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BanTuiickoe Mope HaXOAWTCS O/ BIMSHUEM aHTPOIIOTEHHOI 3BTpoduKkanmn. CornacHo TpeboBanmsM «[lmana meii-
cTBHH 1o banTuiickoMy MOpPIO» M COOTBETCTBYIOINX AUpeKTHB EBpomneiickoro Coro3a cTaTyc MOPCKUX PaiOHOB OICHH-
BAeTCsl HA OCHOBE MHANKATOPOB, MIOKAa3bIBAIOLINX, JOCTUTHYT JIM XOPOIIHNH KOJIOTHIECKni cTaryc nin HeT. OCHOBHBIM
Pe3yIBTaToOM HACTOSIIEH paboThI SBISIETCS TO, 9TO HA OCHOBE JAHHBIX HAIIMOHAIEHOTO MOHUTOpHHTA 32 2011-2016 TOmBI
1 MCHOJIb30BaHHBIX HHAWKATOPOB, XapaKTEPU3YIOMNX KOHIIEHTPANIO OMOTEHHBIX BEIIECTB, & TAKXKE MPSIMBIX 1 KOCBEH-
HBIX 3((HeKTOB IBTPOMUKAIIH, BCS ICTOHCKAsT MOPCKas aKBaTOPHs HAXOAWTCS TTOJ BIUSHHUEM 3BTpodukarmm. OOrmmit
CTaTyC B OCHOBHOM OTIPENEISACTCS] KOHIEHTPAIUsIMA OMOTEHHBIX BEIIECTB WM NMPSIMBIMHU 3(p(deKTamu 3BTpoduKannu
(x1opodmt-a, 6MomMacca (UTOIIIAHKTOHA M MIPO3PAYHOCTH BOIBI). Hexoporiee cocTosiHre B MEITKOBOAHOM MOOH3YHT
OTIPEIeNISIeTCS] B OCHOBHOM TOJBKO 0OIINM (hoCchOpOoM, UTO yKa3bIBaeT Ha HEOOXOAMMOCTh aHAIHM3a HCIIOIB3yeMOT0 T0-
POTOBOTO 3HAUEHMS ITOTO MHIUKATOpPA. Pe3ynbTaThl OLIEHKH, MOTyYEHHBIE HA OCHOBE MPEUIOKECHHBIX MTOPOTOB JUIS MH-
HEpaJIbHBIX OMOTEHHBIX BEIIECTB B MPHOPEKHBIX BOJAX DCTOHMUH, XOPOIIO COITIACYIOTCS C PE3yabTaTaMH OLCHKH B CO-
CETHMX YacTsIX OTKPHITOro Mopsi. COrIacHO MpeIOKEHHOH CXeMe OIIEHKH TOCTOBEPHOCTH, OOLIMHA PE3ybTaT OLICHKH B
OCHOBHOM HMEET CPEAHIOI0 JIOCTOBEPHOCTh, HO JOCTOBEPHOCTH BBICOKAsl B OTKPBITON dacTh PUHCKOTO 3a1MBa U MpH-
OpeKHBIX palioHax, I7Ie MOHUTOPHHT OCYIIECTBISETCS €KeronHO. CpemHssl T0CTOBEPHOCTh OILICHOK COCTOSHUSI U BBI-
COKasi NI3MEHYMBOCTD PE3YyNIbTATOB OLEHKN B OacceiHax, Iieé MOHUTOPHUHT HMPOBOJUTCSI BCETO OJMH Pa3 3a IIECTb JIET,
YKa3bIBAIOT HA HEOOXOANMOCTh YBEIMUECHHUS YaCTOTHI MOHUTOPHHTA.

KaroueBble ciioBa: ssrpodukanys, banruiickoe Mope, XOpoIIHii SKOJIOTHUECKHA CTaTyC, MOPCKOH MOHUTOPHHT.
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The Baltic Sea is a sea basin affected by human-induced eutrophication. As required by the Baltic Sea Action Plan
and Marine Strategy Framework Directive, the status of the marine areas is assessed based on indicators showing whether
the good environmental status (GES) is achieved or not. The main result of the present work is that based on the national
monitoring data from 2011-2016 and used nutrients, direct effects and indirect effects indicators, the entire Estonian
marine area is affected by eutrophication. The overall eutrophication status is mostly defined by nutrient concentrations
in the water or direct effects of eutrophication (chlorophyll-a, phytoplankton biomass, and water transparency). The
non-GES result in the shallow Moonsund area is mostly determined by total phosphorus (TP) suggesting that threshold
values for TP should be studied in more detail. The assessment results derived based on the proposed dissolved inorganic
nutrients thresholds for the Estonian coastal waters agree well with the adjacent offshore assessment results. According to
the suggested confidence evaluation scheme, the overall assessment result has mostly intermediate confidence, but high
confidence in the open Gulf of Finland and coastal water bodies covered with yearly monitoring. Intermediate confidence
in status assessment and the noticed high variability in the assessment results in the basins with monitoring data from only
one year, point to the need for an increase of monitoring frequency there.
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1. Introduction. The Baltic Sea is a sea basin affected by human-induced eutrophication [1, 2].
Eutrophication is driven by excessive inputs of nutrients from rivers and atmosphere (mostly land-based
sources) which lead to increased biological activity (phytoplankton, opportunistic macro algae), decreased
water transparency, increased sedimentation of organic material, and therefore, oxygen depletion in the bottom
layer and internal loading of phosphorus [3]. Nutrient loads to the Baltic Sea have been estimated as large as
840 773 t/a of nitrogen and 30 902 t/a of phosphorus based on data from 2012—2014 [4], and the loads have
been mostly decreasing compared to the estimates from 1997—2003. An exception is in the Gulf of Riga
where phosphorus input has increased 3.2 % between the two mentioned assessment periods [4].

