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Abstract 

The Mediterranean Sea (MS) is an oligotrophic marine basin despite being semi-enclosed with unusually 

low inorganic phosphorus (P) and nitrogen (N) concentrations, and high nitrate (NO3):phosphate (PO4) 

ratios comparative to the global ocean. In addition distinct biogeochemical differences occur between the 

Western Mediterranean Sea (WMS) and Eastern Mediterranean Sea (EMS). Episodic deposition of 

organic rich sediments in the EMS indicate that fast changes in biogeochemical cycling within the MS 

may have occurred in the recent geological past with the development of eutrophic conditions and anoxic 

deep waters.  Currently, close to 430 million people live within the drainage basin of the MS. The pace of 

population growth, coastal urbanization, land use changes and climate change are increasingly modifying 

hydrological and biogeochemical cycling within the MS with potential for major ecological 

consequences. In this thesis, a coupled P and N mass balance model is created with the goal of:  (1) 

understanding the unique biogeochemistry of the MS and (2) delineating how anthropogenic activities 

and circulation affect P and N cycling and primary productivity within the MS. 

Anthropogenic inputs to the aquatic systems have dramatically increased since 1950.  In Chapter 2, 

anthropogenic inputs of reactive P and N into the EMS between 1950 and 2000 were reconstructed and 

applied to a steady state mass balance model for P and N cycling in the EMS. The WMS provided the 

main source of P and N to the EMS over 1950 to 2000. Reactive P and N inputs increased by a maximum 

of 24% and 65% respectively over 1950 to 2000 yet primary productivity only increased by 16%.  The 

excess P provided to the EMS after 1950 was largely exported out of the EMS through the Strait of Sicily 

to the WMS or stored within the deep water, maintaining the oligotrophy of the sea. 

Direct discharges of domestic wastewater are typically not included in mass balance nutrient models of 

the MS and were not included in the P and N inputs in Chapter 2.  Chapter 3 used an empirical model to 

determine that P and N inputs from direct domestic wastewater discharges into the MS were on the same 

order of magnitude as inputs from rivers for the year 2003 and therefore should be included in nutrient 

budgets for the MS. Population growth, dietary changes and expanded connectivity to sewers were 

expected to further increase direct wastewater nutrient inputs to the MS in the future, especially in 

southern and eastern regions of the Mediterranean basin. Regionally targeted upgrades to tertiary 

wastewater treatment, combined with enhanced wastewater recycling and banning phosphates from 

laundry and dishwasher detergents, may be the most cost-effective way to prevent the expansion of 

coastal eutrophication. 
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The Mediterranean region is one of the most sensitive globally to climate change but impact on the 

thermohaline circulation is uncertain. In Chapter 4, the sensitivity of dissolved oxygen (O2) 

concentrations to climate change was assessed using a mass balance model of O2 cycling in the MS.  To 

achieve this, a circulation model for the WMS was created and coupled to the pre-existing EMS 

circulation model. Results show that the MS is unlikely to go hypoxic within the foreseeable future 

despite large potential changes in the thermohaline circulation. The change in the provision of labile 

dissolved organic carbon with deep water formation may result in a negative feedback, reducing the 

effects of climate driven changes in circulation on oxygen consumption. 

The coupled WMS-EMS circulation model created in Chapter 4 is used to create a mass balance model 

for P and N cycling in the MS for 1950 (Chapter 5). Direct wastewater and submarine groundwater 

discharges are included for the first time in a nutrient budget for the MS.  The nutrient budgets for both 

the WMS and EMS are dominated by marine derived inputs. In addition, up to 5 times more marine 

derived reactive P and N entered the WMS than EMS per unit surface area and this is primary the cause 

of the west to east differences in biogeochemical properties observed across the MS: land derived inputs 

are approximately similar per unit surface area between the basins. The high NO3:PO4 deep water ratio of 

the MS is caused by the high N:P ratio of inputs, in particular atmospheric inputs, together with low 

denitrification rates.  The low NO3:PO4 ratio of the inflow through Gibraltar helps drive the lower N:P 

ratio in the WMS than EMS.  

The magnitude and strength of year on year deep water formation within the MS is highly variable and 

the response of P and N concentrations to inter-annual changes in intermediate water and deep water 

formation versus that from anthropogenic enrichment is unknown.  In Chapter 6, anthropogenic reactive P 

and N inputs into the MS between 1950 and 2030 were reconstructed and applied to the coupled WMS-

EMS steady state P and N model created in Chapter 5.  The anthropogenic nutrient signature of the MS is 

diluted by the dominance of the Atlantic surface water and exchanges across the Straits of Sicily in 

providing P and N to the WMS and EMS. In addition, the anti-estuarine circulation removes 

approximately 50% of the anthropogenic nutrients input into the MS by 2030. Consequently, 

anthropogenic nutrient enrichment cannot be observed in water column dissolved reactive P 

concentrations over the noise created by inter-annual variability in circulation. Anthropogenic enrichment 

of dissolved reactive N concentrations may be observed after 1970 for DON and 1990 for NO3.   

Overall, nutrient inputs into the MS are dominated by laterally sourced marine derived inputs.  Thus the 

MS behaves more like a subtropical gyre than an enclosed marine basin. The important contribution of 

organic matter in nutrient cycling is highlighted in this thesis with anthropogenic reactive N inputs 
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predicted to accumulate in the DON reservoir.  The MS acts as a bioreactor for organic matter cycling, 

converting organic nutrients to inorganic ones at depth which are then exported out of the basin by the 

anti-estuarine circulation. Future work should concentrate on understanding the lability of organic matter 

from input sources to the MS and within the water column of the MS. 
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1.1 Mediterranean Basin 

The Mediterranean Sea (MS) has a surface area of 2508x103 km2 (Ludwig et al., 2009) and a coastline of 

46,000 km, of which 41% are associated with islands (Plan-Bleu, 2005).  The MS is separated from the 

North Atlantic Ocean by the Strait of Gibraltar, a narrow sill between Spain and Morocco with an average 

depth of 600 m (minimum depth of 297 m) and minimum width of 13 km. Two main basins compose the 

MS: the Western Mediterranean Sea (WMS) and the Eastern Mediterranean Sea (EMS). The EMS is the 

largest of the two basins with a surface area of 1669 x 103 km2; the WMS covers 840 x 103 km2. The 

WMS and EMS are separated by the Strait of Sicily, a wider and shallower sill than the Strait of Gibraltar 

with a maximum depth of 316 m and a width of 145 km. In addition, various sub-basins and regional seas 

make up the MS; those referred to in this thesis are shown in Figure 1.1.  Note that in Chapters 2, 4 and 5 

the term EMS excludes the Adriatic and Aegean Seas, while in Chapter 3 the EMS includes the Adriatic 

and Aegean Seas. 

Twenty-three countries from three different continents surround the MS with per capita GDP ranging 

from US$ 2,700 to US$ 145,000 in 2010 (excluding Gaza and Syria; World Bank, 2016). The 

Mediterranean countries exhibit very disparate levels of economic development, demographic trends and 

capacities for adaptation to global change and technological innovation. Overall, the population in the 

Mediterranean basin is increasing rapidly.  Between 1970 and 2000 the population of Mediterranean 

coastal regions increased by 71%, from 95 million to 143 million; it is expected to reach 174 million in 

2025 (Plan-Bleu, 2005).  In addition, coastal areas experience high seasonal influxes of both national and 

international tourists. Between 1990 and 2000, tourism around the MS increased by 67%, reaching 176 

million people by the turn of the century (Plan-Bleu, 2005). Thus, the annual number of tourists visiting 

the Mediterranean coastal areas exceeds the permanent population. (Note: the effects of recent conflicts 

and accelerating migration towards EU countries are not included in population estimates cited.)  

Because of the large coastal populations, along with tourism and the long coastline of the MS, 

anthropogenic activities significantly impact marine ecosystems, in particular in nearshore settings 

(Micheli et al., 2013). Anthropogenic impacts include ocean acidification, sea surface temperature 

changes, and anomalies in UV light; together they account for 60-75% of the cumulative anthropogenic 

impact on the entire MS (Micheli et al., 2013). By 2001, ocean acidification had already decreased pH of 

water masses in the MS by 0.05-0.14 pH units compared to the pre-industrial era (Touratier and Goyet, 

2011), while measurable increases in sea surface temperatures are altering population abundance and 

survival rates of marine biota (Lejeusne et al., 2010; Marbà et al., 2015). Shipping, overfishing, habitat 
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Figure 1.1:  Bathymetry of Mediterranean Sea, areas of deep-water formation (de Madron et al., 2011), and location of sub-basins mentioned in 

this thesis.  
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destruction and pollution are some of the other activities having a large impact on the MS ecosystems 

(Lejeusne et al., 2010).  The opening of the Suez Canal, shipping, and aquaculture have led to the 

introduction of around 1000 invasive species into the MS, of which more than half are established and 

spreading (Katsanevakis et al., 2014). An example of a major socio-economic impact caused by 

anthropogenic activities is the collapse of Egyptian fisheries after the construction of the Aswan Dam 

(Nixon, 2003). 

1.2 Thermohaline circulation 

The MS exhibits an anti-estuarine circulation (Figure 1.2).  Atlantic surface water (ASW) enters the MS 

through the Strait of Gibraltar and travels from west to east across the WMS eventually entering the EMS 

through the Strait of Sicily. High evaporation rates cause the salinity and density of surface water (SW) to 

increase eastward across MS. Within the EMS, the SW eventually sinks to form Levantine Intermediate 

Water (LIW) primarily in the Rhodes gyre.  The LIW moves out of the EMS through the Strait of Sicily 

and into the WMS whereby it circulates across the basin in an anticlockwise direction. 

The MS is one of the only areas in the oceans outside the polar regions where deep water (DW) formation 

occurs. Eastern Mediterranean Deep Water (EMDW) is formed mainly in the Adriatic Sea with a smaller 

amount of EMDW produced in the Aegean Sea. Upwelling moves EMDW into LIW, which in turn is 

exported out of the EMS through the Strait of Sicily or into the Adriatic and Aegean Seas (Figures 1.2 

and 4.1). Deep water in the WMS forms in the northwestern Mediterranean (NWM), near to the Gulf of 

Lions, and in the Ligurian Sea (Figure 1.1).  During winter months, high salinity LIW from the EMS is 

mixed with overlying SW, leading to intermediate and deep water formation in the NWM (Rhein, 1995).  

Both Western Mediterranean intermediate water (WMIW) and Western Mediterranean deep water 

(WMDW) exit the WMS through the Strait of Gibraltar.  Quantitative estimates of water fluxes in the 

WMS and EMS are found in Chapter 4.  

In recent years changes have been observed in location and strength of DW formation processes within 

the MS.  Between 1987 and 2001, the main source of DW formation in the EMS switched from the 

Adriatic Sea to the Aegean Sea. This switch is known as the Eastern Mediterranean Transient (EMT; 

Roether and Schlitzer, 1991).  The accompanying changes in DW formation are reviewed in Chapters 2 

and 4. The main pulse of the EMT occurred between 1992 and 1995 (Roether et al., 2007) and resulted in 

very dense water exiting the Aegean Sea through the eastern Cretan Strait. The water subsequently 

travelled westward following the bottom topography and swiftly covered most of the EMS’ seafloor. The 

young Aegean DW replaced approximately 20% of EMDW below 1500 m depth (Klein et al., 2003). 
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Figure 1.2: Circulation of Mediterranean Sea. See Figure 4.1 and Chapter 4 for quantification of water 

fluxes. NWM = north-west Mediterranean.  
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After 1995, incoming waters from the Aegean Sea only reached depths of 800-1000 m (Kress et al., 

2003), sandwiching a layer of old Adriatic deep water between two younger water masses.  The effects of 

the EMT were also observed in the WMS. The EMT caused increased salinity of the LIW entering the 

WMS through the Strait of Sicily and contributed up to approximately half of the increase in density that 

caused extensive WMDW formation during the cold winters of 2004/2005 and 2005/2006 (Schroeder et 

al., 2006; Schroeder et al., 2010b).  This series of events is termed the Western Mediterranean Transition 

(WMT; CIESM, 2009).  

Enhanced salinity and cooling of SW within the Aegean Sea, relative to previous years, is the likely 

driver of the EMT (Pinardi et al., 2015).  Beuvier et al. (2010) highlight seven potential preconditioning 

factors for the EMT: 1) lower freshwater input from the Black Sea; 2) blocking anti-cyclones south of 

Crete altering the circulation of LIW, and thus directing it towards the Aegean Sea; 3) different Eastern 

Mediterranean surface water circulation altering the salinity of water received by the Aegean Sea; 4) 

formation of dense north Aegean water; 5) cold winters in 1991 and 1992 inducing high heat losses from 

the Aegean Sea; and 6) slow creation of dense Aegean DW throughout the 1970s and 1980s. The change 

in SW salinity of the Aegean Sea is hypothesized to be linked to the bimodal oscillation (BiOS) of the 

northern Ionian gyre, switching from anticyclonic to cyclonic with a frequency of approximately 10 years 

(Gačić et al., 2010; Pinardi et al., 2015) (see section 1.4.2 for details).  Modeling studies also suggest that 

the EMT may not be a one off event. Similar DW formation events in the Aegean Sea may be a recurrent 

phenomenon (Beuvier et al., 2010; Vervatis et al., 2013; Georgiou et al., 2015; Incarbona et al., 2016), but 

observations are not available to corroborate this.  

The Mediterranean region is one of the most sensitive globally to climate change (Giorgi, 2006). The MS 

has been warming at approximately three times the global average (Marbà et al., 2015) with clear 

temperature and salinity increases of the DW observed since at least the 1960’s (Béthoux et al., 1990; 

Béthoux and Gentili, 1999; Vargas-Yanez et al., 2010; Borghini et al., 2014).  Climate change predictions 

also indicate a trend toward warmer and dryer climate in the Mediterranean region during the 21st century 

(Kristensen et al., 2004; Collins et al., 2013).  Although a large number of studies has investigated the 

impact of climate change on SW temperatures, salinity, heat fluxes, evaporative fluxes and sea level 

changes of the MS (Gualdi et al., 2013 and references therein), a much more limited number has 

addressed the resulting effects on the thermohaline circulation (THC) of the MS. Temperature and salinity 

increases have opposing effects on the density of water which represents a challenge for modeling the 

response of the THC to climate change.  Existing model predictions predict both enhanced (Adloff et al., 

2015) and weakened (Thorpe and Bigg, 2000; Somot et al., 2006; Herrmann et al., 2009; Adloff et al., 

2015) THC in the coming decades.  With the exception of Adloff et al. (2015) all other referenced studies 
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only used one climate scenario and did not explore the sensitivity of projections to boundary conditions 

such as river runoff, and the properties of inflowing ASW to the MS.  The potential changes in the THC 

due to ongoing climate warming and the consequences for DW oxygenation are the topic of in Chapter 4. 

1.3 Phosphorus and Nitrogen Cycling  

1.3.1 Marine sources of P and N 

Humans have dramatically modified the cycles of P and N, especially since the mid 20th century (Cordell 

et al., 2011; Mackenzie et al., 2011; Galloway, 2014; Ruttenberg, 2014).  The ultimate natural source of 

reactive P is weathering of rocks, but humans have accelerated this process through mining (Figure 1.3).  

Phosphorus enters the aquatic system as a result of fertilizer application, wastewater discharges and 

industrial aerosols, while deforestation and crop cultivation further enhance the transfer of P to aquatic 

systems (Ruttenberg, 2014). The transfer of P to marine basins occurs from riverine inputs, submarine 

groundwater discharge (SGD), and direct discharges or runoff from land into the coastal zone.  In the 

Mediterranean region, Saharan dust is an important source of P, which can become bioavailable upon 

deposition at the sea surface.  Saharan dust is enriched in P compared to average crustal material (0.2% P 

abundance in Saharan dust compared to 0.1% P in normal soil derived dust; Bergametti et al., 1992). Acid 

processing in the atmosphere may further enhance the bioavailability of P in dust (Nenes et al., 2011). 

The majority of N on Earth exists as N2 gas, which makes up 71% of the atmosphere.  Inert N2 gas is 

naturally converted into reactive N by lightning and biological nitrogen fixation in terrestrial and aquatic 

ecosystems.  Humans dramatically perturbed the N cycle following the invention of the Haber-Bosch 

process in 1913 whereby ammonia (NH3) is produced from N2 and hydrogen gas (H2) under high pressure 

(Figure 1.4). The NH3 was initially used for the fabrication of ammunitions during the first World War, 

but is now mainly used in the production of fertilizers, although NH3 is present in many other industrial 

products such as household cleaners. Anthropogenic NH3 enters the aquatic system through runoff, 

groundwater discharge and wastewater inputs. Fossil fuel combustion is another source of reactive N, 

both through the conversion of N2 in engines and the release of N in the fossil fuel itself.  

The importance and origin of organic forms of P and N delivered by atmospheric deposition and rivers to 

receiving water bodies is a topic of relatively recent research.  Dissolved organic phosphorus (DOP) and 

dissolved organic nitrogen (DON) account for 6-91% and 9-42% of dissolved P and N in rivers, 

respectively (Ludwig et al., 2009; Berner and Berner, 2012), while DON contributes 20-35% of total 

atmospheric N deposition to aquatic systems globally (Cornell et al., 2003; Cape et al., 2011a; Kanakidou 

et al., 2012; Jickells et al., 2013; Kanakidou et al., 2016). The positive correlation observed between total  
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Figure 1.3: Historical global sources of phosphorus fertilizers from 1800 to 2000. Adapted from Cordell 

et al. (2011). 

 

 

 
Figure 1.4: Global population (right axis) and reactive N production (left axis) between 1860 and 2000. 

Total reactive N production is broken down in the contributions of the Haber-Bosch process (fertilizer 

and non-fertilizer products), biological N fixation of cultivated plants, and fossil fuel combustion.  

Adapted from Galloway (2014) 
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dissolved N and DON in atmospheric deposition suggests that a significant fraction of the DON is of 

anthropogenic origin (Jickells et al., 2013). Fewer studies exist on the atmospheric deposition of DOP.  

Kanakidou et al. (2012) suggest that 20-83% (median ~ 35%) of total dissolved P deposited globally is in 

the form of DOP, although only 10% of organic P in the atmosphere is from anthropogenic sources.  Dust 

samples collected over the MS were found to be dominated by organic P in 93% of the cases, while 

detailed near‐edge X‐ray fluorescence spectroscopy (P‐NEXFS) showed that much of the organic P is 

contained within bacterial material (Longo et al., 2014). 

1.3.2 Assimilation and mineralization 

Phosphorus and N are essential nutrients required for phytoplankton growth. In the oceans, phytoplankton 

assimilate P and N into organic matter within the photic zone, while mineralization processes throughout 

the water column regenerate inorganic P and N. These processes are often represented by the following 

chemical stoichiometry: 

106𝐶𝐶𝐶𝐶2 + 16𝐻𝐻𝐻𝐻𝐻𝐻3 +𝐻𝐻3𝑃𝑃𝑃𝑃4 + 122𝐻𝐻2𝑂𝑂↔  (𝐶𝐶𝐶𝐶2𝑂𝑂)106(𝑁𝑁𝑁𝑁3)16(𝐻𝐻3𝑃𝑃𝑂𝑂4) +  138𝑂𝑂2 (1.1) 

where the forward and backward reactions correspond to photosynthesis and (aerobic) respiration, 

respectively. Although it is usually assumed that phytoplankton assimilate inorganic nutrients according 

to the Redfield C:N:P ratio of 106:16:1 (Redfield et al., 1963; Equation 1.1), assimilation of organic 

species of carbon (C), P and N is also known to occur (Zehr and Ward, 2002; Karl and Björkman, 2015; 

Sipler and Bronk, 2015). The backward reaction in Equation 1.1 regroups a variety of processes involving 

bacteria, viruses and micro/macro-zooplankton (Figure 1.5). According to Equation 1.1, the 

remineralization of autochthonous organic matter consumes on average 138 moles of O2 per 106 moles of 

organic C oxidized to CO2, although slightly different global stoichiometric relationships have been 

proposed, for example O2:C = 172:122 (Takahashi et al., 1985).  Further note that in Equation 1:1, 

organic N is mineralized into nitrate. In fact, ammonification first converts organic N into ammonium, 

which is then oxidized to nitrate via nitrification. 

Assimilation of P in the photic zone and mineralization of P and N throughout the water column are key 

processes controlling the biogeochemical cycle of P in the oligotrophic, P starved MS (Appendix A). 

Other processes influence the fate of reactive P in marine environments, for example, the sorption of P on 

ferric iron (hydr)oxides and its subsequent release under anoxic conditions, or the production and re-

dissolution of biogenic apatite (Ruttenberg, 2014). These processes, however, are assumed to play minor 

roles in the transformations between different forms of reactive P in the water column, and are therefore 

ignored in the modeling work presented in this thesis. Similarly, processes other than assimilation and 
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Figure 1.5: Internal nutrient cycling in the photic zone of a marine system explicitly showing the 

microbial loop. Adapted from: Zehr and Ward (2002); Carlson and Hansell (2015); Sipler and Bronk 

(2015) 
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mineralization (including ammonification and nitrification) are not considered in the water column 

cycling of N. 

1.3.3 Sinks of P and N 

The ultimate sink of P in the oceans is burial in sediments.  Globally, the main sedimentary sink of 

reactive P is in the form of particulate organic P, which contributes 61% of total reactive P burial (Berner 

and Berner, 2012). Dispersed authigenic carbonate fluorapatite formation, primarily along the continental 

margins contributes about 17% of total reactive P burial, while phosphate sorbed to hydrous ferric oxides 

makes up an additional 19% (Berner and Berner, 2012). Here, only burial of particulate organic P (POP) 

is considered as a reactive P sink, because under the severe P limitation of the MS biota likely optimize 

the assimilation of all inorganic reactive P into biomass.    

Burial of particulate organic N (PON) is the primary mechanism of N burial, with no appreciable N 

buried with minerals.  In addition to burial, denitrification also removes N from marine systems when 

dissolved O2 concentrations are low, converting nitrate (NO3) to N2 gas, and to a much lesser extent 

nitrous oxide. Most denitrification in marine environments is coupled to the oxidation of organic carbon. 

Denitrification accounts for 96% of N removal in the global oceanic N budget with only 4% attributed to 

organic N burial (Berner and Berner, 2012). The contribution of denitrification in the MS, however, is 

much smaller, because of low organic matter fluxes and the fully oxygenated conditions of the deep 

waters.  

Reactive P and N are also removed from the WMS and EMS via outflows driven by the anti-estuarine 

circulation. Thus, dissolved P and N are exported from the EMS with outflow of intermediate water via 

the Strait of Sicily, while for the WMS, export of dissolved P and N is due to surface water outflow to the 

EMS through the Strait of Sicily, and outflow of intermediate and deep water to the Atlantic Ocean 

through the Strait of Gibraltar (Figure 1.2).  

1.4 Nutrient cycling in the Mediterranean Sea 

1.4.1 Characteristic features of the Mediterranean Sea 

The MS is oligotrophic despite being almost entirely surrounded by land, with primary productivity 

decreasing from approximately 160 g C m-2 yr-1 in the WMS to 90 g C m-2 yr-1 in the EMS (excluding the 

Adriatic and Aegean Seas) (Antoine et al., 1995).  The oligotrophy of the MS is attributed to its anti-

estuarine circulation (section 1.2). Usually, authors focus on the fate of the dissolved inorganic forms of P 

and N (essentially, dissolved phosphate and nitrate): ASW flowing into the MS via the Strait of Gibraltar 

brings relatively low concentrations of dissolved inorganic P (DIP) and dissolved inorganic N (DIN), 
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Figure 1.6: West to east cross-section across the Mediterranean Sea of phosphate and nitrate concentrations (μM) from 1909 to 1999 (MEDAR 

Group, 2002).  Note difference in concentration scales between the two cross-sections. 
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while WMIW and WMDW flowing out into the North Atlantic Ocean export higher DIP and DIN. The 

increasing oligotrophy from west to east across the MS is reflected in the differences in the average DW 

DIP and DIN concentrations, decreasing from 1.8 μM DIP and 20 μM DIN in Atlantic deep water, via 

0.35 μM DIP and 8 μM DIN in WMDW, to 0.25 μM DIP and 4.5 μM DIN in EMDW (Figure 1.6; Krom 

et al., 2003). 

The EMS is also the largest known marine basin to be unequivocally P limited (Krom et al., 1991) given 

that most marine systems are considered to be N limited (Ryther and Dunstan, 1971; Howarth and 

Marino, 2006).  During the winter phytoplankton bloom in the EMS, nitrate (NO3) is still available within 

the SW while there is no detectable dissolved phosphate (PO4) (Krom et al., 1992).  However, in summer 

P and N co-limitation may occur (Thingstad et al., 2005a; Tanaka et al., 2011). The situation in the WMS 

is not so clear.  The spring phytoplankton bloom has been reported to be N limited (Marty et al., 2002), N 

and P co-limited (Pasqueron de Fommervault et al., 2015) or P limited (in particular in the Gulf of Lions; 

(Diaz et al., 2001). In the stratification period P limitation generally occurs for both phytoplankton and 

heterotrophic bacteria (Thingstad and Rassoulzadegan, 1995; Thingstad et al., 1998; Marty et al., 2002; 

Van Wambeke et al., 2002; Pinhassi et al., 2006; Pasqueron de Fommervault et al., 2015).  

Further evidence for P limitation is the higher than Redfield molar C:N:P ratios across the entire MS for 

both inorganic and organic nutrients (except sometimes in the SW). The dissolved organic molar C:N:P 

ratios (DOC:DON:DOP) in the photic zone (top 200m) of 920-1560:50-220:1 (Santinelli, 2015) are much 

greater than those observed in the surface waters of the global ocean, 374±59:27±6:1 ((Hopkinson and 

Vallino, 2005). In contrast, the DW DOC:DON:DOP ratios in the MS of (993-5000):(67-400):1 

(Santinelli, 2015) are similar to those of the global ocean DW, (3511±1314):(202±113):1 (Hopkinson and 

Vallino, 2005). The most commonly reported ratio, however, is the molar NO3:PO4 within the DW 

masses of the MS.  This ratio increases from west to east from 20-23:1 in the WMS (Béthoux et al., 1998; 

Ribera d'Alcalà et al., 2003) to 28:1 in the EMS (Kress and Herut, 2001; Ribera d'Alcalà et al., 2003; 

Krom et al., 2005), compared to the Redfield ratio of 16:1 normally observed in the global ocean 

(Redfield et al., 1963). The latter is explained by the balance between denitrification and N2 fixation 

(Tyrrell, 1999).  

