Large-Scale Dynamics of Hypoxia
in the Baltic Sea

Oleg P. Savchuk

Abstract Large-scale hypoxia is an inherent natural property of the Baltic Sea
caused by geographically and climatically determined insufficiency of oxygen
supply to the deep water layers. During 1961-2005, the hypoxic zone covered by
waters with oxygen concentration less than 2 mL L™ extended on average over a
huge area of about 50,000 kmz, albeit with large seasonal (a few thousand kmz) and,
especially inter-annual (dozens of thousand km?) variations, the later caused by an
irregular ventilation with sporadic inflows of saline oxygen-enriched waters. The
expansion of hypoxia induces a reduction of dissolved inorganic nitrogen pool due
to denitrification and an increase of dissolved phosphate pool by internal loading,
these changes reaching hundred thousand tonnes of N and P. The resulting excess of
phosphate pool over the “Redfield” demand by phytoplankton is favourable for the
dinitrogen fixation by cyanobacteria in amounts sufficient to compensate for deni-
trification and to counteract possible reductions of the nitrogen land loads.

Keywords Anoxia, Denitrification, Eutrophication, Hypoxic area, Internal
phosphorus loading, Nitrogen fixation, Oxygen deficiency
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Abbreviations

BED Baltic environmental database
DAS Data assimilation system

DIN Dissolved inorganic nitrogen
DIP Dissolved inorganic phosphorus
HELCOM Helsinki commission

oM Organic matter

1 Introduction

Occurrence, duration, extension, and intensity of hypoxia (oxygen deficiency) in
natural waters are determined by an imbalance between oxygen consumption and
supply. Oxygen is consumed for oxidation of organic matter (OM) and other
reductants wherever they are present in the water column and bottom sediments,
and the intensity of consumption is ultimately dependent on the input of OM and
ambient temperature. Because of these positive feedbacks with eutrophication and
global warming and because low oxygen concentration is detrimental for aerobic
organisms, hypoxia is increasingly considered an important indicator of the envi-
ronmental change and “ecosystem health” (e.g. [1-4]). Mechanisms of oxygen
supply vary in relation to a location within the aquatic system. In the surface
water layers, where dissolved oxygen is produced by photosynthetic organisms
and its concentration is regulated by air—water gas exchange and intensive vertical
mixing, hypoxia may occur only when such aeration is greatly suppressed, for
instance, under ice cover or beneath thick green algal mats. In the deeper layers,
oxygen transports are governed by multi-scale water movements and, consequently,
are hampered by any restrictions to water exchange, especially by the water
stratification and geomorphologic obstacles. Oxygen conditions in the surface
sediments are primarily determined by oxygen concentration in the near-bottom
waters. At a certain depth deeper in the sediments, where slow downward oxygen
diffusion in pore waters is not sufficient to meet oxidative demand, oxygen becomes
completely exhausted and anoxia (absence of oxygen) inevitably sets in.

These basic mechanisms of oxygen depletion as well as related effects on
nutrients have been described since long-time ago (e.g. [5] and references therein).
A lot of such understanding has been acquired in the Baltic Sea (Fig. 1, [6, 7]), one
of the best sampled marine systems in the world (e.g. [8, 9]). Especially hypoxia
prone at a large scale is the Baltic Proper, where a combination of bathygraphic
peculiarities, limited and variable water exchange with the ocean, and permanent
halocline generated by estuarine circulation hampers aeration of deep water layers
(Fig. 2). Deep waters of the Gulf of Bothnia have not suffered from hypoxia in the
modern history both because of relatively low rates of primary production and
subsequent degradation of OM and because of better ventilation due to lower
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Fig. 1 The Baltic Sea and geographical objects mentioned in the text. GF the Gulf of Finland; GR
the Gulf of Riga; BS the Baltic Straits; EGD the eastern Gotland Deep. Background map from
(http://www.aquarius.geomar.de/omc/)
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Fig. 2 Geographical prerequisites of the large-scale Baltic Sea hypoxia. (a) Bathymetric scheme
of the Baltic Proper with horizontal resolution of five nautical miles and a depth step of 60 m,
showing a transect through international monitoring stations; (b) Salinity (psu) and (c) Oxygen
(mL L™") distributions averaged over September—October 19962005 (graphs were prepared from
3D fields reconstructed with DAS, see below)
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salinity and weaker stratification. As in hundreds of other places [2], a local short-
term, days to a few weeks, hypoxia sporadically or periodically occurs also in
many shallow spots along the coasts, from the eastern Gulf of Finland to the Baltic
Straits in the west (e.g. [10-12]). However important such events are for the local
ecosystems and human communities, they are beyond the scope of this study.

