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1 INTRODUCTION 

With the continual growth of population and industrialization from the beginning of the 
20th century, the environment has been under a lot of pressure. For instance, the use of 
nutrients in agriculture was not managed until the second half of the 20th century 
considering the effect on nature due to a lack of knowledge or timely regulations. 
The same goes for husbandry and the nutrient loads originating from farms. 

The wide use of fertilizers and husbandry developments have resulted in excess inputs 
of nutrients into the marine environment. Negative anthropogenic effects of 
eutrophication, e.g. increased cyanobacterial blooms and oxygen-deficient areas and a 
decrease in bottom fauna distribution, have been observed worldwide (e.g. Diaz & 
Rosenberg, 2008). The Baltic Sea is a good case study for the overall problem, because of 
a long history of stressors, the consequent spread of oxygen deficient areas, practices in 
data gathering, and early application of environmental management (Hansson & 
Viktorsson, 2021; Reusch et al., 2018). 

A way to keep track of the advancements in managing human influence on marine 
areas is to assess the status of the sea by using quantifiable metrics describing the 
pressures and state of the environment. The Baltic Sea is surrounded in majority by 
European Union member states and managed on the highest level by MSFD (entire sea 
area, 2008/56/EC) and the WFD (coastal waters, 2000/60/EC) regarding eutrophication. 
The Helsinki Commission (HELCOM) has been and is the key harmonizer/guide of the 
MSFD-derived commitments, among other things. HELCOM contracting parties have 
agreed to assess the status of the open sea areas, focusing on nutrients, chlorophyll-a 
levels, cyanobacterial blooms, water transparency, and near-bottom oxygen conditions 
and/or bottom fauna. The WFD regulates the assessment of coastal areas and focuses 
mainly on the biological quality elements (phytoplankton, bottom flora and fauna), 
viewing the physical and chemical parameters which are in the center of the MSFD 
assessments, e.g. nutrient concentrations, as supplementary information. 

Quantifying human pressures through the nutrient concentrations in the surface 
layer is quite straightforward, knowing the input from rivers and having defined the 
natural background loads. Levels of chlorophyll-a, water transparency, and the extent 
of cyanobacterial blooms are also directly or indirectly related to nutrient loads. 
The distribution, species composition, and abundance of zoobenthos depend highly on 
oxygen availability. Oxygen content is influenced by the air-sea exchange rate, productivity 
in the euphotic layer, respiration, and the amount of organic matter degraded in the 
bottom areas. In the deep layer, oxygen concentrations are also influenced by 
hydrographic conditions. For instance, oxygen levels in the central Baltic Sea below the 
halocline exhibit a declining trend during periods of low or no inflows from the North Sea 
(e.g. Carstensen et al., 2014a; Mohrholz, 2018). Considering climate change, especially the 
increase in temperature, a declining trend in oxygen saturation concentrations is 
observed (e.g. Carstensen et al., 2014a; Stramma & Schmidtko, 2019), which means, that 
the water’s ability to hold oxygen is decreasing. Increasing air temperature and runoff 
also strengthen stratification and weaken vertical mixing (Meier et al., 2022).  

Since oxygen conditions in the sea are affected by many factors, it is essential to 
discriminate between human-induced and natural variability in order to devise 
appropriate measures. Keeping this in mind, HELCOM has developed and tested 
oxygen-based indicators, e.g., ‘oxygen debt’, which assesses the amount of ‘missing 
oxygen’ below the halocline (HELCOM, 2013). Whatever approach is chosen, it has to 
be focused on the anthropogenic influences. 
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1.1 Aim of the study 

The motivation of this study was to better describe the variability of oxygen conditions 
at timescales from hours to decades, link it to natural processes and human-induced 
impacts, and predict potential future changes in two basins of the Baltic Sea with 
different hydrographic background. The Gulf of Finland represents a sea area with a free 
connection to the open sea, and the Gulf of Riga is a basin separated by sills from the 
open sea. The importance of using high-resolution data was emphasized to make 
environmental status assessments more confident. 

The main objective was to describe the variability of oxygen concentrations in the 
subsurface and near-bottom layers at different time scales and explain the reasons 
behind the observed changes. The analysis focused on the following cases: 

• A relatively deep sea area with a quasi-permanent halocline influenced by the 
freshwater discharge from rivers and unrestricted connection to the open sea 
(Paper I) 

o Central Gulf of Finland, where three layers separated by the seasonal 
thermocline and quasi-permanent halocline exist in summer; the 
assessment of seasonal oxygen consumption demands high-resolution 
measurements since the conditions are highly variable, influenced, e.g. 
by prevailing winds. 

• A shallower area of the same basin where the halocline is mostly missing, but 
subsurface low-oxygen conditions can occur seasonally (Paper III)  

o Eastern Gulf of Finland, the aim was to reveal long-term patterns of 
changing oxygen conditions and link these to changes in hydrographic 
conditions, climate and nutrient loads. 

• A shallow bay separated with sills from the adjacent open sea areas with a fully mixed 
water column in winter, but where the excess amount of nutrients and the limited 
water exchange promote the development of seasonal hypoxia (Papers II and IV) 

o Gulf of Riga, the aim was to find the reasons for an exceptional hypoxic 
event in 2018, predict whether such events could occur more often in 
the future considering projected climate change, and analyze how short-
term variability influences assessment results. 

Additional objectives included: 

• Testing and developing oxygen indicators to describe better the human-induced 
impact on the status of the marine environment (Papers I, II and III); 

• Highlighting the advantages of collecting high-resolution data for the assessment 
of the environmental status of marine areas (Papers I and IV). 
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2 MATERIAL AND METHODS 

2.1 Basins 

The Gulf of Finland (GOF) is an estuary-type sea area influenced by large freshwater 
discharge, nutrient inputs and unrestricted connection to the adjacent open sea areas. 
The environmental status of the gulf regarding eutrophication is not good (HELCOM, 
2018), although the nutrient load to the gulf has significantly decreased since the 1980s 
(Gustafsson et al., 2012). In the GOF, the deep-layer oxygen conditions are highly 
dependent on the large runoff from river Neva in the east and the lateral east-west 
movement of more saline and deoxygenated water originating from the Northern Baltic 
Proper (NBP) (Fig. 1). On average, the outflow is dominating in the surface layer and the 
inflow in the subsurface layers. Under N-NE wind influence, the NPB deep-water can 
spread further towards the east as a compensation flow to the outflowing surface layer 
(Elken et al., 2003; Lips et al., 2008), enlarging the hypoxic/anoxic bottom area (Liblik  
et al., 2013, Paper I). Under prevailing SW winds, the hypoxic area is smaller and with 
stronger westerlies, the salt wedge recedes even more towards the NBP (Liblik et al., 
2013; Lips et al., 2017). The sometimes-rapid changes in deep-layer DO concentrations 
can be well observed with high-frequency continuous measurements (Paper I), while 
regular monitoring cannot describe the temporal development of such hypoxic/anoxic 
events in detail. 

 

 

The GOR can be generalized as a shallow basin with restricted water exchange with 
other sea areas. Nutrient inputs are high (HELCOM, 2022), and the gulf is influenced by 
eutrophication. Water exchange with the adjacent deeper Eastern Gotland Basin (EGB) 
occurs through the Irbe Strait (Astok et al., 1999; Petrov, 1979). The GOR is also 
connected to the shallow Moonsund area in the north, but inflows from there are in 
stratified conditions mostly arrested in the surface layer (Lips et al., 1995). 

Figure 1. Simplified representation of an open-boundary basin on the Gulf of Finland example.  
P – phosphorus. N2 – nitrogen gas. 
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Although the GOR is not very deep, a high oxygen consumption rate in the near-bottom 
layer can lead to the development of hypoxia during the stratified season. Additional DO 
flux by advection or vertical mixing is needed to hinder hypoxia development in the 
central parts of the gulf. Advective DO flux appears when N-NE winds prevail, and upwelling 
occurs along the eastern coast of the EGB, and the inflow through the Irbe Strait is more 
saline than the GOR deep water and can spread along the bottom (Fig. 2) (Raudsepp & 
Elken, 1995). Besides bringing more DO to the central parts of the gulf, such inflows 
strengthen stratification and separate the bottom layer from the water column above. 
Stronger winds from the SW direction can cause downwelling near the western side of 
the Irbe Strait, which can promote the spread of buoyant sub-surface inflows when the 
inflowing water is less saline than the GOR near-bottom water (Liblik et al., 2017). Such 
buoyant inflows do not ventilate the gulf’s bottom areas. 

 
 

 

2.2 Nutrients 

Elevated nutrient inputs to the Baltic Sea, although significantly reduced since the 
1980-s, continue to affect the marine environment (Gustafsson et al., 2012; Murray  
et al., 2019). Nitrogen (N) loads originate mostly from land-based sources and reach 
the marine environment via rivers, direct inputs and the atmosphere. Primary 
producers use N in inorganic forms originating from land or remineralized in the marine 
environment. Cyanobacteria also fix nitrogen in the gaseous form (N2). Organic 
nitrogen is remineralized through the process of nitrification in oxic conditions.  
A nitrification-coupled process, denitrification, is a natural N-removal process, taking 
place in the anoxic layer of the sediments (Carstensen et al., 2014b; Jäntti & Hietanen, 
2012). In the Baltic Sea, most of the nitrogen is removed through denitrification 
(Carstensen et al., 2014b). When the entire sediment profile and bottom layer are 
hypoxic, dissimilatory nitrate reduction to ammonium (DNRA) will reduce nitrate to 

Figure 2. Simplified representation of a semi-enclosed basin separated from the open sea by a sill 
on the Gulf of Riga example. P – phosphorus. N2 – nitrogen gas. 
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ammonium. Hence, generally, hypoxic conditions support the switch from N-removal 
(coupled nitrification-denitrification) to N-storage (DNRA) (Carstensen et al., 2014b). 
In the GOF, the switch to N-storage happens when DO concentrations are around  
3.4 mg L-1 (Jäntti & Hietanen, 2012).  

Similarly to nitrogen, the phosphorus (P) cycle is also altered when hypoxic/anoxic 
conditions prevail. In well oxygenated bottom areas, P is bound to sediments in the 
organic form, iron oxide bound P, and in authigenic minerals (e.g., Kuliński et al., 2022). 
When low oxygen conditions prevail, these highly volatile iron-bound P forms release 
phosphorus back into the water column, where it is again available for primary producers 
(Pitkänen et al., 2001; van Helmond et al., 2020). Conley et al. (2002) showed that the 
dissolved inorganic phosphorus (DIP) pools were correlated with the extent of hypoxic 
areas in the Baltic Sea (including the GOF and GOR). Thus, considering the peculiarities 
of the studied basins, the P release and availability in the GOF are probably significantly 
influenced by the spread of low-oxygen waters from the NBP. In the GOR, the release of 
P from sediments could be more influenced by the supply of organic matter from the 
surface layer, local oxygen consumption and consequent near-bottom hypoxia. 

2.3 Using oxygen to describe eutrophication levels 

In HELCOM, an oxygen debt indicator (ODEBT) has been developed and applied in deeper 
open sea areas where a permanent halocline exists (HELCOM, 2013). The idea is to 
estimate the volume-specific amount of oxygen missing below the halocline. ‘Missing’ 
oxygen is found by subtracting the measured oxygen concentration (also taking into 
account hydrogen sulfide as negative oxygen, if present) from the saturated oxygen 
concentration, which is found using simultaneously measured temperature and salinity. 
Since the oxygen debt is significantly influenced by sub-halocline advection, the Major 
Baltic Inflows (MBI) have to be considered to assess the human-induced impacts.  
A modified oxygen debt indicator was applied in Paper I – the oxygen debt was estimated 
just below the halocline in the central GOF. 

Besides estimating the ‘missing’ oxygen, another option is to estimate the amount of 
DO consumed in the subsurface layer during the period of seasonal thermal stratification. 
In Papers I and II, DO consumption was calculated based on collected vertical oxygen 
profiles and estimated oxygen fluxes due to advection and vertical diffusion. The diffusive 
flux was estimated based on vertical gradients of DO and density and the advective flux, 
using the relationship between DO concentration and salinity and the estimated change 
in salinity due to advection. While the hydrographic conditions least influence this 
indicator, it requires availability of vertical CTD and oxygen profiles with high enough 
resolution in time. High-resolution profiler data and a suggestion that the seasonal 
oxygen depletion in the intermediate layer between the thermocline and halocline is 
mostly related to the local consumption (respiration) and less influenced by hydrographic 
conditions have motivated to develop an oxygen consumption indicator for the 
assessment of eutrophication status. 

The most easily understandable way to describe DO conditions in a sea area is to 
estimate the extent of waters or bottoms with low oxygen concentrations, as recently 
analyzed by e.g. Kõuts et al. (2021). For this, the depth where oxygen concentration falls 
below the hypoxia threshold (DO = 2.0 mL L-1 or 2.9 mg L-1, Vaquer-Sunyer & Duarte, 
2008) can be found and the area and volume of the low oxygen waters estimated (Paper 
I and II). Similarly, other DO concentrations can be used to describe the extent of low DO 
conditions. For the Eastern Gulf of Finland (EGOF, Paper III), DO = 6.0 mg L-1 was selected 
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because this concentration is shown to be a limit below what about 75% of fish will 
experience stress due to low DO concentrations (Vaquer-Sunyer & Duarte, 2008).  
Since the deep-layer oxygen conditions in the EGOF area are affected by the spread of 
saline water from the west (Alenius et al., 1998), a method was developed (Paper III) to 
minimize the influence of hydrography on indicator results in order to obtain estimates 
mostly related to anthropogenic pressures (i.e. elevated nutrient inputs). 

2.4 Data used in the study 

The basis of the current study (and papers) is the oxygen data (with accompanying 
salinity and temperature data). To describe more recent changes, CTD and water sample 
data gathered on monitoring cruises were used (Table 2.1.). Historical data were 
gathered from local (e.g. KESE) and international (e.g. ICES/HELCOM) databases to 
characterize long-term variability and possible trends in selected parameters. To highlight 
the advantages of high-resolution data, profiles from an autonomous profiler and time 
series from a near-bottom sensor were used. To explain the reasons behind the changing 
oxygen conditions, meteorological, river runoff, and nutrient load data were analyzed. 
For describing the impact of hypoxia, data from water sample analysis of nutrient 
concentrations were used. 