In the pelagic MS, little denitrification is expected because the dissolved O2 concentrations remain above 

70% saturation throughout the water column (>180 µM; Figure D.1). Hence, significant denitrification 

should be restricted to coastal zones along shallow shelves, for example in the North Adriatic Sea 

(Degobbis et al., 2000; Karydis and Kitsiou, 2012).  In addition, there have never been any reports of high 

rates of N2 fixation in the MS (Ibello et al., 2010b; Bonnet et al., 2011).  The severe P limitation of the 
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MS further argues against significant rates of N2 fixation (Sañudo-Wilhelmy et al., 2001; Krom et al., 

2004; Mills et al., 2004). Interestingly, Rahav et al. (2016) recently proposed that heterotrophic N2 

fixation within the EMS is DOC limited. Nevertheless, N2 fixation has been suggested to be one of the 

main drivers of the high NO3:PO4 ratios observed in the MS (Béthoux et al., 1992). As supporting 

evidence, the observed 15N depletion of NO3 in the MS has been invoked (Béthoux et al., 2002b; Pantoja 

et al., 2002; Ribera d'Alcalà et al., 2003). However, for the EMS Emeis et al. (2010) attribute the 15N 

depleted isotopic composition of NO3 to extensive recycling of N together with low δ15N values of 

anthropogenic NO3, in particular in atmospheric deposition. The alternative explanation for the high 

NO3:PO4 ratios of the MS, which is also explored in Chapters 2 and 5, is that they reflect the high 

NO3:PO4 ratio in atmospheric deposition combined with low denitrification rates (Krom et al., 2010). 

1.4.2 Impact of circulation changes: EMT and WMT 

As a result of the EMT, fresh Aegean water entered the EMDW. This water was relatively depleted in 

inorganic nutrients and enriched in O2 relative to the older Adriatic water. The inflow of Aegean DW also 

caused the uplift of the older Adriatic deep water bringing the inorganic nutrients closer to the photic zone 

(Klein et al., 1999). However, no significant changes in primary production of the EMS were observed as 

a consequence of the EMT (D'Ortenzio, 2003; Kress et al., 2012).  

Surprisingly, the additional O2 from Aegean DW was consumed within 4 years of entering the EMDW. In 

fact, by 1999 lower O2 concentrations than prior to the EMT were recorded in some localities.  

Apparently, relatively labile DOC in the Aegean DW was the cause of the rapid O2 depletion: the 

estimated O2 consumption rates within the newly formed DW were more than double those in EMDW 

prior to the EMT (Roether and Well, 2001; Klein et al., 2003; Kress et al., 2003). In addition, O2 

consumption was predicted to be highest at the end of the peak inflow of Aegean DW in the EMS in 

1995, and decreasing afterwards (Kress et al., 2003). Unfortunately, DOC measurements are not available 

for the same time period. Generally speaking, measurements of dissolved organic matter are not routinely 

made within the MS. Hence, reconstructing the temporal changes in DOC, DON and DOP is difficult 

given the limited observations across the MS.   

Relatively little work has been done describing the impacts of the WMT on P and N distributions and O2 

consumption in the WMS.  Schroeder et al. (2010a) report distinctive O2, PO4 and NO3 concentrations in 

young and old DW masses during the WMT, with NO3 concentrations ranging from 7 µM near the DW 

formation site in the NWM to 9 µM in the older DW, while at the same time PO4 ranges from 0.40 µM in 

older water to 0.38 µM in younger water.  Reduced O2 concentrations in the Algero-Provencal basin in 
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2011 relative to 1991 and 1995 suggest that the WMT also increased O2 consumption due to the enhanced 

input of organic matter to the WMDW reservoir (Schneider et al., 2014). 

The BiOS system also produces distinct physical and biological signatures in the Adriatic Sea (Civitarese 

et al., 2010) and potentially the rest of the EMS (Ozer et al., 2016). Low salinity SW in the southern 

Adriatic Sea is observed when an anticyclonic gyre is present. Surface water entering the EMS through 

the Strait of Sicily is directed towards the Adriatic Sea leading to elevated inorganic nutrient 

concentrations and high primary productivity within the south Adriatic Sea. In contrast, high salinity 

within the South Adriatic Sea is associated with low primary productivity and low inorganic nutrient 

concentrations, and occurs when a cyclonic gyre is present. This further affects the properties of SW 

flowing into the Levantine basin. An anticyclonic North Ionian Gyre results in less water entering the 

Levantine basin with, as a result, higher salinity and inorganic nutrient contents for the SW and newly 

formed LIW (Ozer et al., 2016). Thus, Ozer and co-authors hypothesize that circulation controls the P and 

N concentrations in the LIW. Note, however, that this hypothesis is in contrast to Moon et al. (2016) who 

propose that observed temporal changes in PO4 and NO3 concentrations in WMIW and EMIW are due to 

the inputs of anthropogenic P and N.  

1.4.3 Sapropels 

The presence of organic rich sapropels in the sedimentary record indicates that the MS has not always 

been oligotrophic.  The most recent sapropel was deposited only 6.4-10.2 kyrs ago (Grimm et al., 2015), 

with sapropels found to occur periodically until at least 13.5 million years ago (Rohling et al., 2015).  

Sapropels generally contain 1-10% organic C although extremes of up to 30% have been recorded 

(Rohling et al., 2015).  They are largely confined to the EMS although organic rich layers are observed in 

the WMS. Sapropels are usually laminated and lack benthic foraminifera, thus suggesting that they were 

deposited during times of bottom water anoxia (Rohling et al., 2015).  

Sapropels are hypothesized to have formed under climatic conditions that were cooler and wetter than 

today, initiated by Milankovitch cycles (Picotti et al., 2014).  African monsoonal rains caused high 

freshwater discharges to the MS, especially via the Nile River. High freshwater influxes from the Black 

Sea and the northern MS coastline possibly also occurred.  Melting of ice sheets during deglaciation 

induced sea level rise and a freshening of the SW. Nonetheless, the exact mechanisms responsible for the 

formation of sapropels are still debated, in particular with regard of the THC of the MS and the balance 

between primary productivity and preservation during sapropel deposition. Hypotheses to explain 

sapropel S1, that is, the most recent sapropel, include increased primary productivity due to high nutrient 
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delivery by rivers, and changes in THC ranging from stagnation to a switch from anti-estuarine to 

estuarine circulation (Sarmiento et al., 1988; Stratford et al., 2000).   

Grimm et al. (2015) used a coupled hydrodynamic-biogeochemical model to run scenarios investigating 

the formation of S1. They show that an increase in primary production alone would not push the system 

to anoxia: DW O2 concentrations would remain elevated even for a factor of three increase in the input of 

inorganic nutrients to the MS. Their results suggest that S1 deposition was primarily driven by 

deglaciation, which caused stagnation of the MS water column. They also found that a preconditioning 

period of at least 5500 years was required before stagnation ultimately resulted in anoxic bottom waters.  

In the scenarios investigated, increased nutrient inputs to the MS were not required to produce the 

particulate organic C (POC) burial fluxes during S1 deposition, although higher POC deposition fluxes at 

the seafloor are not excluded.  These results of Grimm and co-workers imply that estuarine circulation or 

increased external nutrient inputs are not essential conditions for sapropels to form.  

A number of climate change projections for the coming decades indicate that the THC of the MS may 

become increasingly stagnant (section 1.2). This creates a concern that the deep waters of the MS may 

become anoxic at some point in the future. This topic is addressed in Chapter 4 of this thesis.  

1.5 Phosphorus and nitrogen models of the Mediterranean Sea  

Models investigating nutrient cycles in marine systems vary in complexity.  The simplest approach 

involves building a mass balance budget where all inputs to and outputs from the system are quantified, 

often integrated over a relatively long time period.  This approach has been used for the MS (Béthoux et 

al., 1992; Ribera d'Alcalà et al., 2003; Krom et al., 2004; Huertas et al., 2012).  Nutrient budgets for the 

MS typically contain inputs of inorganic P and N from atmospheric deposition, riverine input and water 

exchanges through the Straits of Sicily and Gibraltar (i.e. Krom et al., 2004; Huertas et al., 2012). 

However, they often neglect the contributions of DOP and DON to the nutrient budgets. In addition, 

despite the MS being almost entirely landlocked with many cities close to the shoreline, direct wastewater 

discharges to the sea have so far been neglected in P and N budgets (see Chapter 3). Inputs of DIP and 

DIN via SGD into the MS has only been quantified in recent years (Rodellas et al., 2015).  Rodellas et al. 

(2015) claim that SGD is an important contributor to nutrient budgets of the MS, although they calculate 

inputs through re-circulated seawater rather than from the much smaller inflow of freshwater. Finally, 

losses of P and N associated with sediment burial and denitrification are sometimes ignored in mass 

balance budgets (i.e., Béthoux et al., 1992; Ribera d'Alcalà et al., 2003).   
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The majority of dynamic nutrient models for the MS focus on ecosystem processes, mainly those 

occurring in the euphotic layer on monthly to seasonal timescales. These models have been applied to 

specific locations (i.e. DYFAMED site; Levy et al., 1998; north west Mediterranean; Auger et al., 2014; 

south east Mediterranean; Suari and Brenner, 2015) or to the entire MS. Models investigating the entire 

MS vary from more simple one-dimensional (1D) coupled hydrodynamic-ecology models simulating 

steady state conditions (Crispi et al., 2001; Allen et al., 2002) to 3D hydrodynamic-biogeochemical 

models that incorporate up to 9 planktonic groups and five elements (P, N, silicon, C and O2) (Crispi et 

al., 2002; Lazzari et al., 2012; Mattia et al., 2013; Macias et al., 2014; Guyennon et al., 2015).  

Simpler models may sometimes provide deeper insights into the overall functioning of a biogeochemical 

system than more complex models that include a large number of processes and forcings.  Crispi et al. 

(2001), for example, use a simple box modeling approach to conclude that the anti-estuarine circulation 

alone does not entirely explain the oligotrophic nature of the MS.  They find that the downward fluxes of 

organic matter, and thus the biological pump, are key in maintaining oligotrophy.  In addition, they show 

that trophic gradients from east to west across the MS arise from unbalanced loads between the seas and 

are maintained by the biological pump.  Using a 1D model, Allen et al. (2002) illustrate the importance of 

mixing processes in the MS in explaining primary production. Their model results indicate that bacterial 

production is nutrient limited in the EMS and grazer controlled in the WMS, with higher levels of 

heterotrophic activity in the WMS than EMS. 

Only two published modeling studies attempt to investigate the long-term (decadal timescales) 

biogeochemical changes across the entire MS (Béthoux et al., 1992; Macias et al., 2014). Bethoux et al. 

(1992) used measured PO4 concentrations in the DWs of the WMS and EMS to derive changes in 

atmospheric deposition and terrestrial inputs of PO4 and NO3 over the 1960-2000 time period. They then 

use the inputs to model the evolution of PO4 concentrations in the WMDW and EMDW reservoirs.  

Macias et al. (2014) use a coupled hydrodynamical-biogeochemical model to investigate relative changes 

in primary productivity and zooplankton density in the MS between 1960 and 2010. They validate their 

results with data on fishery catches in the MS.  However, their modeling study only accounts for the 

temporal changes in inputs of NO3 and PO4 from rivers.   

Very few modeling studies address the impacts of climate change on the biogeochemistry across the 

whole MS.  Lazzari et al. (2014) use a 3D hydrodynamic-biogeochemical model and consider one 

potential circulation scenario. They compare their model results for the period 2090-2100 to the baseline 

results for the period 1990-2000.  Only the riverine inputs of PO4 and NO3 to the sea are varied over time. 

Their results highlight the effect of increasing water temperatures on reaction kinetics and thus 
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metabolism with both gross primary production and respiration rates increasing.  Macias et al. (2015) use 

a dynamic approach and four atmospheric forcing scenarios to investigate the impact of climate change 

on primary production in the MS. However, in their scenarios, P and N inputs are assumed to remain 

constant. Finally, the only other modeling study that examines the potential impacts of climate change on 

marine biogeochemistry is by Herrmann et al. (2014), who simulate the effect of climate change in the 

north-west Mediterranean by imposing the circulation scenario developed by Somot et al. (2006). 

A review of current biogeochemical models for the MS indicates that some models ignore external inputs 

of nutrients by rivers arguing that these inputs do not reach the pelagic domain.  Inputs from atmospheric 

deposition are also often ignored, although existing nutrient budgets indicate they can be a significant 

source of P and N to the WMS and EMS. A recent 1D model for the EMS indicates that including 

atmospheric deposition increases predicted primary production by 5 to 35% (Christodoulaki et al., 2013). 

In addition, atmospheric deposition may be important in controlling the unusually large NO3:PO4 ratios of 

the DW of the MS (Krom et al., 2010; Christodoulaki et al., 2013; Christodoulaki et al., 2016).  However, 

few existing modeling studies attempt to explain the unusual N:P ratios found in the MS or assess the 

long-term (10-100 years) effects of changes in the inputs of reactive P and N on nutrient distributions and 

primary production. This thesis intends to help remediate some of these shortcomings.  

1.6 Thesis 

The overall objective of this thesis is to carry out a comprehensive and quantitative analysis of P and N 

cycling in the MS, specifically to understand the processes responsible for the unique features of these 

cycles. In addition, a key task is to account for the changes in P and N inputs into the MS driven by 

human activity. The results of this thesis therefore contribute to a better delineation of how anthropogenic 

forcings are altering the biogeochemical functioning of this marine basin. The modeling approach used in 

this thesis is based on relatively simple mass balance, or box models. These models require relatively 

little data and have low temporal and spatial resolution, yet they can yield some profound insights into the 

large scale dynamics of a biogeochemical system such as the MS. The basic mass balance equations in 

box models is: 

𝑑𝑑𝑀𝑀𝑖𝑖
𝑑𝑑𝑑𝑑

= 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖  (1.2) 

where 𝑑𝑑𝑀𝑀𝑖𝑖
𝑑𝑑𝑑𝑑

 is the change with time of the mass of a given chemical compound in the i-th reservoir, while 

inputsi (outputsi) correspond to the sum of all inputs (outputs) of the compound to (from) the reservoir.  
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Figure 1.7: Simplified nutrient cycling included in the P and N mass balance model used in this thesis. 

Note that assimilation of PO4 and NO3 only occurs in surface water, while the other processes also take 

place in the intermediate and deep water masses. 
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A large part of this thesis focuses on the effects of anthropogenic forcings on P and N cycling in the MS 

in the period 1950-2030 and beyond. The 1950-2030 period is chosen because anthropogenic inputs of P 

and N, to aquatic systems in general (Figures 1.3, 1.4) and the MS in particular, substantially increased 

after 1950. In addition, the relatively short residence times of Mediterranean deep waters of 20-150 years 

(Roether and Schlitzer, 1991; Stratford et al., 1998; Roether and Well, 2001) means that the effect of 

anthropogenic nutrient enrichment may in principle be observable in the DW masses over this time 

period. The mass balance P and N models presented in this thesis are initialized for the year 1950 (see 

Appendix A for details on initialization) assuming that anthropogenic inputs had little impact on 

biogeochemical cycling in the MS prior to this time period. It is further assumed that in 1950 the 

circulation and the P and N cycles within the MS were at steady state.  

1.6.1 Research Questions 

This thesis addresses the following research questions:  

1. What causes the west to east differences in phosphate (PO4) and nitrate (NO3) concentrations, 

primary productivity and NO3:PO4 DW ratios in the MS? 

2. Why does the MS have a high DW NO3:PO4 ratio in comparison to the rest of the world’s 

oceans? 

3. Are direct discharges of domestic wastewater into the MS an important component of the MS 

nutrient budget? 

4. How have humans modified nutrient cycling in the MS since 1950?  Why is the MS oligotrophic 

despite being surrounded by land? 

5. Can anthropogenic reactive P and N inputs be detected within water column nutrient 

measurements in the MS?   

6. How will climate change impact biogeochemical cycling in the MS? 

1.6.2 1950 steady state EMS model (Van Cappellen et al., 2014; Appendix A) 

The building block of this thesis is a steady state biogeochemical model of P and N cycling in the EMS 

for 1950 created by Van Cappellen et al. (2014) and presented in Appendix A.  This section briefly 

describes the model created by Van Cappellen et al. and explains terminology used throughout this thesis 

specifically related to P and N cycling in the MS.  The water column of the EMS is split into three layers: 

surface water, intermediate water and deep water (Figures 1.2 and A.1). The Adriatic and Aegean Seas 

are excluded from the model domain.  Water is transferred between the Adriatic and Aegean Seas and the 



 Chapter 1  

 21 

EMS through the Otranto Strait and Cretan Strait, respectively, and between the WMS and EMS through 

the Strait of Sicily. 

The term nutrient includes both the dissolved inorganic and dissolved organic forms P and N.  The 

reactive P species considered in the model are: dissolved inorganic P or soluble reactive P, referred to as 

phosphate or PO4 in this thesis; particulate organic phosphorus (POP) and dissolved organic phosphorus 

(DOP).  The reactive N species considered in this thesis are: nitrate (including nitrite) (NO3), ammonium 

(NH4), particulate organic nitrogen (PON) and dissolved organic nitrogen (DON). Intermediate species 

such as nitrite (NO2), nitrous oxide (N2O) and nitric oxide (NO) created during processes such as 

ammonification (termed mineralization in this thesis), nitrification and denitrification are not explicitly 

included as they are only present in extremely low concentrations in marine systems.  

Figure 1.7 shows the schematic of the P and N cycles used within each water layer for this thesis. The 

transformation of POP and PON to DOP and DON respectively within the model is termed solubilization.  

Processes involving the microbial loop are all lumped together in this pathway and include hydrolysis, 

passive diffusion or active exudation from phytoplankton, viral and bacterial induced cell lysis, sloppy 

feeding by zooplankton and bacteriavory.  Mineralization is the transformation of DOP and DON back 

into inorganic P and N and is primarily undertaken through enzymatic hydrolysis. Finally nitrification 

occurs converting NH4 to NO3.  Note we do not include NH4 assimilation in the model as isotopic 

analysis suggest that recycling of NH4 into NO3 is an important process (Emeis et al., 2010) and the 

winter phytoplankton bloom in the EMS and spring phytoplankton bloom in the WMS are fed by NO3 

mixed into the photic zone.  Primary production within the model is assumed to be P limited so the 

assimilation of NO3 is 16 times that of PO4 assimilation, following the Redfield ratio for uptake (Equation 

1.1).  

1.6.3 Organization 

This thesis is arranged as a series of five research papers (Chapters 2-6).  Each chapter builds upon the 

previous, adding an additional feature or complexity to the model. Chapter 2, published in Journal of 

Marine Systems (Powley et al., 2014), uses the steady model of P and N cycling in the EMS (Appendix 

A), to investigate how humans have altered the biogeochemical cycling of P and N in the EMS between 

1950 and 2000.  In addition the role of changing circulation due to the EMT in altering primary 

productivity and nutrient reservoirs of the EMS is also investigated. Direct wastewater discharges were 

not included in the EMS model in Chapter 2 and Appendix A for a lack of quantification of these 

discharges to the MS within the literature, despite the MS having a long coastline and high coastal 

populations.  Thus Chapter 3 quantifies the direct domestic wastewater discharges into the MS using an 
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empirical modeling approach and a published database of wastewater resources in coastal cities of the 

MS, and is published in Environmental Science &Technology (Powley et al., 2016a). 

A key conclusion of Chapter 2 and Appendix A is the important role of exchanges of water and nutrients 

across the Strait of Sicily in controlling the P and N cycles in the EMS.  Therefore, in Chapter 4 a water 

cycle model for the WMS is created and coupled to the pre-existing EMS circulation model.  In addition, 

an O2 model is created to investigate how climate change may alter O2 concentrations in the MS both in 

the near future and on long-term timescales. This chapter is published in the Journal of Geophysical 

Research: Oceans (Powley et al., 2016b).  In Chapter 5 the water cycle for the entire MS created in 

Chapter 4 is used to create a model for the coupled biogeochemical cycling of P and N in 1950 for the 

WMS and coupled to the pre-existing EMS model (Appendix A and Chapter 2).  Direct discharges of 

wastewater inputs into the MS are included for the first time in P and N budgets for the MS using data 

from Chapter 3. This model is used to explain the unique biogeochemistry of the MS such as the 

differences in PO4 and NO3 concentrations, primary productivity and N:P ratios from west to east across 

the basin.  Chapter 5 is currently under review in Global Biogeochemical Cycles.  Finally, Chapter 6 uses 

the model created in Chapter 5 to elucidate the role of anthropogenic P and N inputs to the MS between 

1950 and 2030 versus the role of inter-annual variability in IW and DW formation on controlling the 

temporal changes in key biogeochemical parameters in the MS.   
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Chapter 2.  
 

A biogeochemical model of phosphorus  
and nitrogen cycling in the Eastern 

Mediterranean Sea.  
Part 2.  

 Response of nutrient cycles and primary production to 
anthropogenic forcing: 1950-2000 

 

 

 

Modified from: Helen R. Powley, Michael D. Krom, Kay-Christian Emeis, and Philippe Van Cappellen. 

(2014) A biogeochemical model for phosphorus and nitrogen cycling in the Eastern Mediterranean Sea. 

Part 2. Response of nutrient cycles and primary production to anthropogenic forcing: 1950-2000. Journal 

of Marine Systems,139, 420-432, doi: 10.1016/j.jmarsys.2014.08.017. 
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2.1 Summary 

Anthropogenic inputs of nutrient phosphorus (P) and nitrogen (N) to the Eastern Mediterranean Sea 

(EMS) increased significantly after 1950. Nonetheless, the EMS remained ultra-oligotrophic, with 

eutrophication only affecting a restricted number of nearshore areas. To better understand this apparent 

contradiction, we reconstructed the external inputs of reactive P and N to the EMS for the period 1950 to 

2000. Although the inputs associated with atmospheric deposition and river discharge more than doubled, 

the inflow of surface water from the Western Mediterranean Sea (WMS) remained the dominant source of 

nutrient P and N to the EMS during the second half of the 20th century. The combined external input of 

reactive P rose by 24% from 1950 to 1985, followed by a slight decline. In contrast, the external reactive 

N input increased continuously from 1950 to 2000, with a 62% higher input in 2000 compared to 1950. 

When imposing the reconstructed inputs to the dynamic model of P and N cycling in the EMS developed 

in Appendix A, a maximum increase of primary production of only 16% is predicted. According to the 

model, integrated over the period 1950-2000, outflow of Eastern Mediterranean Intermediate Water to the 

WMS exported the equivalent of about one third of the P supplied in excess of the 1950 input, while 

another one third was translocated to the Eastern Mediterranean Deep Water. Together, both mechanisms 

efficiently counteracted enhanced P input to the EMS, by drawing nutrient P away from primary 

producers in the surface waters. Furthermore, between 1950 and 2000, inorganic and organic dissolved 

N:P ratios increased in all water masses. Thus, the EMS became even more P limited because of 

anthropogenic nutrient inputs. A model simulation incorporating the circulation changes accompanying 

the Eastern Mediterranean Transient between 1987 and 2000 yielded a 4% increase of EMS primary 

productivity relative to the baseline scenario. 
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2.2 Introduction 

The Eastern Mediterranean Sea (EMS) is nearly completely surrounded by land. In addition, the 

watershed of the EMS is experiencing rapid demographic growth and economic development, much of 

which is concentrated in the coastal areas. Relative to 1970, the number of people living in the countries 

bordering the EMS had increased by 50% by the year 2000 – in 2025 it will have doubled (UNEP/MAP, 

2012). The resulting anthropogenic pressures on the EMS raise concerns about the environmental and 

ecological consequences, including the impacts of habitat loss, eutrophication, overfishing, invasive 

species, pathogens and climate change (UNEP-MAP-RAC/SPA, 2010).  

A dominant anthropogenic driver of ecological change of marine environments is the increased supply of 

macronutrients, in particular phosphorus (P) and nitrogen (N). Worldwide, anthropogenic P and N 

loadings have risen dramatically since the 1950s (Mackenzie et al., 2002; Galloway et al., 2004; 

Seitzinger et al., 2005). This is also the case for the EMS (this chapter). However, while in other semi-

enclosed marine basins, such as the Baltic Sea, increased supplies of P and N have caused widespread 

eutrophication in both coastal and open water areas (Larsson et al., 1985; Gray et al., 2002; Helcom, 

2010), in the EMS eutrophication appears to be limited to a few specific coastal areas (Karydis and 

Kitsiou, 2012). The existing evidence does not support significant increases in primary production or 

inorganic nutrient concentrations at the scale of the entire EMS (Krom et al., 2010; Appendix A).  

In the companion paper, we developed a dynamic mass balance model for the coupled P and N cycles in 

the EMS (Appendix A). The model is based on a simple representation of the water cycle of the EMS. 

However, in contrast to most previous mass balance studies of the EMS (e.g., Béthoux et al., 1998; Ribera 

d'Alcalà et al., 2003; Krom et al., 2004), the model explicitly accounts for the organic reservoirs of P and 

N. The model was initialized for the year 1950, assuming relatively limited prior anthropogenic 

disturbance of the nutrient cycles (Béthoux et al., 1998). The model explains the ultra-oligotrophic nature 

of the EMS and the systematically higher-than-Redfield N:P ratios observed in the water column. Results 

of sensitivity analyses underline the key roles of circulation within the EMS, water exchanges with 

adjacent basins, most importantly with the Western Mediterranean Sea (WMS), and the nature and extent 

of organic P and N recycling processes.  

In the present paper, we reconstruct the P and N loadings to the EMS for the period 1950-2000. The latter 

time interval is chosen because (1) the available information sources provide a reasonable coverage for 

this time period, and (2) the EMS experienced the largest inputs of anthropogenic P and N during the 

second half of the 20th century.  The time-dependent P and N loadings from 1950 to 2000 are then 

imposed as input to the coupled P and N cycling model, which is run forward in time starting from the 
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initial 1950 conditions. The goal of the simulations is to predict the basin-wide changes in P and N 

cycling and primary production driven by the inputs of anthropogenic nutrients, on a decadal timescale. 

