe Gy MAR, see our previous
response

In the revised manuscript we have clarified that enhanced sediment focusing is likely to increase accumulation o
OM comprisinga mixturefrom labile to more refractory materigSection 6.2.2)
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Authors: The progressive deoxygenation duringhie 1900s was originally triggered by gradual shoaling of
the basin due to glacieisostatic uplift and basin infilling that, together with warming climate, intensified
OM delivery primarily through enhanced sediment focusing.

Please clarify: What fills the basin, form where the filling comes what do you expect climate to do!

In our opinion, we havexplicitly described how th#epositionakystem works in response to climatic oscillations.
First, in Sedbn. 6.1 we describethe combined effects of glacisostatic uplift and sediment infilling, and
superimposed climatic oscillations on the depositional setting. Specifically, we postulate that the sediment focusing
is more effective during the warm phases when srsigced sediment reworking is more effectiMeen, we show

that under warm climatic phasdhe delivery of phytoplankteterived OM (whichlargely controls the OM
accumulation) increases, which togethethveffective sediment focusitends to intensified OM deposition.

We added a new figure @:i7) to clarify the sedimentation dynamics with respect to giaoistatic rebound and
climatic oscillations.
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2. Responses to online discussion Referee #2

General Comments: The paper by Joniken et al. is a multiproxy study of the development of coagtgpoxia
in the Archipelago Sea, Northern Baltic Sea during the last millenium. It takes into consideration the natural
changes in the basin geomorphology and sediment transport, driven by climate variability, with the
anthropogenic inputs, as causes of themergence of neabottom hypoxia in the area. One of the main

findings is that coast al hypoxi a st ar-tiventieth teaturgasc u r
other studies have suggested. The authors state that natural variability and mes were the main drivers of
the emergence of hypoxia in the 19006s, but that e

The paper is weltwritten, including many data in tables and figures. Perhaps alternative interpretations on
the studied record are missing, but, overallthe manuscript deserves to be accepted fpublication. Minor
revisions are suggested as follows.

We thank the referee for careful consideration of our manuscript. Below we address each of the specific comment:

Specificc o mme nt s : 1) Thedmateri al and methodsd section
subsection 4.4, could be summarized and the full text be moved to supplementary material.

We thank the referee for the suggestion. However, we find that ateribls and methods section follows the
standard level of detail in the journal.

We suggest that the decisiabout movingsome partsf this sectiorto the supplement is left fone editor.

2) p.22 The authors propose that Mo accumulation rate is a pry for bottom water hypoxia in the MoWP,
suggesting that this takes place mostly during summer. Nevertheless, Mo geochemistry depends on the
suplhide concentration in the pore waters, which in turn also depends on the sedimentation rate of labile
organic matter. As the authors recognize, the phytoplankton productive season extends during
spring/summer. Thus Mo accumulation rate does not actually depend on bottom water hypoxia, rather the
latter be a consequence of organic matter respiration in the surfaceediments. This should be taken into
account in the discussion. On other hand, in order to preclude any bias due to the changes in the
sedimentation rate for the authigenic accumulation of Mo, it would be better to normalize the Mo content

to Aluminum, and estimate the Mo enrichment factor (Scholz et al., 2013).

The referee is correct thatormalization againsfl is a good practiceln fact, our Mo/Al data as well as the
enrichment factor (EF) for Mo (calculated following Scholz et al. Chem. Geol. 355) Bottidhow exactly the
sametrendsasthe Mo content profile used in the manuscript (Fig), Rnplying that our raw Mo content reflects

the trends in authigenic Mo sequestration in the sedinlérefore, we conclude that the interpretation of the
records remainginchangedvhether we use Mo/Al ratido EFor raw Mo contentAs we need the raw Mo content

for the calculation of Mo MAR, we found it is more instructive to present the Mo content and MAR side by side in
the manuscript instead of presenting tio/Alor Mo EFprofiles. Thereferee is also correct thio sequestration
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is modulated by the delivery of labile OM, which in turn drives the sulfide accumulation withiwgtenrs upon
microbial degradationThis is actually mentioned on page iB3uw manuscript Aribther marked redox shift is
observed at 1950 AD, where a rapid increase in Mo MAR accompanied by a prominent decrease in Pr/Ph sugges
unprecedentedly reducing conditions at the sediiweater interface (Fig. 6). This shift likely denostmaling of

the redox zonation as a response to eutrophication in the area, which has been reported in previous studies of th
Baltic Sea (Slomp et al., 2013; Egger et al., 2015; Rooze et al., 2016: Jilbert et al., 2017) and reflects intensified
delivery d labile OM to the seafloor with respect to the supply of electron acceptors (Middelburg and Levin,
2009)0 Yet, we agree that the firstder control of OM accumulation on Mo sequestration should be stated more
clearly in the manuscript.

In the revised nmauscript, wehave clarifiedthe role of labile OM delivery as a driver of sulfide accumulation and
subsequent Mo sequestration in sedinfSeiction 6.3.2)We stand by the presentation of Mo content and MAR
data instead of Mo/Al and Mo EF for the reasoingig dbove, but wehave includeahe Mo/Al profile in the
supplementFig. S3)to show that the Mo content reflects authigenic Mo sequestr@extion 6.3.2)

Mo (ppm) Mo/Al Mo EF
2000 2000 2000
1900 1900 1900
1800 1800 1800
1700 1700 1700
1600 1600 1600
1500 1500 1500
1400 1400 1400
1300 1300 1300
1200 1200 1200
1100 1100 1100
1000 1000 1000
900 900 900
800 800 800
700 700 700
600 600 600
500 500 500
0.0 2.0 4.0 6.0 8.0 0.0E+00 5.0E-05 1.0E-04 1.5E-04 0.0 2.0 4.0 6.0 8.0

Fig. R2. Comparison otheraw Mo content profile with Mo/Al and Mo enrichment factor (EF)
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3) p.23 on causes of early 1900s deoxygenation: the authors include stratification ahabgl warming as one
of the factors precluding the bottom water ventilation and the deoxygenation trend. However, SST
paleorecords (Figure 5), shows that the warming is significant (above that attained in the MCA) just around
1950, while laminations, incrased d15N and increased organic carbon and Mo accumulation rates are
recorded well before.

This relates to the same issue regarding the onset of hypottia beginning of the 190€sat waspointed out by

the referee #1. As already mentioned, we will matre emphasis on theombined effects of physical and
anthropogenic forcingAs for the linkage between temperature and bottom water ventilat®mote that the
warming trend in the dendroclimatic temperature reconstruction (Fipefan already in th&800s whereaghe
instrumental temperature record (Fig. 6hfortunately onlyextends to the turn of the 2@entury. Although the
referee is correct that the MCA temperatures were exceeded around 1950s, the warming trend that obviously
started decadesarlier likely contributed to the deoxygenation alongside anthropogenic forcing already in the
beginning of the 20century.

As mentioned in the previous responseshave revised our interpretation about the onset of hypoxia (1900 AD)
by attributing t tothe combined effects of phigal and anthropogenic forcing (S&estract, Conclusions, Sections
6.2.2, 6.3.2)For the reasons stated above, we stanihidynference thahewarming trend in climate was one of
the physical factors

4) The attribution t o O6war mer <climatedé for the early deoxy(
Authors might reconsider this interpretation or provide more support to this conclusion.

See our previous response.

As mentionedwe haveretaired the argumentthat the warming trahin climatewas onethe physical factors
stimulating the onset of hypoxia around 1900 #Dthe resonsstated above

5) p.20. On the role of the sewer network for the city which likely enhanced sewage loading to the Archipelago
Sea, at the beginning of the twentieth century, the dlors indicate that it had a secondary role, because no
significant changes in the organic matter source were detected. However this argument is not convincing,
since the increases of MAR, OC MAR and d15N occurred just after the sewer construction, and aher
influence of marine organic matter was recorded later, driving the exacerbation of hypoxia. It would be
possible that anthropogenic organic enrichment partly sustained the early increase of MAR and also
contributed the increase of primary productivity in the area.

Partly agreed.See our previous responségain we note thahe longterm changes ithedepositional settings
wellasthec onst ant  CYChvalugslover thsetjimei shiftound 1900 ABhould not be ignored.
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As stated in the previous responseshave modified ouinterpretation about theaoses of the deoxygenation
the early 20 centuryto include anthropogenic forcings one of the drivers alongside physical fac{@se
Abstract, Conclusions, Sections 6.2.2, 6.3.2)

5) p.25 (61l mplicati ons 0 )il5N redord demanstratesrinsrease@rdhropogenie t h @
nutrient input already at the beginning of the 2@h century. It would be worth to analyze if the records also

related to an increased denitrification inthe bottom waters and surface sediments, which could resudf an
increasing anthropogenichatural labile organic matter flux.

We thank the referee rf@ointing out the potential influence of possibly increased denitrification rate on the
sedimenti™Nvalues However, there are several lines of evidence suggesting anthropogeiidaited riverine

input of heavy nitrate to be a more likely candidate for the increase in seditfdntalues since the turn of the

20" century. Firstly, the patterrsisimilarin coastal sitesround the Baltic Sea, irrespective of the bottom water
oxygen levels (see eMoss and Struck, Mar. Chem. 59, 1997; Struck et al., Maol. 164 2000; Voss et al.].
Marine Syst. 252000; Savage et aljmnol.Oceanogr. 552010; Ning et al., 2018gand therefore the progressive
enri chment ™ values everithen®xerturyiis likely a manifestation of synchronous changes in land
use and urbanization in different parts of the Baltic Sea catchment. Secondly, in the Swedish coastaha&reas of
Baltic Sea, the onset of clear laminations in$keiments is observed aftts950 AD(Persson and Jonssollar.

Pollut. Bull. 40,2000; Savage et al., 2010) whi | e t'Nealussesskoiamircredsingirenalreadysince

~ 1850AD. In fact, in the record from HimmerfjarderSévage et al., 2010), there isnmtablep | at ea d®™Ni n t
profile at the onset of clear laminatismather than steepening of the gradieditnilar pattern is also observed in

the Gasfjarden record (Ning et al., 2018hirdly, although aggravation dfiypoxia in the Archipelago Sea has
continued to the present (Fig,7) i t seems t hat t IPNsigpatue bas shitesl toa decreéasingr e e
trajectory (Fig. 6) suggesting decoupling between deoxygenation dnid see' valuésFinally, the effects of
aggravation of seasonal hypoxia in the coastal areas of the Baltic Segquastionable For exampe, in an
incubation experimenthe denitrification rate remained unaffected over a dindin oxic to anoxic contions
(Hietanen and Lukkaridguat. Microb. Ecol. 42007). Further, the coastal N removal at a monitoring station in
the Gulf of Finlandwas markedlylower during 20072009 in comparison to 206004, which was possibly
attributed to deoxygenation (Jénét al., Aquat. Microb. Ecol. 63011).Based on thse considerations, we infer
that the pr ogr*¥ wauesvobourisedinent racerd wais mostliikely linked to increased riverine
input ofisotopicallyheavy nitrate from anthropogenic sources.

We stand by the inference that the riverine infifiisotopicallyheavy nitrate from urban and agricultural sources
caused the pr ogr e &¢valvesinoarsaedimentrecerdver the 20 centimye U

6) Figure 7. Though all the figures coincide in showing a negative trend of neapttom water oxygenation;

it would have been better to provide a climatology (or monthly/seasonal averages) of the water column
dissolved oxygen concentration. The resolution of the timgeries does not allow to observe the seasonal
hypoxia.
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We apologize it was manentioned in the caption th#tese interpolations are based on water column oxygen
concentrations irugust The purpose of thigyure is to show the decadatale trendin oxygenation around the
Archipelago Sea, not seasonal dynamiicsddition, wenote thathedensity of the monitoring data in the majority
of the monitoring stations does not allow higisolution observation of the seasonal hypoxia.

We applied no changes to the figure. In the rewsaduscripve note in the figure caption that timerpolations
are based on oxygen concentrationdugust.

Technical comment: The legend of Figure 2 (geochronologies) is missing (the text of the legend 1 was
duplicated here).

We apologize for the inconvenience.