Table 2.1. Data used in the study 

Data type  Source Parameters 

Autonomous profiler and 
point measurement data 

(Papers I and IV) 
MSI T, S, DO 

CTD and water samples 
from r/v cruises (Papers I, 

II, and IV) 
MSI T, S, DO 

Historical and 
environmental monitoring 

data (Papers I, II and III) 

KESE, Latvian Environmental 
monitoring databases, ICES/HELCOM 

database, SeaDataNet, Finnish 
Environment Institute's national 

database Hertta, Gulf of Finland Year 
database, Finnish Meteorological 

Institute 

T, S, DO, 
nutrients 

Meteorology data (Papers 
I, II, and IV) 

Finnish Meteorological Institute, 
ERA5 dataset via Copernicus Services 

net solar 
radiation, air 

T, wind speed, 
wind direction 

River runoff data (Paper II) 
Latvian Environment, Geology and 
Meteorology Center and Estonian 

Environment Agency 
runoff 
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3 RESULTS AND DISCUSSION 

3.1 Long-term changes in deep-layer oxygen conditions 

Changes in oxygen conditions in the aphotic water layer are influenced by oxygen 
consumption (respiration, degradation of organic matter) and oxygen fluxes controlled 
by physical processes (horizontal advection and vertical mixing) (e.g., Carstensen et al., 
2014a; Lips et al., 2017). Consumption rates depend on the availability/amount of 
degradable organic matter (e.g., Conley et al., 2009; Conley & Johnstone, 1995).  
Thus, respiration depends on primary production that is limited by other factors, e.g.  
the availability of nutrients (Rabalais et al., 2009). Respiration and consumption rates 
increase with rising temperature (Boesch et al., 2007). Also, a decrease in DO can be 
caused by the increase in zooplankton biomass, as Meier et al. (2018) described in the 
GOF. Horizontal advection depends on the openness of the basin and the forcing 
regulating the water exchange, while diffusive fluxes are defined by vertical stratification 
and the forcing driving turbulent mixing. The increase (decrease) in temperature 
decreases (increases) oxygen solubility, meaning that water is able to hold less (more) 
oxygen (Carstensen et al., 2014a). 

Fonselius & Valderrama (2003) showed that, in general, during the 20th century, deep 
and bottom water oxygen conditions have deteriorated in the central and northern 
basins of the Baltic Sea. According to Carstensen et al. (2014a), hypoxic areas have 
increased 10-fold from the beginning of the 20th century to 2012. Conley et al. (2011) 
identified that the frequency of hypoxia (DO < 2 mg L-1) has increased in the coastal areas 
from roughly 2% of the profiles exhibiting hypoxia in the 1960s to ~5% in 2009.  
The present study has analyzed historical and monitoring data to reveal whether similar 
trends are characteristic of the EGOF (Paper III) and the GOR (Paper II) and what are the 
reasons for the observed changes in deep-layer oxygen conditions. 

The long-term data from EGOF show that in 100+ years, oxygen conditions in the deep 
layer have deteriorated with a DO decrease rate of -0.22 mg L-1 per decade (Paper III). 
The long-term trend for bottom water in the central Baltic Sea (station BY15, at 200m) 
has a similar decrease rate of DO concentrations, approximately -0.36 mg L-1 decade-1 
(Fonselius & Valderrama, 2003). While the deep layer of the central Baltic Sea is 
oxygenated with MBIs, areas further north, including the GOF, see worsened oxygen 
conditions approximately nine months after an MBI event, because the deoxygenated 
water from the central Baltic Sea is pushed to more northerly positions (Liblik et al., 
2018). During periods of no MBIs, the central Baltic area can suffer from increased 
hypoxic areas, as was observed in 1983-1993 (Lehmann et al. 2022). In the EGOF,  
this period of stagnation manifested itself as a period of higher DO concentrations and 
lower salinity in the subsurface layers (mid-1980s to mid-1990s, Fig. 3, Paper III). Such 
stagnation occurred mostly due to larger than average freshwater inputs and stronger 
than normal westerly winds (Lehmann et al., 2022; Meier & Kauker, 2003). Thus, 
although the GOF suffered from large nutrient inputs, the weak stratification conditions 
allowed for oxygen conditions to improve significantly (Laine et al., 2007). 

Based on model data, Stockmayer & Lehmann (2023) found a -0.29 mg L-1 decade-1 
decrease in DO concentrations in the GOF deeper area (~60m) for 1977-2018. Results 
from the last three decades (1990-2021) show that the oxygen decline has been steeper 
with a rate of -1.49 mg L-1 decade-1 (Fig. 3, Paper III). This very high rate of the decrease 
in DO concentrations is related to temporarily high DO concentrations in the EGOF deep 
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layer in the late 1980s and early 1990s and the return of characteristic stratification 
conditions in the late 1990s. In that sense, this result and the estimate by Stockmayer & 
Lehmann (2023) agree, because the period covered in the latter study included a period 
of increasing and then decreasing DO concentrations (Fig. 3). Thus, when a long-term DO 
trend is reported, the period for which it is estimated has to be stressed to relate the 
trend to the changes in driving forces or inputs. 

 
 

 

In the Gulf of Riga, such large decadal-scale changes in salinity, which could influence 
vertical stratification, are not observed because the shallow sill prevents sub-halocline 
waters from entering the gulf, and the water column is fully mixed in winter. However,  
a significant decreasing trend in DO concentrations in August was found for the 20-50m 
layer from 1963 to 1990 (Berzinsh, 1995). Based on more recent data (2005-2018),  
the trend in DO concentrations in the deep layer in August was insignificant, but a 
significant decrease of -0.45 mg L-1 per year was found based on October-November data 
(Paper II). This very steep DO decline (about four times bigger than the rate from the 
second half of the 20th century) could have a different explanation than simply the 
deterioration of oxygen conditions due to eutrophication. The increasing surface water 
temperatures and related prolonged stratified period (Wasmund et al., 2019) could be a 
reason that more measurements in October-November recent years have captured the 
near-bottom hypoxia because the autumn stratification collapse is delayed. 

 
 

Figure 3. Oxygen (top) and salinity (bottom) values from 40-70m layer in the Eastern Gulf of Finland 
in July-October of 1905-2021 and regression lines based on yearly mean values from 1905-2021 
and 1990-2021 (Paper III). 
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3.2 Interpreting the oxygen variability and trends on different time-scales 

3.2.1 Processes contributing to oxygen dynamics 
It has been suggested that the decline in DO concentrations is largely influenced by 
eutrophication (Carstensen et al., 2014a; Meier et al., 2019), but also by the 
strengthening of the stratification (Lehtoranta et al., 2017; Liblik & Lips, 2019; Ma et al., 
2023; Väli et al., 2013) and temperature increase (e.g., Carstensen et al., 2014a). Water 
temperature also defines the DO saturation concentration. During the stratified season, 
the oxygen content in the deep layer is determined by oxygen consumption, the flux of 
oxygen due to physical processes, and the length of the stratified period (e.g., Conley  
et al., 2009; Lennartz et al., 2014). Thus, oxygen depletion compared to an initial state 
(e.g. saturation concentration) in a sub-surface water mass of a basin is defined by the 
amount of DO consumed by organic matter degradation and respiration, oxygen 
advected to the area, and oxygen vertically diffused to the layer in question (Eq. 1; units 
are mg L-1 per day, month or another period). 

 
𝐷𝑂𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 = 𝐷𝑂𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 − 𝐷𝑂𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 − 𝐷𝑂𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛  (1) 

 
If DO consumption is not measured directly, Eq. 1 can be used for its estimation, where 

DO depletion is calculated based on consecutive oxygen measurements and DO 
advection and diffusion are estimated based on registered vertical and horizontal 
distributions of DO concentrations and other parameters. In the case of autumn-winter 
convection, DO diffusion overrules all other terms on the right side of Eq. 1, but during a 
stratified period, turbulent diffusive flux can be estimated using a simple gradient 
formula, as 

 

𝐹𝑑𝑖𝑓𝑓 = −𝑘
𝜕𝐷𝑂

𝜕𝑧
, where 𝑘 =

𝛼

𝑁
 ,    (2) 

 
the empirical intensity factor of turbulence (𝛼) is a constant (1.5 10-7 m2 s-2) and Väisälä 
frequency (𝑁) is a measure of the vertical stratification strength 
 

𝑁2 =  −
𝑔

𝜌0

𝜕𝜌

𝜕𝑧
     (3) 

 
To find the change in DO concentration due to diffusion (𝐷𝑂𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛), diffusive flux 

(𝐹𝑑𝑖𝑓𝑓) has to be multiplied by the surface area and divided by the volume of the water 

layer. Thus, in the case of a near-bottom layer, the change depends on its thickness, while 
in an intermediate layer, the difference in fluxes through the upper and lower borders and 
the thickness are considered. 

Characteristic values of 𝐷𝑂𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 for the intermediate layer 50-60 m in the GOF were 

-0.16 mg L-1 month-1 (mean value in May-September 2016, Paper I) and for the 9.5-12.0 m 
thick bottom layer in the GOR 0.50-1.05 mg L-1 month-1 (estimates for April-August 2018, 
Paper II). A negative value in the GOF example indicates that DO was transported out of 
the layer – the downward flux out of the layer was larger than the flux into the layer from 
above. 

To find the amount of DO advected to the area in question, the change in salinity due 
to advection is estimated and a relationship between subsurface salinity and oxygen 
concentrations is applied. In the subsurface layer in the GOF, the salinity advection 
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(𝑆𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛) was estimated based on the temporal change of salinity (𝑆𝑐ℎ𝑎𝑛𝑔𝑒) minus the 

salinity diffusion (𝑆𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛) (Eq. 4). This salinity advection was then multiplied by the 

coefficient of the linear regression between salinity and oxygen (a) to get the oxygen 
advection estimate (𝐷𝑂𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛). 

 
𝑆𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =  𝑆𝑐ℎ𝑎𝑛𝑔𝑒 − 𝑆𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛  ;  𝐷𝑂𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =  𝑆𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 ∗ 𝑎  (4) 

 
The oxygen advection in the near-bottom layer in the GOR was estimated, assuming 

that the water exchange mostly occurs via the Irbe Strait and it takes 1-1.5 months for 
inflowing waters to reach the central gulf (Paper II). Measured salinities in the inflowing 
waters and near-bottom waters of the central GOR and the estimated change in salinity 
due to diffusion allowed estimating the proportion (𝑝) of inflowing waters in the  
near-bottom water at the next time step. This proportion was used to estimate DO 
change due to advection as  

 

𝐷𝑂𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = (𝐷𝑂114
𝑡1 − 𝐷𝑂𝐺1

𝑡1 ) ∗ 𝑝; where 𝑝 =  
(𝑆𝐺1

𝑡2 −𝑆𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛)−𝑆𝐺1
𝑡1

𝑆114
𝑡1 −𝑆𝐺1

𝑡1
 (5) 

 
and where 𝑡1 and 𝑡2 are the consecutive time steps of monitoring and 114 and G1 denote 
monitoring stations in the Irbe Strait and the central GOR, respectively (see Fig. 1, Paper II). 

The average DO advection was estimated at 0.28 mg L-1 month-1 to the intermediate 
layer 50-60 m in the GOF (May-September 2016, Paper I) and 0.80 mg L-1 month-1 to the 
near-bottom layer in the GOR (April-August 2018, Paper II). 

Considering the measured oxygen depletion of 0.70 mg L-1 month-1 and the estimated 
advection and diffusion, DO in the intermediate layer of 50-60 m in the central GOF was 
consumed on average by 0.82 mg L-1 month-1 in the summer of 2016 (Paper I).  
In the ~10 m thick near-bottom layer of the GOR, the mean consumption value of 
3.79 mg L-1 month-1 was found in April-August 2018 (Paper II).  

The proportions of advection and diffusion are quite similar in both basins compared 
to the consumption rates. However, in the intermediate layer of the GOF, diffusion 
lowers the DO concentrations since oxygen is being diffused out of the layer to deeper 
areas faster than brought into this layer from above. In the GOR near-bottom layer,  
the diffusion process brings more DO to the near-bottom layer and, therefore, 
counteracts the consumption. Based on some previous studies, the consumption rates 
in the Baltic Sea are estimated at 0.25 mg L-1 month-1 (> 62m in the Baltic Proper in  
1957-1982; Rahm 1987), 1.29 mg L-1 month-1 (in Öresund in 1965-1989; Mattsson and 
Stigebrandt 1993), and 0.51 mg L-1 month-1 (> 65m in the Bornholm Basin 1957-2011; 
Stigebrandt and Kalén 2013). Thus, the GOF intermediate layer estimates form the 
present study are comparable with the earlier studies, while the near-bottom layer GOR 
estimates are significantly larger. The latter could be related to the higher consumption 
rates at the sediment surface than in the water column. 

3.2.2 The drivers of long-term changes in the Eastern Gulf of Finland 
The temporal aspect should always be considered when interpreting the observed  
long-term changes in oxygen conditions. In the Baltic Sea, hydrographic conditions 
change on the scale of a few decades (Lehmann et al., 2022). The cooccurring trends or 
oscillations of salinity and oxygen have been observed in the central Baltic (Fonselius & 
Valderrama, 2003) and in the GOF (Stockmayer & Lehmann, 2023). Similar patterns were 
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shown in the eastern GOF, using long-term data since the early 1900s (Paper III).  
The significant negative correlation of oxygen and salinity in the 40-70m layer (Fig. 4) 
expressed in the opposite oscillatory long-term variability in oxygen and salinity (Fig. 3) 
supports the idea that low oxygen conditions in the EGOF sub-surface layer are strongly 
affected by changes in hydrography (Paper III). Considering the changes of stratification 
in the GOF area during the last 30-35 years (Paper III, Liblik & Lips, 2019) and the missing 
correlation between nutrient inputs and oxygen conditions for this period (Paper III),  
it can be suggested that the decreasing DO concentrations in the time-frame of a few 
recent decades have been more influenced by the changes in hydrographic conditions 
than eutrophication. 