Joint monitoring and assessment of the Baltic Sea, including assessment of eutrophication status, is
carried out and coordinated by the Helsinki Commission (HELCOM) since 1979 [5]. After the adoption of
the Baltic Sea Action Plan in 2007 [6] and Marine Strategy Framework Directive in 2008 (MSFD; [7]), the
eutrophication status is assessed based on indicators of good environmental status (GES). A recent guidance
document (Commission Decision, further on as COM DEC; [8]) for implementation of MSFD requires the
assessment of European sea areas regarding human-induced eutrophication (Descriptor D5 of MSFD) using
three primary criteria and five secondary criteria. COM DEC also defines criteria elements (indicators),
principles how to define threshold values for GES, the scale of the assessment, and how to use indicators to
characterize the status.

For the coastal waters, COM DEC guides to use the assessment methodology in accordance with the
requirements of the Water Framework Directive (WFD; ([9]). It means, the assessment units should correspond
to the defined coastal waterbodies, the indicators adopted by national legislation and/or internationally inter-
calibrated have to be used, and the good-moderate border of water quality classes have to be applied as threshold
values. For the Estonian coastal waters, the indicators and water quality classes are fixed by Environmental
minister regulation ([10, 11]). For the open sea areas, the assessment methods (indicators, assessment units,
etc.) developed and adopted regionally, i.e., by HELCOM have to be used.

To get the final eutrophication assessment, aggregation of indicator-based assessment results is needed.
The indicator results have to be aggregated to the criteria level and the criteria results to the descriptor level.
COM DEC also defines that the aggregation methodology should be agreed upon at the regional level. Thus,
an obvious choice would be to apply the HELCOM Eutrophication Assessment Tool (HEAT; [12]). The latest
version of the HEAT (HEAT 3.0) compares estimated indicator values with a predefined threshold value,
aggregates the indicator results to the criteria level using weighted averages and produces a final assessment
together with the confidence of the assessment. In HEAT 3.0, the following three sub-groups of criteria are
defined: the nutrients, direct effects and indirect effects of eutrophication [13].

In the frames of WFD, Estonia has developed a similar tool when assessing the ecological status,
but here the emphasis is on the biological parameters while nutrients and water transparency are used as
supportive indicators. So, the important difference between the MSFD and WFD assessments is that in MSFD
the eutrophication input to the final assessment is greater compared to the supportive status of most of the
eutrophication parameters in WFD based assessments.

Based on HELCOM methods, the confidence of the eutrophication assessment is ranked on a three-level
scale and it is based on the confidence of the defined threshold value and the amount of data used for the status
assessment. The confidence of the WFD based ecological status is also assessed on three levels and it is mostly
dependent on data availability, but also the distance between the estimated indicator value and the threshold
— if the obtained assessment result is close to the class boundary, then this would reduce the confidence [10].
These two confidence rating schemes seem to be oversimplified, and a more thorough approach is needed.

The aim of this work is to give an indicator-based assessment of the Estonian open sea and coastal areas
regarding eutrophication effects using monitoring data from 2011—2016. Threshold values for some indicators
are developed for assessment units where such borders were absent (e.g., winter nutrients DIN and DIP in
coastal waters), and the confidence of the assessment results is discussed. We analyse the results in regard to
the found differences in the assessment results in the adjacent assessment units, and discuss what would be the
reasons of such differences and suggest possible improvement of the assessment methodology.

2. Material and methods
2.1. Indicators and assessment units. Indicators used in this work to assess the eutrophication status
cover all primary criteria and two secondary criteria listed in the COM DEC [8]. Indicators belonging to
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primary criteria are under criterion D5C1 (nutrient concentrations), DSC2 (chlorophyll-a concentrations), and
D5CS5 (concentration of dissolved oxygen). The secondary criterion D5C4 describes the photic limit of the
water column and criterion D5C8 the species composition and relative abundance of macrofaunal communities
(table 1). The indicators under criterion D5SC1 describe nutrient levels, DSC2 and D5C4 direct effects and
D5CS5 and D5CS indirect effects of eutrophication.

The HELCOM oxygen debt indicator has been developed for deep basins where a permanent halocline is
present which means all Estonian coastal areas and the Gulf of Riga cannot be assessed using this indicator. For
coastal areas, we use zoobenthos index [14]. Furthermore, it has to be mentioned that HELCOM uses yearly
average values for total nutrients while for the Estonian coastal waters summer average values are used.

Assessment units are defined in the coastal waters according to Estonian legislation [11] as coastal water
bodies and off-shore areas according to the HELCOM division of open sea areas adopted by the HELCOM
monitoring and assessment strategy [16] (fig. 1).

2.2. Threshold values. For coastal assessment units, we used threshold values corresponding to type-specific
values of the border between good and moderate water quality classes set according to the WFD requirements
by Estonian legislation [10]. Note that 16 waterbodies (we use 17 since one water body is divided into two) and
six coastal water types are defined for Estonian coastal waters. For open sea areas, we used threshold values
set by HELCOM [15]. In tables 2 and 3, the threshold values are displayed per assessment unit and indicator.

