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Onsoz

TUBITAK tarafindan desteklenen “Su Kolonunun Oksijenli-Oksijensiz Araylizey Tabakasindaki
Fosfat ve Nitrat Dongulerinin Modellemesi” isimli 108Y228 numarali proje, IntenC projesi
kapsaminda Alman ortak IFM-GEOMAR Enstitisu ile beraber ydrutilmuastir. Bu cercevede
Karadeniz'in oksijenli/oksijensiz tabakalarinda biyojeokimyasal dinamiklerinin isleyisi Uzerine
model geligtiriimis, zaman zaman anoksik karaktere sahip olan Baltik Denizi ile kargilastirma
yapabilmek icin Karadeniz’deki anoksiyanin azot, fosfor gibi besin tuzu doénguleri, atmosfer,
sediment ile iligkili olarak tarih igerisindeki olusumu incelenmis ve deniz ortamindaki gelecekteki

olasi iklimsel degisimler sonucu ortaya cikabilecek etkileri arastiriimistir.
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Ozet

Biyojeokimyasal dénguler ve bu dongllerin sistemin diger fiziksel 6zellikleri ile etkilesimlerinin
dinya denizlerinde gdérulen oksijen konsantrasyonlarindaki azalma ve dolayisiyla canli yagsam
Uzerinde 6nemli bir etkiye sahip oldugu bilinmektedir. Yapilan arastirmalar kiresel iklim
degisikligi ile deniz ve okyanuslardaki tabakalagsmanin sicaklik artisi nedeniyle gelecekte
artacagina ve bunun olasi bir sonucu olarak orta ve dip sulardaki oksijen konsantrasyonunun
giderek azalacagina isaret etmektedir. Hali hazirda okyanuslardaki oksijen konsantrasyonlarinda
bir azalma gézlemlenmektedir. Hem suboksik hem de oksijensiz sartlari kapsayan Karadenizin
gunimuizdeki kimyasal yapisi kiresel dlgekte dnimuizdeki ylzyillarda ortaya ¢ikabilecek yapinin
glnimuizdeki 6rnedini sunmaktadir. Bu c¢alismada Karadeniz’in biyokimyasal yapisini érnek
alarak kuresel iklim modellerinde kullanilabilecek basitlikte, fakat oksik-suboksik gegis
katmanlarindaki fosfat ve nitrat dongulerinin yapisini dogru bir sekilde agiklayabilen bir model
gelistirmek amaclanmistir. Ayrica insan kaynakh etkilerin giderek artis gosterdigi son yuzyil
mercek altina alinarak, bu dénemdeki nehir yolu ile Karadeniz ekosistemine tasinan besin tuzu
miktari ve atmosferdeki CO, konsantrasyonu gibi énemli degisimlerin biyojeokimyasal dénguler,
atmosfer ve sedimanla iligkileri ile gsekillenen slrecgler sonucunda sistemdeki oksijen
konsantrasyonu Uzerindeki etkileri incelenmisgtir.

Yapilan galigmalar, atmosferik CO, miktarinda son 300 yilda gerceklesen artigin Karadeniz
ekosisteminin oksijen konsantrasyonu uzerinde etkisi olmadigini gostermektedir. Buna karsilik
nehirlerle sisteme tasinan besin tuzu girdisinin 1960’li yillardan sonraki hizli artisinin olmamasi
durumunda oksijenli tabakanin bugline kiyasla daha derinlerde olabilecedi anlagiimaktadir. Bir
bagka deyisle, oksijenli tabakanin son 50 yildaki gorilen siglasmasi besin tuzu miktarindaki
artisa bagli olarak artan birincil Uretim tarafindan tetiklenmistir. Gelecege yonelik uygulanan bir
senaryo calismasinda nehirler ile taginan besin tuzu miktari buginkl seviyede tutulsa dahi Ust
oksik tabakanin pelajik yasami tehdit edecek derecede siglasmaya devam edecegi gozlenmigtir.
Bu durum Karadeniz ekosistemi saghgini korumak i¢in desarj edilen besin tuzu miktarini azaltma
gerekliligini ortaya koymaktadir. Ekosistem modeli kullanarak uygulanan bu tir senaryo
calismalari, henlz Karadeniz’de oldugu gibi sabit oksijenli/oksijensiz su tabakalagsmasi
olusumunun ortaya ¢ikmadigi Baltik Denizi'nde de benzer durumun ortaya gikarak suboksiyanin
artacagi hatta belki Karadeniz gibi kalici anoksiyaya yol agabilecegini dugunulmektedir.

Anahtar Kelimeler; Model, Karadeniz, Anoksiya, Gelecekteki biyokimyasal yapi
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Abstract

Biogeochemical cycles and their interactions with the physical properties and biogeochemical
structure of marine ecosystems are regarded to have an important impact on the decrease of
oxygen concentrations and living organisms in the world oceans. Recent studies indicate that
ocean stratification will be intensified and oxygen concentrations in the water column will
gradually decrease with the global climate change leading to higher oxygen deficiency in sub-
thermocline and deep waters. A recent decrease in the current oxygen concentrations has
already been observed. The biogeochemical structure of the Black Sea water column that
includes both suboxic and anoxic conditions provides a good laboratory example for the possible
state of future oceans. In this study, using the biochemical structure of the Black Sea as an
example, a model development is described to explain the phosphate and nitrate cycles in the
oxic-suboxic layers with sufficient simplicity adequate to embed into the global scale climate
models. In addition, focusing on the past 50 years characterized with ever increasing human
based activities in the Black Sea, the impact of increasing river-born nutrient inputs and
atmospheric CO, concentration on the oxygen concentration of the system and subsequent
changes on the interactions between atmosphere and sediment are investigated.

According to the results, the atmospheric CO; increase did not show direct impact on the oxygen
concentration in the Black Sea. On the other hand, if the amount of nutrients discharged into the
Black Sea has not increased, the present oxic layer could be much deeper. The increasing
nutrient inputs and swallowing of the oxic layer is linked with each other due to increasing
primary production in response to eutrophication. For the future, even if the current level of
nutrient discharges remains constant, the oxic layer depth will continue shallowing and threatens
the ecological life. For the Baltic Sea which has no permanent and stable su-oxic-anoxic layer
today may experience a similar shallowing of the oxygenated layer and formation of the
permanent anoxic conditions under present eutrophication conditions.

Key words; Modelling, Black Sea, Anoxia, Biogeochemical structure of future oceans
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1. GIRIS

Gelecekte deniz ve okyanuslardaki tabakalagsmanin yogunlasacagi, orta ve dip sularda oksijen
konsantrasyonunun azalacagi, ve bu durumun okyanuslardaki oksijensiz ortamlarin
yayginlasmasina neden olacagi ongorulmektedir (KEELING, 2010). Modern biojeokimyasal
modeller, biyolojik yapilara giren elementlerin ve oksijenin Redfield oranlari ile belirlenen
dengeleri Gzerine kurulmustur. Farkl oksidanlarin kullanimi ile anoksik sistemlerde gerceklesen
Redfield oranindan sapmalar deniz suyundaki besin tuzu miktarini, Uretimi ve dolayisiyla
okyanuslarda gergeklesen CO, emilimini etkilemektedir. Karadeniz sahip oldugu 100 nv’lik ince
bir oksik tabakanin altindaki kapali anoksik su kutlesi ile dogal bir laboratuvar o6zelligi

tasimaktadir.

Proje kapsaminda énerilen modelleme calismalari temelde deniz ve okyanuslarda oldugu
varsayilan azot ve fosfor kaynakl ylksek miktardaki otrofikasyonu engelleyen ve sinirlandiran
suregleri niteliksel ve niceliksel olarak tanimlamaylr amaclamaktadir. Bu amag¢ dogrultusunda
kullanilacak olan ekosistem modellerinin sagladigi nutrifikasyonun gegmisten bugiline sistem
Uzerindeki etkisi arastirilmis, gelecege yonelik 6ngérim calismalari yapiimistir. Sabit anoksik
sistem yapisi (6rnegin Karadeniz) ve zaman zaman anoksik kosullarin olustugu salinim gdsteren
sistemlerdeki (6rnegin Baltik Denizi) bolgesel farkliliklari da dikkate alarak bu islemleri etkileyen
reaksiyonlara bagl kontrol mekanizmalarini agiklamak amaclanmigtir. Bu sekilde oksijen
doygunluk miktari zaman igerisinde azalan okyanuslarin gelecekteki durumu hakkinda

ongorulerde bulunabilmek daha olanakli hale gelecektir.

Yukarida bahsedilen hedeflere ulasabilmek igin proje suresince gerceklestirilen calismalar

asagida ana basliklar altinda agiklanmigtir.

1.1. Tek boyutlu modelin uygulanmasi

Karadenizin gunumuzdeki kimyasal yapisi hem suboksik hem de anoksik sartlari kapsamakta ve
kuresel Olcekte ileriki yuzyillarda ortaya cikabilecek yapinin ginimuzdeki 6érnegini sunmaktadir.

Bu noktadan hareketle, proje kapsaminda Karadeniz’in biyolojik yapisi érnek alinarak kiresel
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iklim modellerinde kullanilabilecek dizeyde oksik-suboksik gecis katmanlarinda fosfat ve nitrat

dongdulerinin yapisini dogru bir sekilde acgiklayabilen bir model gelistiriimesi amacglanmistir.

1.2. Model analizleri, parametreler ile ilgili diizenlemeler, hassasiyet testleri

Karadeniz'in biyolojik yapisi ornek alinarak kuresel iklim modellerinde kullanilabilmek amaciyla
geligtirilen ve asagida detaylari ile agiklanan ekosistem modeli parameterizasyonu temel
alinarak, ROMANIELLO ve DERRY (2010a; 2010b) tarafindan gelistirilen tek boyutlu model
yardimi ile gegcmise ve gelecege ydnelik senaryolar test edilmis ve dederlendiriimistir Bu
simualasyonlarin temel hedefi Karadeniz’deki anoksik kosullarin olusumunun nedenlerini kantitatif

olarak ortaya ¢ikarmak ve Baltik Denizi ekolojik yapisi ile karsilastirmalar yapabilmekdir.

1.2.1. Gegmise yonelik analizler

Yapilan galismalar biyojeokimyasal déngtilerin ve bu dongdlerin sistemin diger fiziksel 6zellikleri
ile etkilesiminin dinya denizlerinde goérulen oksijen konsantrasyonlarindaki azalma ve
dolayisiyla canli yasam Uzerinde 6énemli roli oldugunu gostermektedir (GILBERT ve dig., 2005;
MONTEIRO ve dig., 2006). Bu bdlimde insan kaynakli etkilerin giderek artis gésterdigi son 100
yil mercek altina alinmig, 1960’li yillarla birlikte nehirlerle sisteme tagsinan besin tuzu girdisindeki
ve atmosferdeki CO, konsantrasyonundaki hizli artisin Karadeniz ekosistemi Gzerindeki etkileri

farkh senaryo uygulamalari ve simulasyonlari ile incelenmistir.

1.2.2. Gelecege yonelik analizler

“Stokiyometrik Analizler” bélimunde detayl olarak anlatildigi gibi Karadeniz’e nehir yolu ile
taginan ve asiri Uretime ve bunun sonucunda oksijen azalmasi ve anoksiyaya neden olan
yuksek besin tuzu konsantrasyonlarinin gelecekte ayni seviyede tutuldugu, azaltildigi veya

arttinldi§i durumlarda sistemde ortaya ¢ikabilecek olasi etkiler arastiriimistir.



1.3. Stokiyometrik analizler

Proje kapsaminda yapilan modelleme ¢alismalari kapsaminda Karadeniz ekosisteminin gegirmis
oldugu tarihsel slire¢ incelenmekte, model similasyonlari sonucunda nehirlerle sisteme tasinan
besin tuzu girdisinin gegen sireg icerisinde gecirdigi degisimin biyokimyasal donguler kanali ile
oksijenli tabaka Uzerindeki etkileri arastiriimaktadir. Baltik Denizi'nde henliz Karadeniz'de oldugu
gibi olgunlagmig oksijenli/oksijensiz su tabakalasmasi gézlenmiyor olsa da besin tuzu girdisinin
suboksiya olusumu Uzerinde belirlenen tetikleyici etkisi gereken 6nlemlerin alinmadigi durumda
Baltik Denizi’'ndeki suboksiyanin Karadeniz’e benzer sekilde artacag! hatta belki Karadeniz'de
oldugu gibi kalici anoksiyaya yol acabilecegi 6ngoriimustir. TUm bunlar géz énline alindiginda
Karadeniz’'in besin tuzlarinca zenginlesme slreci Baltik Denizi i¢cin emsal teskil ettiginden 6trd

proje kapsaminda 1950-2000 yillarini kapsayan Karadeniz’in sitokiyometrik analizi yapilmistir.

1.4. Veri tabaninin olusturulmasi

Proje kapsaminda kullaniimasi 6ngérilen veri tabani (SeaDataNet) ve bu veri tabanindan
Uretilen deniz ylzey sicakhgi, deniz yuzey tuzlulugu, ve besin tuzu konsantrasyonlari dagilhimi

EK 1’de verilmistir.

1.5. Bilimsel ziyaretler

Alman tarafindan Dr. Paul Kahler birlikte yartttigimuz ¢alismalar ve yazmakta oldugumuz iki
makalenin ilerleyisi hakkinda goériismek Uzere 15-20 Temmuz 2010 tarihleri arasinda ODTU-

DBE'yi ziyaret etmistir.

Agustos 2010’da Dr. Bettina Fach Salihoglu ve Dr. Barig Salihoglu IFM-GEOMAR’1 ziyaret
ederek Alman tarafiyla projenin isleyisi, yapilan ¢aligmalarin karsilikli aktariimasi ve gelecek

doénemlerin planlanmasi konusunda ¢alismalarda bulunmustur.



IntenC Projesi kapsaminda Alman taraf ile karsilikli gérismeler Alman arastirma grubundan Dr.
Paul Kahler'in 17 - 25 Nisan 2011 tarihleri arasinda ODTU, Deniz Bilimleri Enstitiisi'niin Erdemli
yerleskesini ikinci ziyareti ile hiz kazanmistir. Turk proje ekibi ve Dr. Paul Kahler, Karadeniz ve
Baltik Denizi'nde gerceklesen biyokimyasal o6zelliklerin karsilastirimasi Gzerine yapilan

calismalar ve yayinlar Gzerinde bir hafta sire ile calismalar yaratmastar.

Karsilikli bilimsel temaslar proje arastirmacilarindan Yard.Do¢.Dr. Barig Salihoglu’nun 16-18
Haziran 2011 tarihlerindeki Almanya ziyareti ile devam etmistir. Bu ziyaret esnasinda karsilikh

gelismelerin aktarildidi bir dizi toplantilar gergeklestirilmigtir.

21 Mayis — 1 Haziran 2012 tarihlerinde Ars.Gor. Ayse Gazihan Akoglu Alman tarafina ziyarette
bulunarak, kendileri tarafindan verilen ekosistem modelleme Ulzerine kursuna katiimis, final
raporu ve proje sonunda hazirlanmasi hedeflenen FP7 proposali ile ilgili gérismelerde
bulunmustur. Alman taraf ylritmekte olduklari modelleme calismalari ile ilgili olarak da egitim

vermiglerdir.

Yukarida s6zl gecgen bilimsel ziyaretlerin yanisira proje énerisinde de 6ngéruldigu tzere 2010
ve 2011 yillarinda Viyana’daki European Geosciences Union (EGU) toplantilarinin esnasinda
proje arastirmacilarindan Baris Salihoglu ile Alman tarafindan Andreas Oschlies ve Wolfgang

Koeve proje ile ilgili toplantilar gergeklestirmistir.

1.6. Sonuglarin uluslararasi dergilerde yayinlanmasi

Proje kapsaminda hazirlanan “Estimating the Formation Rates of Nitrate Deficits by
Denitrification and Anammox in the Central Baltic Sea” baslkl ilk makale veri analizi sonucu
denitrifikasyon ve anaerobik amonyum oksidasyon kaynaklh oldugu ileri strilen Baltik Denizi'nin
merkezindeki nitrat eksikligi gelisimlerini aciklama amachdir. Ozet olarak sonuclar Baltik
Denizi'nde denitrifikasyonun ylksek olmadidini, bunun sebebi olarak sularin derinlikle beraber
anoksiyaya egilimli olmasini géstermektedir. Bunun aksine, maksimum degerler strekli olarak

oksijenli olan bodlgelerde konumlanmis olup, oranlar oksijen miktariyla pozitif artig



gOstermektedir. Suyun oksik durumu nitrojen ayrimini kolaylastirmaktadir ¢linkl sadece bu
durumlarda nitrit ve nitrat uygun durumda olmaktadir. Yuksek ylzey nitrat yuklemesi oldugunda
nitrojeni ayristiran, artan biyokitlenin sedimana ¢okmesiyle derin anoksiyaya sebep vermesi
sonucunda yuksek denitrifikasyon oranlarinin ortaya c¢ikmasina neden olan negatif etki
mekanizmasi vardir. 1970 ve 1980lerdeki durgunluk ddneminde, 1990lardaki daha oksik

doneme gore daha az denitrifikasyon vardir.

Proje kapsaminda hazirlanan ikinci makale “Anoxia-Related Feedbacks in the Marine Cycles of
Nitrogen and Phosphorus: Negative or Positive?” ile Karadeniz ve Baltik Denizi'nin anoksik derin
sularindaki nitrat ve fosfatin pozitif ve negatif etki mekanizmalarinin mevcudiyeti , her iki bélge
icin de var olan kapsamli veriler ile incelenmektedir. Nitrat icin Onerilen etki mekanizmasi
denitrifikasyonla ayrisiminin ve fosfat icin onerilen reduiksif ¢6zinarlikli demir oksitlerden
serbest kalmasinin her iki denizde de olmadidi gosterilmistir. Bu sonu¢ daha 6nceden yapiimis

olan calismalarla ¢elismektedir.

Bu iki yayin calismasinin bitirildiginde uluslararasi dergilere sunulmak Uzere taslaklar EK 2’te

verilmistir.

1.7.  FP 7 Proje Onerisi Hazirlanmasi

Proje ciktilarindan biri olan Alman taraf ile birlikte hazirlanan FP 7 Proje 6nerisi EK 3'te

verilmigtir.



2. GENEL BILGILER

Kiresel 1sinma sonucunda deniz ekosistem ve sirklilasyon dinamigi Gzerinde 6énidmuzdeki
onyillarda ortaya cikmasi beklenen etkilerden biri de denizlerin atmosfer ile dogrudan
etkilesiminin  bulundugu katmanin hemen altinda yer alan su kutlelerindeki oksijen
konsantrasyonlarinin  giderek azalmasidir. Yanhzca daha sicak sularda oksijenin
¢6zunarliganan azaliyor olmasi degil ayni zamanda deniz ve okyanuslarin Ust kisimlarindaki
tabakalagsmanin artmasi ve bdylece daha derin bolgelere oksijen taginiminin azalmasinin da
etkisiyle gelecekte bazi denizlerin az oksijenli (suboksik) bazilarinin ise oksijensiz (anoksik)
duruma donUsebilecedi ve genel olarak deniz ve okyanuslardaki oksijensiz alanlarda artis
go6zlenebilecegi ongdrulmektedir (SARMIENTO ve dig., 1998; MATEAR ve dig., 2000; BOPP ve
dig., 2002; KEELING ve GARCIA, 2002; KEELING ve dig., 2010). Deniz ve okyanuslarda
sistemli olarak azalan oksijen genis 6lgekli sonuglar olusturacaktir. Cunkl karbon, azot ve
biojeokimyasal olarak énemli bir cok elementin (P, Fe, Mn, vs.) biyojeokimyasal déngtsinde
oksijen dogrudan rol almaktadir. Oksijen ayni zamanda okyanus diplerinde yasayan canlilarda
dahil olmak Uzere tim aerobik yasam icin gereklidir (FEELY ve dig., 2004; WHITNEY ve dig.,
2007).

Karadeniz dunya uzerinde bilinen en buyuk anoksik su kutlesine sahip denizlerden biridir ve
oksijenli, oksijensiz ve gegis tabakasindaki biyojeokimyasal surecler ile ilgili genel bilgi 1.
araraporda verilmistir. Nehir desarjlari ile sisteme giren yuksek miktarda besin tuzu

konsantrasyonlari ile Akdeniz havzasi igerisinde 6trofik kosullara sahip tretken bir denizdir (Sekil

1).

Karadeniz gibi anoksik tabaka igceren sistemlerde farkli oksidanlarin kullanimi ile gerceklesen
Redfield oranindan sapmalar ortamdaki besin tuzu konsantrasyonlarini, okyanuslardaki Uretimi
ve bunlarin sonucu olarak da okyanuslardaki CO, alimini etkiler. PO, in agiga ¢ikmasini
etkileyen NOj'in  oksidan olarak kullanilmasi (denitrifikasyon, anammoks) ve Fe
indirgenmesi/¢ézindrligd  ve adsorbe olmus PO,In  asadiya tasinimini  etkileyen

oksidasyon/¢cokelmesi ilgili islemlerdir.



Sekil 1. Karadeniz'in konumu, Turk Bogazlar Sistemi ile Akdenizle baglantisi ve Mart ayi
SeaWIFS yiizey klorofil dagiimi (mgm™) (OGUZ ve TUGRUL, 2009).

Karadeniz'in ginimuzdeki kimyasal yapisi hem oksik hem de anoksik sartlari kapsamakta ve
ileriki yuzyillarda diger deniz ve okyanuslarda ortaya cikabilecek yapinin gunumuzdeki 6rnegini
sunmaktadir. Bu acidan Karadeniz'deki oksik anoksik tabakalarin tarihsel olusumu Ulzerinde
yapilan arastirmalar gelecekte azalmasi 6ngorilen oksijen seviyelerine yol acan degisimler igin

referans noktasi olabilir.

Karadeniz’in oksijen konsantrasyonu yaklagik 10 yM dan az olan (O, < 10 yM), suboksik
tabakasi ile bunun daha Ustteki oksik ve daha alttaki anoksik tabakalar ile olan etkilesimleri son
30 yildaki gozlemler yardimiyla ¢ok kapsamli olarak arastiriimistir (MURRAY ve dig., 1989,
1991; TEBO, 1991; TEBO ve dig., 1991; LEWIS ve LANDING, 1991; REPETA ve SIMPSON,
1991; TUGRUL ve dig., 1992; SAYDAM ve dig., 1993; BUESSELER ve di§., 1994; MURRAY
ve dig., 1995; ROZANOV, 1996; BASTURK ve dig., 1994, 1998; KONOVALOV ve MURRAY,
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2001; OGUZ ve dig., 2000, 2001; KONOVALOV ve dig., 2003; KUYPERS et al., 2003). Sekil
2a,b den goriilebilecedi gibi Suboksik tabakasi genellikle 15.55+0.05 ve 16.15 + 0.05 kg m™
sigma-t cinsinden yogunluk araylUzeyleri arasinda bulunmaktadir. Ancak kiyisal kesimlerdeki
antisiklonik karakterli bolgelerde, bu tabaka daha ince olup baslangi¢ derinlikleri 15.80 kg m™
yogunluk katmanina kadar degisebilmektedir (Sekil 3). Suboksik tabakasinin Karadenizin son 5-
10 bin yillik transformasyonu iginde olustugu, fakat 1960 lardan sonra ortaya cikan siddetli
otrofikasyon ve buna bagh aktif organik madde cevrimi nedeni ile daha da keskinleserek bir
miktar kalinlastigi ortaya ¢ikmistir. Suboksik tabakanin altindaki anoksik tabakaya gecis bdlgesi
ise karmasik reaksiyonlarin hikim sirddgu bir katmandir. Bu tlr kompleks reaksiyonlar H,S
tabakasinin yuzeye dogru yukselmesini Onleyerek sabit bir yapinin olusmasina neden

olmaktadir.

Sekil 2. Karadeniz'in i¢ bolgelerinde gorilen tipik (a) su kolonu boyunca yodunluk degigimleri,
(b) oksijen, hidrojen sulfit, amonyak, nitrit ve sulfir konsantrasyonlari degisimleri, (c) partikil ve

¢6ziinmiis hallerdeki mangan konsantrasyonlari degisimleri (OGUZ ve dig., 2001).



Sekil 3. Karadeniz'in i¢ bolgelerinde 1969 Atlantis, 1988 Knorr ve 1991 Bilim seferlerinde gesitli
istasyonlarda olclilen ve yogunluk degisimlerine gére gosterilen oksijen ve hidrojen sulfir
konsantrasyonlari (TUGRUL ve dig. 2002).

Yukarida bahsi gegcen genel bilgiler 1siginda gergeklestirilen tek boyutlu modelin uygulanmasi,
model similasyonlari, gegcmise ve gelecege ydnelik senaryo uygulamalari ve sitokiyometrik

analizler ile ilgili genel bilgiler asagida verilmektedir.

21. Tek boyutlu modelin uygulanmasi

Karadeniz'in biyojeokimyasal yapisinin modellenmesine yoénelik ¢alismalar yaklasik son 15 yillik
bir dénemi kapsamaktadir. ik model YAKUSHEV ve NERETIN (1997) tarafindan
gerceklestiriimis ve hidrojen silfir'in oksijen ile oksidasyonu temel alinmigtir. Bu nedenle model
oksijenin bulunmadigi durumlarda dogru olarak galismamakta ve hidrojen sulfir tabakasinin
oksijen ile karsilagincaya kadar yukari dogru ylkselmesine yol agmakta veya oksijenin asagi
dogru kuvvetli bir difizyon hizi ile yayllmasini gerektirmektedir. YAKUSHEV ve NERETIN (1997)
ikinci yolu takip ederek gdézlemlere gére 10 kat daha fazla bir difiizyon hizi kullanarak (1x10° m?

s) oksijenin hidrojen siilfiir tabakasina dogru gergekgci olmayan bir sekilde hareket ettirmistir.
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YAKUSHEYV (1998), YAKUSHEYV ve dig. (2001) ve DEBOLSKAYA ve YAKUSHEV’de (2002) s6z
konusu modeli gelistirilerek mangan cevrimi eklenmis ve daha gergekgi bir duruma getiriimeye

cahsiimistir.

OGUZ ve dig. (2000, 2001) de Yakushevin yukarida anlatlan modelinde kullanilan
reaksiyonlara gore biraz daha farkli reaksiyonlar kullanarak bir model gelistirmistir. Bu modelde
nitrojen ve sulfir cevrimleri manganez katalizér reaksiyonlari kullanarak MURRAY ve dig. (1995)
de Onerildigi gibi asagidaki sekilde tanimlanmistir.

CH,0 + O, - CO; + H,0,

HS +30, + H'" -S" + H,0,

NH; 420, - NO; +2H" + H,0.,

2Mn?* + 0O, 4 2H,0 = 2MnO, + 4H".

Bu reaksiyonlara gore oksijen konsantrasyonlarinin yeterince bulundugu durumlarda partikul
organic madde, hidrojen sllfiir, amonyak ve ¢6zinmis manganez konsantrasyonlari oksijen
ile oksitlenmiglerdir. Oksijenin olmadigi durumlarda ise organik madde denitrifikasyon olayi ile

asagidaki reaksiyon sonucu pargalanmaktadir.

Oksijensiz ortamdaki diger reaksiyonlar ise manganez gevrimi Uzerinden olusturulmustur.

Buna gore, ¢dziinmiis manganez (Mn®*) nitrat (NO3) ile reaksiyona girerek manganez
partikdllerini (MnO,) olusturmaktadir. Bu partiklller ise ¢dkerken araylzeyin hemen altindaki
amonyak ve hidrojen siilfiiri oksitleyerek nitrojen gazi (N,), ¢éziinmiis manganez (Mn?*) ve
elemental sulfur (S ) agiga ¢ikmasina sebep olmaktadir. Nitrojen gazi atmosphere yayilarak
ortamdan uzaklasirken, sdlfirin bir kismi bakteriler tarafindan tekrar hidrojen siilfire
donismekte, Mn* ise nitratin oksitlenmesinde kullaniimaktadir. Séz konusu modelin
kurgulanmasina iliskin detaylar OGUZ ve dig. (2001) de kapsamli bir bicimde anlatildidi igin
burada daha fazla detaya giriimeyecektir. Denklem setlerinde t zaman, z dikey koordinat

degiskenlerini gostermekte, 0 ise tlrev operatérini tanimlamaktadir.
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Yukarida anlatilan reaksiyonlar agagida verilen reaksiyon fonksiyonlari ile tanimlanarak model
denklemleri haline donustirdlmuslerdir. Denklemlerin sag taraflarindaki ilk terimler dikey
yondeki difizyon olayinin, diger terimler ise biyojeokimyasal reaksiyonlarin gosterimleridir.
S6z konusu model, olduk¢a basitlestiriimis ve sadece en dnemli reaksiyonlar géz 6nline
alinmis olmasina ragmen oldukg¢a basarili bir performans sergilemis ve Karadeniz’'in oksik-
anoksik tabakalar arasindaki yapisini gercekgci bir bicimde simile etmistir (Sekil 4). Buradaki
basitlestirme yaklasiminin temel nedeni bu tir proseslerin kabul edilebilir gercekgilik sinirlari

icinde U¢ boyutlu modellerde kullanilabilmesidir.