Particular attention is given to the fate of the excess anthropogenic nutrients added to the EMS, the 

partitioning of the nutrient elements between their inorganic and organic pools, the changes in water 

column N:P ratios, and the implications for nutrient data acquisition. Where possible, the predictions are 

compared to existing data, including data that were not used in developing and initializing the coupled P 

and N cycling model.  

2.3 Phosphorus and nitrogen inputs: 1950-2000 

2.3.1 Anthropogenic forcing functions 

In the model, the water column is divided in three layers: Eastern Mediterranean surface water (EMSW; 

0-200m), Eastern Mediterranean Intermediate Water (EMIW, 200-500m; commonly termed Levantine 

Intermediate Water (LIW) within the literature) and Eastern Mediterranean Deep Water (EMDW, 

>1500m). External inputs of reactive P and N are supplied to EMSW via rivers, inflow from the WMS 

plus atmospheric deposition, and to EMDW via deep water formation in the Adriatic and Aegean Seas. 

The model differentiates between the following reactive P pools: dissolved inorganic phosphorus (PO4), 

dissolved organic P (DOP) and particulate organic P (POP). For N, the reactive pools are dissolved nitrate 

plus nitrite (NO3), dissolved ammonium (NH4), dissolved organic nitrogen (DON), and particulate 

organic nitrogen (PON).  

Post-1950 changes of the inputs are considered to be mainly due to anthropogenic factors. The 

anthropogenic forcing function describing the input of a given P or N species i from an external source j 

is then defined as:     

    (2.1) 

where time t corresponds to the year of interest. Values for the 1950 input fluxes are those given in 

Appendix A. The 1950 inputs of reactive P and N to the EMS are used as starting point for the model 

simulations.  

Because the earliest research cruises in the EMS date back to the late 1950s, little data are available to 

assess the state of the EMS at earlier times. Our work further leans heavily on the systematic 

reconstruction of riverine P and N fluxes into the Mediterranean Sea by Ludwig et al. (2009). These 

authors carried out their analysis up to 1998. The model simulations therefore are limited to the second 
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Figure 2.1: Anthropogenic forcing functions of P and N imposed in the model simulations.  For each external source, the forcing function 

indicates, at any given time, the change in input relative to the corresponding 1950 input (Equation 2.1 in text). Symbols: atm = atmospheric 

deposition; Adr = Adriatic deep water formation; Aeg = Aegean deep water formation; add = additional nutrient acquired by EMIW during 

Adriatic or Aegean deep water formation (see text for details). 
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half of the 20th century, which is also the time interval when anthropogenic inputs of the limiting nutrient 

P to the EMS peaked (this chapter). During the latter part of the 20th century, circulation in the EMS 

further underwent a major perturbation known as the Eastern Mediterranean Transient or EMT. As the 

latter is well characterized (Roether et al., 1996; Roether et al., 2007), we are able to account for the 

circulation changes accompanying the EMT in the model simulations. Thus, the time period 1950-2000 

offers the opportunity to investigate the response of the P and N cycles in the EMS to changes in the 

inputs of the nutrient elements, while minimizing the effects of unknowns or potential confounding 

factors. 

2.3.2 Rivers 

Riverine inputs of P and N to the Ionian and Levantine Basins are obtained from Ludwig et al. (2009). 

These authors provide nutrient fluxes at river mouths for every 5 years between 1963 and 1998. (Note: 

between 1950 and 1963, we assume a linear forcing function for the riverine inputs, using the 1950 input 

fluxes estimated in Appendix A.  Ludwig and coworkers further estimate that, on average, 48% of the 

total riverine P flux is delivered as PO4, 8% as DOP and the rest as particulate P. Because of the P-starved 

nature of the EMS, Appendix A assumes that 75% of the particulate riverine P flux is eventually 

solubilized to PO4. For N, Ludwig and coworkers estimate that, on average, 75% of total N from rivers 

occurs as NO3, 20% as DON and 5% as NH4. In the absence of more definitive constraints, we impose the 

same, constant proportions of riverine P and N species during the period 1950 to 2000. 

Closure of the Aswan High Dam in 1965 caused a major perturbation of the riverine supply of P to the 

EMS. According to Nixon (2003), before the dam was completed more than half of the reactive P 

delivered by the Nile River to the EMS was derived from the desorption of PO4 from suspended 

particulate matter. After 1965, sediment was trapped in Lake Nasser, hence drastically reducing the P flux 

from the Nile River. As reactive N in rivers primarily occurs in the dissolved load, a similar drop of the 

Nile River N flux to the EMS did not occur. Rasmussen et al. (2009) further propose that by the end of 

the century, the P flux from the Nile delta to the EMS had recovered to pre-dam values, because of 

increasing sewage discharges into coastal lagoons and subsequent leakage into the EMS. 

The reconstructed forcing functions for the surface flow inputs of P and N to the EMS are shown in 

Figure 2.1 (see Appendix B for numerical values). Note that, in addition to the nutrient fluxes delivered 

by rivers to the EMS, the forcing functions account for dissolved P and N supplied via the surface inflows 

from the Adriatic Sea and Aegean Sea. As the latter represent very small contributions to the total 

external inputs of reactive P and N to the EMS (<1%), they are kept constant during the simulations. The 

decrease in the forcing function for P during the late 1960s reflects the closure of the Aswan High Dam: 
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by 1967 the riverine P influx to the EMS is estimated to have dropped to half of its 1950 value. After the 

1967 minimum, the anthropogenic forcing function rises again due to the increasing use of P fertilizers 

and detergents, as well as expanding sewerage around the basin. It reaches a peak value of 2.2 in the early 

1980s, followed by a decreasing trend because of the ban on P detergents and upgrades of wastewater 

treatment plants (Ludwig et al., 2009). Hence, by the year 2000, the riverine PO4 and DOP inputs to the 

EMS are estimated to be comparable to those in the mid 1970s. Unlike P, the resulting forcing function 

for riverine inputs of N increases steadily from 1950 to 2000, to a maximum of 5.2 in 2000, due 

principally to the continued rise in diffuse agricultural and sewage inputs.   

2.3.3 Inflow from the Western Mediterranean Sea (WMS) 

According to our previous estimations, the inflow of Western Mediterranean Surface Water (WMSW; 

commonly termed Modified Atlantic Water in the literature) through the Strait of Sicily represents the 

major external input of dissolved P and N to the EMS in 1950 (Appendix A). In addition, DOP and DON 

dominate the inputs associated with the inflow of WMSW. Relative changes in WMSW PO4 input from 

1950 to 2000 are assumed to parallel the changes in water column PO4 concentrations of the Western 

Mediterranean Sea (WMS) reported by Béthoux et al. (1992) for the period 1960-1990, augmented with 

more recent PO4 concentrations obtained by Moutin and Raimbault (2002). The resulting time series of 

PO4 concentrations show a slow but continuous increasing trend during the second half of the 20th century 

(Figure 2.1A and Appendix B). The corresponding modeled influx of PO4 from the WMS for the year 

2000 is 1.80x109 mol P yr-1. For a water inflow rate through the Strait of Sicily of 1.14 Sv (Appendix A), 

this corresponds to a PO4 concentration of 50 nM. The latter value matches depth-integrated PO4 

concentrations measured across the upper 200 m of the WMS in recent decades (Moutin and Raimbault, 

2002; Pujo-Pay et al., 2011), although it is somewhat lower than the concentration of 80 nM reported by 

Karafistan et al. (2002) for the top 50 m of water in the Strait of Sicily. 

A major source of uncertainty in reconstructing nutrient supply from the WMS is the very limited data on 

DOP and DON concentrations in waters flowing from the WMS into the EMS. Hence, unless stated 

otherwise, the molar PO4:DOP ratio is kept fixed at the baseline value of 0.48, which agrees with the data 

of Banoub and Williams (1972) and Moutin and Raimbault (2002). These authors report DOP 

concentrations in surface waters of the WMS approximately twice those of PO4, although they performed 

their measurements 30 years apart. The effect of changes in P speciation of inflowing WMSW was further 

tested by allowing the PO4:DOP ratio to randomly vary from year to year in the range 0.36-0.60. These 

variations, and similar year-to-year random variations of the PO4 concentration of WMS inflow by ±10%, 

have negligible impacts on the model outcomes (results not shown).   
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Figure 2.2:  Fluxes of reactive P and N from external sources into the EMS (Inputs), and export fluxes of 

reactive P and N from the EMS (Outputs), over the time period 1950-2000. Note the difference in scales 

for the P and N fluxes. Symbols: WMS = inflow from (Inputs) and outflow to (Outputs) the Western 

Mediterranean Sea; Adr & Aeg = deep water inflow from (Inputs) and outflow of EMIW to (Outputs) the 

Adriatic and Aegean Seas; Atm & Rivers =  atmospheric deposition, river discharge and surface inflow 

from the Adriatic and Aegean Seas; Sediment processes = sedimentary burial (for P and N) plus 

denitrification (for N only). 
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Riverine N inputs to the WMS rose faster than those of P during the second half of the 20th century 

(Ludwig et al., 2009). It is thus reasonable to assume that the dissolved N inputs associated with inflow of 

WMSW from 1950 to 2000 systematically outpace the rise in P inputs. Due to scarcity of time series data 

on WMSW nutrient concentrations, the N forcing function is adjusted until the modeled nitrate input 

through the Strait of Sicily in 2000 matches reported water inflow from the WMS and WMS surface 

water NO3 concentrations around the turn of the century. The resulting modeled NO3 input flux from the 

WMS in 2000 is 44x109 mol N yr-1, which, for an imposed water flow of 1.14 Sv, corresponds to a WMS 

surface water concentration of 1.2 µM, which agrees with observed values (1.2-1.6 µM; Moutin and 

Raimbault, 2002; Pujo-Pay et al., 2011). As for P, the same forcing function is applied to all the dissolved 

N species (Figure 2.1C and Appendix B). Measurements in the 1970s and early 2000s yield molar 

NO3:DON ratios between 0.26 and 0.35 (Banoub and Williams, 1972; Moutin and Raimbault, 2002; Pujo-

Pay et al., 2011), that is, values consistent with the NO3:DON ratio of 0.32 imposed in the model 

simulations.  (Note: similar to P, random year-to-year variations in the NO3 concentration of the WMS 

inflow to the EMS by ±10% have a negligible effect on the predicted nutrient distributions.)  According to 

the forcing functions, in 2000 the dissolved P and N inputs from the WMS are, respectively, 13 and 38% 

higher than in 1950. Furthermore, during the entire second half of the 20th century, inflow of WMSW 

from the WMS remains the major external supply of P and N to the EMS (Figure 2.2). 

2.3.4 Atmospheric deposition 

Saharan dust is the principal source of soil-derived mineral P to the EMS (Krom et al., 2004). However, 

the fraction of soluble PO4 that is released to seawater from deposited dust depends on the extent of acid 

processing of the mineral aerosols in the atmosphere, when Saharan dust mixes with polluted air masses 

emanating from Europe, and in recent decades increasingly from the Middle East (Nenes et al., 2011). As 

the acids reacting with the mineral aerosols are predominantly H2SO4 and HNO3, we assume that the 

anthropogenic forcing on the atmospheric input of PO4 to the EMS is controlled by the emissions of SO2 

and NOx from Europe, Africa, and the Middle East. An atmospheric PO4 forcing function is then 

constructed by combining estimates of regional and global SO2 and NOx emissions (Lamarque et al., 

2010; Smith et al., 2011). The resulting PO4 forcing function increases more than 2-fold from 1950 to 

1979, and decreases thereafter mainly because of the decline in SO2 and NOx emissions from Europe 

(Figure 2.1A and Appendix B). 

The forcing functions for atmospheric deposition of inorganic N are assumed to parallel the nitrate and 

ammonium depositional fluxes obtained from alpine ice cores by Preunkert et al. (2003) and Fagerli et al. 

(2007), respectively. This yields nitrate deposition fluxes that increase three-fold from 1950 to the 1990s, 

followed by a slow decline thereafter (Figure 2.1B and Appendix B). The initial large increase reflects 
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increased atmospheric pollution over Western and Central Europe due to industrial processes and vehicle 

use, while the introduction of catalytic converters and cleaner methods of burning fuel explains why NOx 

emissions level off after 1990 (Preunkert et al., 2003). The forcing function for ammonium deposition 

follows a comparable trend (Figure 2.1C and Appendix B), although its main source are emissions of 

ammonia associated with agricultural activities (van Aardenne et al., 2001). Furthermore, the rate of 

ammonium aerosol formation from ammonia plays a key role in regulating NH4 deposition fluxes (Fagerli 

et al., 2007). Because atmospheric NH4 aerosol formation is limited by the availability of H2SO4 and 

HNO3 in the atmosphere, the decline of SO2 and NOx since the mid-1980s explains the decrease in the 

forcing function for NH4 deposition after 1990 (Fagerli et al., 2007).  

Deposition fluxes of inorganic P and N derived from the forcing functions are consistent with available 

data on wet and dry deposition for the EMS.  Herut et al. (1999) report an average PO4 deposition flux 

(wet plus dry leachable) of 580 μmol P m-2 yr-1 for the period 1992 to 1998. Extrapolated over the entire 

surface area of the EMS (1336x103 km2) this gives a deposition flux of 0.77x109 mol P yr-1, which agrees 

well with the range 0.60-0.75x109 mol P yr-1 predicted from the forcing function for the same time 

interval. Using measurements obtained in 2001 and 2002 at 7 stations across the EMS, Markaki et al. 

(2010) estimate PO4 depositional fluxes between 0.32x109 and 0.64x109 mol P yr-1, which bracket the 

predicted deposition flux of PO4 for the year 2000 (0.55x109 mol P yr-1). Based on the same data set, 

Markaki et al. (2010) obtain deposition fluxes of soluble inorganic N between 24 and 104x109 mol N yr-1, 

compared to the predicted depositional flux in 2000 of 86x109 mol yr-1 (57x109 mol NO3 yr-1 + 29x109 

mol NH4 yr-1). 

The limited available data indicate that organic P and N typically represent between 5 and 40% of the 

total water-soluble P and N in atmospheric deposition (Cornell et al., 2003; Chen et al., 2007; Cape et al., 

2011b; Jickells et al., 2013). Recent measurements by Markaki et al. (2010) and Violaki et al. (2010) for 

the EMS fall toward the higher end of this range: based on their measurements, we assume that in 2000 

DOP and DON represent 38 and 32% of total deposited water-soluble P and N, respectively.  The 

deposition fluxes of DOP and DON for the year 2000 are then calculated using these fractions and the 

previously estimated inorganic P and N deposition fluxes of inorganic P and N for 2000.  In contrast to 

their inorganic counterparts, however, very little is known about the historical trends in DOP and DON 

deposition (Cape et al., 2011b). Here, we assume that the atmospheric deposition fluxes of DOP and 

DON in the EMS correlate with changes in biomass burning in the northern hemisphere. A forcing 

function for DOP and DON is then derived from the work of Ito and Penner (2005), who provide regional 

estimates of organic carbon emissions from biomass burning between 1870 and 2000. The resulting 

forcing function represents a rough, preliminary guess, given the multiple sources and transfer pathways 
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of atmospheric DOP and DON (Cornell et al., 2003). According to the forcing function, DOP and DON 

deposition fluxes increase from 1950 till the mid 1990s, and subsequently remain nearly constant at levels 

~40% higher than in 1950 (Figure 2.1A, 1C and Appendix B).  

2.3.5 Deep water formation 

In the model, the fluxes of dissolved P and N associated with deep water inflow from the Adriatic and 

Aegean Seas into the EMDW reservoir change over time due to variations in (1) the concentrations of 

dissolved P and N in EMIW that upwells into the Adriatic Sea and Aegean Sea, and (2) the inputs of land-

derived P and N loadings to the Adriatic Sea and Aegean Sea (for details, see Appendix A). Time variable 

EMIW concentrations of dissolved P and N are accounted for automatically in the model simulations, as 

concentrations of the various P reservoirs in the EMS are updated at each time step. Therefore, we only 

derive forcing functions that account for the additional P and N supplied to the Adriatic Sea and Aegean 

Sea by rivers and atmospheric deposition. 

Relative changes in riverine inputs are calculated as in section 2.3.2 from the river P and N fluxes to the 

Adriatic and Aegean seas given by Ludwig et al. (2009). For the Aegean Sea, the Black Sea represents a 

further source of dissolved N (Krom et al., 2004). From samples collected between 1986 and 1992, a net 

flux of DON through the Bosphorus of 9.1x109 mol N yr-1 is estimated (Polat and Tugrul, 1995). The 

variability of this DON inflow over the period 1950-2000 is assumed to correlate with the relative 

changes in the reactive N river fluxes to the Black Sea provided by Ludwig et al. (2009). Based on the 

existing data, the Black Sea is assumed to be a negligible source of dissolved P and dissolved inorganic N 

to the Aegean Sea (Krom et al., 2004). For the atmospheric deposition fluxes in the Adriatic Sea and 

Aegean Sea, the same historical trends as those for the EMS are imposed (section 2.3.4). By combining 

the riverine and atmospheric inputs, forcing functions for the individual P and N species are then created 

(Figure 2.1B, 2-1D and Appendix B).  

The reconstructed inputs of additional PO4 and DOP to the EMDW via Adriatic and Aegean deep water 

formation increase from 1950 to the early 1980s by factors of 2 to 3, except for additional Adriatic deep 

water PO4 which increases by a factor of 8 (Figure 2.1B and Appendix B). After the mid-1980s, the 

forcing functions decline again, although by 2000 additional Adriatic deep water PO4 is still more than 

three times higher than in 1950. As for additional P, the forcing functions for additional N exhibit initially 

upward trends (Figure 2.1D and Appendix B). However, they reach their peak values later than for P, 

generally in the mid-1990s, and experience less pronounced declines afterwards. [Note: The forcing 

function for additional DON in Aegean deep water reaches its maximum in 1986 due to the input from the 

Black Sea.] The largest relative increases are seen for additional NO3, with peak values 4.8 and 4.4 higher 
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than in 1950 for the Adriatic Sea and Aegean Sea, respectively. By 2000, the additional NO3 inputs via 

deep water formation are still over 4 times higher than in 1950. The relatively large increases in the 

forcing functions for additional P and N reflect the elevated anthropogenic nutrient inputs to the Adriatic 

and Aegean seas that accompanied rapid post-1950 economic development in the respective catchment 

areas. In particular for the northern Adriatic Sea these inputs have been linked to severe coastal 

eutrophication (Justic, 1987; Justic et al., 1987; Degobbis et al., 2000).  

Adriatic deep water formation is a major source of P and N to the EMS (Figure 2.2). Integrated over the 

period 1950-2000, inflow from the Adriatic Sea into the EMDW accounts for approximately 20% of the 

total external inputs of dissolved P and N to the EMS. For comparison, the Aegean Sea contributes less 

than 3%. However, it is important to note that the majority of the dissolved P and N in both the Adriatic 

and Aegean deep water originate from the upwelled EMIW. Even during the 1980s and 1990s, additional 

P and N only account for at most 25 and 20% of the total dissolved P and N inputs via Adriatic deep 

water inflow, respectively.   

2.3.6 Eastern Mediterranean Transient (EMT) 

In the baseline simulation, the water fluxes remain unchanged from 1950 to 2000. The majority of deep 

formation occurs in the Adriatic Sea (0.36 Sv) with only a small amount (0.04 Sv) produced in the 

Aegean Sea (Appendix A). In the Eastern Mediterranean Transient (EMT) scenario, the same baseline 

water fluxes apply to the period 1950 to 1987. From 1987 on, the Aegean deep water inflow is modified 

based on the estimations summarized by Roether et al. (2007). It increases to 0.06 Sv between 1987 and 

the middle of 1992, followed by a strong pulse of deep water formation of 2.7 Sv from mid-1992 till the 

end of 1994. Afterwards, Aegean deep water inflow drops and stays constant at 0.25 Sv until the end of 

the century.  The Adriatic deep water inflow to the EMS is assumed to remain unchanged from 1950 to 

2000. Note that, relative to the baseline scenario, the imposed EMT water fluxes imply a higher net 

inflow into EMDW between 1987 and 2000 and, thus, a higher water upflow from EMDW to EMIW 

during the same time period.  

2.4 Results and discussion 

2.4.1 Phosphorus concentrations 

The model-predicted relative changes of P concentrations in the three EMS reservoirs for the baseline 

scenario over the period 1950 to 2000 are shown in Figure 2.3A. Corresponding numerical values for the 

concentrations are listed in Table 2.1, while Table 2.2 summarizes available measured data to which the 
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model values can be compared. Appendix B further illustrates how the modeled P concentrations respond 

to changes in the input of reactive P and N from the WMS (Figure B.1 and Table B.2).  

For all three water masses, the model yields PO4 concentrations in 2000 that exceed those in 1950. The 

largest relative change (15%) is predicted to occur in the SW reservoir, where the PO4 concentration rises 

from 25 to 29 nM. Most of the increase takes place during the 1970-1980 period (~6% increase per 

decade), with little further change after 1990. However, it is not possible to verify the predicted 4 nM 

increase in SW PO4 concentration given the significant spatial and seasonal variability of measured PO4 

concentrations within the upper 200 m of the EMS. Furthermore, many surface water measurements fall 

below the analytical limit of detection of 20 nM for samples preserved frozen prior to subsequent analysis 

in the laboratory. The 20 nM detection limit was determined by Krom et al. (2005) who compared results 

of shipboard analyses of dissolved inorganic P performed immediately after sample collection, with those 

of analyses carried out in a land-based laboratory on frozen samples.  

In EMIW, the modeled PO4 concentration increases by 12% between 1950 and 2000, following a trend 

similar to that of EMSW. The EMDW exhibits a far smaller relative increase in the PO4 concentration 

from 1950 to 2000 (4%). The modeled EMIW and EMDW PO4 concentrations for the year 2000 (121 and 

183 nM) fall within the ranges of concentrations measured around the turn of the century (Table 2.2). The 

model results also agree with measurements performed between 1980 and 2010, which do not exhibit any 

detectable change in EMDW PO4 concentrations over time (Lavezza et al., 2011). The relative changes in 

modeled DOP concentrations are comparable to those of PO4.  Between 1950 and 2000, the EMSW, 

EMIW and EMDW DOP concentrations increase by 15, 15 and 6%, respectively. The resulting model-

predicted DOP concentration of EMDW in 2000 (45 nM) is consistent with values measured at water 

depths exceeding 1000 m (Table 2.2). 

While the relative changes in concentration of the dissolved P species from 1950 to 2000 are markedly 

lower for EMDW, compared to EMSW and EMIW, this is not the case for POP. Relative to 1950, the 

POP concentrations increase by 15% in all three water reservoirs (Figure 2.3A).  The different behavior of 

dissolved and particulate P reflects their transport properties. According to the model, as the 

concentrations of PO4 and DOP increase in EMIW, the corresponding export fluxes to the Western 

Mediterranean Sea (WMS) increase, hence counteracting the accumulation of dissolved P in EMDW. In 

contrast, when the POP concentration of EMIW increases it enhances the settling flux to the EMDW 

reservoir, where POP accumulates. Note that the model predicted POP concentration within EMDW of 

3.9 nM in 2000 is of the same order of magnitude as measured deep-water values reported in Krom et al. 

(2005) and Pujo-Pay et al. (2011) (1 to 8 nM, Table 2.2). 
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Figure 2.3: Relative concentration changes of the reactive P (PO4, DOP and DOP) and N (NO3, NH4, 

DON and PON) reservoirs considered in the model, over the period 1950-2000, in EMSW (solid line), 

EMIW (dotted line) and EMDW (dashed line). 
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 Water Mass 1950 1960 1970 1980 1990 2000 EMT 

PO4 (nM) EMSW 25 25 26 28 29 29 30 

 
EMIW 108 108 110 114 119 121 131 

 
EMDW 176 176 177 179 181 183 177 

DOP (nM) EMSW 50 51 53 56 58 58 60 

 
EMIW 43 43 44 47 49 49 50 

 
EMDW 42 42 42 43 44 45 45 

POP (nM) EMSW 7.1 7.2 7.4 7.9 8.2 8.1 8.4 

 
EMIW 5.3 5.4 5.6 5.9 6.1 6.1 6.3 

 
EMDW 3.4 3.4 3.5 3.7 3.9 3.9 4.0 

NO3 (μM) EMSW 0.5 0.5 0.6 0.6 0.7 0.8 0.7 

 
EMIW 2.6 2.6 2.7 2.9 3.1 3.4 3.5 

 
EMDW 4.8 4.8 4.9 4.9 5.0 5.1 4.9 

NH4 (μM) EMSW 0.08 0.08 0.09 0.11 0.12 0.13 0.13 
 EMIW 0.05 0.05 0.05 0.06 0.07 0.07 0.07 
 EMDW 0.05 0.05 0.05 0.05 0.05 0.06 0.06 

DON (μM) EMSW 2.6 2.7 3.1 3.6 4.1 4.5 4.5 
 EMIW 2.6 2.7 2.9 3.3 3.6 3.9 3.9 
 EMDW 2.5 2.5 2.6 2.6 2.7 2.8 2.9 

PON (μM) EMSW 0.28 0.29 0.30 0.32 0.33 0.33 0.34 
 EMIW 0.16 0.17 0.17 0.18 0.19 0.19 0.20 
 EMDW 0.11 0.11 0.11 0.12 0.12 0.13 0.13 

NO3:PO4 EMSW 21 21 22 22 24 27 24 
 EMIW 24 24 24 25 26 28 27 
 EMDW 28 28 28 27 27 28 28 

DON:DOP EMSW 52 53 59 64 71 78 76 
 EMIW 62 62 65 69 74 80 77 
 EMDW 60 60 61 61 61 62 64 

PON:POP EMSW 40 40 40 40 40 40 40 
 EMIW 31 31 31 31 31 31 31 
 EMDW 32 32 32 32 32 32 32 

Table 2.1:  Model predicted P and N concentrations plus N:P ratios in the Eastern Mediterranean Surface 

Water (EMSW), Eastern Mediterranean Intermediate Water (EMIW) and Eastern Mediterranean Deep 

Water (EMDW) reservoirs at 10 year intervals between 1950 and 2000. The last column lists the model 

predicted values for year 2000 in the Eastern Mediterranean Transient (EMT) scenario (see text for 

details). 
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Overall, the model-predicted changes in PO4, DOP and POP concentrations in the EMS are relatively 

small (≤16%). Even if complete time-series data were available, distinguishing long-term temporal 

changes in concentration from the small-scale heterogeneity of P distributions due to mesoscale and 

submesoscale processes within the EMS would be challenging. For example, deep-water PO4 

concentrations measured around the turn of the century range from 140 to 230 nM (Krom et al., 2005; 

Pujo-Pay et al., 2011). This variability significantly exceeds the model-predicted difference in PO4 

concentration of the EMDW between 1950 and 2000 of 7 nM (= 183 nM – 176 nM).  