 

 

In the Western Gulf of Finland, the deep layer DO conditions are more controlled by 
the lateral movements of the salt wedge compared to the EGOF since further east, the 
halocline is not strong and winter mixing could improve oxygen conditions. But there are 
occasions, when strong westerlies can cause the wintertime collapse of stratification also 
in the west (Liblik et al., 2013; Lips et al., 2017).  

In the long term (1905-2021), salinity has no visible trend in the EGOF, and thus the 
deteriorating oxygen conditions cannot be explained by the influence of the changes in 
hydrographic conditions (Paper III). Considering the estimated proportion of the DO 
solubility decrease of 26% in the total DO decline since the early 1900s, the other factors 
(e.g. nutrient inputs, intensification of oxygen consumption due to the temperature 
increase) should have caused the rest of the decrease in DO concentrations. It is 
suggested that with the temperature increase of 0.78 °C in the deep water, respiration 
could increase by 29% (Bothnian Sea, 1992-2012, Ahlgren et al., 2017). Studies in the 
Chesapeake Bay have suggested that the observed increase in the hypoxic area due to 
climate warming can be assigned to the changes in DO solubility (55%), biological rates 
(33%) and stratification (11%) (Tian et al., 2022). More recently (in the last 30 years), 
when a clear salinity increase is evident in the sub-surface layer, the changes in 

Figure 4. Scatter plot and linear regression (y = 1.42x + 16.33, R2 = 0.21, p-value < 0.01, N = 70) line 
between salinity and oxygen in July-October in the 40-70m layer of the Eastern Gulf of Finland in 
1905-2021. Regression line is shown by the red solid line; red dashed lines indicate the ranges of 
the 95% confidence level (Paper III). 
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hydrographic conditions account for 22% (12-32%) of the DO decline (Paper III). 
Assuming a 17% DO solubility decrease, the proportion of other effects contributing to 
the DO decrease is almost the same in the last 30 years as in the long-term (Paper III). 

3.2.3 Physical processes influencing hypoxia occurrence in the Gulf of Riga 
In the sill separated relatively shallow GOR, the water column gets mixed to the bottom 
in winter, similarly to the EGOF. However, during the productive (stratified) season, 
inflows from the Eastern Gotland Basin via the Irbe Strait (Lilover et al., 1998; Skudra & 
Lips, 2017) can bring additional oxygen into the GOR deep layer. It has been shown that 
northernly winds can induce upwelling near the Irbe Strait, forcing the inflows (Raudsepp 
& Kõuts, 2001). The wind influenced spreading of oxygenated and more saline water 
through the Irbe Strait is well demonstrated using May to July section data from 2018 
(Paper II). In Fig. 5, a decrease in the cumulative wind stress and negative values in the 
wind stress denote the N-NE winds and in Fig 6, an inflow over the sill is well seen. These 
inflows bring more oxygen to the central GOR, but also strengthen the haline 
stratification of the deep layer. Thus, the inflows can decrease vertical mixing and 
promote the decline of DO concentrations (Paper II). Also, a proportion of the inflowed 
oxygen gets consumed and mixed already on the way to the central area, which 
decreases the ventilation effects notably (Paper IV). If a relatively thin-layered stratification 
develops, oxygen is depleted faster (Paper II), since most of the consumption takes place 
on the sediment surface (Boynton et al., 2018).  

Also, when the stratified season is longer than usual, low oxygen conditions can 
prevail, even when there is no distinct stratification in the deep layer (Paper II). For 
example, the lack of a strong deep layer stratification was observed in 2015 in the GOR 
that could be a result of no inflows in the summer. Estimating the diffusive flux and 
considering a similar consumption rate as in 2018, it was shown that hypoxia could have 
developed in the central gulf by late October, 2015, which was also proved by 
observations. On the other hand, when wind forcing and temperature follow the  
long-term averages, the deep layer oxygen conditions remain above hypoxic levels  
(Fig. 7, Paper II). For example, in 2017, when no hypoxia was detected, the air 
temperatures were close to long-term means and the thermal stratification was not 
enhanced. Also, no strong N-NE wind events were observed early in the productive 
season, which could have separated the NBL from the water column above as in 2018.  
It is suggested that in the co-occurrence of certain forcing factors/conditions the 
probability of hypoxia occurrences in the gulf increases. 
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Figure 5. Time series of along-coast (NNE–SSW) component of wind stress τNNE (solid black line) and 
cumulative wind stress in 2018 (solid red line, 6 h moving average is shown). Average cumulative 
wind stress curve for 1979–2018 is shown in black dashed line. Data were extracted from the ERA5 
grid point outside the gulf of Riga (see Fig. 1, Paper II). 

Figure 6. Vertical sections of oxygen saturation (top) and salinity (bottom) on 30 May (left) and 11 
July (right) (Paper II). 
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3.2.4 High-resolution oxygen variability 
Although the seasonal decline in oxygen conditions can be determined using sparse 
regular monitoring data, the short-term variability in DO concentrations is only 
revealed when using high-frequency monitoring data (Fig. 8, Paper I and IV).  
Short-term variability can be divided into changes on a synoptic scale (ranging from 
a day to a week) and occurring in a few hours to days (Paper IV). An example of a 
synoptic scale variability was observed in the GOR starting from 29 August 2021 and 
lasting a few days, where a strong SW wind event enhanced vertical mixing and 
caused the simultaneous salinity decrease and oxygen increase in the deep layer 
(Paper IV). Changes happening from hours to days were described as being 
influenced by e.g., inertial oscillations and pycnocline movements (Paper IV). 

Since DO concentrations are shown to change rapidly (Paper I, IV), it is important 
to keep it in mind when estimating the status, based on oxygen. Based on the  
high-resolution measurements, the monthly standard deviations of DO concentrations 
ranged from 0.67 to 2.82 mg L-1, and the estimated consumption rates between 1.20 
to 3.33 mg L-1 month-1. It is concluded that when estimating DO consumption rates 
based on single measurements apart a month, the error could be > 50% (Paper IV). 

 
 

Figure 7. Vertical profiles of dissolved oxygen concentration (top) and salinity (bottom) measured 
in the Ruhnu Deep (station G1) in 2017 (left) and 2018 (right) (Paper II). 
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3.3 Oxygen-based indicators for assessing eutrophication status 

Baltic Sea countries have agreed a harmonized system to assess the status of the marine 
environment in order to devise measures to tackle eutrophication related negative 
anthropogenic effects. This MSFD (2008/56/EC) derived assessment system, focuses  
on nutrients, chlorophyll-a levels, cyanobacterial blooms, water transparency, and  
near-bottom oxygen conditions and/or bottom fauna. 

In the HELCOM holistic assessments before HOLAS III, oxygen conditions were only 
assessed in deeper open sea basins, where a permanent halocline exists. But the work to 
develop additional indicators that could be also applied in shallower areas was ongoing 
and for the third holistic assessment, some pre-core oxygen indicators were proposed 
(e.g., Paper III). 

3.3.1 Oxygen debt 
In Paper I, the oxygen debt indicator was tested with modified methods to better suit the 
GOF area. Originally, the oxygen debt indicator was calculated as the volume-based 
average of missing oxygen relative to the fully saturated water column below the 
halocline, using data from the entire year in EGB, NBP and GOF (HELCOM, 2013). Since 
the halocline could be weak or even absent in winter in the GOF (Liblik et al., 2013; Lips 
et al., 2017), it was suggested to assess the GOF separately and use data only from the 
stratified season (Paper I). For instance, in the beginning of March 2016, halocline was 
very deep in the central GOF, and the oxygen debt values were quite low, indicating 
strong vertical mixing and a westward movement of the salt wedge during the preceding 
winter (Paper I). This also suggests to reconsider the uniform threshold value of the 
indicator in all central basins of the Baltic Sea and GOF.  

Another option is to assess oxygen debt just below the halocline, making the use of a 
single threshold more reasonable (Paper I). The May-October average oxygen debt value 
in the central GOF immediately below the halocline was 11.3 mg L-1 in 2016 and  
11.6 mg L-1 in 2017 (Paper I). Despite the shallower position of the halocline and larger 
area with low-oxygen waters in 2016 than in 2017, the proposed method of calculating 
oxygen debt gave similar results for both years. In the last HELCOM assessment, the Baltic 
Proper assessment unit (which includes the GOF) results for 2016 and 2017 were  
12.95 mg L-1 and 12.49 mg L-1, respectively (HELCOM, 2023c). Thus, the proposed 
approach of considering the oxygen debt just below the halocline minimizes the impact 
of changes in hydrographic conditions. 

Figure 8. Temporal variability of vertical distributions of dissolved oxygen concentrations at the Keri 
bottom-mounted station in the GOF in 2016 and 2017. The yellow line shows the hypoxic  
(DO = 2.9 mg L-1) boundary (Paper I). 
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3.3.2 Oxygen consumption 
The decrease in DO concentrations due to eutrophication can be assessed by estimating 
the amount of oxygen consumed in the water column during a given period – a month 
or a season. DO consumption was estimated in the water layer between the seasonal 
thermocline and halocline in the GOF (Paper I) and in the near-bottom layer of the GOR 
(Paper II). The confidence of the estimated amounts of consumed DO depends on the 
availability of oxygen data and adequacy of the methods of calculating advection and 
diffusion fluxes.  

The consumption estimates in the intermediate layer of the GOF in May-September 
were 0.82 mg L-1 month-1 and 0.31 mg L-1 month-1 for 2016 and 2017, respectively  
(Paper I). Based on the 2016 estimates, about 35% of DO consumed was advected into 
the area. Vertical diffusion contributed to oxygen depletion – amounting to about 20% 
of DO consumption. In 2017, these proportions of advection and diffusion were equal for 
the same period in 2016. However, when calculating the advection impact using the 
relationship between oxygen and salinity, consumption estimates could be biased when 
a unidirectional flow prevails in the selected sub-surface layer (Paper I). 

For the GOR near-bottom layer, an average consumption rate of 3.79 mg L-1 month-1 
was found in 2018. Diffusion and advection did have a similar impact, both bringing, on 
average, ~20% of the DO consumed (Paper II). This result is higher than the estimates for 
the Baltic Proper (Koop et al., 1990) and the Gulf of Finland (Conley et al., 1997). It is 
found, that consumption rates have accelerated recently in the Baltic Proper area due to 
the increase in organic matter in the ventilating water originating from the surface (Meier 
et al., 2018). However, the main reason of the estimated high consumption rate in the 
near-bottom layer of the GOR could be related to the intense consumption at the 
sediment surface (Boynton et al., 2018). 

3.3.3 The extent of low oxygen water  
Considering the strong correlation between salinity and oxygen in the GOF (Papers I and 
III), a method was proposed to reduce the impact of changes in hydrographic conditions 
on the oxygen-based status assessments. For this, the measured oxygen values were 
adjusted, considering the salinity differences in the reference and the assessment 
periods. The developed indicator results showed a decrease in area/volume estimates in 
the EGOF, when measured salinities were higher than in the reference period (Paper III). 
For example, in 2016-2021, the volume of water with DO <= 6 mg L-1 was 16.0% of the 
total EGOF volume, but using the salinity correction method, the estimate was 13.4%. 

The suggested method assumed a linear relationship between salinity and oxygen, 
although this would not be the case when considerable weakening or even a collapse of 
the stratification occurs. Therefore the proposed method does not remove the potential 
hydrographic effects completely, which is well observed (Paper III) in a weakly stratified 
period from the mid-1980s to the mid-1990s (Liblik & Lips, 2011). During this period,  
the vertical mixing was intense enough to mask the eutrophication effects in the  
near-bottom layer. Thus, the applied approach is applicable within certain limits of 
characteristic stratification conditions in this estuary (and other similar sub-basins). 

The extent of low-oxygen waters, e.g., the area influenced by hypoxic conditions, can 
be estimated using high-resolution autonomous measurements. It was tested whether 
the autonomous profiling station Keri, which has the central position in the GoF (see Fig. 
1, Paper I), can be used to represent the entire gulf (Paper I). An along-gulf inclination of 
the hypoxic border of 1.9 m per 100 km was found based on the ship-borne vertical 
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profiles of DO covering almost the entire deep part of the gulf. It was shown that the 
area and volume estimates of hypoxic waters using Keri data differed only by < 2 % and 
< 0.5 %, respectively, if the estimates were made assuming an inclined or a levelled 
hypoxia border (Paper I). Although these hypoxic area and volume estimates are not 
directly applicable as a eutrophication indicator, since other factors also influence oxygen 
conditions, they are very valuable and offer the opportunity to assess the temporal 
extent of hypoxia/anoxia influencing bottom fauna and the phosphorus fluxes. 

3.4 Considering future projections 

Future projections see increased air temperatures in the Baltic Sea area, especially in the 
northern part (Meier et al., 2022). Increasing temperatures affect the precipitation/river 
runoff regime, strengthen stratification and decrease DO solubility, and thus, can 
influence the extent of hypoxia (Almroth-Rosell et al., 2021; Meier et al., 2011). 
Precipitation is expected to increase in the whole Baltic Sea catchment area in winter and 
spring and also in summer in the northern areas (Christensen et al., 2022). The expected 
increase in wintertime runoff, due to intermittent melting (Stonevičius et al., 2017), 
would bring more nutrients and organic matter to the sea (Yurkovskis, 2004). It was 
suggested that the exceptionally large runoff values influence the development of 
hypoxia in the GOR, by bringing more nutrients to the gulf (Paper II). Although the 
decrease in riverine nutrient inputs could lead to reduced nutrient conditions in the 
marine environment (Friedland et al., 2021), the increase in water temperature can 
counteract the nutrient load reduction measures (Meier et al., 2012). 

The projected strengthening of vertical stratification is influenced by the increase in 
sea surface temperatures (Gröger et al., 2019; Meier & Saraiva, 2020; Saraiva et al., 
2019). In Paper II, the occurrence of a strong thermal stratification was suggested to be 
one of the factors favoring the development of hypoxia in the GOR. 

Wind projections in the Baltic Sea area are uncertain (Christensen et al., 2015), but a 
slight decrease in wind speed is expected (Ruosteenoja et al., 2019), which would reduce 
vertical mixing and enhance stratification even more (Paper II). 