Table 1

Indicators used for the eutrophication assessment, their relevance in regard to COM DEC criteria,
and references to the indicator documentation

I/IHZ[I/IKaTOpLI, HCMOJIb3yEeMbI€ IJIl OLICHKHA 3BTp0(bm<aunn, HUX COOTHOIICHHE C KPUTECPUAMMU EC
H CCBIVIKM HA COOTBETCTBYIOIIHE TOKYMEHTDBI

COM DEC criterion Criterion relevance Indicator Estonian methods HELCOM methods
TN Summer (June- Yearly average value
September) mean value | of the surface layer
TP of the surface layer [15]
. (0-10 m) [11]
D3Cl Nutr'lent Primary DIN Winter (December - Winter (December -
concentrations
February) mean value | February) mean value
of the surface layer of the surface layer
DIP (thresholds are suggested [15]
in this paper)
Summer median value of | Summer mean value
Chlorophyll-a the surface layer [11] of the surface layer
[15]
D5C2 Chlorophyll a Primary Summer median value of Summer median
concentrations the surface layer [11] value of the surface
Phytoplankton
biomass layer (thresh.olds.
are suggested in this
paper)
D5C4 Photic limit
(transparency) of the Secondary Secchi depth Summer mean value [11], [15]
water column
. Yearly mean value
DSC.S Concentration Primary Oxygen debt n/a below the halocline
of dissolved oxygen [15]
D5C8 Species
composition and Zoobenthos Spring, early summer
relative abundance Secondary community (May-June) index value n/a
of macrofaunal index [11]
communities
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Esri, HERE, Delorme, Magpmyindia. @ CpenSireeiMap conributors, and the G15 user community

Fig. 1. Coastal and offshore division of Estonian marine waters. Coastal water bodies are marked
with numbers and offshore sub-areas with abbreviations corresponding to the HELCOM division
(borders only in Estonian waters are indicated). GOF means Gulf of Finland,

NBP — northern Baltic Proper, EGB — eastern Gotland Basin, and GOR — Gulf of Riga.

Puc. 1. Paznenenue Bog DcToHNN Ha MoAOACCEHHBI B IPUOPEKHON U OTKPBITOM YacTIX MOpsl.
[Tpubpexubie nondacceliHbl 0003HaUEHBI LU(PPaMHU, a OTKPBIThIE 1T0oJ0acceiHbI — ab0peBHaTypamMu
B cootBeTcTBUU ¢ paitonnpoBanneM XEJIKOM. GOF — ®unckuii 3anuB, NBP — ceBepnast yacts bantuku,
EGB — Bocrounas gacts ['omnannackoro 6acceiina 1 GOR — Pukckuit 3auB.

Thresholds were not defined or agreed yet for dissolved inorganic nutrients (DIN, DIP) in coastal areas, total
nutrients (TN, TP) in Eastern Gotland Basin, and phytoplankton biomass in open sea areas.

Since ZKI and ODEBT may substitute each other as the indicators for indirect effects of eutrophication,
we do not have an urgent need to develop their thresholds — at least one of them exists for all assessment units
except GOR. However, we will suggest threshold values for phytoplankton biomass (FBIOM) in the open sea
areas based on adjacent coastal waterbody thresholds and develop thresholds of dissolved inorganic nutrients
(DIN, DIP) for coastal areas (see sub-chapter 3.1).

2.3. Eutrophication ratio and aggregation of the results. For the illustration and aggregation purposes,
first, the eutrophication ratio (ER) is calculated for each indicator result using the HELCOM method where it
is defined as the ratio between the indicator values calculated based on monitoring data and set threshold value
[13]. Thus, the ER value 1 corresponds to the assessment results equal to the set threshold. To illustrate how
far the assessment results are from the threshold, we use five classes: very good — ER <= 0.5; good — 1 <=
ER > 0.5, moderate — 1.5 <= ER > 1, poor — 2 <= ER > 1.5, bad — ER > 2.

Aggregation of indicator results on the criteria level is made by weighted averaging of indicator ER values.
In the present study, we used the weights which have been set in HELCOM HOLAS II process for the open
sea indicators. These weights characterize the size of the impact of each indicator has in its criterion. Nutrients
include DIN, DIP, TN and TP, and in most sub-basins and coastal areas, their weights were distributed evenly.
An exception is made for GOR, where DIN and TN have both 17 % of the weight and DIP and TP 33 % both
because phosphorus is considered the limiting nutrient in this basin [17]. Equal weights have been used for the
indicators in coastal waters.

To give an overall eutrophication assessment, we grouped the criteria into three criteria groups: nutrients,
direct effects of eutrophication and indirect effects of eutrophication. No aggregation of assessment results
was needed for nutrients and indirect effects of eutrophication, since the indirect effects were described by
oxygen conditions (D5CS5) in open sea areas and by ZKI (D5CS) in coastal waterbodies. Direct effects of
eutrophication include criterion D5C2 that combines indicators on chlorophyll-a and phytoplankton biomass
and criterion D5C4 (includes Secchi depth indicator). The weights for direct effects criteria are divided evenly
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for most Baltic sub-basins and coastal areas, except for GOF and GOR, where photic depth criterion has 26 %
and 20 %, respectively, and the residual percentage is assigned to criterion DSC2. When aggregating the results
on the criteria-group level to the final eutrophication assessment the so-called “one-out-all-out principle” is
used, i.e., the worst criteria group assessment is applied. When a criterion cannot be assessed, then the final
assessment will be based on the available criteria, but it will have an effect on the confidence of the final
assessment.

2.4. Data. Data used to estimate eutrophication status was gathered from Estonian environmental
monitoring information system KESE [18]. After quality checking of the data, the number of measurements
per indicator and sub-basin in the period of 2011—2016 ranged from 0 to 905 (details in Results section).