Ry = k1 fo(02)[0:].

R, = k>[HS J[O:].

Ry = k;[NHI][O,].

R, = k,[Mn>*][0,].
Rs = ksf4(0,)[NO3 ],
Rs = ko[NO3 ][Mn?"].
R; = k;[NHi][MnO;].
Rs = ks[HS J[MnO;],
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Sekil 4. OGUZ ve dig. (2001) tarafindan yapilan model simiilasyonlarindan elde edilen

suboksik-anoksik araylzey tabakasi yapisina bir 6rnek.

2.2. Model analizleri, parametreler ile ilgili diizenlemeler, hassasiyet testleri

Son 50 yil boyunca insan aktiviteleri besin tuzlarinin deniz ekosistemlerine gegisini oldukga
arttirmigtir. YUksek miktarda besin tuzunun denizlere desarji sonucunda artan algal dretimi
kiresel olarak anoksik ve hipoksik alanlarin sayisindaki artigi beraberinde getirmektedir (DIAZ
ve ROSENBERG, 2008). Bu olusumlardan birgodu daha fazla algal tretime neden olan besin
tuzu girdisindeki artisin direkt sonucu olarak kendini géstermektedir (HOWARTH ve dig., 2011).
Karadenizde de son elli yilda etkisini gdsteren besin tuzu girdisindeki artisin bu zaman
surecinde ekosistem Uzerindeki etkisini anlamak gelecekte durumun nasil ilerleyecegini
anlayarak oOnlemler gelistirmek acisindan buyuk Onem tasimaktadir. Proje amaglari
dogrutusunda 6nceki bdlimdeki genel bilgiler 1siginda Karadeniz’'deki fiziksel, kimyasal ve
biyolojik slirecleri atmosfer, sediment, tath su girdileri ve bogaz ile etkilesimlerini de géz éniinde

bulundurarak simiile eden ROMANIELLO ve DERRY (2010) tarafindan gelistirilen tek boyutlu
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model, gectigimiz yluzyila ve gelecek yuzyila yonelik senaryo uygulamalari gergeklestirmek

Uzere kullaniimistir.

1960-2005 yillari arasinda Karadeniz'in oksijen ve hidrojen silfir konsantrasyonlarindaki
degisimler Sekil 5'te gériilmektedir (OGUZ, 2005). 1950'li yillardan itibaren artan sanayilesme ve
gubre kullanimi ile nehir yoluyla Karadeniz ekosistemine tasinan besin tuzundaki ve
atmosferdeki CO, miktarindaki artisin sirkilasyon, biyokimyasal reaksiyonlar, atmosfer-deniz
etkilesimleri, sedimentle iligkiler vb. gibi cok sayida bilesenden olusan bir mekanizma isleyisi
sonucunda Karadeniz ekosisteminde oksik/anoksik tabakalasma Uzerinde nasil bir etkiye sahip

oldugunu incelemek i¢in gecmise ve geleceger yonelik senaryo uygulamalari yapilmistir.

Sekil 5. CozUnmUs oksijen ve hidrojen sulflr konsantrasyonlarinin (uM) yogunluga (kg/m®) bagl
olarak degisimi (OGUZ, 2005).

2.3. Stokiyometrik analizler

Yer yuzundeki karasal alanlarin kullanimi 20. yizyilda belirgin bir sekilde degisim gegirmigtir. Bu
degisimlerin deniz ekosistemleri Gzerindeki en belirgin etkilerinden biri deniz ortamina desarj

edilen azot, fosfor ve silikat miktarlarindaki degisimler olmustur. Bazi istisnalar disinda sucul
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ekosistemlerdeki birincil Uretim fosfor ya da azot ile sinirlanmaktadir (QUAN ve FALKOWSKI,
2009). istanbul Bogazi kanaliyla gerceklesen sinirli su degisimi ve Karadeniz'deki karakteristik
sabit piknoklin tabakasinin verligi yliksek miktardaki besin tuzu girdisinin yluzeydeki 100 m’lik
tabakada birikmesine neden olmaktadir. Karadeniz'deki biyokimyasal donguleri ve bu dongulerin
diger faktorlerle etkilesimini anlayabilmek icin Karadeniz’in ve Karadeniz'e desarj olan fosfor ve

azot’'un sitokiyometrik analizi 5Gnem tagimaktadir.
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3. GEREG VE YONTEM

3.1. Tek boyutlu modelin uygulanmasi

Bir onceki bolimde anlatilan model yapisinin 1s1§1 altinda gelistirilen 1 mekan boyutlu
biyojeokimyasal model asagidaki gibi bir adveksiyon-difizyon genel denklemi ile

tanimlanabilir:

Burada t zaman, z dikey eksendeki degisimleri, o ise tlrev operatorini goéstermektedir. F
biyojeokimyasal modelin dediskenlerini, K, rizgar ve yogunluk degisimleri ile ortaya c¢ikan
turbllans hareketlerini ifade eden dikey difiizyon katsayisini, v, turbuilansin olmadigi
durumlardaki difizyon katsayisini, w dikey yondeki adveksiyon hareketi hizini, w, partikiil
maddenin su kolonu igindeki dusis hizini, R(F) ise her degisken icin toplam biyojeokimyasal

olaylari sembolize etmektedir.

Bir numarali denklem ile ifade edilen biyojeokimyasal model Princeton Ocean Model (POM)
un bir boyutlu versiyonu olup 1996 yilindan beri kullaniimakta olan fiziksel model (OGUZ ve
dig. 1996) ile beraber calistirimaktadir. Bu model verilen hidro-meteorolojik kosullar altinda
ortaya cikan akintilar ile 2.5 dereceden Mellor-Yamada parameterizasyonu kullanarak
difizyon katsayisini hesaplamaktadir. v, nin dikey yapisi ise eldeki mevcut gézlemlerden

yardimiyle ampirik olarak tanimlanmistir.

Toplam 17 tane degigskenden olusan biyojeokimyasal model tim su kolonunun
biyojeokimyasal yapisini modelleyebilmektedir. Yuzeye yakin en Ustteki yaklagik 40-50 metre
kalinhgindaki Ufotik tabakadaki biyolojik olaylari simile etmek icin Sekil 6’daki toplam 7
kompartmandan olusan besin agi sistemi kullanilmistir. Burada, fitoplanktonlar diatom (P,) ve

flagelatlar (Ps) olmak Uzere iki grup altinda toplanmistir. Bunlara ek olarak bakteriler (B) ayri
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bir grup halinde, zooplanktonlar blyik (mesozooplankton, Z)) ve kiguk (microzooplankton, Z;)
gruplar olarak iki kategoride tanimlanmistir. Ayrica, firsatgl bir tir olan ve Karadeniz
ekosisteminde c¢ok yaygin olarak bulunan Noctiloca scintillans (Z,) ile jelimsi organizmalar

(Zm) da iki ayri grup olarak modele eklenmiglerdir

3.1.1. Besin ag1 modiilu

Sekil 6’da sematik olarak gosterildigi gibi, her iki fitoplankton grubu besin olarak her iki
zooplankton grubunu ve Noctiluca'y farkh yizdeler ile desteklemektedir. Noctiluca bakteriler,
zooplanktonlar, ve detritus (cansiz organik maddeler) Uzerinden de belli oranlarda
beslenmektedir. Blylk zooplanktonlar, fitoplanktonlara ek olarak, kuglk zooplanktonlar ve
detrituslari yerlerken, bakteriler genellikle kiiglk zooplanktonlar Gzerinden beslenmektedir.
Jelimsi organizmalar ise hem blylk hem kiglk zooplankton gruplarini besin olarak
kullanmaktadirlar. Bakteriler ise partikil ve ¢dzlinmis haldeki organik maddeler Gzerinden

beslenmektedir.

R(P;)=(1-x)o,®P; — G (Pf)Zs (2a)
~Gi(P)Z; — Go(Pf)Z, — A Pyf?

R(Pq) = (1 = x)oq®Pq— Gs(Pa)Zs (2b)
~GI(P)Z) — Gp(Py)Z 0 — APy’

R(Z,) = vs[Gs (P + Gs(Py) + G4(D) (2¢)

+G(B)Zs — [GI(Z:) 21 + Gr(Z4) 2,
+Gn(Z)Z0) — psZs — A Z s

R(Z) = nlGi(Pf) + Gi(Pa) + Gi(D) + Gi(Z5) (2d)
+G1(Zn)]2f - Gm(zr’)zm — s — NZ

:IR(Z.'I) = .\.'JII[GH(Z.‘,‘) + (;n(-[)f) + GH(PH') (20)
+G11(D)]Zn - G'II(ZH)Z.' - ,UnZn - /\nZn
:‘R(Zm) = Afm[Gm(Za) + G!H(Zf}]zlﬂ (2f)

—Hm Zm — AmZm

R(B) = [Gy(DON)+Gy(D)|B=G(B)Zs—psB. (2g)
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Sekil 6. Biyojeokimyasal modelin besi agindaki av-avci iligkilerini tanimlayan etkilesimler.

(2a) ve (2b) denklemlerindeki fitoplankton biyokitle blylimesi (sag taraflardaki ilk terimler),
sabit bir buyume katsayisinin blyumeyi sinirlayan ve (3a) denklemi ile gosterilen bir
fonksiyonun carpimi ile ifade edilmektedir. Bu fonksiyon isik yetersizligi [a(/)] (denklem 3b, 3g)
ile besintuzu yetersizligi B(NO;, NH,) (denklem 3c) kosullarindan en sinirlayici olanini
(denklem 3a) bluyumeyi sinirlayici etken olarak kabul etmektedir. Denklem (3d) ile tanimlanan
sicaklik degisimleri [f(T)] de ek bir sinirlayici etken durumundadir. (3g) denklemi i1s1gin dikey
yondeki yayilim siddetinin suyun kendisi ve igindeki aski yukler tarafindan sinirlanmasini ifade
etmektedir. Isik sinirlamasi tanh fonksiyonu (3b), besin tuzu sinirlamasi ise nitrat ve amonyak

konsantrasyonlari cinsinden hiperbolik fonksiyonlar (3e, 3f) ile tarif edilmektedir.
® = min[a(l), B(NOs, NH) f(T) (3a)
a(I) = tanhlal(z,t)] (3b)
By(NO3, NH,) = B,(NO3) + B.(NHy) (3¢)

f(YT) _ 622'(1}‘7‘_’(})/1() (3(1)

.’j“ (.\'()g) = [:\‘r();;/(lfn -+ ;\‘-();;”(‘JI']J(—L-‘:J .‘\" [{1) (d(')

Bo(NHy) = NH,/(R, + NHy) (3f)
a;p;
L) = rifi(T) 5=~ 31
CI(U",) ' f( )RngZn(lu@n ( l)
Gm(@"‘_} ) = "'m(”fm(T)—fifJ_ﬂ (31)
n @n¥Pn
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Beslenme (ingestion), avlanma (predation), 6lum (mortality) ve fizyolojik kayiplar (excretion)
zooplankton denklemlerini (2c-2f) tarif eden olaylar zinciridir. Beslenme (2c)-(2e)
denklemlerinde koseli parantezlerin icindeki terimleri ile gosterilmigtir. (2c) deki ikinci kosel
parantez ile (2d) ve (2e) deki eksi isaretli terimler s6z konusu gruplarin daha buyudk
zooplankton gruplari tarafindan yenmesini gostermektedir. En son iki terim ise fizyolojik
nedenler ve yaglanma ile olusan biyokutle kayiplaridir. (3h) denkleminde verilen beslenme
yoluyla buyime sabit bir blylime orani (r;)’nin hem sicaklik hem de mevcut avlarin miktarina
bagli hiperbolik bir fonsiyon ile sinirlanmasi ile tarif edilmektedir. Bu sinirlamayi kontrol eden
parametre ise saturasyon’un yarilanma katsayisi (R; half saturation constant) dir. Jelimsi
hayvanlar igin ise hiperbolik beslenme fonksiyonu saturasyona bagli olmaksizin linear olarak
artabilen bir fonksiyon ile tanimlanmistir (denklem 3i). Bu nedenle, jelimsi hayvanlar herhangi
bir doyuma ulasmadan avlarin toplam biyokitlesine bagl olarak lineer olarak surekli
buyuyebilmektedir. Modelde bakteri populasyonlarinin bayimesi partikll ve ¢ézinmus haldeki

nitrojen konsantrasyonlarina bagl olarak ifade edilmistir (denklem 2g).

3.1.2. Nitrojen ¢evrimi modiilii

Nitrojen cevrimi partikul halindeki pargalanabilir (labile) organik nitrojen (D), ¢6zinmus haldeki
organik nitrojen (DON), ¢6zinmus haldeki inorganik nitrojen fraksiyonlari; nitrate (NOj), nitrite
(NO,) ve amonyak (NH,) olmak Gzere 5 kompartmandan olugmaktadir. Besin agi ve nitrojen
cevrim modullerin arasindaki bagintinin sematik gérunimi Sekil 7'de gosteriimektedir.
Pargalanabilir haldeki partikil maddeler denklem (4a) da ifade edildigi gibi zooplanktonlarin
blnyesinde assimile olmayan besinler ve oOlumler ile ortaya c¢ikan organik maddelerden
olusmaktadir. Bunlarin pargcalanmasi esnasinda bir kismi DON haline, bir kismi da NH, haline
doénusmektedir (denklem 4b, 4c). Zooplankton gruplarinin NH, formundaki bazi fizyolojik
kayiplari (excretion) ile fitoplankton blylimesinin temel tasi olan birincil Uretim safhasinda
sistemde kullaniimayan %5-10 luk bir kisim (exudation) da NH, ¢cevrimine katki saglamaktadir
(denklem 4c). iki basamakli nitrojen gevriminde 6ncelikle NH, den NO, formuna (denklem 4d),

daha sonra da NO, den NO; formuna olan dénusum gerceklesmektedir (denklem 4e).
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Biyolojik
Model
Oliim
Sindirim

[ Bosaltim ]

Eemineralizasyon ’—D»

Nitrojen Dénglisii

Sekil 7. Besin agi ve nitrojen gevrim modullerin arasindaki bagintinin sematik gérdnuma

Detritus partikullerin dikey disme hizlari hiperbolik bir fonksiyon olarak konsatrasyonlara bagli
olarak degisim gdstermektedir (denklem 5). Buna gbére, yuksek konsantrasyonlarda
partikillerin bir araya toplanmasi nedeniyle (aggregation) daha yiksek hizlar ortaya
cikmaktadir. Ote yandan, organic maddelerin pargalanma hizi, denklem (6) da gésterildigi
gibi, azalan oksijen konsantrasyonlarina bagl olarak azalmaktadir. Oksijenin ¢ok az
miktarlarda bulundugu sartlarda ise (6rnegin 3 uM) organik madde pargalanma orani denklem

(7) deki gibi ifade edien denitrifikasyon olayi ile gosterilmistir.

(2) b
w, Z [d e
E\e) = T H,,+DJ (9)
fo(0s) = —22 for 0> > 3uM
JnllU2) = Oy + R - or Uy 2 3uM, (6)
Ko

(Oy) = - or ) < (7

Ja(O2) L\.” 0y } for O, <3uM, (7)
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3.1.3. Oksik-anoksik reaksiyonlari modiilii

Bir o6nceki boélimde anlatilan suboksik tabaka ile suboksik-anoksik tabakalarin gegis
bdlgesindeki oksidasyon-redaksiyon olaylari baz alinarak gelistirilien denklem setleri (13a)-
(13e) de verilmektedir. Bu denklemlerde ¢ézinmus oksijen (O;), hidrojen sulfur (H,S), reaktif
stlfir (S°), ¢dziinmiis ve partikiil halindeki manganez konsantrasyonlari (Mn, MnO;) temel
degigkenler olarak ele alinmigtir. (13a) denklemi, atmosferik girdinin yanisira, fotosentez
yoluyla su kolonu iginde olusan oksijen Uretimi detrituslarin pargalanmasi, amonyum uretimi,
ve nitrifikasyon olayl ile hidrojen silfir ve partikiler manganezin oksidasyonlarinda
kullanimini ifade etmektedir. (13b) ye goére hidrojen sulfir modele konu olan su kolonuna
asagidan diflizyon yolu ile girmekte ve hem oksijen hem de partikiler manganez ile
oksitlenmektedir. Bu olaylar sonucu olusan elemental sulfir konsantrasyonlarinin degisimi ise
(13c) denklemi ile ifade edilmektedir. Modelin bu versiyonu slflir redaksiyonu sonucu olusan
hidrojen sulfur dretimini g6z 6nlune almamaktadir. Fakat bu kaynak, derin sulardan
desteklenen H,S konsantrasyonlarina gore ihmal edilebilecek diizeydedir. Manganez ¢evrimi
ile ilgili reaksiyonlar (13d) ve (13e) denklemleri ile tanimlanmistir. Derin sulardan anoksik
gecis tabakasina yukselen ¢dézinmis manganez nitrat ve oksijen ile etkileserek partikiler
manganez Uretimine yol agmaktadir. Uretilen partikiiler manganez ise amonyak ile H,S in

oksitlenmesinde kullanilarak bunlarin tiketilmesine yol agmaktadir.
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3.1.4. Sinir sartlan

Modelin alt siniri yaklasik olarak surekli piknoklin tabasi sinirina karsilik gelen 150 metre
derinliginde kabul edilmistir. Burada HN,4, H,S, Mn hari¢ tim model degiskenlerinin akilari sifir

kabul edilmistir. En genel formunda s6z konusu sinir sarti
9F

[t!\':. + vy) ({:‘f w =0 at z=0, —hy. (14)
oz

bagintisi ile tarif edilmektedir. Oksijen denklemi icin su ylizeyinden oksijen girdisi

A0y
Jz

{(]\'h + vp) } =V, [05" - 0s(z = 0)]. (15)
==0

sat

ifadesi ile tanimlanmigtir. Burada V, ylzeyden oksijen giris hizi ve O, ise saturasyon

konsantrasyon degeridir.
3.1.5. Sayisal teknikler

150 metre kilinligindaki su kolonu 3 metre araliklarla siralanmis (Az) 50 tane ¢6zUm tabakasi
ile gosterilmigtir. Diferansiyel denklemlerin zaman integrasyonu igin 5 dakikalik bir zaman
araligi (At) kabul edilmigtir. Deklemler nimeri stabilite sartlari bakimindan zamana bagh
olmayan bir yontem kullanarak ¢ézuilmastir. Zaman integrasyonunda “Leapfrog” yontemi
kullanilmis ve her integrasyondan sonra Aselin filtresi uygulanarak ¢ézim kararli bir halde

tutulmustur.

Biyolojik model, ilk sart olarak su kolonunda sabit NO; (=3.5 pM) ve NH; (=0.5 pyM)
konsantrasyon degerleri ile oksijen icin ilk 100 metrede 15 uM daha derinlerde sifir degerleri
verilmistir. Diger tim model degiskenlerinin ilk sart degerleri ¢ok kugik sayilar ile ifade
edilmiglerdir. Bu sartlar model icin integrasyona bagslamadan once belirli bir biyojeokimyasal
yapinin belirlenmemis oldugu goéstermektedir. Bunun yerine, model kendi dinamigi iginde
gozlemlere uygun yapiy! uretmesi beklenmektedir. Yani Karadeniz ekosisteminin yapisini
dogru bir sekilde Uretebilecek denklem kurgusuna sahip bir model ilk sartlara bagh olmaksizin

gercekci yapiyl ortaya koyabilecektir. Model denklemleri kararli ¢ozimler elde edilinceye
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kadar entegre edilmistir. Genellikle ilk sartlarin yarattigi kararsizliklar ilk 2 yil icinde
kaybolmus, model Uglnch yilinda normal sartlara ulasmis ve doérdinci yildan itibaren
¢ozimlerde herhangi bir degisme go6zlenmemistir. Proje kapsamindaki gosterilecek tim

¢6zimler, modelin dérdinci veya besinci yilina karsilik gelmektedir.

Modelde kullanilan parametrelerin bazilari gézlemlerden, bazilari ise daha 6nce kullanilan
benzer model ¢alismalarindan elde edilmislerdir. Modelden gézlemlere uyumlu sonuglar elde
edilebilmesinin en 6nemli sarti ¢cok sayidaki parametrenin birbirine uyumlu bir sekilde
tanimlanmasidir. Bunun i¢cin ¢ok miktarda uyumluluk (sensitivity) testleri yapmak
gerekmektedir. Bu testlerin sonucunda saptanan parameter degerleri Tablo 1-3 de

verilmektedir.

3.2. Model analizleri, parametreler ile ilgili diizenlemeler, hassasiyet testleri

Tek boyutlu biyokimyasal model, birincil Gretimi, atmosferik gaz aligverigini, ¢ézinmis ve
partikil organik madde salinimini ve remineralizasyonu, kemoototrofik reaksiyonlari ve bentik
islemleri simule etmektedir. Model su anki hali ile 5 islevsel mikrobiyal grup (genel heterotroflar,
amonyum okside edenler, nitrit okside edenler ve anaerobik amonyum okside edenler), iki
fitoplankton sinifini (nitrojen fikse eden ve konvensiyonel), fosfor, nitrat, nitrit, amonyak, partikul
organik madde (POM), kararsiz ve yari kararli ¢dzinmus organik madde (DOM), ¢6zinmus
oksijen, ¢6zinmus nitrojen gazi, toplam ¢6zinmus inorganik karbon (DIC), sulfat ve siilfit
bilesenlerini kullanarak simulasyon yapmaktadir. Ayrica potansiyel sicaklik, tuzluluk, CFC-11 ve
bazi radyokarbonlar gibi taginim alanlarini dogrulamak igin kullanilabilecek parametreleri simtle
etmektedir. Bu model ana piknoklin tabakasinda 1 m’ye ve daha derinlerde 300 metrelere ulasan
dikey 183 tabaka icermektedir (Sekil 8). Modeldeki Karadeniz su butgesine dair degerler igin
OZSOY ve UNLUATA (1997), profiller igin IVANOV ve SAMODUROV (2001) referans alinmistir.
Sonuglarin  gecerliligi  similasyon sonuglarinin  gézlem sonuglari ile karsilastiriimasi ile
dogrulanmistir (ROMANIELLO ve DERRY, 2010).
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Sekil 8. Karadeniz'i simlle etmek icin kullanilan iki uglu akis modelinin sematik gdsterimi. Dip
tabakalarin ventilasyonu iki tabakanin derinlige bagl karisim oranina goére karisimi ile olur.
Kesikli gizgili kutular o tabakalarin modeldeki sabit depolanma yerleri olmadigini gostermektedir.
Entrained su hizli bir sekilde bogazdan gelen su ile karigir ve derin tabakalara katiimaktadir
(ROMANIELLO ve DERRY, 2010).

SimUlasyon iglemi iki kisimdan olusmaktadir. Oncelikle model 10.000 yila entegre edilir ve
preantropojenik sinir kosullar kullanilarak modelin kararli duruma ge¢cmesi saglanir. Daha sonra
1700-2000 yillar arasina denk gelecek sekilde 300 yillik bir integrasyon daha yapilir. Bu son
300 yilda atmosferik CO, konsantrasyonundaki degisim sistem Uzerinde etkin olarak
uygulanmaktadir. Deniz ortamina nehir yolu ile giren besin tuzu konsantrasyonu da modelde

kullanilan bir diger 6nemli dis faktérdar.

3.2.1. Modelin kalibrasyonu

23



Model sonuglarinin dogrulugu ROMANIELLO ve DERRY (2010) tarafindan similasyon
sonuglarinin gergcek gozlem dedgerleri ile karsilastiriimasi ile test edimistir (Sekil 9).
Paleoseanografik verilerle galigip binlerce yil sonra 2000 yilinda Sekil 3’de goruldugu gibi
gbzlem degerlerine bu derece yakin sonuglar elde edilmesi modelin ge¢gen zaman igerisindeki

surecleri degerlendirmesine olan guveni arttirmaktadir.

Sicaklik (°C ) Tuzluluk (PSU)  CFC-12 (pM) A'C (%o)
0 ‘ 0 0
E
x 1000 1000 1000 1000
(=
3
2000 2000 2000 2000
0 10 20 15 20 25 0 2 4 200 0 200
O2 (uM) NO:,} (uM) NO'2 (uM) DOC (uM C)
0 0 0 0
< 100 100 100 100
£ :
a 200 200 200 200
0 200 400 0 5 10 0 05 1 100 200 300
DIC (uM) NH; (uM) POJ (uM) H,S (uM)
0 0 0 0
E
x 1000 1000 1000 1000
| =
3
2000 2000 2000 2000

2500 3500 4500 0 100 200 0 5 10 0 200 400

Sekil 9. Simulasyon sonuglarinin (koyu ¢izgi) goézlem sonuglari ile (gri noktalar) karsilagtiriimasi
(ROMANIELLO ve DERRY, 2010).

3.2.2. Modelin Biyokimyasal Yapisi

Model 5 mikrobiyal grup (genel heterotroflar, amonyum okside edenler, nitrit okside edenler ve
anaerobik amonyum okside edenler), iki fitoplankton sinifi (nitrojen fikse eden ve
konvensiyonel), fosfor, nitrat, nitrit, amonyak, partikil organik madde (POM), kararsiz ve yari
kararli ¢6zinmus organik madde (DOM), ¢6zinmus oksijen, ¢ézinmus nitrojen gazi, toplam
¢6zinmus inorganik karbon (DIC), sulfat ve siilfit bilesenlerini durum degiskenleri olarak
icermektedir. Bunlarin yanisira biojeokimyasal moduldeki ana iglemler birincil Gretim, atmosferik

gaz alisverisi, ¢6zlinmUs ve partikil organik madde tasinimi ve remineralizasyon, kemoototrofik
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raksiyonlar ve bentik islemlerden olusmakta olup icerdigi 183 dikey tabakanin her birinde bu
islemleri simule etmektedir. Bu islemler atmosfer ve sediman ile iligkileri agiklamasi, ve sistemin
kendi igindeki iligkiler hakkinda bilgi vermesi nedeniyle oldukga dnem tagsimaktadir ve ilerleyen
bdlimlerde detayli bir sekilde anlatilacaktir. Biojeokimyasal modulin yapisi Sekil 10°da detaylari

ile gOsterilmistir.

Sekil 10. Modelin biyojeokimyasal yapisi

3.2.2.1. Yuzeydeki gaz alig-verisi

Sekil 11. Yizeydeki gaz aligverisinin sematik gosterimi
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Yiizeydeki gaz degisimi alkaliniteye (ALK-peq kg™') ve deniz yiizey suyunda ¢dziinmiis inorganik
karbon (DIC) konsantrasyonlarina bagli olarak dedismektedir (Sekil 11). Bu islem asagidaki gibi

formule edilmigtir.

K (2[pIC] - [ALK])?

[H2C0s *] = K, [ALK] — [DIC]

Formdildeki K; ve K,, belirlenen ylzey sicakhgl ve tuzluluunun bir fonksiyonu olarak birinci ve
ikinci karbonik asit ¢ozinlrlik sabitleridir (MILLERO, 1995).

3.2.2.2. Birincil liretim ve lireticiler

Sekil 12. Birincil Gretim dinamiklerinin sematik gosterimi

Fitoplankton (PP) ve azot fikse edenler (NF) birincil Gretim iglemlerini temsil eden ve fosfor ve
azot Uzerinden ureyen iki fitoplankton grubudir (TYRRELL , 1999) (Sekil 12). Bu islemler
modelde asagidaki gibi formile edilmigtir.

OPP . PO;~ - _

“or = ppp - MIN m:f(]voz ,NO, ,NHI)
-PP —m- PP
ONF PO;~

5 = M (sst) - - NF —m - NF

PO?[ + Kp
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Formiilde Ypp Ve Ung maksimum blyUme oranlaridir. pyne azot fikse eden grubun sicakliga bagh
biyime sabitidir. Bu grubun buyumesi ortamdaki fosfat varligi ile sinirlandiriimaktadir. Diger
fitoplankton grubunun pep blylme orani fosfat ve azot bilesiklerinin géreceli az olani tarafindan
belirlenmektedir. Her iki fitoplankton grubu icin sinirlayici besin tuzlarinin blyimeye olan etki
seviyesi Michaelis-Menten tipi bir fonksiyon kullanilarak tanimlanmistir. TYRELL (1999)
tarafindan fitoplankton icin dnerilen sinirlayici besin tuzu ifadesi NO, ve NH4'U icerecek sekilde
modelde asagidaki gibi genisletilmistir (GRUBER ve dig., 2006; PARKER, 1993):

Formilde sadece NOj yerine NO; ve NO, toplami kullaniimistir. Fitoplanktonun NO3’U biyomasa
cevirmeden once indirgemesi gerektigi icin inhibe edici terim olarak NH,Un tercih edildigi
varsayilmistir. Fosfor sinirlamasi monod tipi fonksiyon da igeren Liebig minimum kuralina gore

tanimlanmistir.