Thisis correctedn the revised manuspt

14



10

15

20

25

30

35

40

3. Marked up revised manuscript

A 1500year multiproxy record of coastal hypoxia fromthe northern
Baltic Sea indicates unprecedented deoxygenation over the '20
century

Sami A. Jokineh Joonas J. VirtasapTom Jilbert, Jérome Kaisér Olaf Dellwig®, HelgeW. Arz?*, Jari
Hanninen, Laura Arppé, Miia Collandef, Timo Saarineh

!Department of Geography and Geology, University of Turku, 20014 Turku, Finland

2Marine Geology, Geological Survey of Finland (GTK), P.O. Box 96, @AH%poo, Finland

SDepartment of Environmental Sciences, University of Helsinki, P.O. Box 65, 00014 Helsinki, Finland

4Leibniz Institute for Baltic Sea Research Warnemuinde (IOW), Seestrasse 15, 18119 Rostock, Germany
SArchipelago Research Institute, Univigysof Turku, 20014 Turku, Finland

SFinnish Museum of Natural History, University of Helsinki, P.O. Box 64, 00014 Helsinki, Finland

"Department of Food and Environmental Sciences, University of Helsinki, P.O. Box 66, 00014 Helsinki, Finland

Correspondence: Sami A. Jokinen (sami.jokinen@utu.fi)

1



10

15

20

25

Abstract. The anthropogenically forced expansioh coastal hypoxia i major environmental problemffecting coastal
ecosystems and biogeochemical cytlesughout the worldThe Baltic Sea is a seranclosed Iself seawhosecentral deep
basins have beenhighly prone to deoxygenatioduring its Holocene historyas shown previously by numerous
paleoenvironmental studigldowever, longterm data on past fluctuations in the intensithiypoxia in the coastal zomd the
Baltic Sea aréargely lacking, despite the significant roletbése areais retaining nutrients derived from the catchment. Here
we present a 150@ear multiproxy record ofiearbottom wateredox changefrom the coastal zone of the northernitiga
Sea, encompassing the climgpitasef the Medieval Climate AnomalfMCA), the Little Ice Age(LIA), and the Modern
Warm PeriodMoWP). Our reconstruction shows that although multicentemtiraiate variability hasnodulated depositional
conditionsand delivery obrganic matter (OMjo the basirthe modern aggravation obastahypoxiais unprecedentednd
besides gradual changes in the basin configurattomust have been forcduay excess humaimduced nutrient loading
Alongside the anthropogée nutrient input tFhe progressive deoxygenation since the beginnirigegd®00s wasriginaly

triggeredueled by the combined effects of gradual shoaling of the basin and warming climate, which amplified sediment
focusing and increased the vulnerabpilib hypoxia.Importantly, theanthropogenieutrophication of coastal waters in our
study area began decades earlier than previously thought, leading to a marked aggravation of hypoxia inithed850s
fueling-primary-productivity-while we We find no evidence ofimilar anthropogenic forcing during the MCA. These results
have implications for the assessment of reference conditions for coastal water Budtlitgrmorethis studyhighlights the

need for combined use of sedimentological, ichnoldgaad geochemical proxies in order to robustly reconstruct subtle redox

shifts especially in dynamic, naruxinic coastal settings witrongseasonal contrasts in the bottom waieality.
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1 Introduction

The expansion offiypoxic dead zoneis anongoing global problem both in the marine realm (Diaz and Rosenberg, 2008;
VaquerSunyer and Duarte, 2008; Gooday et al., 2009; Rabalais et al., 2010; Rabalais et al., 2014) as well as in lacustrine
settings (Jenny et al., 2016a, Bhttom water oxygen gdetion (< 2 mg t* dissolved oxygen caused by the combined effects

of water column stratification and excess delivery of organic matter (OM) to the sediteniorates benthic ecosystems
(Levin et al., 2009) anaften triggersharmful algal blooms (Hang et al., 2010fue to the impact of hypoxia on
biogeochemical cycles at tlsedimeritwaterinterface (Middelburg and Levin, 2009). Upon bottom water deoxygenation,
phosphorusR) is releaseckfficiently to the water column from surface sedimefugling further primary productivity and
dinitrogen (N2) fixation by diazotrophic cyanobacteria, thus triggering a-se$taining positive feedback mechanism
commonly associated with eutrophication (Vahtera et al., 2007). In addition, the ability of bewtystems to remove
nitrogen via denitrification and anaerobic ammonium oxidation may be reduced upon repeated or prolonged exposure tc
bottom water hypoxia (Conley et al., 2009a; Middelburg and Levin, 2009; Carstensen et al., 2014b). Due to these internal
feedback mechanismegcovery from hypoxia is often slgwamperingmanagement of the problethroughreductions in
externalnutrient loading (Vahtera et al., 2007). Furthermore, global warming is likely to exacerbate the spreading of hypoxia
in many regios through enhanced nutrient ingutinked toincreased precipitatioand discharge)decreasedolubility of

oxygen due to increased temperature, and acceleration of internal nutrient cycling (Mei@OdtlalMeire et al., 2013).

Over the past céury, the Baltic Sea haseena markedexpansion obenthic hypoxiaJonsson et al., 1990; Conley et al.,
2011: Carstensen et al., 2014a), dmel Baltic Sea dead zoneaften referred to as the largest anthropogenidatiiyiced
hypoxicmarine arean theworld (Diaz and Rosenberg, 2008). Yet, although {ergn trends in thexpansiorof hypoxia in
offshore areas of the Baltic Sea have been widely studied, little is knownthbqast evolution of hypoxia the shallow
coastal areasvhere episodic oseasonal oxygen deficiencyfgcedby thermal rather than salinity stratificatioviffasalo et
al., 2005Conley et al., 2011). Importantly, these coastal areas act as a filter for nutrients received from the d@shmaknt
et al., 2017). fius changs in biogeocheroal cyclesn coastal sedimentray impact omutrient transport to offshore areas
of the Baltic Sea (AlmrotiRosell et al., 2016 Elucidating fluctuations ircoastal hypoxia will aid understanding tbie
efficiency ofthecoastal filterand is thereforgital for understandinthe expansioof hypoxia in the entire Baltic Sea. Indeed,
it is stildl debated whether the decisive factor trigger
1350 AD) in the Baltic Proper waintensified land use in the catchmeatllén and Conley, 2010) or anomalously warm
climate (Kabel et al., 201Papadomanolaki et al., 2018

In this study, we present a muftioxy reconstruction of the development of hypoxia in an enclosed coattitad $e the
Finnish Archipelago Se@orthern Baltic Seover the past 1500 years, covering the known climatic oscillations of the MCA,
the Little Ice Age (LIA, 13501850 AD) and the Modern Warm Period (MoWP, after 1850 AD) in order to assess how the
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coastal zone responds tentennialmillennial climate variabilityand potential past inputs of nutrients from the catchment
areas We use diverse bulk sediment geochemical proxies in combinationnigtirated sedimentological and ichnological
analyses tolacidate temporal changes in the intensitp@frbottom watepxygen deficiencyin order to constrain the drivers
behind the observeakygenation changes/e assespast fluctuations itydrodynamic conditions at the study site, anthin
delivery of GM, and compare these with the pelitnate variabilityand changes in the anthropogenic nutrient loading from

the catchment.

2 Study location

The Baltic Sea is a shallow (mean depth 54 m) ssmiosed basin located on a continental siiégf. (la)betweermaritime
temperate and continental sAbctic climate zones. Climatic conditions in the area are largely modulated by the North Atlantic
Oscillation (NAO) as well as the summer low and winter high over Eurasia (e.g. Rutgersson et al., 2014). \&m&r me
temperature ranges fro+fi2 °C in the north to 0 °C in the south, whereas summer mean temperature has a narrower range of
141 17 °C. The sea is essentially riiohal, but irregular variations in wind and atmospheric pressure modulate the water level

with maximum amplitude of 2 m.

Surface salinity exhibits an increasing tréngim north to south, fromi® in the Gulf of Finland and Gulf of Bothnia td B0

in the southern Baltid gpparanta and Myrberg, 2009 his horizontal salinity gradient results frammbined effects of high
riverine freshwater input in the north and occasional inflows of saline water from the North Sea through the Danish Straits i
the south. The contrasting density of these two water masses leads to formation of a $26ng tick pycnocline, which

lies at a depth of 40 m depending on the stiasin (Leppéranta and Myrberg, 2009). Irregular saline inflow events from
the North Sea occasionally ventilate the deep stagnant bottom wateesBafitic Properbut this oxygen is rely exhausted

with a net effect of stronger stratification and possibly even more sexygerodepletion (Conley et aRp02; Carstensen et

al., 2014a).

The Archipelago Sea, located in the sewttstern coast areaof Finland in the northern Baltic &dFig. 13), is a mosaic of
thousands of islands and small bays within an area of ~ 80@Baitmity in the area ranges from 5 tdrtreasing towards
the open sedMeanwaterdepth is only 23 m, although some deeps reach over 100 m. The lengthaef feason isid.5
months (Seina, 1994huta currentdecreasing trend of 46 days per century has been reported (RonR&ibgn The rate of
the present glacigostatic uplift is 84 mm per year(Makinen and Saaranen, 1998)hich expo®s previously deosited

sediments to wave erosion and modesgditydrogaphic conditions in the area.

The complex topography of the Archipelago Sea results in restricted water exchange between the inner archipelago and th
opensea areas (Malkki et al., 1979), andmeros smallbasins with contrasting bottom water conditiangst in close
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proximity (Virtasalo et al., 2005). Water exchange in the area mostyrs through deep straftdlowing the faultlines of

the crystalline bedrock, which are mostly aligned morth-south directionln enclosedasins, a strong thermocline impedes
mixing of dissolved oxygen to the bottom waters during summer, which together with high delivery of reactive OM to the
seafloor commonly results in seasonal hypoxia (Virtasalo et al5;2likinen et al., 2015). Mixing of the water column
through thermal convection takes place in spring and autumn due to the lagieohanent halocline (Leppéranta and
Myrberg, 2009).

The sediment fill of thérchipelago Seaince the deglacial to pregeomprises a succession of-m@ximal tills and outwash,
glaciolacustrine rhythmitepatchily-distributeddebrites, postglacial lacustrine clagad brackisktwater mud drifts (Virtasalo

et al.,2007; 2014. The study area was deglaciated at ~ 1140BP(Stroeven et al., 2016 hich led to freshwater conditions

in the areqTuovinen et al., 2008By ~ 7600 cal. BP, the eustatic ocelanel rise surpassedélylacicisostatic rebound rate
and the Danish Straits became inundatedulting in marie flooding of the Baltic Sea basin and consequent salinization of
the Archipelago Sea (Tuovinen et al., 20@hcethen, sedimentation in the Archipelago aabeen cheacterized by wave
and currenmodulated deposition of brackistater mud drifts wi laminated intervals arldcal unconfornities (Virtasalo et

al., 2007).

Haver6 is a small, extremely enclosed basin in the middle of the Archipelagbi§eB.(The Proterozoic bedrock surface in

the area is dominated by microcline granites, with spatthes of gneisses, amfibolites and granodiorite (Bedrock of Finland,
DigiKP). Due to the relatively high elevation of the surrounding islands, Quaternary deposits have been largely removed by
erosion after the islands were uplifted above the wave basanfdmara, DigiKP). The distance to the mouths of the largest
rivers in the area, Aurajoki River and Paimionjoki River, is 25 and 38 km, respectiveipalA brook drains into thieasin

from a lake located on the Haver6 Island. Sediatéont in the Haverbasin is dominated by reworking of previously deposited

late- and postglacial clays and orgaiich brackishwatermuds during autumn and winter, and by rapid settling of organic

rich aggregates during spring and summer (Jokinen et al., 2015). Thiradeamdrast in the sedimentation, accompabied

severe seasonal hypoxia and consequent deterioration of macrobenthic fauna, hagherfabiheation and preservation of

annual laminations (varves) over the past decades (Jokinen et al., 2015). PoatdatidrHaver¢ is sparse, and dogninant

direct anthropogenic nutrient loading is sourced from two local fish farming cages that were operational from 1987 to 2008
AD (Fig. 1b.
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3 Description of the proxies
3.1 Proxies for hydrodynamic conditions
3.1.1 ®diment grain size

Sediment grain size depends on sediment inputs and hydrodynamic conditionslingriver-meuthGiven thatsediment
provenance remains fixgtemporalvariation in grain size distribution in the coastal zone of the Baltic Sgduding river

mouths,is mainly governed bghanges iiwind stress andasinlocal seafloormorphometry that modulate the bottom water
energy flux Lehmann et al., 2002b; Jonsson et al., 2005a; Ning et al.).201general, periods with enhanced nRkatom
currents become recorded in sediments through increased proportion of coarse graiisgesget-al—2008lstrom
1939.