Already calculated values of zoobenthos index (ZKI), which were gathered from yearly monitoring reports
[19], were used under criterion D5C8 for the coastal waters. In the national monitoring programme, oxygen is
only measured in the surface layer and near the bottom, but to calculate the indicator value, we need profiles
from the entire water column. Therefore, we used data from autonomous profilers, which were deployed in
the GOF and NBP in 2014—2016 [20]. For GOF, we have data from 2014 and 2016 with 955 (gathered from
16.04—24.10) and 930 profiles (01.03—23.12), respectively. For NBP we have data from 2015 with 382
profiles gathered from 02.06 to 18.09.

2.5. Confidence. Supplementary information to the eutrophication assessment results is the confidence
rating. HELCOM HEAT system evaluates the confidence based on the temporal coverage of monitoring data
[21]. High confidence (value 1.0) is applied if every year of the assessment period for a certain assessment unit
has >15 measurements. If there are >=5 and <=15 measurements, then the confidence is intermediate (value
0.5), and if <5 measurements, then the confidence is low (value 0.0).

In the present study, we also use other aspects of confidence, such as spatial representability, distance from
the threshold, and methodological confidence suggested in HELCOM biodiversity assessment tool (BEAT)
[22]. The spatial representability is high for an indicator and assessment unit pair if during the assessment
period we had data from three or more stations. Intermediate confidence is given if data are from at least two
stations and low if from only one station was available. The confidence based on the difference between the
status assessment and the set threshold value is found using standard error of the used parameter. We assign
high confidence if the difference between the indicator result and threshold divided by the standard error is
>=2, intermediate if it was between <2 and >=1, and low if <I. High methodological confidence is assigned
to an indicator which has data from monitoring conducted according to the HELCOM guidelines and the data
quality is assured according to the HELCOM or other internationally accepted guidelines. If these requirements
are partly met, then the methodological confidence is intermediate, and if the HELCOM and quality assurance
guidelines are not followed, then the methodological confidence is low.

To aggregate the found four confidence components per indicator and assessment unit, we calculated the
mean value. To get confidence results per criteria, we used the weighted average, where the weights are the
same as in status assessment calculations. To get the final confidence rating, we found the mean of all three
criteria groups. If the found mean was >=0.75, then the final result would be high, if it is >=0.5 and <0.75, then
the result is intermediate, and if the mean was <0.5, then the final confidence rating would be low. In the cases,
where we had a criterion with no indicators, the overall confidence was automatically set as low.

3. Results

3.1. Proposing indicator thresholds. To define threshold values for dissolved inorganic nutrient (DIN,
DIP) in coastal areas, we used information on average salinity in the coastal water bodies and set nutrient
thresholds in the adjacent freshwater bodies. This approach is similar to a study where thresholds for TN and
TP in the North Sea were suggested [23]. The good-moderate border of TN (0.7 mg/l) and TP (0.06 mg/l)
defined in Estonian legislation [10] for the river types contributing most to the freshwater discharge into the sea
was taken as the threshold in freshwater. The problem here is that these values are set for total nutrients (TN,
TP) measured in summer and we are looking for winter values for DIN and DIP in coastal waters. To convert
TN and TP into DIN and DIP values we assumed that in nitrogen and phosphorus loading, DIN makes 74 % of
TN and DIP makes 38 % of TP of the yearly average values as found by Korppoo et al. (2017) [24] for Finnish
rivers. Based on these DIN/TN and DIP/TP ratios we get that the approximate DIN and DIP thresholds in the
adjacent rivers should be 37.0 umol/l and 0.74 umol/l, respectively.
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Based on coastal waterbody type average salinities (in psu: Type 1 — 5.09; 2 —4.23;3 —6.10; 4 — 6.46;
5 — 5.42; 6 — 5.28), open sea basin average salinities (in psu: GOF west — 5.95; GOF east — 5.32; GOR
— 5.71; NBP and EGB average — 6.95), and derived river and known open sea nutrient thresholds, we found
approximate DIN and DIP thresholds for coastal water types (see in table 2). This scheme was applied to four
water types, whereas it was slightly modified for the coastal types 3 and 5. In coastal water type 3, the average
salinity was slightly higher than the open sea average salinity, and thus, in this coastal water type, the DIN and
DIP thresholds were defined equal to those in the open sea area (GOF). In coastal water type 5, where at least
two adjacent open sea-basins exist, the coastal DIN and DIP thresholds were defined as the average values
found for the coastal water types 4 and 6.

We also had phytoplankton biomass (FBIOM) data from open sea areas, but no threshold values were
available there. Therefore, we used adjacent coastal water body thresholds for open sea basins. For GOF, we
used the threshold value of water type 3, for GOR type 6, and for NBP and EGB type 4.

3.2. Indicator results. The results of eutrophication assessment based on individual indicators are presented
in Tables 2 and 3. National monitoring data on TN show that GES has been achieved in the coastal water bodies
in the Gulf of Finland (water bodies 1 to 6) and the Moonsund (water body 16) and offshore areas of GOF
and GOR (table 2). Based on TP indicator, only one coastal water body in the Gulf of Finland (2) is assessed
as GES. All other assessment units had status as non-GES. From DIN and DIP results (table 2), it is seen that

Table 2
Indicator assessment results in the Estonian coastal and offshore assessment units with used thresholds
and number of available data for total and inorganic nutrients. Results indicating GES are shown in bold