Buradaki POsmin varolan konsantrasyon ve K, fosfor ile sinirli blydme igin yari doygunluk

sabitidir. Birincil Ureticiler Uzerindeki otlanma baskisi Ureticilerin 6lum katsayisi olarak

parametirize edilmistir.
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3.2.2.3. Parcgacik taginimi ve hidroliz

Sekil 13. Pargacik tasinimi dinamiklerinin sematik gésterimi

Parcacik tasinimi EPPLEY ve PETERSON (1979)’in verileri ile uyumlu deneysel doygunluk
iliskisi ile birincil Gretime (NPP) iliskilidir (Sekil 13), sigmoid fonksiyonu kullaniimistir.

NPP?
NPP? +92.82

fExport =0.5

buradaki NPP, birimi gCm™ yr" olan net birincil Gretim miktaridir. Tasinan organik madde
sediment yilzeyi ile alinmis ya da derinlerde ¢6zlinmis organik maddeye gevirilmistir.
Cokelmekte olan parcaciklarin hidroliz nedeni ile derinlige bagh olarak zayiflamasi da asagidaki

gibi formule edilmigstir.

7 (Z+ (100 — Zppi )\ "
l:“POM — FPOM : 100

Buradaki Fpoy, kati organik maddenin (POM) Z derinligindeki akisi, F2™ o om, POM’Un karisim
tabakasinin tabanindaki akisi ve Z,x ise karisim tabakasinin taban derinligidir. Export Gretimin
sediman yulzeyi tarafindan alinan kismi, pargacik tasiniminin derinlikle zayiflamasinin ve basen

yuksekliginin bir fonksiyonudur;
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Z
2 dSA
From = / Fpom (2) -d—dz
7, Z

Formuldeki Fpon %%, POM'un sediment ylzeyine tasinimi; dSA/dz, basenin kesitsel alaninin

derinlige bagli olarak tirevi; Z, ve Z, ise rezervuarin Ust ve alt derinlikleridir.

3.2.2.4. Bentik submodiil

Sekil 14. Bentik submodulinin sematik gosterimi

Nitrifikasyon ve denitrifikasyondan gelen denitrifikasyon kismini belirleyebilmek i¢in bentik kati

organik azotun (PON) remineralize olan kismi asagidaki formul ile hesaplanmistir.

106

Rl = 1-CBE - 5
¢ 16 ' C /‘VBHHH!

Formdaldeki "C/N Burial" sedimana gegen C/N orani olup 10 olarak kabul edilmektedir (HEDGES
ve dig., 1999). Nitrata okside olan sedimandaki remineralize olmus azot miktari (fox') asagidaki

gibi simule edilmistir (Sekil 14).

29



o)
0: + Ko, + ko, - (1-CBE) - Forg

N
fO)( -

Buradaki (1-CBE).Fcog toplam remineralizayon oranidir. Tahmin edilen nitrifikasyon eger

denitrifikasyondan az ise denitrife olan azotun bir kismi (foi) su kolonuna geciyor olmalidir. Bu

kisim asagidaki formule gore sinirlandiriimistir.

NO;
NO;3 + min(Kyo, + kyo, - (1 = CBE) - Fyyg,0)

N
Toig =

3.2.2.5. Remineralizasyon ve mikrobiyal heterotroflar

Sekil 15. Remineralizasyon dinamiklerinin sematik gosterimi

Heterotrofik bakterilerin blylme orani her bir oksidanta bagli olaran gergeklestirilen

remineralizasyon sonucu ortaya ¢ikan oksidant konsatrasyonu cinsinden belirlenir:

OHetr B (Hetr
8t On = Hox etr

Formuldeki pox blylme orani olup kullanilan oksidasyonlarin sinirlayici etkilerini gosteren
Michaelis-Menten tipi fonksiyonlarin ¢carpimli seklinde ifade edilmektedir. Asagidaki ifadelerde

denitrifikasyon (pno3) O2 konsantrasyonu inhibe edici kosul olarak tanimlanmigstir. Benzer sekilde
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NOs’Un varhigi uNO; igin, NO, ve NO3'lin varligi uSO, icin sirlayici kosullar olarak tanimlanmistir

(Sekil 15).
B LDOM (@)
Mo, = Hmax,0, LDOM + KS,03 02 _|_K02
LDOM NO3
= I . N
HNO; Hmax NO; LDOM + KS.NO3 NO_}_ + KNO3
_ ( Kn 0, )
O, +Kn 0,
B LDOM NO;
HNO; = Hmax,NO; LDOM + K NO; NOQ_ + KNO;
. K vo; _ ( Kn.o0, ) (
NOj + Kp .o, 0> +Kno,
B LDOM Now
Hsoi = Hmaxsoi~ " | 7 DOM + Ky 07 SO~ + Ksor-

_ K3 nvo; _ K3 nvo;
NO; + K3 vo, NO; + Kp o,
_ ( K30, )
0> + K30,

Son olarak, tum heterotroflarin buyime orani asagidaki formdl ile verilmigtir.

3.2.2.6. inorganik siilfiir oksidasyonu
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Sekil 16. inorganik silfiir oksidasyonu dinamiklerinin sematik gdsterimi

Su kolonunda ve sedimandaki sulftr heterotrofik sulflr indirgenmesi ile olusur. Sulfirin yeniden

oksidasyonu 2 inorganik yolla olur (Sekil 16). Birincisi, molekiiler oksijen ile oksidasyondur;

H,S + 20, — 2H" + SOEf

OH>S
ot

= _kHQS . HQS . 02

ikincisi ise thiodenitrifikasyondur (KONOVALOV ve dig., 2006);

5H,S + 8NOj + — 4N + 5503~ + 4H,0 + 2H*

OH,S
ot

= _ngS -H>S - NO;

3.2.2.7. Nitrifikasyon

Sekil 17. Nitrifikasyon déngUstnin sematik gésterimi
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Nitrifikasyon reaksiyonlarin kinetikleri nitratlagtiran organizmalarin buyume oranlari ile kontrol
edilir. KOCH ve dig. (2000) tarafindan gelistirilen ¢ift monod blyime modeli oksijenli ve
oksijensiz ortamlarda yasayan azot okside eden bakterilerin blylumelerini simule etmek Uzere

kullaniimistir (Sekil 17).

0AOB O, NH‘:r
a HAOB - KA0B 0 KAOB o NET
o)) + 2 NH, + 4
- AOB — mortality

ONOB x O, NO3
= HUNOB - )
ot K32P + 0y KNG + NOy

- NOB — mortality

formuildeki p, maksimum bulylime orani, K ise yari doygunluk sabitidir. Oranlari sinirlayan

ifadeler Michaelis-Menten tipi fonksiyonlar ile formule edilmistir.

3.2.2.8. Anammox

Sekil 18. Anammox déngUsinin sematik gdsterimi

Anammox reaksiyonunun kinetikleri oksijen icin ilave bir inhibasyon terimi ile ¢ift monod
fonksiyonu seklinde ifade edilmigtir (KOCH ve dig., 2000; Sekil 18):
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HAMX NH; NO;

o PMCURENONH] KAYX +NO;
K AMX
% AMX — mortality
K3 + 0,

Buradaki AMX, annamox bakterilerin populasyon yogunlugu, y maksimum buyume orani, Kyoz

ve Knns Yari doygunluk sabitleri ve Ko, oksijen i¢in koyulan inhibasyon sabitidir.

3.2.2. Gegcmise doniik senaryolarin test edilmesi

ROMANIELLO ve DERRY (2010) tarafindan sunulan modelde Sekil 4’de gosterilen atmosferik
CO; ve nehir yoluyla tasinan N ve P konsantrasyonlari gibi parametrelerin sisteme disaridan etki
eden etkenler oldugu daha 6nce de belirtiimisti. Atmosferik CO,’in deniz suyunda ¢oézindukten
sonra fotosentez ile canli biyokUtlesine ¢evrimi ve dlen canlilarla bu karbonun deniz dibine
¢cokelmesi islemi sayesinde denizler ve okyanuslar, atmosferdeki giderek artan CO,
konsantrasyonunu dengeleyebilecek yegane tampon bolge 6zelligi tasimaktadirlar (KEIL, 2011).
Sekil 4’te gbérildigld gibi son 300 yilda atmosferdeki CO, miktarinda belirgin bir artis
kaydedilmistir. 1950’li yillardan itibaren artan sanayilesme ve glbre kullanimi ile nehir yoluyla
Karadeniz ekosistemine tasinan besin tuzundaki artis 6trofikasyona ve ekosistem isleyisinde
onemli degisimlere neden olmustur. Gegen bu zaman silrecinde atmosferdeki CO, miktarindaki
ve nehir yolu ile sisteme giren besin tuzu miktarindaki artisin sirkilasyon, biyokimyasal
reaksiyonlar, atmosfer-deniz etkilesimleri, sedimentle iligskiler vb. gibi ¢cok sayida bilesenden
olusan bir mekanizma isleyisi sonucunda Karadeniz ekosisteminde oksik/anoksik tabakalagsma

Uzerinde nasil bir etkiye sahip oldugunu incelemek igin uygulanan senaryolar asagidaki gibidir;

3.2.2.1. Referans senaryo

Test edilen doért senaryo uygulanmadan énce model normal degerlerinde calistiriimistir. Buna

gbre son 300 yilda atmosfer-deniz etkilesimleri ile Karadeniz Uzerinde de etkili olan zamana
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karsi CO, seviyesindeki degisimler ve 1950’li yillara dek hemen hemen sabit seviyede olan
fakat sonrasinda sanayi devrimi ve tarimsal alanlarda artan gubre kullanimi ile yuksek
konsantrasyonlara ulasan, Sovyetler Birligi'nin dagiimasi ve 1970-1972 yillarinda
Yugoslavya/Romanya sinirinda Tuna Nehri Uzerinde ingsa edilen baraj ile belirgin degisimler
gegirip azalsa da (HUMBORG ve dig., 1997), 1950’li yillardan 6nceki seviyelere inmeyen nehir
yolu ile Karadeniz ortamina taginan besin tuzu konsantrasyonunun zamana karsi degisimi Sekil

19’da gOsterilmistir.

Sekil 19. Modelde kullanilan atmosferik CO, miktarinin ve nehir yolu ile Karadeniz’e taginan
besin tuzu miktarlarinin zamana karsi degisimi (ROMANIELLO ve DERRY, 2010).

3.2.2.2. Senaryo 1 (ilk durumdaki CO2 seviyesinin korunumu)

Deniz ve okyanuslar, fosil yakit kullanimi ve tropikal bdélgelerde ormanlarin yok olmasindan
kaynaklanan CO, saliniminin Ugte birini absorbe ederek karasal kokenli atmosferik CO, igin
onemli bir gokelme yeridir (SIEGENTHALER ve SARMIENTO, 1993). Son 300 yil icerisinde artis
gOsteren atmosferdeki CO, miktarinin Karadeniz oksik/anoksik tabakalari Gzerindeki olasi etkisi
Senaryo 1 ile arastinimistir. Buna gére modelde atmosferdeki CO, miktari Sekil 20°deki kirmizi
cizgi ile gosterildigi gibi baslangictaki duguk seviyesinde sabit olarak tutulmustur. Bu senaryoda

nehir yolu ile taginan besin tuzu konsantrasyonunda herhangi bir degisiklik yapiimamistir.
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Sekil 20. Senaryo 1’e gore atmosferik CO, miktarinin ve nehir yolu ile Karadeniz’'e tasinan besin
tuzu miktarlarinin zamana karsi degisimi (ROMANIELLO ve DERRY, 2010).

3.2.2.3. Senaryo 2 (ilk durumdaki N/P girdi seviyesinin korunumu)

Dunya (zerindeki hipoksik denizel alanlarin dagilimi incelendiginde bu olusumlarin deniz
ortamlarina buyuk miktarlarda besin tuzu girdisi tasiyan havzalarin gelisimi ve Kkiyisal
populasyonun artisi ile yakindan iliskili olduklari gézlenmistir (HOWARTH ve dig., 1996). Bu
besin tuzlarindan en onemlisi azottur ve tarimsal ve endustriyel aktiviteler azot Uretimi icin
baslica kaynaklardir fakat asil bunu tetikleyen kiyisal bdlgelerde yasayan populasyondaki artis
ve bu artan populasyonun artan tarimsal ve endustriyel ihtiyaglardir (DIAZ, 2001). 1950Q’li yillarda
eski Sovyet Ulkelerinde hizla artan sanayilesme ve tarimsal gubre kullanimi ile deniz ortamina
nehir yolu ile tasinan besin tuzu miktarindaki artisin zaman icinde 1. araraporda detaylari ile
verilen karmagik geri besleme mekanizmalari ve kimyasal tepkimeler yolu ile Karadeniz’'in
oksijen profili Gzerindeki etkilerini inceleyebilmek amaciyla Senaryo 2 uygulanmistir. Bu
senaryoya goére modelde nehir yolu ile taginan besin tuzu konsantrasyonlari Sekil 21°da kirmizi
kesikli gizgiler ile gosterildigi gibi 1950 6ncesi donemdeki digsik degerlerinde sabit tutulurken

atmosferdeki CO, konsantrasyonunda degisiklik yapiimamistir.
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Sekil 21. Senaryo 2’ye gore atmosferik CO, miktarinin ve nehir yolu ile Karadeniz’e taginan
besin tuzu miktarlarinin zamana karsi degisimi (ROMANIELLO ve DERRY, 2010).

3.2.2.4. Senaryo 3 (ilk durumdaki CO2 ve N/P girdisi seviyesinin birlikte korunumu)

Senaryo 1 ve Senaryo 2 ile ayri ayri test edilen atmosferik CO, ve nehirlerle Karadeniz’e tasinan
besin tuzu konsantrasyonlarinin ekosistemin biyokimyasal isleyisi tGzerindeki etkileri Senaryo 3
ile bir arada test edilmistir. Bu senaryoya goére hem atmosferik CO, hem de denize nehir yolu ile
tasinan besin tuzu girdisi miktari ilk donemlerindeki sabit seviyelerinde tutularak bu iki dnemli dig

etkenin es zamanli olasi etkilerinin incelenmesi amaglanmistir (Sekil 22).

Sekil 22. Senaryo 3’e gore atmosferik CO, miktarinin ve nehir yolu ile Karadeniz’e taginan besin
tuzu miktarlarinin zamana kargi degisimi (ROMANIELLO ve DERRY, 2010).
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3.2.3. Gelecege yonelik test edilen senaryolar

Artan otrofikasyona neden olan ve 1960l yillara oranla ylksek seviyelerde seyreden nehir
girdileri ile sisteme desarj olan asiri besin tuzu konsantrasyonlarinin bundan sonraki yuzyil
icerisinde modelin yukarida bahsedilen biyojeokimyasal slrecleri ¢cercevesinde oksik tabakanin
siglasmasi Uzerindeki etkisi test edilmistir. Bu amagla ginimuzde gunlik 407.7 Mmol’e ulasan
azot miktari ve 14.2 Mmol civarinda seyreden fosfor miktari sabit tutularak (Sekil 23) modelle

2000 — 2100 yillari arasi degisimler simule edilmistir.

Sekil 23. Karadeniz’'e nehir yolu ile taginan azot ve fosfor miktarinin zamana karsi degisimi

3.4. Stokiyometrik analizler

Tuna Nehri, Karadenize dékulen butin nehirlerin %57’sini, toplam besin tuzu girdisinin ise %50-
%70Q’ini olugturmaktadir (ZAITSEV ve MAMAEV, 1997). Karadeniz’e nehirler ile giren toplam
besin tuzu miktari Tuna Nehri ile giren besin tuzu miktarinin 1.75 kati ile temsil edilebilir
(KONOVALOV ve MURRAY, 2001]. Tuna Nehri ile Karadeniz’e giren besin tuzunun
stokiyometrik incelenmesinde DaNUbs Projesi kapsaminda 1950 ve 2000 yillari arasindaki
dénem igin olugturulan veri tabani (BEHRENDT ve dig., 2005; SCHREIBER ve dig., 2005)

kullaniimistir.
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4. BULGULAR

41. Tek boyutlu modelin uygulanmasi

4.1.1. Model similasyonlarina érnekler

Sekil 24, 25 ve 26'da modelden elde edilen bazi érnek simulasyon sonuglari gésteriimektedir.
Bu sekildeki soldaki ¢izim NO3 (diz gizgiler) ve NH4'un (kesik cizgiler) su kolonu icindeki yillik
dagilimini vermektedir. Beklendigi ve gozlendigi gibi NO3 kis aylarindaki karisim nedeni ile
yuzey sularinda 2 uM den daha yuksek degerlere ulasabilmekte, daha sonra ise fitoplankton
uretiminde kullaniimasi nedeni ile tiiketiimektedir. ilk 50 metrelik tabakadaki oksijen
konsantrasyonu ise 300 uM Un Uzerindedir. 50 metrenin altindaki su katmanlarinda ise,
organik madde parcalanmasi sonucu agiga ¢ikan NO3; 75 metre civarinda bir birikime neden
olmakta ve burada 6-8 uM dederlerine ulasan bir maksimum gostermektedir. Ayni
derinliklerde, organik madde parcalanmasi olayl oksijenin 300 yM degerlerinden 10 uM
degerlerine kadar azalmasina yol agcmaktadir. Bu katmandan oksijenin tukendigi daha
derinlerde (75-125 m) ise organik madde pargalanmasi NO; Uzerinden olmakta ve bu nedenle
NO; konsantrasyonlari 6-8 pM degerlerinden sifir degerine kadar azalmaktadir. Kesik
cizgilerle gosterilen NH, dagilimi ise modelin alt sinirindan girerek yukari dogru yayilan fakat
ara yuzey tabakasi civarinda NOj; ile oksitlenerek tiketilen ve yukari dogru yayilmasi
durdurulan bir NH, yapisini gostermektedir. Bu kapsamda biyolojik modelde ve nitrojen
cevrimi ve oksik-anoksik reaksiyonlari modullerinde kullanilan parameter degerleri Tablo 1, 2

ve 3’te verilmektedir.

Sekil 24 ve 25te farkl difizyon katsayilari ve dikey adveksiyon hizlari kullanilarak uretilen
oksijen ve hidrojen sulfur profillerini géstermektedir. Bu profiler her iki parametrenin segiminin

suboksik tabakasinin yapisi tzerinde kritik etkileri oldugunu ifade etmektedir.
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Tablo 1. Biyolojik modelde kullanilan parametre degerleri

Parametre Tanim Deger
a Fotosentez verimliligi 0.01
kw PAR i¢in 1s1§31n sogurulma katsayisi 0.08 m™
ke Fitoplanktonun kendini golgeleme katsayisi 0.07 mz(mmoIN)'1
By, by, bp, Mikrozooplanktonun kamgillar, diyatomeler, mikrozoo, 0.7,0.2,1.0,1.0
by detritus ve bakteri Gzerindeki besin segiciligi
Gy, Og, O, Mezozooplanktonun kamgillilar, diyatom, 0.2, 0.8, 0.4, 0.7,
0Op, Oy mikrozooplankton, detritus ve bakteri lizerindeki besin 0.0
segiciligi
Cs, C Aurelia’nin mikrozoo ve mezozooplankton Uzerindeki 0.0, 0.15
besin segiciligi
W Amonyagin nitrat alinimi Gzerindeki inhibe edici 6zellidi 3 (mmoINm'3)'1
X Terleme orani 0.05
R, Nitrat aliniminda yari doygunluk sabiti 0.5 mmol Nm™
Ra Amonyum aliniminda yari doygunluk sabiti 0.2 mmol Nm™
Vp z<75m igin background kinematik yayilim gucu 2x10°m?’s”
Vp Z>75m igin background kinematik yayilim gicu 0.2x10°m?s™

Tablo 2. Biyolojik modelde kullanilan parametre degerleri

Parametre Tanim P4 P; Zs Z Z, Zn B
Q1o f(T) icindeki Qo 1.2 1. 2.0 2.0 2.0 2.2 25
parametresi 2
agiver Maksimum 29 2. 2.0 1.3 1.0 0.15-0.9 3.2
blylme oranlari 0
N Oliim oranlari 0.0 0. 0.0 0.04 0.08 0.003 -
4 08 4
M Bosaltim oranlari - 0.0 0.07 0.08 0.03 0.08
7
r Asimilasyon - - 0.7 0.75 0.80 0.80 -
verimlilikleri 5
Ri Yari  doygunluk - - 0.5 0.4 0.5 0.7 0.75
sabitleri
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Tablo 3. Nitrojen cevrimi ve Oksik-anoksik reaksiyonlari modillerinde kullanilan parameter
degerleri

Parametre Tanim Deger

E Detritus ayrisma oranlari 0.05d"

K Dogrudan amonyuma cevrilen detritus 0.85
remineralizasyon kismi

dg, Og, Oy, O3 Stokiyometrik katsayilar 8.6,0.2,5.3,8.6

as, Og, 47, Og Stokiyometrik katsayilar 0.5,05,04,15

K1 O, ile amonyum oksidasyon orani 0.1d"

ko O, ile nitrit oksidasyon orani 0.25d"

ks Nitrat indirgenme orani 0.05d"

Ky Nitrit indirgenme orani 0.03d"

ks O, ile siilfit oksidasyon orani 0.05 uM d’

ke O, ile manganez oksidasyon orani 0.1 uM d’

k7 NOj; ile manganez oksidasyon orani 0.25 uM d’

Ks MnO., ile amonyum oksidasyon orani 1.0 uyM d’

Ko MnO, ile siilfit oksidasyon orani 30uMd™”

Ks Silfit indirgenme orani 0.01d"

Ws Manganez ¢okme hizi 3.0md"”

Sekil 24. Model entegrasyonlarindan elde edilen yillik nitrat (NO3) (dUz gizgiler), amonyak (NH,)
(kesik cizgiler) ile ¢bziinmis oksijen (O,) ve hidrojen stilfur (H,S) konsantrasyonlari dagilimlari
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Sekil 25. Derinlik ve yogunluda goére cizilmis ¢dézinmuis oksijen (siyah semboller) ve hidrojen
sulfur (beyaz semboller) profilleri. Dairesel semboller yuzeye dogru kuvvetli bir adveksiyon (4.0
cm gin™) oldugu durumlardaki yapiyi, yildiz semboller orta derecede kuvvetli yukari dogru
adveksiyon hizi (2.0 cm gin™) sartlarindaki bir yapiyi, dértgen semboller ise 2.0 cm gin™ lik
asaglya dogru adveksiyon hizi gartlarindaki bir yapiyr géstermektedir. Difuzyon katsayisi 2.0
x10°® m? san™ alinmistir.

Sekil 26. Sekil 25'deki yapinin difiizyon katsayisi 5.0 x10°® m? san™ alinarak tekrar!.
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Yukarida detaylari verilen model Alman tarafina aktariimis ve planlandigi tGzere bu model baz
alinarak, Alman ortaklar tarafindan oksijeni tikenmis boélgelerde, karbon dinamiklerini, oksijen ve
besin tuzu déngusini ve gelecekte okyanuslarda olabilecek degisiklikleri (katmanlasmanin
artmasi ve bunu sonucunda oksijen miktarinin azalmasi ongorulmektedir) incelemek igin bir
boyutlu (1-D) kutu modeli gelistirmigtir. ODTU-DBE’nin énemli yéntem ve parameterizasyonlar
Uzerinde gelistirdigi uzamanlik bu kutu modele aktarimistir. Bu model 5 alt kisimdan
olusturulmus ve su degisimi yatay ve dusey difuzyon ve karisim yoluyla saglanmistir (Sekil 27).
Bu kutu modeli denizlerde en yiksek Uretkenlik oranlarini desteklemekte olup bunun sonucunda
olusan organik maddenin ¢okelmesi ve bakteriyel aktivitilerle bozulmasi oksijen oraninda ciddi
disuslere sebeb olmaktadir. Dogu Tropik Pasifik'te genis alanlarda anoksik su kutleleri
olusmakta, buralarda denitrifikasyon ve anaerobik amonyum oksidasyonunun denizdeki fikse
edilmis nitrojen kaybinin 1/3’Gine sebep olmasi dolayisiyla siddetli N, Uretimi olmaktadir. Bu
sularda yogun denitrifikasyon olmasina ragmen, tam nitrat ayrisimi ve sulfat rediksiyonu
baslangicinin asiri derecede nadir rastlanir olmasi merak uyandiricidir. Bu dinamiklerin
incelenmesi icin, yukarida belirtilen dikey ve yatay karisim ve adveksiyonla suyun kutular

arasinda gegis yaptigi, bes kutu iceren basit bir kutu modeli kullaniimistir.

Sekil 27. Kutu model sematigi: U kutusu , suyun igerisine ylkseldigi, okyanusun ust tabakasini
temsil etmektedir. UM kutusu, U kutusunun altinda yer almaktadir, burada U kutusundan gelen
yeni Uretimin belli bir orani,x, ayrismaktadir. Bu kutu anoksik sularin olugabilecegi kutudur. Bu
olustugunda, nitrojen denitrifikasyon sonucu kaybolabilir (Denif). S kutusu, upwelling
bdlgesinden uzaktaki okyanus yilzey tabakasini temsil ederken, | kutusu yine upwelling
bolgesinden uzak olan ama UM kutusuyla degisimler yapan orta derinligi temsil etmektedir.
Derindeki D kutusu , derin okyanusu temsil etmektedir.Su, karigim katsayisi KU ile, dikey
karisim aracihigiyla U kutusu ve UM kutusu arasinda degisim yaparken, KUM de UM kutusu ve
derin D kutusu arasindaki dikey karisimi ifade etmektedir.Yatay karisim, Kl, orta kutu | ile UM
kutusu arasinda olmaktadir. Ayrica, su adveksiyon ile derin kutu D’den UM kutusuna taginmakta
olup adveksiyon katsayisi A olarak temsil edilmektedir. Benzer gekilde, su ayni zamanda |
kutusundan UM kutusuna baglidir ve bu katsayi da B ile temsil edilmektedir.
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Bu kutu modeli, Tropik Pasifik’teki kiyisal upwelling bolgelerindeki sub-oksik ve anoksik alanlarin
hangi kosullar altinda olugtugunu anlamak cabasiyla, N,P,0,C- dongulerinin farkli biyolojik
modelleriyle birlikte uygulanmistir. Simudlasyonlardan elde edilen temel sonug¢ oksijene bagh
ndtrient remineralizasyon katsayilarinin, bu olusum iglemlerinde kritik degiskenler oldugudur.

Buna ek olarak:

- Kiyisal upwelling bdlgelerindeki anoksik sular, dusuk upwelling degerleri, indirgenmis
dikey ve yatay degisim ve upwelling boélgesiyle degisim yapan disuk oksijen yogunluklu

komsu su kutlelerini de iceren cesitli fiziksel islemler sonucu olusturulmus olabilir.

- Nitrojenin sinirlayici natrient olmasindan dolayi kiyisal upwelling bdlgeleri her zaman
goreceli olarak yuksek yogunlukta nitrat icermeli ve nitrojen fiksasyonu eksikliginde
denitrifikasyon ve anaerobik amonyum oksidasyon araciliiyla N, dretimini

desteklemelidir.

- Nitrojen fiksasyonunun birincil Ureticilerin nitrojen taleplerini karsiladiginda, upwelling

alanindaki anoksik bdlgede nadir olarak silfidik ortamlar olusabilir.

- Anoksik upwelling bolgelerinde denitrifikasyon az agirlikli 6neme sahip olup, anaerobik

amonyum oksidasyon bu bdlgelerdeki N, Uretiminin en 6nemli yolu olabilir.

4.2. Model analizleri, parametreler ile ilgili dlizenlemeler, hassasiyet testleri

4.2.1. Gegmise yonelik model galigmalari

DEUSER (1974), Karadeniz'deki oksijen miktarindaki azalmanin yaklagik 9000 yil énce tuzlu
Akdeniz sularinin istanbul Bogazi ile Karadeniz’e dokilmeye baslamasi ile basladigini ileri
surmektedir. Buna gore yaklagik 7300 yil dnce tuzlu su girisi ile basende yogunluk farkhhgi
olusumuna, dip sulardaki oksijenin zamanla tliketiimesine ve en derin bélgelerde O, — H,S gegis
tabakasinin olusumuna neden olmustur. Uygulunan tek boyutlu biojeokimyasal model
Karadenize 06zglu sirkilasyon dinamiklerini kullandigi i¢in Karadeniz’in en &6nemli
karakteristiklerini dogru simule edebilmistir. Her bir senaryo igin 2000 yilina kadar calistirilan
modelden similasyonlar sonucunda elde edilen profiller 2001 yilinda Karadeniz’de R/V Knorr
seferi ile gergeklestirilen yerinde gézlem sonuglari ile birlikte verilmigtir. Tuzluluk, sicaklik ve

oksijen profilleri drnek profiller olarak segilmigtir.
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4211. Referans senaryo

Normal degerlerinde ¢alisan model sonucunun yerinde gézlem sonucu ile karsilastirmali olarak
verildigi sicaklik, tuzluluk ve oksijen dikey profilleri Sekil 28’de, referans senaryo besin tuzu
konsantrasyonlari ile gerceklesen birincil Gretim miktari Sekil 29'da gosterilmektedir. Buna goére
sicaklik ve tuzluluk similasyon profilleri gergek dederler ile olduk¢ca benzer dagilim gésterirken
simulasyon sonucu oksijen profili 20 m kadar daha derin bulunmustur. Minimum ve maksimum
oksijen konsantrasyonlarinin da gercek degerlerle ayni oldugu g6z 6ntne alinirsa bu 20 m’lik

farkhlik modelin daha detayli ayarlar ile calistiriimasi ile gelecekte tolere edilebilir bir durumdur.