3.1.2 Titanium to potassium ratio

In fine-grained sediments, potassium (K) is mainly associated with illite ¢®B)tAl,Mg,Fe)(Si,Al)401q(OH)2(H20)]),

whereas titanium (Ti) is mainly present in heavy minerals such as rutile) @i@menite ((Fe, Mg, Mn, Ti)g) and thus it
concentrates in the coarse fraction of sediments due to sorting effects (Dellwig et al., 200@)r& hexgations in Ti/K in

locations with negligible changes in sediment provenance over time can be ascribed to changes in depositional energy ar
sediment transport process&sv@ et al., 2008; Spoffdrtet al., 2008, whereby an increase in the ratlenotes amplified

bottom water currents.

3.2 Proxies for the source of organic matter
3.2.1 Carbon to nitrogen ratio

Due to the contrasting composition of vascular plants in comparison to phytoplankton, @@ybomitrogen(N) ratios of
sediment OM carbe used to estimate relative contributions of OM originating from terrestrial and marine compartments
(Meyers, 1994; 1997 and references therein). This difference arises from the high abundance of proteins in algae, while
vascular plants are rich in celbde instead. Accordingly, marine and terrestrial OM is characterized by molar C/N ratios of

4 10 and > 20, respectively. However, C/N of OM produced in the euphotic zone is potentially elevated during sinking (Muller,
1977; Meyers, 2003) and diagenesis (Galman et al., 2008) due to preferential degradation of N over C. Conversely, adsorptio
of amnonia (produced upon OM decomposition) on to clay mineral surfaces has the potential to decrease sediment C/N during
diagenesis especially in sediments with less than 0.3 %of\ller, 1977). Despite these potential constraints, C/N ratio

often accuradly records past variations in the source of OM to the seafloor (Meyers, 1994; 1997), as suggested for the coasta
Baltic Sea (Muller and Mathesius, 1999).
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3.2.2 Stable isotope composition of carbon

Stable isotope composi t @y depehds enghe isotopioratio of thg Gsource asevallrason the (|
fractionation betweetfC and**C during photosynthesis (e.g. Hayes 1993). A vast majority of plants present in the study area
fix C via the Calvin () pathway, whereby?C is preferentially incorporated, producing.{3vith 20 & lighter isotope
composition than the inorganic Ci{&g) source. Land plants use atmospheric carbon dioxide, & ~-7 4 ) as their

source of Gorg, Whereas marine algae utilize dissolved bicarbonate ¢g4C@&i~ 0a ) in addition to CQ, resulting in higher

i'3C values in marine phytoplankton. Although the preferential source of C for marine algae is disselwbéyO@corporate

a progressivelyigher proportion of HC@ with respect taCO, under decreasing pGQFogel et al., 1992Rost et al., 2003

|l eading t&iwnmalreeasiinmg titheir cells. Accordingly, ®Owlgeani c
of ~-27a , wherea phytoplanktord e r i ved mari ne or gani c®Cnsigrature from20g0-22h ar act
(Meyers, 1994). Although early diagenetic processes potentially alter the original stable isotope composition of OM (Lehmann
et al., 2002a), anumberofist i e s i n diXCasignature di sediment DM oftén robustly records past environmental
changes in the water column (Meyers, 1994, 189&udenthal et al., 200Kohzu et al., 2011

3.2.3 Stable isotope composition of nitrogen

The stable isotope o mp o s i t i o n !Ny ih marinetOM prpduced i the euphotic zone is governed by the isotopic
ratio of nitrate (N@) and the extent to which this nutrient reservoir is consumed by phytoplaritabgt and Francois,

1994; Voss et al., 1996Dueto the preferential assimilation #NOs” during photosynthesis, the produced OM is depleted in

5N relative to the inorganic N source. If the available nutrient pool is not continuously replenished (e.g. due to thermal
strat i f i ¥Nssigratarefithe remaining Ni® pool becomes progressively enriched following Rayleigh fractionation
kinetics @Altabet and Francois, 1994Consequently, upon complete exhaustion of the Id@ol due to a period of intensive
primary productivity, such as a springlo o m, no net isotopic fr a®NsigmuaodfN@i®s occ
communicated to the accumulated OM. On continental margin settings characterized by high sedimentation rates and intensiv
phytoplankton blooms that contribute the nméjoof OM delivery to the seafloor, as in the Baltic Sea, alteratidheoprimary

>N signal attained by phytoplankton within the euphotic zone is minute both during sinking through the water column
(Altabet et al., 1991; Altabet and Francois, 19841 during early diagenesiKignast et al., 200Z;hunell et al., 2004 Hence,

h i g'¥N values in coastal sediments often record eutrophication through agricultural and urban contribution to riverine N
loading McClelland and Valiela, 1998/oss et al., Q00; Struck et al., 200@ole et al., 2004Voss et al., 2005 owing to

the enrichment ofN in fertilizer and manure due to N transformations such as denitrification and ammonia volatilization in
catchment soil§Heaton, 1986; Aravena et al., 1993).
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3.2.4 Branched isoprenoid tetraether index

Founded on the observation that branched glycerol dialkyl glycerol tetrae@®eTS HIl) are mainly sourced from
terrestrial environmer(soil OM), whereas crenarchaeol originates predominantly from marineoenwvimt (a characteristic
lipid for aquaticThaumarchaeofg Hopmanset al.(2004)definedthe branched isoprenoid tetraether (BIT) indexs-defined

by-Heopmans-etal(2004s a proxy for the relative abundance of terrestriat OM

"$24 )% 43))$ 4
0 OWe QO& 7 sAEa/m | 2)5%22)9s 4 (3

whereendmember values of 0 and 1 denote open marine and coastal environment, respectively. Diagenetic effects on BIT
index are regarded minute due to the stradtsimilarity of the compounds involved (Schouten et al., 2013). Possible
constraints on the application of the BIT index include poteintialtu production of branched GDGTSs in the water column
(Sinninghe Damsté et al., 200&nd marine sedimentBétese et al., 2008as well as the potential production of crenarchaeol

in soils Weijers et al., 2006

3.3 Redox proxies
3.3.1 Sedimentaryfabric

Sedimentaryfabric analysis is focused on the preservation of primary sedimentary structure, its mixing bfaumsdr
bioturbation, and the characteristics of identifiable bioturbation structures (trace fossils). Trace fossil assemblages of th
organicrich brackishwater muds of the Baltic Sea are well applicable feconstructing past bottom water redox shifts
(Virtasalo et al., 2011dy). Benthic faunal responses to bottom water hypoxia include avoidance or even mortality of large
species, loss of diversity, and shoaling of penetration depth or emergence from sediment (Levin et al., 2009). Consequently
thevettical extent diameter, and diversity of burrows constructed by macrobenthic fauna decrease with declining bottom water
oxygenation, which is thought to be the decisive factor shaping biogenic sedinfabtécy in the Baltic Sea (Savrda and
Bottjer, 1986 191, Virtasalo et al., 2011a, llthough other factors such as salinity, substrate consistency, and food supply
also affect trace fossil assemblages in the area (Virtasalo et al., 2006, 2011a). Importantly, the behavior of macobanthic f
respondsapidly to changes in the bottom water environmental conditions, and these responses can be readily recorded in th
trace fossil assemblages (Savrda and Bottjer, 1986; Wetzel, 1991). The magnitude of this response is governed by the intensi

and duratiorthe deoxygenation as well as by the recovery time between consecutive hypoxic events (Levin et al., 2009).

3.3.2 Molybdenum content

Sedimentary mlybdenum (Mo)contentis awell-established proxfor past redox fluctuations in bottom waters overlying

marine sediments (e.g. Algeo and Lyons, 2006; Scott and Lyons, P¥2;and Adelson2013) It has been successfully
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applied to Baltic Sea sediments for bottom water redox reconstruatigpecially in deep are@dort et al., 2010; Jilbert and
Slomp, 2013Jilbert et al., 2015; Dijkstra et al., 2018ardisty et al., 2016yan Helmond et al., 2017). The sensitivity of
sedimentary Mo content to redox fluctuatiemdue to the conversion of the relatively inert molybdatéitmO,>) in seawater

to a series foparticle-reactive thiomolybdatedMoO«Ss.x) under exposure to hydrogen sulfide$)l Where the concentration

of HxS,qexceeds ~ 11 uM, the smlled sulfideswitch is activated and a quantitative conversion to tetrathiomolybdat&MoS
may occur Kelz & al., 1996; Erickson and Helz, 200@iggering effective fixation of Mo in association with-Bephases
(Helz, et al., 1996, 203110 Connor et al., 2015) and organic maftdelz et al., 1996; Algeo and Lyons 200Bahl et al.,
2017. In addition, Mo isreduced from oxidation state (VI) to (IV) during burial in sediments (Dahl et al., 2013). Under non
euxinic conditions, wherl;S is only found in pore waters but not in bottom waters, the initial sedimentdti@ater column

Mo often occurghrough adsiption to solidphasemanganese (Mn) oxided thesedimeritwaterinterface(Scott and Lyons,
2012;Scholz et al., 2013; Noordmann et al., 201%pon reduction of Mn oxides, Mo is released into the pore waters, from
where it may efflux back to the wateslumn or become sequestered into the sediments in the presence of sufficiently high
sulfide levels. In such settings, the depth and intensity of the pore ws&embkimum (in Baltic Sea sediments typically
associated with the sulfatmethane transition @ SMTZ, Egger et al., 20135ilbert et al., 2087) is expected toegulate the
amount of Mo sequesteréd the sedimen{Adelson et al., 2001Scott and Lyons, 201Z2elz and Adelson 2013 Sulu
Gambari et al., 2037

3.3.3 Pristane to phytane ratio

The gplication of pristane to phytane ratio (Pr/Phy a redox proxypaseson thetheorythat both of these aliphatic
hydrocarbons are mainly sourced from the phytol side chain of chlorophylls, with preferential diagenetic fornratigroof
exposure to redtng conditions (Didyk et al., 1978). Didyk et al. (1978) postulated that Pr/Ph ratios of < 1 are indicative of
deposition under anoxic water column, while ratios fluctuating about 1 record oscilla¢éitmeen anoxic and oxic bottom
waters, and persisténtoxic bottom waters result in ratios >However, it has been shown that a decline in Pr/Ph may also

be caused by excess production of Ph sourced from methanogenic microbes below the SMTZ (Brassel et al., 1981; Venkates:
and Kaplan, 1987; Duan, 200@s a result, the ratio should be used cautiously and in association with other indicators of
redox conditionsThis redox proxy is widely used in petroleum geology to characterize source rocks (Peters et al., 2005), but
is so far unutilized in studies ofdltic Sea sediments.