Pe3ynbTaThl OLCHKH MHAMKATOPOB KA4eCTBA NPUOPEKHBIX M OTKPBITBIX YacTeil BOJ DCTOHHH M0 001eMy
KOJINYECTBY U HEOPraHUYeCKOil 4acTH OMOTeHHBIX BElIeCTB ¢ YKAa3aHHEeM IOPOTrOBbIX 3HAYCHHUI H YHCJIa
JAOCTYITHBIX JAHHBIX. Pe3y/IbTaThl, yKa3bIBAKOIIHE «X0pOIIee COCTOSTHUS CPeAb»

(the good environmental status, GES), Bbi1e/ieHbI :kMpHBIM mIpU$TOM

TN pmol/l TP pmol/l DIN pmol/l DIP pmol/l
Water-body Type Threshold/ Result/ | Threshold/ Result/ | Threshold/ Result/ Threshold/ Result/

Data count Data count Data count Data count

EE 1 1 26.8/23.30/381 0.84/0.92/385 5.2/8.72/39 0.60/1.21/37
EE 2 1 26.8/20.82/36 0.84/0.52/36 5.2/no data 0.60/no data
EE 3 3 22.8/21.26/18 0.72/1.16/18 3.8/no data 0.59/no data
EE 4 3 22.8/19.71/85 0.72/0.91/94 3.8/7.85/30 0.59/1.14/21
EE 5 3 22.8/20.65/444 0.72/0.90/441 3.8/6.86/42 0.59/0.98/42
EE 6 3 22.8/19.67/72 0.72/0.80/72 3.8/8.25/18 0.59/0.87/12
EE 7 4 18.3/19.94/23 0.42/0.80/23 5.1/8.60/9 0.30/0.67/6
EE 8 5 21.0/35.65/131 0.3/1.57/131 6.4/no data 0.37/no data
EE 9 5 21.0/26.46/5 0.3/0.65/5 6.4/no data 0.37/no data
EE 10 4 18.3/23.90/23 0.42/0.57/17 5.1/no data 0.30/no data
EE 11 4 18.3/23.31/18 0.42/0.61/11 5.1/no data 0.30/no data
EE 12 6 23.7/26.62/288 0.5/0.94/288 7.6/14.06/18 0.44/1.13/12
EE 13 2 29.2/32.32/251 0.67/1.12/251 13.4/37.57/10 0.50/1.63/12
EE 14 5 21.0/21.52/39 0.3/0.45/37 6.4/no data 0.37/no data
EE 15/1 5 21.0/25.06/18 0.3/1.02/18 6.4/no data 0.37/no data
EE 15/2 6 23.7/45.75/18 0.5/ 1.54/18 7.6/no data 0.44/no data
EE 16 5 21.0/19.99/40 0.3/0.82/40 6.4/16.00/4 0.37/0.92/4
GOF n/a 21.3/20.34/905 0.55/1.06/891 3.8/6.85/113 0.59/1.05/92
GOR n/a 28.0/24.57/358 0.7/1.16/358 5.2/9.96/53 0.41/1.02/41
NBP n/a 16.2/18.90/521 0.38/0.93/522 2.9/4.85/68 0.25/0.79/58
EGB n/a -/18.06/189 -/0.93/189 2.6/3.71/30 0.29/0.63/24
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all basins, where monitoring data were available, have not achieved GES. A total of nine coastal water bodies
have not been assessed due to the lack of winter nutrient data. In regards to total nutrients, Eastern Gotland
basin could not be assessed because threshold values for TN and TP are missing. In general, phosphorus
indicators gave lower assessment results (greater relative distance to the threshold) than nitrogen indicators.
The largest distance from the GES was found for TP in the Haapsalu Bay (water body 8) where the result
exceeded the threshold more than five times. We also note that all TP indicator results are very bad in water
type 5 assessment units where the lowest threshold is set — it is 0.3 umol/l while in all other coastal types and
offshore areas, higher thresholds are defined.

Based on the chlorophyll-a indicator, most of the water bodies have been assessed as non-GES except
water body 3 in the Gulf of Finland and 15/2 in the Moonsund area. Concerning phytoplankton biomass, the
results show that GES has not been achieved in most of the sub-basins except coastal areas 3 and 4 in the
Gulf of Finland and 11 in the eastern Gotland Basin (table 3). Coastal water body 13 in the Gulf of Riga has
no FBIOM assessment because this indicator is not used in this water body. Secchi results show that GES is
achieved in coastal areas 3 and 4 in the Gulf of Finland, but not in all other assessment units (table 3). Thus,

Table 3

Indicator assessment results in the Estonian coastal (CS) and offshore (OS) assessment units with used
thresholds and number of available data for chlorophyll-a, phytoplankton biomass, Secchi depth, ZKI,

and oxygen debt results. Results indicating GES are shown in bold

Pe3ynbrarhl OCHKH MHAMKATOPOB KA4eCTBA NPUOPEKHBIX M OTKPBITHIX YacTell BOJ JCTOHMHU HA OCHOBE
JAHHBIX 0 KOHLEHTpauuu xjaopoduiia-a, 6uomacce GUTONIAHKTOHA, NIPO3PAYHOCTH BOAbI,
uHeKce 3000eHToca (ZKI) 1 KoHueHTpauuu KMCJI0PoAa ¢ YKa3aHueM OPOroBbIX 3HAYeHU I

M YHCJIa JOCTYNHBIX IaHHBIX. Pe3yJabTaThl, yKa3bIBalOLIHe «X0poIiee COCTOSIHUS CPebD,