Sekil 28. Referans senaryo simulasyonu ile elde edilen sonuglarin (kirmizi gizgi) yerinde
g6zlem sonuglari (mavi gizgiler) ile karsilagtirmali olarak gdsterimi.

Sekil 29. Referans senaryo besin tuzu konsantrasyonlari ile gergceklesen birincil tGretim

45



4.2.1.2. Senaryo 1 (ilk durumdaki CO2 girdi seviyesinin korunumu)

Oksik/anoksik tabakalagsma Uzerindeki olasi atmosferik CO, etkisini tespit etmek amaciyla
atmosferik CO,'in 300 yil 6nceki disik seviyesinde tutuldugu Senaryo 1’e ait similasyon
sonuglarinin yerinde gdzlem sonuglari ile karsilastirmali gosterimi Sekil 30'da, 1. Senaryo ile
gerceklesen birincil dretim miktarlari  Sekil 31’de  verilmigtir.  Sonuglara goére yanlizca
atmosferdeki CO, artisinin biyokimyasal streglerde ve bunlarin sonucu olarak oksijen profili
uzerinde tek basina belirgin bir etkisi olmadigini gosterir sekilde dikey tuzluluk, sicaklik ve

oksijen konsantrasyonlari dagihiminda Referans Senaryo ile benzer sonuglar elde edilmistir.

Sekil 30. Senaryo 1 simulasyonu ile elde edilen sonuglarin (kirmizi ¢izgi) yerinde gdzlem
sonuglari (mavi gizgiler) ile karsilastirmali olarak gésterimi.

Sekil 31. Senaryo 1 besin tuzu konsantrasyonlari ile gergeklesen birincil Gretim
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4.2.1.3. Senaryo 2 (ilk durumdaki N/P girdi seviyesinin korunumu)

1950’li yillarda hizla artan sanayilesme ile deniz ortamina nehir yolu ile tasinan besin tuzu
miktarindaki artisin Karadeniz Uzerindeki etkilerini inceleyebilmek amaciyla Senaryo 2'nin
uygulanmasi ile elde edilen simulasyon sonugclarinin yerinde gézlem sonuglari ile kargilastirmali
olarak gosterimi Sekil 32’de, bu senaryodaki besin tuzlari ile gergeklesen Uretimdeki degisim
miktarlari Sekil 33’'te verilmektedir. Sonuglara goére tuzluluk dagihmi referans senaryo ile benzer
dagilim gosterirken, 100 metrenin altindaki dikey sicaklik profilinde 1-2 °C’ye varan soguma
géralmistir. Bu senaryo ile ortaya c¢ikan bir dider énemli sonug da ¢dzlinmus oksijen

konsantrasyonunun 250 metrede dahi hala tikenmemis olmasidir.

Sekil 32. Senaryo 2 simulasyonu ile elde edilen sonuglarin (kirmizi ¢izgi) yerinde gézlem
sonuglari (mavi gizgiler) ile karsilastirmali olarak gésterimi.
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Sekil 33. Senaryo 2 besin tuzu konsantrasyonlari ile gergeklesen birincil Gretim

4.2.1.4. Senaryo 3 (ilk durumdaki CO2 ve N/P girdisi seviyesinin birlikte korunumu)

Senaryo 1 ve Senaryo 2 ile ayri ayri test edilen atmosferik CO, ve nehirlerle Karadeniz’e taginan
besin tuzu konsantrasyonlarinin ekosistemin biyokimyasal igleyisi Uzerindeki etkilerinin birarada
test edildigi Senaryo 3 similasyon sonuglarinin gercek gdzlem degerleri ile kargilastiriimal
olarak gosterimi Sekil 34’de, sistemdeki toplam birincil Gretim miktari Sekil 35’te sunulmaktadir.
Bu senaryonun sonuglari Senaryo 2 (ideal besin tuzu) ile benzer sonuglar vermis, tuzluluk
dagihmi referans senaryo ile benzerken, 100 metrenin altindaki dikey sicakhk profilinde 1-2

C’ye varan sojuma ve oksijenli tabakanin 250 metre dolaylarina kadar derinlestigi gozlenmistir.

48



Sekil 34. Senaryo 3 simulasyonu ile elde edilen sonuglarin (kirmizi ¢izgi) yerinde gézlem
sonuclari (mavi gizgiler) ile kargilagtirmali olarak gdsterimi.

Sekil 35. Senaryo 3 besin tuzu konsantrasyonlari ile ger¢eklesen birincil Gretim
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4.2.2. Gelecege yonelik model uygulamalari

Atmosferik CO, ve Karadeniz’e nehir yolu ile tasinan besin tuzu konsantrasyonlari buginki
seviyesinde tutularak yapilan model similasyonundan elde edilen suda ¢6zinmus oksijen

profilleri Sekil 36’da gosterilmektedir.

Siglasmanin nedeni, oksik tabakada artan biyolojik aktivite sonucu olusan organik madde
sonucu suboksik-anoksik tabaka sinirlarina organik madde girdisi artmig, ve bu tabaka sinirinda
biriken maddenin pargalanmasi sirasinda bu tabakalarda zaten eser miktarda olan Oy'nin
kullanilarak bu bdlgelerinde oksijensizlesmesine sebep olmustur. Boylelikle, oksik tabakanin alt
siniri daha da siglasmistir. Bu tabakadaki siglasmadan dolayl Karadeniz ekosisteminde zaten
zorunlu olarak ust oksijenli tabakaya hapsolmus biyolojik yasamin alani daha da daralmistir. Bu

nedenle, bu yapinin sistemin ekolojisi Ustinde olumsuz etkilere yol agabilecegi 6n gortulmektedir.

Sekil 36. 2000, 2050, ve 2100 yillari i¢in simUle edilen Karadeniz'deki oksijen profili

4.3. Stokiyometrik analizler

Tuna Nehri Karadenize dokulen butin nehirlerin %57’sini, toplam besin tuzu girdisinin ise %50-
%70Q’ini olugturmaktadir (ZAITSEV ve MAMAEV, 1997). Karadeniz’e nehirler ile giren toplam

besin tuzu miktari Tuna Nehri ile giren besin tuzu miktarinin 1.75 kati ile temsil edilebilir
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(KONOVALQOV ve MURRAY, 2001]. Tuna Nehri ile Karadeniz’e giren besin tuzu miktarinin
incelenmesinde DaNUbs Projesi kapsaminda 1950 ve 2000 vyillari arasindaki dénem igin
olusturulan veri tabani (BEHRENDT ve dig., 2005; SCHREIBER ve dig., 2005) kullaniimigtir. Bu
sekilde elde edilen azot ve fosfor girdisi miktarlari ile Azot/Fosfor degerleri incelenmis ve bu

degerlerin 1950 ve 2000 yillari arasinda degisimi sirasiyla Sekil 37, 38 ve 39’da gosterilmistir.

Sekil 37. Karadeniz’e nehir yolu ile taginan fosfor miktarinin zamana bagh degisimi

300 o

200 o
150 +

Azot Girdisi (kt/yil)

100 v v v v v .
1945 1955 1965 1975 1985 1995 2005

Zaman (Yil)

Sekil 38. Karadeniz'e nehir yolu ile taginan azot miktarinin zamana bagli degisimi
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Azot/Fosfor Orani
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Sekil 39. Karadeniz’'e desarj olan nehir sularindaki azot ve fosfor oraninin zamana bagl
degisimi

Nehir yoluyla Karadeniz’e tagsinan besin tuzu girdisinin Karadeniz Uzerindeki etkisini belirlemek
icin kuzey bati Karadeniz kiyi sularinda dlgilen ¢ézinmis inorganik azot ve fosfatin zamana
bagh degisimi incelenmistir. Bu bdlgedeki ¢dézinmus inorganik azot (DIN), PO, ve SiO,

derisimlerinin zamana karsi deg@isimi Sekil 40’da gdsterilmistir.

Sekil 40. Kuzey bati Karadeniz kiyi sularinda dlgilen ¢6zinmus inorganik azot (DIN), PO, ve
SiO, derigsimlerinin zamana kargi degisimi.
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Karadeniz’e nehir yolu ile tasinan azot/fosfor orani ile deniz suyunda ¢ézlinmis azot/fosfor

oraninin zamana karsi degisimi Sekil 41°de gdsteriimektedir.

Sekil 41. 1980 ve 2000 yillari arasinda nehir ve deniz suyu icin hesaplanan Azot/Fosfor oraninin
zamana bagli degisimi
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5. TARTISMA VE SONUG

Karadeniz'in oksijen konsantrasyonu yaklasik 10 yM dan az olan (02 < 10 uM), suboksik
tabakasi ile bunun daha Ustteki oksik ve daha alttaki anoksik tabakalar ile olan etkilesimleri son
30 yildaki gézlemler yardimiyla ¢cok kapsamli olarak arastiriimistir. Oksijence zengin tabaka i¢
basende 40-50 metre derinliklere ve kiyisal bdlgelerde 100 metreye kadar ulagsmaktadir
Karadeniz'in Ust tabakalarinda 18 psu dolaylarinda gézlenen ve dip tabakalarinda 22 psu’ya
kadar artis gosteren tuzluluk degerleri ile haloklin tabakasi olusmakta ve su kolonunun dikey
olarak karisimini ve oksijenli Ust tabaka sularinin daha derinlere tasinmasini engellemektedir.
Suboksik tabakanin Karadenizin son 5-10 bin yillik transformasyonu icinde olustugu, fakat
1960l yillardan sonra ortaya c¢ikan siddetli 6trofikasyon ve buna bagl aktif organik madde
cevrimi nedeni ile bir miktar kalinlastigi gézlenmistir (MURRAY ve dig., 1989, 1991; TUGRUL ve
dig., 1992; OGUZ ve TUGRUL, 1998; OGUZ ve dig., 2000, 2001).

Senaryo 1’in referans senaryo ile ayni sonuglari veriyor olmasi CO, konsantrasyonundaki artigin
Karadeniz oksik/anoksik tabakalasmasi Uzerinde tek basina belirgin bir etkisinin olmadigi
sonucunu 6ngérmektedir. Bunun yanisira Senaryo 2, nehir yoluyla tasinan besin tuzu miktarinin
disuk miktarlarda kaldigi durumda oksijenli tabakanin daha derinlere kadar ulasabilecegini
goOstermistir. Model 1950’li yillardan sonra sisteme artan miktarlarla giren besin tuzunun
biyokimyasal islemlerin gergeklesmesi sonucunda gegen zaman igerisinde oksik tabakanin

siglasmasina neden oldugunu dngormektedir.

Ozetle bu bélimde yapilan modelleme galismalari kapsaminda Karadeniz'in gegmisten bugline
gelisimi Uzerinde uygulanan senaryolar nehirlerle sisteme tasinan besin tuzu girdisinin 1950’li
yillardaki hizli artisi gegirmemis oldugu bir durumda oksijenli tabakanin buglne kiyasla daha
derinlere kadar ulasabilecegini gostermistir. Ote yandan, Karadenize desarj olan nehir
sularindaki besin tuzu konsantrasyonlarinin sisteme zarar vermeyecek diizeye indiriimemesi
durumunda st oksik tabakanin siglasmasinin hizlandiracagi ve pelajik yagsam Uzerinde olumsuz
kosullarin artacag! anlasiimaktadir. Siglasmanin nedeni, artan biyolojik aktivite ile organik
madde artis1 sonucu suboksik-anoksik tabaka sinirlarina organik madde girdisinin artmasi, ve bu
tabaka sinirinda biriken maddenin pargalanmasi sirasinda bu tabakalarda zaten eser miktarda

olan Oy'nin kullanilarak bu bdlgelerinde oksijensizlesmesine sebep olmasidir. Boylelikle, oksik
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tabakanin alt sinir daha da siglasmaktadir. BOylece Karadeniz ekosisteminde zaten zorunlu
olarak Ust oksijenli tabakaya hapsolmus biyolojik yasamin alani daha da daralarak ekolojik

yaplyi olumsuz yonde etkileyecegi on gorilmektedir.

Nehir yolu ile sisteme giren besin tuzu miktarindaki artisin sirkilasyon, biyokimyasal
reaksiyonlar, atmosfer-deniz etkilesimleri, sedimentle iligskiler vb. gibi ¢ok sayida bilesenden
olusan bir mekanizma isleyisi sonucunda Karadeniz ekosistemindeki oksik/anoksik tabakalagsma
Uzerindeki olumsuz etkisi oksijenin okyanus diplerinde yasayan canlilarda dahil olmak tzere tim
aerobik yasam igin gerekli olmasi nedeniyle azalan oksijen seviyesi deniz ekosistemleri Uzerinde
genis 6lcekli olumsuz sonuglar dogurmaktadir. Ornegin; Karadeniz’de balik popilasyonlarinin
yumurta ve larvalari beslenebilmesi ve hayatta kalabilmesi oksijenli tabakanin genisligine
baghdir. Artan besin tuzu girdisinin bu tabakay! daraltmasi ile bu yumurta ve larvalarin birim
hacimdeki konsantrasyonlari arttigindan bu evredeki balik larvalarinin ihtiya¢ duydugu besinleri
(fitoplankton ve zooplankton) elde edebilmeleri icin daha cetin bir ekolojik yaris ortami icerisinde
mucadele etmeleri gerekecektir. Buda populasyon Uzerinde “density-dependent effect” denilen
artan birey sayisina bagli olarak sagliksiz ekolojik kosullarin artmasi ve birim alanda bu
larvalarin yasamasi icin gerekli besin miktari Gzerinde ekolojik rekabet olusturmasi nedeniyle
larval élimlerin ve sonucunda balik stoguna katilan yeni bireylerin azalmasina ve zaten yodun
balikgilik baskisi altindaki balik stoklarinin belki de zayiflayip ¢okmesine neden olabilecek
sonuclar dogurabilmektedir. Bunun bir drnegdi, Baltik Denizi’'nde artan anoksik kosullara bagh
olarak siglasan oksijenli tabakanin Morina bahgrnin yumurtlama alanlarini daraltmasi ve yuksek
miktarda larval olimlere yol agmasi sonucunda gézlenmistir (OSTERBLOOM ve dig., 2007).

Ayni durum ilerleyen yillarda hamsi stoklari igin s6z konusu olabiilir.

Stokiyometrik analizler

1950’li yillarla birlikte besin tuzu miktarinda gozlenen belirgin artis, 1990’ yillarin baglari
itibariyle dogu blogu ulkeleri ekonomilerindeki bozulma sonucu tarim ve sanayi kaynakh
desarjlardaki kesinti nedeniyle azalma egilimine girmistir (MEE, 2006). Tuna Nehri deltasindaki
ulkelerde kullanilan deterjanlardaki fosfor yukunin azalmasi ve atik sulardan besin tuzunun
ayristirimasi da fosfor yukdnu azaltan diger nedenler arasindadir. Bunlarin sonucu olarak

1990’da 40 kt/yil'a ulagsan fosfor yuku bugin 17 kt/yil degeri ile 1960’li yillardaki seviyesine
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gerilemigtir. Azot miktari ise 400 kt/yiIl dolaylarinda seyrederek, 1990’lardan sonra belirgin bir

disus gdstermemigtir.

Bati Karadeniz kiyr sularindaki besin tuzu konsantrasyonlari nehir sular etkisi altinda
gerceklesen biyokimyasal iglemler ile sekillenmektedir ve uzun sireli izleme calismalarinda
g6zlenen degisikliklerin temel nedeni nehir sular ile tasinan besin tuzu miktar ve
kompozisyonundaki dedisimlere dayanmaktadir (COCIASU ve dig., 1998). Sekil 1 ve 2'de
gorulen nehir desarjindaki besin tuzu konsantrasyonlarinin 1990’ yillara kadar devam eden
dizenli artmis, fakat buna karsilik deniz suyunda olclilen degerlerden farkli salinimlarla fosfat
azalma, azotun artma egilimi goéstermistir. Clnkl nehir yolu ile denize tasinan besin tuzunun
buyuk bir bolima birincil Greticiler kanaliyla besin piramidinin Ust tabakalarina tasinarak sistemin

Otrofikasyonuna neden olmaktadir.

1980-2000 yillari arasinda nehir yoluyla tasinan besin tuzu girdisinin ve deniz suyunun
Azot/Fosfor oranlari incelendiginde (Sekil 5), 1980’li yillarda nehir girdisine kiyasla deniz
suyunda 3 kat daha az olan Azot/Fosfor orani yirmi yil sonra nehir suyuyla ayni dizeye
ulasmistir. Bu durum nehir desarjlarinin sistemin sitokiyometrisi Uzerindeki etkisini ve deniz

suyunun besin tuzu kompozisyonundaki énemli degisimi ortaya ¢ikarmaktadir.

Sonuglarin Baltik Denizi ile iliskilendirilmesi

Karadeniz ve Baltik Denizi’nin en 6nemli iki ortak 6zelligi iki denizin de baslangicta tath su
havzasi olmalari ve tuzlu su ile aralarindaki baglanti bogazlarinin agilmasindan sonra giderek bir
tuzluluk katmanlagsmasi gegirmis olmalaridir. Baltik Denizi 7-8 psu dolaylarinda tuzluluga sahip
Ust tabakadan ve 11-13 psu tuzluluga sahip alt tabakadan olusan sirekli bir tabakalanma
yapisina sahiptir (CONLEY ve dig., 2009). Yukarida da bahsedildigi gibi bu Karadeniz’in ust
tabakalarinda 18 psu dolaylarinda gozlenen ve dip tabakalarinda 22 psu’ya kadar artis gosteren
tuzluluk degerleri ile olugsan tabakalanmis yapisina benzerlik gdstermektedir (OGUZ ve
TUGRUL, 1998). Dikey tuzluluk dagilimindaki bu hizli degisim ile haloklin tabakasi olusmakta ve
her iki denizde de su kolonunun dikey olarak karisimini ve oksijenli Ust tabaka sularinin daha

derinlere taginmasini engellemektedir.
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Baltik Denizi'ne 6zgu fiziksel karakteristikler, su kolonundaki tabakalanmayi ve dip sulardaki
oksijenin yenilenme sirecini etkileyerek hipoksiya olusumu ve siresi Uzerinde etkin role sahiptir.
iklimsel etkenler ile Danimarka Bogazi kanaliyla Kuzey Denizi'nden giren tuzlu su hipoksiya'nin
alanini ve suresini belirleyen 6nemli bir etkendir. Baltik Denizi’nin olugumunudan itibaren bu
ekosistemde belli araliklarla hipoksiya goérilse de son 50 yilda havza igerisinde hizli artis
gOsteren nifus, sanayi ve tarimsal aktiviteler sonucu artan besin tuzu girdisi ve olusan
Otrofikasyon nedeniyle hem hipoksik alanlarin kapladigi alan hem de hipoksiyanin siddeti ve
suresi zamanla artis géstermistir \WULFF ve dig., 2007; CONLEY ve dig., 2009).

Karadeniz'de ise daimi bir oksik/anoksik tabakalanma s6z konusudur. Oksijence zengin tabaka
ic basende 40-50 metre derinliklere ve kiyisal bolgelerde 100 metreye kadar ulasmaktadir
(MURRAY ve dig. 1989, 1991; TUGRUL ve dig. 1992; OGUZ ve dig. 2000, 2001).

Deniz ortaminin besin tuzunca zenginlesmesi ve hipoksiyanin su kolonu ve sedimentteki fosfor
(P) ve azot (N) biyojeokimyasal dénguleri tUzerinde etkili olusu ekosistem Uzerinde istenmeyen
sonuglarin olusmasina zemin hazirlamaktadir. Karadeniz’deki en dénemli fosfor girdisi nehir
kanaliyla olurken Baltik Denizi sedimentinden salinan fosfor miktari karasal kdkenli girdinin on
kati kadar fazla boyuttadir. Baltik Denizi haloklinin altindaki hipoksik sularda azot kaybi olugsmasi
Ozelligi ile deniz kiyi ekosistemleri arasinda benzersizdir. Baltik Denizi’ndeki bentik komuniteler
dogal olarak tuzluluk farki ile baskilansada hipoksiya genis alanlar boyunca habitat kaybi ve
bentik faunanin yok olmasi ile sonuglanmakta ve bentik besin agini énemli derecelerde
bozmaktadir (KARLSON ve dig., 2002). Hipoksiyanin olusum alanini, siddetini ve etkilerini
azaltmak icin besin tuzu yukidnun azaltilmasina ihtiya¢ duyulmaktadir (JONLEY ve dig., 2009).

Baltik Denizi'nde caligtirlan mevcut otrofikasyon modelleri de kosullarin iyilesmesi, hatta
suboksiyanin hi¢ olusmamasi icin hem azot hem de fosfor ylkinde belirgin bir azalma olmasi
gerektigini 6ngdérmektedir (WULFF ve dig., 2007). Aslinda zaten Helsinki komisyonu ile getirilen
Oneriler ve hedefler dogrultusunda Baltik Denizi havzasini kullanan Ulkeler Baltik Denizi’ne
desarj olan besin tuzu yukunu azaltmak Uzere teminat vermiglerdir (BACKER ve LEPPANEN,
2007). Bazi kaynaklarda iyilesme saglanip daha iyi bolgesel kosullar olugturulsa da Baltik Denizi
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genelinde besin tuzu konsantrasyonunda ya da o&trofikasyon durumunda genel bir iyilesme

saglanmamistir.

Ekosistem modeli Uzerinde uygulanan senaryo c¢alismalari, Baltik Denizinde henlz
Karadeniz'de oldugu gibi olgunlasmis oksijenli/oksijensiz su tabakalasmasi gézlenmiyor olsa da
besin tuzu girdisinin suboksiya olusumu Uzerindeki tetikleyici etkisi gereken oOnlemlerin
alinmadigi durumda Baltik Denizi’'ndeki suboksiyanin artacagi hatta belki Karadeniz gibi kalici

anoksiyaya yol acabilecegini disundirmektedir.

Sonug¢ olarak, yukarida bahsedilen olasi implikasyonlar géz ©Onlne alinirsa Karadeniz
ekosistemine giren besin tuzu miktarinin ivedilikle azaltimasi ve kontrol altina alinmasi
gerekmektedir. Gelecege donik yapilan model calismalari da gliinimuzdeki besin tuzu girdisi

sabit kalsa dahi Karadeniz'deki oksijenli tabakanin siglasacagini géstermektedir.
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EK 1.

Karadeniz icin kullanilan veri tabani, ve bu veritabanindan

elde edilen sicaklik, tuzluluk, PO,ve NO; + NO, yiizey dagilimi

Tablo 1. Karadeniz i¢in kullanilan veritabanini olusturan seferler (SeaDataNet)

Arastirma Gemisi Sefer ismi Tarihler
Akademik A. Kovalevskiy Jul-58 31.07.1958 - 01.08.1958
Akademik A. Kovalevskiy Jun-60 09.06.1960 - 11.06.1960

Mikhail Lomonosov Mikhail Lomonosov9 05.10.1960 - 27.10.1960
Akademik A. Kovalevskiy Oct-60 13.10.1960 - 16.10.1960
Akademik A. Kovalevskiy Feb-61 21.02.1961 - 22.02.1961

Mikhail Lomonosov Mikhail Lomonosov10 07.03.1961 - 03.07.1961
Akademik A. Kovalevskiy 40 07.05.1962 - 14.05.1962
Akademik A. Kovalevskiy 41 04.06.1962 - 09.06.1962

CANDARLI 1 09.04.1963 - 26.04.1963
CARSAMBA 2 13.07.1963 - 01.08.1963
Mikhail Lomonosov Mikhail Lomonosov14 11.08.1963 - 29.11.1963
CANDARLI 4 08.10.1963 - 26.10.1963
CARSAMBA 6 03.04.1964 - 14.04.1964
Mikhail Lomonosov Mikhail Lomonosov15 14.04.1964 - 02.08.1964
CANDARLI 7 22.07.1964 - 04.08.1964

Mikhail Lomonosov

Mikhail Lomonosov16

20.08.1964 - 18.09.1964

Mikhail Lomonosov

Mikhail Lomonosov17

15.11.1964 - 26.03.1965

CARSAMBA 10 11.01.1965 - 26.01.1965

CANDARLI 11 05.04.1965 - 10.04.1965

Mikhail Lomonosov Mikhail Lomonosov18 30.09.1965 - 12.01.1966

CARSAMBA 12 05.03.1966 - 03.09.1966

Mikhail Lomonosov Mikhail Lomonosov19 29.04.1966 - 13.09.1966

Nauka 27138 01.08.1966 - 20.12.1966

Nauka 27134 07.01.1967 - 25.06.1967

Nauka 27133 01.07.1967 - 25.12.1967

Akademik A. Kovalevskiy 61 27.09.1967 - 11.12.1967

Nauka 27125 02.01.1968 - 25.06.1968

Nauka 27125 02.01.1968 - 25.06.1968

Mikhail Lomonosov Mikhail Lomonosov21_1 21.03.1968 - 08.04.1968

CARSAMBA 16 11.04.1968 - 16.04.1968

CANDARLI 17 21.05.1968 - 06.06.1968

CARSAMBA 18 05.06.1968 - 05.07.1968

CANDARLI 19 12.08.1968 - 16.08.1968

Akademik A. Kovalevskiy 63 (11 Mediterranean 14.09.1968 - 05.11.1968
expedition)

CARSAMBA 21 22.10.1968 - 26.10.1968

Mikhail Lomonosov

Mikhail Lomonosov22 1

30.10.1968 - 04.11.1968
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Arastirma Gemisi Sefer Ismi Tarihler
CARSAMBA 22 05.12.1968 - 14.12.1968
Mikhail Lomonosov Mikhail Lomonosov22 25.12.1968 - 24.04.1969
Nauka 27135 01.09.1969 - 26.12.1969
Akademik A. Kovalevskiy 65 28.12.1969 - 13.03.1970
Nauka 27136 04.01.1970 - 26.11.1970

Mikhail Lomonosov

Mikhail Lomonosov25

29.07.1970 - 27.10.1970

Mikhail Lomonosov

Mikhail Lomonosov24

11.12.1970 - 10.04.1971

CARSAMBA 35 18.01.1971 - 24.02.1971
Nauka 27126 18.01.1971 - 28.12.1971

Nauka 27126 18.01.1971 - 28.12.1971
CARSAMBA 39 05.08.1971 - 29.08.1971
Nauka 27124 10.01.1972 - 26.12.1972

Nauka 27124 10.01.1972 - 26.12.1972

Nauka 27124 10.01.1972 - 26.12.1972
Akademik Vernadskiy Akademik Vernadsky6_1 11.07.1972 - 11.08.1972
Akademik A. Kovalevskiy 71 16.08.1972 - 17.10.1972
CARSAMBA 47 23.11.1972 - 05.12.1972

Mikhail Lomonosov

Mikhail Lomonosov27

14.12.1972 - 24.04.1973

Akademik Vernadskiy

Akademik Vernadsky7 1

17.03.1973 - 07.04.1973

CANDARLI 48 04.06.1973 - 05.06.1973
CANDARLI 49 14.06.1973 - 14.06.1973
Nauka 27129 02.07.1973 - 25.12.1973

Nauka 27129 02.07.1973 - 25.12.1973
Akademik A. Kovalevskiy 72 17.07.1973 - 05.10.1973
Nauka 27128 25.07.1973 - 19.12.1973

Nauka 27128 25.07.1973 - 19.12.1973
Akademik Vernadskiy Akademik Vernadsky8_1 03.11.1973 - 24.11.1973
Nauka 27132 02.01.1974 - 19.12.1974
Akademik A. Kovalevskiy 74 21.04.1974 - 29.06.1974
CANDARLI 52 30.04.1974 - 28.06.1974
CANDARLI 53 23.05.1974 - 23.05.1974
Akademik Vernadskiy Akademik Vernadsky9 09.10.1974 - 30.11.1974
Nauka 27130 02.07.1975 - 17.07.1975

Nauka 27131 21.07.1975 - 30.12.1975

Nauka 27140 01.01.1976 - 30.12.1976

Mikhail Lomonosov Mikhail Lomonosov30 17.04.1976 - 28.08.1976
Nauka 27139 16.06.1976 - 24.12.1976

Akademik Vernadskiy

Akademik Vernadskyl13

18.06.1976 - 12.08.1976

Akademik Vernadskiy

Akademik Vernadsky14

03.09.1976 - 20.12.1976

Professor Vodyanitsky

1

18.12.1976 - 04.03.1977

Nauka

27142

12.01.1977 - 26.02.1977

Akademik Vernadskiy

Akademik Vernadskyl4 1

20.03.1977 - 29.03.1977

Akademik Vernadskiy

Akademik Vernadsky15

05.04.1977 - 18.06.1977




Tablo 1. Devami

Arastirma Gemisi

Sefer ismi

Tarihler

Nauka 27144 12.04.1977 - 15.06.1977

Mikhail Lomonosov Mikhail Lomonosov32 04.06.1977 - 30.09.1977
Nauka 27146 11.07.1977 - 04.08.1977