Instead, this chapter focusses on the large-scale long-term oxygen dynamics
and their biogeochemical consequences in the open Baltic Proper. Major aspects of
these phenomena are well known for decades and have been abundantly covered in
publications (e.g. [7, 13—16]). Here this knowledge is briefly reviewed and extended
with estimates of such integral quantities as areas of the sediments and volumes of
the water enveloped by hypoxia as well as magnitudes of the basin-wide nutrient
pools, computed with special tools from big observational database. Some results
obtained with this approach have already been presented in several papers (e.g. [14,
17-24]). Here these results are consistently updated and revised, including clarifi-
cation of a few ambiguities and confusions that had crept into some of the above
mentioned papers. One of the goals of this publication is to make computed time-
series available to the readers in a numerical table form. Therefore, presentation and
analysis of data is preceded by detailed description of techniques necessary for
understanding the advantages and limitations of these data.

2 Data, Tools, and Methods

Data for this study are mostly taken from a marine segment of the Baltic Environ-
ment Database (BED) which contains the best part of nutrient and hydrographical
measurements performed in the Baltic Sea since the end of the nineteenth century
from over a hundred of research vessels belonging to all the riparian countries [25].
These data have been delivered to BED by many individuals, institutions, and
agencies, whose contribution is very much appreciated (http://nest.su.se/bed/
ACKNOWLE.shtml). Naturally, both the number of oceanographic stations sam-
pled annually and the variety of chemical analyses have increased over time: from a
few thousand hydrographic measurements per year in the 1900s to over 150-200
thousand measurements including finely resolved vertical profiling as well as over
20,000 nutrient samples in the 2000s. From the very beginning, the oxygen concen-
tration has been measured by comparable modifications of the Winkler jodometric
titration method, and during a century the number of measurements made annually
increased by three orders of magnitude — from hundreds to amounts similar to
hydrographic measurements. Following Baltic tradition [6], hydrogen sulfide con-
centrations, rather routinely measured in the Baltic Sea since the middle of 1960s,
are stored in BED and will be presented and analyzed later as “negative oxygen”
equivalents: 1 mL of H,S L™' = =2 mL O, L™'. Comparison to studies that used
different units can be made with the following conversions: 1 mL O, L™ = 1.429 mg
O, L' =446 pM; 1 mL H,SL™' = 1.363 mg H,S L' = 42.6 pM.
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Further on, in demonstration and discussion of the long-term dynamics I will use
data from one of the major long-monitored stations situated in the centre of the
Gotland Deep and often considered as a representative for typical conditions in the
entire Baltic Proper. This station is widely known as BY'15, a number designated to
it during the international Baltic Year 1969-1970 that aimed at redox alterations in
the Baltic deep layers as one of the major targets. Because the exact positions of
oceanographic stations sampled in this area by different research vessels have been
slightly shifting both over decades and between sampling occasions, the data were
extracted from BED within the range of 57° 15°-57° 25° N and 19° 50’-20° 10’ E,
that is within an area of about 10 x 10 nautical miles well covering all these
deviations.

A prominent feature of the Baltic Sea oceanographic data is their ample temporal
and spatial coverage. The importance of regular observations on a few deep-
water stations was recognized already in the 1890s, and long-term measurements
have been maintained in the main Baltic deeps since then by international efforts
(cf. [9]). Likewise, almost from the very beginning of measurements the oceano-
graphic surveys performed by different countries during the year would jointly cover
large parts of the Baltic Sea. The spatial data coverage has particularly improved
since the 1970s due to a multi-lateral coordination of research cruises and interna-
tional monitoring programme under the intergovernmental Helsinki Convention
(e.g. [26, 27]). In correspondence to these particular features, two specific data
analysis tools accessing BED via Internet have been developed [25, 28].

SwingStations tool has been built mainly for the analysis of temporal variations
of oceanographic parameters [28]. It allows users to select vertically distributed
data for a specified time interval from a geographical rectangle delimited by given
coordinates of its corners. The extracted data are then pooled together as if being
measured in the centre of a rectangle area and in the middle of a specific depth
layer, and step-wise averaged within prescribed time window, for example within a
month, or 90 days, or a year, etc. These average vertical profiles are further used to
plot time-depth distribution of analyzed parameter, where intervals between the
profiles are filled by interpolation. When such interpolated intervals are substan-
tially longer than the characteristic scales of studied variations, there is a risk of
misinterpretation of displayed dynamics. Therefore, user is allowed to consciously
limit extent of the time interval that can be filled by interpolation. If this time
interval is shorter than the gap between available measurements, the plot area is left
blank. Nowadays, many of these functional features are integrated into the decision
support system Nest and supplemented with some statistical analysis tools [29-31].