4 Materials and methods
4.1 Sediment coring, subsampling, and analysis of grain size

The study site was selected based on previous studies by Jokinen et al. (2015), where it was found that the sediment in tt

basin comprisethick varnes since the beginning of the'20entury, providing a highesolution archive of environmental
9
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change for the corresponding period. Due to this apparent sensitivity of the basin to bottom water hypoxia, as manifested ir
the continuous laminations, togethwith the central location middle of the Archipelago Sea, we expected the site to be
representative of the past environmental changes in thelamgartantly, despite the contrasting bottom water oxygenation
between adjacent suiasins in the area (Vasalo et al., 2005), the loitgrm trends in environmental conditions are largely

congruent over the entire Archipelago Sea, excluding areas close to prominent nutrient point Soareka( 2011

Two replicate sediment cores (HAKU-5 and HA\LKU-6) were retrievedising a 5 miong piston corer on board R/V Aurelia

of the Archipelago Research Institute in June 201dble ). The coring device was adjusted to start the core retnetial

the piston positionedi 2 decimeterabovethe sedimeritwaterinterface in order to capture the sediment surfasmtactas
possible In the laboratory, the cores were split lengthwise and trimmed for digital photography and description of lithology.
All of the following analyses, except for-dadiography, were condted fortheHAV -KU-6 core only. The sediment was sub
sampled into cubic (7 cihpolystyrene sample boxes at approximately every 3.0 cm for geochemical analyses. In addition,
the HAV-KU-6 core was continuously siampled at 1 cm resolution into reclosaptdyethylene bags fo*"Cs, *“C, and

grain size analyse&rain size distributions weranalyzd at every 10 cm by a Coulter LS200 laser diffractometer after

pretreatment with excess®h and dispersing the particles in an ultrasonic bath.

4.2. Geochronobgical methods

Age constraints for the age model were obtained based on visual varve counting (1900 AD of%#@sdp)ofiles, and
recognizable features in the measured atmosplesanil{ Pb) fallout profile. Three analysts independently counted the \arve
within the continuously laminated interval (06 cm core depthyom the freshly split sediment surfaiteorder to constrain

the reproducibility of the method. To fix this floating varve chronoldg{s activity was measured for the topmost 60 cm of
the core by measuring the gamma spectra of the wetaubles at the Geological Survey of Finland using an EG&E Ortec
ACE™-2K spectrometer with aihich Nal/TI detector. Two or three consecutivemthick subsamples were combined for
the20 60 cmand 0 20 cmdepth intervalsrespectively, to gain enough material for the measurement. No corrections were
applied for the results, because the target was only to detect rétdfisectivity peaks (Jokinen et al., 201B)ie to the lack

of datable macrofodsi we also attempted to constrain the age model with bulk sediment radiocarbon dating of the NaOH
soluble fraction as suggested by et al. (2011). The NaO#xtraction and AMS“C measurements for nine selected core
depths were conducted at fhezn&ERadiocarbon Laboratory, Polan@dslar et al., 2004)n addition, we compared our bulk
sediment Pb profiles with the Pb fallout records from varved lakes in Sweden (Brannvall et al., 1999) to constrain the

chronology.

10



10

15

20

25

4.3. X-radiography, trace fossils,and bioturbation index

For X-radiography, plastic boxes (50 x 4 x 2 cm) were pressed into the sediment, cut out using a steel string, trimmed with a
thin aluminum sheet, and sealed after inserting a lid (Virtasalo et al., ZD@6jo disturbance of theoppermost sediments in

the reference half of HANKU-6 during splitting of the corghe subsampling for Xradiography for the topmost 170 cm was

done for the replicate core HAKU-5. For the bottom part, the sshmpling was conducted for HAKU-6 due to lhe longer

core retrieval Table ). The cores were correlated visually based on the occurrence of the laminated intervals and the
boundaries of the lithological units described below. 2D projections of the sedimentary structures were investigatdd from hig
resolution digital Xradiographs of the boxes, which were obtained by a custade tungsteanode micrecomputed
tomography Nanotom device (Phoenix|Xray Systems+ Services GailiHg University of HelsinkiPower settings of the

X-ray source were 100 k&nd 150uA, and the detector watjusted to exposure time ofsland an averaging of 30 images

per radiograph. The resulting pixel size in theadiographs was 38 um.-Madiographs were used for further lithological
description as well as for analysis lwbturbation index anithnological structures to the ichnogenus legifet ichnofossil
descriptions, se¥irtasalo et al. 2011a) in 6 cm thick sediment intervdle assigned a bioturbation index of4l modified

from Behl and Kennett (1996), to these intervals based on the preservation of the primary sedfatmitesy that high

values denote intense mixinggble 2.

4.4 Geochemical analyses
4.4.1 Carbon and nitrogen contents and stable isotopetias

Lids of the polystyrene sample boxes were removed, the samples weredfiedzand the dry bulk density was calculated.
Subsequently, theediment samplesereground in an agate mortandanalyzed for total carbon & and nitrogen (i) by
CHNS-analyzer (TruSpec Micro, LECO Corporation) in the Department of Food and Environmental Sciences at the University
of Helsinki. The amount of inorganic C and N was assumed to be negligible in this setting, ane #ngsN: contents are
assumed toqual to Grg and Ny, respectively Jilbert et al., 20&7). The relative contributions of terrestrial pladerived
(%0Ger) and phytoplanktomerived OM (%OGayy) to the total Gy were estimated with a simple two emember mixing
model for the molar KC ratio, applying enagnember values of Nig: = 0.04(C/N = 25)and N/Gny: = 0.13(C/N = 7.7)for
terrestrial and phytoplankteterived OM, respectivelyGofiiet al., 2003):

LT # LT #

0O TF ae PR &)

where %0Gr = 100- %0OGCny. The terrestrial endnember intgratesvarious sources of terrestrial OM, from fresh vascular

plant detritus to more deagled soil OM Since virtually all of the OM transported by rivers to the coastal zone of the

Archipelago Sea passes through the soil reseamir enters the marine environment as a mixture of variably degraded
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material, further deconvolution of the terréed endmember by NZ ratios alone is impracticalhe validity of these end

member valuesor determining terrestrial vs. phytoplankton material, howewas recently confirmed by a study in the
southern coast of Finland, wherestrong gradient cfedmentN/C valueser-of sediment OMeevering-avere reported along

an estuaringransectalong-the Pojo-Bay-from-the rivenouth-to-the open-Ba ea-were-repoi(ditbert et al., 2037).

Furtherassumptioné the mixing modeére that thé\/C ratios ofthe bothendmembersiretemporally and spatially constant,

and that these valuasmaineffectively unalteredduring OM sedimentation and buriaTo obtain the desired fraction of

terrestrially derived 64 rather than blg from thismixing model, we us®\/C instead of C/N ratio for the calculation (Perdue
and Koprivnjak, 2007). Elsewhere in the text and in the figures we refer to the more commonly used C/N ratio.

In the Laboratory of Chronology at the University of Helsinki, selected frdaed and gound samples were measured for

stable isotope o mp o si t i o nNE€ygo fa ncda r ndbi) ity aigiope rtici mass spectrometer (D&ltAdvantage,

Thermo Fisher Scientifiy coupled to an NC2500 elemental analyzer T h e  m&Qygaunr dENJ daluesare reported

relative tothe Vienna Pe Dee Belemnite (\WPDB)andAIR scaledor C and N, respectively. Precision of the measurements,

as checked against-liouse ad reference standards yielded©2% ( 1 G) for both el ement s. Ba:
samples, precision of the entireopedure was €©.2 % and < 2.86 f &Coyq alin d°N, liespectively. To account for the
histori c %@ ef atmaspheric COuue o fossil fuel burning and deforestation, the measured values for samples

postdating 1700 AD were correctadcording tdhe equation suggested by Verburg (2007):

P66 1 # X&EXouwpplt @ PECCCTNPT & XPOPGTPM ® CRUPXPTX
PTT @ OBOPOPPT O CXPPUTCW WP X& PP ©)

where Y = year (AD) of the skment accumulation.

4.4.2 Biomarker analyses

Selected freezdried and homogenized samples were analyzed for various biomarkeesCapartment of Marine Geology

in the Leibniz Institute for Baltic Sea ReseafthW) following Kaiser and Arz (2016). Bafly, 0.5 1.0 g ofsediment was
usedfor accelerated solvent extraction (Dionex ASE ,3bBermo Fisher Scientificwith a 9:1 volumetric mixture of
dichloromethane and methanol using high pressure (100 bar) and temperatd) (A@@r the addition of internatandards
(squalane, nadecar2-0 n e ;andBdiar8 Eol, andCs,-GDGT) for quantification, he total extracts were divided into four
fractions bymicroscalesilica gel column chromatographyoirthe determination of Pr and Rhbntens, the apolar alkane
fraction was measured on a multichannel THdltea Gas Chromatograph (Therr@sherScientific), utilizing split/splitless

inlet, a DB5 MS capillary column and a FID detector. Peak identification from the obtained chromatograms was done based
on comparisorf peak retention times within external standardontaining Pr, Ph ana-Cg to n-Cyo alkanes complemented

with GC-MS analysesggefor details Kaiser and Arz, 2016). To calculate the BIT index, the most polar fraction (including
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glycerol dialkyl glycerbtetraethers, GDGTs) was measured with HPLC ARSI (Dionex Ultimate 3000 UHPLCThermo
Fisher Scientifisystem coupled to a MSQ PJdshermoFisherScientific) (seefor details Kaiser and Arz, 201.6

4.4.3 Major and trace element contents

Elemental corgnts of the freezdried and homogenized samples were estimated by a combination-@HSRNnd ICRMS
analysis. Initial ICPOES analysis for K and Ti was performedtat Department of Food and Environmental Sciences at the
University of Helsinki 0.1 0.2 g of dry sediment wafissolved in 2.5 mL of HF (38 %) and 2.5 mL of a mixture of HCIO
(70 %) and HN@(65 %) (volumetric ratio 3:2)n closed Teflon bombs at 90 °C for 12 h. After evaporating the acids at 160
°C, the remaining gel was dissolvedimprapul 1 M HNO; and analyzed fdk and Ti by ICROES (Thermo Fisher Scientific,
precision determined by replicate analyses < 5 %).

Accuracy of the initial ICPOES results was checked by digestion and analysis of a subset of 28 samplesagdr wih

the international reference material S@R (USGS).50 mg of dried and grounsediment wadirst treatedin open Teflon
vesseldPDS6; Heinrichs et al., 1988)ith 1 mL HNO; (65 %) at60 °Cfor 1 h to oxidizeOM. After addition of2 mL
concentratedHF and 2 mLconcentrateddClO4, the closed vessels were heatd 80 °C for 12 hAfter evaporation ofhe

acids on a hot plate at 180 °C, the digestions were fumedtmffe3with 6 M HCI, re-dissolved in 25 ml 2 vo¥ HNO; and
finally measured by ICRODES(ICAP 7300 Duo, Thermo Fisher Scientific) forakd Tiusing Sc as internal standaRdecision

and accuracy of the measuremeasitSGR1b at IOW were 0.7 %B.9 % for K and 0.8 %7 % for Ti. Constant offsets of up

to 20 % were observed between the dgttafom Helsinki and IOW for the 28 samples. A correction factor was thus applied
to the results from the Helsinki data usirignaar regression between t#@W and Helsinki results. The K and Ti data reported

in this manuscript are thus the correctedskiki data, and may be considered to have precision and accuracy < 10 % (this
value integrates both the quality of the IOW measurements and the goodness of fit of the linear regrassiat).
reproducibility betweerthe twosample sets wagood (< 7 %), suggesting that the offsatbservedbetween the respective

ICP-OES dataets from Helsinki and IOW everelated to analytical issues rather than the digestion pratocol

ICP-MS was used to determine the contents of Mo, Pb and the ratio of stabléopbsg8®Pbf°’Ph). ICP-MS analysis (iCAP

Q, Thermo Fisher Scientific) was performed at IOW on the complete set of digests from Helsinki, and the subset of 28 digestec
samples from IOW. The international reference material 3BRJSGS) served to deterreiprecision and accuracy of Mo

(0.7 %+1.6 %) and Pb (0.6 %2.2 %) measurements using Rh and Ir as internal standards in KED mode using He as collision
gas. For determination 6¥%Pb°"Pbin standard mode, the samples were diluted to a Pb concentshtioh g L* andthe

instrument was tuned to provide best results for the NIST standarddBRIesulting in a precision < 0.07 %.

All measured elemental contents were corrected for the weight of the salt in the pore water using the ambient salinity anc

porosity (Lenz et al., 2015Mass accumulation rat¢ARs) of the individual elements were calculated as follows:
13
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where G = element content (%), LSR = linear sedimentation rate (§mBD = dry buk density (g cnf), and subscript x

denotes the element in question.