2.4.2 Nitrogen concentrations 

The relative changes of the N concentrations for the baseline simulation are shown in Figure 2.3B, while 

the corresponding concentration values are given in Table 2.1. The sensitivity of the modeled N 

distribution to changes in reactive P and N input via the Strait of Sicily is illustrated in Figure B.2 and 

Table B.2 of Appendix B; as for P, the imposed changes in input from the WMS do not fundamentally 

change the temporal trends of the N concentrations.  

In the EMSW, the relative changes in dissolved N concentrations are much larger than those of dissolved 

P: between 1950 and 2000, the concentrations of NO3, NH4, and DON are predicted to increase by 45, 59 

and 72%, respectively. The accumulation of EMSW dissolved N reflects the higher-than-Redfield N:P 

ratios of external nutrient inputs to the EMSW, combined with P-limited primary productivity. In 

addition, the dissolved N concentrations grow continuously over the 1950 to 2000 time interval, while the 

dissolved P concentrations are predicted to remain approximately constant after the mid-1980s. The 

different EMSW trends for P and N reflect the time-dependent anthropogenic nutrient inputs to the EMS, 

which decrease for P during the last decade of the 20th century, while continuing to increase for N (Figure 

2.2).  

In contrast to the dissolved species, the predicted relative increase of the EMSW PON concentration 

(15%) between 1950 and 2000 is the same as that of POP. This reflects the tight coupling of the 

production rates of both species through the Redfield ratio, which remains constant in the model 

simulations. The predicted EMSW PON concentration in 2000 (0.3 µM) falls within the range of 

measured values (0.1-0.7 µM; Krom et al., 2005; Pujo-Pay et al., 2011). 

It is worth emphasizing that all model-calculated concentrations represent annual averaged values. That 

is, the model does not account for seasonal variations in concentrations. This is particularly important for 

EMSW NO3, which, unlike PO4, exhibits marked seasonal variations. During and immediately after deep 

winter mixing, when the winter phytoplankton bloom takes place, PO4 is entirely consumed while excess 
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 Location Model CYCLOPS, (SE 

Levantine basin) 

South Levantine 

Basin 

BOUM cruise across Ionian 

+ Levantine Basin 

Year 2000 2003 1989-1995 2008 

Reference This 

study 

(Krom et al., 

2005) 

(Kress and Herut, 

2001) 

(Pujo-Pay et al., 2011) 

PO4 

(nM) 

EMSW 29 0-30 (5) 10-30 (20) 0-100 (30) 

EMIW 121 0-230 (140) 30-210 (130) 50-200 (150) 

EMDW 183 140-230 (180) 140-240 (210) 140-200 (180) 

DOP 

(nM) 

EMSW 58 30-100 (50)  10-80 (30) 

EMIW 49 30-90 (40)  0-70 (10)1 

EMDW 45 20-90 (40)  0-70 (20)2 

POP 

(nM) 

EMSW 8.1 7.6-9.1 (8.1)3  4-30 (14)3 

EMIW 6.1   1-13 (6)1 

 EMDW 3.9 3.84  1-8 (5)2 

NO3 

(μM) 

EMSW 0.8 0-1.0 (0.2) 0-1.9 (0.8) 0-3.5 (0.6) 

EMIW 3.4 0.25-5.8 (2.5) 0.8-5.7 (3.3) 3.0-5.5(5) 

EMDW 5.1 4.7-5.8 (5.0) 4.7-6.5(5.8) 5.0-6.0(5.5) 

NH4  

(μM) 

EMSW 0.13 0.04-0.08(0.06)  0-0.03 (0.01) 

EMIW 0.07 0.05-0.13 (0.06)  0-0.023 (0.002) 

EMDW 0.06 0.06-0.13 (0.06)  nd 

DON 

(μM) 

EMSW 4.5 0.9-12 (5.4)  3.3-6.0 (4.5) 

EMIW 3.9 0-5.8 (4.0)  3.0-4.5 (4.0) 

EMDW 2.8 0-4.7 (3.3)  3.0-4.5 (3.0) 

PON 

(μM) 

EMSW 

0.33 

0.29-0.39 

(0.32)3 

 0.08-0.66 (0.30)3 

EMIW 0.19   0.01-0.21 (0.08)1 

 EMDW 0.13 0.114  0.01-0.13 (0.07)2 

Table 2.2: Model predicted P and N concentrations for the year 2000 versus reported concentrations for 
samples collected during the late 20th and early 21st centuries. The depth intervals for the measured 
concentrations match those used to represent the three vertical water masses in the model (EMSW: 0-200 
m; EMIW: 200-500 m; EMDW: >500 m). Observed concentration ranges are given with average values 
indicated between brackets.  (nd = not detected.) Depth intervals: 1150-1250m, 21000-3000m, 30-250m 
and 4350-1600m. 
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NO3 remains (Krom et al., 1991). As a result, relatively high residual EMSW NO3 concentrations of up to 

1-2 μM are observed after the bloom (e.g. Kress and Herut, 2001). During spring (March to May) the NO3 

is progressively used up by phytoplankton, ultimately leading to a complete depletion of NO3 in the 

uppermost water layers (Thingstad et al., 2005b). As expected, the model therefore predicts EMSW NO3 

concentrations (0.5 and 0.8 µM in 1950 and 2000, respectively) that are lower than the observed winter 

peak values. 

The modeled EMSW concentrations of NH4 and DON follow similar trends, as both dissolved N species 

are produced by grazing and decomposition of PON. The relative change in DON is larger than that of 

NH4, however, because EMSW NH4 is nitrified or taken up by phytoplankton, while DON is not (Krom et 

al., 2005). The modeled EMSW NH4 concentration increases from 0.08 µM to 0.13 µM between 1950 

and 2000. While these values are in general agreement with the measurements reported by Krom et al. 

(2005), they are about 10 times higher than those obtained by Pujo-Pay et al. (2011) during the BOUM 

cruise (Table 2.2). The discrepancy could be due to analytical difficulties associated with the 

determination of very low levels of ammonium. Alternatively, it may reflect the temporal variability of 

EMSW NH4 concentrations. The BOUM data were obtained in midsummer (June and July), when a lower 

phytoplankton biomass presumably results in less NH4 production through grazing and decomposition.  

The modeled EMIW and EMDW NH4 concentrations remain essentially unchanged at 0.05-0.07 μM from 

1950 to 2000. During the same period, the EMIW NO3 concentration grows by 32%, from 2.6 to 3.4 μM.  

Consequently, the model predicts a much larger relative increase in NO3 export to the WMS compared to 

PO4, 32% versus 12% (section 2.4.1). For EMDW, the model yields only a small increase in NO3 

concentration of 5%. The corresponding concentration range (4.8-5.1 µM) is comparable to measured 

EMDW NO3 concentrations (Table 2.2). In addition, time series measurements suggest a gradual rise in 

EMDW NO3 concentrations on the order of 8% between 1980 and 2010 (Lavezza et al., 2011). This 

upward trend is of comparable magnitude as the predicted one and, according to the model, can be 

attributed to the accumulation of anthropogenic N in the EMS. 

The largest EMSW N reservoir is DON, which also shows the largest relative change between 1950 and 

2000. The initial 1950 DON depth profile is approximately constant, with concentrations estimated to 

range from 2.5 to 2.6 μM in all three water reservoirs.  Similar to NO3 and NH4, the modeled EMSW 

DON concentration starts to increase rapidly during the 1960s. This trend continues throughout the rest of 

the model run. By 2000, the anthropogenic N inputs to the EMS have caused significant concentration 

differences between the water layers. In the EMSW, the modeled DON concentration increases from 2.6 

to 4.5 µM (72%) between 1950 and 2000, in the EMIW it increases from 2.6 to 3.9 µM (48%). The DON 
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concentration in the EMDW is predicted to only increase by 0.3 μM, however. The resulting EMDW 

DON concentration of 2.8 μM in 2000 is consistent with measured values obtained around the end of the 

20th century (Table 2.2).   

The results of the model simulations imply that the temporal trends in the EMSW and EMIW 

concentrations of DON may be sensitive diagnostic indicators of anthropogenically driven changes in the 

nutrient budgets of the EMS (see also Figure B.1; Appendix B).  The magnitudes of the predicted changes 

are, in principle, sufficiently large to be detectable with current analytical capabilities. To our knowledge, 

however, no suitable time-series data sets are available to verify the predicted changes in DON 

concentration. Based on the model results, we therefore strongly recommend that DON measurements be 

included in future biogeochemical monitoring of the EMS.  

2.4.3 N:P ratios  

Higher-than-Redfield NO3:PO4 ratios are a characteristic feature of the EMS water column. 

Anthropogenic nutrient inputs should, according to the model, have caused marked increases in the 

EMSW and EMIW molar NO3:PO4 ratios over the period 1950 to 2000, from values of 21 and 24 to 27 

and 28, respectively (Table 2.1). For EMSW, near-detection PO4 levels and seasonal variations in the NO3 

concentration (sections 2.4.1 and 2.4.2) prevent the verification of the predicted trend of the EMSW 

NO3:PO4 ratio. The modeled EMIW NO3:PO4 ratio for the year 2000 (28:1) is lower than the average 

value of 31 reported by Kress and Herut (2001) for samples collected in 1999, but well within the range 

of the values measured by the same authors (18-54). Furthermore, EMIW field measurements depend on 

the depth chosen as the base of the EMIW, because the latter generally falls within the nutricline, the 

depth of which also varies from location to location as a result of mesoscale activity.  

The EMDW has the highest initial NO3:PO4 ratio (Appendix A). As the model only produces a very small 

increase of the EMDW NO3:PO4 ratio from 1950 to 2000, the differences in NO3:PO4 ratio between the 

vertical water masses decrease with time, however. The small increase in EMDW NO3:PO4 ratio is due to 

the relatively long residence time of EMDW (150 years, Appendix A). If nutrient inputs beyond 2000 

would remain at the 2000 levels, the model predicts that the EMDW NO3:PO4 would eventually reach a 

value of 39. Thus, anthropogenic inputs of nutrients could have a significant long-term effect on EMDW 

nutrient concentrations and ratios, with the EMS becoming even more P limited over time.  

From 1950 to 2000, the modeled EMSW DON:DOP ratio increases by 49%, from 52 to 78. The increase 

for EMIW is markedly smaller, 29% (from 62 to 80), while the modeled DON:DOP ratio of the EMDW 

hardly changes. The EMDW DON:DOP ratio in the model (60-62) falls within the range of measured 

values (Moutin and Raimbault, 2002; Krom et al., 2005). The faster build-up of DON, relative to DOP, in 



 Chapter 2  

 42 

EMSW and, to a lesser extent, in EMIW reflects differences in recycling of the two dissolved organic 

pools. Between 1950 and 2000, the recycling efficiency of DOP back to PO4 remains approximately 

constant in both EMSW (97%) and EMIW (76%). During the same time period, the recycling efficiency 

of DON drops from 91 to 82% in EMSW, and from 50 to 47% in EMIW. While both DON and DOP are 

produced by grazing and decomposition of phytoplankton biomass, the breakdown of DOP to PO4 

appears to be promoted by the relatively high concentrations of alkaline phosphatase observed in the 

upper water column of the EMS (Zohary and Robarts, 1998; Van Wambeke et al., 2002; Thingstad and 

Mantoura, 2005). An enhanced release of alkaline phosphatase by the EMSW microbial community may 

represent an adaptation to the P limited nature of the EMS.  

Because of the preferential accumulation of DON, the DON:DOP ratios in the EMS are considerably 

higher than in the rest of the oceans. Average oceanic DON:DOP ratios in surface and deep waters are on 

the order of 22 and 25, respectively (Benner, 2002). The model further implies that anthropogenic nutrient 

inputs to the EMS may have significantly increased the DON:DOP ratios in the upper part of the water 

column. The higher model-predicted DON:DOP ratios for EMSW compared to EMDW after 1980 agree 

with the DOP and DON concentrations reported by Krom et al. (2005).  

2.4.4 Primary Production 

Gross primary production is obtained by multiplying the modeled photosynthetic PO4 assimilation flux 

with the standard Redfield carbon to phosphorus ratio (C:P = 106:1; Redfield et al., 1963).  The 

calculated primary production in the EMS increases by 16%, from 59.8 gC m-2 yr-1 in 1950 to 69.2 gC m-2 

yr-1 in 1992, followed by a slight decline after 1992 (Figure 2.4). By 2000, primary production equals 

68.9 gC m-2 yr-1, that is, a value 15% higher than the 1950 value. The model-predicted primary 

productivities fall within the observed range of 10-185 gC m-2 yr-1 (average: 64 gC m-2 yr-1) reported by 

Berman-Frank and Rahav (2012) for the period 1980-1997. The latter authors found no significant 

temporal trend in primary production over this time period, which is consistent with the very small 

change in the modeled primary production between 1980 and 1997 (4%). 

The model-predicted trend in primary production of the EMS can further be compared to that of 

reconstructed ocean surface chlorophyll concentrations derived by Wernand et al. (2013) from Forel-Ule 

(FU) values recorded since the late 1800s. Based on data for the entire Mediterranean Sea, Wernand and 

coworkers estimate that chlorophyll concentrations, and hence primary production, increased by 41% 

from 1950 to 1990. In contrast, the model yields only a 16% increase in the EMS for the same time 

interval. The difference, however, may be explained by the inclusion of the Western Mediterranean Sea 

(WMS) in the analysis of Wernand et al. (2013). The WMS experienced higher nutrient inputs than the 
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Figure 2.4: Model predicted gross primary production in the EMS plotted against the external input 

fluxes of reactive P and reactive N. Note that, according to the reconstructed anthropogenic forcing 

functions, the external input of reactive P reaches its maximum in 1985, while the N input continues to 

increase over the entire modeled 1950-2000 time period. 
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EMS during the second half of the 20th century, being surrounded by the more highly industrialized 

countries France, Italy and Spain (Ludwig et al., 2009). The inferred increase in primary production of 

41% may thus be more representative of the WMS than the EMS.  

At first, the relatively limited increase in primary production between 1950 and 1992 predicted by the 

model (16%) seems at odds with the near doubling of reactive P input to the EMS via atmospheric 

deposition and rivers during the same time period. The main external supply of P (and N) to the EMS, 

however, is through inflow from the WMS (Figure 2.2). When the latter is included, the total external 

input of P peaks in 1985 at a value 24% higher than in 1950. When imposing higher or lower forcing 

functions to the WMS P input, the modeled primary production increases or decreases proportionally 

(Figure B.4, Appendix B). The dominant role of dissolved P input from the WMS is consistent with the 

factorial design analysis presented in Appendix A, which show that the modeled primary production is 

most sensitive to the inflow of DOP and PO4 via the Strait of Sicily. Unfortunately, changes in dissolved 

P inputs from the WMS over time are poorly constrained. In addition to being a major source of nutrient 

P and N for the EMS, the WMS is also the main recipient of P and N exported from the EMS. Increased 

efforts to systematically monitor nutrient exchanges between the eastern and western basins of the 

Mediterranean Sea for periods of one or more decades are therefore strongly recommended. This could be 

achieved, for instance, by installing additional sensors on existing, long-term moorings deployed in the 

Strait of Sicily (Schroeder et al., 2013). 

A comparison of the inputs and outputs of P and N shows, as expected, a delayed response of the outputs 

(Figure 2.2). While the total input of reactive P to the EMS decreases after the 1990s, the total output 

increases steadily from 1950 to 2000. When the computations are extended beyond 2000, while keeping 

the P and N inputs constant at their 2000 values, primary production continues to slowly increase, 

ultimately reaching 71 gC m-2 yr-1 (compared to 68.9 gC m-2 yr-1 in 2000). When the inputs are reset 

instantaneously back to their 1950 values, primary production beyond 2000 drops rapidly in a matter of a 

few years. These model responses reflect the very efficient removal of PO4 from the EMIW reservoir to 

the WMS and the EMDW reservoir, which limits PO4 return to the EMSW of the EMS. 

2.4.5 Where do the nutrients go? 

The net loss of dissolved P to the WMS via outflow of EMIW through the Strait of Sicily is generally 

invoked to explain the ultra-oligotrophic nature of the EMS (e.g. Sarmiento et al., 1988; Krom et al., 

2003). Béthoux et al. (1998) further propose that the excess anthropogenic P and N that are not exported 

from the Mediterranean Sea accumulate as deep water PO4 and NO3. Below, we revise both hypotheses 

based on the results of the coupled P and N cycling model for the EMS.  
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Figure 2.5: Fate of anthropogenic P and N. Export to the Western Mediterranean Sea (WMS), sediment burial and accumulation in the water 

masses are expressed as percentages of the external P and N supplied in excess of the 1950 inputs, integrated over the period 1950-2000. Because 

P and N exported with EMIW into the Adriatic and Aegean Seas are assumed to return to the EMDW via deep water formation, only the 

additional dissolved P and N acquired in the Adriatic and Aegean basins are included in the calculation of excess P and N inputs to the EMS. Note 

that the export to the WMS and sediment burial are expressed as percentages total reactive P or N, while accumulation in the water column 

differentiates between the different chemical forms of the nutrient elements. 
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The model predicts that the net export of dissolved P (PO4 + DOP) from the EMS to the WMS is actually 

fairly small. Subtracting the WMS surface inflow from the outflow of EMIW to the WMS yields a net 

export of dissolved P of only 0.31x109 mol P yr-1 in 1950, and a maximum of 0.54x109 mol P yr-1 during 

the 1980s. As emphasized in our companion paper, it is the difference in chemical speciation of dissolved 

P between the inflow from and outflow to the WMS that is the key to explaining the ultra-oligotrophy of 

the EMS, rather than the net export of dissolved P. While DOP dominates the input from the WMS, PO4 

dominates the output to the WMS (Appendix A). The latter limits the build-up of PO4 in EMIW and 

hence the upward mixing of PO4 to the photic zone. (Note: a similar switch in organic-inorganic 

speciation between inflow from the WMS and outflow of EMIW is also predicted for N.)  

According to the model calculations, integrated over the period 1950-2000, respectively 32 and 36% of P 

and N supplied in excess to the 1950 baseline inputs are exported through the Strait of Sicily to the WMS 

(Figure 2.5). The equivalent of about one-third of reactive P supplied in excess to the 1950 input 

accumulates in the EMDW, primarily as PO4 (26%), and to a lesser extent as DOP (9%) and POP (2%). 

For N, only 20% of the excess supply ends up in the EMDW, distributed evenly over NO3 (10%) and 

DON (10%). The largest accumulation of excess N within the EMS (27%) is under the form of DON in 

EMSW and EMIW.  

The results imply that the accumulation of anthropogenic P in the EMS diverges substantially from that of 

anthropogenic N, not only in terms of where the nutrient elements accumulate but also under which 

chemical forms. The predictions of the model should therefore be helpful in guiding future data 

acquisition in the EMS. Particularly useful would be long-term (≥ 10 years) measurements of nutrient 

concentrations in EMIW and EMDW, as these are less prone to short-term (≤ 1 year) variability than their 

EMSW counterparts.  

2.4.6 Eastern Mediterranean Transient (EMT) 

According to factorial design analysis, primary production and P and N dynamics in the EMS are 

sensitive to changes in circulation (Appendix A). The EMT provides the possibility to investigate the 

effects of a well-constrained modification of deep water formation on the biogeochemistry of the EMS. 

During the EMT, Aegean deep water formation increased (Roether et al., 2007).  As this new Aegean 

water was denser than the older Adriatic deep water (ADW) it produced a recognizable water mass along 

the bottom of the EMS and pushed relatively nutrient rich ADW into the EMIW, which, in turn, would 

have enhanced the upward mixing of P and N into the euphotic zone (Kress et al., 2012). The EMT has 

therefore been hypothesized to cause an increase in primary productivity of the EMS (Klein et al., 1999).   
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Figure 2.6:  Comparison of reactive P (PO4, DOP and POP) concentrations in the baseline model (dark 

line) with those in the EMT scenario (red line) for the period 1986 to 2000. Results are shown for Eastern 

Mediterranean Surface Waters (EMSW), Eastern Mediterranean Intermediate Water (EMIW) and Eastern 

Mediterranean Deep Water (EMDW). (Note: the EMT started in 1987.) 
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Figure 2.7: Comparison of reactive N (NO3, NH4, DON and PON) concentrations in the baseline model 

(dark line) with those in the EMT scenario (red line) for the period 1986 to 2000. Results are shown for 

Eastern Mediterranean Surface Waters (EMSW), Eastern Mediterranean Intermediate Water (EMIW) and 

Eastern Mediterranean Deep Water (EMDW). (Note: the EMT started in 1987.) 
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When implemented in the model, the EMT scenario produces significant differences in EMIW 

concentrations: the PO4 and NO3 concentrations reach maximum values that are 15% higher than in the 

baseline scenario (Figures 2.6 and 2.7). Primary production, however, only increases by at most 4%, 

because large proportions of the additional dissolved P and N transferred from the EMDW to the EMIW 

are removed to the WMS through the anti-estuarine circulation of the EMS and, therefore, do not 

contribute to enhanced primary production in the EMSW.  Note that the predicted lack of a notable 

change in primary production is consistent with the satellite chlorophyll data presented by D'Ortenzio et 

al. (2003). The latter authors conclude that the data do not yield discernible differences in the biological 

dynamics of the surface EMS between the early 1980s and late 1990s.  

Kress et al. (2012) further suggest that the EMT may have modified the EMDW NO3:PO4 ratio, because 

Aegean deep water NO3:PO4 ratios are higher than those of Adriatic deep waters. Field data indeed show 

slightly higher NO3:PO4 ratios in the very deepest part of the EMDW, which may be traceable to the 

younger inflowing Aegean deep water displacing older Adriatic deep water (Kress et al., 2012). The 

model, however, represents the EMDW as a single, homogeneous reservoir model and, therefore, is 

unable to resolve the observed spatial differences. The model yields no significant change in the EMDW 

NO3:PO4 ratio during the EMT (Table 2.1). 

The EMT represents a short-term modification of the circulation of the EMS. In addition, it does not alter 

the anti-estuarine circulation of the EMS, which is a primary mechanism maintaining the EMS in its ultra-

oligotrophic state. More profound changes in EMS circulation have occurred in the recent geological past, 

for example during periods of sapropel formation (Stratford et al., 2000 and references therein). Ongoing 

climate change in the Mediterranean region may potentially lead to a significant restructuring of basin-

wide circulation within the present and next century (Thorpe and Bigg, 2000; Somot et al., 2006). Future 

work will be required to fully explore how the productivity and biogeochemistry of the EMS will respond 

to major, long-term changes in circulation.  

2.5 Conclusions 

The reconstructed anthropogenic forcing functions imply large increases of P and N inputs by 

atmospheric deposition, river discharge and deep water formation during the decades following 1950. 

Nonetheless, the inflow from the WMS remains the largest supplier of P and N to the EMS from 1950 to 

2000. The combined external input of the limiting nutrient P increases from 1950 to 1985 by 24% to a 

maximum of 9.5x109 mol yr-1. Thereafter, the external P supply slowly decreases; by 2000 it totals 

9.1x109 mol yr-1, that is, 18% higher than in 1950. In contrast, the external input of reactive N 
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continuously increases over the entire time period simulated, reaching 429x109 mol yr-1 in 2000, or 62% 

higher than in 1950.   

The modeled gross primary production increases to a maximum value of 69.2 gC m-2 yr-1 in 1992, that is, 

16% higher than in 1950. It decreases thereafter following the decline of P inputs to the EMS. A key 

outcome of the model is that water exchanges with the WMS exert a major control on the biological 

productivity in the EMS. Not only does inflow of DOP and DON from the WMS dominate the external 

inputs of the two nutrient elements, the outflow of PO4 to the WMS is the key mechanism maintaining 

ultra-oligotrophic conditions in the EMS. Integrated over the period 1950-2000, the model predicts that 

the equivalent of about one-third of the external P and N added to the EMS in excess to the 1950 inputs is 

removed again from the EMS with the outflow of EMIW to the WMS.  

Post-1950 inputs of anthropogenic nutrients also lead to a build-up of P and N in the water column of the 

EMS. The accumulation patterns differ significantly between the two elements, however. For P, most 

accumulation occurs as PO4 in the EMDW, while N mainly accumulates under the form of DON in 

EMSW and EMIW. Because of the higher-than-Redfield N:P ratios of the nutrient inputs to the EMS, 

together with the absence of denitrification, the dissolved N:P ratios increase in all the water masses 

between 1950 and 2000 (with the exception of the EMDW NO3:PO4 ratio). The model predicts that the 

DON:DOP ratio of the EMSW reservoir experiences the largest change of all the N:P ratios. Overall, 

anthropogenic nutrient inputs should have driven the EMS to become even more P-limited over time.  

The coupled P and N model offers an admittedly simplified representation of nutrient cycling in the EMS. 