Nauka 27148 12.10.1977 - 15.12.1977
Professor Vodyanitsky 3 14.10.1977 - 28.11.1977
Mikhail Lomonosov Mikhail Lomonosov33 16.10.1977 - 13.02.1978
Nauka 27150 19.01.1978 - 23.03.1978

Nauka 27152 11.04.1978 - 26.06.1978

Nauka 27154 11.07.1978 - 22.09.1978

Mikhail Lomonosov Mikhail Lomonosov35 26.07.1978 - 22.08.1978
CARSAMBA 89 12.09.1978 - 11.10.1978
Nauka 27156 05.10.1978 - 05.10.1978
Aytodor Ay-Todor2 02.06.1979 - 01.07.1979
Aytodor Ay-Todor3_A 04.07.1979 - 07.08.1979
Professor Vodyanitsky 6 27.07.1979 - 30.10.1979
CANDARLI 94 18.08.1979 - 22.08.1979
Nauka 27158 20.08.1979 - 17.03.1980
Akademik A. Kovalevskiy 88 23.11.1979 - 23.12.1979
Akademik A. Kovalevskiy 89 20.03.1980 - 03.06.1980
Nauka 27160 01.04.1980 - 17.06.1980

Nauka 27162 01.07.1980 - 29.09.1980
Professor Vodyanitsky 9 15.08.1980 - 14.10.1980
CARSAMBA 100 21.08.1980 - 02.09.1980
Nauka 27163 08.10.1980 - 16.12.1980
Akademik Vernadskiy Akademik Vernadsky23 1 | 05.11.1980 - 04.12.1980
Professor Vodyanitsky 10 08.01.1981 - 08.05.1981
Nauka 27163 10.01.1981 - 11.03.1981
GRIGORY LEZHAVA 27168 11.04.1981 - 13.06.1981
Akademik A. Kovalevskiy 91 18.04.1981 - 17.06.1981
GRIGORY LEZHAVA 27170 08.07.1981 - 12.09.1981
Akademik A. Kovalevskiy 92 15.07.1981 - 28.08.1981
Unknown GEOTERMS81-83 01.09.1981 - 30.09.1983
GRIGORY LEZHAVA 27169 29.10.1981 - 29.12.1981
GRIGORY LEZHAVA 14246 06.01.1982 - 24.12.1982
Professor Vodyanitsky 12 26.02.1982 - 01.06.1982
Aytodor Ay-Todor3_1 21.03.1982 - 18.06.1982
Aytodor Ay-Todor4 02.07.1982 - 10.08.1982
Aytodor Ay-Todor5_1 01.09.1982 - 12.11.1982
CANDARLI 122 17.11.1982 - 19.11.1982
MESAHA 2 123 24.11.1982 - 26.11.1982
CANDARLI 124 06.12.1982 - 09.12.1982
MESAHA 2 125 15.12.1982 - 17.12.1982




Tablo 1. Devami

Arastirma Gemisi

Sefer ismi

Tarihler

Professor Kolesnikov

Professor Kolesnikov5 2

29.12.1982 - 04.03.1983

CARSAMBA 129 03.01.1983 - 03.02.1983
GRIGORY LEZHAVA 27180 07.01.1983 - 30.03.1983
MESAHA 2 128 11.01.1983 - 14.01.1983
GRIGORY LEZHAVA 27179 15.01.1983 - 19.03.1983
MESAHA 2 120 25.01.1983 - 28.01.1983
MESAHA 2 130 25.01.1983 - 28.01.1983
CARSAMBA 132 22.02.1983 - 22.02.1984
CANDARLI 134 18.03.1983 - 21.03.1983
CANDARLI 135 11.04.1983 - 13.04.1983
GRIGORY LEZHAVA 27180 25.04.1983 - 16.06.1983
MESAHA 1 137 27.04.1983 - 29.04.1983
CARSAMBA 139 17.05.1983 - 20.05.1983
MESAHA 1 140 24.05.1983 - 27.05.1983
Akademik Vernadskiy Akademik Vernadsky27_1 25.05.1983 - 06.06.1983
MESAHA 1 141 07.06.1983 - 13.06.1983
MESAHA 1 142 08.06.1983 - 08.06.1983
CARSAMBA 144 21.06.1983 - 22.06.1983
Professor Kolesnikov Professor Kolesnikov6_2 24.06.1983 - 25.08.1983
GRIGORY LEZHAVA 27182 13.07.1983 - 30.09.1983
CANDARLI 145 27.07.1983 - 12.08.1983
MESAHA 2 146 09.08.1983 - 12.08.1983
Akademik A. Kovalevskiy 95 08.09.1983 - 28.10.1983
Professor Kolesnikov Professor Kolesnikov7 20.09.1983 - 14.11.1983
GRIGORY LEZHAVA 27186 06.10.1983 - 23.12.1983
GRIGORY LEZHAVA 27177 15.10.1983 - 23.12.1983
CANDARLI 148 26.10.1983 - 28.10.1983
Akademik A. Kovalevskiy 96 10.11.1983 - 30.12.1983

Akademik Vernadskiy

Akademik Vernadsky28 1

29.11.1983 - 14.12.1983

Akademik Vernadskiy

Akademik Vernadsky28

30.12.1983 - 13.05.1984

CANDARLI

149

18.04.1984 - 19.04.1984

CANDARLI

150

20.04.1984 - 26.04.1984

Akademik Vernadskiy

Akademik Vernadsky29 1

15.06.1984 - 15.07.1984

Professor Kolesnikov

Professor Kolesnikov9

20.06.1984 - 23.09.1984

CANDARLI 153 27.06.1984 - 28.06.1984
CANDARLI 154 04.07.1984 - 10.07.1984
Akademik A. Kovalevskiy 98 24.08.1984 - 13.10.1984
Mikhail Lomonosov Mikhail Lomonosov43_1 03.09.1984 - 20.09.1984
CANDARLI 157 12.09.1984 - 14.09.1984
Mikhail Lomonosov Mikhail Lomonosov43_2 24.09.1984 - 17.11.1984
Professor Vodyanitsky 17-A 03.10.1984 - 25.10.1984

Professor Kolesnikov

Professor Kolesnikov10

06.11.1984 - 09.02.1985




Tablo 1. Devami

Arastirma Gemisi

Sefer Ismi

Tarihler

Professor Kolesnikov

Professor Kolesnikov11

06.03.1985 - 09.06.1985

Professor Vodyanitsky 19 15.05.1985 - 29.07.1985
Mikhail Lomonosov Mikhail Lomonosov44_1 08.06.1985 - 10.07.1985
Akademik A. Kovalevskiy 100 25.06.1985 - 24.08.1985

Mikhail Lomonosov

Mikhail Lomonosov44 2

18.07.1985 - 02.08.1985

Mikhail Lomonosov

Mikhail Lomonosov44 3

26.07.1985 - 15.09.1985

Professor Kolesnikov

Professor Kolesnikov12_1

26.07.1985 - 27.08.1985

Professor Kolesnikov

Professor Kolesnikov12_ 2

26.07.1985 - 27.08.1985

Professor Vodyanitsky

19b

19.08.1985 - 01.09.1985

Akademik A. Kovalevskiy

101

11.09.1985 - 10.11.1985

Akademik Vernadskiy

Akademik Vernadsky31

12.10.1985 - 31.10.1985

Mikhail Lomonosov

Mikhail Lomonosov44_4

18.10.1985 - 30.10.1985

Professor Vodyanitsky

20

21.10.1985 - 29.01.1986

Bilim Cruise 1985-02 15.11.1985 - 29.11.1985

Bilim Cruise 1985-03 20.12.1985 - 27.12.1985
GRIGORY LEZHAVA 01.01.2002(7.14.07) 06.01.1986 - 06.01.1986
Bilim Cruise 1986-01 21.01.1986 - 23.01.1986

Bilim Cruise 1986-02 24.01.1986 - 01.02.1986
Akademik Vernadskiy Akademik Vernadsky33 18.02.1986 - 03.06.1986
Bilim Cruise 1986-03 21.02.1986 - 28.02.1986
Professor Vodyanitsky 20a 04.03.1986 - 07.03.1986
Bilim Cruise 1986-04 11.03.1986 - 20.03.1986
Professor Vodyanitsky 20b 13.03.1986 - 28.03.1986
GRIGORY LEZHAVA 27197 07.04.1986 - 25.05.1986
Akademik A. Kovalevskiy 102 12.04.1986 - 27.05.1986
Ekvator 27198 17.04.1986 - 30.05.1986
Ekvator 27198 17.04.1986 - 30.05.1986

Bilim Cruise 1986-07 06.05.1986 - 20.05.1986

Bilim Cruise 1986-08 20.05.1986 - 26.05.1986

Bilim Cruise 1986-09 04.06.1986 - 06.06.1986
GRIGORY LEZHAVA 27199 05.06.1986 - 24.06.1986
Bilim Cruise 1986-11 07.07.1986 - 08.07.1986
GRIGORY LEZHAVA 27200 07.07.1986 - 25.07.1986
Bilim Cruise 1986-12 14.07.1986 - 18.07.1986

Bilim Cruise 1986-13 19.07.1986 - 20.07.1986

Akademik A. Kovalevskiy

103

25.07.1986 - 08.09.1986

Professor Kolesnikov

Professor Kolesnikov14 1

07.08.1986 - 06.11.1986

Bilim Cruise 1986-15 27.08.1986 - 31.08.1986
GRIGORY LEZHAVA 27201 27.08.1986 - 26.09.1986
MESAHA 1 176 17.09.1986 - 19.09.1986
Bilim Cruise 1986-16 19.09.1986 - 12.10.1986

Ekvator 27203 10.10.1986 - 26.12.1986




Tablo 1. Devami

Arastirma Gemisi

Sefer Ismi

Tarihler

Ekvator 27203 10.10.1986 - 26.12.1986
GRIGORY LEZHAVA 27202 10.10.1986 - 26.12.1986
SNEG 27203 10.10.1986 - 26.12.1986
Akademik A. Kovalevskiy 104 11.10.1986 - 28.11.1986
Bilim Cruise 1986-17 18.11.1986 - 24.11.1986
MESAHA 1 179 19.11.1986 - 20.11.1986
Professor Kolesnikov Professor Kolesnikov14_2 21.11.1986 - 26.12.1986
Professor Vodyanitsky 22 07.12.1986 - 27.12.1986

Bilim Cruise 1987-1 13.01.1987 - 18.01.1987
Bilim Cruise 1987-3 17.01.1987 - 03.02.1987
Bilim Cruise 1987-2 18.01.1987 - 18.01.1987
Bilim Cruise 1987-4 04.02.1987 - 05.02.1987
Bilim Cruise 1987-5 05.02.1987 - 06.02.1987
MESAHA 2 184 18.02.1987 - 21.02.1987
Bilim Cruise 1987-9 31.03.1987 - 09.04.1987
Bilim Cruise 1987-10 21.04.1987 - 28.04.1987
Bilim Cruise 1987-11 01.05.1987 - 03.05.1987
Bilim Cruise 1987-12 15.05.1987 - 16.05.1987
Bilim Cruise 1987-13 17.05.1987 - 17.05.1987
Bilim Cruise 1987-14 18.05.1987 - 22.05.1987

Akademik A. Kovalevskiy

105

03.06.1987 - 18.07.1987

Professor Kolesnikov

Professor Kolesnikov16

16.06.1987 - 10.09.1987

Bilim Cruise 1987-17 24.06.1987 - 24.06.1987

Bilim Cruise 1987-18 24.06.1987 - 25.06.1987

Bilim Cruise 1987-19 28.07.1987 - 29.07.1987

Bilim Cruise 1987-20 29.07.1987 - 30.07.1987

Bilim Cruise 1987-21 11.08.1987 - 15.08.1987

Bilim Cruise 1987-22 15.08.1987 - 16.08.1987

Bilim Cruise 1987-23 16.08.1987 - 17.08.1987

Bilim Cruise 1987-24 25.08.1987 - 28.08.1987

Cubuklu 199 26.08.1987 - 06.09.1987
Akademik A. Kovalevskiy 107 29.08.1987 - 13.10.1987
Bilim Cruise 1987-25 31.08.1987 - 31.08.1987

Bilim Cruise 1987-26 01.09.1987 - 02.09.1987

Professor Kolesnikov Professor Kolesnikov17_1 01.10.1987 - 06.11.1987
Bilim Cruise 1987-29 10.10.1987 - 12.10.1987

Bilim Cruise 1987-30 12.10.1987 - 12.10.1987
Akademik A. Kovalevskiy 109 03.11.1987 - 08.12.1987
Professor Kolesnikov Professor Kolesnikov17_2 12.11.1987 - 20.12.1987
Professor Vodyanitsky 25 02.12.1987 - 21.01.1988

Bilim

Cruise 1988-2

23.01.1988 - 23.01.1988




Tablo 1. Devami

Arastirma Gemisi

Sefer Ismi

Tarihler

Bilim

Cruise 1988-3

24.01.1988 - 25.01.1988

Professor Vodyanitsky

26

16.02.1988 - 15.06.1988

Mikhail Lomonosov

Mikhail Lomonosov49 1

06.03.1988 - 27.03.1988

Bilim

Cruise 1988-4

19.03.1988 - 20.03.1988

Bilim

Cruise 1988-5

21.03.1988 - 22.03.1988

Akademik Vernadskiy

Akademik Vernadsky37_1

05.04.1988 - 22.04.1988

Professor Kolesnikov

Professor Kolesnikov18

10.04.1988 - 30.05.1988

Akademik Vernadskiy

Akademik Vernadsky37_2

22.04.1988 - 27.04.1988

Akademik Vernadskiy

Akademik Vernadsky37_3

14.05.1988 - 29.05.1988

Bilim Cruise 1988-8 27.05.1988 - 27.05.1988

Bilim Cruise 1988-9 29.05.1988 - 29.05.1988

Bilim Cruise 1988-10 30.05.1988 - 31.05.1988
Akademik Vernadskiy Akademik Vernadsky37_4 | 07.06.1988 - 27.06.1988
Bilim Cruise 1988-11 07.06.1988 - 10.06.1988

Bilim Cruise 1988-12 03.07.1988 - 05.07.1988

Bilim Cruise 1988-13 06.07.1988 - 06.07.1988

Professor Vodyanitsky 27 15.07.1988 - 13.09.1988
Akademik A. Kovalevskiy 111 22.07.1988 - 05.09.1988

Professor Kolesnikov

Professor Kolesnikov19

02.08.1988 - 06.10.1988

Professor Kolesnikov

Professor Kolesnikov23

04.08.1988 - 03.10.1989

Bilim Cruise 1988-16 11.08.1988 - 16.08.1988
MESAHA 1 224 21.08.1988 - 01.09.1988
Bilim Cruise 1988-17 26.08.1988 - 13.09.1988
Bilim Cruise 1988-18 19.09.1988 - 29.09.1988

Akademik A. Kovalevskiy

112

21.09.1988 - 05.11.1988

Professor Kolesnikov

Professor Kolesnikov20

16.11.1988 - 06.03.1989

Bilim Cruise 1988-22 02.12.1988 - 18.12.1988
Bilim Cruise 1989-1 09.01.1989 - 22.01.1989
Bilim Cruise 1989-5 20.03.1989 - 24.03.1989

Professor Kolesnikov

Professor Kolesnikov21

31.03.1989 - 15.05.1989

Bilim

Cruise 1989-6

03.04.1989 - 12.04.1989

Professor Vodyanitsky

28 1

27.04.1989 - 21.06.1989

Akademik A. Kovalevskiy

114

28.04.1989 - 12.06.1989

Bilim

Cruise 1990-5

04.05.1989 - 08.05.1990

Professor Kolesnikov

Professor Kolesnikov22

16.06.1989 - 11.07.1989

Akademik A. Kovalevskiy 115 29.06.1989 - 18.08.1989
Professor Vodyanitsky 28 2 07.07.1989 - 31.08.1989
Cubuklu 231 19.07.1989 - 23.07.1989

Bilim Cruise 1989-8 26.08.1989 - 31.08.1989

Cubuklu 232 04.09.1989 - 14.09.1989
Akademik A. Kovalevskiy 116 08.09.1989 - 28.10.1989
Bilim Cruise 1989-9 19.09.1989 - 26.09.1989




Tablo 1. Devami

Arastirma Gemisi

Sefer Ismi

Tarihler

Bilim

Cruise 1989-12

27.09.1989 - 27.11.1989

Bilim

Cruise 1989-10

21.10.1989 - 23.10.1989

Mikhail Lomonosov

Mikhail Lomonosov51

11.11.1989 - 14.12.1989

DRUG PRIRODY 18243 05.01.1990 - 30.06.1990
DRUG PRIRODY 18243 05.01.1990 - 30.06.1990
TAO 18244 05.01.1990 - 30.06.1990

Cubuklu 242 10.01.1990 - 17.01.1990

Bilim Cruise 1990-01 05.02.1990 - 28.02.1990

Professor A. Valkanov 15PV199031 05.03.1990 - 06.03.1990
Bilim Cruise 1990-2 08.03.1990 - 13.03.1990
MESAHA 1 252 12.03.1990 - 12.03.1990

Bilim Cruise 1990-4 06.04.1990 - 21.04.1990
Akademik A. Kovalevskiy 117 16.04.1990 - 07.06.1990
Mikhail Lomonosov Mikhail Lomonosov52 04.05.1990 - 22.05.1990
Professor A. Valkanov 15PV199032 08.05.1990 - 09.05.1990
MESAHA 1 259 11.06.1990 - 13.06.1990
Akademik A. Kovalevskiy 118 25.06.1990 - 09.08.1990
Professor Vodyanitsky 31 02.07.1990 - 12.08.1990
TAO 18333 05.07.1990 - 25.08.1990

Mikhail Lomonosov Mikhail Lomonosov53_1 18.07.1990 - 24.08.1990
Bilim Cruise 1990-6 27.07.1990 - 01.08.1990
MESAHA 1 263 31.07.1990 - 31.07.1990
Professor A. Valkanov 15PV199033 08.08.1990 - 09.08.1990
Professor A. Valkanov 15PV199034 14.08.1990 - 14.08.1990
Professor Vodyanitsky 32 17.08.1990 - 15.09.1990
Professor Kolesnikov Professor Kolesnikov25 28.08.1990 - 12.09.1990
Akademik A. Kovalevskiy 119 31.08.1990 - 20.10.1990
Bilim Cruise 1990-8 07.09.1990 - 03.10.1990

DRUG PRIRODY 18334 07.09.1990 - 25.12.1990
DRUG PRIRODY 18334 07.09.1990 - 25.12.1990

Mikhail Lomonosov

Mikhail Lomonosov53_a

25.09.1990 - 04.11.1990

Bilim

Cruise 1990-9

25.10.1990 - 30.10.1990

Professor A. Valkanov 15PV199035 11.11.1990 - 11.11.1990
Professor A. Valkanov 15PV199036 13.11.1990 - 13.11.1990
Professor A. Valkanov 15PV199037 15.11.1990 - 16.11.1990
Bilim Cruise 1991-1 10.01.1991 - 18.01.1991

Professor A. Valkanov 15PV199130 21.02.1991 - 21.02.1991
Bilim Cruise 1991-2 01.03.1991 - 04.03.1991

Bilim Cruise 1991-3 08.03.1991 - 13.03.1991

Bilim Cruise 1991-5 28.03.1991 - 01.04.1991
MESAHA 1 276-3 10.05.1991 - 10.05.1991
Akademik A. Kovalevskiy 120 18.05.1991 - 25.05.1991




Tablo 1. Devami

Arastirma Gemisi

Sefer ismi

Tarihler

Bilim

Cruise 1991-6

01.06.1991 - 13.06.1991

Professor Vodyanitsky

33

01.06.1991 - 20.06.1991

Professor Kolesnikov

Professor Kolesnikov27_1

18.06.1991 - 23.06.1991

Bilim

Cruise 1991-7

19.06.1991 - 23.06.1991

DRUG PRIRODY

18838

01.07.1991 - 01.07.1991

DRUG PRIRODY

18838

01.07.1991 - 01.07.1991

Professor Kolesnikov

Professor Kolesnikov27_2

05.07.1991 - 11.07.1991

Professor Kolesnikov

Professor Kolesnikov27

20.07.1991 - 25.08.1991

TAO 18837 01.08.1991 - 31.12.1991
MESAHA 1 276-5 07.08.1991 - 07.08.1991
Bilim Cruise 1991-9 17.08.1991 - 21.08.1991

Bilim Cruise 1991-10 05.09.1991 - 23.09.1991
Professor Kolesnikov Professor Kolesnikov28 07.09.1991 - 15.10.1991
MESAHA 1 276-7 24.09.1991 - 24.09.1991
Bilim Cruise 1991-11 01.10.1991 - 07.10.1991
MESAHA 1 276-8 08.10.1991 - 10.10.1991
MESAHA 2 276-9 08.10.1991 - 08.10.1991
Bilim Cruise 1991-13 27.10.1991 - 29.10.1991
Professor Vodyanitsky 35 29.10.1991 - 22.11.1991
Cubuklu 303 11.11.1991 - 12.11.1991
Mikhail Lomonosov Mikhail Lomonosov54 17.11.1991 - 13.12.1991
Bilim Cruise 1991-14 19.12.1991 - 25.12.1991

Bilim Cruise 1992-01 03.01.1992 - 22.01.1992

Bilim Cruise 1992-2 05.03.1992 - 15.03.1992
Akademik Vernadskiy Akademik Vernadsky44 07.05.1992 - 18.05.1992
Bilim Cruise 1992-05 13.05.1992 - 20.05.1992
Trepang Trepang9 18.05.1992 - 28.05.1992
Akademik AK061992 21.06.1992 - 25.06.1992
Professor Vodyanitsky 37 01.07.1992 - 25.07.1992
Bilim Cruise 1992-06 02.07.1992 - 26.07.1992
Professor Kolesnikov Professor Kolesnikov29 04.07.1992 - 03.08.1992
Bilim Cruise 1992-7 28.08.1992 - 31.08.1992

Bilim Cruise 1992-9 29.08.1992 - 01.09.1992

Bilim Cruise 1992-8 01.09.1992 - 02.09.1992
Mikhail Lomonosov Mikhail Lomonosov55 30.09.1992 - 02.11.1992
Bilim Cruise 1992-11 15.10.1992 - 20.10.1992

Bilim Cruise 1992-12 05.11.1992 - 05.11.1992
Cubuklu 306 11.11.1992 - 23.11.1992
Cubuklu 308 07.01.1993 - 15.01.1993

Bilim Cruise 1993-01 09.01.1993 - 27.01.1993
MESAHA 2 305-1 19.01.1993 - 27.01.1993
Bilim Cruise 1993-2 11.02.1993 - 18.02.1993




Tablo 1. Devami

Arastirma Gemisi

Sefer ismi

Tarihler

Cubuklu 309 17.02.1993 - 23.02.1993
Bilim Cruise 1993-04 01.03.1993 - 10.03.1993
Bilim Cruise 1993-05 01.04.1993 - 16.04.1993

Professor Kolesnikov

Professor Kolesnikov30

02.04.1993 - 30.04.1993

Bilim Cruise 1993-06 02.07.1993 - 23.07.1993
Cubuklu 311 23.07.1993 - 23.07.1993

Bilim 01.08.1993 - 20.08.1993

Bilim Cruise 1993-08 04.08.1993 - 23.08.1993
Professor Vodyanitsky 43 01.09.1993 - 05.09.1993
Bilim Cruise 1993-09 22.09.1993 - 06.10.1993
Professor Vodyanitsky 44 02.10.1993 - 17.10.1993
Bilim Cruise 1993-10 12.10.1993 - 28.10.1993
Trepang Trepangl5 19.10.1993 - 08.11.1993
VITYAZ 27 04.11.1993 - 15.11.1993
Cubuklu 311A 10.11.1993 - 10.11.1993
Professor Kolesnikov Professor Kolesnikov31 16.11.1993 - 14.01.1994
Cubuklu 305-7 07.12.1993 - 15.12.1993

Bilim Cruise 1993-12 15.12.1993 - 21.12.1993
Cubuklu 312 18.01.1994 - 25.01.1994

Bilim Cruise 1994-01 26.01.1994 - 14.02.1994
Trepang TrepanngA 01.02.1994 - 05.02.1994

Bilim Cruise 1994-3 11.04.1994 - 14.04.1994

Bilim Cruise 1994-04 17.04.1994 - 16.05.1994
Cubuklu 315 17.05.1994 - 03.06.1994
Steaua de Mare GD-9405 23.05.1994 - 24.05.1994
Steaua de Mare PC-9406 15.06.1994 - 18.06.1994
Steaua de Mare PS-9407 04.07.1994 - 05.07.1994
Cubuklu 316 19.07.1994 - 02.08.1994
Akvanavt 02.08.1994 - 21.08.1994

Bilim Cruise 1994-08 30.08.1994 - 23.09.1994
Akvanavt 12 06.09.1994 - 20.09.1994
Cubuklu 316A 12.09.1994 - 13.09.1994
Professor Vodyanitsky 47 23.09.1994 - 07.10.1994
Professor Kolesnikov Professor Kolesnikov32 02.12.1994 - 27.12.1994
Cubuklu 319 07.12.1994 - 09.12.1994
Cubuklu 320 13.12.1994 - 14.12.1994

Kiev Kievl 18.12.1994 - 27.12.1994

Kiev Kiev2 19.01.1995 - 28.01.1995
Cubuklu 321 12.02.1995 - 22.02.1995
Professor A. Valkanov 15PV1995001 14.02.1995 - 17.02.1995
Steaua de Mare PS-9502 21.02.1995 - 22.02.1995

Bilim

Cruise 1995-02

13.03.1995 - 12.04.1995

10



Tablo 1. Devami

Arastirma Gemisi

Sefer ismi

Tarihler

Professor Kolesnikov

Professor Kolesnikov33

16.03.1995 - 06.04.1995

Cubuklu 322 18.03.1995 - 19.03.1995
Akvanavt 19.03.1995 - 28.03.1995
Kiev Kiev3 21.03.1995 - 10.04.1995
Steaua de Mare PC-9504 18.04.1995 - 21.04.1995

Bilim Cruise 1995-3 25.04.1995 - 28.04.1995

Bilim Cruise 1995-4 28.04.1995 - 30.04.1995
Professor A. Valkanov 15PV1995002 16.05.1995 - 19.05.1995
Steaua de Mare GD-9505 31.05.1995 - 31.05.1995
Kiev Kiev4 02.08.1995 - 20.08.1995
Professor A. Valkanov 15PV1995003 15.08.1995 - 17.08.1995
Cubuklu 324 22.08.1995 - 25.08.1995
Akvanavt 25.08.1995 - 04.09.1995
Steaua de Mare PC-9509 04.09.1995 - 08.09.1995
Mare Nigrum HS-1995_2 12.09.1995 - 19.09.1995

Bilim Cruise 1995-06 18.09.1995 - 29.09.1995

Bilim Cruise 1995-07 29.09.1995 - 13.10.1995

Steaua de Mare GD-8510 19.10.1995 - 20.10.1995
Professor A. Valkanov 15PV1995004 13.11.1995 - 15.11.1995
Professor A. Valkanov 15PV1996006 17.02.1996 - 19.02.1996
Professor A. Valkanov 15PV1996005 20.02.1996 - 20.02.1996

Bilim Cruise 1996-1 05.04.1996 - 07.04.1996

Bilim Cruise 1996-2 08.04.1996 - 17.04.1996
MESAHA 2 327 10.04.1996 - 10.05.1996
Professor A. Valkanov 15PV1996007 13.05.1996 - 15.05.1996
MESAHA 2 328 27.05.1996 - 03.06.1996
Bilim Cruise 1996-4 20.06.1996 - 24.07.1996
Akvanavt 25.06.1996 - 06.07.1996
Cubuklu 329 03.07.1996 - 30.07.1996
Professor A. Valkanov 15PV1996008 14.08.1996 - 16.08.1996
Akademik BO081996 21.08.1996 - 23.08.1996
Unknown TEX091996 10.09.1996 - 10.09.1996

Bilim Cruise 1996-5 24.09.1996 - 04.10.1996
MESAHA 1 332 01.11.1996 - 06.11.1996
Bilim Cruise 1996-6 06.11.1996 - 10.11.1996
Professor A. Valkanov 15PV1996009 13.11.1996 - 16.11.1996
MESAHA 2 333 08.12.1996 - 15.12.1996
MESAHA 1 335 23.01.1997 - 29.01.1997
Professor Vodyanitsky not registered 10.05.1997 - 21.05.1997
Professor A. Valkanov 15PV1997010 18.05.1997 - 18.05.1997
Akademik BO061997 03.06.1997 - 06.06.1997
Bilim Cruise 1997-2 01.07.1997 - 19.07.1997
Trepang Trepangl/ 12.09.1997 - 20.09.1997