5 Results
5.1. Age model

The three independent varve counts for the continuously lamiretedt sedimen{8-76 cm) suggest that thégectioncovers

113 + 5 varve years of depositiorhd**"Cs activity increase at 33 cm core depth, derived from the Chernobyl nuclear power
plant accident in 1986 AD, enabled us to fix the floating varve chronplegich indicatedhat the onset of continuous
laminationoccurredat ~ 1900 AD Fig. 2). A similar 3"Cs activity increase at this site was found at 32 cm core depth in a core
taken in2013 AD (Jokinen et al., 2015), implying that no marked loss of surface sediment occurred during the piston coring.
This is supported by the varve counting, whiafter fixing with the**’Csactivity profile) suggested that the sediment surface

was indeed of modern agéaple 3.

The apparent temporal flu@tions in the magnitude tie bulk sediment reservoir ags indicated by the downcore reversals
in *4C age(Fig. 2 Lougheed et al., 2017) impedatilization of the bulk sedimemMS-“C dates for the construction of the
age modelBecause our data did not enable robust correction for such variations, we desisted from using bulk $€diment

dates as age conaints.

To estimate the content of atmospheric pollution Pb in the sediment, we applied a simptanpanent mixing model
following Brannvall et al(1999):
0k O0A 0Kk O0A ~

0A 0k OA 0k O0A 0A ®)

The background isotopmmposition of Pb wasalculated as the mean prior to the apparent onset of Pb pollution at 900 AD
(Fig. 2, which yielded an estimate of 1.397. We used the age model baS&@wdating and varve counting for the sediments
deposited after 1900 AD, to assign a tidependent®®Pbf’’Pb composition for the pollution Pb. We assumed a constant
208ppPO7Ph ratio of 1.17 for the pollution Pb prior to 1900 AD, a linear decrease from 1.17 to 1.15 between 1900 and 1945 AD,

and a constant ratio of 1.15 since 1945 AD (Brannvall e1899 and references therein).

We found a remarkable consistency betweenPb record anthe pollution Plprofiles ofvarved lakes in eastern Sweden

where he preindustrial Pb fallout wasmainly sourced from mainland Europe anoim the British IslegBrannvall et al.,

14



10

15

20

25

1999 Fig. 2. Hence we used the main Pb pollution features found consistently in all of these lakes to constrain an age model
for our sediment corg(g. 2; Table 3 The onset of Medieval Pb pollutigat 900 AD,Lougheed et al., 20)2s well as the
Medieval pollution maximumat 1200 AD,Lougheed et al., 2012; Zillén et al., 2012; Lougheed et al., 2017)pnavi®usly

been used as age constraintsediments fronthe Baltic ProperHowever, our study jgo our best knowledge, tHiest to

identify the 1530 AD pollution pea&nd the pollution minima of 1350 and 1600 ABrénnvall et al., 1999; Renberg et al.,

2002) as agalepth poirg in Baltic Seasediments

Aconservative 10 uncert ai nt y wasfass@redrytepafths, we assignad ah additionalt h e
uncertainty for the Pb age constraints in cases where the position of the feature was ambiguous by first calculating the mea
LSR for the 900 1900 AD period (from the sharp onsdtPbpollution to the onset of continuous lamination). Based on this

LSR estimate (0.21 cm™ and the width of the Pfeatures, an additional uncertainty was added to these constraints by
assumingthatth wi dt h of each recognized feature in our Pb prof

the Swedish pollution Pb records.

The obtained age constrainf&aple 3 were used to construct a Bayesian age model in OxCal 4.2 softward (Baomsey,
2009), using Fsequence function (Bronk Ramsey, 2008) withhakie of 20 The resulting age modeldicatesthat the core
HAV-KU-6 covers ~ 1500 years of depositional history in the aféa @. A substantial increase in LSR is observed

coinddent with the onset of laminated sediment accumulation at 76 cm diegti2)(

5.2 Lithology and trace fossils

The sediment in the core HAKU-6 is characterized bygrganicrich mud, which conforms to the brackisbater mud drift
senswirtasalo et al. 2007), indicative of recemtepositionin the basin. Based dithology, the core can be divided into four
units as described belowi@ls. 2 and B These units approximately correspond to theNd@A, MCA, LIA, and MoWP
intervals(Fig. 3).

The basal par(393 324 cm ~ 500 780 AD) of the core HAVKU-6 roughly corresponds to the pkCA interval, and
comprisesseemingly homogenous greenistown mud. The Xadiographshowthat this mud is intensely burremottled
(Planolitesmottling) and is thus characieed by a bioturbation index of #ig. 4), although discrete trace fossils are hardly
discernibledue tothe high burrow density aridw contrast enhancement pyritization along the burrow${g. 33), probably
resulting insubstantial underestimationtbienumber of traced he upper contact to the thinbedded mud is relatively sharp,

but no clear signs of erosion aveserved in the Xadiograph.

The thinlybedded mud (324201cm, ~ 780 1290 AD) roughly corresponds to the MCA interval, asaiprisei 5 cm thick

beds, which are burrowottled andboorly graded, and localipversegraded(Fig. 3b). Bioturbation index in this unit varies
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from 3 to 4 depending on the preservation of the bieids 4. In places where the bedding pattern is clearl\blésithe basal
parts of the beds are dark grey and appear dark in-tiaelidgraphs, suggesting relatively low density. In contrast, the upper
parts of the beds are greenigtey and appear bright in therddiographs, pointing to higher density and coagsainsize.

The beds are mottled by abundRidnolites rare to abundamtrenicolites and rare larg@lanolitesichnofossils and complex
bivalve biodeformational structureBigs. 3 and 4.

The thinlybedded mud is gradationally overlain by greestjistly mudroughlycorresponding to the LIA intervg201i 76cm,
~ 129G 1900 AD), with occasional 114 cm thick indistinctly laminated intervalB general, this unit is characterized by a
complete obliteration of the primary sedimentéabric (bioturbationndex of 4) andhe trace fossil assemblage comprises
abundanPlanolitesandArenicolites rare largeéPlanolites and complex bivalve biodeforanal structuresKigs. 3 and 9.
Bioturbation indexand the number of traces decline rapidly at 91 cm depth (~ 1820 AD), and remain low to the top of

the unit Fig. 4). The upper contact to the sharply laminated mud is gradational.

The sharply laminated mud (7&cm) roughlycorresponds to the MoWP andmprises rhythmically alternating light brown,

black,and grey laminae. The thickness of the individual lamina successions varies from 2 to 13 mm, with a generally upward

increasing trend, which partly results from decreasing compaction. These laminites correspond to the varves described b

Jokinen et al. (@15). Trace fossils are virtually absent in this @ibturbation index of 12), although occasional blurring of
the laminations is observeHifs. 3 and 4. Black sulfidestaining becomes predominant from 53 cm upwards.

5.3 Geochemistry

5.3.1 Lithogenic components: trends over the entire study interval

Median grairsize (range Bi 2.4 um)and Ti/K (range 0.14@.159 are closely coupled, and show a generally decreasing
trend towards the presei(Eig. 4). Superimposed on thisendthe LIA stands out as an interval of decreased values in both
profiles(median grain size ~ 149m, Ti/K ~ 0.149) in comparison to the pICA, MCA, and MoWR

5.3.2 Organic component: trends over the entire study interval

The proxies for organic matter contents and composition correlate strongly with each other and show profiles very similar to

those inTi/K and grain size (e.g., TilK vS.ofgrs= 0.83 p < 0.001;Table 4. Namely, the organic proxies display a lelegm
trend (towards lower & content andi**Ceq, higherBIT and C/N-and-higher-C/)onto which changes during the MCA and
MoWP (towardshigher Gg content andi**Cy.q, lower BIT and C/N-and-lower-C/) are superimposedFig. 5. Despite the
relatively narrowrangesof valuesfor Corg (2.914.5 %), C/N (8.89.9), BIT index (0.180 . 2 9 ) *Cay(+2B.9 i22.23 ),

variability in these proxie are internally consistent over the 12500 yearsKig. 5. The MAR of Cog remainedbetween 20

and 50 g n? a® until the onset of the #0century, after whiclit increasd up to ~ 100 g m a* by theend of the century
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Meanwhile, the bulk sedimemtaiit>N remaired fairly constant (3.03.5a ) throughout much of the study perjashtil a
steady increase from 3.4 to ®2in the 1900s.

5.3.3 Proxies for hypoxia: trends over the entire study interval

Sedimentary Mo content and MAR (ranges82ng kg* and 009 1.21 ug cnt al) display negligible changes throughout the
preMCA, MCA, and LIA intervals, but increase to maximum values during the MoMiR? 4. When expressed as MAR,
the recent increase in Mo continues to the presentklgy . The correlatiobetweenMo andCogis generally weakrs =
0.18, p = 0.0%although this improves towards the present (i.e. when considering the LIA and MoWP interveiisgoi8j).

Pr/Ph ratio also shows little systematic change throughout most of the recordingeeatdes in the range of 0i41.0 from

the preMCA to the early MoWP. Coincident with the sukcent increase in Mo, Pr/Ph drops sharply to nearly zero at the
depth interval corresponding to 1960 AD, before recovering to 0.6 in the most recent seghigedtsThroughout the entire
record, Mo and Pr/Ph show a negative correlation {0.48, p < 0.00,lFig. S1; Table %

5.3.4 Trends during the Modern Warm Period

The recent changes observed in our proxies during the MoWP are complex, and areddesozibemore detail. The LIA
MoWP transition (18001900 AD) was characterized by low Mo anglg€ontents and MARs (range during the MoWP 0.17
1.21 ug cr? atand 22 122g mi? a?, respectively) as well as low sediment MAR (range during the MOWR® kg nT? a

1y and high Pr/PhRig. 6). At 1900 AD, canciding with the onset of continuous laminations, MARs of Mgy, @nd sediment

increased contemporaneously with a marked decrease in Pr/Ph. After this point, the strongly enhanced sediment MAR appea

to partially dilute the Mo content, particularlytine late 28 century (see alsBig. 4). Hence we focus on the MAR of Mo as
a proxy for recent changes in hypoxia during the MoVWWRe MoMAR shows a steadincrease throughout the MoWP,

displaying several decadstale oscillationsKig. 6).

Despite dedhing rapidly after the onset of continuous laminations, Pr/Ph recovered-MgW&° values in the period 1990

ADi presentFig. 6). The possible reasons for this observation are discussed below. Meanwhile, the proxies for organic matter

composition duringhe MoWP are consistent with a steadgrease in the relative supply of autochthonous matétilg

valuesincreaseprogressivelyfrom 1900 AD to presentZ3.6 -22.2a ) while C/N declines from 9.8 to 9.1.
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6 Discussion
6.1 Physical changes in the depositional conditions

Although the Haverd basin has been an enclosed basin throughout the stodiyFig. 1b), the glacigsostatic rebound has
resulted in progressively calmer depositional conditions in the area, as evidenced by the generally decreasing trajectories i
5 Ti/K and grainsize over the past 1500 yeaFsg 4). Assuming a constant glaeisostatic uplift rate of 4 mmafor the past

1000 years (Makinen and Saarari€®8), and taking into account the ~ 3 m of sediment accumulated chisrgetiod, the
basin was 7 m deeper around 1000 AD than at presemt. 7a). In addition, the irgnsive sediment focusing and diifte
deposition of the brackiswater muds has likely smoothed the bottom topography (Virtasalo et al., 2007), which has further
decreased the bottom water volume towards present.tirhegradual shoaling of the basin has decreased the area located

10 below the wavébase, which in combination with the steep shoreline topography hassed the sediment souttcesink
ratio and led to more effective sediment focusing in the deepdstgdahe basin towards the presénty. 7), as implied by
the enhanced sediment MAR during the MoVIFiR)( 6).