In particular, it does not account for mesoscale and submesoscale processes and, hence, does not resolve 

seasonal and lateral variations in the nutrient distributions within the basin. Nevertheless, the model 

predicts concentrations of P and N species in year 2000 that are in general agreement with independent 

field data (i.e., data not used when building and initializing the model). The consistency with existing data 

supports the usefulness of the model to analyze the responses of nutrient cycling in the EMS to 

anthropogenic pressures, on time scales of decades and more. The model can help identify priority areas 

for future biogeochemical research and monitoring in the EMS. For example, the model results highlight 

the importance of acquiring time-series data on the P and N fluxes across the Strait of Sicily, and they 

point to the need to include dissolved organic P and N concentrations when assessing nutrient 

distributions and their temporal evolution in the EMS.  
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important source of phosphorus and nitrogen to 

the Mediterranean Sea 

 

 

Modified from: Helen R. Powley, Hans H. Dürr, Ana T. Lima, Michael D. Krom, Philippe Van 

Cappellen. (2016) Direct discharges of domestic wastewater are a major source of phosphorus and 

nitrogen to the Mediterranean Sea, Environmental Science and Technology. 50, 8722-8730. 

doi:10.1021/acs.est.6b01742. 

http://dx.doi.org/10.1021/acs.est.6b01742


 Chapter 3  

 

 52 

3.1 Summary 

Direct discharges of treated and untreated wastewater are important sources of nutrients to coastal marine 

ecosystems and contribute to their eutrophication. Here, we estimate the spatially distributed annual 

inputs of phosphorus (P) and nitrogen (N) associated with direct domestic wastewater discharges from 

coastal cities to the Mediterranean Sea (MS). According to our best estimates, in 2003 these inputs 

amounted to 0.9x109 mol P yr-1 and 15x109 mol N yr-1, that is, values on the same order of magnitude as 

riverine inputs of P and N to the MS. By 2050, in the absence of any mitigation, population growth plus 

higher per capita protein intake and increased connectivity to the sewer system are projected to increase P 

inputs to the MS via direct wastewater discharges by 254, 163 and 32% for South, East and North 

Mediterranean countries, respectively. Complete conversion to tertiary wastewater treatment would 

reduce the 2050 inputs to below their 2003 levels, but at an estimated additional cost of over €2 billion  

yr-1. Management of coastal eutrophication may be best achieved by targeting tertiary treatment upgrades 

to the most affected near-shore areas, while simultaneously implementing legislation limiting P in 

detergents and increasing wastewater reuse across the entire basin.    
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3.2 Introduction 

Wastewater discharges can be an important source of nutrients, contaminants and pathogens and, hence, 

may have a range of, often undesirable, impacts on the receiving water bodies, including harmful algal 

blooms and hypoxia (Toze, 1999; Gray et al., 2002; Van Drecht et al., 2009; Schwarzenbach et al., 2010). 

Both treated and untreated wastewater from coastal cities are discharged directly into the Mediterranean 

Sea (MS), either at the surface or via submarine pipes (UNEP/MAP/MED-POL/WHO, 2004). Hereafter, 

these inputs are referred to as direct wastewater discharges. Phosphorus (P) and nitrogen (N) inputs 

associated with direct wastewater discharges have been invoked as possible drivers of eutrophication and 

hypoxia in coastal areas of the MS, for example the Nile delta region (Diaz et al., 2011). However, direct 

wastewater inputs have so far been neglected in existing P and N budgets of the MS (Béthoux et al., 1992; 

Béthoux et al., 1998; Ribera d'Alcalà et al., 2003; Krom et al., 2004; Krom et al., 2010; Chapter 2).  

The MS is a semi-enclosed basin, with a coastline of more than 45,000 km (Table 3.1). The coastal urban 

population of the MS is rapidly growing, with a projected increase of over 30% from 2000 to 2025 (Plan-

Bleu, 2005). In addition to the permanent population of about 143 million, 176 million tourists visited the 

Mediterranean coast in 2000; this number is expected to almost double to 312 million per year by 2025 

(Plan-Bleu, 2005). Rising domestic wastewater loads accompanying population growth can drive 

increases in P and N delivery to the MS. For instance, according to Ludwig et al. (2010), by 2050 total 

riverine P discharge to the MS could be 18 to 42% greater than in year 2000. Changes in P and N 

emissions, however, are expected to vary significantly because of the large economic and demographic 

differences among the countries surrounding the MS. In particular, population and water stress are 

increasing faster in the southern Mediterranean countries, where there are generally less resources 

available to install treatment infrastructure to help mitigate the effects of the rising production of 

wastewater. Extensive wastewater re-use is currently limited to a few countries, including Cyprus, Israel 

and Tunisia, although the importance of ‘grey’ water for use in agriculture is likely to increase in 

Mediterranean countries in the decades to come (Angelakis et al., 1999; Angelakis and Durham, 2008).  

The climate in much of the Mediterranean basin is arid to semi-arid, leading to relatively low river flows. 

With climate change, river flows and runoff are projected to decrease even further in the future (Arnell, 

2004; Ludwig et al., 2010; García-Ruiz et al., 2011; McDonald et al., 2011; Haddeland et al., 2014; 

Schewe et al., 2014). Thus, compared to riverine inputs and the previously overlooked source of 

submarine groundwater discharge (Rodellas et al., 2015), direct discharges of treated and untreated 

wastewater could be a significant pathway delivering P and N to the MS, and become increasingly so in 

the future. Based on answers provided by local authorities to a United Nations survey questionnaire, the 
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aggregated direct discharges of domestic plus industrial wastewater from Mediterranean coastal cities of 

over 100,000 inhabitants delivered 2.4x109 mol P yr-1 and 18.5x109 mol N yr-1 to the MS around the turn 

of the century (UNEP/WHO, 1999). For P, the estimated loading from direct wastewater discharges is on 

the same order of magnitude as the P input delivered by rivers (Ludwig et al., 2009).  

Other than the data collected by UNEP/WHO (1999), estimates of P and N inputs associated with 

wastewater effluents are only available for selected regions and local areas of the MS  (e.g., Degobbis and 

Gilmartin, 1990; de Madron et al., 2003b; de Madron et al., 2010; Mercado et al., 2012; Table E.4). 

Furthermore, the variable reliability of data sources, and the lack of consistent estimation methods, 

complicates the assessment of uncertainties associated with reported wastewater inputs of P and N to the 

MS.  Here, we use a systematic approach to quantify the spatially distributed fluxes of P and N associated 

with direct discharges of domestic wastewater to the MS. The method not only yields internally consistent 

estimates, but also enables projections of how the direct domestic wastewater P and N discharges may 

respond to scenarios of changing anthropogenic pressures or improved wastewater management practices.  

3.3 Methods 

3.3.1 Modeling approach 

For any given coastal city, fluxes of total P (TP) and total N (TN) associated with direct discharges to the 

MS of both treated and untreated domestic wastewater effluents were estimated according to the 

flowchart in Figure 3.1, using the empirical formula proposed by Kristensen et al. (2004):   

𝐷𝐷𝑃𝑃,𝑁𝑁 = 𝑃𝑃,𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 • 𝑝𝑝𝑝𝑝𝑝𝑝 • 𝑓𝑓𝑐𝑐 • (1 − 𝑓𝑓𝑅𝑅)  (3.1) 

where DP,N is expressed in units of mol yr-1, P,Ncapita is the annual P or N domestic wastewater load per 

inhabitant (mol capita-1 yr-1), pop  is the population of the city, fc is the fraction of the city’s population 

connected to the sewer system, and fR is the fraction of P or N removed from the wastewater stream in the 

city’s wastewater treatment plants (WWTPs), which is dependent on the type of treatment – primary, 

secondary or tertiary.  

Per capita domestic P and N inputs to WWTPs were obtained following the approach of Morée et al. 

(2013). The total dietary P or N consumption rates were calculated as:  

𝑃𝑃,𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ) ∗ 𝑃𝑃,𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗  (1 − 𝑓𝑓𝐻𝐻) (3.2) 

where protein supplied is the yearly per capita protein supply quantity for a given country as compiled by 

Faostat (2013), retail losses are the average regional P or N losses by retail businesses and households 
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(Morée et al., 2013), P,Nprotein represents the average P or N content of dietary protein (Morée et al., 

2013), and fH represents the fraction of the dietary P or N consumed that does not end up in the 

wastewater stream (Morée et al., 2013). For Ncapita, we assumed that Ncapita = Ndiet; for Pcapita, we also 

accounted for P inputs resulting from the use of laundry (PL) and dishwasher detergents (PD) (Van Drecht 

et al., 2009): 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑃𝑃𝐷𝐷 +  𝑃𝑃𝐿𝐿  (3.3) 

The values of Ncapita, Pcapita, PD and PL for each of the countries around the MS are compiled in Table C.7.  

Data on population, sewerage, WWTPs and wastewater recycling of Mediterranean coastal cities were 

gathered from two surveys, one for cities of more than 10,000 inhabitants, the other for cities with 2000 to 

10,000 inhabitants (UNEP/MAP/MED-POL/WHO, 2004; 2008), supplemented with data for Gaza 

(WHO, 2005) and Lake Manzella (or Manzala) along the coast of Egypt (Taha et al., 2004; Rasmussen et 

al., 2009). For the survey of coastal cities with more than 10,000 inhabitants (UNEP/MAP/MED-

POL/WHO, 2004), city-specific parameter values were used in Equation 3.1. Because of data limitations, 

for coastal cities of 2000-10,000 inhabitants (UNEP/MAP/MED-POL/WHO, 2008) average parameter 

values for the corresponding countries were entered in Equation 3.1 (Table C.12).  

The fraction of domestic wastewater collected by the sewage system, fc, is divided into the fraction of 

wastewater that is treated (ft) and the fraction that is untreated (fu), or 

𝑓𝑓𝑐𝑐 =  𝑓𝑓𝑡𝑡 + 𝑓𝑓𝑢𝑢   (3.4) 

Together with the fraction of the population that is not connected to the sewage network (fn), we then 

have  

𝑓𝑓𝑡𝑡 + 𝑓𝑓𝑢𝑢 + 𝑓𝑓𝑛𝑛 = 1 (3.5) 

Equation (3.1) assumes that the fraction fn of the coastal urban population does not contribute to direct 

wastewater discharges entering the MS (see also Van Drecht et al. (2009)). Some of the P and N 

associated with unconnected wastewater, however, may ultimately reach the MS through other delivery 

pathways, such as riverine discharge and submarine groundwater outflow. 

Details on how the values on the right hand side of Equation 3.1 were assigned are given in Appendix C.  

Values representative for the early years of the 21st century were used to calculate baseline P and N input 

fluxes associated with direct wastewater outflow into the MS for the nominal year 2003. Note that, when
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Figure 3.1: Flowchart for the calculation of direct domestic wastewater discharges of total P (TP) and 

total N (TN) into the Mediterranean Sea. The numerical values correspond to year 2003 (baseline values) 

fluxes of P (black) and N (blue) in units of 109 mol yr-1, unless given as percentages of the corresponding 

total raw wastewater inputs. 
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information on treatment for a given WWTP could not be obtained, we assumed secondary treatment, as 

it is the most common treatment type in the countries around the MS. If a WWTP was under construction 

or out of order in 2003, we assumed that no wastewater treatment occurred.  In addition, if fc for a given 

city was unavailable, the average fc of the host country for the year closest to 2003 was imposed (Table 

C.8). Wastewater treatment costs were estimated taking into account the capital, operational and 

maintenance costs (COMi in € per m3) for each treatment type i (primary, secondary or tertiary; Table 

C.14). The total wastewater treatment costs for a given coastal city were then computed as: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  ∑(𝑉𝑉𝑖𝑖 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖)    (6) 

where Vi (m3 yr-1) is the annual volume of wastewater undergoing treatment type i.  

The UNEP-MAP surveys provide the most comprehensive dataset on the distribution of WWTPs along 

the Mediterranean coastline in the early 21st Century (UNEP/MAP/MED-POL/WHO, 2004; 2008). 

Nonetheless, there are significant gaps in the data set, for example, lack of information on the 

connectivity to the sewage system or wastewater treatment type. In addition, the data quality varies from 

country to country. For instance, in the UNEP-MAP survey of cities with more than 10,000 inhabitants 

(UNEP/MAP/MED-POL/WHO, 2004), data for Spain do not include information on the level of 

connectivity of the population to the sewage network (fc), whilst for Italy no treatment type is reported for 

about 50% of WWTPs (Table C.1a). In order to account for the uncertainties associated with the data, as 

well as with the assumptions made in our estimates, we calculated high and low values for the TP and TN 

discharges from individual WWTPs (see Table C.10 and C.11 for the imposed uncertainty ranges in the 

calculations). The uncertainties on the per capita P and N inputs to the sewerage system were assessed by 

assigning an uncertainty to each parameter in Equations 3.2 and 3.3 (Table C.11) and applying the 

average uncertainties on P,Ncapita to Equation 3.1 across all Mediterranean countries.  

A full validation of the empirical method used to estimate the direct domestic wastewater TP and TN 

discharges into the MS is currently impractical, primarily because of the lack of open reporting of direct 

monitoring data for surface and submarine outfalls. Nonetheless, measured outflows of P and N from a 

number of WWTPs in Spain and Italy (EEA, 2012) are in general agreement with values predicted based 

on Equation 3.1 (Nash Sutcliffe efficiencies, E, of 0.328 and 0.862 for P and N, respectively, Figure C.1). 

Differences in observed versus modelled discharge values mainly reflect uncertainties in treatment type 

and retention efficiencies. (For instance, for 50% of the WWTPs of Italian coastal cities with a population 

greater than 10,000 no treatment type is reported.) 
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Region Acronym Countries1. 
Coastline (103 

km) 

Population 

(106 people) 

P (109 mol yr-1) N (109 mol yr-1) 

Wastewater 

input 
% treated 

Wastewater 

input 
% treated 

North 

Mediterranean 

Countries 

NMCs 

2003 EU countries (France, 

Greece, Italy and Spain) plus 

Albania, Croatia, Cyprus, 

Malta, Montenegro, Slovenia 

34.21 37.2 
0.48 

(0.15-1.07) 
79 

7.5 

(4.2-14.9) 
80 

East 

Mediterranean 

Countries 

EMCs 
Turkey, Syria, Lebanon, 

Israel, Gaza 
5.81 19.3 

0.22 

(0.13-0.32) 
16 

3.7 

(2.2-4.8) 
22 

South 

Mediterranean 

Countries 

SMCs 
Egypt, Libya, Tunisia, 

Algeria, Morocco 
5.71 19.5 

0.23 

(0.15-0.35) 
36 

3.9 

(2.8-5.2) 
38 

Total   45.8 76.0 
0.93 

(0.44-1.74) 
53 

15.0 

(9.2-24.8) 
55 

Table 3.1: Mediterranean regions. Numerical values correspond to year 2003 (baseline values): coastal urban populations, model-derived direct 

wastewater discharges of TP and TN (values in brackets are minimum and maximum estimates), percentages of TP and TN discharges associated 

with treated wastewater.1.Plan-Bleu (2005).  
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3.3.2 Projections (Year 2050) 

Projections of direct domestic wastewater P discharges to the MS in year 2050 were carried out taking 

into account the potential effects of population growth, changes in dietary habits, regulatory measures and 

upgrades in sewerage and water treatment infrastructure. The projections focus on P, because primary 

production in the MS tends to be P rather than N limited (Krom et al., 2010). The 2050 populations of 

coastal cities were estimated by extrapolating for each country the reported coastal urban population 

growth rate between 2000 and 2025 (Plan-Bleu, 2005) to 2050. In addition, we assigned a constant value 

of 115 g capita-1 day-1 to the 2050 protein intake in all the Mediterranean countries, that is, the combined 

average value of France, Greece, Italy and Spain in 2003 [30].  Thus protein intake decreased slightly in 

France, Greece and Israel in 2050 relative to 2003. We further imposed a minimum of 75% connectivity 

to all the coastal cities, which is the current EU average. Note that in all 2050 projections we assumed that 

cities maintain enough wastewater treatment capacity to accommodate the growth in wastewater inflow. 

Projections for the 2050 direct P and N discharge fluxes carry the same uncertainties as those in 2003. 

The scenarios considered for the 2050 projections are summarized in Table 3.2 and their implementation 

described in detail in Appendix A. Scenarios B to I were designed to assess the potential effectiveness of 

various mitigation strategies in reducing the increases in direct domestic wastewater TP discharges 

relative to the no-mitigation scenario A (Figure 3.3). Mitigation measures included upgrading WWTPs 

using the average P retentions in Table C.9, extending EU legislation limiting the use of P in detergents to 

all Mediterranean countries (Regulation (EU) 2012), which would reduce P laundry detergent inputs by 

92% and dishwasher detergents by 85% (BIO by Deloitte, 2014), and imposing a minimum of 50% re-use 

of treated wastewater – a reasonable future average recycling rate for the Mediterranean basin (FAO, 

2014).  We assumed that re-used wastewater does not contribute to the direct wastewater discharges of P 

and N to the MS.  

3.4 Results 

3.4.1 Direct domestic wastewater P and N inputs: Baseline (year 2003) 

For 2003, our best estimates of the aggregated inputs of domestic TP and TN discharged directly into the 

entire MS, by 534 cities with population ≥10,000 plus 950 cities with 2000-10,000 inhabitants, are 

0.93x109 mol P yr-1 and 15x109 mol N yr-1 (lower and higher bounds are 0.44-1.74x109 mol P yr-1 and 

9.2-24.8x109 mol N yr-1, see Tables C.1, C.10 and C.11 for details). For P, our best direct wastewater 

input estimate is comparable to the riverine input to the MS, while for N it is distinctly lower (Figure 3.2). 

According to Ludwig et al. (2009), in 1998 riverine input fluxes to the entire MS were 1.6x109 mol P yr-1 

and 77x109 mol N yr-1. A more detailed comparison shows that Ludwig, et al.’s 1998 riverine TP input is

https://connect.uwaterloo.ca/owa/14.3.266.1/scripts/premium/blank.htm#_ENREF_30
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Scenario Acronym Description 

A NMIT No mitigation: projected change in direct TP inputs associated with 

domestic wastewater discharge due to (a) population growth, (b) per 

capita dietary P of 115 g capita-1 day-1, plus (c) connecting at least 

75% of the population to the sewage network in all coastal cities 

B REC50 At least 50% of treated wastewater is recycled in all countries 

bordering the Mediterranean Sea and, hence not discharged to the 

MS.  

C ETER All cities in eutrophic areas identified in Figure 3.4 have 

minimum of tertiary treatment. 

D LEG EU legislation to reduce P in laundry (92% reduction) and 

dishwasher detergent (82% reduction) is applied to all countries 

(BIO by Deloitte, 2014). 

E ETER+LEG Scenarios D and C combined 

F MSEC All discharged wastewater has a minimum of secondary 

treatment; all current and projected WWTPs are assumed to be 

operational. 

G MSEC+LEG Scenarios D and F combined. 

H MSEC+REC5

0 

Scenarios B and F combined. 

I MTER All wastewater discharged to the MS has a minimum of tertiary 

treatment; all current and projected WWTPs are assumed to be 

operational.  

Table 3.2: Scenarios used in the year 2050 projections. In scenarios B-I all conditions are identical to 

those in scenario A, except for the imposed mitigation strategy. 
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1.6 times greater than our best estimate of direct domestic wastewater TP input to the Western 

Mediterranean (WMS), and 1.8 times greater for the Eastern Mediterranean Sea (EMS). Direct domestic 

wastewater TP inputs, however, exceed riverine inputs in the Alboran, Central, and North Levantine 

basins. For TN, riverine inputs are systematically higher than our best estimates of direct domestic 

wastewater inputs in every sub-basin of the MS, except in the Alboran Sea. (Note: see Figure 3.4 for the 

definitions of the Mediterranean sub-basins). 

Among the three regions of the MS defined in Table 3.1. , North Mediterranean Countries (NMCs) 

contribute the highest direct domestic TP and TN wastewater discharges: 0.48x109 mol P yr-1 and 7.5x109 

mol N yr-1.  Mainly, this reflects the higher coastal population of NMCs (37.2 million) compared to East 

Mediterranean Countries (EMCs, 19.3 million) and South Mediterranean Countries (SMCs, 19.5 million). 

Per person, NMCs discharge more P than EMCs and SMCs: 12.9, 11.5 and 11.8 mol P per year, 

respectively, while the N input per capita in NMCs is similar to SMCs and higher than EMCs (Table C.2). 

Incomplete data for Spain and Italy, however, represent a major source of uncertainty on the direct 

domestic wastewater inputs of NMCs (Table C.1a). As a consequence, the lower bound estimates for 

NMCs (0.15x109 mol P yr-1 and 4.2x109 mol N yr-1) fall within the ranges calculated for EMCs and 

SMCs.  

Treated wastewater contributes most to the direct domestic wastewater P and N inputs from NMCs (79% 

and 80% of the TP and TN total inputs, respectively); for EMCs and SMCs untreated wastewater is the 

main source, with only 16 and 36% contributions from treated wastewater, respectively (Table 3.1). 

Lebanon, Libya and Syria, in particular, lack adequate wastewater treatment facilities: 95-100% of all P 

and N in effluent outfalls into the MS comes from untreated wastewater. Of all the sub-basins of the 

EMS, the North Levantine basin yields the highest per capita TP and TN inputs from direct domestic 

wastewater discharges (Table C.2).  

3.4.2 Direct domestic wastewater P inputs: Projections (year 2050) 

Population growth is generally the main driver of the projected increases in TP inputs. The total 

population of Mediterranean coastal cities is predicted to increase from 76 million in 2003 to 130 million 

in 2050 (Table C.5). For the entire MS basin, population growth alone would result in a 72% higher direct 

domestic wastewater TP input in 2050, relative to 2003. For EMCs and SMCs, the corresponding 

increases are 103% and 159%, respectively, but only 15% for NMCs (see scenario A in Figure 3.3, and 

Table C.5).    
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Figure 3.2: Inputs of TP and TN to the Mediterranean Sea: direct domestic wastewater versus riverine discharges. Wastewater inputs are those 

calculated in this study for year 2003 (baseline), riverine inputs are those reported in Ludwig et al. (2009) for year 1998. Error bars represent 

estimated flux ranges (see Tables C.10 and C.11 for details). WMS = Western Mediterranean Sea, EMS = Eastern Mediterranean Sea. For the 

definition of the sub-basins: see Figure 3.4. 
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The results of scenarios B-I illustrate the large differences among the three Mediterranean regions (Figure 

3.3). For NMCs, all mitigation scenarios bring the 2050 direct domestic TP inputs below that in 2003, 

except for scenarios C and F. The wastewater treatment upgrades imposed in scenarios C and F are not 

highly effective for NMCs, because most direct urban wastewater discharge already undergoes secondary 

or tertiary treatment. This is not the case for EMCs and SMCs and, in these regions, scenario F in 

particular results in large relative decreases of the direct P discharges. Re-cycling of treated wastewater 

alone has a greater relative impact for SMCs than EMCs (scenario B), because much wastewater goes 

untreated in EMCs and over 50% of treated wastewater in most EMCs was already being recycled in 

2003 (FAO, 2014; Table C.15). However, when recycling of treated wastewater is combined with a 

minimum secondary treatment (scenario H), the predicted 2050 direct wastewater TP discharges decrease 

significantly relative to the no-mitigation scenario A. In EMCs, scenario H even yields 2050 TP inputs 

below the 2030 value. Introducing EU legislation limiting P in detergents to all Mediterranean countries 

strongly reduces direct domestic TP inputs in EMCs (scenarios D and G), because of the current high 

laundry and dishwasher detergent use in Israel (Table C.7). For the three regions, major relative 

reductions in TP inputs, to at least 74% below 2003 values, would be achieved by switching to 100% 

tertiary wastewater treatment (scenario I). 

3.5 Discussion 

The calculated TP and TN inputs show that direct discharges of treated and untreated domestic 

wastewater is an important, so far mostly ignored, pathway for transporting nutrients to the MS (Figure 

3.2). This is more pronounced for P than N. The estimated 2003 direct domestic wastewater TP input to 

the entire MS (0.93x109 mol P yr-1) is comparable to atmospheric deposition of total dissolved P, 1.0-

2.5x109 mol yr-1 (Markaki et al., 2010), and an order of magnitude greater than estimates of the freshwater 

dissolved inorganic P (DIP) delivered by submarine groundwater discharge, 0.02x109 mol yr-1 (Rodellas 

et al., 2015). The direct domestic wastewater input of TN to the MS (15x109 mol yr-1) is relatively less 

important, but still significant compared to total dissolved N deposited from the atmosphere, 67-176x109 

mol yr-1 (Markaki et al., 2010), or dissolved inorganic N (DIN) delivered via fresh submarine groundwater 

discharge, 30x109 mol yr-1 (Rodellas et al., 2015). Thus, direct wastewater discharges into the MS need to 

be accounted for in the N and P biogeochemical budgets of the MS. 

The inputs summarized in Table 3.1 are low-end estimates, for the following reasons. (i) They are derived 

from the permanent coastal population sizes (when the data are available), rather than population 

equivalents, hence neglecting the increase in summer population due to tourism. (ii) They apply high-end 

estimates for P and N retention by WWTPs (Table C.9). (iii) They assume that P and N associated with 

wastewater not collected by sewers remain on land (Van Drecht et al., 2009). (iv) They do not include the  
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Figure 3.3: Changes in direct domestic wastewater TP inputs to the Mediterranean Sea in 2050, 

expressed as percentages relative to the corresponding 2003 inputs, for the scenarios defined in Table 3.2. 

For the non-mitigation scenario A (NMIT), the diagonal, horizontal and vertical lines identify the relative 

contributions of population growth, changes in diet, and connecting at least 75% of all inhabitants of 

coastal cities to the sewage network. See text for further details. 
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contributions of direct industrial wastewater discharges. Thus, the total inputs of P and N associated with 

direct disposal of wastewaters into the MS could be considerably larger than the estimates presented here. 

According to Morée et al. (2013), industrial P and N discharges globally amount to about 15% of the 

corresponding domestic sources. For the Baltic Sea, industrial sources of P and N make up 14-16% of the 

total – municipal plus industrial – wastewater inputs (Larsson et al., 1985), while industrial inputs may 

represent up to 50% of the direct wastewater P releases to the Laurentian Great Lakes (Dolan and Chapra, 

2012). Data reported by UNEP/WHO (1999) also imply that industrial effluents are a large source of 

nutrients in direct wastewater discharges to the MS. The available data, however, are insufficient to 

produce spatially explicit estimations of industrial P and N inputs to the MS, similar to those of the 

domestic inputs in Figure 3.4. More complete estimations will require countries sharing the MS to more 

consistently and openly report discharges from WWTPs and industrial sources. 