The Data Assimilation System [25, 32] is especially useful in the analyses of
spatial aspects of the Baltic Sea hydrographic and trophic conditions. The hydro-
graphic and nutrient data extracted for specified time intervals and regions of
the Baltic Sea are processed to reconstruct three-dimensional fields with a user-
determined resolution. The reconstruction starts from pooling together all the
measurements found within every cell of the regular three-dimensional grid formed
by columns of vertical layers with a rectangular base. The average of pooled
measurements is prescribed to a centre of the corresponding cell. At the next
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step, the grid cells with no real measurements are filled in by linear interpolation.
Since the result of 3D interpolation depends on the order of elementary one-
dimensional interpolations along each of the three axes, an average of six possible
permutations is used. To prevent unrealistic extrapolations, their extension should
be limited by specified length interval, usually in the order of a few dozen miles,
whereas concentration is kept constant further onward. After all the cells were filled
in, the field is smoothed by a Tukey’s cosine-filter [33].

The reconstructed original three-dimensional gridded fields can further be sub-
jected to any of the four arithmetic operations performed either on a single field or
between two fields. The resulting field can be stored and used in a further consecu-
tively chained algorithm, for example summing up the ammonium, nitrite, and
nitrate fields to reconstruct the field of dissolved inorganic nitrogen (DIN), pro-
ducing the N:P ratio field, performing stoichiometric calculations of nitrate or
phosphate anomalies, etc.

Both original and derivative fields can be exploited in several ways. Most
conventional are graphical presentations of spatial distribution along horizontal
(maps) and vertical (transects) planes (cf. Fig. 2). Besides graphical demonstration
and visual analysis of distribution, these plots are also very useful in finding
questionable data indicated by peculiar “spots” in the distribution. The researcher
can then analyze these data, for example comparing them to measurements made
nearby and closely in time by other research vessels, and decide whether to exclude
such data from the reconstruction. However, such plots can be produced by many
graphical program tools. The distinctive power of DAS is a possibility to compute
different characteristics from the interpolated field for a specified domain within a
chosen region of the sea. The domain may be bounded by space coordinates
(latitude, longitude and depth interval) and by specified range of interpolated
variables. Computations produce integral quantities and volume-weighted averages
of the gridded variable as well as estimates of the water volumes and bottom areas
occurring within these boundaries. For instance, reconstructed time series of the
salinity and oxygen fields can be used to estimate temporal dynamics of the
so-called “cod reproductive volume” comprising in the brackish Baltic Sea waters
with salinity over 11 psu and oxygen concentration higher than 2 mL L™ (e.g. [34]).

There are several peculiar consequences of the described DAS implementation,
which should be borne in mind while analyzing and interpreting the original and
derivative gridded fields as well as the integral and average characteristics com-
puted from them. Each original field constructed with DAS over a specific time
interval represents one unique entity, characterizing spatial distribution averaged
over this interval. However, a “winter” field reconstructed for a given 3-month
interval may include measurements performed only in January in one part of the
region and only in March in another part. Furthermore, the actual spatial and
temporal distribution of oceanographic samples used for reconstruction may irre-
gularly differ from field to field. For instance, in generation of time-series of the
winter fields, the distribution and amount of measurements may differ between each
of 3-month intervals representing consecutive winters. Individual ammonium and
nitrate fields summed up for the reconstruction of the DIN field may each be based
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on different amount and distribution of actual samples. The annual average field
would be affected by both seasonal variations in the surface layer and possible
propagation of salt water inflow in the deep layers with related redox alterations.
In the following DAS computations, a threshold to hypoxic conditions is arbi-
trarily set at a bounding value of 2 mL O, L' (286 mg O, L' or 89 uM O,). Such
thresholds are often inferred from the responses and vulnerability of pelagic and
benthic animals, usually in the range of 14 mg O, L (e.g. [2, 35, 36]. Further-
more, most observational programs have routinely taken “near-bottom” samples
from several meters above the bottom to both avoid contamination from the
sediments and secure the equipment. As may be assumed from estimates of oxygen
consumption and transfer in the Baltic deep layers [37, 38], when dissolved oxygen
concentration in the near-bottom waters is below 2 mL O, L', the sediment surface
beneath viscous and diffusive sub-layers is actually anoxic. In other words, the
sediments covered by hypoxic waters can be reasonably considered anoxic.

3 Long-Term Large-Scale Oxygen Dynamics

Actual observations of dissolved oxygen concentration are available in BED for the
Gotland Deep since 1902 and are shown in Fig. 3 as time series of measurements
made within certain layers. Already such, “traditional” manner of presentation can
be used as a pretext for reminding on several important features of the long-term
oxygen variations in the Baltic Sea.