Superimposed on this general trend towards calmer sedimentary conditions towards the present, climatic oscillations havi
exerted a prominent atrol on the bottom water hydrographic conditions at the study site. We ascridevatedTi/K and

15 slightly coarser grain size during the MCA and MoWRomparison to the LIAo enhanced bottom water currents and lateral
sediment transporE(g. 4 Spdfort et al., 2008), whereby the lack of ice cover in the late autesuy winter promoted wave
induced sediment focusing upon exposure to stoFms/). Conversely, the early formation of ice cover during the LIA likely
suppressed winthduced mixing ofthe water column (Lincoln et al., 2016), thereby reducing bottom water energy flux.
Accordingly, it has been shown that a major proportion of the ansediiment accumulatioim the Havertoccursin late

20 autumn and early winter due to the interplay oéivsified cyclonic activity and lack of ice cover (Jokinen et al., 2015).
6.2. Organic matter input

6.2.1 Source of the deposited organic matter

The bul k ¥6gsghame (from28.9 to-22.2a ) together with the low C/Matios (from 8.6 to 9.Pindicates that

most of the OMdeposited in the Haverd bagiriginates from autochthonous primary productivity rather than from terrestrial
25 soures (e.g. Megrs, 1994:1997), agreeing with the findings from analogous settings in the Swedish archipelago areas

(Jonsson et al., 2005Savage et al., 2010ling et al., 2018 The marked positive correlation of Biffidex andC/N ratio, and

theirnegatie ¢ or r e | 8 qi(Figns; Twbhletd mpliés that all of these parameters arenarily sensitive to variations

in the source of OMEurthermore, the correlation of C/N and BIT (Fig. S2) also confirasthe two enadnember model of

N/C ratios issufficient to trace OM provenance. Hence, it can be concltlisdeither the N/C ratios of saihd vascular

30 plantderived OM are rather similar in this system, and/or that their relative contribution has remained constant duee time.
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twe-compenenmixing modelfer-N/C-in-the-sediment-OMuggests that, on average, 23 % (range from 15 to 32 %) of the
sediment Gg originates from terrestrial sources, the highest contribution being reached when the amount of phyteplankton
derived Gy is at minimum Fig. 5). Similarly, conversion of theIT index values to percentages tefrestrial (soil)OM
(%OMerr = 100 * BIT) yields an average estimate of 221#nge from 18 to 29 %]Jrhese figures are in line with the N/C
based estimates of ~ 20 % for % themiddle parts of the archipelago area south of the Pojo Bay, in the Gulf of Finland
(Jilbert et al., 2087). Collectively, these observatiordemonstrate thahe changes in OM deposition are mainly controlled

by variations intheautochthonous, phytoplarddaderivedinput.

We note that the excessively old bulk sediment radiocarbon dates for the $¢dudhite fraction suggestraarkedinput of old
reworked OM(Fig. 2). Despitethis contribution of preaged carbon, likely related to intensiesvorking and laral sediment
advection in the basin (Jokinen et al., 2015), we assume thagffie€n t e n¥Cory signaduredf the redepositedhaterial

have remained relatively constahecauseahis material represengsspatial and temporal mixture of sediments deposited in
the area (Struck et al., 2000he enclosed configuration of the basimoughout the study interval suggettat the majority

of OM that has ultimately settled at ostudy site likely originates from a rather small area, andtttesbserved increases in

OM accumulation are likely caused logalenhanced productivity. Neertheless, the intensive reworking and lateral sediment
transportis likely to dilute and smooth the signal of the delivery of OM sourced from the contemporaneous local primary
productivity in theeuphoticzone, partly explaining the generally subtle abifity in thesedimeniC/ N  &@uglprofiles.

6.2.2 Temporal fluctuations in the organic matter input

Although inferences about past productivity based solely on the phytoplasdatimedCorq content of sediments are limited

by potential dilution angreservation issuesariable productivity remains the most likely explanation for the observations in

Figure 5.Specifically, the contribution of terrestrial OM remains rather constant throughout the record (Fig. 5), whereas the

phytoplanktorderived compnent is greater during the MCA and MoWP than during the LIA, implyineabke input of

phytoplankton material over time. This variable input likely costtbe bulk sediment BITC/N, andi3Cyrq, which all show

concordant trends. We note atbat productivity and preservation effects often reinforce one another, since increasey deliver

of OM to the sediments is likely to stimulate preservation through decreased bottom water oxygematidadersen and

Calvert, 1990)Hence in the following we interpret the content of phytoplanktarived OM as a firsbrde estimate of

changes in productivity over the studied intertFdwever, an important distinction is tHas:q MAR is not only afunction of

productivity, but also of changes in sedimentation processes, primarily focusing. These become especially important at our

study site in the later part of the record.

The fluctuations in the input of phytoplanktderived OM to the basin gendyacoincide with the past climatic oscillations
(Fig. 5 and with paleoproductivity records from the Baltic Proper (Leipe et al., 2008; Kabel et al., 2012; Jilbert and Slomp,
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2013). Indeed,de
presentthe MCA and MoWRare typified byrelatively high inpuin comparison to the LIAimplying enhanced productivity

under warm climatic phases. However, we note iiFl,;and theMAR of Corg during the MCA remained below the MoWP
values, indicating that the export production of OM and consequent sediment focusing never reached the MoWP levels. By
contrast, a distinct decreaseGgqga n d°Codj paralleled by an irease in C/N and BIT indegoincideswith the MCA LIA
transition(Fig. 5, suggestinghat this marked decline in local primary productivity was most liketged bythe climatic

cooling (Kabel et al., 2012).

Thetemporaltrend inOM inputobserved irour datds similar tothe trend in temperaturecordedn millennial-scale regional
climate model simulations (Schimanke et al., 2048j with dendroclimatic summer temperature reconstructions for-south
eastern Finland (Helama et al., 2014) as welvielk TEXge-derived sea surface temperature reconstruction for the Baltic
Proper (Kabel et al., 2012). All of these studies report a decline in temperatures at 34080AD witha persistentlycold
periodlasting until=1900ABthe late 19" century similarly to thefluctuations in theOM input at ourstudy site Fig. 5).

Furthermore, the period of lowest productivity at ~ 170800 AD, as indicated by the maximum values in C/N anddid
concurrenminimum inthe G*3C,rq Signaturejs sympathetievith aminimum in summer temperatures in seetistern Finland
(Fig. 5;Helama et al., 2014).

Importantly,we note that the lonterm trends in landise and precipitation in the catchmeatiradictwitishow no similarity

to our record of phytoplanktederivedOM input prior to the MoWPsuggestinghat external nutrient inputs did not force

past increases in productivity. Inde@&u agreement with the population growth records for Finland (Kuosmanen et al., 2016
and references therein), marked hurtaduced lad-use changes in the catchments of varved lakes in-segtern and
southcentral Finland becam@tablediscernibleat~ 1400 AD (Tiljander et al., 2003; Ojala and Alenius, 200%is interval
coincides with the onset of the LIA, during which both ppéation(Véaliranta et al., 2007; Helama et al., 2009; LuotQ2,

Saarni et al., 2015) arsil erosion rate (Tiljander et al., 2003; Ojala and Alenius, 2005; Saarni et al.jidfrd@ked in south

central Finland. However, this periggcharacterizetly a shift tosuppressed primary productivity@ir study site, implying

no influence of enhanced external nutrient inputs. The lack of anthropogenic forcing of OM input during the MCA is also
evi-denced by t htNsgpahie pverthispedeatdHavers figt 5 see-alsaole-et-al—2001n line witha

recent paleoenvironmental reconstruction from the eastern coast of Sweatenvestern part of the Baltic Probling et

al., 2018, where nosubstantiakigns of intensified land use veedetected prior to 1400 AlFinally, indirect anthropogenic

influence via nutrient transport from the Baltic Propétimedto have received considerable huriaduced nutrient loading
already during the MCA (Zillén and Conley, 2010), is unlikely asntliteientinputin the study area is mainly driven by the

local nutrientsourcegH&nninen et al., 2000) due to the restricted water exchange with the open sea areas (Malkki et al., 1979).

20



The progressivéncrease in th&™N values beginning already beferthe turn of the 20century,attests taecentincreased
anthropogenic nutrient loading from agriculture and urban sources to the Baltic Sea (Voss and Struck; 1997; Struck et al.

2000; Voss etal., 2000;Voss et al., 2005Savage et al., 2010This is supported by the contemporaneous exponential

population increase in Turkwhichcombined with the construction of a sewer network for theligi®y enhanced sewage
5 loading to the Archipelago S€Big. 6). Yet, we observe negligible changes in the sewfcOM around 1900 AD, as implied
by the relati v eCwaluekiysot Ehis sugg€stshhat dmnlthncdd anthropogenic nutrient influx alone

was insufficient to explain thstrong increase in the,gMAR at this time Therefore, we infethatthe OM accumulation was
markedly amplified was—mainhy—ecausedy intensified sediment focusingom 1900AD onwards as supported by the

contemporaneous increases in Ti/K and sediment MARpathetic with a marked decline in the Baltic Sea ice e{Egs.

10 4 and §. We propose that the general trend towards higher stexgiak ratio in the basircombined with the climatdriven
intensification of windinduced sediment reworkind-ig. €7) to increase the & MAR to the sedimentsThis enhanced

focusinglikely promotedaccumulatiorof variably degrade®M comprisinga mixturefrom labileto morerefractorymaterial

By contrastio theincrease in OM accumulation in the early"2fentury  t he shi ft t o & gignatucee d e nt

sympatheticwith a decrease in C/N and BIT index around 1950 A&ig.(6), points tedirect markedlyenhanced export

15 production of phytoplanktoderived OM at this time (Meyers, 1994; 1997; Hopmans et al., 2004). This later shift was likely
fueled by the concomitastibstantialincrease in nutrient loading from urban and agricultural sources in the catchigent (
6), being in line with eutrophication trajectories elsewhere in the Baltic Sea linked to amplified anthropogenic nuttgent inpu
(Struck et al., 2000; Conlest al., 2009a; Savage et al., 2010; Gustafsson et al., 2012; Carstensen et gl. F2¢4a we
infer thatwhile Corg MAR during the MoWPhasclearly exceeded th#MCA levels (Fig. 5), the intensive sediment focusing

20 and ballastingffects (Sect. 6.3)2re likely tohave diluted G4 contentoverthe 2¢" century

6.3 Changes in hypoxia intensity and its causes
6.3.1 Bottom water oxygenation prior to the Modern Warm Period

TheintensivePlanolitesmottling that completely overprintthe primary sedimntaryfabric (bioturbation index 4) in the pre
MCA sedimentglearly demonstrasefficient ventilation of the bottom waters, which enabled macrobenthic fauna to inhabit
25 the seafloor(Figs. 3 and 4. The scarcity of discrete tracas this sediment intemal could be attributed to less intense
pyritization alongthe burrow walls than in the overlying sediments (Thomsen and Vorren, 1984) gnedaeerlapping of
densely spaced burrowy¥irtasalo et al., 201a, . Macrofauna living in the area and capabfecompletely mixing the
seafloor sedimerinhclude the isopo&aduria entomorthe polychaetédarmothoe sarsithe amphipod#lonoporeia affinis
andPontoporeia femorataand the mysid shrimiglysis relicta The discreté®lanolitesare produced by vermiforfsurrowers

30 such aghepriapulidHalicryptus spinuleus
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The enhanced preservation of the thihdded sedimenta#fabric during theMCA at ~ 900 1200 AD, as demonstrated by
the decrease in the bioturbation indBigé. 3 and 4, is indicative ofdeclining neatbottom oxygen levels during this period.
The poorly developed gradingf these beds is ascribed to firedominantlylateral sediment traport in the basin (Jokinen
et al., 2015)and possibly results from thetow migration ofthin accretionary bedform3.he dominance dPlanoliteswith a
small diameter and vertical exteintthe trace fossil assemblagmgether with the subtle decreasethe bioturbation index
(Fig. 49 demonstratéow burrowing activity undea considerable oxygen stress (Savrda and Bottjer, , 1588, especially
during the first half of the MCA.