In particular for coastal areas where riverine inputs are minimal, for example offshore Lebanon and the 

Athens metropolitan area, direct wastewater discharges are a probable driver of observed eutrophication 

(Figure 3.4). However, the ecological impacts of P and N delivery to aquatic environments not only 

depend on the total input fluxes, but also on the speciation of the nutrient elements (Chapter 2; Appendix 

A). Based on average effluent compositions for the three wastewater treatment types (Table C.13), we 

estimate that domestic wastewater discharges supply TP to the MS in approximately the following 

proportions: 43% dissolved inorganic P, 22% particulate inorganic P, 25% particulate organic P, and 10% 

dissolved organic P (Table C.3).  A similar calculation yields 65% of discharged TN in the form of 

dissolved NH4, which tends to be preferentially assimilated by phytoplankton compared to other N 

species (Zehr and Ward, 2002).  

The large economic contrasts between Mediterranean regions are reflected in the differences in domestic 

wastewater nutrient inputs discharged into the sea. The higher TP input per capita in NMCs, compared to 

EMCs and SMCs, largely reflects higher contributions from laundry and dishwashers detergents (Tables 

C.2a and C.7). A surprisingly large number of European countries bordering the MS still consumed P-

containing laundry detergents in 2003, with only Italy, Monaco and Slovenia reporting 100% P-free 

detergents (Table C.7). Legislative measures, intended to be implemented by 2017, should reduce P 

inputs from laundry and dishwasher detergents in EU countries by 92% and 85%, respectively 

(Regulation (EU) 2012; BIO by Deloitte, 2014, EU regulation 259/2012). These regulatory changes alone 

would reduce the 2003 direct P input from NMCs by 33% (Figure C.3) and, if implemented by 2050, 

would result in no additional P entering the MS from NMCs via direct wastewater discharges relative to 

2003 (scenario D). Enforcement of the same regulations by all countries would achieve an overall 
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Figure 3.4: Direct domestic wastewater discharges of TP into the Mediterranean Sea from cities with 

more than 10,000 inhabitants (purple circles) in year 2003 (baseline). Also shown are the spatial 

distribution of the mean primary productivity across Mediterranean surface waters (Kershaw, 2008), and 

coastal areas with 2 or more classified eutrophic sites between 1960 and 2010 (dashed boxes; Diaz et al., 

2011). Alb = Alboran Sea; NW Med = North-West Mediterranean; SW Med = South West 

Mediterranean; Tyr = Tyrrhenian Sea; Cen = Central Mediterranean; Ion = Ionian Sea; Adr = Adriatic 

Sea; Aeg = Aegean Sea; N Lev = North Levantine; S Lev = South Levantine. 
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lowering of wastewater discharges of P by 30% for the entire MS (Figure C.3). Phosphorus-limiting 

legislation is thus an attractive strategy to help reduce direct wastewater P inputs (Figure 1.1, scenario D), 

also given that phosphate-free detergents do not increase manufacturing costs substantially, while a 

reduction in phosphorus loading to WWTPs lowers their operational costs (BIO by Deloitte, 2014). 

Re-use of treated wastewater can also effectively curb P inputs from direct wastewater discharges 

(scenarios B and H; Figure 3.3). In the early 2000s, significant re-use of treated wastewater was already 

occurring in many Mediterranean countries, including Syria (100% re-use), Libya (100%), Lebanon 

(50%), Cyprus (95%), Israel (88%), Egypt (28%), Tunisia (23%), Spain (13%) and France (11%) (Table 

C.15; Angelakis et al., 1999; UNEP/MAP/MED-POL/WHO, 2004; FAO, 2014). With growing 

populations and increasingly arid conditions in the future, water re-use is bound to become more 

important in North Africa and the Middle East (Angelakis et al., 1999; Hamoda, 2004; García-Ruiz et al., 

2011).  Additional incentives are (i) the cost, which is approximately half that of creating usable water by 

desalination plants (Hamoda, 2004), and (ii) the recovery of P and N, under the form of biosolids, sludge 

and wastewater itself, which can be used as fertilizer for agricultural production. The latter also represents 

a mitigation measure to deal with the projected depletion of P mining reserves within the next 50-400 

years (Van Vuuren et al., 2010; Cordell et al., 2011; Desmidt et al., 2015). Increasing the re-use of treated 

wastewater in SMCs and EMCs, however, will require further investment in WWTPs coupled to stringent 

regulations and monitoring (Brissaud, 2008). 

Of all mitigation measures considered, only the complete upgrade of all WWTPs to tertiary treatment 

results in 2050 P wastewater discharges from SMCs that are below the corresponding 2003 values 

(scenarios I, Figure 3.3). However, the added costs associated with the complete conversion to tertiary 

treatment may be prohibitive: relative to the 2050 no-mitigation scenario, the additional costs are 

estimated to be on the order of €930 million yr-1 for SMCs alone, and €2.2 billion yr-1 for the entire MS 

basin (Table 3.3). These estimations are based on the differences in average costs for primary, secondary 

and tertiary treatment (Table C.14). Therefore, a more achievable course of action to manage coastal 

eutrophication caused by direct wastewater discharges may be to limit upgrades to tertiary treatment to 

recognized eutrophic areas, while accelerating the transition to phosphate-free detergents, and promoting 

the re-use of treated wastewater throughout the Mediterranean region.  

A unique aspect of the Mediterranean basin is that it includes countries of widely different levels of 

economic development. Hence, trends observed for the MS may provide lessons for other parts of the 

world. In coastal areas with rapidly growing populations a first public health response is typically to 

expand the sewerage system. If this is not matched by increased wastewater treatment or other mitigation 
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measures, discharges of nutrients and other contaminants to the coastal zone may actually increase. 

Results for EMCs and SMCs indicate that for less developed countries curbing coastal wastewater 

nutrient inputs may represent a major financial challenge (Table 3.3). Direct discharges of wastewater are 

thus likely to continue to threaten many coastal areas around the world.   
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 2003 2050: 

 scenario A 

2050:  

scenario C 

2050: 

 scenario F 

2050:  

scenario I 

NMC 682 861 984 1052 1452 

EMC 96 244 339 715 960 

SMC 110 362 658 920 1296 

Table 3.3: Annual costs of wastewater treatment (in 106 € yr-1) for the 2003 baseline and 2050 

projections.  Scenario A: no mitigation; scenario C: minimum tertiary treatment in eutrophic areas; 

scenario F: minimum secondary treatment of all wastewater; scenario I: minimum tertiary treatment of all 

wastewater. See Table 3.2 for complete definitions of scenarios.  
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Chapter 4.  
 
 

Circulation and oxygen cycling in the 
Mediterranean Sea:  

Sensitivity to future climate change 

 

Modified from: Helen R. Powley, Michael D. Krom, Philippe Van Cappellen. (2016) Circulation and 

oxygen cycling in the Mediterranean Sea: Sensitivity to future climate change. Journal of Geophysical 

Research:Oceans, 121, 8230-8247, doi: 10.1002/2016JC012224.  
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4.1 Summary  

Climate change is expected to increase temperatures and decrease precipitation in the Mediterranean Sea 

(MS) basin, causing substantial changes in the thermohaline circulation (THC) of both the Western 

Mediterranean Sea (WMS) and Eastern Mediterranean Sea (EMS). The exact nature of future circulation 

changes remains highly uncertain, however, with forecasts varying from a weakening to a strengthening 

of the THC. Here, we assess the sensitivity of dissolved oxygen (O2) distributions in the WMS and EMS 

to THC changes using a mass balance model, which represents the exchanges of O2 between surface, 

intermediate and deep water reservoirs, and through the Straits of Sicily and Gibraltar. Perturbations 

spanning the ranges in O2 solubility, aerobic respiration kinetics and THC changes projected for the year 

2100 are imposed to the O2 model.  In all scenarios tested, the entire MS remains fully oxygenated after 

100 years; depending on the THC regime, average deep-water O2 concentrations fall in the ranges 151-

205 and 160-219 µM in the WMS and EMS, respectively. On longer timescales (>1000 years), the 

scenario with the largest (> 74%) decline in deep-water formation rate leads to deep-water hypoxia in the 

EMS but, even then, the WMS deep-water remains oxygenated. In addition, a weakening of THC may 

result in a negative feedback on O2 consumption as supply of labile dissolved organic carbon to deep-

water decreases. Thus, it appears unlikely that climate-driven changes in THC will cause severe O2 

depletion of the deep-water masses of the MS in the foreseeable future.   
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4.2 Introduction 

The Mediterranean Sea (MS) basin is considered one of the world’s regions most responsive to global 

climate change (Giorgi, 2006).  Major changes in circulation and environmental status as a result of 

natural climate change have punctuated the MS’s recent geological past (Rohling et al., 2015 and 

references therein).  Over the coming decades, the MS is predicted to become warmer and drier (Collins 

et al., 2013; Kirtman et al., 2013), thus increasing water column temperature and salinity (Gualdi et al., 

2013, and references therein). Temperature and salinity have opposing effects on the density of water and 

therefore on the Mediterranean thermohaline circulation (THC). Modeling results generally predict that 

the THC will weaken in response to projected future climate change, with lower water flows into and out 

of the deep water layers (Thorpe and Bigg, 2000; Somot et al., 2006; Herrmann et al., 2008a; Planton et 

al., 2012).  Adloff et al. (2015), however, show that Mediterranean THC model responses to climate 

change are very sensitive to the imposed boundary conditions: depending on how the latter are 

formulated, predictions range from a weakening to a strengthening of the THC.  

The MS has been described as a laboratory for studying environmental change in ocean systems 

(Bergamasco and Malanotte-Rizzoli, 2010). Deep water (DW) temperature and salinity of the Western 

Mediterranean Sea (WMS) have been increasing since at least the 1960s (e.g. Béthoux et al., 1990; Rixen 

et al., 2005; Marty and Chiaverini, 2010; Borghini et al., 2014), reflecting a strong coupling of water 

column properties to atmospheric forcing. In recent decades, a major change was detected in the 

circulation of the Eastern Mediterranean (EMS), with DW formation strengthening and switching location 

temporarily from the Adriatic Sea to the Aegean Sea, a phenomenon referred to as the Eastern 

Mediterranean Transient (EMT; Roether et al., 1996).  The EMT altered the salinity and heat signatures 

of intermediate water (IW) flowing through the Strait of Sicily (Gasparini et al., 2005; Roether and 

Lupton, 2011), in turn triggering enhanced DW formation in the WMS between 2004 and 2006 

(Schroeder et al., 2006; Schroeder et al., 2008b), known as the Western Mediterranean Transition 

(WMT). The EMT left distinct biogeochemical signatures on the water masses of the MS, including 

changes in the distributions of oxygen (O2), phosphorus and nitrogen (Klein et al., 1999; Klein et al., 

2003; Kress et al., 2003; Kress et al., 2012; Kress et al., 2014; Schneider et al., 2014; Chapter 2).   

Dissolved O2 is a biogeochemical master variable in marine and freshwater ecosystems. The 

biogeochemical cycles of carbon and nutrients are closely coupled to that of O2 through primary 

production and organic matter respiration. Oxygen consumption rates in the DW of the MS are relatively 

high when compared to DW of the Atlantic and Pacific Oceans (Christensen et al., 1989; Roether and 

Well, 2001). In the MS, DW O2 consumption is partly coupled to the respiration of dissolved organic 
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carbon (DOC) supplied from areas of DW formation, which supplements aerobic degradation of sinking 

particulate organic carbon (POC) (Christensen et al., 1989; Lefèvre et al., 1996; Santinelli et al., 2010). At 

the present time, relatively high rates of DW formation and low primary productivity keep the MS well 

ventilated with DW O2 saturation levels above 70%. 

In this paper, we use an O2 mass balance model coupled to a simple representation of the water cycle in 

the WMS and EMS to analyze the potential effects of predicted future changes in THC driven by climate 

change on the O2 levels of the IW and DW masses of the MS. Specifically we impose perturbations to the 

O2 and water cycles that span the published range of changes in temperature, salinity and circulation 

projected for the year 2100. The relative effects of O2 solubility, respiration kinetics and circulation are 

assessed, with particular attention given to the differences in O2 dynamics in the WMS versus the EMS. 

4.3 Coupled water-oxygen cycling model 

4.3.1 Baseline water cycle 

The water cycle model of the MS builds on that previously developed for the EMS (Appendix A). The 

water columns of both WMS and EMS are split into 3 depth intervals (Figure 4.1): surface water 

(WMSW and EMSW), intermediate water (WMIW and EMIW) and deep water (WMDW and EMDW). 

The water reservoirs defined in Figure 4.1 approximate water masses referred to by different names in the 

literature: WMSW and EMSW correspond roughly to Atlantic Water (AW), while Levantine Intermediate 

Water (LIW) is used to refer to WMIW and EMIW. Note, however, that Western Intermediate Water and 

Tyrrhenian Deep Water are also included in WMIW and WMDW, respectively. A detailed justification of 

the fluxes associated with the EMS water cycle can be found in Appendix A. 

The MS is an evaporative basin.  Long-term evaporation (E) minus precipitation (P) in the WMS is 490±7 

mm yr-1, based on data from 1948 to 2009 (Criado-Aldeanueva et al., 2012). Average riverine input (R) of 

freshwater into the WMS between 1960 and 2000 is estimated at 123±10 km3 yr-1 (Ludwig et al., 2009).  

Fresh submarine groundwater discharge (SGD) for the entire MS is estimated at 68 km3 yr-1 by Zekster et 

al. (2007). The latter authors also provide region-by-region SGD values for the MS, from which we 

derive a fresh SGD input to the WMS of 27±2 km3 yr-1. Net evaporation (E-P-R-SGD) for the WMS is 

therefore 249±18 km3 yr-1, or 0.008±0.0004 Sv (Figure 4.1).  In the EMS, net evaporation is estimated at 

0.055 Sv (see Appendix A for details).  

Quantifying the flow of water through the Strait of Gibraltar is key to the water balance of the MS. 

Estimates of the outflow to the Atlantic Ocean range from 0.68 Sv, using direct flow measurements over 

the course of one year (Bryden et al., 1994), to 1.6 Sv based on salt and heat balance calculations 
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Figure 4.1: Water cycle model.  Reservoir volumes assume WMS and EMS surface areas of 815 x 103 

km2 and 1336 x 103 km2, respectively. Fluxes are given in Sv (106 m3 s-1). The North-West Mediterranean 

(NWM) represents the area where DW formation occurs. Dashed arrows represent fluxes that are only 

included in the climate change scenarios, dashed boxes fall outside the model domain. See text for 

complete discussion. 
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(Béthoux and Gentili, 1999). Recent continuous deployments of Acoustic Doppler current profilers from 

2004 to 2007 yield an outflow flux of 0.78±0.05 Sv (Sánchez-Román et al., 2009; Soto-Navarro et al., 

2010), which is the value used in our model. The net inflow of water through the Strait of Gibraltar 

calculated from a global freshwater balance for the MS is 0.038±0.007 Sv (Soto-Navarro et al., 2010). 

Hence, the steady state inflow from the Atlantic Ocean must be close to 0.82±0.06 Sv. The final model 

value is adjusted to 0.83 Sv to maintain a steady state water balance for the WMSW. The water exiting 

the WMS through the Strait of Gibraltar is a mixture of intermediate and deep water (Millot, 2009; 2014).  

Based on a recent statistical analysis of continuous pH measurements at the Espartel Sill from 2012 to 

2015, Flecha et al. (2015) estimate that 40% of the outflow is comprised of WMDW and 60% of WMIW, 

in agreement with previous estimates by García Lafuente et al. (2007).  Imposing the same fractions in 

our water cycle then gives the water fluxes through the Strait of Gibraltar in Figure 4.1.   

After entering the WMS through the Strait of Gibraltar, WMSW travels along the African coast and, in 

part, flows into the EMS via the Strait of Sicily, while the other part flows into the Tyrrhenian Sea 

(Schroeder et al., 2008c). Upon flowing into the EMS, surface water (SW) continues traveling eastwards 

while evaporation increases salinity. Ultimately, EMSW sinks to form EMIW that, in turn, exits the EMS 

through the Strait of Sicily to the WMS, and through the Strait of Otranto and the Cretan Straits to the 

Adriatic and Aegean Seas, respectively. Deep-water formation in the Adriatic and Aegean Seas returns 

modified EMIW to the EMDW reservoir at a combined rate of 0.36 Sv (Appendix A). Note that the 

Adriatic and Aegean Seas fall outside the model domain, hence allowing us to impose DW formation as 

an external forcing to the THC of the EMS. To maintain the water balance of the MS, EMDW formation 

is offset by upwelling of EMDW into EMIW.  

Deep-water in the WMS forms primarily in the northwestern Mediterranean Sea (NWM). Similar to the 

EMS, we exclude the area of DW formation in the NWM from the model domain. The corresponding 

area is estimated to cover about 25000km2 (L’Hévéder et al., 2013). Two mechanisms contribute to DW 

formation in the NWM: open ocean convection and cascading of shelf water from the Gulf of Lions. 

Annual WMDW formation from open ocean convection in the NWM for the period 1959-2001 ranges 

between 0 and 3.2 Sv (L’Hévéder et al., 2013; Table D.1), depending on the severity of the preceding 

winter. From the 1959-2001 record, we estimate a long-term annual average rate of DW formation by 

open ocean convection of 0.60 Sv.   

Dense water cascading downslope from the Gulf of Lions also occasionally contributes to DW formation. 

Over a 28 day period in 1999, 0.18 Sv of water flowed down from the Gulf of Lions shelf into the 

WMDW reservoir (Béthoux et al., 2002a). Assuming this was the only event occurring that year, an 
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equivalent annual average rate of WMDW formation of 0.01 Sv is obtained, which is the value used in the 

water cycle model. Note, however, that WMDW formation through this mechanism may be as high as 

0.07 Sv (or 6% of the open ocean convection DW flux), as occurred during the extreme winters of 2005 

and 2012 (de Madron et al., 2005; Ulses et al., 2008; de Madron et al., 2013). Using the lower value of 

0.01 Sv is reasonable given that cascading of deep water only occurred in four years during the 1971-

2000 period (Béthoux et al., 2002a).  In the baseline simulations, the total WMDW formation rate 

originating from the NWM area is thus 0.61 Sv, nearly twice the DW formation rate in the EMS (Figure 

4.1). Deep water convection arises from preconditioning of WMSW by cyclonic circulation and Mistral 

wind activity, plus admixing of high salinity WMIW which further increases water density (Medoc 

Group, 1970). Rhein (1995) estimates that 38% of WMDW formation originates from WMSW and 62% 

from WMIW, based on chlorofluoromethane distributions. Here, we assign the same proportions to the 

WMDW formation flux, yielding 0.23 Sv of WMDW produced from WMSW and 0.38 Sv from WMIW. 

In addition to DW formation in the NWM, Tyrrhenian Deep Water (TDW) is formed in the Tyrrhenian 

Sea through cascading and mixing of EMIW after it enters the WMS through the Strait of Sicily 

(Gasparini et al., 2005). As the inflowing EMIW water is much denser than surface and intermediate 

waters of the Tyrrhenian Sea it cascades down to depths of up to 2000 m. The formation of TDW is 

represented in the water cycle model as a conversion of WMIW into WMDW. Based on the flows of 

WMDW entering and exiting the Tyrrhenian Sea reported by Schroeder et al. (2008c), we estimate that 

TDW contributes 0.07 Sv to the DW reservoir of the WMS.  

The upwelling fluxes from WMDW to WMIW and from WMIW to WMSW are derived assuming a 

steady state water cycle for the WMS.  The net upwelling from WMIW to WMSW is the result of the 

lower water fluxes through the Strait of Gibraltar compared to the Strait of Sicily. Nonetheless, 

downwelling from WMSW to WMIW occasionally occurs (Millot, 1999; Fuda et al., 2000; Vargas-Yáñez 

et al., 2012). Because of the lack of quantitative information on the downwelling flux, it is not included 

explicitly in the water cycle model.  

The water cycle illustrated in Figure 4.1 yields a WMDW residence time of 42 years, three times shorter 

than for the EMDW (150 years). The large difference in DW residence time between the two basins of the 

MS is due to more intense DW formation in the WMS plus the smaller WMDW reservoir size.  The 

residence times for SW and IW are similarly smaller for the WMS than EMS. The WMDW residence 

time in the water cycle model is at the upper end of the 20-40 year range reported in older studies (Rhein, 

1995; Stratford et al., 1998; Béthoux and Gentili, 1999), and somewhat lower than the recently proposed 
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50-70 year range of Schneider et al. (2014), who derived mean water ages in the WMS from CFC-12 

distributions.  

4.3.2 Oxygen cycle 

The O2 mass balance model explicitly computes O2 reservoir sizes of the IW and DW layers. Oxygen in 

SW is assumed to remain near saturation with the atmosphere so is not explicitly modeled. The model is 

initialized by assigning average O2 concentrations to the SW, IW and DW layers obtained from the 

MEDATLAS database for the period 1906-1987 (MEDAR Group, 2002) (Figure 4.2; Figure D.1;Table 

D.2). For comparison, O2 concentrations reported for individual cruises are compiled in Table D.2. With 

the exception of the turbulent mixing exchanges, O2 fluxes between reservoirs are computed by 

multiplying the corresponding water flow with the O2 concentration of the source reservoir. For the water 

supplied to the WMDW reservoir from the NWM DW formation area, the O2 concentration is assumed to 

be that of the WMSW, because of the intense mixing that occurs during deep convection (Medoc Group, 

1970). For DW formation in the EMS, we impose average winter O2 concentrations measured in the 

deeper (>800m) waters of the Adriatic and Aegean Seas because these water masses are the source areas 

of the newly formed DW entering the EMDW through the Strait of Otranto and Cretan Straits, 

respectively (Table D.2).  

Appendix A modeled the turbulent mixing fluxes of P and N between EMSW and EMIW assuming a 

linear dependence on the concentration differences between the two water masses, with an effective 

diffusion coefficient Kz of 2.3 x 10-4 m2 s-1. Because turbulent mixing is somewhat weaker in the WMS 

(Moutin and Raimbault, 2002), a comparable, but smaller Kz value (1.2 x 10-4 m2 s-1) is used to calculate 

mixing fluxes of O2 between WMSW and WMIW. Cuypers et al. (2012) further showed that very little 

mixing occurs between IW and DW water layers.  Therefore, we impose a low Kz value of 10-7 m2 s-1 for 

turbulent diffusion of O2 between WMIW and WMDW, and between EMIW and EMDW. This value 

falls at the lower end of the reported range of measured Kz values in the MS (10-7 to 7 x 10-4 m2 s-1; 

Bianchi et al., 1999; Copin-Montégut, 2000; Moutin and Raimbault, 2002; Cuypers et al., 2012; Forryan 

et al., 2012).  

Once the O2 fluxes between reservoirs are known, the pre-EMT O2 consumption rates are obtained 

assuming a steady state O2 cycle (Figure 4.2). In order to model transient changes in O2 cycling, two 

formulations for the O2 consumption rate are considered. In the first formulation, a simple saturation 

kinetics expression is used: 
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Figure 4.2: Baseline (pre-EMT) steady state oxygen cycle.  Dashed boxes represent reservoirs outside the 

model domain. Fluxes are given in 109 mol yr-1. DWF= deep water formation; TDW = Tyrrhenian deep 

water formation. See text for complete discussion. 
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𝐹𝐹𝑂𝑂2,𝑖𝑖 = 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 .
[𝑂𝑂2]𝑖𝑖

[𝑂𝑂2]𝑖𝑖 +  𝐾𝐾𝑠𝑠
   i = WMIW, WMDW, EMIW, EMDW  (4.1) 

where 𝐹𝐹𝑂𝑂2 is the annual O2 consumption rate in a given water layer (in mol yr-1), Fmax is the maximum (or 

potential) O2 consumption rate in the same water layer, when O2 is non-limiting,  [O2] is the O2 

concentration of the water layer (μM), and Ks is the O2 half-saturation concentration, which is assigned 

the value of 6.25 µM proposed by Testa et al. (2014). For each of the IW plus DW reservoirs the value of 

Fmax is calculated from the corresponding pre-EMT steady state O2 concentration and consumption rate 

(Table D.3). 

Equation (4.1) is based on the classical Michaelis-Menten saturation formulation for the biological 

utilization of a substrate. When the O2 concentration significantly exceeds the half saturation value Ks, the 

O2 consumption rate is independent of [O2] and approaches its maximum value Fmax. This is the case for 

the present-day open MS for which [O2] >> Ks at all depths. The use of Equation (4.1) assumes that the 

reducing power available for O2 respiration in a given water layer does not change over time. The main 

source of reducing power is the supply of degradable organic matter, either as POC associated with 

sinking particulate matter or DOC present in inflowing water.    

Marked increases in DW O2 consumption during the EMT and WMT have been attributed to the 

enhanced supply of (relatively) labile DOC originating from the areas of DW formation (Klein et al., 

2003; Schneider et al., 2014). The second formulation for the oxygen consumption rate in the DW 

reservoirs therefore expands Equation (4.1) in order to account for both the relatively fast respiration of 

labile DOC, supplied from the Adriatic Sea, Aegean Sea and NWM, and the slower degradation of 

sinking POC: 

𝐹𝐹𝑂𝑂2,𝑖𝑖 =  �𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖
𝐷𝐷𝐷𝐷𝐷𝐷 . [𝐷𝐷𝐷𝐷𝐷𝐷]𝑖𝑖

[𝐷𝐷𝐷𝐷𝐷𝐷]𝑖𝑖 +  𝐾𝐾𝐷𝐷𝐷𝐷𝐷𝐷
  +   𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖

𝑃𝑃𝑃𝑃𝑃𝑃 �  . [𝑂𝑂2]𝑖𝑖
[𝑂𝑂2]𝑖𝑖 +  𝐾𝐾𝑠𝑠

  i = WMDW, EMDW   (4.2) 

where 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
𝐷𝐷𝐷𝐷𝐷𝐷 and 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝑃𝑃 are the maximum DW O2 consumption rates associated with DOC and POC 

respiration, respectively, [𝐷𝐷𝐷𝐷𝐷𝐷] is the DOC concentration in the DW reservoir, and KDOC is the DOC 

half-saturation concentration, which is assigned the value of 4.16 µM proposed by Testa et al. (2014). As 

written, Equation (4.2) requires the explicit calculation of the changes in DW DOC concentrations. To 

circumvent this requirement, we replace [𝐷𝐷𝐷𝐷𝐷𝐷] in Equation (4.2) by the (virtual) DOC-associated O2 

concentration, that is, the portion of the total O2 concentration in the DW reservoir that can react with 

DOC. To use the modified Equation (4.2), values must be assigned to 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑃𝑃𝑃𝑃 and 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚

𝐷𝐷𝐷𝐷𝐷𝐷, as well as to the 

initial DOC-associated O2 concentration of the DW reservoir. The DOC half-saturation concentration 
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KDOC is converted into an O2 half saturation concentration using a molar O2:C ratio of 172:122 (Takahashi 

et al., 1985). 