Considering all the projected changes, mostly related to temperature (and runoff) 
increase, the increase and severity of low oxygen conditions in the deeper areas of 
stratified estuaries could be expected until the effect of nutrient decreases becomes 
evident. The latter is a delayed process, especially when considering the internal input of 
phosphorus. Du et al. (2018) suggested that the climate change affected worsened 
physical conditions in the Chesapeake Bay will amplify the eutrophication related 
human-induced adverse effects, and thus further reduction of nutrient inputs is needed to 
improve water quality. According to the latest HELCOM assessments, the nutrient inputs 
have decreased in most of the sub-basins (with the exception of total nitrogen in the GOR) 
(HELCOM, 2023b). Although the inputs have mostly decreased, the surface layer 
concentrations of nutrients do not always exhibit a correlating response. The majority of 
central and northern basins of the Baltic Sea, including the GOF and GOR, show a 
statistically significant increase in surface layer phosphates (HELCOM, 2023a). In the 
central GOR, the increase in phosphate concentrations with the development of hypoxia 
was observed in the near-bottom layer in 2018 from spring to late summer (Paper II). 
The sediment release of phosphates, estimated at up to 13.5 µmol m-2 h-1, was large 
enough to maintain the observed increase in concentrations, despite the physical 
processes (advection and diffusion) counteracting this flux. The obtained estimate of the 
sediment release of phosphates is similar to earlier studies done in the GOR (Aigars et al., 
2015; Eglīte et al., 2014) and the GOF (Pitkänen et al., 2001). 
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4 CONCLUSIONS 

The historical excess amounts of nutrient inputs, although decreased nowadays, still 
influence the eutrophication status of marine areas due to accumulation in the 
environment and the changing nutrient cycles in the sea, e.g. the internal load of 
phosphates. Climate change, together with eutrophication, can have even more 
deteriorating effects on the marine environment. 

A good indication of the level of marine eutrophication is the oxygen content below the 
euphotic layer. With more nutrient inputs and increased primary production, the oxygen 
content in the deeper layer decreases due to enhanced respiration and degradation 
processes, which can be referred to as consumption. Increasing temperature affects the 
oxygen content by decreasing the water’s ability to hold oxygen and strengthening thermal 
stratification that restricts vertical mixing. Also, the increasing temperature enhances the 
respiration rates, thus contributing even more to the decreasing oxygen concentrations. 

Physical processes, such as lateral advection and vertical diffusion, also influence oxygen 
content in the aphotic layer. In the case of strong stratification, the deep layer is separated 
from the water column above, and less oxygen can be brought to deeper areas. In certain 
wind conditions, oxygen conditions can be improved or deteriorated. For instance, in the 
Gulf of Finland, SW winds support the westward movement of the deoxygenated salt 
wedge, thus locally improving near-bottom (deep-layer) oxygen conditions. N-NE winds, 
however, support the up-estuary movement of the salt wedge in the Gulf of Finland. In the 
Gulf of Riga, northerly winds cause the inflow of saltier water from the Northern Baltic 
Proper, bringing oxygenated waters to the gulf’s deep layer, but also strengthening the 
stratification, decreasing the vertical oxygen flux and increasing the probability of hypoxia 
occurrences. 

Long-term data from this study show that oxygen concentrations have decreased in the 
Eastern Gulf of Finland since the early 1900s. Oxygen decline has been even more steep in 
recent decades. In the Eastern Gulf of Finland, the observed oxygen decline on a ~100-year 
scale cannot be explained by the changes in hydrographic conditions. Temperature 
increase effects, including the decrease in oxygen saturation concentration and the 
increase in respiration rate, contributed roughly 50% to this long-term oxygen decline.  
In the last ~30 years, the changes in hydrographic conditions, seen as the increased  
deep-layer salinity, and the temperature effects could together contribute roughly the 
same proportion to the oxygen decline as in the long term. Thus, the effect of other factors 
(including eutrophication) contributing to the oxygen decline has recently been almost the 
same as well. 

In the Gulf of Riga, a decline in oxygen conditions was shown in earlier works, and a 
further decrease in near-bottom oxygen in autumn was revealed in this study. The latter 
could be related to the prolonged season with the stratified water column in recent years. 
It was suggested that the co-occurrence of certain conditions increases the probability of 
hypoxia occurrences in the gulf. Increased temperature in the surface layer in summer 
enhances thermal stratification, near-bottom inflows separate the bottom layer from the 
layers above, and large river runoff before the productive season brings more nutrients – 
all these factors contribute to the oxygen decline. The aforementioned factors influence 
oxygen conditions on a longer time scale, but oxygen variability also depends on short-term 
processes, e.g., inertial oscillations, (sub)mesoscale processes, deep layer currents, and 
pycnocline movements, which can change the conditions for a few hours or even days. 
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To assess the eutrophication status of the marine environment, oxygen-based 
indicators are developed. These indicators should concentrate on the proportion of 
anthropogenic impacts on the oxygen decline. For instance, oxygen consumption (rate) 
in the sub-surface layers can be used as a eutrophication proxy. It can be assessed by 
monitoring oxygen depletion and estimating the contribution of physical processes 
(diffusion and advection) to the changes in oxygen content. The effect of diffusion and 
advection on the changes in oxygen concentrations during the productive season in the 
Gulf of Finland and the Gulf of Riga had a similar contribution, which was roughly 20% of 
the change due to consumption.  

Advection estimates in the Gulf of Riga rely on the assumption that throughout the 
assessment period, some degree of lateral inflow to the gulf’s central area occurs via the 
Irbe Strait. Based on the Gulf of Riga consumption rate estimates, it is concluded that in 
conditions of weaker stratification but longer stratified season, near-bottom hypoxia can 
still develop. The observed inflow events through the Irbe Strait only slightly ventilated 
the low-oxygen conditions in the central Gulf of Riga, because mixing with the oxygen-
depleted water of Gulf of Riga and local consumption decreased the nearly saturated 
inflow water to only slightly higher levels than observed in the central gulf. 

Another option is to use the oxygen debt indicator, which can be applied in an area 
with a permanent halocline. In the shallower Eastern Gulf of Finland, an approach was 
developed to remove the influence of changing hydrographic conditions on the status 
assessment results. The analysis showed that in periods of relatively strong vertical 
stratification, the method reduces the hydrography effect on the assessment result. 
However, in periods of very weak stratification, deep-layer oxygen conditions are not the 
best indication of eutrophication status. 

Whatever approach is used to assess the eutrophication status, an effort has to be 
made to remove the natural variations from the assessment results. Also, there is a 
strong need for high-frequency measurements due to the high temporal variability of 
oxygen conditions. It was suggested that regular monitoring conducted on a monthly or 
bi-monthly basis could have an assessment error of 50%. 

Considering the future climate change projections, it is anticipated that the frequency 
and extent of hypoxia will likely increase. Also, since the internal load of phosphorus is 
linked to near-bottom oxygen conditions, this scenario does not predict a fast decrease 
in nutrient concentrations. 
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Abstract 
Changing subsurface oxygen conditions in the Baltic Sea 
basins – analysing the drivers at different temporal scales 

The wide use of fertilizers and husbandry developments have resulted in excess inputs 
of nutrients to the sea, which have a detrimental effect on the marine environment 
through increased eutrophication. A way to keep track of the advancements in managing 
human influence on marine environment is to assess the status of the sea by describing 
the pressures and state of the environment. Eutrophication manifests itself through 
increased nutrient concentrations and primary production, enhanced respiration and 
degradation processes, decreased water transparency and bottom fauna 
abundance/distribution, and declining oxygen levels. The eutrophication related harmful 
effects on the environment can be further exacerbated through climate change. 

The main objective of this study was to describe the variability of oxygen 
concentrations in the subsurface and near-bottom layers of the Gulf of Finland and the 
Gulf of Riga at different time scales and explain the reasons behind the observed 
changes. For this, historical data, and more recent CTD data of oxygen, salinity, and 
temperature were used. Additional objectives included testing and developing oxygen 
indicators to describe the anthropogenic impact on the status of the marine 
environment. Also, the advantages of collecting high-resolution data for the assessment 
of the environmental status of marine areas were highlighted using autonomously 
gathered data. 

Since there is no primary production below the euphotic layer, the oxygen content in 
the aphotic layer is influenced by the amount of oxygen consumed and physical 
processes, such as lateral advection and vertical diffusion. For instance, the oxygen 
conditions in the deep layer of the Gulf of Finland are influenced by the east-west 
movement of the deoxygenated salt-wedge, forced by prevailing wind. The data from 
100+ years, show that in long-term, hydrographic conditions and related contribution to 
the oxygen decrease in the Eastern Gulf of Finland have not changed, although patterns 
of decadal change are visible. The long-term decline in oxygen is fueled by climate change 
and eutrophication. More recent data, from the last 30+ years, suggest the increase of 
hydrography influence in the deep layer oxygen decrease. Considering the climate 
change effects related to the temperature increase, the effects of other factors, e.g. 
eutrophication, have decreased recently. 

Deep layer advection affects also the stratification strength, which has an influence 
on the vertical transport of oxygen. Stratification is enhanced with increased 
temperature in the surface layer and river runoff. In the Gulf of Riga, exceptional hypoxic 
conditions were observed with the co-occurrence of several forcing factors – an inflow 
of saltier waters in spring that created deep layer stratification, enhanced thermal 
stratification, and increased river runoff in previous autumn/winter. The found 
consumption rate suggests that even with a weaker but longer stratified period hypoxia 
can also develop. But when forcing factors follow the long-term average values, low 
oxygen conditions are not observed. Future projections, mainly temperature increase, 
favor the increase in hypoxia occurrences. The increasing low-oxygen events affect the 
nutrient cycles, e.g. promote the phosphate release from sediments, which in turn 
counteracts the nutrient reduction efforts. 

To get the measure of eutrophication, oxygen-based indicators are developed.  
A HELCOM oxygen debt indicator is applied in basins with a permanent halocline.  
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The assessments based on the latter indicator could benefit from some suggested 
changes, including the separation of the assessment area to smaller basins, and the use 
of oxygen debt values at the halocline base (versus the volume-averaged oxygen debt 
below the halocline). Another option is to estimate the amount of oxygen consumed in 
a sub-surface or near-bottom layer, which is directly related to organic matter production 
in a sea area. The changes in oxygen concentrations are also affected by the amount of 
oxygen brought to the area or moved away from the area. These processes can be 
quantified by estimating oxygen advection and diffusion. In the Gulf of Finland and the 
Gulf of Riga, both, advection and diffusion had approximately the same proportion in 
comparison to the consumption estimates. In the intermediate layer of the Gulf of 
Finland, more oxygen was leaving the layer in question through the lower boundary 
compared to the amount brought into the layer from the water column above. In the 
Gulf of Riga, oxygen was brought to the deep layer from the water above due to diffusion. 
This approach requires high-resolution temporal and spatial data. Some reservations in 
the advection and diffusion estimates have to be kept in mind when estimating the 
consumption rates. 

In a shallower open sea area, where the oxygen debt indicator cannot be applied, 
another approach is needed. The results from the Eastern Gulf of Finland showed that 
compared to the beginning of 1900s, the low-oxygen area has increased significantly.  
The observed fluctuations in oxygen conditions were partly smoothed out when the 
developed approach to minimize the hydrography influence was applied. But still, this 
approach has a limitation in weakly stratified periods. 

Whatever approach is used for estimating the human-induced influence on the marine 
environment, the natural variability has to be excluded from the assessments. Also, 
considering the sparse monitoring practices, it has to be kept in mind, that the error in 
status assessments could be over 50%. To improve the confidence of status assessments, 
the deployment of autonomous high-frequency measurement systems is crucial. 
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Lühikokkuvõte 
Pinna-aluste hapnikutingimuste muutused Läänemere 
alambasseinides – erinevatel ajaskaaladel mõju avaldavate 
tegurite analüüs  

Liigsest toitainete koormusest tingitud eutrofeerumine kahjustab merekeskkonna 
seisundit. Majandamaks merekeskkonnale avalduvat inimmõju hinnatakse merele 
mõjuvaid surveid ja mere seisundit. Eutrofeerumine kui selline, avaldub eelkõige läbi 
suurenenud toitainete koormuste/sisalduste. Eutrofeerumise tulemusena suureneb 
primaarproduktsioon ja erinevad hapniku tarbimisega seotud protsessid (nagu näiteks 
hingamine ja orgaanilise materjali lagundamine) muutuvad intensiivsemaks. Rohkema 
orgaanilise materjali tõttu väheneb vee läbipaistvus ja orgaanika settimisel veekogu 
põhja tarbitakse sealset hapnikku, mille tulemusena võib tekkida hapniku vaegus 
(hüpoksia) või puudus (anoksia). Kliimamuutustest tingitud mõjud, eelkõige 
temperatuuri tõus, võivad veelgi süvendada eutrofeerumise tagajärjel tekkinud 
kahjulikke mõjusid. 

Käesoleva töö eesmärk oli kirjeldada hapnikutingimuste varieeruvust pinna-aluses 
(Soome lahe näitel) ja põhja-lähedases (Soome lahe ja Liivi lahe näitel) kihis erinevatel 
ajaskaaladel ja analüüsida täheldatud muutuste põhjuseid. Selle jaoks kasutati ajaloolisi 
ja viimasel ajal CTD sondide abil kogutud andmeid hapniku, soolsuse ja temperatuuri 
jaotuse kohta. Üheks täiendavaks eesmärgiks oli välja töötada madalale merele 
rakendatav hapniku indikaator, mis hindaks peamiselt antropogeense survega seotud 
mõjusid. Lisaks, kirjeldati autonoomsete profileerijate poolt kogutud kõrge 
resolutsiooniga andmete eeliseid ja nende rakendamise vajadust keskkonnaseisundi 
hindamisel. 