11
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Bilim Cruise 1997-4 24.09.1997 - 26.09.1997
Trepang Trepanng 30.09.1997 - 14.10.1997
MESAHA 2 343 24.10.1997 - 04.11.1997
Professor A. Valkanov 15PV1997012 20.11.1997 - 20.11.1997
MESAHA 1 345 22.12.1997 - 24.12.1997
Bilim Cruise 1998-01 25.03.1998 - 24.04.1998

Le Suroit BLASON 23.04.1998 - 23.05.1998
MESAHA 2 348 29.04.1998 - 29.04.1998
Steaua de Mare EC-9807 07.05.1998 - 07.05.1998
Professor A. Valkanov 15PV1998014 18.05.1998 - 20.05.1998
Steaua de Mare PC-9805 27.05.1998 - 29.05.1998
Unknown Sinop Time Series 29.05.1998 - 25.06.2000
Steaua de Mare P1/1998 03.06.1998 - 04.06.1998
Steaua de Mare GD-9806 11.06.1998 - 18.06.1998
Steaua de Mare P2/1998 03.07.1998 - 04.07.1998
Steaua de Mare PC-9807 13.07.1998 - 15.07.1998
Unknown LAKE081998 17.08.1998 - 19.08.1998
Steaua de Mare PC-9808 27.08.1998 - 01.09.1998

Akvanavt 28.08.1998 - 06.09.1998

Bilim Cruise 1998-2 03.09.1998 - 06.09.1998

Bilim Cruise 1998-03 13.09.1998 - 15.09.1998

Steaua de Mare P3/1998 16.09.1998 - 20.09.1998
Akademik B0O091998 24.09.1998 - 27.09.1998
Steaua de Mare GD-9809 25.09.1998 - 26.09.1998
Professor A. Valkanov 15PV1998011 18.10.1998 - 18.10.1998
Professor A. Valkanov 15PV1998016 01.12.1998 - 03.12.1998
Steaua de Mare EC-9901 26.01.1999 - 27.01.1999
Professor A. Valkanov 15PV1999017 25.02.1999 - 26.02.1999
Bilim Cruise 1999-01 02.03.1999 - 22.03.1999

Steaua de Mare P1/1999 22.03.1999 - 23.03.1999
Steaua de Mare PC-9904 31.03.1999 - 04.04.1999
Professor A. Valkanov 15PV1999018 11.05.1999 - 12.05.1999
Steaua de Mare PC-9905 12.05.1999 - 14.05.1999
KTU Denar | SDBF-0014 13.05.1999 - 13.05.1999
MESAHA 1 352 01.06.1999 - 02.06.1999
KTU Denar | SDBF-0013 03.06.1999 - 03.06.1999
KTU Denar | SDBF-0012 16.06.1999 - 16.06.1999
KTU Denar | SDBF-0011 30.06.1999 - 30.06.1999
KTU Denar | SDBF-0010 06.07.1999 - 06.07.1999
KTU Denar | SDBF-0009 27.07.1999 - 27.07.1999
Professor A. Valkanov 15PV1999019 16.08.1999 - 18.08.1999
Akvanavt 06.09.1999 - 13.09.1999

Bilim Cruise 1999-03 08.09.1999 - 29.09.1999

12
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Steaua de Mare PC-9909 14.09.1999 - 16.09.1999
Akademik BO091999 20.09.1999 - 24.09.1999
Bilim Cruise 1999-04 03.10.1999 - 20.10.1999

KTU Denar | SDBF-0007 26.10.1999 - 09.11.1999
KTU Denar | SDBF-0008 26.10.1999 - 26.10.1999
Akademik BO111999 01.11.1999 - 05.11.1999
MESAHA 2 356 15.11.1999 - 19.11.1999
Professor A. Valkanov 15PV1999020 15.11.1999 - 16.11.1999
Professor A. Valkanov 15PV200038 11.02.2000 - 11.02.2000
Akvanavt 12.03.2000 - 19.03.2000
MESAHA 1 360 31.03.2000 - 10.04.2000
Akademik BO042000 03.04.2000 - 08.04.2000

KTU Denar | SDBF-0006 11.04.2000 - 11.04.2000
KTU Denar | SDBF-0005 25.04.2000 - 25.04.2000
Cubuklu 363 10.05.2000 - 13.05.2000
Professor A. Valkanov 15PV200039 20.05.2000 - 20.05.2000
KTU Denar | SDBF-0004 23.05.2000 - 23.05.2000
MESAHA 2 364 23.05.2000 - 26.05.2000
KTU Denar | SDBF-0003 29.06.2000 - 29.06.2000
Bilim Cruise 2000-01 01.07.2000 - 09.07.2000

KTU Denar | SDBF-0002 10.07.2000 - 10.07.2000
Professor A. Valkanov 15PV200040 16.08.2000 - 16.08.2000
Akvanavt 05.09.2000 - 10.09.2000
Akademik B0O092000 11.09.2000 - 15.09.2000
Bilim Cruise 2000-02 18.09.2000 - 02.10.2000
MESAHA 1 366 25.09.2000 - 03.10.2000

K. Piri Reis N-1 05.10.2000 - 14.10.2000
Bilim Cruise 2000-03 06.10.2000 - 17.10.2000

Bilim Cruise 2000-3 06.10.2000 - 17.10.2000

Bilim Cruise 2000-4 20.10.2000 - 24.10.2000
Professor A. Valkanov 15PV200041 16.11.2000 - 16.11.2000
Akvanavt 20 29.11.2000 - 04.12.2000
Professor A. Valkanov 15PVv200142 28.02.2001 - 28.02.2001
Steaua de Mare PC-0103 11.03.2001 - 13.03.2001
Akvanavt 23 02.04.2001 - 06.04.2001
Akvanavt 24 11.04.2001 - 18.04.2001
Akvanavt 25 25.04.2001 - 29.04.2001
Akvanavt 11.05.2001 - 17.05.2001

Bilim Cruise 2001-01 22.05.2001 - 28.05.2001

Steaua de Mare PC-0106 07.06.2001 - 09.06.2001
Professor A. Valkanov 15PV200143 08.06.2001 - 08.06.2001
Bilim Cruise 2001-2 12.06.2001 - 23.06.2001

KTU Denar | SDBF-0001 16.06.2001 - 17.06.2001

13
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Bilim Cruise 2001-3 23.06.2001 - 24.06.2001
Akvanavt 27 29.07.2001 - 29.07.2001
Akademik AKO082001 04.08.2001 - 05.08.2001
Akvanavt 13.08.2001 - 11.09.2001
Akademik AKO8NOAH2001 14.08.2001 - 31.08.2001
Professor A. Valkanov 15PVv200144 15.08.2001 - 15.08.2001
Akvanavt 04.09.2001 - 19.09.2001
Akvanavt 33 14.09.2001 - 19.09.2001
Steaua de Mare PC-0109 14.09.2001 - 16.09.2001
Akvanavt 35 27.09.2001 - 30.09.2001
Akvanavt 36 05.10.2001 - 12.10.2001
Akademik B0O102001 22.10.2001 - 26.10.2001
Steaua de Mare PC-0110 30.10.2001 - 01.11.2001
Professor A. Valkanov 15PV200145 16.11.2001 - 16.11.2001
Akademik AK112001 19.11.2001 - 24.11.2001
Meteor 51/4 13.12.2001 - 28.12.2001
Meteor 52/1 02.01.2002 - 01.02.2002
Professor A. Valkanov \V2002B01 13.02.2002 - 14.02.2002
Professor A. Valkanov 15PV200246 15.02.2002 - 15.02.2002
Akademik AK042002 02.04.2002 - 02.04.2002
Steaua de Mare PC-0204 25.04.2002 - 30.04.2002
Akvanavt 04.05.2002 - 10.05.2002
Akvanavt 47 24.05.2002 - 01.06.2002
Akademik AK052002 27.05.2002 - 31.05.2002
Professor A. Valkanov \V2002B02 04.06.2002 - 06.06.2002
Akvanavt 51 06.07.2002 - 12.07.2002
Steaua de Mare PC-0207 07.07.2002 - 16.07.2002
Akademik AKO072002 15.07.2002 - 16.07.2002
Le Suroit BLASON 2 09.08.2002 - 09.09.2002
Professor A. Valkanov \V2002B03 18.08.2002 - 20.08.2002
Akademik AK082002 19.08.2002 - 23.08.2002
Akvanavt 53 23.08.2002 - 27.08.2002
Akvanavt 04.09.2002 - 05.09.2002
Steaua de Mare Mar-02 05.09.2002 - 08.09.2002
Steaua de Mare Apr-02 17.10.2002 - 17.10.2002
Steaua de Mare EC-0210 18.10.2002 - 18.10.2002
Professor A. Valkanov \V2002B04 12.11.2002 - 14.11.2002
Akademik AK112002 25.11.2002 - 28.11.2002
Akademik AK032003 04.03.2003 - 08.03.2003
Knorr 172-05 10.03.2003 - 07.04.2003
Steaua de Mare EC-0303 11.03.2003 - 11.03.2003
Professor A. Valkanov \V2003B01 12.03.2003 - 13.03.2003
Steaua de Mare Jan-03 22.04.2003 - 24.04.2003
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Tablo 1. Devami

Arastirma Gemisi

Sefer Ismi

Tarihler

Steaua de Mare P1/2003 05.05.2003 - 11.05.2003
Steaua de Mare PC-0305 12.05.2003 - 14.05.2003
Steaua de Mare Feb-03 24.05.2003 - 27.05.2003
Akademik AK062003 07.06.2003 - 12.06.2003
Steaua de Mare P2/2003 10.06.2003 - 11.06.2003
Ashamba 30702 02.07.2003 - 02.07.2003
Steaua de Mare P3/2003 18.07.2003 - 19.07.2003
Steaua de Mare Mar-03 21.07.2003 - 25.07.2003
Steaua de Mare EC-0308 30.07.2003 - 02.08.2003
Professor A. Valkanov \V2003B02 13.08.2003 - 15.08.2003
Steaua de Mare P4/2003 25.08.2003 - 26.08.2003
Ashamba 26.08.2003 - 27.08.2003
Ashamba 30828 28.08.2003 - 28.08.2003
Akademik AK092003 08.09.2003 - 14.09.2003
Steaua de Mare P5/2003 17.09.2003 - 20.09.2003
Steaua de Mare PC-0309 17.09.2003 - 18.09.2003
Steaua de Mare EC-0309 21.09.2003 - 21.09.2003
Steaua de Mare Apr-03 14.11.2003 - 18.11.2003
Steaua de Mare PC-0310 19.11.2003 - 23.11.2003
Akvanavt 57 26.01.2004 - 26.01.2004
GRIGORY LEZHAVA 27167 13.04.2004 - 30.06.2004
Steaua de Mare POL-2404 16.04.2004 - 23.04.2004

Marion Dufresne

MD 139 / ASSEMBLAGE

06.05.2004 - 23.05.2004

-1

Steaua de Mare POL-2405 12.05.2004 - 13.05.2004
Akvanavt 58 14.05.2004 - 14.05.2004
Professor Vodyanitsky 60 24.05.2004 - 25.06.2004
Akademik AK062004 31.05.2004 - 04.06.2004
Akvanavt 60 01.06.2004 - 05.06.2004
Professor A. Valkanov V2004B01 03.06.2004 - 04.06.2004
Akvanavt 62 21.06.2004 - 25.06.2004
Steaua de Mare POL-2406 21.06.2004 - 22.06.2004
Professor Vodyanitsky 61 29.06.2004 - 11.07.2004
Akvanavt 66 13.07.2004 - 15.07.2004
Akvanavt 67 17.07.2004 - 17.07.2004
Steaua de Mare EC-2407 21.07.2004 - 21.07.2004
Akademik AKO072004 27.07.2004 - 01.08.2004
Akvanavt 11.08.2004 - 17.08.2004
Professor A. Valkanov \V2004B02 31.08.2004 - 01.09.2004
Akvanavt 71 01.09.2004 - 04.09.2004
Akvanavt 72 08.09.2004 - 12.09.2004
Akademik AK092004 17.09.2004 - 21.09.2004
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Tablo 1. Devami

Arastirma Gemisi Sefer Ismi Tarihler
Steaua de Mare GD-2409 21.09.2004 - 21.09.2004
Steaua de Mare POL-2409 23.09.2004 - 25.09.2004

Professor A. Valkanov \V2004B03 04.10.2004 - 04.10.2004
Poseidon 317-4 16.10.2004 - 04.11.2004
Akvanavt 76 08.12.2004 - 11.12.2004

Akademik AK122004 21.12.2004 - 22.12.2004
Akademik AKO032005 07.03.2005 - 12.03.2005
Steaua de Mare POL-2504 16.04.2005 - 18.04.2005
Akademik BO042005 20.04.2005 - 21.04.2005
Endeavor 403 27.04.2005 - 05.06.2005
Steaua de Mare POL-2505 13.05.2005 - 14.05.2005
Akademik AK062005 07.06.2005 - 11.06.2005
Akvanavt 80 09.06.2005 - 14.06.2005
Steaua de Mare POL-2506 09.06.2005 - 10.06.2005
Akademik AKO6PE2005 17.06.2005 - 20.06.2005
Akvanavt 82 25.06.2005 - 30.06.2005
Steaua de Mare POL-2507 12.07.2005 - 13.07.2005
Steaua de Mare POL-2508 18.08.2005 - 19.08.2005
Akvanavt 68 19.08.2005 - 26.08.2005
Akvanavt 91 11.09.2005 - 11.09.2005
Akademik AK092005 13.09.2005 - 13.09.2005
KTU Denar | '\z/l Ei%%%%%%%l 10.10.2005 - 19.10.2005
KTU Denar | SR0406, 20060222 22.02.2006 - 24.02.2006
N A orMS NAFAT001 10.03.2006 - 25.03.2006
Akademik AKO03/042006PE 27.03.2006 - 14.04.2006
KTU Denar | SR0406, 20060406 06.04.2006 - 06.04.2006
30-Dec POL-2604 13.04.2006 - 18.04.2006
Steaua de Mare PC-2604 26.04.2006 - 02.05.2006
Akvanavt 97 19.05.2006 - 28.05.2006
KTU Denar | SR0506, 20060523 23.05.2006 - 23.05.2006
Steaua de Mare PC-2605 29.05.2006 - 31.05.2006
Bilim Cruise 2006-03 05.06.2006 - 27.06.2006
Steaua de Mare MON-2606 07.06.2006 - 07.06.2006
KTU Denar | SR0506, 20060627 27.06.2006 - 28.06.2006
Steaua de Mare PC-9905 07.07.2006 - 11.07.2006
Akademik AKO072006PE 11.07.2006 - 17.07.2006
Steaua de Mare POL-2607 20.07.2006 - 25.07.2006
Akademik BSERP-2006 25.07.2006 - 04.08.2006
Steaua de Mare POL-2608 18.08.2006 - 23.08.2006
Akvanavt 109 19.09.2006 - 19.09.2006
KTU Denar | SR0906, 20060919 19.09.2006 - 20.09.2006
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Tablo 1. Devami

Arastirma Gemisi

Sefer Ismi

Tarihler

Steaua de Mare POL-2609 29.09.2006 - 30.09.2006
Bilim Cruise 2006-07 02.10.2006 - 26.10.2006
Steaua de Mare PC-0610 02.10.2006 - 04.10.2006
Steaua de Mare POL-2610 27.10.2006 - 31.10.2006
N Lo M3 NAFAT002 26.11.2006 - 04.12.2006
Unknown 15PV2006022 06.12.2006 - 15.12.2006
Experiment Experiment122006 14.12.2006 - 15.12.2006
Experiment Experiment012007 09.01.2007 - 10.01.2007
Meteor 72-1 07.02.2007 - 20.02.2007
Meteor 712-2 23.02.2007 - 13.03.2007
Steaua de Mare POL-2703 06.03.2007 - 07.03.2007
Meteor 72-3 16.03.2007 - 24.04.2007
O e S NAFAT003 16.03.2007 - 30.03.2007
Unknown 15PV2007023 05.04.2007 - 15.04.2007
Steaua de Mare POL-2704 16.04.2007 - 23.04.2007
Meteor 72-4 25.04.2007 - 11.05.2007
Steaua de Mare POL-2705 08.05.2007 - 09.05.2007
Meteor 72-5 14.05.2007 - 04.06.2007
Experiment Experiment052007 16.05.2007 - 19.05.2007
Steaua de Mare POL-2706 09.06.2007 - 10.06.2007
Steaua de Mare POL-2707 16.07.2007 - 17.07.2007
Experiment Experiment072007 18.07.2007 - 23.07.2007
Steaua de Mare POL-240807 24.08.2007 - 25.08.2007
Experiment Experiment092007 15.09.2007 - 22.09.2009
Steaua de Mare POL-2709 17.09.2007 - 21.09.2007
Steaua de Mare POL-091007 09.10.2007 - 10.10.2007
Steaua de Mare POL-27102 26.10.2007 - 27.10.2007
Steaua de Mare MON-2710 28.10.2007 - 28.10.2007
UNKROWR PEAT ORMS NAFATO004 03.11.2007 - 11.12.2007
Steaua de Mare PN-290108 29.01.2008 - 30.01.2008
Steaua de Mare POL-190308 19.03.2008 - 21.03.2008
Steaua de Mare POL060408 06.04.2008 - 07.04.2008

UNLUATA Cruises:

Bili . . 07.04.2008 - 15.04.2008
tm Turkish Straits
Bilim UNLUATA Cruises: Black |, 4 2008 - 26.04.2008
Sea
UNKNOWN PLATFORMS
OF BULGARIA NAFATO005 30.04.2008 - 15.05.2008
Steaua de Mare POL080508 08.05.2008 - 09.05.2008
Steaua de Mare POL100508 10.05.2008 - 12.05.2008
Steaua de Mare POL140608 14.06.2008 - 15.06.2008
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Tablo 1. Devami

Arastirma Gemisi

Sefer Ismi

Tarihler

Steaua de Mare POL210708 21.07.2008 - 22.07.2008
Steaua de Mare POL230708 23.07.2008 - 24.07.2008
Steaua de Mare POL-2605 20.08.2008 - 22.08.2008
Steaua de Mare POL230808 23.08.2008 - 25.08.2008
Steaua de Mare POL290908 29.09.2008 - 30.09.2008
Bilim Cruise 2008-11 07.10.2008 - 11.10.2008
Akademik AK-2009-02 16.02.2009 - 20.02.2009
Akademik AK-2009-03 17.03.2009 - 19.03.2009
Unknown NAFAT Spring2009 16.04.2009 - 31.05.2009
Akademik AK-2009-04 23.04.2009 - 25.04.2009
Akademik AK-2009-05 04.05.2009 - 21.05.2009
Steaua de Mare PN06052009 06.05.2009 - 09.05.2009
Akademik AK-2009-06 04.06.2009 - 13.06.2009
Akademik AK-2009-06 MON 15.06.2009 - 24.06.2009
Steaua de Mare PN15062009 15.06.2009 - 17.06.2009
Akademik AK-2009-07 01.07.2009 - 15.07.2009
Steaua de Mare POL17072009 17.07.2009 - 21.07.2009
Akademik AK-2009-08 12.08.2009 - 19.08.2009
Akademik AK-2009-08/09 27.08.2009 - 02.09.2009
Akademik AK-2009-09 WISER 04.09.2009 - 04.09.2009
Akademik AK-2009-09 05.09.2009 - 10.09.2009
Steaua de Mare PN15092009 15.09.2009 - 16.09.2009
Akademik AK-2009-09-BMG 23.09.2009 - 24.09.2009
Akademik AK-2009 -10 RESPONT 08.10.2009 - 10.10.2009
Steaua de Mare PN08102009 08.10.2009 - 10.10.2009
Akademik AK-2009-10-BMG 25.10.2009 - 28.10.2009
Unknown NAFAT Autumn- 22.11.2009 - 16.12.2009
Akademik AK-2009 -12 EURO 07.12.2009 - 08.12.2009
Akademik AK-2009 -12/SS1 14.12.2009 - 22.12.2009
Akademik AK-2009 -12/SS2 23.12.2009 - 31.12.2009
Steaua de Mare NucleuL 14.02.2010 - 21.02.2010
Steaua de Mare PN09320202 22.03.2010 - 24.03.2010
Maria S. Merian MSM15/1 12.04.2010 - 08.05.2010
Maria S. Merian MSM15/2 10.05.2010 - 02.06.2010
Professor Vodyanitsky 64 30.06.2010 - 06.07.2010
Steaua de Mare Monitoring 27.07.2010 - 29.07.2010
Professor Vodyanitsky 65 30.07.2010 - 10.08.2010
Steaua de Mare Monitoring 24.08.2010 - 04.09.2010
Professor Vodyanitsky 66 31.08.2010 - 14.09.2010
Steaua de Mare PNL&INTG 26.04.2011 - 27.04.2011
Steaua de Mare Monit 11.05.2011 - 14.05.2011
Steaua de Mare Monit 11.05.2011 - 14.05.2011
Steaua de Mare Monit&Intg 04.07.2011 - 05.07.2011
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Ocak Sicakhik (°C) Subat Sicakhik (°C)

Mayis Sicaklik (°C) Haziran Sicaklik (°C)

Sekil 2.1. Ocak, Subat, Mart, Nisan, Mayis ve Haziran aylar i¢in ortalama deniz yuzey
sicakhgi dagilimi
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Temmuz Sicakhik (°C)  Agustos Sicaklik (°C)

Kasim Sicakhik (°C)  Arahk Sicaklik (°C)

Sekil 2.2. Temmuz, AJustos, Eylll, Ekim, Kasim ve Aralik aylari igin ortalama deniz yizey
sicakhgr dagihmi
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Ocak Tuzluluk (psu) Subat Tuzluluk (psu)

Sekil 2.3. Ocak, Subat, Mart, Nisan, Mayis ve Haziran aylari i¢in ortalama deniz yizey
tuzluluk dagilimi
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Temmuz Tuzluluk (psu) Agustos Tuzluluk (psu)
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Sekil 2.4. Temmuz, Adustos, Eylll, Ekim, Kasim ve Aralik aylari igin ortalama deniz yiizey
tuzluluk dagilimi
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Subat PO4 @ Depth [m]=0
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Sekil 2.5. Ocak, Subat, Mart, Nisan, Mayis ve Haziran aylari igin ortalama deniz ylizey PO,
konsantrasyonu dagilimi
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Temmuz PO4 @ Depth [m]=0 Agustos PO4 @ Depth [m]=0
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Sekil 2.6. Temmuz, Adustos, Eylil, Ekim, Kasim ve Aralik aylari i¢in ortalama deniz ylzey
PO, konsantrasyonu dagilimi
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Ocak NO3_NO2 @ Depth [m]=0
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Sekil 2.7. Ocak, Subat, Mart, Nisan, Mayis ve Haziran aylari igin ortalama deniz ytizey NO; +
NO, konsantrasyonu dagilimi
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Temmuz NO3_NO2 @ Depth [m]=0
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Sekil 2.8. Temmuz, Adustos, Eylil, Ekim, Kasim ve Aralik aylari i¢in ortalama deniz ylzey
NO; + NO; konsantrasyonu dagilimi
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EK 2. Proje kapsaminda hazirlanan makaleler

EK 2.1. Towards an Estimate of the Magnitude of Nitrate Deficit Development

(Denitrification And Anammox) in the Central Baltic Sea

Paul Kéhler, Andreas Oschlies, Wolfgang Koeve + a member of IMS-METU TEAM

Institut fir Meereskunde an der Universitat Kiel, Kiel, Germany

Abstract

Data collected extensively in the water of the central Baltic Sea show the development of nitrate
deficits, likely caused by denitrification and anammox. Observations of temperature and salinity,
oxygen, hydrogen sulfide and nutrient concentrations in the central Gotland Sea reveal the rate
of formation of nitrate deficits to be largest in the oxic waters above and in the halocline. The
reason that large accumulated deficits are observed in stagnant deeper waters is simply that
there they can build up over years to decades of stagnation. The magnitude of the nitrate deficit
formation varies between years, mainly depending on the annual maximum depth of the mixed

layer and related late-winter nitrate concentration in surface water.

The bulk of nitrogen losses is by denitrification (anamox maximum 12%?7?) in the oxic part of the
Baltic where it is only possible in sediments. Deep waters turning anoxic can have very high
rates of denitrification, but for short periods only. Therefore, and with the small water volume

involved, this is of no importance for the Baltic N-balance.

The results show that denitrification is not high in the Baltic Sea because it is prone to anoxia at
depth. Especially, an often invoked negative feedback removing nitrogen (high nitrate - high
production — high sedimentation — high oxygen consumption — anoxia — high denitrification,
hence lowered nitrate delivery to the surface) is not at work here. On the contrary, oxic
conditions of the water favour nitrogen removal. The stagnation period in the seventies had

lower denitrification than the more oxic period of the nineties.



Other processes than denitrification and burial in sediments contribute to bound-nitrogen

removal in the Baltic Sea, since nitrate deficits are smaller than observed N, supersaturation.

Key words; Nitrate Deficit, Baltic Sea, Denitrification, Anammox

Introduction

Denitrification has been suspected to be the dominant single process of nitrogen removal in the
nitrogen limited Baltic Sea, which shows signs of nitrogen eutrophication. Eutrophication is
considered a major problem in the Baltic Sea and although the importance of denitrification as a
process counteracting eutrophication has been recognized, this process has not been studied
extensively in the Baltic Sea. Its basin-wide magnitude is still not known reliably. It has for
example been taken as equal to the amount of nitrogen not accounted for in overall nitrogen
balances, or calculated from the deviations of dissolved inorganic nitrogen from stoichiometric
relationships with oxygen or phosphate. The few existing estimates do not agree among each

other and they are at odds with the equally few experimental determinations.

Anammox has been known as a process to remove nitrogen in anoxic waters much later than
denitrification and its magnitude has recently been determined occasionally in Baltic-Sea waters

with the result that it dominates nitrogen gas formation from nitrate.

One difference between denitrification and anammox is that denitrification is heterotrophic, but
anammox is outotrophic. From this difference it has been suspected that the way of anaerobic
nitrogen by either process has (“collateral”’) effects of the carbon budget of the respective

environment.

All current experimental methods of studying denitrification suffer from severe drawbacks under
certain conditions which do not allow to employ them in every situation (Kahler 1999). Direct
measurements in the water column are difficult because of low rates. Also, the conditions

enabling denitrification to proceed are unevenly (strong gradients extending a few meters)



distributed in the water column of the Baltic. These are difficult to reproduce in experimental
setups and change quickly, both in the open Sea and even more so in incubation bottles (and
not necessarily in appropriate agreement of bottle and open water). Brettar all wrong. The few
experimental studies of sediment denitrification performed in the Baltic Sea with different
methods yield comparable results, but they imply that denitrification alone can neither account

for the balance deficit of nitrogen nor the observed nitrate deficit.

The experimental study of anammox. While the methods to measure denitrification have been
discussed and criticised, the experimental determination of anammox appears to be taken for
granted.

Only few experimental determinations of denitrification rates have been reported from the Baltic
Sea. Of these, there are still fewer in which broader seasonal and regional coverage was
attempted; these were sediment studies (Kahler 1990, 1991; Tuominen 1998). In the water
column, denitrification has only sporadically been measured (Ronner and Sdérensson 1984,
Brettar and Rheinheimer 1990, 1991). As of now, the longest period from which results are
published covers a period of two years (Kahler, 1990, 1991, specifically, there are no other
studies which could reveal interannual variability or any long-term trends although the Baltic is
known to behave very dynamically on these timescales. It is known that denitrification responds
to a number of factors related with the redox status, above all nitrate and oxygen availability,
which have marked interannual variabilities and decadal trends in the Baltic Sea (ref). Related
variability of denitrification rates occurred in the sediments of Kiel Bight, which were studied for

two annual cycles (Kahler 1990, 1991, Kahler and Balzer in prep.).

For lack of experimental evidence, (and because of ignorance of, or mistrust in, existing
experimental investigations), NO3 deficit was perceived, an equally obvious ammonium deficit
was not. Even with Sen Gupta and Koroleff indirect approaches have been chosen to estimate
the magnitude of denitrification for the Baltic Sea as a whole, or larger parts of it like the Baltic
Proper. Their basis is the calculation of nitrate deficits (Sen Gupta and Koroleff 1975, Shaffer
and Roénner 1984) or of nitrogen balance deficits (Rénner 1985; Nixon et al. 1996). The latter
approach ascribes the difference between the sums of all estimated nitrogen inputs and outputs

short of denitrification, to denitrifiction. This requires the knowledge of all these inputs and



outputs, however, not all are known (Luther et al., 1996, for example, describe a novel pathway
of N-removal; also the input and reactions of the major nitrogen species in the water of the
Baltic, dissolved organic nitrogen —Nagel, own unpublished, are neither reliably quantifiable nor
included in these balances). What's more, the balance deficit collects all errors associated with
the estimates of any single input or output quantity. The estimates of the magnitudes of single
processes contributing to the balance are of different quality. Balances have been assembled
with data from different years, simply because for some processes there exist no estimates in
certain years. Brockmann (1996) presents nitrogen balances of the Baltic Sea for different
periods; There, the main differences between the periods are simply due to the inclusion or
exclusion of certain N-inputs or outputs, depending on the availability of data for the respective
periods. Clearly, such an approach cannot be expected to provide reliable estimates.