For the EMS, 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑃𝑃𝑃𝑃 is estimated based on the EMDW O2 consumption rates before and during the EMT. 

The pre-EMT O2 consumption rate is that derived for the steady state O2 cycle (487 x 109 mol yr-1 or 0.29 

µM yr-1, Figure 4.2). For the EMT, the rate is approximated by considering the observed O2 consumption 

in Aegean DW (2.2 µmol kg-1 yr-1; Klein et al., 2003) and the total volume of Aegean DW that entered the 

EMDW reservoir during the EMT, that is, between 1987 and 1995  (2.3 x 1014 m3; Roether et al., 2007). 

Assigning the pre-EMT O2 consumption rate (0.29 µM yr-1) to the volume of EMDW not replaced by 

inflowing Aegean DW over the same period of time then yields an average annual O2 consumption rate 

for the entire EMDW during the EMT of 965 x 109 mol yr-1 (or 0.57 µM yr-1). If we further assume a 

linear dependence of the rate of EMDW O2 consumption on the rate of DW formation (Figure D.2), a 

value of 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑃𝑃𝑃𝑃 of 295 x 109 mol yr-1 is derived from the y-intercept of the linear relationship. We are now 

left with two unknowns, 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
𝐷𝐷𝐷𝐷𝐷𝐷 and the DOC-associated O2 concentration. These two variables are coupled 

to one another via Equation (4.2) under the steady state, pre-EMT conditions.  Next, the initial DOC-

associated O2 concentration is varied until the predicted temporal trend of the EMDW O2 concentration 

satisfactorily reproduces the observed O2 variations during the EMT (see section 4.4.1).  

For the WMS, Christensen et al. (1989) estimate that, before the WMT, 22% of O2 respiration in the 

WMDW was associated with the flux of sinking POC and 78% with the mineralization of inflowing 

DOC. If for the WMS we assume the same maximum DOC associated O2 consumption rate per unit 

volume of water as for the EMS, then the initial DOC-associated O2 concentration in WMDW can be 

calculated directly from the pre-WMT steady state O2 consumption rate. With all parameter values in 

Equation (4.2) known, the fractions of DOC-associated O2 in water flows supplied to the WMDW and 

EMDW can be calculated from the condition of steady state. Maximum (potential) O2 consumption rates 

used in Equation (4.2) for the WMS and EMS are summarized in Table D.4. 

4.3.3 Numerical solution and factorial design analysis 

The ordinary differential equations describing the O2 mass balances of the two IW and two DW reservoirs 

are solved in MATLAB using ODE solver 15s. A 225-15 fractional factorial design analysis (Box et al., 

1978; Appendix A) of the model with Equation (4.1) is used to assess the sensitivity of O2 concentrations 

in the IW and DW reservoirs to model parameters. A factorial design analysis measures the sensitivity of 

a given model response (here the IW and DW O2 concentrations) to each individual model parameter, as 

well as to interactions between model parameters. Here, we only consider first (one parameter) and 

second order (two parameter) interactions as the fairly simple model dynamics are largely insensitive to 
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higher order parameter interactions (Appendix A.)  Parameters included in the analysis are the SW O2 

concentration of the EMS and WMS, the O2 concentration of inflowing DW from the Adriatic and 

Aegean Seas, the values of Fmax, Ks and Kz, plus all water fluxes in the water cycle. All model parameters 

are varied by ±10%, and the effects on the model responses are calculated using Yate’s algorithm (Box et 

al., 1978). The results of the factorial design analysis are plotted on a probability versus effect graph for 

each of the four model responses (the O2 concentrations of WMIW, WMDW, EMIW and EMDW; Figure 

D.3): parameters that yield responses along the vertical line centered on the origin are considered 

insensitive, the further a response deviates from the vertical line, the more sensitive the corresponding 

parameter.  

4.4 Scenarios 

4.4.1 Recent changes: EMT and WMT 

The EMT and WMT are simulated using the changes in water fluxes summarized in Table 4.1. For the 

EMS, these changes are the same as those imposed in Chapter 2 which assessed the EMT impacts on the 

cycling of P and N in the EMS. The main EMT pulse occurred between 1992 and 1994 during which 

Aegean DW formation increased by almost 2 orders of magnitude relative to that prior to the EMT 

(Roether et al., 2007).  After 2002, circulation in the EMS is assumed to return to pre-EMT conditions.  

The WMDW formation rate during the 2004-2006 WMT is estimated at 2.4 Sv, that is, four times the pre-

WMT average. The upwelling fluxes in the WMS (F21 and F32 in Figure 4.1) are adjusted to balance the 

higher DW formation rate during the WMT. This is consistent with observations: by October 2006, less 

than 2 years after the WMT started, the newly formed WMDW had spread across most of the WMS, with 

the exception of the Tyrrhenian Sea and the western part of the Alboran Sea (Schroeder et al., 2008b). 

Variations in the WMDW formation rate also affect the mix of WMDW and WMIW exiting the WMS 

through the Strait of Gibraltar (García Lafuente et al., 2007).  On an annual basis, about 10% of the total 

outflow through the Strait of Gibraltar is generated by seasonal DW formation, while 30% is uncoupled 

from the seasonal signal (García Lafuente et al., 2007). Presumably, the latter 30% correspond to 

WMDW outflow driven by Bernoulli suction resulting from the fast current speeds through the Strait. 

Assuming that the yearly outflow of WMDW by Bernoulli suction remains fixed at 30%, increased 

WMDW formation during the WMT raised the contribution of WMDW from 40% to 66% while, 

simultaneously, the contribution of WMIW dropped from 60% to 34%. 

The changes in O2 concentrations accompanying the EMT and WMT are assessed using either Equation 

(4.1) for all four IW and DW reservoirs, or Equation (4.1) for the IW reservoirs and Equation (4.2) for the 

DW reservoirs. In the first case, potential O2 consumption rates of each reservoir remain unchanged (i.e., 
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 Pre-EMT EMT  WMT  Climate Change Scenarios 
 1987 -1992 1992-1994 1994 -2002  2004-2006  WC1 WC2 WC3 

     
   Weaker THC Weaker in WMS, 

stronger in EMS Stronger THC 

WMS           
Net evaporation (F1E) 0.01 0.01 0.01 0.01  0.01  0.01 0.01 0.01 
Atlantic SW (FG1) 0.83 0.83 0.83 0.83  0.83  0.83 0.84 0.83 
IW-Atl (F2G) 0.47 0.47 0.47 0.47  0.27  0.51 0.47 0.40 
DW-Atl (F3G) 0.31 0.31 0.31 0.31  0.52  0.24 0.29 0.36 
IW-SW (F21) 0.55 0.55 0.55 0.55  1.22  0.04 0.73 0.84 
SW-NWM (F17) 0.23 0.23 0.23 0.23  0.90  0.18 0.19 0.40 
IW-NWM (F27) 0.38 0.38 0.38 0.38  1.50  0.30 0.31 0.66 
NWM-IW (F72) 0 0 0 0  0  0.33 0 0 
NWM-DW (F73) 0.61 0.61 0.61 0.61  2.40  0.16 0.50 1.06 
IW-DW (F23) 0.07 0.07 0.07 0.07  0.07  0.09 0.06 0.12 
DW-IW (F32) 0.37 0.37 0.37 0.37  1.95  0 0.27 0.82 

Strait of Sicily           
WMS-EMS SW (F14) 1.14 1.14 1.14 1.14  1.14  0.67 1.37 1.26 
EMS-WMS IW (F52) 1.10 1.10 1.10 1.10  1.10  0.61 1.30 1.20 

EMS           
Net evaporation (F4E) 0.06 0.06 0.06 0.06  0.06  0.07 0.08 0.07 
Adr+Aeg to SW (F84) 0.02 0.02 0.02 0.02  0.02  0 0.01 0.01 
SW-IW (F45) 1.10 1.10 1.10 1.10  1.10  0.61 1.30 1.20 
IW to Adri+Aeg (F58) 0.36 0.38 3.02 0.57  0.36  0.47 2.35 2.30 
Adr+Aeg to IW (F85) 0 0 0 0  0  0.42 0 0 
Adri+Aeg to DW (F86) 0.36 0.38 3.02 0.57  0.36  0.05 2.35 2.30 
DW-IW (F65) 0.36 0.38 3.02 0.57  0.36  0.05 2.35 2.30 

Table 4.1: Water fluxes assigned to pre-EMT (before 1987), EMT, WMT and the three climate change scenarios (WC1-WC3). Numbering of 

fluxes is that of Figure 4.1. Atl = Atlantic, NWM = North-West Mediterranean, Adri = Adriatic, Aeg = Aegean. Net evaporation = evaporation – 

river discharge - submarine groundwater discharge.  Units: Sv (106 m3 s-1). 
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Fmax is constant). In the second case, the potential O2 consumption rate coupled to the oxidation of sinking 

POC remains constant (i.e., 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑃𝑃𝑃𝑃 is constant). For the DW reservoirs, however, the O2 consumption rate 

associated with the oxidation of labile DOC responds to changes in DW formation, because of the 

corresponding variations in the DOC input to the DW reservoir. 

4.4.2 Future changes: Climate change perturbations 

Adloff et al. (2015) estimate that by 2100 climate change will raise temperatures and salinities in the top 

150 m of the MS between 1.29 and 2.30°C and between 0.58 and 0.74, respectively, altering O2 solubility 

of SW (Scenario Sol). Increased water temperatures may also increase the rate of organic matter 

degradation and thus oxygen consumption (Brewer and Peltzer, 2016). The temperature effect on the O2 

consumption kinetics (Scenario Kin) are simulated using Equation (4.1) and assuming a Q10 value of 2 

(Vichi et al., 2015), together with predicted 2100 temperature increases for IW (1.26-2.0°C) and DW 

(0.68-1.38oC) (Adloff et al., 2015). Details on the implementation of the scenarios are given in Table 4.2. 

Note that spatial differences in temperature and salinity changes between the EMS and WMS are ignored. 

As shown below, this does not affect the main conclusions.    

Three different scenarios (WC1, WC2 and WC3) cover the range of projected changes in Mediterranean 

THC by the year 2100.  The first scenario (WC1) is based on the work of Somot et al. (2006), who predict 

a weakening of THC in both the WMS and EMS. Scenarios WC2 and WC3 are based on the results of the 

A2-ARF and B1-ARF scenarios of Adloff et al. (2015), respectively. In WC2 THC becomes weaker in 

the WMS, but strengthens in the EMS, while in WC3 THC is more vigorous in both the WMS and EMS. 

The corresponding changes in the water fluxes are summarized in Table 4.1. For each scenario, a step-

wise change to the pre-EMT water cycle is imposed and the O2 mass balance model is run until a new 

steady state is reached. For the DW reservoirs, either Equation (4.1) or Equation (4.2) is used to calculate 

O2 consumption (see Table 4.2). Each circulation scenario is combined with the maximum and minimum 

changes in SW O2 solubility and O2 consumption kinetics. 

In WC1, WMDW formation decreases by 74% and that of EMDW by 85%, relative to the baseline 

values. These changes are attributed to temperature-driven density changes and a decrease in wind stress 

at the DW formation sites (Somot et al., 2006), both important factors in the preconditioning of water 

prior to DW formation. The volume of water flowing over the Otranto shelf out of the Adriatic Sea, 

however, increases by 37% compared to pre-EMT circulation. This water, however, does not cascade 

deeper than 1000 m (Somot et al., 2006). In WC1, excess water exiting the Adriatic and Aegean Seas that 

does not become EMDW is therefore redirected into the EMIW reservoir, which requires adding an 

additional water flow in the water cycle (F85 on Figure 4.1).  Similarly, for the WMS the additional flow 
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Scenario Description 

Sol Solubility: Decrease SW solubility by 2.8 and 6.3%, use Equation (4.1) 

Kin Kinetics: Increase Fmax by 7.8 and 14.9% in IW, and 4.8 and 10.0% in DW, use 

Equation (4.1) 

WC1.1 Water Circulation scenario 1 with Equation (4.1) for deep water oxygen 

consumption plus scenarios Sol and Kin. THC: 75% decrease in WMDW 

production, 85% decrease in EMDW production, 45% decrease in EMIW to 

WMIW based on Somot et al. (2006) 

WC1.2 Water Circulation scenario 1 with Equation (4.2) (see section 4.4.2 for 

details) plus scenarios Sol and Kin 

WC2.1 Water Circulation scenario 2 with Equation (4.1) plus scenarios Sol and Kin. 

THC: 18% decrease in WMDW production, 553% increase in EMDW 

production, 18% increase in EMIW to WMIW, based on  A2-ARF: Adloff et 

al. (2015) 

WC2.2 Water Circulation scenario 2 with Equation (4.2) plus scenarios Sol and Kin 

WC3.1 Water Circulation scenario 3 with Equation (4.1) plus scenarios Sol and Kin:  

THC: 73% increase in WMDW production, 539% increase in EMDW 

formation, 9% increase in EMIW to WMIW, based on B1-ARF: Adloff et al. 

(2015) 

WC3.2 Water Circulation scenario 3 with Equation (4.2) plus scenarios Sol and Kin 

Table 4.2: Climate change scenarios. 
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F72 accounts for the shallower penetration of DW formation originating in the NWM as a result of climate 

warming, as also proposed by Herrmann et al. (2008a).  

Somot et al. (2006) further predict a 45% decrease in the westward flow of EMIW between the Ionian and 

Levantine basins. In WC1, we assume that this decrease in flow propagates to the Strait of Sicily, that is, 

we impose a 45% drop in the EMIW outflow to the WMS. To maintain water balance, the model then 

requires a 45% decrease in EMIW formation. In addition, cessation of surface flow from the Adriatic and 

Aegean Seas into the EMS occurs because, under the projected climate conditions, both basins transition 

from net dilution (E-R-P<0) to net concentration (E-P-R>0) (Somot et al., 2006). The projected 

circulation changes of Somot et al. (2006) also predict a small, 4% decline in the outflow from the WMS 

to the Atlantic Ocean, while the decreased WMDW formation implies a smaller contribution of WMDW 

to the outflow across the Strait of Gibraltar: 33% in WC1, compared to 40% in the baseline water cycle. 

In WC2, an EMT-like circulation regime is simulated, based on the A2–ARF scenario of Adloff et al. 

(2015). The imposed 18% decrease in WMDW formation assumes that the relative change in DW 

formation is proportional to the change in mixed layer depth of the NWM in the A2-ARF scenario.  The 

2.2 Sv DW formation from the Aegean Sea is derived from the EMT index, which compares the 

maximum zonal overturning function in the deep Ionian Basin to the minimum value in the Levantine 

Basin (Adloff et al., 2015). Adriatic DW formation is estimated at 0.15 Sv based on the meridonal 

overturning function at the Strait of Otranto. The flux of water through the Strait of Sicily is estimated to 

increase by 0.2 Sv (Figure 5 in Adloff et al., 2015), while evaporation over the entire MS increases by 

52%.  

In WC3, SW density increases throughout the MS, leading to a strengthening of the THC in both EMS 

and WMS. The same method as in WC2 is applied to derive fluxes from the results of the B2-ARF 

scenario reported by Adloff et al. (2015). A 73% increase in DW formation over the Gulf of Lions is 

estimated, while the contribution of Aegean DW formation is slightly weaker at 2.0 Sv, with the Adriatic 

contributing 0.3 Sv.  The water balance then requires a 0.1 Sv increase in the flux of water through the 

Strait of Sicily. 

4.5 Results and discussion 

The expansion of bottom water hypoxia in marine environments as a result of global warming is a 

growing concern (Rabalais et al., 2010; Doney et al., 2012; Altieri and Gedan, 2015). The potential for O2 

depletion is particularly high in shallow coastal environments, and in marginal or semi-enclosed marine 

basins such as the Bohai, Baltic and Mediterranean Seas (Zhai et al., 2012; Carstensen et al., 2014; 

Friedrich et al., 2014). The Mediterranean sedimentary record further shows that, during the recent 
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geological past, the EMS experienced repeated periods of basin-wide hypoxia characterized by the 

deposition of sapropels (Rohling et al., 2015 and references therein). Thus, with the MS region expected 

to undergo some of the world’s fastest warming in the coming decades (Giorgi, 2006), the sensitivity of 

deep-water oxygenation to climate change deserves particular attention. Our approach is based on simple 

mass balance calculations of the water and dissolved O2 cycles in the MS. The approach does not resolve 

the spatial and intra annual variability in circulation and oxygen consumption across the MS basin. Rather 

the approach is designed to interrogate the key dynamic couplings between circulation and the 

biogeochemical functioning of the MS system on a yearly-averaged, basin-wide scale (Béthoux et al., 

1992; Chapter 2; Appendix A). 

4.5.1 Baseline O2 cycling (pre-EMT) 

The factorial design analysis indicates that O2 concentrations in WMIW and EMIW are highly sensitive 

to the imposed SW O2 concentrations (Figure D.1and D.3B). Interestingly, the WMIW O2 concentration 

is more sensitive to the SW O2 concentration of the EMS than that of the WMS (Figure D.3A). This is a 

direct consequence of the water cycle model in which the majority of WMIW is produced by inflow of 

EMIW, thus highlighting the closely intertwined O2 dynamics of the two Mediterranean basins.  Not 

surprisingly, deep-water O2 concentrations in both the WMS and EMS are sensitive to the water flows in 

and out of the DW reservoirs, as well as the O2 concentrations in the water reservoirs where DW 

formation originates (Figure D.3C and Figure D.3D). In addition, the O2 concentrations in all IW and DW 

reservoirs are sensitive to the maximum potential rates of O2 consumption.    

Per unit volume, the baseline O2 consumption rates are greater in WMDW than in EMDW, but lower in 

WMIW than EMIW despite the higher primary productivity in the WMS compared with the EMS 

(Antoine et al., 1995). A higher influx of labile and semi-labile DOC into the WMDW (Santinelli, 2015), 

which enhances heterotrophic respiration in the DWs of the WMS (Luna et al., 2012), helps explain the 

2.5 times larger O2 consumption rate in WMDW (0.71 μM yr-1; Table D.5) compared to EMDW (0.29 

μM yr-1; Table D.5). The two-fold difference in O2 consumption rate between EMIW (4.12 μM yr-1) and 

WMIW (2.23 μM yr-1) is similarly attributed to differences in the input of degradable DOC. Downwelling 

in the eastern part of the EMS supplies relatively labile DOC from the euphotic zone to the EMIW. 

However, by the time the EMIW exits the EMS through the Strait of Sicily, the remaining DOC supplied 

to the WMIW is more refractory than that in the EMIW.  Upwelling of WMDW into WMIW likely also 

delivers relatively refractory DOC. Thus, the lower O2 respiration rates in WMIW compared to EMIW 

are primarily the result of differences in the supply of DOC, rather than that of POC, which is actually 1.8 

times greater per unit surface area in the WMS than EMS (Moutin and Raimbault, 2002).  
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The predicted baseline O2 consumption rates generally agree with literature estimates for the period prior 

to the EMT (1987) for the EMS, and prior to the WMT (2004) for the WMS. For example, electron 

transport system (ETS) activity measurements by Christensen et al. (1989) in the WMS yield an 

equivalent O2 respiration rate for the 500-3500 m depth range on the order of 0.6 µM O2 yr-1, which is 

close to the value of 0.71 µM O2 yr-1 we derive for the WMDW. Similarly, our modeled WMIW rate of 

2.2 µM O2 yr-1 falls in the range for the 110-1000 m depth interval (1.4-5.5 µM O2 yr-1) inferred from ETS 

activity measurements (Savenkoff et al., 1993; Lefèvre et al., 1996; Tanaka and Rassoulzadegan, 2004).  

Using a mass balance approach, Roether and Well (2001) derived an O2 consumption rate of 0.55 µM O2 

yr-1 for the EMS below 1000 m, compared to our EMDW value of 0.29 µM O2 yr-1. We are not aware of 

independent O2 consumption rate determinations for the EMIW prior to the onset of the EMT.  

The O2 consumption rates in WMDW and EMDW are higher than the average respiration rate of 

0.13±0.03 µM O2 yr-1 reported by Williams (2014) for the bathypelagic depth range (1000-4000 m) of the 

global ocean. In contrast, O2 consumption rates in WMIW and EMIW are lower than the global average 

mesopelagic (150-1000 m) value of 4.18±0.68 µM O2 yr-1 (Williams, 2014). Our analysis suggests that 

the anomalous depth distribution of O2 consumption rates of the MS reflects the important contribution to 

DW respiration of labile and semi-labile DOC supplied from the SW source areas of deep-water 

formation. However, the relatively high DW temperatures of the MS may also in part explain why the 

DW O2 consumption rates exceed the world ocean average value (Roether and Well, 2001). 

4.5.2 EMT-WMT 

The responses of the DW and IW O2 concentrations to the well-documented, large-scale changes in THC 

known as EMT and WMT provide an opportunity to test the coupled water-O2 cycle model. Overall, 

modeled O2 concentrations of EMIW and EMDW are quite sensitive to the EMT (Figure 4.3A). Use of 

both Equations (4.1) and (4.2) captures the approximately 5 µM increase in EMDW O2 concentration 

measured immediately following the main EMT pulse (Klein et al., 2003; Kress et al., 2003). However, 

with Equation (4.1), the model predicts a further increase in EMDW O2 concentration until at least the 

turn of the century, contrary to the reported decrease after 1995 (Klein et al., 2003). In contrast, Equation 

(4.2) predicts a decrease of post-1995 EMDW O2 concentrations. The trend in EMDW O2 consumption 

predicted using Equation (4.2) reflects the decomposition of the relatively labile DOC accompanying the 

pulse of enhanced Aegean DW formation during the EMT.  
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Figure 4.3: Response of O2 concentrations (µM) to the EMT and WMT in A) the EMS and B) the WMS 

between 1980 and 2015 using Equation (4.1) (black solid lines) and Equation (4.2) (grey dashed lines) for 

DW O2 consumption. Inset figure shows the time dependent changes in water influx (Sv) from the 

Aegean Sea (EMS: black line) and from the NWM (WMS; grey line).   
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The modeled EMIW O2 concentration shows an opposite trend to that of EMDW, with a decrease 

between 1987 and 1995 followed by a recovery to pre-EMT values (Figure 4.3A). Equations (4.1) and 

(4.2) yield nearly identical temporal trends for the EMIW O2 concentration. The initial model-derived 

drop of about 4 µM is lower than some observed reductions in EMIW O2 concentration caused by the 

EMT. For instance, within the Levantine Basin the IW O2 concentration dropped by as much as 40 µM 

between 1987 and 1999 (Kress et al., 2003). During that period, however, a blocking anticyclone stopped 

the eastward flow of SW into the Levantine Basin (Kress et al., 2003), hence regionally increasing the IW 

residence time and allowing for a more extensive drawdown of O2. Similarly, in the Ionian basin, the 

EMT brought older, more O2 depleted, Adriatic DW into the EMIW, causing the O2 concentration to 

decrease by 15 µM (Kress et al., 2003). Our model, however, does not resolve these intra-basin mesoscale 

circulation features, but rather averages them out over the entire EMS. The model-predicted average 

EMIW O2 consumption rate of 4.1 µM yr-1 between 1999 and 2008 is of the same order of magnitude as 

the values of 6-8 µM O2 yr-1 derived from DOC mineralization fluxes estimated by Santinelli et al. (2010; 

2012b) for the same time period.  

According to the model, between 1987 and 1999 the EMT caused a slight decrease of the WMIW O2 

concentration of about 1 µM, but it had no effect on the WMDW O2 concentration (Figure 4.3B). The 

WMT, however, increased O2 concentrations in both WMIW and WMDW reservoirs. This agrees with 

the high O2 content reported for newly formed WMDW associated with the WMT (Schroeder et al., 

2008a). With Equation (4.1) the model predicts that, following the WMT, the WMDW O2 concentration 

would remain elevated until at least 2015. Applying Equation (4.2), however, results in a distinct drop in 

the WMDW O2 concentration after 2007, which is consistent with observed WMDW O2 concentrations in 

2011 that are even lower than pre-WMT values in some localities (Schneider et al., 2014). For WMIW, 

both Equations (4.1) and (4.2) yield little change in the post-2007 O2 concentration, in line with the lack 

of a systematic temporal change in measured WMIW O2 concentrations between 2007 and 2011 

(Schneider et al., 2014). Overall, Equation (4.2), which implicitly accounts for the combined transport of 

SW-derived O2 and DOC during DW formation, results in the better match to the observed, basin-scale 

changes in DW and IW O2 concentrations caused by the EMT and WMT.  

4.5.3 Sensitivity to climate change 

Climate warming is expected to strongly impact the Mediterranean region (Giorgi, 2006; Collins et al., 

2013; Kirtman et al., 2013). The climate change perturbations implemented in the water-O2 mass balance 

model are designed to test the sensitivity of DW and IW O2 concentrations in the MS to potential 

variations in biogeochemical factors (O2 solubility, mineralization kinetics) and THC regimes driven by 
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Figure 4.4: Intermediate and deep water O2 concentrations of the WMS and EMS for the climate 

scenarios, relative to the baseline values (dashed vertical line), after 100 years (dark bars) and upon 

reaching steady state (light bars). Results for WC1.1, WC2.1 and WC3.1 are those obtained using 

Equation (4.1) for IW and DW; results for WC1.2, WC2.2 and WC3.2 are those using Equation (4.1) for 

IW and Equation (4.2) for DW. Error bars reflect the uncertainties associated with the projected increases 

in water column temperatures and salinities by the year 2100. Numbers adjacent to the horizontal bars are 

the response times (e-folding times) to the imposed perturbations (years). 
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the climatic conditions that are anticipated to prevail toward the end of the 21st Century. Figure 4.4 shows 

the resulting changes in O2 concentrations in each of the five climate change scenarios (Sol, Kin, WC1, 

WC2, WC3). 