As indicated by both direct measurements and paleoenvironmental reconstruc-
tions, the intermittent hypoxia appears to be an inherent property of the Baltic Sea.
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Fig. 3 Long-term variation of oxygen and hydrogen sulfide (shown as negative oxygen equiva-
lents, mL L") in the layers 145—155 m ( filled ) and below 230 m (open) at oceanographic station
BY15 in the Gotland Deep (57° 15'-57° 25’ N and 19° 50'~20° 10'E). For comparisons, 10 mL O,
L' = 446 uM of oxygen; —10 mL O, L™ correspond to 213 pM of hydrogen sulphide
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Available observations show occurrence of hypoxia already in the beginning of the
previous century (cf. Fig. 3), while according to Fonselius [39], hydrogen sulfide
was first found (smelled) in the samples of bottom water in 1931. Although we
cannot truly quantify the intensity of anoxia in the past because of a lack of
analytical measurements of hydrogen sulfide concentration, some proxies indicate
sporadic occurrence of hypoxic conditions both at centennial and millennium
scales. One of such proxies is the distribution of laminated sediments ([40] and
references therein). Laminae are formed due to seasonal variations both in sedi-
mentation rate and composition of sedimented material, and in anoxic conditions,
in absence of benthic macrofauna, are buried undisturbed. In contrast, sediments
formed and buried in oxic conditions are homogenized by different processes of
bioturbation performed by active animals living in the surface sediments. Another
indication of redox alterations can be found in distribution and mineral form of
metals (e.g. Fe, Mn, Mo, U, V, Cu, and Zn) that would be differently affected by
oxic vs. reduced conditions (e.g. [41-44]). As follows from the analysis of exten-
sive lamination in the upper sediment layers, the deepest parts of the Baltic Proper
have been anoxic for over 100-200 years [40, 45, 46]. Vertical distribution of
“metallic indices” implies that alterations between oxic and anoxic marine envir-
onments have occurred in the Gotland Deep at least since the 1600s [7, 41].
Although with a lesser chronological precision and certainty, analyses of both
lamination and metal’s distributions show that anoxic conditions can be traced
back to the Littorina Sea stage (ca. 6,000 years BC) and occurred also in the Gulf of
Bothnia, which then used to be saltier and sharper stratified, compared to the later
and present stages (e.g. [46, 47]).

Occasions of “inverted” vertical distribution, with oxygen concentration in
the bottom layer (deeper than 230 m) being at some moments higher than that in
the above layer (145—155 m; cf. Fig. 3), clearly illustrate the main mechanism of the
deep water ventilation — lateral advection of the saline waters that are heavy enough
to penetrate into deep layers and displace (“push up and farther”) old stagnant
waters. Since propagating water is continuously being diluted by ambient, less
saline water, it is a combination of salinity and volume of the water arriving from
the Baltic Straits, which determines how far and deep it can reach into the Baltic
Sea. Investigations of this phenomenon, which is called “the major Baltic inflow”,
date back to the end of the nineteenth century [48] and can be summarized after
Schinke and Matthius [49] and Matthius et al. [16] in the following way.

In the first outflow phase the high atmospheric pressure over the Baltic region,
augmented by easterly winds, forces water out of the Baltic Sea, where the sea level
decreases below normal. In addition, this type of atmospheric circulation reduces
both atmospheric precipitation and river runoff, thus further decreasing the total
water volume of the sea. During the second, main phase the well-developed zonal
atmospheric circulation between the North Atlantic and Europe generates strong
westerly winds and increases the sea level in Kattegat. Consequently, large volumes
of water are forced into the Baltic Sea through the Baltic Straits by a combined
action of sea level difference, wind stress, and “sucking” action of low atmos-
pheric pressure over the region. To produce the necessary effect, the first
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phase of elevated atmospheric pressure has to prevail over 1-2 months (usually in
September—October), while the second phase of extremely strong and persistent
westerly winds must last during several weeks. Neither condition is common for
the Baltic region. In addition, the salinity in the Kattegat should stay high enough
to provide for sufficient amount of salt [50]. Thus, the combination of consecutive
events needed to create a continuous inflow of large amount of highly saline water
(100-260 km? with salinity higher than 17 psu; [16, 51]) happens rather seldom and
is difficult to predict (Figs. 4 and 5).

Further propagation of saline waters farther into the Baltic interior along the
chain of depressions separated by sills depends on density of the “resident” waters,
which, in turn, is defined by the recent hydrographic history. Inflowing oxygenated
waters either penetrate into near-bottom layers and displace old waters (Fig. 6) or
interleave into halocline and into intermediate, dynamically active layers just
beneath it [50]. As estimated from the chronology of hydrographic measurements,
the propagation of inflow from the Baltic Straits to the Gotland Deep, that is on a
distance of about 650 km, usually takes 4—5 months (but, for instance, only 2 months
in 1993 due to specific hydrographic situation; [16]. It is important also to
remember that propagating waters are to a large extent composed of ambient Baltic
waters, whose entrainment into the saline flow increases its volume by a factor of
three [52].