BbI/IeJIeHbI )KUPHBIM HIpU(TOM

CHLA pg/l FBIOM mg/l SECCHI m ODzElngﬁ;f ?:rdos
Water-body Type
Threshold/ Result/ | Threshold/ Result/ | Threshold/ Result/ Threshold/ Result/
Data count Data count Data count Data count
EE 1 1 3.7/4.46/144 0.67/0.75/138 3.6/2.78/99 0.5/0.595/54
EE 2 1 3.7/5.23/18 0.67/0.87/18 3.6/3.55/30 0.5/0.552/9
EE 3 3 2.7/2.65/18 0.42/0.36/20 4.5/4.54/16 0.5/0.600/9
EE 4 3 2.7/3.35/42 0.42/0.31/21 4.5/4.56/31 0.5/0.591/9
EE 5 3 2.7/3.89/259 0.42/0.64/231 4.5/3.80/108 0.5/0.500/54
EE 6 3 2.7/3.98/46 0.42/0.85/36 4.5/3.56/32 0.5/0.450/18
EE 7 4 1.6/2.28/23 0.44/0.53/17 6.5/3.45/4 0.5/0.620/9
EE 8 5 2.4/7.04/100 0.15/0.38/109 4.9/1.70/82 0.5/0.496/45
EE 9 5 2.4/2.83/18 0.15/0.33/18 4.9/1.60/18 0.5/0.704/9
EE 10 4 1.6/4.15/18 0.44/0.70/17 6.5/5.40/20 0.5/0.581/9
EE 11 4 1.6/2.45/18 0.44/0.32/17 6.5/5.81/18 0.5/0.589/9
EE 12 6 3.0/4.48/102 0.33/0.50/86 4.2/2.61/85 0.5/0.505/9
EE 13 2 4.5/6.63/123 -/0.42/41 3.2/1.27/110 0.5/0.496/54
EE 14 5 2.4/2.57/18 0.15/0.24/18 4.9/4.41/28 0.5/0.563/9
EE 15/1 5 2.4/ 2.60/18 0.15/0.65/19 4.9/2.33/17 0.5/0.593/9
EE 15/2 6 3.0/ 3.00/18 0.33/2.40/18 4.2/1.03/10 0.5/0.593/9
EE 16 5 2.4/2.51/34 0.15/0.24/30 4.9/3.35/26 0.5/0.532/9
GOF n/a 2/4.08/244 -/0.74/174 5.5/3.77/43 8.66/9.87/1885
GOR n/a 2.7/4.21/55 -/0.83/29 5/3.48/25 n/a
NBP n/a 1.7/3.80/103 -/0.63/69 7.1/4.59/21 8.66/9.40/382
EGB n/a 1.9/3.40/22 -/0.63/23 7.6/4.59/10 8.66/no data
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mostly the results on all three indicators on direct effects agree with each other pointing to a coastal sea area
in the central Gulf of Finland with GES. All other assessments units mostly failed to achieve GES as the direct
eutrophication effects are concerned.

When assessing the status based on the chlorophyll-a indicator, HELCOM uses arithmetic mean values
(open sea areas) and Estonian system uses median values (coastal areas). To illustrate how this methodological
difference could influence the assessment results, we found chlorophyll-a status assessment based on both the
mean and median values (fig. 2). From the comparison, it is seen that in many sub-basins the status assessment
gets a higher class when using median values instead of arithmetic mean values. This exercise is not fully
correct since we compared the two results with the mixed thresholds (either arithmetic mean or median).
But it demonstrates that harmonization of approaches at local and regional levels would be desirable to get
compatible assessment results for the coastal and offshore waters.

ZKI results indicate that GES has been achieved in most of the coastal areas except basins 5, 6 in the Gulf
of Finland, 8 in the Moonsund area and 13 in the Gulf of Riga. In contrast, oxygen debt assessment results
show that GES has not been achieved in neither of the two basins assessed. Since both indicators (ZKI and
ODERBT) are developed to assess indirect effects of eutrophication, the results reveal mostly GES in the coastal
and non-GES in the offshore areas.

To indicate temporal changes in eutrophication status we analysed historical data on nutrients in the GOF
open sea area and coastal areas 1 and 5. Data on total nutrients were available from 1993 to 2017 and inorganic
nutrients mostly from 2005 to 2017. For TN, the yearly averages show that GES has been met for the last
6—7 years (fig. 3). Concerning TP in waterbody 1 we see that GES has been achieved since 2014, but the
overall assessment for period 2011-2016 is still sub-GES with an ER result close to GES. TP values in the two
coastal areas have been slightly above and below the threshold. In GOF, TP values have been sub-GES after
1997. Concerning inorganic nutrients, the average values are mostly sub-GES and the 5-year moving average
indicates an increase in winter nutrient values, especially for DIP.

3.3. Eutrophication assessment and its confidence. Almost every basin had four nutrient indicators (DIN,
DIP, TN, and TP), three direct effect indicators (CHLA, FBIOM, and SECCHI) and one indirect effect indicator
(ZKI for coastal areas and ODEBT for open sea areas). In the assessment units where not all indicators could
be calculated, we aggregated the results based on available indicators. For instance, in the coastal water body
13 (in the Gulf of Riga) FBIOM is not used and some coastal water bodies lacked DIN and DIP data. In the
latter case, the criteria-group assessment was based only on TN and TP results.

Nutrient criteria-group level assessment reveals bad status in the Northern Baltic Proper and a few coastal
water bodies in the Moonsund area, and GES only in one coastal water body (2) in the Gulf of Finland (fig. 4).
Direct effects criteria-group level assessment shows that a few semi-closed water bodies in the Moonsund area
had bad status, and only one water body (4) in the Gulf of Finland had good status. It is interesting that water
body 4 which had good status regarding direct effects had poor status (thus a difference of two classes exists)
regarding nutrient levels.