Hapnikutingimused afootses kihis, kus ei esine produktsiooni, sõltuvad tarbimise 
määrast ja füüsikalistest protsessidest, nagu näiteks advektsioon ja difusioon. Soome 
lahe sügavama kihi hapniku tingimused on suuresti mõjutatud Ava-Läänemere 
põhjabasseinist pärineva hapnikuvaese ja soolasema veekihi ida-lääne suunalisest 
liikumisest, mis omakorda sõltub valitsevatest tuultest. Pikaaegsed andmed, enam kui 
100 aastast, näitavad, et pikal ajaskaalal ei ole hüdrograafilised tingimused ja seotud 
hapnikutingimused Soome lahe idaosas olulised muutunud, kuid muutused skaalal paar 
aastakümmet on märgatavad. Ajalooline hapnikulangus põhjakihis on suures osas 
mõjutatud kliimamuutustega seotud temperatuuri tõusust ja eutrofeerumisest. Viimase 
30 aasta jooksul on aga põhjalähedase kihi soolsuse kasv (st. et hapnikuvaesem soolakeel 
ulatub järjest kaugemale idapoole ja stratifikatsioon on tugevnenud) mõjutanud hapniku 
sisalduse vähenemist ~25-47% kogu selle muutustest. Arvestades ~40% kliimamuutuste 
mõjuga võib väita, et eutrofeerumise ja muude faktorite osakaal hapniku vähenemises 
on praegusel ajal väiksem kui pikal ajaskaalal (100 aastat). 

Lisaks otseselt hapniku transpordile, mõjutab põhjakihi advektsioon ka 
stratifikatsiooni, mis omakorda mõjub hapniku vertikaalset voogu. Pinnakihi 
stratifikatsioon on mõjutatud temperatuurist ja mageda vee sissevoolust. Liivi lahes 
registreeriti erakordsed hüpoksilised tingimused, mis olid tingitud mitme mõjufaktori 
kokkulangemisest. Hüpoksia areng oli tingitud varasemast ja tugevamast põhjakihi 
stratifikatsioonist (sh õhemast põhjakihist), kõrgemast temperatuurist ja suuremast jõe 
sissevoolust produktsiooniperioodile eelnenud sügistalvel. Hinnatud hapnikutarbimise 
määra põhjal leiti, et ka nõrgema stratifikatsiooniga, aga pikema stratifitseeritud 



 

38 

perioodiga võib tekkida lahe keskosas hapnikuvaegus. Kui aga mõjutavad faktorid, nagu 
temperatuur, stratifikatsioon ja mageda vee sissevool, järgivad pikaajalist keskmist 
sesoonset käiku, siis hüpoksiat suure tõenäosusega ei teki. Arvestades kliimamuutuste 
prognoosi, sh prognoositud temperatuuri tõusu, võib oodata sarnaste hüpoksiliste 
tingimuste kordumise sagenemist tulevikus. Hüpoksiliste sündmuste kordumine mõjutab 
ka toitainete ringlust, sh võib viia setetest fosfaatide vabanemise suurenemisele, mis 
omakorda pärsib rakendatud toitainete koormuse vähendamise meetmete 
tulemuslikkust. 

Hindamaks mere keskkonnaseisundit eutrofeerumise vallas on välja töötatud 
erinevaid hapniku indikaatoreid. HELCOMis rakendatav hapnikuvõla indikaator on 
kasutatav ainult püsiva halokliiniga merealadel. Nimetatud indikaatori hinnanguid saaks 
potentsiaalselt parandada kui rakendada seda eraldi nt Soome lahele ja kasutades ainult 
halokliini aluse punkti väärtusi. Teine võimalus seisundi kirjeldamiseks on hinnata 
tarbimise määra pinnaaluses või põhjalähedases kihis. Hapniku tarbimine sõltub mh ka 
juurde toodud või ära viidud hapniku hulgast, mida saab kvantifitseerida läbi 
advektsiooni ja difusiooni hinnangute. Soome lahe ja Liivi lahe näitel on difusiooni ja 
advektsiooni hinnangud võrreldes tarbimise hinnangutega samades proportsioonides. 
Tarbimise hinnangu usaldusväärsus ja kvaliteet sõltuvad advektsiooni ja difusiooni 
hinnangutest, mistõttu vajab nimetatud lähenemine kõrglahutuslikke andmeid. 

Madalama mere jaoks, kus ei saa kasutada hapnikuvõla indikaatorit, on vaja 
teistsugust lähenemist. Soome lahe idaosa andmeanalüüs näitas, et viimase 100+ aasta 
jooksul on madala hapnikuga ala oluliselt suurenenud. Arvestades hapnikutingimuste 
sõltuvust hüdrograafiast, töötati välja mitte-antropogeenseid mõjutusi minimeeriv 
indikaator. Antud indikaator parandas seisundihinnangu tulemusi (võrreldes reaalsete 
hapnikutingimustega) juhul kui hinnanguperioodil oli sügavama kihi soolsus suurem kui 
referentsperioodil. Antud indikaatorit ei saa kasutada nõrga stratifikatsiooni korral, kuna 
siis ei täheldata kontsentratsioone, mis on valitud madalate hapnikutingimuste 
iseloomustamiseks. 

Mis iganes indikaator valida eutrofeerumise seisundi hinnanguteks, peab see 
peegeldama ainult antropogeenset mõju merekeskkonnale. Lisaks, lähtuvalt vähese 
sagedusega seirest, tuleb arvestada, et seisundihinnangute viga võib olla üle 50%, 
mistõttu on väga oluline merekeskkonna seires rakendada kõrglahutuslikke 
autonoomseid profileerijaid ja/või punktmõõtmisi. 
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����	�������������	�������������� �������!���"#�$%�$"�"�&����"��� �%�����������'(')�*+�,-*.,-/0"1$"+���0"�%23'--42 �����%���%�$"�"�&����"��� �%567��1�%��6�%.66������68$�%/6!��3(9.4(:�.�����7��2%�$"�"�&���;<#6�����!�$7�%=7%�1�$6 �����$6#$"�� ���567��56���#�.��%7�����68$�2������#6���%�6��"��6>&�����1�!�$7�% ���#�$#7$����(?�6�����6�%%�%%����7��6��"#��"6�%���7%2.6���$&���%��%6��$�!�����%656>&�����1� ����%�".����(@6����AB0C<D6>&�����1�"��"#��6�2�#6�%����������!�$7�"����E6@2���F6������G�$�"#H�6���������B�%����E6�$���G�%"�"%��8�����I(JJ.�*$,-�%�����7�$�!�����/AB0C<D23'-K4(L�%7���%��������7�"56�.������!�$7�%�67$��6�1����$"��%"�#����1�%"�%��!��"M����������%����$"����6>&���#�����1�$6 �����$6#$"�� �%�%%7.��(A6 �!��2"5���6>&�����1�!�$7�=7%�1�$6 �����$6#$"��"%7%��2���������%#67$�1�%"."$��2��67��%�"$$�61���8���256��$$.���"6���1�%"�%(:��6�������%6��6��67%����!6$7.�%��#"8#�!�����6>&�����1�"%���� �$�#+�&��6���%7$8��61%��!��"6�%�������68$"��%���"6�������6>&�����1��%�".����������%��1��#67$�1�1"�%��(NOPQRSTUSVWXYZ[US\S][̂_ZÙa��$������"!�6>&���"��"#��6�"%1�"����!�$6���1&����>����% 6�+"�� "���7��6��"#��"6�b��$����"%%7�%"����AB0C<D#6..7�"�&2�$��67��"�"%�6�57$$&����&�6����$"��&��/AB0C<D23'-914(:��"���"%�61�%����"��"#��6�6��%�".����6>&���#6�%7.��"6�"����%7..��%��%6�/c7���6d����.1��41�$6 �����6�7#�"!�$�&��17��16!������$6#$"��e"��%6b#�$$��%�������$�&��(?����AB0C<D���6��2���%���%�.6�"�6�"������ ���7%����������!�#�"!���6#�%%�% ����6���+��"��6�##67�� ����%�".��"��6>&���#6�%7.��"6�(L���%���"%"��"#��6�1�%��6�!���"#�$��68$�%65;<#6������#f7"��� "����"����.�6��$��%6$7�"6����8>���6%"�"6�(a##6��"���6 AB0C<D /3'-9�426>&��� #6�%7.��"6�/ghij4"�� ����$�&��1�� ���"�%7����/k4���������/l416����"%#�$#7$�����%mghijn7o�pq rstun7o�pvrwxxn7o�pvyrzn7o�p /-4 ����rstu"%6>&������$��"6�/��#���%�"�6>&�����%��6%"�"!�!�$7�4���rwxx���yrz������#�����"�6>&���#6������7��6!���"#�$�"M7%"6������!�#�"6�/16���6�"{6���$���!���"#�$42��%��#�"!�$&(:��$�&�� "�����16����%7����"%%�$�#���56��%�7�"��&���1�%��6�!���"#�$����.6��$"��%��7#�7��/%��%�#�"6�|<>&���C6�%7.��"6�}4(C�����%"�;<#6������7��6�"M7%"6�����%�".�����%mrwxxn7o�pq,ynkp~�nkp�h3nkp�� , ynlpynkp�nlp�h3nlp�� � /34 ����y�k����y�l��������6�"{6���$#�6%%b%�#�"6��$����65���%�7�"��$�&��2�<3n7p�{ ����<3n�p�{ ���!���"#�$����"���656>&��������k������l����!���"#�$�"M7%"!"�&#6��#"�����"�%7�������������16����2��%��#�"!�$&(:��$�����"%#�$#7$�����%m�n7o�pq �n7o�pin7o�p /K4

 �����"%���.�"�"#�$"����%"�&5�#�6�65�7�17$��#�(i"%���G�7��e��"%�$�5��f7��#&2��8����%mF3n7o�pq, ��'��n7o�p�{ /�4 �����"%����##�$����"6��7��6���!"�&2�'"%���%"�&65���%�� ���������n7o�p�{ "%���!���"#�$����"���65���%"�&(?�������%���%�7�&2 ��%%7.�������������%y�k����y�l�����f7�$/"�"%#6���#�56�������67�����"6�%4�% �$$�%����.�"�"#�$"����%"�&5�#�6�65�7�17$��#�"%�#6�%����/��-(9*-',).3*%,34(:��"�#���%�"�6>&���#6������7��6��!�#�"6� �%#�$#7$����1�%��6�����%�".����%�$"�"�&��!�#�"6�������%%7.��"6������$"����#6���$��"6��>"%�%1�� ������#�����%"�%�$"�"�&���6>&���(d"�#���"����%�$"�"�&%67�#�%�6�%"�+%�>"%�"����%71b%7�5�#�$�&��2%�$"�"�&��!�#�"6�#67$�1�567���%myrzn7o�pdaqg�yi�sda,rwxxn7o�pda /94 ����g�yi�s"%���%�$"�"�&#�����1�� ������� 6��68$�%"����%�$�#���$�&�����rwxx"%����%�".����#�����"�%�$"�"�&�7��6!���"#�$�"M7%"6�/�%"."$��56�.7$� �%���$"���%56�6>&����"M7%"6�4(<>&�����!�#�"6� �%��7%#�$#7$�����%myrzn7o�p<3 q yrzn7o�pda�� /J4 �����"%���6>&���#�����#6���%�6��"���6�7�"�#�����"�%�$"�"�&(:�"%#6��#"��� �%567���%���%$6��!�$7�65���$"���������%%"6�$"��1�%��6�%�$"�"�&���6>&�������5�6.���.6�"�6�"��#�7"%�"�a��"$65���#6���%�6��"��&���2��7%21�56��������$&{�����"6�(@6���������%%"6����$&%"%2�$�&��5�6.K'�6)'. �%%�$�#��� �"#�"%1�6�����������%�������$�&�� ����6>&���#6�%7.��"6� �%�%�".����"�������%���%�7�&(<>&������$��"6� �%#�$#7$����1�%��6����.6���$&.����!�����6>&���#6�#������"6�%"����%�$�#���$�&��(@6��>�.�$�2�68��6>&������$��"6�1�� ���c7�����D�&2����!�����#6�#������"6�"�c7�� �%%71���#���5�6.����!�����#6�#������"6�"�D�&(:���6��$.6���$&#�����"�;<#6������7��6�"M7%"6� �%567���%�����"$&�!������"M7%"6��7�"��K'eK-��&%/�(�(25�6.."�bD�&7��"$."�bc7��4.7$�"�$"��1&����7.1��65��&%(:��.6���$&#�����%"�16��2%�$"�"�&���6>&���2�7��6��!�#�"6� ����$%6�%�".����6!�����%"."$��.6���$&�".�%���(@"��$$&2.6���$&6>&���#6�%7.��"6�!�$7�% ���61��"����%�>���%%��"�Bf(/-4(a.6��� �%#�6%���%�."�".7.�".�%���%"�#����#6�%7.��"6��%�".���%56��%�6�������"6����#$6%��6����##7��#&65���;<.��%7��.���%(����������������� ¡��¢£��¤�¢��¥¦�§̈�£̈§�̈©���¡ª�«¬�����­�® °̄ª��¢±�¢¡�¢¡:���".�%��"�%65!���"#�$�"%��"17�"6�%65��.�����7��2%�$"�"�&���;< #6�#������"6�5�6. %��"��7��"$�7�7.�"�3'-J���3'-)/²³́µ¶· 4̧%�6 16�����%��%6��$#67�%�������%�6��b���. !��"��"6�%(:��%7�5�#�$�&�� ��."�������!�$6�.���65���%��%6��$����.6#$"�� "��"�%%�����6 �b���7� ���.6!�.���%1�� ���-'����'.����� ������¹����������º	�����������»¼¼¼���������������� ½ ¹����	��¾¿ÀÁ»Â�
�Ã�Ä»Å����
�ÆÇ



�����������	
� ���
����	�������������	����

���������� !��	
"	��	��
�����"�����	
����������������� !��	����#$%&'(�	
�����#)%*'	�������
"����������������	����#�%�'	��+�,�������� 
 ��������	�������+�-�.��/012	��/013��+���

�4
������+�
�4��!	��
�+�4��+���������+�!���	5/�6 �7
819�:+�������!�;	��	������	��!������4+�����	�	4	�	"	�
	�
��<=>?><@A?BC@B<DA>@E?ACFD@=A@AGHA?>@E?AIBC@?BJE@BFK@BGALCA?BACMN=A=>OF<OBKAPE<@E>@AIJA@QAAK@=AIAH@=CFDRS@FTSGMUD@F<FKCBIA?>VAKA?>O@AGHF?>OIAWAOFHGAK@FDC>OBKB@XIBC@?BJE@BFKBK@=AIAAHO>XA?D?FG Y>X@FZ<@FJA?[@=AK@=A=>OF<OBKAHAKA@?>@AIIAAHA?D?FG\EKA@FO>@A]EVEC@>KIVF@C=>OOFQA?BKO>@ÂAH@AGJA?>KIZ<@FJA?BKJF@=C@EIBAIXA>?CMN=ACA>CFK>O<FE?CAFD@=AWA?@B<>OIBC@?BJE@BFKFDF_XVAKDFOOFQAI@=AGAK@BFKAIIAWAOFHGAK@FD@=A@=A?GF=>OBKAC@?E<@E?AMZ_XVAK<FK<AK@?>@BFKCIA<?A>CAIBK@=AEHHA?O>XA?D?FGCH?BKV@FO>@ACEGGA?GFC@OXIEA@F@=AIA<>XFD@=AWA?K>OH=X@FHO>K̀@FKJOFFG>KI@=A@AGHA?>@E?ABK<?A>CABK@=ACEGGA?GFK@=C[>CB@OA>IC@F@=AIA<?A>CABKC>@E?>@BFK<FK<AK@?>@BFKMN=AJFEKI>?XFD@=AKA>?LJF@@FG=XHF_B<O>XA?[IAaKAI=A?A>C@=AF_XVAK<FK<AK@?>@BFKFDbMcGV7O8de@=A
XAOOFQOBKABKfghijklOFQA?H>KAOm[GFWAIEHL>KIIFQKQ>?I@FVA@=A?QB@=@=A=>OF<OBKAMU@BC>OCFCAAK@=>@@=AF_XVAK<FK<AK@?>@BFKCIA<?A>CAIBK@=AO>XA?JA@QAAK@=A@=A?GF<OBKA>KI=>OF<OBKAM]@OA>C@H>?@OX@=BCIA<?A>CABKF_XVAK<FK@AK@<FEOIJA?AO>@AI@F@=AF_XVAK<FKCEGH@BFK@=>@QBOOJA>K>OXnAIBKGF?AIA@>BOBK@=AH?ACAK@C@EIXMopqrstu$vwxN=AIAH@=[>@Q=B<==XHF_B>C@>?@CBK@=AQ>@A?<FOEGK[W>?BAI@=?FEV=FE@@=AXA>?>KIJA@QAAK@=AbXA>?CefghijkymQB@=>K>WA?>VAD?FG Y>X@FZ<@FJA?FDRzM{G BKbSdR>KIRzMRG BKbSd|MN=AEHQ>?IGFWAGAK@FD@=AJF?IA?FD@=A=XHF_B<O>XA?D?FG QBK@A?@FCH?BKVF<<E??AIBKbSdRMUK\EKA}̂AH@AGJA?FDJF@=XA>?C[@=A=XHF_B>JF?IA?GFWAI.����������~	������������444���������������� � .����	��/016���
� �2������
���



�����������	
� ���
����	�������������	����

���������	��	��
������ � �!������!� 	���	
�����	�� � �!������!� �	���������"���	
!��#
��	�$�����	�� �%�����	������&'()*+,	��&'(-*.,�/	� ��
����� �0� �
���	���1!��	
��������	
�����	�� � �!������!� ���12	���������������� ��	��3� ������0	������#�	��0�� 4&5'�)6789'�':;��&'()	��4&5'�&:789'�':;��&'(-�<+.=�>�2��� 
�	"��	������ ������1	��		��"�
�1�7!�����������	
	��	?"�
�1�;���� �
�"�
��	��� ����
������������� � �!����
	�����&'()	��&'(-@A���
B��	������� ����
����
	���3ACB���	��		��A�B���"�
�1��>DEF >DEG+H +HIJKL MH MHIJKL NOPQRILIJSTIJU>DEF +H +HIJKL MH MHIJKL NOPQRILIJSTIJU>DEGV	��	�� W W W W W W W W W XY����	�� W W W W W W W W W W2	�� Z[Z Z[Z '[\ '[\ �]
�)�& W W W W �]6�)C!��
 ('[) ('[̂ &[) &[) �]
]:�̂ W W W W �]
]-�&2	� (\[( (\[) \[Z \[Z �]
]:�̂ (6[& (̂[Z )[\ )[: ]
�])�\V��� (6[& (̂[& )[\ )[: _]
_:�- (-[\ (6[Z )[' )[( ]
�])�\V�
� (&[̂ (Z[Z Z[- Z[- �]
])�) (\[' (\[: \[& \[Z ]
�]-�\C����� (&[- (Z[( Z[: Z[) �]
]:�- (&[\ (&[6 Z[\ Z[: �]
])�Z��!��1��� (Z[̂ (\[\ \[& \[Z ]
�])�) (-[& (6[( :[̂ )[' �]
]\�Z������� &)[' &-[6 [̂6 ('[& _̀ 
_-�̂ (:[6 ()[) :[& :[Z �̀ 
̀-�:_�"�1��� &6[& &̂[- ('[̂ (([\ 
̀_̀ 6�: W W W W �]
]6�)/���1��� &&[: &\[Z 6[Z 6[) ]
_]6�- W W W W �
�] �̂&abcdefghijhkilhmnopc8hhpqrscXtuioppnkhvfndoifwibxypilkzoppzknolfgh8khvhpnol{|pi}c~dkhivgrdofgnclnjho�h�l�e~dk�zoh~kdrfght�fgd~�i}fdfght�fgd~�zoh����������������������������� ������������������������������������������ �������������������������������������������� ¡��������������������¢�£�����������¢�����������¤����������������������������������¢���������¢�£�������������¥¦9� �§̈��������������� ©�����������¥ª«¬­®̄ °̈ ±�������������������������������������¢�������£������������������¢������������������£��������������¤£��������������������������������¢��¢�����������¢�������¢��������������������������������������������²������£����³�������������������¢ �́��������¢��������¢¢���������������¢�£�������¥��¢�£����¢��̈�����������������³���������������¥ª«¬­®̄°̈��������������������¢�£�������������������¢�£�����������������µ��������������������������� ¶����¢¢�����������������������������������������������������¢�£������������¢¢����¥·̧¹º̄ »̈ ±������������������������
�������������¢�£���������� ¼�¢�����½���������¾�¿���� ��������������������������¾�¿À������Á����Â�����������������½��ª«¬­®̄ ÃÄ������������������������������¢�£����������������������¤����¥Å�Æ� ���¦9� �§̈Ç�������� ¡�������·̧¹º̄»��������������������������������������¢�£����������²����������9����9� §È����¢�������������������������������������������������������������������¢�£��������������¢���� ±����������������������������������������������������������������������������¢�£���£�����������¢��������£¢�����������������������������É���������������¾�¿ Ê����¢����������������������£�����������¢�£�������������������������������������¢��������Ë�����¥·̧¹º̄»̈ Ì��������������������������Í³ÍÎ�����¢������������������¢�£������������������������������Ê³́Ê������������������������������� Ï�����������������Y����������2	�����������Ð000���������������� Ñ Y����	��&'(̂ Ð��
�1�)ÐC����
�:\



�����������	
� ���
����	�������������	����������������� !���"#$%!&��"'#�()#�*#��'&��#))��#!!+,'#'-%�$��&�#&�&)(���#)"��.&-/0 �#&����1#%"#2(#�( ""'#����#)%����������)���"'#)#2��"')���2"'#)#�"��(#"�##�#&)"&�����"'�#�#&!2�)"&()#�"+3#&!)���2%&�#�"'#45�##6&*#�&�#������2%��#�"���275789:;<=��"'"'#'-%�$���#%"'&""'#>#��)"&"���9?@ABCDE=+F�"'##&�!-)%�����&"&�#�##$�! �#�G"'#�"'#!��#&�����#!&"����&))����H�&�"9IJ;+;K=���(�"'-#&�)��"'&2 �')"����#��#!&"���)'�%���:;LM.&-/N�"�(#�"'&����:;LO.&-/N�"�(#�9?@ABCDE=+ P!2�)"��#�"��&!)#&)��&!�� �)#��"'#�#*#!�%2#�"��"'#'-%�$��&�#&�&)�()#�*#���(�"') 22#�)�'#�"'#&�#&&Q#�"#�(-'-%�$�&�#��#&)#����2 "'##&�!-) 22#� �"�!P � )"&��)"&�"#�"�����&�&����1#%"#2(#�/N�"�(#�9?@ABCDR=+3'#���2%&����"'#'-%�$��#$"#�"2��"'!-�#) !")�("&��#� )�����Q#�#�"'-%�$�&"'�#)'�!�)9SNJT:+U2�V!WL&��SNJ T:+;2�V!WL=G"'#�-�&2��)&�#"'#)&2#&��"'#&*#�&�#)��Q#���!-)!��'"!-+F�:;LMG"'#.&-"�N�"�(#�2#&�'-%�$��&�#&�&):+:X(���#���"'"'#'-%�$��"'�#)'�!�
YZ[\]̂ _̀ ab���
	�����b�c���d����b���c�b��b�c���		���b�e
d��f	g��	��d�����������hc��������hi
ijklm<n	��b�o�����	������lmpqrstuvwlxm�qmyzJm�m{|	��lmp}rs~uvwlxm�m�yzJm�m{|������	�	���ho	
���	�����	������k���Y���������
��	����n�ab���
���	��b�d��b���h���h�	����h����k��h���b�n�

YZ[\]̂ �̀ ����b
�h�	����������b�b�c����	��	���b����rstu���Jxl��h�V
Wp	����Jxl�mh�V
Wp��lmpqys~u�lmp}|�����b
�h�	�b�c����k��Jxl��h�V
Wpn��c�bg	
�����lmpqs�u	��lmp}s�u�������������	������������ddd���������������� � �����	��lmp����
�h�q������
�{�



�����������	
� ���
����	�������������	����

������������������������
� �!�!	
��
���	���!���"�!���!�!	
��
����	��	��!�#�����	�������!�$�%�	�����	

	&	�
	�
��	�	��'()*+,-	��'().+/-�0���	�	""����1	����������!"	�	1���������!�"��������12	����������	���!� �	��!��
	�3
����4����!������� �����������5�	���67 8 9:;<=>?@AB CD=EFGHIJDJKHFGHFLDMNIMOPN>JKHJKGHOKD@I6789:;Q=>?@ABRSKP@HPN:QBTRJKHFGHFSFOB;UVWP>>HG;XYZ[\] \̂_̀7ab>HNIHWJcF@MHOdMOJWH@DSJKHKF@DC@PNHSHGHCF@CM@FJHILDGHcHGbcHGJPCF@EGDe@HDL67fghijklmn;oF@DC@PNHRIHeNHIMOPN>JKHcHGJPCF@OF@PNPJb>GFIPHNJCGPJHGPDNDLQ;QT>?p>AB?=ABRSFOIHJHCJHILDGF@@EGDe@HOPNWDJKbHFGO;qKH=HFNIHEJKDLJKHEDPNJWH@DS JKHKF@DC@PNHRLDGSKPCKJKHDab>HNIHWJSFOHOJP=FJHIRSFOTr;:= PN:QBUFNITr;s= PN:QBT;tLLDG:QBUJKHEHGPDILGD= uFbJD7CJDWHGSFOCDNOPIHGHIfSKHNJKHIFJFSHGHFcFP@FW@HPN:QBTnRJKHNJKH=HFNIHEJKDLJKPOEDPNJSFOT:;r=;qKHJH=EDGF@cFGPFWP@PJbfuFbJD7CJDWHGnCDM@IWHCKFGFCJHGPvHIFOJKH=FaP=M=FNI=PNP=M=cF@MHODL<U;QFNIsr;s=PN:QBUFNI<T;QFNIUQ;s= PN:QBTRGHOEHCJPcH@bRFNIJKHsJKFNI<sJKEHGCHNJP@HODLU:;QFNIwB;s= LDG:QBUFNIUT;QFNIwx;U=LDG:QBT;yDGJKHEHGPDILGD=uFbJD7CJDWHGfSKHNIFJFSHGHFcFP@FW@HLDGWDJKbHFGOnRJKH=HFNDab>HNIHWJSFOBB;x=>?@ABPN:QBUFNIBB;U=>?@ABPN:QBT;qKH=PNP=M=R=FaP=M=RsJKFNI<sJKEHGCHNJP@HcF@MHODLDab>HNIHWJSHGHw;s=>?@ABRBB;<=>?@ABRBQ;:=>?@ABRFNIBB;w=>?@ABPN:QBUFNI<;<=>?@ABRB:=>?@ABRBB=>?@ABRFNIB:=>?@ABPN:QBT;tLF@ODHFG@bOEGPN>EHGPDILDG:QBUSFOJFpHNPNJDFCCDMNJRJKHNJKH=PNP=M=Dab>HNIHWJSFOHOJP=FJHIFOT;B=>?@AB;tNWDJKbHFGORSHLDMNIND@PNHFGJGHNILDGJKHKF@DC@PNHWFOHIHEJKLGD=uFbJD7CJDWHGRFNIJKHDab>HNIHWJOKDSHINDC@HFGOHFODNF@IbNF=PCO;oDSHcHGRJKHGHSFOFOP>NPeCFNJCDGGH@FJPDNWHJSHHNJKHKF@DC@PNHWFOHIHEJKFNIDab>HNIHWJcF@MHOPN:QBTfz:9Q;:xR{8Q;Qsn;tL=DNJK@b=HFNcF@MHOFGHCDNOPIHGHIRJKHKF@DC@PNHWFOHIHEJKFNIDab>HNIHWJOKDSHIOP=P@FGIbNF=PCOPNWDJKbHFGO;|DNOPIHGPN>JKHEHGPDILGD=uFbJD7CJDWHGRJKH=HFNKF@DC@PNHWFOHIHEJKGFN>HILGD=UU;QJDTs;B=PN:QBUFNILGD=T:;:JDTT;:=PN:QBT;}O=F@@HGcFGPFJPDNPN=DNJK@b=HFNDab>HNIHWJcF@MHOPN:QBTPOF@ODHcPIHNJRSPJKJKHcF@MHOGFN>PN>LGD=BB;sJD