In the bottom layers of the Gotland Deep, the deepest point en route of the high-
salinity waters, the relation between salinity and oxygen concentration is straight-
forward: both are increased due to lateral advection of saltier waters and are
decreased during the following stagnation. Salinity is decreased because of the
slow diapycnic mixing across the density gradients, while oxygen is decreased
because such mixing is too slow to override the biochemical consumption. In the

Salt transport (10° t event™)

0
1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Fig. 4 Major Baltic inflows in 18802008 characterized by the salt transport with the inflow event
(10° t). Thick columns indicate several events during the year, while no data are available during
1914-1920 and 1940-1946 because of two world wars. The estimates made by Fischer and
Matthius [51] and Matthdus [48] are borrowed from the Digital Supplement to Feistel et al. [8]
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Fig. 5 Time-depth contour plots of (a) salinity (psu) and (b) oxygen (mL LY for 1963-2007 at
BY-15 (90-day aggregation)

deep active intermediate layers the relationship changes into the opposite — as
illustrated by the 1980s/1990s dynamics, the decreasing salinity and weakening
stratification result in improved vertical exchange and better aeration (see Fig. 5).
Further to the north, at the entrances to the Gulf of Bothnia and Gulf of Finland, the
advection brings in either oxygen-enriched waters propagated along the intermedi-
ate layers or oxygen-depleted waters pushed up from the “upstream’ bottom layers,
or often a mixture of both.

This atmospherically governed and topographically conditioned ventilation
of the deep layers explains why hypoxia had occurred in the Baltic Sea already
under an absent or negligible human influence. Therefore, in contrast to other regions
[2, 3], a relative significance of natural vs. anthropogenic drivers of the basin
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scale hypoxia in the Baltic Sea has been a subject of long lasting discussion (e.g. [6,
23, 53-57]). Apparently, a measure of anthropogenic impact could be related to the
oxygen consumption that should intensify along with the increasing primary pro-
duction. Indeed, a long-term worsening of oxygen conditions since the 1900s,
clearly seen in Fig. 3 until 1993, has been widely considered as an indicator of
man-made eutrophication [6, 58]. Another indication of intensified oxygen con-
sumption is often sought in the observation that, even though inflows of 1993/1994
and 2003 were able to aerate bottom waters in the Gotland Deep up to 3—4 mL O,
Lfl, that is to the levels of the 1930s, their effects did not last long and anoxia set in
faster and became “severer” than before (cf. Fig. 3).

However, as pointed out by Matthéus et al. [ 16], since the late nineteenth century
and till the early 1980s, the episodic major inflows had occurred more or less
regularly and in clusters, while only three strong inflows have happened during
past quarter of the twentieth century (cf. Fig. 4). As can be estimated from the salt
transport (original data by Matthaus and co-workers referred to in Fig. 4), the major
inflows that occurred from 1960 to 1975 had integrally delivered through the Baltic
Straits 24.1 x 10° t of salt, the weak inflows of 1976-1983 transported another
3.9 x 10° t and then, after a 10-year break, the latest three inflow brought in
during 10 years (1993-2003) only 2.7 x 10° t. Considering these estimates as
proxies of oxygen transport to the deep layers, the severe reduction in the natural
ventilation potential is evident. On the other hand, a rate of the net decrease of
oxygen concentration, which can roughly be estimated as a difference between
local maximal and minimal values during several “stagnation” periods in the last
50 years, spans the range of 2—12 uL O, L™' d™! and was actually higher in the
1960s (cf. Fig. 3). More sophisticated estimates of the integral oxygen consump-
tion, which have also taken into account the oxygen transport supply, fell within the
same order of magnitude and did not reveal any trends either [58, 59]. This drastic
reduction of oxygen supply in combination with the relatively unchanged rate of
oxygen consumption clearly indicates that the importance of anthropogenic contri-
bution to the intensification of large-scale hypoxia should be revaluated.

In addition to site-specific data on concentration that are useful for the demon-
stration and analysis of the temporal oxygen dynamics, even more important at the
entire ecosystem scale are the sediment areas and water volumes enveloped by
hypoxia (Table 1 and Fig. 7). As was demonstrated by Andersin et al. [60] and
ourselves ([14, 17]) and can be seen in Figs. 3 and 7, the hypoxic zone extension
varies both seasonally and inter-annually. Being averaged over 1961-2005, the
seasonal changes caused by intensification of oxygen consumption for oxidation of
freshly produced and sedimented OM result in an increase of the hypoxic area from
winter (January—March) extension of 43,363 +£12,567 km? to autumn (August—
September) extension of 49,124 + 12,097 km? (mean =+ standard deviation), that is
by about 13%.