Despite the decline in the bottom water oxygen concentration during @#e Me infer that the pore water chemistry was
typified by a relatively deep and poowieveloped SMTZ with low bS concentration, which hampered efficient Mo
sequestration (Helz and Adelson, 2013) angriduction by methanogenic microb&e¢t. 6.3.2 This could explain why
the Mo and Pr/Ph profiles fail to record the modest deoxygenation during the MCA indicated by the trace fossitdata. S
1200 AD, the increasein the bioturbation index arid the abundance d&renicolitestrace fossils, charaetized by generally
larger size and greater vertical extent tRdanolites denoteenhanced bottom water oxygenatimd downward shift of the
SMTZ, continuing throughout the LIAR{gs X and 9. Indeed thegreaterburrow depth and size suggedtsvnwardshift in

the annual mean depth of thedoxclineduring this period (Savrda and Bottjer, 198691).

We attribute thenulticentenniaiscale fluctuations in bottom water oxygenatimsociated with the MCA and LIt climatic
variability that modulaed koth hydrographic conditions aratcumulation of OM at the sdlor. This is supported by the
Ti/K and grain size profiles and the organic matter proX@es{s. 6.1 and 6) 2hat indicate amplified lateral sediment transport
(focusing) and primary produeity during the MCA in comparison to the LIAS{gs. 4 and k In addition we note a slight
decrease in LSR at 1380 AD Fig. 2, coinciding withthe MCAI LIA transition. The temporal pattern is similar to the
development of hypoxia in the Baltic Progéilbert and Slomp, 2013; Funkey et al., 2014; Jilbert et al., 2015; Dijsktra et al.,
2016; Hardisty et al., 201 Papadomanolaki et al., 201&nd in the Danish Straitsgn Helmond et al., 20),/where warm

climatic phases during the Holocene have beemagtterized by declining oxygen levels. Yet, we note itimaamplitude of

these changes appears markedly less pronounced at our study site, which is most likely attributed to the lack of permanel
halocline in this shallow coastal region. Collectivelye gimilar trends in the intensity of hypoxia in different parts of the
Baltic Sea basin attest to regional forcing that was most likely related to changes in the atmospheric circulatioruphtterns s
as the NAO, as suggested by Jilbert and Slomp (2013).

6.3.2 Progressive intensification of hypoxia during the Modern Warm Period

The MAR of Mo in the sediments at our study site increased during the MBWYF6]. Due to the fact that the study site is

seasonally hypoxic, rather than permanently anoxic or @pthe most likely mechanism for Mo enrichment is viffugion
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of seawateMo into the sedimertowards the SMTZ4seeHelz and Adelson, 2013)vhich may be amplified by the shuttling
of Mo associated with Mn oxideglgeo and Lyons, 2006; Scheiderichadt 201Q Scott and Lyons, 2012; SulBambari et
al. 2017) It isthusplausible that the scavenging of Mo mostly takes place close to the sediment stitteeend of summer
stratification period when the SMTZ reachesstallowestpositionin the seiment column (Mogollon et al., 2011) and
shuttling and refluxing of Mn is expected to be at its annual maxirmaeed total sulfide concentrations of 5266600 uM
have benreported tgrevailin theuppermost centimeters of the sediment colwvithin the SMTZin-an-analegous-setting
inthe-coastal Baltic Seat the study sit@itbertetal—201K. Koho, University of Helsinki,personal communication, 2018
Assuming a salinity and temperature of 5.6 and 9 °C, respectively (Virtasalo et al., 20@5)tdraf 6.6 (our unpublished

data) at the sedimédnwater interface, this total sulfide concentration corresponds,$ldoncentration of >6-400 pM

(calculated with R package AquaEnv, Hoffmann et al., 20dl@grly exceeding the requirement of 11 pNbS,q for the
activation of thesulfide-switch (Helz, et al., 1996; Erickson and Helz, 2000 annualaccumulation rate dflo is expected
to be controlled byhe duration of théate summeperiod when the SMTZ is located clgsto the sediment surfacédelson
et al., 2001; Helz and Adelson, 2013)hich in turn, is modulatedby thebalance betweethe delivery oflabile OM and

electron acceptors at the seafl@ididdelburg and Levin, 2009By extension, when this period is longer in duration we expect

seasonal hypoxia in the bottom water to be more intense, and thus that the Mo accumulation rate providetea fiirgky

for bottom water hypoxia during the MoWP. \Wete thathe amount of anthropogenicakpurced Mo in our sediment record
is likely negligible in comparison to the enrichmeatused by authigenic processes. Indédehs been shown that modern
sedimensequestrationf Mo in the area shows no spatial trenolst is largelycontrolled by bottom water oxygenation (Peltola

et al., 2011)Furthermorethe similarity betweemnaw Mo contentand Mo/Al profiles(Fig. S3)impliesthatthe sediment Mo

contentat the study sites determined byauthigenic Mo sguestration.

During the MoWRthe Haverd basin has undergangrogressive aggravatiohbottom water hypoxia, typified by two distinct
regime shiftsFirst, a marked shoaling of tsedimentedoxcline at 1900 AD is manifested in the contemporaneous occurrence
of continuous laminatiomgarcomplete cessation of macrobenthic activigglecrease in Pr/Ph, aadincrease in the MAR

of Mo (Fig. 6). Although the onset of the increased Mo MAR is hard to constrainodhe scarcity of age constraints prior

to thepreservation otontinuous laminations, treppearance of subtenrichmentsn-the Mo content evidencetermittent
shoaling of the SMTZ and consequently intensified sequestration of Mo in the sedimeats900 AOJAdelson et al., 2001;

Helz and Adelson, 2013). Likewise, the preservatidHaminated sedimentaifabric suggestsupward migration of the
redoxcline towards the sedimenater interface, inhibiting burrowing by macroinfauna, whereas the occasional blurring of
laminations(Fig. 3d) is ascribed to subtle mixing by meiofauna or transient colonization by opportumestabenthos
(Virtasalo et al., 2011b; Jokinen et al., 2015). Although annual recovery of macrofauna is common to systems prone to
recurring seasonal hypoxia (Diaz and Rosenberg, 1995; Levin et al., 2009), such rapid reicolamzagffectively inhibited

in the Haverd basisince 1900 AD, possibly owing tocreasegorewater HS concentration (Diaz and Rosenberg, 1985)
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critical threshold for defaunation in areas experiencing seasonal hypoxia is often around ¢.{Liagdg 1992; Diaz and

Rosenberg]l995), pointing to sevemearbottom wateioxygen depletion at the study sitkeady at 1900 AD.

Considering the negligible variation in the proxies for the source of OM prior to 1930FD6], the onset of seasonal

hypoxia andheresultingpreservéion of continuous lamination since the beginning of 2@nturywas apparently natolely

forced bypotentialchanges in primary productivitynked to humaninduced eutrophicatiorinstead, we postulate that this

deoxygenation was forced by the follogicomplex interplay ofva

cenfiguratiodactors (1) increased sourdge-sink ratio, combined with intensified lateral sediment transport especially during

early winterdue to the warming climatéeading to enhanced sediment focusing ahé-higherMAR of Corg (Fig. 7: Sect.

6.2.9. Together withthe prior accumulation of organidch brackishwater muds in the basin at least since ~ 50Q i3

likely led to progressive depletion of electron acceptor@E o x y gen de bt oPamatnat, 197; €2) deaeasded o o r

bottom water volume due to the gradual shoaling of the basimltedresultingin increased vulnerability to hypoxia
(CaballersAlfonso et al., 2015); (3) strengthened summer thermoctinead by global warming and gradual isolation of the
basin hampered replenishment of the bottom water oxygen reservoir (Hordoir et al., 20&@}tiE@)eus—acecumulation of

.3,- ich_bra ishwata mMud n he basin 3 ata nca -~ 00-ADP-ha .-= aYaaVa agep on—ofl-eale on

acceptors——{AoxygenPahamat-H9)linardased danthropeoerdac niitriet tading from the catchment
potentiallystimulatedprimary productivity andhe delivery of OMto the seafloor§ect 6.2.2 Accordingly-altheugh-we-ean

stioafanthropogenicforeindhe onset of recurring seasonal hypoxia at around

1900 AD can beargehyat least parthattributed to the naturally increased vulnerability to deoxgtjen_which alongside
that-tegetherwitiglobal warmingand anthropogeniforcing -irreversibly tipped the ecosystem over a threshold, inducing a

regime shift commonly associated with coastal oxygen deficiency (e.g. Conley et al., 2009b).

Another markededox shift is observed at 1950 AD, where a rapid increase in Mo MAR accompanied by a prominent decrease
in Pr/Ph suggest unprecedentedly reducing conditions at the seidivatat interface Kig. 6). This shift likely denotes
shoaling of the redox zonati@s a response to eutrophication in the angach has been reported in previous studies of the
Baltic Sea(Slomp et al., 2013; Egger et al., 2015; Rooze et al., 2Dbert et al. 206172018) andreflecs intensified delivery

of labile OM to the seafloowith respecto the supply of electron acceptors (Middelburg and Levin, 260&)sidering the

decreasing trend in the local summer temperatures over this inteagatsly promotingless intense sediment focusing,

weaker thermal stratificatiomnd suppessed productivity, we infer that the upward migration of the SMTZ was more likely
driven by the increased anthropogenic nutrient loading from the catchment than by climatic feicto. (Similar
exacerbation of bottom water hypoxia around 1950s baa beported in the coastal areas of SwéBensson and Jonsson,
2000; Savage et al., 201@nd inthe Baltic ProperKig. 6 Jonsson et al., 1990; Carstensen et al., 20¥é#gcting

synchronous increases in the anthropogenic nutrient loading araiBaltic SegConley et al., 2009a; Savage et al., 2010;
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Gustafsson et al., 2012 Carstensen et al., 20T#& deoxygenation around 1950s conforms to the global spread of hypoxia
in coastal aread/@querSunyer and Duarte, 20p8 f ol | owi ng | teh & Skf@maa. {2008 Accoringly the
steepest gradient in th#°N profile at our study site is reached between 1950 and 1995 AD, paralleladebgified
agricultural practices and fast population growth (&ig. 6).

Although the decline in Mo content and concomitant increase in Pr/Ph suggest a slight imptaxetimerbottom water
oxygenation since 1990 ADFig. 6), this is a unlikely scenario. Instead, th@¢AR of Mo has remained high since 1950 AD
and reached the highest values of the record as late as 2005 AD, suggesting that aggravation of bottom xiateashypo
continued up to the preseats evidenced by the local monitoring data directly at the studyFgeSi2). In line with this,
monitoringdata in other parts of th&rchipelago Sea&onsistently demonstrafrogressive deoxygenation in taeea dung

last two decaded$-{g. 87; Suomela 2011CaballereAlfonso et al., 2015)Therefore, we ascribe the decrease in Mo content at
1990 AD to dilution by the concurrently enhancediiment MAR(Fig. 6). We postulatéhat in addition to effective sediment
focusing,the increasedediment MARwas likelyfueledby ballasting effects, whereby eutrophicatioducedincrease in the
OM production in theyphotic zone drives the sedimentation of fgrained littogeric material through aggregation (Passow,
2004;Passow and De La Rocha, 2006; De La Rocha et al., 2008), as suggebtedlbyet covariation between sediment and
Corg MARS (Fig. 6). tadeedn line with this, it has been shown that rapid sedimentation events during vernal phytoplankton
blooms in the sty area are caused by the formation of organominerafjceggtes adhered together diicky transparent

exopolymers (TEP) excreted by phytoplankton (Jokinen et al., 20@5pling the sedimentation of lithogenic material to

autochthonougrimary producion. Therefore, while 4 content remainethirly constanpver the shift to enhancegdiment
MAR at 1985 ADdue to intensified sediment focusing and ballasting efféutscontent of Mo was diluted #&se depth and

intensity of the HS frontremained rhatively unaffected

The recovery in Pr/Ph at the core téjiy 6), which is observedespite the obvious aggravation of hypouidil the present,
suggests that the distinct minimum in Pr/Ph between 1950 (53.5 cm) and 1990 AD (2% aused by postdepositional

overprint. Although the mechanism causing a diagenetic decline in Pr/Ph in this depth interval at the present day remains

speculative a likely candidate is thexcess€Ph production by methanogeninicrobes(Brassel et al., 1981; Venkatesand
Kaplan, 1987; Duarg000).Indeed, he currenposition of theSMTZ at our study site is likeliocatedin the uppermost 10
20 cmbelow the sediment surfaceeg Jitbertetal—201and Sawicka and Briichert, 201&hd Jilbert et al., 201for

comparable systesbelow which methane concentrations are expected to increase to the millimolarAssgeh, Pr/Ph

may not bea drect proxy for bottom water oxygenatiahour study sitensteadit likely records theateof methanogenesis
below the SMTZ, reflectinghe amount of labile OM that escapes aerobic degrad&tigportantly, the invariably high Pr/Ph
prior to the 26 century(Fig. 4), could denote thahtensive methane formatipdue toincreased productivity and subsequent
shoaling of the redox zonation over the past few dec@lemp et al., 2013; Egger et al., 2015; Rooze et al., 2hlb@rt et
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al., 20B7), is urprecedented in our sediment recdfdwever, the low Mo content of < 10 mgk(Fig. 6), suggests that the
basin has remained nauxinic until the present (Scott and Lyons, 2012). This is also evidenced by the stop& fidr the
linear regression beteen Mo and &g (Fig. SJ), beingslightly shallower than reported faontinental margin upwelling
systems characterized by persistently hypdxitnon-euxinic bottom water conditions (Algeo and Rowe, 284@ references
therein). Furthermorehé MAR of Mo has remained ifess than half of thmAR reported for the seasonally mildly euxinic
Chesapeake Bay (Helz and Adelson, 2013)