Another approach is the calculation of nitrate deficits relative to other substances with which
nitrate is supposed to exist in a fixed ratio in the absence of denitrification. A stoichiometric
model of nutrient regeneration of the Redfield-ratio type is applied, and N:P or N:O, ratios
smaller than according to that ratio - nitrate deficits - are taken to be caused by denitrification. A
rate of nitrate-deficit buildup then is a denitrification rate. Such an approach can only be used if
either denitrification is known to be the only cause of the nitrate deficit, or if the magnitude of
nitrate deficits from other processes are known. For the Baltic Sea, several causes of nitrate
deficits have been discussed during the past decades. Sen Gupta and Koroleff (1973) name
several possible causes of the nitrate deficit against the oxygen consumption equivalent (AOU)
and/or phosphorus: denitrification, untypical C:N:P ratios of brackish-water plankton, also Karl et
al, Cyanobacteria is a possibility in the Baltic (Larsson 1999) the involvement of terrestrial
dissolved humic matter in oxygen consumption, and the possibility that the observed nitrogen
deficits against phoshorus are really phosphorus surpluses from the anoxic mobilization of iron
phosphates (Fonselius 1969, Grasshoff 1975). Shaffer and Ronner (1984) consider all causes
except denitrification to be of no major importance and calculate nitrate deficits for the range of
the halocline and below. By using the nitrate deficit's relationship with salinity, they arrive at
denitrification rates for this compartment from its salt dynamics. Later, ignoring the possibility of
denitrification, carbon overconsuption, conjectured by Sambrotto et al. (1993) but: Koeve.. has
been invoked to explain the untypical inorganic C:N ratios of the Baltic (Thomas 1998,
Osterroht).



Probably because the study of Shaffer and Roénner (1984) is the only one to address
denitrification on the time scale of several years (1972-1976) and covers a large area (about
one third of the Baltic Sea, the Baltic Proper) it has often been understood as providing the long-
term annual denitrification rate of the Baltic Sea as a whole (e.g. Nehring 1986, 1996, Gocke
199x). This is not so. The figure the study provides, namely 470 thousand tons of nitrogen per
year denitrified in and below the halocline of the Baltic Proper during the early seventies is just
that, an estimate for the given depth interval of part of the Baltic during a specific period of time.
Also, the depth interval of denitrification has been shifted in citing: the realms of oxygen
deficient water instead of the halocline have been considered the main, if not exclusive, sites of
denitrification (Gocke?). This view has been aided by viewing denitrification as an anaerobic
process, which should therefore be located in the anoxic waters of the Baltic anyway, i.e. the
depth interval above the halocline need not be considered in terms of denitrification.

However, being dependent on nitrate, there is a strong point for oxic conditions to be
prerequisite of denitrification, a point stressed in all work performed in sediments with coupled
nitrification and denitrification (Koike and Soerensen 1988). Since Shaffer and Rénner (1984)
also attributed the effect of denitrification to the sediments in contact with the water they
describe, there is a paradox in the interpretation of their results, not in their results themselves

(as will be shown in the Discussion below).

Even so, the few measurements of denitrification in the sediments of the Baltic Sea (Kahler
1990, 1991, Tuominnen 1998) have yielded rates considerably lower than those postulated by
Shaffer and Rénner (1984), which, when projected to the sediments .... were among the highest
worldwide (where compared? Christensen). One may argue that, since sediment denitrification
in the Baltic Sea is not sufficient to explain the observed rate of increase of the nitrate deficit,
denitrification in the water column must be more important; alternatively, the nitrate deficit might
not be caused by denitrification, or the methods to experimentally study denitrification are not
reliable, and with the recent discovery of the importance of anammox, that it is this process

which dominates N2 loss in the Baltic. All these points have been made.

In this paper | will use nitrate, oxygen, and other data collected in the 1970ies and 90ies in the
water of the Gotland Sea (HELCOM-monitoring, HELCOM 1998) to examine these questions.



Several possibilities for the discrepancies will be tested, e.g. whether the period studied by
Shaffer and Rénner (1984) was one of exceptionally high denitrification, check if denitrification
in the water column may be more important, examine the possibility of other pathways of
nitrogen removal contributing to the observed nitrogen deficits and check if either the estimates

or the measured rates are wrong, and if so, why.

Results

Figure la is a composite of the data used in this study for the period 1990-98, showing the
absolute variability (seasonal and interannual) of inorganic nutrients, oxygen, salinity, and
temperature in the Gotland Deep at the depth levels sampled in the HELCOM Monitoring
program. At the surface the variability of temperature, salinity and nutrients reflects seasonal
variability related to surface warming and cooling, mixing and stratification, and its
consequences for uptake and release of nutrients by growing and dying plants in the photic
zone and below. In contrast, the variability below the halocline is from changes on larger scales

of time; they are related to the frequency of major inflows of saline dense water from the West.

Fig. 1: Distribution with depth of oxygen, nitrate and ammonia in the Gotland Sea 1990-99

Plotting nutrients against oxygen (Figure 2) gives a partially clearer picture of the relationships
between the elements involved in organic matter production and consumption. High oxygen
levels (above air saturation) are associated with nutrient concentrations near zero due to uptake
by phytoplankton associated with photosynthesis. Since oxygen is consumed along with the
decomposition of organic matter, decreasing oxygen concentrations are accompanied with
increasing nutrient concentrations from nutrient regeneration from decomposition. With
complete decomposition of the organic matter the nutrient concentrations should be the same
as they were in the material decomposed, and be in a quasi-stoichiometric ratio with oxygen.
While phosphate has a positive trend of more or less the same ratio of O,:P = 100:1 with
decreasing oxidant down to zero oxygen and even further, into the range of sulfate reduction
plotted as negative oxygen equivalents (there is some complication at the transition between

oxygen and sulfate consumption), nitrogen displays peculiarities. As long as oxygen is present,



nitrate appears, but in a ratio far lower than expected from plankton stoichiometry (i.e. there is a
nitrate deficit). Below that point, ammonia appears, only loosely related with the level of oxidant

used (which is can be partly explained, see below).

Fig. 2 Nutrient contents as related with apparent oxygen utilisation in the Gotland Sea, 1970-80.

Nitrate and phosphate (a), nitrite and ammonia (b)

Another relationship which is important is how the relevant parameters relate to salinity. Salt
may be used as a predictor of transport and mixing. Since oxygen relates well with salinity in the
halocline, all properties related with oxygen also relate with salinity, especially in the depth
interval of the halocline.

Fig. 3 Relationships of oxygen and nitrate with salinity in the Gotland Sea. 1970-80 (a) and
1990-98 (b)

1. Deep water

One realm in the Baltic Sea where a relatively straightforward approach can be used to estimate
nitrate consumption rates is the water below the halocline, i.e. water in the deeps below ca.
125m. Here, episodes of major inflows of relatively saline water containing both oxygen and
nitrate alternate with periods of stagnation of the bottom water, when the consumption of the
added oxygen and nitrate can be observed over time. Fig. 4 shows the variation with time of
oxygen, nitrate, and temperature in the 175m samples taken in the Gotland Deep between 1990
and 1998. Four events of deep water renewal connected with nitrate additions are observed, all
this additional nitrate later disappears when the water turns anoxic, i.e. around O,
concentrations of zero. This indicates that denitrification here can take place in the water itself.
High rates are possible - up to 10 umol per liter in less than a month, but such high rates occur
only for short time intervals, any momentary rate (e.g. actual measurements) is therefore not
representative of the long-term effect of this form of denitrification. Denitrification rates from this
process, related via the volumes concerned to area, are listed in Table 1 for the seventies and

the nineties. Decade is probably the appropriate time scale to report such rates since this is the



scale at which these processes taking place in the deep will eventually be noticeable at the

surface, i.e. at which they compare with the estimates derived from surface water properties.

Table 1. Nitrate dissapearence in anoxic deep water during the seventies and nineties

depth depth interval volume nitrate dissapeared

m m 10° m® mmol m? 10° mmol

1971-1980 three events

150 125-165 340,5 7 +9.8 =16.8 5720,4

175 165-180 45,9 4+7+8.5 =195 895,05

1990-1999 four events

150 125-165 340,5 3+12+3+4 =22 7491

175 165-180 45,9 3+12+2+8 =25 1147,5

200 180-210 41,9 6+12+8+8 = 34 1424,6

225 >210 59 6+12+8+13 =37 218,3
sum 10281

this is 144 * 10° kg in 9 years
ca. 16 * 10° kg per year in the 90-ies

There were three inflows in the seventies and four inflows in the nineties. The nitrate
concentrations of the inflowing waters were also higher in the nineties, the overall denitrification
due to inflow water turning anoxic was higher by ca. *1.5 in the 90-ies compared with the 70-ies.
Relating these numbers to the ca. 10100 km? of the 125m depth horizon, yields denitrification
rates of 76 mmol m? a™* and 113 mmol m? a™* for the seventies and the nineties, respectively.
The area is only 4% (the volume) of the Baltic Proper area, and the effects of this relatively

small system on the nitrogen balance of the Baltic Sea is therefore negligible.

In addition to denitrification which is recognizable as the concentration change of nitrate in the
deep water, there is yet another form of denitrification not readily recognizable. During

stagnation periods, a gradual decline of the deep water’s salinity has been observed, i.e.



halocline water of lower salinity is transferred to the deep. Any oxygen dissolved in the added
water is quickly consumed by the accumulated reducing substances (H,S) in the deep, and so is
nitrate. (One consequence of this may be the lack of a stoichiometric relationship between H,S -
or negative oxygen equivalents, AOU - with ammonia and phosphate in the deep-water, Fig.2,
since AOU is neutralized with no effect on the nutrients.) In the salinity interval if the source
water of these inflows, there is a nitrate maximum (Fig. 3), hence nitrate addition to deep water
by this mixing may be important. Unfortunately the scatter of the nitrate-salinity relationship is
very large in the range of salinity concerned and the amounts of nitrate concerned can hence
only be coarsly guessed. During the permanently anoxic period (stagnation) between 1985 and
1993 the salinity of the deep water (at 200m) decreased from S = 125 to S = 11 (Nehring
1996). Taking water of the 125m depth level - of salinity S = 9.5, oxygen content 40 p mol I,
nitrate content of 10 p mol I'* to represent the inflowing water, the following estimate can be
made: The salinity change suggests a 1:1 mixing, i.e. the addition of half the water volume -
9.5+12.5)/2 = 11 - at the 200 m level (the other half being displaced). Hence, from this mixing
process an additional amount of half of the nitrogen content must be taken into account as
being denitrified, 5 additional micromoles per liter in a decade. For the 1990-ties, about half the
period being anoxic, this number must be halved once more. Even more nitrate can be carried
in by this process - nitrate values of about 10 are associated with waters of salinities upto S =
10 which represents the depth level of 140m. Of this water a mixing ratio of 2:1 would be
required to reach salinity 11, i.e. an additional 6.6 micromoles of nitrate would have to be
considered as denitrified in a permanently anoxic decade, 3.3 during the nineties. This amount
is, however, still small compared with the amount of nitrate consumed by the turning-anoxic of

major-inflow water, which itself is already small considering the small water volume concerned.

2. Winter water

Figures 5a and b show oxygen, nitrate, salinity and temperature profiles at two extreme
seasonal situations. In late winter (February), before the onset of the plankton growth in the
surface layer, the mixed layer is at its maximum depth and all concentrations are
homogeneously mixed down to the halocline. By late summer (August) nutrients are depleted in
the surface, but also below the nutrient depleted zone (which is additionally characterized by
oxygen supersaturation from photosynthesis) has the profile changed compared to late winter.

Oxygen is partly depleted there from the decay of organic matter having sunk out of the surface,



which has also added re-mineralized nutrients (N and P) to this layer. The concentration of
these extra nutrients should be in a proportion with the used-up oxygen complying with the
C:N:P ratio of the phytoplankton. While this is the case for phosphorus (see also Fig. 2), there is
considerably less nitrate than expected taking phytoplankton as conforming with the Redfield
ratio. (There has been considerable discussion what element ratios apply to the compostion of
sinking organic matter, but the suggested ratios do not deviate from the Redfield ratio greatly,
Sen Gupta and Koroleff 1973, Shaffer 1986).

Fig. 4: Temperature and concentrations of nitrate and oxygen at the 200m depth level of the
Gotland Sea between 1990 and 1998 showing a period of stagnation and 4 water intrusions with

subsequent oxygen and nitrate consumption.

Fig. 5: Vertical distributions of nitrate, oxygen, and salinity in the Gotland Sea in February 1992
(a) and August 1992 (b), nitrate deficits in August 1992 (c), and nitrate and phosphate deficits

calculated from apparent oxygen utilization for all Augusts 1990-98 (d)

Oxygen deficits (Fig. 5c) were calculated according to the Formula of Weis (1975) as provided
by Grasshoff et al. 1983. Translating these into nitrate using the Redfield ratio, and subtracting
actual nitrate concentration, yields the nitrate deficit. Note that the same procedure performed
on phosphate yields "phosphate deficits" of about zero, i.e. they do not exist. The deficit of
nitrate relative to AOU is plotted in Figure 2c. Since the time component of the development of
this profile is clear; i. e. it starts with the end of winter-time mixing (or the onset of thermal
stratification) in spring, such profiles lend themselves to rate determinations. Table 2 gives the
rates of nitrate-deficit build-up in the depth interval between 30 and 60m between March and
August for any year where late-summer oxygen and nutrient profiles are available in the dataset

used.



Tab. 2: Nitrogen deficits and estimated rates of denitrification during the 1970-ies and 90-ies in
the layer 30-60m

Year AOU  average N-deficit days since March 1 rate of N-deficit generation

pmol/l mmol N m? d* (30m) *
1992 4.83 0,86
1993 4,27 0.76
1994 4.79 0.85
1995 3.75 0.67
1996 2.97 0.53
1997 2.22 0.40
1998 4.67 0.83 avg: 0.70 std. 0.16
1971 2.53 161 0.47
1972 2.08 163 0.38
1973 3.86 164 0.71
1976 4.03 167 0.72
1977 3.90 166 0.70
1978 2.66 166 0.48
1979 -
1980 2.53 165 0.46 avg: 0.56 std.0.13
200 180-210 41,9 8+4+8,5 =22.5 942,75
225 >210 5,9 8+6+8,5 =24.5 144,55

sum 7703

this is 108 * 10° kg in 10 years
ca. 11 * 10°kg per year in the 70-ies

Estimated denitrification is somewhat higher in this layer during the nineties compared with the
seventies, the interannual variability is high and of of similar magnitude in each decade, namely,
the denitrification rates vary by up to a factor of two between years. Hence the differences
between the decades are only at the border of statistical significance (this is also the case with
the long-term trend of nutrient concentration increase in the Gotland Sea (Nehring 1996). The
estimated denitrification rates represent only that part of denitrification which is recognizable
against the seasonal oxygen deficits between 30 and 60 m. (Similarly, the rates which Shaffer
and Ronner, 1984, report are those recognizeable against the permanent oxygen deficit in and
below the halocline, i.e. below the compartment described here). The daily rates can also not be
applied to the whole year since during the season of surface mixing the AOU-nitrate relationship
becomes meaningless. To arrive at integrated rates for the whole water column, ranges need to
be considered anyway, where AOU is not a reliable predictor of nitrate deficits, namely the

surface water. This will be treated below.



3. Integrated estimate for the southern Baltic

Since there is a reasonably tight linear relationship between AOU and PO, - there are no P-
deficits - (Fig. 2b, Fig 5c¢), in the range of high oxygen concentrations encountered in surface
waters (deviations of the AOU-PO, appear only around zero oxygen) PO, may be used as a
predictor of nitrate deficits just as well as AOU, especially in the upper water column. The
treatment of the winter water during summer showed that nitrate deficts based on the
stoichiometric relationship with phosphorus yield the same results as those based on the AOU.
Since phosphate has no exchange with the atmosphere, the respective calculations may be
made right up to the water surface, a realm in which oxygen-based calculations are obsolete.

The late winter concentrations of nutrients are even over the top 70 m, i.e. down to the
halocline. In the Gotland Sea P reaches 0.6 and N 4 pumol I (average of the early nineties,
Hansen 1996). From the stoichiometric relationship used here, 0.6 x 13 = 7.8 umol I* N is
expected, i.e. there is a nitrate deficit of 3.8 pmol I'*in the surface water in winter. Assuming this
deficit to be caused by denitrification, or rather the transport into the surface water of the effect
of denitrification in the underlying sediments (and water)$$, a rate of this process can be
estimated, since also the timing is clear: deep mixing is a once time per year event. Both
nutrients will be depleted in the productive layer in summer, hence here also the annual

difference is known: it is equal to the concentrations.

The zone of nutrient depletion is 70m (Fig. 1). A crude estimate (using the figures of 1990), 4,5
mmol per m® over 70 m per year, yields a denitrificaition rate of 4,5 x 70 = 315 mmol m?a™ (=
0.86 mmol/m?d™). Since the nitrate deficit relative to phosphorus is very similar in most of the
stations of the open Baltic, the Gotland, Bornholm and Arkona Seas (HELCOM 1996), this rate
may be considered a reasonable estimate of denitrification of the southern Baltic. The critical
parameters of this estimate are winter water nutrient concentrations and mixed-layer depth.
These vary annually, the respective annual estimates are given in Table 3 for the seventies and
the nineties. Depth of winter mixing (which is similar to the depth of nutrient depletion in late
summer) is considered rather crudely in 10m depth intervals only in this estimate, the variability
of varying mixed-layer depths (mld) should be taken into account more precisely, since mid is

mainly responsible for the nutrient level in winter surface water and of the transport of the nitrate



deficit into the surface layer. (i.e. the two determinants of the respective nitrate stock, mld and
NO3 concentration are linked with each other.) Also, it needs to be checked whether the
maximum mixed-layer depth has been encountered every year at the times when the
measurements were actually made. The differences between the 70ies and the 90ies, both of
nutrient levels in winter water and of the denitrification estimate are predominantly from this
combined effect of the mixed-layer depth. It needs to be tested to what degree the large
differences in mixed-layer depths between the few profiles of the seventies and of the nineties
are an artifact of the dataset used (krasse dummbheit bei standardtiefen. kann man das mit ctd
profilen reparieren?). The estimate is also sensitive to the N/P ratio of the sedimenting material.

Tab. 3 Estimates of denitrification from nitrate deficits (against phosphate) in the winter mixed-
layer

Year mid DIN PO4 DIN 70m denitrification
deficit estimate
pmol mmol m?a* mmol m?d*

1990 70 4,5 0,69 6,54 458 1,25

1991 60 51 0,64 5,14 360 0,99

1992 70 55 0,69 5,54 388 1,06

1993 70 5,4 0,73 6,28 440 1,20

1994 70 4.9 0,56 4,06 284 0,78

1995 70 5,7 0,64 454 318 0,87

1996 60 4.8 0,52 3,52 246 0,68

1997 70 3,9 0,42 2,82 197 0,54

1998 50 4.6 0,52 3,72 260 0,71 avg: 0.85 std. 0,28
1970 40 3,4 0,36 2,36 94 0,26

1971 40 3.4 0,45 3,80 152 0,42

1975 60 4.4 0,48 3,28 197 0,54

1978 50 4.6 0,53 3,88 194 0,53

avg: 0.44 std. 0,13

These rates are not strictly denitrification rates, but rather the rates of the effect of denitrification
(considering denitrification the only cause of nitrate deficits) transported annually into the mixed
layeer, i.e. this figure averages a great deal over time and space. It should, however, in the long
run be of the same magnitude as the rates determined at the places where denitrification

actually occurs, i.e. at the sediment surface plus that occurring in the waters turning anoxic.



Kahler (1990) determined denitrification rates of the different sediment types occuring in the
coastal region of Kiel Bight in the western Baltic during two annual cycles employing the
acetylene-block technique. The annual rates for sands, muddy sands, and muds were 193, 86,

and 38 mmolm?a?

, respectively. The important contribution of denitrification in sands (in
shallow water) became clearly evident. More than half of the sediment cover in the western
Baltic (Arkona and Bornholm Seas) are sands, hence a potentially high sediment denitrification
can be expected there. Extrapolating the Kiel Bight results to the eastern regions of the Baltic
(where no measurements have been made other than in muds, Tuominen?) may give an idea of
the magnitude of denitrification in these regions. The areal distribution of sediment types was
taken from maps by Harff (1998, Arkona and Bornholm Sea) and Voipio (1981, Eastern Gotland
Sea). Table 2 shows the results. Concerning the Eastern Gotland Sea, the estimate does not
consider the area of ,hard bottom* (Voipio 1981) which cover about a quarter of the area. In the
case of anoxia in the bottom water, water column denitrification rates will have to be substituted

for the assumed denitrification rates of the sandy muds and muds below the anoxic waters.

Table 4. Sediment cover of the Baltic proper and estimated denitrification rates using the results
of Kéhler (1990)

Sed. type Area % Denitrification
(Arkona and Bornholm Seas) 134 mmol/m?®a™
sand 57

muddy sand 16

mud 27

(Eastern Gotland Sea) 82 mmol/m®a™
(+ ? and + water column denitrification)

hard bottom ?
sand 26
sandy mud+mud 51

The average rates of Table 2, viz. 134 and 82+7?+x mmol m'za'l,compare well with the lower
estimates of denitrification derived from the nitrate (vs. phosphate) deficit in surface water given
in Table 3 (Nebbich xx). On the other hand, there are many estimates which are higher, some
are very much higher. Concerning the existing experimental determinations of denitrification,
there is no sufficient temporal or spacial coverage to make direct comparisons e.g. between the

two decades compared in this study. The comparison must be made theoretically.



Discussion

For a comparison between the various estimates presented in this paper with those in the
literature all will be cited as, i.e. partly be transformed into, the common unit mmol m? yr. It has
to be kept in mind that these estimates make use of different relationships and assumptions
which restricts their validities to different sub-systems of the Baltic Sea, also the time periods for
which they apply are different, and finally, the area of the Baltic Sea for which they are
established is not uniform: The "Baltic Sea" may exclude the Danish Straits or not, exclude or
include the Gulf of Finland or the Bothnian Sea etc. Also, and this is of course most pronounced
in this study where only the data of one single station is used, the approaches using nitrate
deficits generally refer to a few stations at the most, which are all remote from the coast, which
may miss processes important there. Finally, the occurrence of nitrate deficits is always
exclusively attributed to denitrification which need not be a valid assumption (but on the other

hand may also be of secondary interest, see below).

Table 5: Estimates of denitrification in the Baltic Sea

Rate vertical range time area method source
gf restricted)
mmol m* a™
ion pairing Tuominen et al.
98 coastal sediments 1987 Kiel Bight Ac.block Kahler (1990,91)
134 sediments Ark/Borh. Sea estimate this study
82 sediments Gotl. Sea estimate and Kahler (1990)
spring/summer
56 30-60m of the 70-ies  GotlandNO3  deficit this study
70 30-60m of the 90-ies Sea NO3 deficit this study
76 >125m 70-ies Gotland deep NOS3 deficit this study
113 >125m 90-ies Gotland deep NOS3 deficit this study
160 70-ies NO3 deficit this study
310 90-ies NO3 deficit this study
159 halocline and 70-ies Baltic Proper  NO3 deficit Shaffer and Ronner
below (1984)
251 70-ies Baltic Proper N balance Roénner 1985
161 recent decadesBaltic Sea N balance Nixon et al.1996
676 20-year- Baltic Sea model Savchuk &

simulation Wulff (1996)



The estimates, some intended for the Baltic as a whole or a large part of it, some only
applicable to restricted areas, span a wide range. All authors agree in one point, explicitely or
implicitly: the sediments under oxygen containing water i.e. those with oxic mineralization
including nitrification are the most important sites of denitrification in the Baltic Sea. A
neccessary condition of the formation of nitrate deficits is of course that: they can only occur
where there is nitrate. It is strange then to often read of the relative oxygen shortage in the
Baltic Sea as being causative of elevated denitrification here in the texts of papers, even with
the data in the same papers showing denitrification's importance to be larger in its the more oxic
parts. For example, in the extensively cited study by Shaffer and Ronner (1984) the authors
start from stoichiometrich relationships with the AOU to calculate nitrate deficits. It is only due to
their approach that the estimate is confined to oxygen deficient waters of the halocline and
below (since above no AOU is observable!). But within these oxygen-deficient waters, the rates
are largest towards the shallower levels, that is where the oxygen deficit is lowest, i.e.
denitrification rates increase with increasing oxygen. Anyhow, already the authors themselves
stress anoxic conditions (in the water column!) as being important for denitrification and they are
mostly cited in this way, e.g. by Gocke 1996, Lenz 1996, Nehring 1996 to name just a few.
Nehring (1996) even describes a negative feedback where the lowering of the oxygen status of
the Baltic has kept the nitrogen concentrations in check by enhanced denitrification. This faultily
conjectured feedback loop has since been extensively cited in.. and recently by finnensacke.
The estimates made in this study, the existing experimental work, and the existing literature, if

read carefully, point to the opposite.

The estimates in this study suggest denitrification to be increasing with the amount of particulate
organic nitrogen transferred from the euphotic zone to the sediments. Such behaviour has been
described in early models of nitrogen cycling (Vanderborght and Billen 1975). It has been shown
for the coastal area of Kiel Bight that such positive response does not exist over the whole
range of, in that case, sediment oxygen consumption (taken as a measure of organic matter
decomposed at the sea floor, Kéhler 1990), there is a depression of denitrification with high
organic loading. But then, nutrient and consequently new production and organic-matter
sedimentation levels are much higher in this coastal zone compared with the open Baltic of
interest here. Since in most of the Baltic Sea the sediments shallower than 125m are always in
contact with oxic water, and therefore have an oxic surface, and production and sedimentation

is moderate compared with coastal waters, most of the sediments in the Baltic can be



understood as responding with increased denitrification to increased PON sedimentation. As
long as such a relationship exists, the rise of nutrient concentrations in winter water will be
governed by phosphorus (for which no comparable elimination mechanism exists), i.e. the rise
in winter water concentrations of nitrate and phosphorus will be proportional to their ratio in
winter water. This is in fact the case, the ratio of the quotient of the decadal trends of nitrate and
phosphorus by Nehring (1996) being 7.5, which is the same as the ratio of these nutrients in
winter water. In other words, this ratio is constant, independent of the nutrient level. The nitrate
deficits (denitrification) have kept pace with the rising nutrients, but they have not increased

more than in proportion.

There are three known modes of nitrogen elimination fom the Baltic Proper besides burial in
sedimants and exchange wih the North Sea: In the upper, oxic part of the water column,
denitrification is only possible in the sediments. In the lower part of the water column,
denitrification occurs when it turns anoxic as a whole, episodically after the intrusion of oxic,
nitrate-rich water which turns stagnant, and also the small amounts of nitrate transported into
the stagnant water having accumulated reducing compounds is denitrified. The latter two modes
of denitrification are negligible in the context of the Baltic Sea as a whole since the area and

volume concerned are small on this scale.

It may be concluded that denitrification is important in the Baltic Sea, and its magnitude is high
and has been increasing with nitrogen loading. However, denitrification is not exceptionally high
in the Baltic Sea. It is the effect of denitrification which is visible here especially well because
the Baltic is an enclosed Sea of long water residence; the nitrogen deficits accumulating over
years are visible in its stagnant waters. (Similarly, oxygen deficits are visible in these waters for
extended periods, but | have never come across the opinion that oxygen consumption is
especially high in the Baltic Sea). The annual rates of denitrification are, however, similar to
those of e.g. the North Sea (Owens et al . While Shaffer and Rénner report moderate rates in
their much cited study, in the abstract they give a rate which is among the highest in the world.
This is because the authors do not make clear, which area they refer to in each case, the area
below the water volume for which the rates of nitrate-deficit buildup are calculated primarily (a
larger area, hence lower rates per area), or the area with which the respective water is in actual
contact at the sides (a smaller area, hence higher rates per area). It is a pity that this study

seems to be always cited from the abstract only, which is where this discrepancy crept in.



4., Ammonium deficits

The maximum nitrate deficit in water, assuming Redfield stoichiometry, can be easily calculated.
Water of salinity S = 10 and a temperature of 5°C has an oxygen content of 355 umol O, per
litre. With oxic remineralization, that is with ammonification plus nitrification of the organic
nitrogen, (355/138) * 16 = 41.1 umol I"* can be formed which is also the maximum of the nitrate
deficit. The nitrate deficits in the water of the Baltic of O, = 0 is in the range of this value, but in
the H,S containing waters (negative O,) nitrogen (DIN) deficits greater than this, up to 60 pmol I
! occur. Since no additional nitrate is formed under anoxic conditions, it must be ammonia that
is missing, i.e. there is an ammonia deficit against H,S in deep water. This deficit is variable - it
has not been studied yet and without an explanation it seems random.