Time-series in Table 1 are estimated from annually averaged fields, each of
which has been reconstructed from all the measurements made during the year and
pooled together. At the sites with regular observations, this DAS algorithm results
in averaging of several measurements, while the inclusion of sites with occasional
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Table 1 Long-term dynamics of hypoxic area (HA) and volume (HV), cod reproductive volume
(CRV) and nutrient pools below 60 m in the Baltic Proper

Year HA (km?) HV (km?) CRV (km®) DIN (1) DIP (t)

1969 51,050 1,926 518 159,337 171,753
1970 55,309 1,975 385 178,962 217,278
1971 67,092 2,049 126 167,748 197,619
1972 51,366 1,765 385 188,775 212,104
1973 63,357 1,990 310 182,233 225,555
1974 56,351 1,834 395 235,501 213,139
1975 62,400 1,793 98 230,828 209,001
1976 37,786 1,302 455 233,165 198,654
1977 50,787 1,531 440 281,760 225,555
1978 55,407 1,733 286 310,263 206,931
1979 51,876 1,573 230 320,543 190,377
1980 53,854 1,773 393 283,629 211,070
1981 58,877 1,745 97 289,236 212,104
1982 58,217 1,656 132 256,995 239,006
1983 39,594 1,189 278 284,564 209,001
1984 32,067 746 260 288,769 195,550
1985 37,423 885 204 330,356 206,931
1986 44,146 1,140 197 362,597 234,867
1987 39,867 1,013 143 363,999 169,684
1988 44,190 1,168 120 266,808 191,411
1989 43,820 1,122 75 275,218 218,312
1990 33,421 757 68 333,159 173,822
1991 25,884 660 200 406,520 203,827
1992 26,512 650 226 341,103 160,372
1993 25,070 469 298 328,019 159,337
1994 32,938 773 329 373,811 165,545
1995 40,567 894 153 393,904 167,614
1996 44,530 1,255 248 405,585 196,585
1997 45,657 1,240 271 392,502 212,104
1998 58,713 1,754 218 414,463 232,798
1999 58,622 1,799 181 399,043 256,595
2000 53,948 1,598 185 262,602 247,283
2001 62,335 1,989 190 260,733 277,288
2002 57,741 1,808 128 245314 253,491
2003 52,607 1,883 520 254,192 255,025
2004 66,368 2,183 281 255,621 251,189
2005 58,688 1,742 128 252,790 246,248

b

Fig. 7 Extension of the hypoxic area (O, < 2 mL L™ in (a) August 1971 (70,528 kmz),

(b) March 1993 (11,659 km?), and (¢) November 2006 (72,354 km?)
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Fig. 8 Comparison between simulated (curve) and computed from measurements (symbols)
hypoxic area in the Baltic Sea (hindcast made with BALTSEM model, [21, 63])

sampling during specialised cruises results in a kind of “cumulative” effect, that is
concentration measured at such sites only once would represent the entire year.
That is why the long-term (1961-2005) mean annual extension of the hypoxic
area of 49,349 + 11,077 km? is practically equal to its maximal autumn extension
presented above. In a certain sense, these annual estimates are more appropriate for
studies of ecosystem effects of hypoxia, especially in the deeper layers less subject
to seasonal variations. For instance, spatial expansion of hypoxia determines
distribution and abundance of zoobenthos [60—62] and controls the cod reproduc-
tive volume [34]. Even a short-term anoxia could result in “dead bottoms” that
would not be re-colonized fast, for example during the same year. Similarly, even a
short-term occurrence of hypoxia over restricted sediment area and water volume
would cause nutrient transformations and fluxes with long-lasting biogeochemical
consequences.

Generally, our quantitative understanding of the main governing mechanisms
has been sufficient enough to realistically simulate contemporary hypoxia and
its biogeochemical consequences in mathematical models of the Baltic Sea (e.g.
Fig. 8, [21, 63-68]).

4 Redox Alterations of Biogeochemical Cycles

Hypoxia-induced alterations of nitrogen and phosphorus biogeochemical cycles
(Fig. 9, see also Fig. 6 above) constitute another important effect of oxygen spatial
and temporal variations on ecosystem dynamics, particularly, on its eutrophication
aspects.

Many evidences point at a strong dependence between redox conditions and
phosphorus transformations in the water column and sediments of aquatic systems,
including the Baltic Sea, although exact physical-chemical mechanisms and
quantitative relationships found in different water bodies are still under debates
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(e.g. [6, 68=77]). Phenomenologically, in oxic conditions, dissolved inorganic
phosphorus (DIP) is transformed into particulate state and removed from the
water column and pore waters of sediments, while in anoxic conditions it is released
back into the solution. Local manifestation of these processes is seen in Fig. 9c
as accumulation of DIP in hypoxic and especially anoxic waters. A basin-wide
relationship between hypoxia and phosphorus pool in the Baltic Sea was first
demonstrated by us [17] on time-series estimated from three-dimensional oxygen
and phosphate fields reconstructed with DAS for every winter (January—March) of
1970-2000. Here I update this large scale quantitative description of reversible
phosphorus transformations and expand it over 1963-2005.