7 Implications

Previous studiebave suggestdtiat the eutrophication of the Archipelago Sea began in the late 1960s (Bbeisalo, 19973,

b; Hanninen et al., 200@uomela, 2011 Our data show that environmental conditionseme-areas-afound the study site

in the Archipelago Sea likely deteriorated several decades prior this, and therefore also prior the establislatesmuality
monitoring campaigns in the 1960s. This highlights the use of sedousntstudies for the loAgrm reconstruction of
environmental condi t™N cecosldemanstratesintreased anthropogesic. nutr@nt mputialedads
beginning of the 20century Fig. 6), although the onset of hypoxia and laminated sediment deposition at this tirezivas
additionallydriven byetherphysicalfactors Sect. 6.3.2 However the prominent aggravation of hypoxia the 1950svas
unequivocally anthropogenicalipduced. The timing of this shiftredates the major establishment period of fish farms in the
Archipelago Sea in 1970s (Hanninen et al., 20@0jgesing that although aquaculture haggravated hypoxia since the
1970s(Bonsdorff et al., 1997apther human activities had significantly degraded the coastal water quality up to 20 years

previously.

Despite the decreased loadimfgsewage watersince the 198Qd$ollowing the establishment of a wastewater treatment plant

for the city of Turku(Suomela, 2011Fig. 6), the continued leakage of nutrients from agricultiorehe Archipelago Sea
(Ekholm et al., 201ptogethemwith intensive P regeneration from surface sedimerasly upon the dissolution of Feound

P (Puttoren et al., 2014) have sustained the trend toward increasing eutrophication and shoaling of hypoxia until the presen
(Figs. 6 and 7)In addition, the recentrajectory towards further aggravation of hypoxia hiesly beenamplified by the
progressivelyrnicreasing summer temperaturegy( 6), which is also supported by the increased importance of climatic effects

in the forcing of oxygen depletion in the Swedish coast of the Baltic Sea since the late 1970s (Savage et al., 2010). Hence
while reductions imutrient loading appear to have improved bottom water oxygenation in the Stockholm Archipelago since

the 1990s (Karlsson et al., 2010), we observe no signs of recovery in the Archipelago Sea so far.
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8 Conclusions

This study shows thahulticentennialscak climatic oscillations affect nedrottom water oxygenation of a shallow coastal

basin in the northern Baltic Sea currently suffering from severe seasonal hypoxia. During warm phases, increased expol
production of labile, phytoplanktederived OM combing with effective sediment focusing to the deepest part of the basin
drive deoxygenation of the nehottom waters in summer. Accordingly, decreased oxygen levels are observed during the
MCA and MoWP, but the intensity of the MoWP hypoxia, typified by catgtieterioration of the macrobenthic community,

is unprecedentedly severe. The progressive deoxygenation during the 1900s was originally triggered by gradual shoaling o
the basin due to glacigostatic uplift and basin infilling that, together with wammclimateand anthropogenic nutrient input
promotedthe vulnerability of the basin to hypoxiandintensified OMaccumulationdelivery-primarihthrough-enhanced

aggravation of hypoxia in the 1950s wasequivocallyattributed to the excessive anthropogenic patrioading from the

catchment, whickubstantiallystimulatedautochthonougrimary productionOur results demonstrate that the markedly more
severe hypoxia during the MoWP in comparison to the MCA is not only attributed to the excess anthropogemtitoauting,

but also to naturally increasedinerabilitysensitivityof the basin to deoxygenation towards the present. Such natural changes
should be considered when elucidating anthropogenic contribution to hypoxia. Furthermore, signs of eutraptitatoea

are readily discernible in our sediment record already in the beginning of 1900s, implying that the water quality dbrerged fr
natural conditions decades prior to the establishment of monitoring campaigns. This has important implicatiens for
assessment of reference conditions for water quality in the area. Despite the recent measures taken to reduce anthropoge
nutrient loading to the area, we find no evidence of recovery from hypoxia, suggesting that further measures are needed t

alleviate oxygen depletion.
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Tables

Table 1: Retrieved sedment cores.

Latitude Longitude Water Research  Recovery
Core ID Sampling date (WGS 84) (WGS 84) depth (m) Gear vessel (cm)
HAV-KU-5 11 June 2015 60°14.117N 22°02.642E 23.3 Piston corer  Aurelia 330
HAV-KU-6 11 June 2015 60°14.116N 22°02.642E 23.3 Pisbn corer  Aurelia 390
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Table 2: Classification scheme for assessing bioturbation index. Modified from Behl and Kennett (1996).

Bioturbation

index Description of the sedimentafgbric

1 Unbioturbated sediment with distinct, continuous lamination

2 Diffuse, discontinuous or irregular laminations

3 Slightly bioturbated sediment, with either faint, diffuse laminations/bedding or with few discrete
of laminations surrounded by homogenized sediment

4 Completely bioturbated sediment wherein the priyrsedimentarfabric is thoroughly obliterated
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Table 3: Age constraints given as an input for the age model constructed using Oxcal 4.2 software. Pb pollution features were
obtained from Brannvall et al. (1999). The IDs are as in Fig. 2. Measured bdusediment AMS-'“C dates are given a$’C ages without
any calibration or reservoir effect correction, although they were not used in the age model due to the large uncertaintiestie bulk
sediment reservoir effect.

Age

Core Age uncertainty
Dating method Event ID depth (cm  (year AD) (x10)
Varves 3 2014 5
Varves 13 2006 5
Varves 23 1997 5
Cs137 Chernobyl Csl 33 1986 2
Varves 43 1970 5
Varves 53 1951 5
Varves 63 1931 5
Varves 73 1908 5
Varves 76 1901 5
Pb pollution Pollutionminimum Pb1 140 1600 56
Pb pollution Pollution maximum Pb-2 155 1530 56
Pb pollution Pollution minimum Pb3 179 1350 50
Pb pollution Medieval pollution peak Pb4 219 1200 71
Pb pollution Onset of medieval pollution Pb-5 289 900 50
AMSC dates
Radiocarbon Poz76784 72.5 725 30
Radiocarbon Poz76785 147.5 670 30
Radiocarbon P0z81729 174.5 660 30
Radiocarbon P0z81730 212.5 670 30
Radiocarbon P0z79786 229.5 270 30
Radiocarbon P0z81731 260.5 270 30
Radiocarbon Poz76787 304.5 60 30
Radiocarbon P0z81732 350.5 -15 30
Radiocarbon Poz76788 389.5 15 30
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Table 4: Spearman rank correlation (rs) matrix for selected variables. The number of stars denotes the degree of significance for
each pair of variables: *** for very high significance (p < 0.001), ** for high significance (0.001 < p < 0.01), * for significance (0.01
< p < 0.05), and no symbol for weak or no significance (p < 0.05). Correlation coefficients with absolute values exceeding ére

bolded.
Corg CIN CogMAR BIT Mo Mo MAR Pr/Fh Ti/lK i%Corg  UN
Corg 1 = = =y * e N = ok N
CIN 0.73 1 — — * . — — - .
CogMAR [0.70 034 1 - — — * — . -
BIT -0.74 0.76 -0.38 1 - - i b i -
Mo 0.18 0.23 0.54 0.07 1 ok ok * - -
Mo MAR ]0.37 0.04 0.80 -0.03 0.91 1 xx el - **
Pr/Ph 0.20 -0.52 -0.30 -0.41 -0.48  -0.47 1 - * *
TilK 0.83 -0.53 0.80 -0.68 0.40 0.58 005 1 el -
UCorg 0.51 -0.52 0.09 -0.76 -0.12 -0.14 0.43 0.63 1 *
GN 0.12 0.12 0.46 0.22 0.34 0.47 -0.44 0.04 -0.54 1
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Figure 1: Maps of the study area. (a) Bathymetric map of the Baltic Sea. The abbreviations for the indicated sbhsins are as

follows: BB = Bothnian Bay, BS = Bothnian Sea, AS = Archipelago Sea, GF = Gulf offand. Locations of the varved lakes used
for the correlation of the pollution Pb profiles are also shown. B) Inset map of the study location. White dashed line indiea the 5

m contour line that roughly corresponds to the paleoshoreline at ~ 760 AD.

46



10

+——— Haverg ——

Lake Koltjarnen

) Year (AD) Pollution Pb (mg kg™) Pollution Pb (mg kg™) “po/*"Pp
& 2000 1500 1000 500 0 0 10 20 30 0 10 20 30 40 5015 14 13 12
(}\(Q\S\ Lo vn o bww o by n v byl L N 1 N 1 N ] I N [N N I D AR I I
07 =
o ] C} E : 2000
% 1 _}:ig 2 = 1900
] - 2 =
= ] L E £ 1800
50 00 =
] e (R Lo E- 1700
100 Cs(Bk) | Bulk C dates E
<_E g 1 (NaOH soluble) £ 1600
— 2 ] E
£ ] il E- 1500
X Ty Pb-2 E =
o ] Pb3 5—1400 2
O = 1300 §
200 KSSS‘ J } K E =
< ] Pb-d e = 1200
Q . F
= ] E- 1100
] E- 1000
1 o "Csage Pb5 £
300 constraints £ 900
] Pallution Pb 800
] age constraints E
] E- 700
] E 500
400 —_— S SN £ 500
LI N I N B e ™ Tmza? Ph (mg ﬁg1) T |4(|J T T T T T T T IO 0 2 30 4« 11.5 21Dé4 2[)17.3 12
2000 1500 1000 500 0 A b i . 55 Pollution Pb (mg kg™) Pbi Pb

Year (AD)

TN Lake Kassjdn

Figure 2: Simplified lithology, constructed age model, and*’Cs and Pb profiles for thesedimentcore HAV-KU -6. Correlation of Pb

profiles with pollution Pb reconstructions from two varved lakes in Sweden (data from Brannvall et al., 1999) are also showror

details of the indicated age constraints the reader is referred to Table 2. NaGeéktractable bulk sediment!‘C dates are also

indicated, although they were not used for constructing the age model due to the apparent temporal variation in the bulk sednt

reservoir age. Note the reversed-axes for the?®Pb/2°’Pb profiles. The error bars for the age model indicate d uncertainty range.
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Figure 3: X-radiographs of different lithological units together with their interpretations. (a) Intensely Planolitesmottled
sedimentary-fabric characterized by a low numberof distinct traces. (b) Thinly bedded sedimentarfabric overprinted by abundant
Planolitestrace fossils. The lowermost bed is disturbed by bivalve biodeformation (bbd). (c) Intensely burremottled sedimentary
fabric with abundant Planolites(Pl) and Arenicolites (Ar) trace fossils. (d) Sharply laminated sedimentaryfabric punctuated with
gentle blurring of the lamination. The black holes in the Xradiographs are artefacts produced by holes in the sample boxes.
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