Chlorophyll-a (mean) g Chlorophyll-a (median)
VERY GOOD (0) VERY GOOD (0)
GOOD (0) g : GOOD (2)

% MODERATE (9) # MODERATE (13)

= POOR (8) = POOR (3)

mm BAD (4) == BAD (3)

s Missing (0) 5 Missing (0)

Fig. 2. Chlorophyll-a assessment results based on the arithmetic mean (left) and median (right) values.
Five quality classes are shown as defined above in sub-section 2.3.

Puc. 2. Onenka kadecTBa BOJI 10 KOHIICHTPALKHU XJIOPOQHILIa-a 0 CPSIHUM apu(PMETHUCCKAM 3HAYCHUSAM (CIIeBa)
U TI0 MEIUaHHBIM 3HaucHUsIM (cripaBa). [loka3aHbl MATh KJIaCCOB KavuecTBa BOJI, OMUCAHHBIC B Tofpasaene 2.3.
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Fig. 3. Yearly mean values of DIN, DIP, TN, and TP in EE-5 and GOF.
Puc. 3. Cpennue romossie 3HadeHuss DIN, DIP, TN u TP B 6acceitnax EE-5 u GOF.

Since we assessed the indirect effects based only on one indicator, the criteria-group level assessment is
equal to the indicator assessment. As highlighted above, the use of two different indicators led to the result
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Fig. 4. Aggregated assessment results based on nutrient indicators (left) and direct effect
indicators (right). Five quality classes are shown as defined above in sub-section 2.3.

Puc. 4. O6001IeHHBIE OIIEHKH Ka4yeCcTBa BOJl HA OCHOBE OMOTEHHBIX MHIMKATOPOB (CIIeBa) U MHANKATOPOB MPSIMBIX
addexToB 3BTpoduKanmu (cnpasa). [IpencraBieHsl MATh KJIACCOB KadecTBa BOJ, OITMCAHHbIE B TTofpasaene 2.3.

Eutrophication assessment g Eutrophication assessment confidence
VERY GOOD (0) | == HIGH (5)
:GOOD (1) = #8 INTERMEDIATE (14)
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#& Missing (0)

Fig. 5. Final eutrophication assessment (left) and its confidence (right). Quality
classes are shown as defined above in sub-sections 2.3 and 2.5.

Puc. 5. O600menHas omneHka 3BTpopuKamy (ciaeBa) 1 e€ TOCTOBEpHOCTD (CIIpaBa).
IIpencraBneHs! KIIaCCH KadeCcTBa BOM, ONMCAHHBIE B MoApasaenax 2.3 u 2.5.

that regarding indirect effects of eutrophication, GES is achieved in most of the coastal water bodies (based on
ZKI indicator) while not achieved in the offshore areas (ODEBT indicator). These results in the coastal waters
differ from the assessment results on nutrients (aggregating indicators TN, TP, DIN, and DIP) and direct effects
of eutrophication (aggregating indicators CHLA, FBIOM, and SECCHI) for most of the coastal areas (fig. 4).

Based on final eutrophication results it is seen that in the entire Estonian marine area GES has not been
achieved (fig. 5). If we use the five-classes scheme, then bad status is revealed in coastal areas 8, 9, 15/1, 15/2
and 16 in the Moonsund area and 13 (Pérnu Bay) and in NBP (the only offshore area). Mostly the water bodies
were in poor status except a few water bodies in the Gulf of Finland, one in the eastern Gotland Basin and one
in the Moonsund area where moderate eutrophication status was revealed.

The confidence of eutrophication assessment results range from low to high, mostly being intermediate. Low
confidence in GOR and EGB was revealed due to the lack of indirect effects criteria-group level assessments
due to either no indicator or no data. The confidence was high in GOF and four coastal water bodies (1 and 5
in the Gulf of Finland and 12 and 13 in the Gulf of Riga) where the Estonian monitoring programme foresees
measurements in every year.

4. Discussion and conclusions. The main outcome of the present indicator-based eutrophication assessment
is that GES has not been achieved in the entire Estonian marine area (fig. 5). Since we used the “one-out-all-
out” principle when aggregating the criteria-group results, at least one criteria-group gave non-GES result
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in every assessment unit. It is evident that the final results are based on either the nutrients or direct effects
criteria-group assessment results because the indirect effects assessment results were almost always higher
than the first two. The worst assessment result — bad status according to the 5-classes scheme or assessment
value >2 (calculated by aggregating indicator ER-values) was found in the shallow coastal water bodies in the
Moonsund area, the Parnu Bay (water body 13) and the northern Baltic Proper. While the Parnu Bay and the
Haapsalu Bay (water body 8) were known earlier as the areas with poor status, this finding in regard to NBP
and other water bodies in the Moonsund area has to be analysed in more detail.

The bad status of the Haapsalu Bay, which is an enclosed shallow water body, was revealed by indicators
TP, CHLA, FBIOM, and SECCHI while the bad status of the Parnu Bay, which is under influence of the
Pérnu river discharge, by indicators DIN, DIP, and SECCHI. In coastal water body 9 (the Matsalu Bay in the
Moonsund area) the bad result was due to the TP, FBIOM and SECCHI indicator results, which were assessed
as bad. In water body 16 (Viinameri), the bad status was due to the bad status of both phosphorus indicators —
DIP and TP, and DIN. In water bodies 15/1 and 15/2 (two parts of the Viike Viin), the bad status resulted from
TP, FBIOM and SECCHI assessment results. Note that in all these results, total phosphorus was one or the
only indicator pointing towards bad status. It has to be studied further whether this result could be scientifically
justified or there is an issue with the set threshold value — officially it is 0.3 pmol/l, which is lower than in the
adjacent coastal types of offshore basins.