Within the larger Baltic Proper, including the Gulf of Finland and the Gulf of
Riga, winter-to-winter changes of hypoxic area up to 20-30 thousand square kilo-
meters induce the changes of integral DIP pool in the order of dozens and up to
hundred thousand tonnes of phosphorus (Fig. 10). Being expressed on daily basis,
the average exchange rate correspondent to empirical regression in Fig. 10b is about
0.2 mmol DIP-P m™ day™'. Both integral and area-specific rates are quite compa-
rable to other available estimates [17-19, 72, 78, 79]. The inter-annual changes
of marine DIP pool are also comparable to and often larger than the annual net
exchange with neighbouring basins [18], [19], but also, what is even more impor-
tant, than the annual TP input from land to the entire Baltic Sea of 29.9 £+ 4.9 x
10° t TP (mean £ SD, 1994-2006, [80]). The fact that the large scale variations of
DIP pool caused by naturally occurring major Baltic inflows are up to two orders of
magnitude larger than the variations of external phosphorus input has further
fuelled the discussion about relative significance of climatic vs. anthropogenic
drivers of the Baltic Sea eutrophication (e.g. [17, 23, 80]). However, as can be
deduced from the long-term averages of winter-to-winter changes of 0.4 £+ 11.2 X
10° km? and 8 + 45 x 10’ t P, these large scale internal transformations are
completely reversible, that is dozens of thousand tonnes of phosphorus are just
going back and forth between the particulate and dissolved fractions. On the other
hand, the total external input is unidirectional and, according to the recent recon-
struction by Savchuk and Wulff [21], could have brought into the Baltic Sea about
1,800 x 10° t P over past 40 years. Apparently, this permanent addition has not
been balanced by the net export to neighbouring basins and permanent sediment
burial. The resulting accumulation caused by this misbalance is the reason of a
200-300 thousand tonnes difference in DIP pool between the 1960s and the 2000s;
in spite of about the same extension and variation of the hypoxic area (cf. Fig. 10a).

Effects of hypoxia on the nitrogen biochemical cycle are less straightforward
and cannot be reliably quantified from the site-specific observations (cf. Fig. 9a and b).
On the one hand, variations of hypoxia directly determine the rate and integral
amount of denitrification, especially evident in dynamics of oxidised nitrogen. Here
we consider denitrification as a removal of nitrogen from the biotic cycling by any
processes that lead to transformation of combined nitrogen into gaseous end
products [81]. According to this biogeochemically relevant definition, denitrifi-
cation comprises both canonical heterotrophic denitrification and autotrophic ana-
mmox metabolism regardless of their localization in space and time. On the other
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Fig. 10 Hypoxia and phosphate in the Baltic Proper, including the Gulf of Finland and the Gulf of
Riga (cf. Fig 1). (a) Long-term dynamics of winter (January—March) extension of hypoxic area
(line) and total DIP content (columns) and (b) Winter-to-winter changes of hypoxic area and DIP
pool derived from data in (a)

hand, in the absence of oxidized nitrogen in developed anoxic conditions, nitrogen
in the form of ammonium is preserved in the system, becoming available for the
biotic cycling after the redox conditions flop over. However, as we have already
demonstrated [23], the resulting integral basin-wide effect of hypoxia on the
nitrogen pelagic pool is quite definitely negative, that is opposite to the conse-
quences for DIP pool (Fig. 11).



154 O.P. Savchuk
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Note that being interested in simultaneous effect of hypoxia on both N and P
cycles, here I use estimates that are slightly different from those used earlier in
Vahtera et al. [23] and in Fig. 10. The annual deep-water nutrient pool computed
only for the domain below 60 m (see Table 1) is used instead of the total basin-wide
integral winter amount because the total DIP amount is weaker related to the
extension of hypoxia, in contrast to their year-to-year changes (cf. Fig. 10). In an
attempt to better account for a possible denitrification also in anoxic waters, the
hypoxic volume comprising all the waters with oxygen concentration less than
2 mL L™ is used instead of the denitrification volume with oxygen concentration
ranging from 0 to 1 mL L', Although these replacements have not qualitatively
affected the empirically justified theoretically casual relationships, quantitatively
they resulted in slightly higher coefficients of determination.

Simultaneous nitrogen depletion and phosphorus enrichment of the pelagic
nutrient pools result in a shift of marine ecosystem towards nitrogen limitation.
Most importantly, the high linear correlation between the hypoxic volume and the
inorganic N:P molar ratio is found not only in the deep water pools below 60 m in
the Baltic Proper (coefficient of determination R* = 0.63) but also within the entire
Baltic Proper from surface to bottom, including the Gulf of Finland and the Gulf
of Riga (Fig. 12). With a 2-year lag between annual extension of hypoxia and
basin-wide inorganic N:P ratio, the relationship becomes even stronger, rising up to
R? = 0.80 in deep layers and R* = 0.75 in the entire system. For the time being,
I have no quantitative explanation for this delay except of some vague qualitative
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guesses about the time needed for changes generated in the central deep layers to
envelope the entire water body.