Ronner (1985) has measured N, supersaturation of Baltic water and arrives at values of up to
109%; the depth profile of this supersaturation corresponds with the depth profile of nitrate
deficits. He ascribes the extra nitrogen to denitrification. However, the agreement of the depth
profiles is only in shape, not in terms of concentrations. 9% N, in excess of the equilibrium
value with air (at S = 10 and 5°C it is 320,5 pmol I"* N, = 641 umol I* N; Kennish 1989) is 58
umol It which is more than the maximum nitrate deficit and about double the maximum nitrate
deficit which Rénner (1985) reports. There is nitrogen gas which cannot have been produced

by denitrification.

There are DIN deficits not attributable to denitrification and there is a N, surplus equally not
attributible to denitrification, of similar order of magnitude, both in the highly anoxic, H,S
containing deep waters of the Baltic. One may argue that these waters have been shown (see
above) to be of minor importance to the N budget of the Baltic simply because of their small
volume in relation to the Baltic as a whole. But these extra N-deficits have a potentially high
value since they may explain some as yet unresolved issues concerning the comparability of
nitrate consumption and nitrogen gas evolution measurements and the non-agreement of
various experimental procedures of denitrification measurements (cf. K&hler 1999). auch: wenn

sediment so wichtig, alle sedimente erreichen anoxic conditions mm or a few cm.



As of lately, denitrification and burial in sediments have been considered the only mechanisms
of nitrogen removal from aquatic systems apart from convective transport and burial. An
interesting pathway of nitrogen removal other than denitrification was described by Luther et al.
(1997). Manganese oxides can react with ammonia to produce N, and reduced manganese.
(This pathway could by the way also explain discrepancies of nitrate consumption and N,
evolution observed in denitrification experiments). The pathway has also the potential to explain
the observed nitrogen minimum in the region of the halocline in the Baltic- i.e where there is a
minimum of both nitrate and ammonium in the water column. This is also the region of intense
Mn-accumulation and redox dependent redistribution both in the sediments and the water
column (Helcom, Zck in W'). Manganese oxides transported into the deep anoxic water anoxic
water of the Baltic may there be responsible for the observed ammonia deficits (an oxidant is
required to lift ammonia to the redox state of nitrogen gas). It is known that nitrate keeps iron
oxidized in the sediment, it is not known whether there is a link with the nitrogen cycle similar to
the one outlined above for manganese. It is known that iron oxides can be the dominant
oxidizing agents in sediments during oxic/anoxic transitions (Balzer, Joergensen). It may also be
that Iron oxides (and, to a lesser extent, Mn-oxides) are transported into anoxic waters e.g. of
the Gotland deep by turbidity currents. After such events, reactions between the metal oxides
and reduced compounds such as NH; and H,S are possible, maybe involving N,-removal and
NH,"-uptake in connetion with C-autotrophy. Virtually nothing is known about these processes
let alone the rates at which they may proceed. To test the occurrence of such processes and
check their magnitude should be experimentally easy. Zeitreihe des sporadischen defizits mit

mdoglichen inflow turbulenzen verknipfen kuhflading pancacing

Whatever the importance of such reactions - they may occur everywhere in the sediments
neighbouring the denitrification zone since the redox potential range is similar - this form of
nitrogen removal shares the main precondition of denitrification: the meeting of an oxidized and
a reduced species. Hence it can be expected to react similarly to redox changes. Only in the
open water (negligible in terms of the N-budget) is the situation different, since there the oxidant
(metal oxide) can, in contrast to oxygen, move through the water by gravity. In the stagnhant
anoxic water of the deeps, this may potentially be an important extra source of N,, since metal
oxides can enter these without water exchang. But as with denitrification in these water, the

importance for the Baltic as a whole would be small with the small water volume concerned.



5. Denitrification in cyanobacteria blooms is negligible

Finally, a word about cyanobacterial blooms. Anoxic microzones can exist in aggregates formed
by filamentous cyanobacteria, especially during nighttime when there is no oxygen production
from photosynthesis. To explain the paradoxical, microzones are attractive since they are
difficult to study can be invoked (rather than studies) to explain the impossible. The situation in a
cyanobacterial bloom is the following: Photosynthesis produces oxygen, nitrate is depleted,
recycling runs on ammonia. Nitrifyers do not work well in sunlight and are unlikely to be able to
satisfy their energy requirements from low ammonium levels plus competition for ammonium
from autotrophs. The occurrence of denitrification is even more improbable since it would have
to rely on nitrate (from nighttime nitrification?) produced from ammonia which would have to
diffuse out of the aggregates into oxic water, be transformed by nitrifiers against the competition
of phytoplankton taking up ammonia. Then, the thus produced nitrate would have to diffuse
back into the (transient) anoxic zones of the aggregates, again against the competition of N-
starved phytoplankton taking up nitrate. If such an unlikely chain of processes should occur at
all, we can easily guess it to be unimportant. Of the three essentials of denitrification only anoxic
conditions (in generally highly oxic surroundings, photosynthesis) exist only transiently and
spatially restricted /"micro"zones). Two chemical species known to be present at near-zero
concentrations would be required to diffuse out and in with powerful competition from
phytoplankton in the bulk oxic surroundings of the microzones in question. Additionally, any
gaseous losses of N from the N-fixing community would be missed in correct rate
determinations of N-fixation anyway, i.e. if such a denitrification were detectable, there is no rate

from which to subtract it!

Conclusion

Of the three major conditions of denitrification, nitrate availability, anoxic conditions and organic
matter supply, all three are present in the oxic sediments of the Baltic Sea and, to a minor
extent (minor as concerning the affected volume and area compared with the Baltic as a whole)
in water which turns anoxic. In the oxic water column as well as the anoxic water column as well

as in anoxic sediments denitrification is either unimportant or non-existing.



The importance for denitrification of the oxic sediments shows in the distribution of the rates of
nitrate deficit buildup, it is maximum in the water depth range occupied by sandy sediments. In
contrast, maximum nitrate deficits accumulate in the stagnant deep water body - along with
maximum oxygen deficits. This is a question of long residence times of the water in isolation

from the surface rather than high rates of formation of the respective deficits.

In the Baltic as a whole, increased sedimentation of organic matter (as estimated from spring
new production) appears to be counteracted by increased denitrification since the N:P ratios
have remained constant in winter surface water. There is, however, no relative increase of
denitrification, i.e. no enhancement of denitrification relative to inputs in the sense of a negative
feedback loop. In coastal ranges, the capacity of the sediments to respond to increased Nyg
loading by increased denitrification is - at least locally — already surpassed, but this need not be
the case everywhere.

In addition to denitrification there very likely exists another way of the transformation of DIN into
nitrogen gas, probably involving reactions of metal oxides with ammonia. Some suggestions

how to go on studying denitrification in the Baltic are made by (Kahler 1999a).
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EK 2.2. ANOXIA-RELATED FEEDBACKS IN THE MARINE CYCLES OF NITROGEN AND

PHOSPHORUS: NEGATIVE OR POSITIVE?
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Abstract

Negative and positive feedbacks have been described for nitrate (removal by denitrification) and
phosphate (liberation from reduced iron oxides), respectively, under anoxic conditions in marine
waters. Two marine environments are examined for the existence of these feedbacks using
extensive datasets collected during the past decades. For both the Baltic Sea with its deep
water alternating between oxic and anoxic, and the Black Sea with permanently anoxic deep
water, these feedbacks are shown to be not in operation.

Concerning nitrogen, its removal by denitrification depends on its occurrence as nitrate which
requires oxygen to be formed. Thus denitrification is larger in oxic waters or during oxic periods
than in anoxic waters, where it is absent for lack of nitrate. The liberation of phosphate from iron
oxides being reduced can significantly increase deep water phosphate concentration, but does
not (necessarily) increase its concentration in surface water which would be necessary for the
proposed feedback loop. On the contrary, anoxic deep waters are often accompanied by
especially low surface phosphate concentrations. The re-precipitation of metal oxides, their re-
adsorption of phosphate and subsequent removal from the surface by sedimentation is the

probable cause.

Key words; Nitrogen Cycle, Phosphorus Cycle, Black Sea, Baltic Sea



Introduction

Marine ecosystems may be described as three-dimensional arrays of pools of bio-constitutive
elements in various states, e.g. contained in solid minerals, nutrients dissolved in water,
constituents of living organisms and dead organic matter etc. The arrays change in time: there
is transport of the elements, e.g. by air-sea exchange, as far as gaseous species in surface
water are concerned, by diffusion and convection, which concerns all dissolved and suspended
matter, by the movements of organisms, and the settling of particles. There is also transfer of
the elements from one pool to another, e.g. by nutrient uptake, grazing, predation, leaching,
remineralization. Many of the latter are associated with biotic processes like photosynthesis,
feeding, and respiration and involve changes in the chemical speciation of the elements
concerned. The transfer from one pool to another also changes the transport mechnisms to
which the respective element is subject. Since living organisms are made up of and require a
limited number of elements, the dynamics of these, nutrient elements, carbon and oxygen
dynamics are coupled, and so are the patterns of distribution and speciation of the participating

elements in the ocean.

Rates of reaction, of transport, and transformation in such a system are at every stage — at least
within ranges — dependent on the concentration or density of the quantity concerned.
Consequently, for any pool that should increase in one place, the rates of those reactions which
tend to remove or decrease it, will be enhanced. In systems theory such relationship is called a
negative feedback. Marine examples include convective transport depending on the
concentration of the transported substance, rates of diffusive transport depending on
concentration gradients, nutrient uptake by plants in proportion with nutrient concentration, and
predation in relation to prey density. Negative feedbacks are stabilizing existing distribution
patterns; they tend to keep systems stay what they are in that they tend to counteract the

increase of any (utilizable) pool.

In a positive feedback, in contrast, "an alteration in the rate of of one process is amplified by
accompanying changes of ... other interconnected processes." (Libes 1992) While negative
feedbacks are the rule, positive feedbacks are exceptional. ... They are associated with change,

i.e. characteristic of transient stages of systems. They are therefore rarer; marine examples are



turbidity currents, nutrient trapping at sites of upwelling (Examples?), exponential growth (?).
Positive feedbacks are destabilizing existing system patterns; they tend to produce systems
different from what they were to start with. depend on external They contain an element of
drama and they are not straightforward, therefore they make good stories. An altered system
brought about by a positive feedback is, however, subject to and as a rule finally stabilized by,

negative feedbacks.

Different pathways which the nutrient elements nitrogen and phosphorus can take in aqueous
environments are commonly viewed as the results of negative and positive feedbacks,

respectively. The reaction chains referred to are the following:

The increase of nutrient-nitrogen or phosphorus concentration in surface water supports raised
plant proliferation resulting in the increased sedimentation of organic matter which, on
decomposition, raises oxygen consumption in deep water and sediment resulting in anoxia in

deep water if oxygen consumption exceeds oxygen addition there.

Nitrogen: In anoxic regimes nitrate is subject to denitrification which reduces its amount
and in turn decreases nutrient nitrogen delivery to surface water: a negative feedback:

The increase of surface nitrate concentration is checked.

Phosphorus: In anoxic regimes iron oxide at the sediment surface having acted as a
phosphate trap by the adsorption of phosphate is reduced which has the dual effect of
liberating bound phosphate to the water and destroying the phosphate trap. In
consequence; dissolved phosphate concentration rises as does the phosphate recycling
rate, which both increase phosphate delivery to surface water: a positive feedback: The

increase of surface phosphate concentration is amplified.

It is with the advent of anoxia that the two elements' behaviours differ in these schemes. The
feedback scenarios described have been invoked to explain the distribution of nutrient elements

and the trophic regime in basins with anoxic deep water. More specifically, nitrate deficits and



phosphorus surpluses as compared with the Redfield ratio (Redfield et al., 1963) have been

assigned to either of the described feedbacks, or both.

These examples are from restricted areas, small enclosed marine ecosystems or marginal seas.
Feedbacks in nutrient cycles have, however, also been viewed as determinants of oceanwide

and global change.

Broecker (19..) considered changes in the oceanic phosphorus cycle pertinent to global climate
control to the extent that an Ice Age could be the consequence of changes by feedbacks in P-
controlled marine production. (hollander van cappellenwho?) conjectured the P feedback as
described above capable of inducing runaway P eutrophication in the ocean on a global scale. It
is the merit of Wallmann (2002) to give a quantitative estimate of the extent and speed of such a
process. He conjectures the P-feedback to cause long-term changes in global ocean
biogeochemistry likely to influence global climate. In the scenario which he develops, an
oceanic productivity amplification based on the P-feedback results in CO, drawdown from the
atmosphere down to ice-age levels within xxxkiloyears. Furthermore he predicts the present-day

ocean to be just about to take the road of such change.

However: pathways of negative feedback are always at work. The changes brought about by a
positive feedback may be limited by the negative feedbacks typical of the altered system. It is
such a mechanism which Shaeffer (19847?) has described: the net downward transport of P by
particulate iron oxides at redox boundaries in the water column. This process is based on the
same chemistry as, and intimately connected with, the release mechanism of both P and Fe
from the sediment — but it transports P downwards, i.e. it decreases P-transport to surface
water. Furthermore, neither nitrogen nor phosphorus can control productivity on their own, since
plants require both. In the two feedbacks, the two elements' behaviours have opposing effects
on productivity under the same conditions, and it is not easy to predict which nutrient will control
plant growth i.e. which one is the limiting nutrient. Note that in the two scenarios described
above nitrate or phosphorus are considered the limiting nutrient in either case, which is also
implicitly the case in models which describe but one of them. There is the possibility that N,
fixation will make up for any N, lost by denitrification and/or for any additional N-demand for

growth on added phosphorus. But N, fixation has prerequisites and controls of its own, and



cannot be taken for granted. But matters are even more complicated: Denitrification is
dependent on the supply with nitrate, which is obviously not produced in anoxic environments
since its formation requires oxygen. Hence, a decrease in nitrate availability under anoxic

conditions exerts a negative feedback on denitrification Kéhler 1991, 2006).

The potentials and vigours of the two feedback mechanisms described above are thus clearly
limited, both by each other and by additional negative feedbacks. In this study we examine
existing data from anoxic marine environments for evidence of the two primary feedbacks, but
also those additional feedbacks which counteract and limit them. Finally we attempt to assess
the likeliness of these feedbacks to control the productivity of the ocean on the global scale.

As a first step we review the operation of the feedback mechanisms in existing anoxic basins.
The observations show that they are not operating in the way outlined above implying that they
are not a perspective for the future ocean.

1. Phosphorus in the Baltic (and Black Seas)

In the study which established the Redfield ratio (Redfield et al. 1963) the Baltic Sea was noted
as an example where element ratios deviate from it. In fact the N:P ratio in nutrients of deep
water and in winter surface water is 4:1 in the Baltic instead of 16:1 (ref, fig.). Sen Gupta (1970)
lists four possible reasons for this (of which he immediately discards the first based on N:P
ratios of plankton sampled in the Baltic): (1) different elemental composition of Baltic plankton,
(2) breakdown of substantial allochthonous organic matter (of terrestrial origin), (3) more
denitrification than elsewhere, (4) the sediments acting as a stronger than usual phosphorus
source. Recently, Thomas and Osterroht (2000) have added a fifth possibility: New production

with regenerated nutrients.

N:P rather Nauo paou ist p-accumulation mehr als sowieso nach RR? Sind N:P-Verhaltnisse
wg. denitrification oder P release oder beides? immer N:AOU und P:AOU. emeis bild

richtigstellen. Sediment keine Quelle von P fir den Ozean. nur ob langfristige Akk-raten sich



andern ist wichtig. P nimmt immer zu wenn 02 weniger wird. entscheidend ist, ob mehr als

Redfield, und fur wie lange

The the special relationship of iron with phosphorus results in a negative, rather than a positive,

feedback in the case of the Baltic.

Iron (and other Redox sensitive metals) distribution general feature of oxic anoxic transition
zones (Kremling, Balzer .... and there is no reason to assume the relationship with P to be
different there. there is eutrophication, but moderate, although landlocked etc. still oligotrophic,
no sign of runawy eutrophication, no sign of the mechanisms Emeis et al. have suggested and

Wallman tbernommen.

2. Nitrogen in the Baltic Sea (...)

Denitrification ... is treated by Kahler (unpubl., unpubl., unpubl., unpubl.). The importance for
denitrification of the oxic sediments shows in the distribution of the rates of nitrate deficit
buildup, it is maximum in the water-depth range occupied by sandy sediments which are
permanently oxic waters. In contrast, maximum nitrate deficits accumulate in the stagnant deep
water body - along with maximum oxygen deficits. This is a question of long residence times of
the water in isolation from the surface rather than high rates of formation of the respective

deficits.

In the Baltic as a whole, increased sedimentation of organic matter (as estimated from spring
new production) appears to have been counteracted since the N:P ratios have remained
constant in winter surface water. This has taken place in sediments in contact with oxic waters.
There has not been, however, an enhancement of denitrification relative to inputs in the sense
of a negative feedback loop which involved anoxia of the bottom water. On the contrary, since
nitrate is its limiting factor .... Comparison of anoxic decade (70ies) with oxic decade (90ies)
revealed higher rates of formation of nitrate deficits in the more oxic period! The same applied to
measured sediment denitrification rates in coastal waters comparing a year of low and moderate

oxygen depletion in bottom waters. there was more denitrification with more oxygen (K&hler



1990, 1991). ... (there is however....amonaonososo .... In coastal ranges, the capacity of the
sediments to respond to increased Norg loading by increased denitrification is - at least locally —

already surpassed, (Kahler 1990) though this need not be the case everywhere).

The Arabian Sea ... anoxic deep-water body which is not in contact with sediments as is the
case of the deep Water of the Baltic. Hence, while the ... denitrification... there is likely to be no

sediment phosphorus interaction... blah blah

Should the sediments be important modifyiers, of N and P concentrations, and in opposite
direction for N and P, when turing anoxic, marked differences should be observed when
comparing... this sould show in different O2:P:N ratios anoxic seas where the sediment is
included in the anoxic realm or not. Examples are the Baltic and Black Seas (with anoxic

sediments) and the Arabian —sea (without anoxic Sediments) ...oder transect off Peru

3. Iron

Kinetik: nutrient cycles slow, Iron fast (instsantaneous precipitation + downward movement).
Rain of fe-hydroxides takes up iron and redissolves ... There you have a positive feedback, but
one that blows up P concentrations at depth where plant growth is not influenced (exception

Black sea? anreicherungszone in ...

(a process which cannot be described in a model in which at the respective depths the water is

well-mixed (3-box of Wallmann)

Conclusions

Neither is an ... operating at present. rather... P no difference between oxic and anoxic with the

exception... As far as surface water is concerned, these operate as negative feedbacks.



more specifically, the relationship between productivity and nutrient feedbacks as described by
Emeis et al. (2000) are not operating and conjectures by Wallmann (2002) are obsolete. Add

more.

if Baltic or Black Sea are examples of how the ocean... will look like in a few 10 tsd yr, then ...

but... the positive feedback has been a condition of its formation.
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EK 3. FP7 Proje Onerisi

LOWOX: Observations and modeling of oxygen depletion in European Seas

Abstract

Hypoxic (low oxygen) conditions in aquatic ecosystems increase in number, duration and extent
due to eutrophication and climate change. Global warming is expected to lead to degassing of
oxygen, increased stratification, reduced deep-water circulation and changes in wind patterns
affecting transport and mixing. Projected increases in hypoxia (e.g. doubling of “dead zones”)
are accompanied by enhanced emission of greenhouse gases, losses in biodiversity, ecosystem
functions and services such as fisheries, aquaculture and tourism. A better understanding of the
dynamics and drivers of oxygen depletion requires a global observation system continuously
monitoring oxygen depletion and associated processes in aquatic systems that differ in oxygen
status. It also demands sophisticated modeling studies on hypoxia drivers and consequences for
ecosystems that may further contributes to gain predictive and decision-making capabilities from
the obtained monitoring data. Monitoring and modeling studies cover different environments
including open ocean, Arctic Sea with high sensitivity to global warming, semi-enclosed basins
with permanent anoxia (Black Sea, Baltic Sea), seasonally or locally anoxic land-locked systems
(flords, lagoons, lakes) subject to intense eutrophication. All activities are connected to the
Global Earth Observation System of Systems (GEOSS), GOOS Regional Alliances, and
disseminate our knowledge to local, regional and global organizations concerned with water and

ecosystem health and management.

Project Rationale

The occurrence of hypoxic (low oxygen) conditions is increasing worldwide as a consequence of
anthropogenic eutrophication (nutrient input) and climate change. In eutrophic waters the excess
algal biomass that is not consumed along the food chain is utilized by micro-organisms

consuming oxygen. When oxygen drops significantly, faunal communities and chemical



conditions undergo successive deterioration, and the ecosystems eventually turn into
permanently anoxic environments that lead to a dramatic decline in ecosystem functions and
services such as biodiversity, fisheries, aquaculture and tourism. Since the 1960s, the records of
such “dead zones” have doubled every ten years over the globe. Climate change will add to
oxygen depletion in several ways: warming of water will lead to degassing of oxygen, and an
enhanced microbial oxygen demand. Together with changes in wind and precipitation patterns,
higher temperatures will potentially increase stratification and reduce vertical oxygen transport to
deeper waters and to the seafloor. Early stages of hypoxia are typically missed until obvious
signs (e.g., fish mass mortality) show that dramatic changes have already occurred.

As ecosystem responses depend on frequency, duration, spatial extent and severity of hypoxia
events, continuous monitoring of oxygen concentrations is necessary. In order to understand the
reasons of hypoxia formation and to be able to predict potential effects of anthropogenic
activities and global warming on future oxygen levels, monitoring of oxygen and related
parameters have to be carried out in a variety of aquatic systems that differ in oxygen status and
sensitivity towards change. Experimental and modeling studies of hypoxia drivers as well as
consequences of oxygen depletion for ecosystems are needed to gain predictive and decision-

making capabilities from the monitoring data obtained.

Oxygen availability at a given site depends on the balance between oxygen supply (mainly
physical transport and mixing) and removal (mainly biological oxidation of organic matter) which
both vary on different time scales. The response of an ecosystem to hypoxia is determined by
even more factors (e.g., adaptation of organisms to hypoxia, availability of nearby fauna for re-
colonization, sediment inventory of oxidized and reduced components). To cope with this
complexity, monitoring efforts encompass sites that differ both in oxygen availability and
sensitivity towards change: Open ocean, oxic areas with high sensitivity to global warming
(Arctic Ocean), semi-enclosed basins where oxygen is naturally depleted (Black Sea, Baltic
Sea), and partly eutrophic landlocked systems that experience hypoxia seasonally or locally

(flords, lagoons, lakes).



As continuous measurements of oxygen and associated parameters are an important first step
to examine the status of the system that is monitored, modeling is the key tool to turn
observations into generalizations that can also be applied to other ecosystems and predictions
that extend the current observations into the future. Combining physical and biogeochemical
modeling of both the water column and the sediments provides means to extrapolate findings to
similar ecosystems and to predict future hypoxia and to make future climate and eutrophication
scenarios for oxygen availability and ecosystem functioning. These capabilities are needed to
understand the effect of climate change and eutrophication on ecosystem functions and services
and to decide on countermeasures that may be taken. To fully comprehend oxygen dynamics,
modeling strategy aims to combine physical transport and biogeochemical processes in both the
sediment and the water column. Combining observations and predictions of oxygen availability
with existing knowledge about the effects of hypoxia on animal communities and ecosystems will
improve our understanding of the potential loss of ecosystem functions and services as a

consequence of climate change and eutrophication.

Project Objectives

This project will focus on a better understanding of the dynamics and drivers of oxygen depletion

due to eutrophication and climate change. Several of the project goals include

e monitoring of oxygen and related parameters in a variety of aquatic systems that differ in

oxygen status and sensitivity towards change,

¢ development of oxygen model, coupled with the physical and ecosystem models, for
global or large scale applications and assess its performance to detect a possible range
of reactions of European waters to future climate and eutrophication-induced changes by

means of ensemble hindcasts and forecasts as well as scenario studies,

e determining which of the aspects of global change are directly or indirectly relevant to the

ventilation of waters within European waters,

e studying the synergetic effects of climate change and eutrophication/pollution on the

oxygen dynamics,



e characterizing the regional meteorological/hydrological/oceanographic peculiarities of
climate change and eutrophication, and identifying their relative effects on oxygen

conditions in different systems and regions,

e development of appropriate integrated management tools (i) to assess environmental,
ecological, economic, and social risks and impacts, (ii) to design and generate
alternatives, and (iii) to provide tools for their selection according to the criteria,
objectives, and constraints given by decision makers.

LOWOX will address the following questions:

Oxygen depletion and hypoxia/anoxia events in water systems lead to worsening environmental

guality, ecological status with resulting socio-economic impacts.

. What are the environmental impacts and the consequences for WFD and the Marine
Strategy?

. What are the ecological impacts (for ecological status, biodiversity, habitat loss)?

. What are the economic impacts for ecosystem goods and services (fishery, tourism,

drinking water supply, re-orientation of economics, etc.)?

. What are the social impacts (for local population, tourists, morbidity, jobs, employment,
etc.)?

. What are the impacts of lifestyle changes and quality of life?

. What are short-term scenarios and predictions for a complex of these impacts?

. What are long-term scenarios and predictions for a complex of these impacts?



Approach and Methods

WP 1. In situ observations of oxygen depletion

To investigate oxygen depletion at different study sites in coastal and open seas as well as in
land-locked water bodies, two types of monitoring strategies will be integrated: (I) continuous
long-term monitoring of oxygen, physical parameters allowing to constrain transport velocities,
and other chemical parameters (e.g. chlorophyll, or sulfide) in the water column and (Il) repeated
measurements of oxygen fluxes, consumption rates and other relevant biogeochemical
parameters. The focus on long-term continuous monitoring of oxygen concentration will be
based on permanent systems (buoy moorings) and mobile observatory systems (gliders, floats)
placed in different zones of water bodies, including the benthic boundary layer and/or the
interface of oxic/anoxic waters where large temporal and spatial concentration variations can be
expected.

WP 2. Scenarios and predictions

This task evaluates which of the aspects of global change under different scenarios are directly
or indirectly relevant to oxygen depletion and ventilation events in the European seas. It further

studies the synergetic effects of climate change and eutrophication/pollution.

Subtask 2.1. Global change

The expected oxygen loss from global warming can be quite substantial; some models have
already predicted a 17% reduction of the total ocean’s oxygen content until 2100. Therefore all
the European Seas and coastal zones shall be simulated using a simplified model for the oxygen
cycle. The model will be first validated by hindcast scenarios for the last 40 years, and then
uncertainty range of forecasts for different IPCC scenarios shall be quantified by ensemble

forecasts.



Subtask 2.2. Regional climate and eutrophication-induced changes

This subtask will employ 3D decadal hindcast simulations for the Baltic Sea and the Black Sea in
order to identify (i) the regional peculiarities of climate and other eutrophication-induced
changes, and how these peculiarities affect the oxygen dynamics of intermediate and deep
waters as well as hypoxia/anoxia conditions of the coastal waters, (i) the role of circulation
features and internal dynamics as well as oxygen intrusions from open sea waters on the

variability oxygen minimum layers.

Task 3. Impact and risk analyses of oxygen depletion by integrated management tools

and measurements

This task addresses environmental, ecological, and socio-economic impacts and consequences
of oxygen depletion and hypoxia/anoxia events using end-users oriented integrated

management tools and measurements.

Subtask 3.1. Risk and vulnerability analysis for European regional seas and coastal

systems.

Based on the oxygen budget between the physical capacity to store and renew the oxygen near
the seabed and the flux of organic matter resulting from existing biomass and primary
production, the physical vulnerability of marine ecosystems will be assessed and the spatial
distribution of potential hypoxia will be characterized on weekly time scale for all the European
regional seas. The method detects the physical sensitive areas (PSA) using an improved version

of the so called PSA index through coupled physical-ecosystem model and satellite data.

The risk and vulnerability analysis coastal systems will be used to simulate different scenarios to

examine the consequences of eutrophication and climatic/weather conditions on the formation of



summer pycnocline, primary production, resuspension of sediments and their ultimate effects on

oxygen depletion events and intensity of hypoxia and anoxia.

Subtask 3.2: Environmental surveillance and information system analysis.

The state of art environmental management and decision support system called “Environmental
Surveillance and Information System (ENSIS)” together with a modeling tool will be implemented
to selected sites to monitor and estimate oxygen depletion events and to provide abatement
measures for improving the conditions. This analysis enables users not only to present and
evaluate environmental status, but also gives access to powerful tools to
collect/systematize/present and report environmental data, to analyse trends and run scenarios

for environmental planning, policy-making and decision support.

Subtask 3.3: Decision support system for watershed-lagoon coupled systems

The model-based decision support system (DSS) that was developed for watershed-lagoon
coupled systems will be used as a decision makers-oriented tool to measure potential
vulnerability of the Southern European lagoons to oxygen depletion and for the ways (i) to
improve biodiversity and biogeochemical functions, (ii) to restore their ecosystem good and
services, (iii) to provide different management options or alternatives on environmental
protection and socioeconomic improvement and sustainable development. The DSS will
evaluate the impacts of different scenario options and provide a rank of the best solutions on the

basis of decision makers’ expectations.
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