BB;w=>?@ABRCD=EFGHIJD:QBUSKHGHJKH=DNJK@bDab>HNIHWJcF@MHOSHGHWHJSHHNBQ;<FNIBB;s=>?@ABfghijkl~n;XYZ[\]��]����̀��]7ab>HNCDNOM=EJPDNSFOCF@CM@FJHILDGJKHEHGPDILGD=uFbJD�HEJH=WHGLDGJKHOJF>NFNJ@FbHGSKPCKSFOIHeNHIWFOHIDNJKH=DNJK@bFcHGF>HEGDe@HODLFWOD@MJHOF@PNPJbf�}nFNICDNOHGcFJPcHJH=EHGFJMGHf|qnfghijkl�n;tNWDJKbHFGORPJSFOIHeNHIFOJKH@FbHGWHJSHHNsQFNIUQ=RFNIJKHHaJHNIHI@FbHGLDGJKHFNF@bOPOfNHHIHILDGJKHCF@CM@FJPDNDLIP�MOPDNnSFOIHeNHIWbFIIPN>IFJFLGD=FIIPJPDNF@x=JDWDJKOPIHODLJKHOJF>NFNJ@FbHG�ODRFIHEJKGFN>HDLrT�Ux=SFOMOHI;qDHOJP=FJHJKHOHNOPJPcPJbDLJKHGHOM@JOJDJKHCKDPCHDLJKHOJF>NFNJ@FbHGRJKHHOJP=FJHOLDGIP�MOPDNRFIcHCJPDNFNICDNOM=EJPDNSHGHF@ODLDMNILDGJKH@FbHGrs�ss=;|KFN>HOPNJKHDab>HNCDNCHNJGFJPDNIMHJDFIcHCJPDNSHGHCF@CM@FJHIWFOHIDNHOJP=FJHIOF@PNPJbFIcHCJPDNFNIJKHCDGGH@FJPDNWHJSHHNOF@PNPJbFNIDab>HN;tNWDJKbHFGORcHGJPCF@EGDe@HOPNJKHIHEJKGFN>HDLxQ�TQ=FC�MPGHIPN}EGP@FJJKHNFJPDNF@=DNPJDGPN>OJFJPDNOIPOJGPWMJHIF@DN>JKH�DyfOHHghijkl�nSHGHMOHILDGJKHCDGGH@FJPDNFNF@bOPO;qKHLDMNIGH@FJPDNOKPEOSHGHOJFJPOJPCF@@bOP>NPeCFNJ�PN:QBUR679Ax;x<��}�xr;srRz:9Q;wrR{8Q;QsFNIRPN:QBTR679Ax;sT��}�xU;rxRz:9Q;TxR{8Q;Qs;�DOPJPcH=DNJK@bFcHGF>HDab>HNIHE@HJPDNcF@MHOOKDSJKFJIMGPN>JKHEHGPDIPN�MHOJPDNRDab>HNCDNJHNJPNJKHOJF>NFNJ@FbHGIHCGHFOHIfghijkl��n;�H>FJPcHIP�MOPDNcF@MHOPNIPCFJHJKFJ=DGHDab>HN@HLJJKH@FbHGJKGDM>KJKHIHHEHGWDMNIFGbJKFNSFOWGDM>KJPNJKGDM>KJKHMEEHGWDMNIFGbDLJKH@FbHG;�DOPJPcHFIcHCJPDNcF@MHOOKDSJKFJ=DGHDab>HNFJHISFJHGSFOWGDM>KJPNJDJKHOJMIbFGHFfFGHFDLJKHEGDe@PN>OJFJPDNn;qKHGHOM@JOOKDSJKFJJKHCKFN>HOPNDab>HNDNJKH=DNJK@bOCF@HSHGH=DOJ@bGH@FJHIJDFIcHCJPDNOPNCHJKHIHE@HJPDNFNIFIcHCJPDNKFIJKH@FG>HOJcF@MHOFNISHGH=DcPN>PNDEEDOPJHIPGHCJPDNOfghijkl���GH=H=WHGJKFJFEDOPJPcHcF@MHDLIHE@HJPDN=HFNOJKFJDab>HNPOIHCGHFOPN>n;uDNJK@bIHE@HJPDNcF@MHOSHGHPNJKHGFN>HDL�:;Q=>?@AB?=DNJKABSKP@HFIcHCJPDNcF@MHOGFN>HILGD=AB;<=>?@AB?=DNJKABJDB;T=>?@AB?=DNJKAB;7N%����������2	������������   ���������������� �� %����	��'()����
�1�*������
���



�����������	
� ���
����	�������������	����

������������ 
�	!��	������������"�����
�#� � 	
��
���$%��	��	����!�	����&'()*+,-./(0*+,-1�2 � 	
��
����	����3� 	�4�����	������+,-.(5*	��+,-1(6*�

������7����� 
�	!��	��3��8
������93��	����$:2&	���	
�����$�;&���� �3��������9�	�����3��9�����+,-.()*	��+,-1(0*�<���=���	
��
��
����9	�>� ���3� �����!	
��� ���	��	��
	����2 ��	� ��
����9	�>� ���3� �����!	
��� ���������
	����������� �!�����	
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	��̀���'38MM76A8=W7=N7k̂��̀̀%�!�����%̂������������̀̀%����������l�%̀������� g����&���
bm����
�
�[�����������%������bm����
�
g�&������]%_�
��������������]%_�
���n��̀������
�m����
��oS6:M4N:p!��i�̀\�\g��%��%��̀%��&�̀_��%̀̀�"�%_��������������������������%̀�%̀���̂ �%��%̀���n����� &�%���%���"�����̀̀��!�������%���������%�������'�q_����̀&�̀�\��'��������%���'���%��''��\�%�����������̀\	������

b	�q�����&��_��q�%"%������&���r�%��%̀_s����'���%����	�%̀����_	�q_���	%�����������%�%��̀��̀�������

b	%̀���"�����������%̀�%�%%&%�̀%�̀�\��'���&����'���%̀�%�%�%����]������̀����%̀%���_���̀����%̀�%�%\��'�������__�%�"�����'�%���"��������̀�������''�%��%��&%��%��̀��_�r����������%������������q_������̀����������������

b�����%����������&�̀��'����\&�����%̀���%��t�%�����̂�%���%̀���%��t�%������&�̀�����%�̀_%��"%��������������������''���

b��%���%&��%�������������%�u�q%��"�%#"�����[�'��%�����������%����̀_"�������%�̀_������%����''�����������������u�"�\�%̀����"%����\��'����%̀���n�������%����%���%�%�������%̀�����_����̀��������������&�����%̀��%����������"��������%�������' %̀_���v�( %�����"%�����̀�'�%��&��!������'%����q_��������'������%�������v�(�����������''���

b"%�%����
�h''�̀j�'w��w
	"�����q����������q_�������������v�(�����%�&�������%��&�����%̀'�q����̂���%�����'������%��̀�%������%�������'�_��q�%��%̀̀_�%��"���&�����%̀'�q�����%����'���%���������%���̀%�����%���%&��%��%�������������̀�������'�
�h���

b '������̀����%̀�����������!�������&�������%����������%����������%����������v�(����''���

b��������%�����t�%������'���������������̀�%�����_��q�������������������%��������'����%����'�%���������'�%����������%�����̂�����̀�'%����%������x����������������%�'������̀����%̀������������'�%�%��̀�����������

b"�̀̀�����'���\��f����̀_	�q�����&��_���q�%"��̀���'�����''�������i�̀\�\g��%%�������

��%��%̀�%����"�����'�̀%�'�����̀��_%����'%����������̀�&%���������\����������H Y=:M8W5N:>8=$�%��%̀��%�s�����%&��q�%������������%����������
�c
�	%�����'����"������'���̀_�%�����_�����%������'%�_����������%�%����̀��\���������%�����[�%s%��g��������	�

b �i����%����������������%����������\����%���%���_�����%������������������%������������%��������\���%��t�%����%\\������'%��������\��%�������'�_��q�%�$����%��%̀�	�

�y(��̀�#��%̀�	�
�
y]�����_��%̀�	�


ya#�%���#��%��n���&	�

�yz�%����%̀�	�


 �$������%�����x������̀�'%����%��������������%\�\������'%������&����'���y����	�����%�����'���%����%����������������\���%��t�%����������%�����%��������%������q_�����̀���̀��_%��&�����%̀'�q���	��������&�̀_	"�������̀��̀%������%�����q_������̀������\�����'"%����������\\��%̀�	�

� �!���%̀��� �̂%��������̀_��u�������_���������%�����%����%������̀�'%�������������$��̀�_��%̀�	�

�yi���%\������%̀�	�

�y{%��̀��%̀�	�

� �!�����'%�_���&������������������%����%���q�����&�%'������\������������%���������'%������&����'������������&���%�����%�'��������|d($j]	�

b�yg�������%̀�	�

b �|_���q�������������%&�����\������������������%̀���̂ �%%�f�%������'%����	��%���%̀	���q�������%̀��\��f����������'��%�$%��������%��$��̀�_	�

�y$��̀�_��%̀�	�

h	�


y{%�̀�����%̀�	�

� �|_��q�%%��%��q�%�%&����������������"%���%��%��\����%̀���n�������̀�"����%̀��̀����}h
�b
' ��%�%̀'������'%�����%��������~5SC>6;7WS@38A7M=>N56~5SC>N4:>8=68=S7;4C989:;7�5M8A74=B786N>7=N76Z=>8=p



���� ������	
��
���
	��������
�
�	�

�	
����
���
�����	�
����
�����������̂ "" 57:/0&#T3\=@56'" 57:/0&#%;:_!"YL7W8WZ=@5='5'"C=<"9278'"AB5'=9(M=@:#;J= !5'L6<W52"56"58W#P̀ &̀NC0/5E87LC"8WT0TNC̀/59A5C"59A"D !8W0PC(-F5E""6/#$$%3)*+,-./0&&0;:H 'A""D"62"9 65756"5/'= L5 "A"5' 8W !"='759A8WZL!9L/!5'A"D !'8WLD 8%PC(O ="B6=9'59AaK7=9@/#$$P;:_!"J5 "659A'57 BLA@" '8W !"@L7W56"@8E"69"AB>6=E"6A='2!56@"/D6"2=D= 5 =89R"E5D865 =89B57592"/59AJ5 "6"?2!59@"J= ! !"G57 =2S68D"6 !68L@! !"2899"2 =9@' 65= ':_!"789@< "6C(#$%&R0&#%;C"596=E"66L98WW='5B8L ̀PNC̀ >6b#(c8!59''89/0&#P;/59A !"5E"65@"W6"'!J5 "6IL?AL" 8 !"A=WW"6"92"B" J""9 !"'L6W52"D6"2=D= 5 =8959A"E5D865< =8965 "'='5B8L 0:%NC̀ >6b#(-C' "A " 57:/#$$X;:M=E"756@"66=E"6'(d5L@5E5/+="7LD"/Y5LF5/SK69L/59AO57525;"9 "6 !"'8L !"6959A"5' "69D56 '8W !"@L7W/J= ! !"d5L<@5E5Z=E"6289 6=BL =9@5B8L X&e8W !" 8 576=E"6=9"=9DL (fL6N8E'N='" 57:/#$$̀;:,89'=A"6=9@ !"@L7Wg'599L57J5< "6E87LC"59A'57 289 "9 B57592"/+=78E"6" 57:(#$$1;"'< =C5 "A !5 = 'J5 "66"9"J57D"6=8AJ8L7AB"5B8L ̀>"56':Y8ZJ5 "6"?2!59@"J= ! !"G57 =2S68D"6 5N"'D752"E=5 !"H6B"O 65= =9 !"J"' (5B8L X&eR1&e8WJ5 "6"?<2!59@";59A !"OLL6O 65= =9 !"986 !(\' 8N" 57:/#$$$3S" 68E/#$X$;:_!"H6B"O 65= !5'5'=77A"D !8W0%C59A5268''<'"2 =8956"58W&:TNC0/J!=7" !"'"!>A68@65D!=<257W"5 L6"'56"%C59A&:&TNC0/6"'D"2 =E"7>/W86 !"OLL6O 65= :+=D'" 57:(#$$%;'L@@"' "A !5  !"@L7Wg'A""DJ5< "6'28L7AB"6"9"J"A=9'LCC"6B>=9I8J'8W'57 ="6J5 "6W68C !""5' "69G57 =2S68D"68E"6 !"'=77=9 !"H6B"O 65= RJ!=2!='A""D"659AJ=A"6RJ!=7"=9I8J' !68L@! !"'!57<78JOLL6O 65= 56"566"' "A=9 !"'L6W52"75>"6:_!"9"56<

d;D68Q7"'W68C#$$̀R0&#0/ONLA6559A+=D'(0&#X;6"E"57"A !5  !"' 689@"' ' 65 =Q25 =89822L66"A=9 !">"56'J= ! !"!=@!"' 'LCC"6'L6W52" "CD"65 L6"59A'D6=9@6=E"6A='2!56@":\!=@!286<6"75 =89B" J""9 !"A""D75>"6'57=9= >=9 !"H6B"O 65= 59A !"@L7WJ5'W8L9AB>ONLA6559A+=D'(0&#X;/=952286A592"J= ! !"'L@@"' =89 !5  !"C5F86= >8WJ5 "6"?2!59@"B"< J""9 !"G57 =2S68D"659A !"@L7W822L6' !68L@! !"H6B"O 65= :G5'"A89A5 5W68C#$P̀  8#$$&/5' 5 =' =2577>'=@<9=Q259 A"26"5'=9@ 6"9A8W8?>@"92892"9 65 =89=9\L<@L' J5'W8L9AW86 !""9 =6"0&R%&C75>"6=9 !"@L7W(G"6[=9'!/#$$%;:h8 6"9AJ5'A" "2 "A5W "6 !5 ()*+<,-./0&&$;:_!"75 "' C89= 86=9@A5 556"98 5957>["AW86789@< "6C 6"9A'59A=9 "6<599L57E56=5 =89'=99"56<B8  8C8?>@"92892"9 65 =89'365 !"6/C8A"78L 28C"'56"L'"A 8A"'26=B" !"8?>@"9289A= =89'(":@:/c59''89" 57:/0&0&;:H ='J"77A82LC"9 "A/!8J"E"6/ !5  !"598?=259A!>D8?=256"5'!5E"B""9"?D59A=9@=9 !""9 =6"G57 =2O"5=96"2"9 A"25A"'/AL" 8B8 !"L 68D!=25 =8959A2!59@"'=927=C5 =2289A= =89'()59''8959Aa=N 86''89/0&0&3 !"5957>'='57'8=927LA"AA5 5W68C !"YL7W8WZ=@5;:_8 57599L579= 68@"959AD!8'D!86L'785A' 8 !"YL7W8WZ=@5J"6""' =C5 "AW860&#X5 7"E"7'8W$&%TT59A0T0X >6b#/6"'D"2 =E"7>/59A56"' =77!=@!"6 !59 !"C5?=<CLC5778J5B7"=9DL '/52286A=9@ 8 !"G57 =2O"5\2 =89S759()*+,-./0&00;:G5'"A89C89= 86=9@A5 5'=92"#$XT/ !"D!8'D!86L'D887=9 !"YL7W8WZ=@5289' 59 7>=926"5'"AL9 =7 !"C=A<#$$&'(fL6N8E'N='/0&&T;59AJ5'W8778J"AB>' 5@95 =89()*+,-./0&#15;:O=92"6=E"6=9"D!8'D!86L'=9DL ='i#%e28CD56"A 8 !"D!8'D!86L'D887=9 !"J5 "6287LC9(fL6N8E'N='/0&&T;/ !"2!59@"'=9 !"75  "656"756@"7>@8E"69"AB>=9 "6957D682"''"':_!"D!8'<D!5 "IL?W68C !"'"A=C"9 ' 8 !"J5 "6287LC9A"D"9A'89 !"9"56<B8  8C8?>@"9289A= =89'J= !C5?=CLCE57<L"'5 78Jd-2892"9 65 =89':M86=9' 592"/D!8'D!86L'6"<7"5'"89 !"86A"68W#&&jC87S-̀bT Cb0Ab#J5''=CL75 "A5 8?>@"92892"9 65 =89'8W#R0C@+b#(*@7]̂ "" 57:/0&#T;:k�
�

���
��
�l��l���mn����l���� �		���oop
��
q�o���r���os��������m�����



����������	
��	��
�����
	
����		��	�
��	�����������	��
������������� ����

 ���!	��"�̂9&3/5(37>*,1<<,&3-&3/B&12&;252*0=

� _��	!��
��̀ a	���̀
Z2-*(12@&5/&*&(3*+,3,&1>;(**(< *,<',1&*.1,U-&5232*0U/2--(5B,/(X07,3U&3/3.*12,3*@(3@,3*1&*2(3-:,1,/(:3>5(&/,/)1(<*+,F-*(32&3,3B21(3<,3*&5<(32*(123723)(1><&*2(3-0-*,<8bFOF9Uc&*B2&3,3B21(3<,3*&5<(32*(1237/&*&;&-,-UAdFO]ZFcdQ%/&*&;&-,U&3/O,&R&*&e,*f&3>F.1(',&323)1&-*1.@*.1,)(1(@,&3&3/<&123,/&*&<&3&7,><,3*8+**'g]]:::=-,&/&*&3,*=(17U5&-*&@@,--gWG'125JIVW9=%(1,@(3-2-*,3*3,&1>;(**(<(X07,3/&*&:,1,&B&25&;5,)1(<JIIHh*+,1,)(1,U:,52<2*,/*+,&3&50-2-*(JIIH$JIVY=ZFcdQ%7.2/,523,-8ZFcdQ%UJIV̂9:,1,)(55(:,/)(1*+,-&<'5237&3/&3&50*2@&5/,*,@*2(3()(X07,3&3/3.*12,3*@(3@,3*1&*2(3-23*+,<(32*(12375&;(1&*(12,-=S,1*2@&5'1(?5,-()*,<',1&*.1,U-&5232*0U&3//2--(5B,/(X07,3:2*+*,<'(1&51,-(5.*2(3()&*5,&-*-2X*2<,-&0,&1&1,&B&25&;5,-23@,JIVJ=P+,'1(?5,-:,1,1,@(1/,/.->237&3Q@,&3O,B,3iJI'5.-dPR'1(;,8A/1(3&.*-=1=5=9(3;(&1/6]Sjklmn/.1237F-*(32&3&3/c&*B2&3<(32*(1237@1.2-,-8-*&*2(3-&1,-+(:323M27=V9=P+,-&5232*0&3//,3>-2*0&3(<&502--+(:323*+,'1,-,3*-*./0&-&;-(5.*,-&523>2*087D7oV9&3/-27<&>I8D7<oi9&3/:,1,@&5@.5&*,/.-237*+,PFQO>VI)(1<.5&8AQd,*&5=UJIVI9=P+,(X07,3-,3-(18A/1(3&.*-=1=5=9&**&@+,/*(*+,QOiJI'5.-'1(;,:&-@&52>;1&*,/'12(1*(,&@+@1.2-,=QX07,3'1(?5,-.-,/)(1*+,&3&5>0-2-:,1,E.&52*0>@+,@D,/&7&23-**+,5&;(1&*(10&3&50-2-():&*,1-&<'5,-.-237&3QpqIIcRQ8S[6A3*,13&*2(3&5Ucdd9&3&50T,1=P+,&@@.1&@0()*+,A/1(3&.*(X07,3-,3-(1����
�rr̀����!�r������srN��������t����� u���	�
��	��	
v��v���tw����v����



���� ������	
��
���
	��������
�
�	�

�	
����
���
�����	�
����
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#()%&(,$#436'*(W%$$3%--(3#(,+',*()2RI-(,*2,#4&1$%2,W;%$+$+(3'$(',))(7'I)(1(,)%,-2,$+(:722&#1(*%(#*2&U12#%$%2,W(@-@W)%'$2&U$2U)%,2X'-(77'$(3'$%2B\1%77%,-($'7@W<=>?D@E%-'3#($'7@B<=>KD624,)+%-+(3*2,#4&1$%2,3'$(#%,7'$(#13%,-F('37I#4&&(3$+',%,7'$(#4&&(3F'4$4&,',)3(7'$()$+%#3(#47$$2$+('5'%7':%7%$I26)(-3')':7(23-',%*&'$(3%'7W%@(@W#($$7%,-26#13%,-:722&@a+4#W$+(#$3(,-$+26#$3'$%̀c'5(3hD@_(#4--(#$$+'$:(#%)(#$+(#$32,-#('#2,'7#$3'$%̀*'$%2,',)3()4*()5(3$%*'7&%R%,-W$+(+'7%,(#$3'$%̀*'$%2,%,$+()((17'I(3$+'$'73(')I(R%#$()%,#13%,-;'#'*34*%'713(*2,)%$%2,623+IU12R%')(5(721&(,$%,<=>?@E#%&%7'3$+%,,('3U:2$$2&7'I(3;%$++%-+(3#'7%,%$I;'#2:#(35()%,('37I#4&&(3<=>MW',)%,:2$+I('3#W#4&&(3)(2RI-(,'$%2,;'#+%-+(3*2&U1'3()$22$+(3I('3#@a+(I('3<=>?;'##1(*%̀*#%,*('))%U$%2,'7%,X2;#26#'7$%(3;'$(3#%,#4&&(3*'4#()',417%6$26$+('7&2#$2RI-(,U)(17($(),('3U:2$$2&;'$(3#@E#'*2,#(U[4(,*(W$+(:24,)'3I26+I12R%*;'$(3#;'#'$%$##+'772;(#$)(1$+W',)$+((#$%&'$()(R$(,$26+I12R%*:2$$2&#;'#$+(7'3-(#$%,7'$(#4&&(3F'4$4&,<=>?@a+4#W'7$+24-+$+()(U5(721&(,$26+I12R%'%,<=>?;'#%,'**23)',*(;%$+$+(72,-U$(3&$3(,)W$+(*2U2**433(,*(26#(5(3'76'*$23#&')(%$',(R*(1$%2,'7(5(,$@/'#()2,$+(%,$32)4*()&($+2)W;((#$%&'$()$+(2RIU-(,*2,#4&1$%2,3'$('$>@ST&&27L<&Q<+Q>623#13%,-F#4&&(3<=>?@a+%#3(#47$%#+%-+(3$+',$+((#$%&'$(#26*2,U#4&1$%2,3'$(#2:$'%,()623$+(/'7$%*A321(3',)$+(847626V%,7',)F=@>>F=@GO&&27L<&Q<+Q>Bg221($'7@W>OO=D',)=@MSF=@KG&&27L<&Q<+Q>B]2,7(I($'7@W>OOTDW3(U#1(*$%5(7IW',)*72#(3$2:4$#7%-+$7I72;(3$+',$+((#$%&'$(#:'#()2,$+()%3(*$&('#43(&(,$#%,$+(8476269%-':Ii�
�

���
��
�j��j���!k����j���� �		���llm
��
n�l���o���l ��������!�����



����������	
��	��
�����
	
����		��	�
��	�����������	��
������������� ����̂/0G8!<8G1;(9>1'&2'!#((AJ$!2"#99!'!12#(2;'$!&2'%#291$"#2!<5#''&$'1'8&%&#*_;$H13%H!%:+,,̀/08A>1E!<&3&2'%!2'8&=;';$&G1;(9>$1J#J(A1<<;$51$&1='&2#29>&$8#>%J&&3&251$&%&3&$&) ('81;"8>81%>81$;%!2>;'%!2'1'8&Y;(=1=U!"#8#3&9&<$&#%&9*aVR[6B:+,-CJ/:'8&A#$&%'!((8!"8&$'8#2'8&5#E!5;5#((1G#J(&!2>;'%JA#J1;'-,,,'A$7-*aVR[6B:

+,++/)6;$#2#(A%!%1='8&(12"F'&$52;'$!&2'9#'#$&3&#(&9#%'#'!%'!<#((A%!"2!I<#2'!2<$&#%!2"'$&29!22&#$FJ1''15>81%>8#'&#29'1'#(>81%>81$;%<12<&2'$#'!12%!2'8&%'$#'F!I&9%&#%12) 2&"#'!3&<1$$&(#'!12J&'G&&2'8&2&#$FJ1''15>81%>8#'&#291EA"&2<12<&2'$#'!12%>1!2'%'1'8&!2'&$2#((1#90'8&$&(&#%&1=>81%>8#'&%=$15'8&J1''15%&9!5&2'%;29&$(1G1EA"&2<12<&2'$#'!12%*3#2a&(5129&'#():+,+,Q@!'Hb2&2&'#():+,,-/)\8!%$&%;('#"$&&%G!'81'8&$%';9!&%J#%&912(12"F'&$5512!'1$!2"#29'#$"&'&9$&%&#$<89#'#%'#'!2"'8#''8&>81%>81$;%9A2#5!<%!2'8&?#('!<O&#J#%!2%!%(#$"&(A9&I2&9JA'8&5&'&1$1(1"!<#(#298A9$1"$#>8!<<129!'!12%*R&8'1$#2'#&'#():+,-̂QR!>%&'#():+,-̂/)O;<8!2'&$2#(>81%>81$;%(1#9#(%1%;>>1$'%<A#21J#<'&$!#(2!'$1F"&2IE#'!12#29:'8;%:<1;2'&$#<'%21'12(A&E'&$2#(>81%>81F$;%(1#9$&9;<'!12J;'#(%1&E'&$2#(2!'$1"&2(1#9$&9;<'!12*O#3<8;H:+,-C/)?#%&912'8&!29!$&<'5&'819%;""&%'&9!2'8!%%';9A:'8&&%'!5#'&9>81%>8#'&T;E&%=$15%&9!5&2'%$&#<8&9;>'1-4).c51(57+87-=$15 '8&&291=B#A'15!9Fd;(A+,-C)\8!%&%'!5#'&#"$&&%G!'8'8&&#$(!&$%';9!&%!2'8&Y;(=1=U!"#JAV"(ef'&&'#()*+,-̀/#29 !"#$%&'#()*+,-./#29!2'8&Y;(=1=g!2(#29:&)"):JA@!'Hb2&2&'#()*+,,-/:G811J'#!2&9#T;E&%'!5#'&1=-4H"H57+97-1$-̂c51(57+87-)\8&1J%&$3&9!2<$&#%&!2>81%>8#'&<12F<&2'$#'!12%!2'8&K?R!2%;55&$+,-C:#($&#9AJ&=1$&8AF>1E!#9&3&(1>5&2':#"$&&%G!'8'8&$&%;('%JA !"#$%&'#()*+,-./:%81G!2"'8#''8&>81%>8#'&T;E9!9!2<$&#%&%;J%'#2F'!#((A#'1EA"&2<12<&2'$#'!12hL5"R7-)\8&A#(%1=1;29'8#''8&#3&$#"&>81%>8#'&T;E&%=$15%&9!5&2'%"$#9;#((A!2<$&#%&9=$15(1G3#(;&%1=+0.c51(57+87-!2 >$!(0B#A'1..c51(57+87-!26<'1J&$+,-+)6;$5#E!5;5T;E&%'!5#'&%=$15(#'&B#A'15!9Fd;(A#$&<(1%&'1'8&3#(F;&%1J'#!2&9JA !"#$%&'#()*+,-./!2dg&F1E!9&FJ1;29@>11(:#%%;""&%'&9JA3#2a&(5129&'#()*+,+,/=1$%!5!(#$%!'&%!2'8&O'1<H81(5#$<8!>&(#"1G!'8$&(#'!3&(A(1G5!E!2"#29(1GJ1''15G#'&$1EA"&2<12<&2'$#'!12%!2%;55&$)S2<12<(;%!12:G&%;""&%''8#''8&%&i;&2<&1=<&$'#!2>$1F<&%%&%'$!""&$&9'8&1J%&$3&9&E'&2%!3&8A>1E!#!2'8&Y;(=1=U!"#!2+,-C)V28#2<&9%&#%12#(%'$#'!I<#'!12G#%<$&F����
�jjk����l�j������mjn��������o����� p���	�
��	��	
q��q���or����q����



���� ������	
��
���
	��������
�
�	�

�	
����
���
�����	�
����
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Paper III 

Stoicescu, S-T., Hoikkala, L., Fleming, V., Lips, U, 2023. Continuing long-term 
expansion of low-oxygen conditions in the Eastern Gulf of Finland. Oceanologia, 
volume, pp. X:X. 
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