In the Baltic Proper, variations in a degree of nitrogen limitation affect not
only the primary production of OM by the common phytoplankton, but also the
occurrence and extension of spectacular and noxious cyanobacteria blooms (e.g.
[82-85]) that are believed to be occurring here for millennia [86]. Even more
important in the eutrophication perspective is that these cyanobacteria fix sub-
stantial amounts of molecular dinitrogen in the range of 200-500 x 10’ t N per
year [87, 88], which are quite comparable to the contemporary external input of
total nitrogen from the land and atmosphere of 850 x 10° t N per year [80]. The
significance of this nitrogen source, which is governed by the internal biogeochem-
ical feedbacks, for counteracting the nitrogen load reductions is crucially important
in discussions and decisions within the ecosystem approach to the environmental
management [23, 80, 89].

The hypoxia-related perturbations occurring mostly in the Baltic Proper are also
very important for the ecosystem dynamics in neighbouring basins. A good exam-
ple is a well-documented fate of saline, oxygen-depleted and phosphate-enriched
waters that were displaced in the Gotland Deep by the 1993/1994 deepwater inflows
(cf. Fig. 6). Being pushed up and farther, these waters reached the Eastern Gulf
of Finland by autumn 1995—spring 1996, where they significantly sharpened verti-
cal stratification and reduced deep water oxygen concentrations [90]. Extensive
autumn hypoxia, determined by these settings, not only adversely affected macro-
zoobenthos [91] but also induced massive internal loading of phosphate equivalent
to about half of annual land loads that were added to the phosphorus exported from
the west [92]. According to DAS computations, comparing to the early 1990s, this
expansion of hypoxia resulted in 1997 in almost a doubling of the annual DIP pool
up to 20 x 10° t P and decrease of the DIN pool from about 90 x 10° t N to
60 x 10* t N. Corresponding phosphorus surplus indicated by reduction of the N:P
ratio from almost Redfield to cyanobacteria-favouring values of 67 [85, 93, 94]
caused an expansion of cyanobacteria over the entire Gulf of Finland, in contrast to
previous years when the bloom did not extend beyond its entrance [94].
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5 Conclusions

The large-scale hypoxia is an inherent property of the Baltic Sea caused by geograph-
ically and climatically determined insufficiency of oxygen supply to the deep water
layers. Occurrence of hypoxia are documented by direct oxygen measurements from
the beginning of the twentieth century and inferred backwards over centuries and
millennia from lamination and metallic indices in the dated sediment cores. There-
fore, in contrast to local coastal areas, where the recent hypoxia is often related to
man-made eutrophication, the anthropogenic contribution into extension and inten-
sity of hypoxia in the deep offshore waters is still under debate. Apparently, the
convincing quantitative estimates of such contribution should be obtained with the
aid of mathematical models that are already now capable to realistically simulate
the long-term variations of large scale hypoxia and its biogeochemical consequences.

The extension of hypoxia varies both seasonally and from year to year. The
inter-annual variations reaching dozens of thousand square kilometres generate
large scale effects in basin-wide nutrient pools. In the expansion phase, DIN pool
is reduced by denitrification and DIP pool increases due to phosphate release from
anoxic sediments, while in the shrinkage phase the changes are opposite. The
expansion of hypoxia results in decreased N:P ratio that is favourable for the
blooms of dinitrogen fixing cyanobacteria, another common feature of the Baltic
Sea ecosystem. Nitrogen fixed by cyanobacteria becomes available for further
biotic cycling, thus to a large degree compensating for the nitrogen removal by
denitrification.

A historical misbalance between external input of phosphorus vs. its insufficient
removal by advection and sediment burial resulted in “extra” 200-300 x 10* t of
phosphorus, accumulated in the Baltic Proper since the 1960s, that in two ways
counteract the environmental management measures aimed at reducing eutrophica-
tion. First, a longer time is needed to deplete the larger phosphorus pool even by the
drastic reductions of the phosphorus land loads. Second, this excessive phosphorus
stock supports the cyanobacterial nitrogen fixation that counteracts the nitrogen
land load reductions. Therefore, it is the phosphorus load reduction that should
be the priority managerial target in the Baltic Proper. The possibility to speed up
the reduction of excessive phosphorus pool by such engineering methods as the
forced ventilation of intermediate water layers [63, 96], or the artificial co-precipi-
tation of phosphate should be studied in a greater quantitative detail.
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