We note that in most of the assessment units, TN indicator received higher results than TP indicator. If
comparing TN/TP pair to DIN/DIP pair then it is seen that DIN/DIP assessment results are more uniform
than TN/TP results. This finding might be one more reason to check the total phosphorus thresholds in the
Estonian coastal waters. The other reason for bad TP assessment results might be related to the internal loading
of phosphorus which is triggered by near-bottom hypoxia and/or anoxia [25, 3]. But this impact should be
noticed mostly in the open sea areas, not in the coastal waters. For instance, higher DIP concentrations have
been measured in the Gulf of Finland since 2011 (fig. 3) although the phosphorus load has been reduced [4].
We associate the observed increase of DIP and non-GES status with the internal phosphorus load and frequent
collapses of stratification in the Gulf of Finland in winter [28] leading to the transport of phosphorus from the
deep layer to the surface layer [29].

An interesting finding of the study was that the assessment results in some water bodies in the Gulf of
Finland revealed good status based on two criteria-groups but moderate or poor status based on either nutrients
or direct effects criteria-group. For instance, in water body 2, nutrients revealed good status, but direct effects
showed moderate status. In contrast, in assessment unit 3, the direct and indirect effects criteria-groups revealed
good status, but nutrients indicated moderate status (TN was good, but TP was poor). Since in the water bodies
1 (Narva Bay) and 5 (Tallinn Bay and adjacent coastal areas), the two criteria-group assessments coincided, we
suggest that this diversity is mostly related to the monitoring frequency. In the Narva Bay and the Tallinn Bay,
the monitoring is carried out every year while in the other coastal water bodies in the Gulf of Finland only once
or twice during a 6-year period. This difference in monitoring programme is also reflected in the confidence
evaluation scores — assessments results in water bodies 1 and 5 had high confidence while in 2—4 intermediate
confidence. As shown in [26], the upwelling intensity and frequency reveal high inter-annual variability along
the southern coast of the Gulf of Finland. Thus, the monitoring and assessment based only on one-year data set
could be biased due to the natural variability caused by coastal upwelling events.

We also compared the assessment results found in this study with the eutrophication assessment results of
HOLAS II [27]. Note that the available HOLAS II results were preliminary. NBP was assessed with poor status
in HOLAS II and bad status in this study due to one class lower assessment result for TP, which changed the
nutrients criteria-group and overall result to bad status compared to poor status in HOLAS II. Comparing DIN
and DIP results in the open sea areas between HOLAS II and this study, we see that the results coincided in
NBP, but the status based on DIP indicator was one class lower in this study in EGB, GOF and GOR while the
status based on DIN was one class higher in GOF and GOR. Thus, we see that if only Estonian nutrient data
are used the assessment results could change in the offshore areas.

Concerning the CHLA open sea mean value results and coastal area median value results, we see that NBP
and the adjacent coastal area 10 and EGB with water body 11 have the same results, bad and poor, respectively.
The bad assessment result in GOF (offshore area), on the other hand, is lower than in the adjacent coastal areas
(1 to 6). The poor assessment result in GOR (offshore area) is also lower than the adjacent water body 12
result. Also waterbody 7, near NBP has a higher result than NBP. Thus, the coastal areas are mostly assessed
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with higher status than the open sea areas. This might be due to the set thresholds for the open sea areas being
slightly lower or the same as coastal areas whereas the arithmetic mean values are used in the HELCOM
offshore basins and median values in the Estonian coastal waters. Thus, also here more has to be done to
harmonize the assessment schemes.

The confidence of assessment results in the open sea areas was assessed as low in EGB and GOR because
there were no results for the indirect effects criteria group due to the lack of data and applicable indicator,
respectively. The assessment confidence was high in GOF and intermediate in NBP since the number of stations
for ODEBT indicator assessment was higher in GOF. Most of the coastal water bodies (except the Haapsalu
Bay), where monitoring is conducted every year, were assessed with high confidence while the coastal areas,
where monitoring is done once a year, were mostly assessed with intermediate confidence.

In conclusion, based on the national monitoring data from 2011—2016 and used nutrients, direct effects
and indirect effects indicators, the entire Estonian marine area is affected by eutrophication. The overall
eutrophication status is mostly defined by nutrient concentrations in the water or direct effects of eutrophication
(chlorophyll-a, phytoplankton biomass, and water transparency). The non-GES result in the shallow Moonsund
area is mostly determined by total phosphorus (TP) suggesting that threshold values for TP should be studied
in more detail. The assessment results derived based on the proposed dissolved inorganic nutrients thresholds
for the Estonian coastal waters agree well with the adjacent offshore assessment results. According to the
suggested confidence evaluation scheme, the overall assessment result has mostly intermediate confidence, but
high confidence in the open Gulf of Finland and in most coastal water bodies covered with yearly monitoring.
Intermediate confidence in status assessment and the noticed high variability in the assessment results in the
basins with monitoring data from only one year, point to the need for an increase of monitoring frequency
there.

Most of the data used are collected in the frames of the Estonian national marine monitoring programme funded
by the Ministry of the Environment. We acknowledge the work by the institutes carrying out the monitoring, especially
the Estonian Marine Institute at the University of Tartu. The analysis was financially supported by the Estonian Ministry
of the Environment and the institutional research funding IUT (IUT19-6) of the Estonian Ministry of Education and
Research.
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