4.5.3.1 Short term responses (≤ 100 years) 

Luna et al. (2012) hypothesize that climate warming will accelerate microbial degradation of organic 

matter in the MS, resulting in lower water column O2 concentrations. Scenario Kin, however, only yields 

very small decreases in O2 concentrations (2-5 μM or 1-2%) for the IW and DW reservoirs in both basins 

of the MS (Figure 4.4). Decreased SW O2 solubility due to increased temperatures and salinity (Scenario 

Sol) produces somewhat larger effects on IW and DW O2 concentrations, in line with the results of the 

factorial design analysis (Figure D.3). After 100 years of lower SW O2 solubilities, IW and DW O2 

concentrations in the WMS and EMS drop by 2-7% (3-13 μM), while the combined changes in solubility 

and kinetics produces decreases between 2 and 9% in IW and DW O2 concentrations.  

Changes in THC have the largest impacts on the O2 concentrations of the WMDW and EMDW (Figure 

4.4). In scenario WC1.1 the weakening of the THC causes the WMDW O2 concentration to decrease to 

151-158 μM (i.e., a 21-24% drop relative to the initial value) after 100 years, and those in the EMDW to 

160-162 μM (or a drop of 13-15%). Consequently, on a 100-year timescale WMDW appears to be more 

sensitive to a weakening of THC than EMDW. Climate change, however, may not necessarily result in a 

generalized decrease in THC across the MS. In WC2.1, where a weakening of the THC occurs in the 

WMS and a strengthening in the EMS, the EMDW O2 concentration after 100 years is 23-32 μM (12-

17%) higher than in the baseline simulation. Over the same time period, the WMDW O2 concentration 

decreases by 12-21 μM (6-10%). As a result, the WMDW O2 concentration drops below that of the 

WMIW, in contrast to the baseline simulation where the WMIW exhibits a lower O2 concentration than 

both the WMSW and WMDW. 

Strengthening of the THC in both WMS and EMS in scenario WC3.1 increases the O2 DW concentration 

of the EMS. For the WMDW, the decrease in O2 SW solubility and faster degradation kinetics offset the 

effect of increased ventilation. Hence, despite the 74% increase in WMDW formation, the WMDW O2 

concentration only changes by approximately 3% relative to the baseline results. Overall, the changes in 

SW O2 solubility and aerobic degradation kinetics due to climate warming buffer the potential increases in 

DW O2 concentrations associated with enhanced DW formation in WC2.1 and WC3.1, while they 

enhance the decline in O2 concentrations due to slower DW formation in WC1.1.  
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Figure 4.5:  Ranges in simulated O2 concentrations in WMDW (A and B) and EMDW (C and D) for 200 

years after imposing the perturbations using Equation (4.1) (A and C) and Equation (4.2) (B and D) for 

the DW O2 consumption rate. The ranges enclose the results of all the scenarios described in Table 4.2. 
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The results discussed so far are based on applying Equation (4.1) to both IW and DW. That is, they 

assume that O2 consumption rates only respond to changes in O2 concentration.  The EMT and WMT 

simulations, however, imply that changes in THC also affect the supply of degradable DOC to the DW 

reservoirs (section 4.5.2). Therefore, the MS may exhibit a DOC-based negative feedback mechanism on 

DW oxygenation. As shown in Figure 4.5, using Equation (4.2) in the circulation scenarios (i.e., scenarios 

WC1.2, WC2.2 and WC3.2) substantially reduces the predicted ranges of the responses of DW O2 

concentrations to the imposed changes in THC. This is particularly the case in WC1.2 where after 100 

years the WMDW and EMDW O2 concentrations decrease to 178-183 µM and 171-172 µM, respectively, 

compared to 151-158 µM and 160-162 µM using Equation (4.1) (Figure 4.4). Likewise, in WC3.2 

enhanced THC across the entire MS supplies more degradable DOC to the DW, leading to an increase in 

O2 consumption and, hence, lower DW O2 concentrations than those predicted in WC3.1.  

Factors other than those considered here will undoubtedly affect the future trends of water column O2 

levels in the MS. In particular, future increases in anthropogenic nutrients inputs into the MS (Ludwig et 

al., 2010; Lazzari et al., 2014; Christodoulaki et al., 2016; Chapter 3) may promote higher primary 

productivity in the SWs, which in turn would enhance O2 consumption in the IW and DW reservoirs. 

Furthermore, our model results only pertain to basin-wide O2 trends in the offshore IW and DW masses of 

the MS. Increased local nutrient supply, together with lower O2 solubility and faster respiration rates, 

have the potential to enhance hypoxia in a limited number of nearshore areas around the MS basin. 

4.5.3.2 Long term responses (>100 years)  

The time scales over which DW O2 concentrations respond to the imposed circulation changes in WC2 

and WC3 are ≤50 years (Figure 4.4). In contrast, the response times in WC1 exceed 115 years for 

WMDW and 500 years for EMDW. Thus, we expect relatively slow adjustments of the DW O2 

concentrations to a generalized drop in DW formation, especially in the EMS.  For EMDW O2 

concentrations to drop within 1 μM of the steady state values requires more than 1300 years in scenario 

WC1.1, and 3400 years in scenario WC1.2.  Furthermore, although the EMDW O2 concentrations in 

WC1.1 and WC1.2 decrease to steady state values of 11-47 μM, the WMDW retains O2 concentrations 

well above 100 μM (Figure 4.4). On long time scales, EMDW is thus more sensitive to O2 depletion 

caused by a weakening of the THC than WMDW, in contrast to the behavior observed at shorter time 

scales (section 4.5.3.1).  

The weakened and shallower THC in scenario WC1 is not unlike the circulation regime inferred for 

sapropel formation in the EMS, despite the probably very different - cooler and wetter - climate 

conditions (Rohling et al., 2015). Grimm et al. (2015) propose that the formation of sapropel S1 was 
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preceded by thousands of years of preconditioning of the water masses following DW stagnation, that is, 

similar to the time scales required by EMDW to approach hypoxic conditions in the WC1 simulations. 

Other authors have proposed that only a massive, long-term change in THC, such as a reversal of the anti-

estuarine circulation, could have produced anoxia in the EMS (Sarmiento et al., 1988; Stratford et al., 

2000). In line with the WC1 results, the available evidence indicates that DW O2 concentrations in the 

WMS remained relatively high at the same time that sapropels were being deposited under the O2-

depleted DW of the EMS. Rohling et al. (2015) hypothesize that WMDW remained oxygenated because 

of the efficient removal of old WMDW by Bernoulli suction through the Strait of Gibraltar, while this  

mechanism was absent at the Strait of Sicily. 

The sensitivity of WMDW and EMDW oxygenation to the rates of DW formation is summarized in 

Figure 4.6. Steady state O2 concentrations of WMDW and EMDW are plotted as a function of the relative 

rates of DW formation in the WMS and EMS. The figure shows that, all other conditions equal, (1) only 

the EMDW can develop hypoxia, but not the WMDW, (2) the inclusion of the DOC-based negative 

feedback dampens the response of the O2 concentrations to changes in DW formation, and (3) the rate of 

EMDW formation must drop to at least 24% of its pre-EMT value in order to develop basin-wide DW 

hypoxic conditions in the EMS. The figure also implies that changes in the long-term rates of WMDW 

and EMDW formation by factors of ±2 should have relatively limited impact on the average DW O2 

concentrations (≤25% change). In other words, DW oxygenation of the MS appears to be fairly resilient 

to potential changes in circulation that may occur in the foreseeable future.  

4.6 Conclusions 

A mass balance modeling approach is used to assess the sensitivity of IW and DW O2 distributions in the 

MS to climate-driven changes in O2 solubility, organic matter degradation kinetics and THC. The present-

day O2 distributions are based on a simplified representation of the water cycle that incorporates the most 

recent flow estimates through the Strait of Gibraltar. The model yields O2 consumption rates in the 

various reservoirs of the WMS and EMS that fall within the ranges of reported values. Prior to the EMT, 

EMIW exhibits approximately two times faster O2 consumption than WMIW, while the O2 consumption 

rate is 2.5 times greater in WMDW than EMDW. In order to reproduce the general trends in O2 

concentrations and consumption observed during and after the EMT and WMT, the model must account 

for the variations in labile DOC influxes to the WMDW and EMDW associated with changes in DW 

formation. The coupling between the delivery of O2 and DOC to the DW reservoirs creates a negative 

feedback that dampens the magnitude of the changes in DW O2 concentrations that accompany changes in 

THC.  
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Figure 4.6: Steady state DW O2 concentrations as a function of the DW formation rates in the EMS (from 

the Adriatic and Aegean Seas) and WMS (from the NWM and Tyrrhenian Sea), relative to the baseline 

(pre-EMT) rates. Numbers in brackets correspond to the equation used for DW O2 consumption rates: 

Equation (4.1) or Equation (4.2). The calculations assume that the contribution of Bernoulli suction of 

WMDW to total outflow at the Strait of Gibraltar remains constant at 30%, while upwelling fluxes from 

DW to IW (F65 and F32 in Figure 4.1) are adjusted to maintain steady state.  In the WMS, the F32 flux 

switches from upwelling to downwelling when the DW formation flux drops below 37% of its pre-EMT 

value. Note a reduction in the DW formation flux to 0.15 and 0.26 relative to the baseline model in the 

EMS and WMS, respectively, correspond to the reduction imposed in WC1. 
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In the climate change scenarios, the predicted variations in O2 concentrations of WMDW and EMDW are 

most strongly affected by changes in water circulation: the imposed perturbations to the THC change DW 

O2 concentrations by up to 25% within 100 years, compared to the maximum changes of 7 and 2% for the 

imposed decreases in O2 solubility and aerobic respiration kinetics, respectively. Even after 100 years of 

strongly reduced DW formation, the WMS and EMS are predicted to stay fully oxygenated. On 

timescales of several thousands of years, a sustained decrease in THC of 75% or more relative to today 

would result in hypoxic bottom waters in the EMS. The average WMDW O2 concentration, however, 

would still remain above 110 µM, because Bernoulli suction through the Strait of Gibraltar keeps the 

WMDW reservoir well ventilated. Overall, while the model results imply that climate warming in the 

Mediterranean region will significantly impact water column O2 cycling, it is unlikely to cause basin-wide 

bottom water hypoxia within the 21st Century. Note, however, that the predicted changes in O2 

distributions do not account for additional factors that may affect O2 consumption rates, in particular, 

rising inputs of anthropogenic nutrients to the MS.    

A key limitation of our ability to forecast the effects of climate-driven changes in THC on the 

biogeochemical functioning of the MS are the large uncertainties surrounding not only the magnitude of 

the potential circulation changes, but also their direction. As the recent study of Adloff et al. (2015) 

illustrates, even the question whether future climate warming will strengthen or weaken THC in the MS 

has yet to be satisfactorily answered. As emphasized by our mass balance results, monitoring the changes 

in the water column O2 distributions can yield powerful insights into the coupling between the 

geophysical and ecological dynamics of the MS and their response to climate forcing.    
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5.1 Summary 

The Mediterranean Sea (MS) is a highly oligotrophic, almost entirely landlocked, marine basin exhibiting 

low dissolved inorganic phosphorus (P) and nitrogen (N) concentrations, unusually high nitrate (NO3) to 

phosphate (PO4) ratios, and distinct biogeochemical differences between the Western Mediterranean Sea 

(WMS) and Eastern Mediterranean Sea (EMS). To better understand the unique biogeochemical features 

of the MS, a new mass balance model of the P and N cycles in the WMS is coupled to a pre-existing 

model for the EMS. Steady state fluxes representative of the mid-20th century reveal that land-derived 

inputs of reactive P and N to the WMS and EMS are similar per unit surface area, but that marine-derived 

inputs are approximately four times greater for the WMS than EMS. The higher lateral inflows of 

dissolved reactive P and N into the WMS through the Strait of Gibraltar, relative to those entering the 

EMS via the Strait of Sicily, explain the approximately 3 times higher primary productivity of the WMS 

compared to the EMS. Inflow of Atlantic surface water (ASW) is responsible for 39% of new production 

in the WMS; inflow of Western Mediterranean surface water (WMSW) accounts for 37% of new 

production in the EMS. The large role of the lateral supply of marine-derived P, particularly in the form 

of dissolved organic P (DOP), in supporting new production is not unlike that observed for open ocean 

gyres. Overall, the MS is net heterotrophic: DOP and dissolved organic N (DON) entering the WMS and 

EMS, mainly via the straits of Gibraltar and Sicily, are mineralized to PO4 and NO3 and subsequently 

exported by the prevailing anti-estuarine circulation. The deep water (DW) molar NO3:PO4 ratios in 

excess of the Redfield value (16:1) are caused by the high reactive N:P ratio of the external inputs to the 

WMS and EMS, combined with low denitrification rates. The lower DW NO3:PO4 ratio of the WMS 

compared to the EMS is ascribed to a lower reactive N:P ratio of inputs to the WMS, in particular due to 

the low N:P ratio of ASW flowing into the WMS.  Simulations show that the DW NO3:PO4 in both WMS 

and EMS would approach 16:1 in the absence of atmospheric deposition of reactive P and N, or if 

denitrification would increase by a factor of 2.2 and 8 in the WMS and EMS, respectively. In the latter 

case, the corresponding denitrification rates (0.05 mol m-2 yr-1 in the WMS and 0.01 mol m-2 yr-1 in the 

EMS) would fall within the range typically observed in other marine basins. 
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5.2 Introduction 

The Mediterranean Sea (MS) is a major inland basin connected to the North Atlantic via the Strait of 

Gibraltar. It is oligotrophic, despite relatively high inputs of the essential nutrients phosphorus (P) and 

nitrogen (N) (Béthoux et al., 2005; Ludwig et al., 2009; Chapter 2; Chapter 3).  This apparent 

contradiction is ascribed to the unusual anti-estuarine circulation (Krom et al., 2010) driven by excess 

evaporation within the basin (Béthoux, 1980).  Atlantic surface water (ASW) with relatively low 

inorganic P and N concentrations enters the Western Mediterranean Sea (WMS) through the Strait of 

Gibraltar, while deeper waters enriched in the inorganic nutrients are returned to the Atlantic Ocean. A 

similar exchange occurs between the WMS and the Eastern Mediterranean Sea (EMS) via the Strait of 

Sicily, a narrow passageway between Europe and Africa with a water depth of 360-430 m.  

The two major basins that make up the MS, the WMS and EMS, have distinct biogeochemical properties. 

Deep water (DW) phosphate (PO4) and nitrate (NO3) concentrations are approximately twice as high in 

the WMS compared to the EMS (Moutin and Raimbault, 2002; Pujo-Pay et al., 2011), while primary 

productivity is 2.5-3.3 times greater in the WMS than the EMS (Turley et al., 2000; Berman-Frank and 

Rahav, 2012). The differences in inorganic P and N concentrations and trophic conditions between the 

WMS and EMS appear to originate with the differences in nutrient loading to the two basins and are 

subsequently maintained by the biological pump (Crispi et al., 2001).  

The EMS is the largest body of water that is unequivocally P limited (Krom et al., 1991).  The winter 

phytoplankton bloom consumes all the dissolved phosphate within the surface water (SW), while 

measurable nitrate persists (Krom et al., 1992).  In addition to the phytoplankton, bacteria in the EMS 

have also been shown to be strongly P limited (Zohary and Robarts, 1998). Under summer conditions, 

bacteria and micrograzers in the EMS are P limited, while autotrophs tend to be P and N co-limited 

(Thingstad et al., 2005a).  The situation in the WMS is not as clear-cut.  The spring phytoplankton bloom 

has been proposed to be N limited (Marty et al., 2002) or N and P co-limited (Pasqueron de Fommervault 

et al., 2015), while P limitation has been reported for the Gulf of Lions (Diaz et al., 2001).  Pasqueron de 

Fommervault et al. (2015) argue that the low dissolved inorganic N:P ratio of SW (<20:1) implies that 

there are periods of N limitation and periods of P limitation during the phytoplankton bloom, rather than 

only N limitation (Marty et al., 2002).  During the summer stratification period in the WMS, P limitation 

generally occurs for both phytoplankton and heterotrophic bacteria (Thingstad and Rassoulzadegan, 1995; 

Thingstad et al., 1998; Marty et al., 2002; Van Wambeke et al., 2002; Pinhassi et al., 2006; Pasqueron de 

Fommervault et al., 2015).  Model results further indicate that, overall, P is the limiting nutrient for 

phytoplankton growth throughout the MS in all seasons (Lazzari et al., 2016).  
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There is a general consensus that the global ocean as a whole is autotrophic: it is responsible for about 

half the net productivity of the biosphere (Falkowski et al., 2000), which in turn supports annual fish 

catches of 96 million tons (Duarte et al., 2009). Marine productivity, however, is not evenly distributed, 

with coastal areas and upwelling areas exhibiting particularly high productivity. In addition, it has been 

suggested that oligotrophic areas of the ocean are net heterotrophic (Duarte et al., 2013) though this 

conclusion has been challenged (Williams et al., 2013). The MS offers an unusual situation. As an inland 

sea, it receives large external inputs of non-marine P and N, which would favour autotrophy. Formation 

of intermediate and deep waters in the MS, and their ultimate export to the Atlantic Ocean, however, 

maintain ultra-oligotrophic conditions. At present, whether the MS is net autotrophic or heterotrophic 

remains an open question.   

The molar NO3:PO4 DW ratios of the MS are especially high compared to the global ocean, increasing 

from 20-24:1 on average in the WMS to 26-30:1 within the EMS (Krom et al., 1991; Béthoux et al., 1998; 

Kress and Herut, 2001; Moutin and Raimbault, 2002; Ribera d'Alcalà et al., 2003; Schroeder et al., 2010a; 

Pujo-Pay et al., 2011).  Recent analyses suggest that, for the EMS, the high N:P ratio of the external 

inputs, together with very limited denitrification (Krom et al., 2010; Appendix A), explain the very high 

NO3:PO4 DW ratios, while for the WMS N2 fixation has also been invoked to explain the unusual high 

DW NO3:PO4 ratio (Béthoux et al., 1992; Béthoux et al., 2002b).  

Existing biogeochemical models of the MS (e.g. Crispi et al., 2001; Allen et al., 2002; Lazzari et al., 

2012; Macias et al., 2014; Lazzari et al., 2016) focus on biological processes in the upper water column 

and the resulting ecosystem responses on seasonal timescales. Few models address the longer-term 

changes (i.e., ≥ 1 year) of the coupled P and N cycles across the entire MS, including the DW reservoirs. 

A biogeochemical mass balance model of P and N cycling in the EMS (excluding the Adriatic and 

Aegean Seas) was recently developed and applied to the second half of the 20th Century (1950-2000) 

(Chapter 2; Appendix A). The model incorporates the most up-to-date conceptual understanding of the 

key biogeochemical processes controlling the fate of P and N in the EMS, coupled to a simplified 

representation of the water cycle across the basin. The EMS model accounts for both inorganic and 

organic forms of P and N, as well as the temporal trajectories of P and N inputs and outputs.   

Here, we build on our previous work by developing a mass balance model for the P and N cycles in the 

WMS and then coupling it to the existing EMS model. The resulting WMS-EMS model is used to 

interpret the unusual biogeochemical features of the MS and, in particular, the differences in productivity 

and P and N distributions between the WMS and EMS. We also analyze whether the MS is net 

autotrophic or net heterotrophic. The conclusions presented in this paper rely on the reconstructed P and 
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N cycles for the year 1950, that is, before the large increases in anthropogenic P and N inputs to the MS 

that took place during the second half of the 20th century (Chapter 2). The effects of post-1950 changes in 

P and N inputs on primary productivity and water column nutrient concentrations of the MS are addressed 

in Chapter 6.  

5.3 Mass balance model 

5.3.1 Circulation  

Basin-scale circulation is represented using the water cycle model of Chapter 4. Briefly, the WMS and 

EMS are both divided into three horizontal layers: surface water (WMSW and EMSW), intermediate 

water (WMIW and EMIW) and deep water (WMDW and EMDW) (Figure 5.1). The water cycle model 

accounts for the bidirectional flows across the Straits of Gibraltar and Sicily, as well as DW formation 

and upwelling in both the WMS and EMS. In the EMS, DW formation occurs in the Adriatic and Aegean 

Seas, which are separated from the Levantine and Ionian Basins by the Otranto and Cretan Straits, 

respectively.  The Adriatic and Aegean Seas are excluded from the EMS model domain, that is, DW 

formation is modeled by imposing the water flux entering the EMDW.  In the WMS, open-ocean DW 

formation originates near the Gulf of Lions in the northwestern part of the WMS. The corresponding area 

of about 25,000 km2 falls outside the model domain; throughout this paper we will refer to this area as 

NWM.  The water cycle is assumed to be at steady state: annual flows in and out of each of the water 

reservoirs balance each other. A complete description of the water cycle can be found in Chapter 4. Note 

that the estimated water residence time of 44 years for WMDW is approximately three times lower than 

that of 150 years for EMDW (Figure 5.1).    

5.3.2 Phosphorus and nitrogen cycling in the WMS 

The WMS P and N concentrations and fluxes are assigned following the same approach used for the EMS 

as in Appendix A. Key model assumptions are:   

1. Annual average primary production in the WMS is P limited; NO3 assimilation is coupled to PO4 

uptake through the Redfield ratio (N:P = 16:1; Redfield et al., 1963).  

2. Prior to 1950, anthropogenic pressures on P and N cycling within the WMS were limited and 

relatively stable, hence, the P and N cycles in 1950 are assumed to be at steady state.  

Phosphorus limitation of primary production is clearly established for the EMS, less so for the WMS. In 

fact, the Alboran Sea is probably N limited (Ramirez et al., 2005; Lazzari et al., 2016). However, at the 

scale of the entire WMS basin, annual primary production is still mostly P, rather than N, limited. The 

phytoplankton bloom in the WMS is typically initiated by mixing of the water column, which brings 
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Figure 5.1: Conceptual model framework. A) Water reservoirs and circulation: black arrows represent 

advective water fluxes, grey-dashed arrows represent turbulent mixing fluxes, water residence times are 

given for all reservoirs. B) Nutrient model: note that assimilation of P and N only occurs in the surface 

water (SW) reservoirs, denitrification and burial only in the deep-water (DW) reservoirs (grey-dashed 

arrows).   Assim = assimilation; sol = solubilization; min = mineralization; nit = nitrification. 
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NO3-enriched water (i.e., with NO3:PO4>16) into the photic zone (Severin et al., 2014), suggesting that P 

is the ultimate limiting nutrient. Lazzari et al. (2016) further conclude that on an annual basis the WMS is 

P limited based on their model simulations in which a variable intracellular N:P quota controls nutrient 

uptake by phytoplankton. 

In most of the open ocean, the average, whole-phytoplankton community NO3:PO4 uptake ratio closely 

follows the Redfield value of N:P = 16 (Klausmeier et al., 2004; Arrigo, 2005), although instantaneous 

ratios within and among different phytoplankton species may vary substantially (between 6:1 and 45:1; 

Geider and La Roche, 2002; Klausmeier et al., 2004) Particularly in P limited systems, such as the MS, 

the uptake ratio may exceed the Redfield value. For instance, for the EMS, Krom et al. (2014) report 

values of 16-25:1. In the absence of more definitive data, we impose the standard 16:1 Redfield value to 

calculate N assimilation in both WMSW and EMSW. To assess the sensitivity of the model predictions to 

the selected NO3:PO4 uptake ratio, we also performed a set of simulations with a NO3:PO4 uptake ratio of 

23:1, a value that may be more representative of a P limited marine ecosystem (Klausmeier et al., 2004). 

The results are discussed in section 5.3.8.  

The P reservoirs represented in the model are: dissolved inorganic P (PO4), particulate organic P (POP) 

and dissolved organic P (DOP). The N reservoirs are:  dissolved nitrate plus nitrite (NO3), dissolved 

ammonium (NH4), particulate organic N (PON), and dissolved organic N (DON). All of the P and N 

reservoirs are included in each of the water layers, resulting in a total of 9 P and 12 N reservoirs in the 

WMS model, or 18 P and 24 N reservoirs for the combined WMS-EMS model.  

Throughout this paper total P (TP) encompasses both dissolved and particulate pools of P, that is, TP is 

the sum of PO4, POP, DOP and particulate inorganic P (PIP).  Reactive P is defined as the sum of PO4, 

POP, DOP, and for non-marine inputs to the MS, also the fraction of PIP that is released to solution in 

seawater. Dissolved reactive P encompasses PO4 and DOP. Likewise reactive N is the sum of NO3, PON, 

DON and NH4, while dissolved reactive N only includes NO3, DON and NH4.  Assuming that particulate 

inorganic N is negligible, total N (TN) equals reactive N. Dissolved inorganic N (DIN) is the sum of NO3 

and NH4.  

The P and N concentrations in the water reservoirs and the corresponding ranges obtained from the 

literature are given in Table 5.1. Note that the concentration values are those obtained after spinning the 

model up to steady state. The WMS and EMS nutrient models are coupled via the fluxes of the various 

forms of dissolved P and N through the Strait of Sicily. The following sources of P and N to the WMS are 
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 PO4 POP DOP  NO3 PON DON NH4 
 nM μM 
WMS         
SW 48 

(0-350) 
17 

(1-100) 
72 

(0-400) 
 0.8 

(0-7.3) 
0.4 

(0.1-2.2) 
2.8 

(2.0-7.5) 
0.03 

(0-0.06) 
IW 269 

(0-420) 
8 

(0-55) 
44 

(0-140) 
 6.6 

(3.3-9.9) 
0.1 

(0.01-0.3) 
2.7 

(0.1-4.6) 
0.01 

(0-0.007) 
DW 369 

(140-480) 
3 

(0-15) 
27 

(0-140) 
 7.7 

(1.6-9.5) 
0.05 

(0.00-0.4) 
2.5 

(1.4-6.7) 
0.01 
(nd) 

         
EMS         
SW 23 

(0-100) 
7 

(4-20) 
47 

(10-100) 
 0.6 

(0.01-3) 
0.3 

(0.1-0.5) 
2.7 

(2-11) 
0.09 

(0.04-0.08) 
IW 102 

(30-200) 
5 

(3-10) 
40 

(30-80) 
 2.6 

(0.5-6) 
0.2 

(0.1-0.3) 
2.7 
(2-5) 

0.05 
(0.05-0.06) 

DW 169 
(130-230) 

3 
(2.5-8) 

38 
(0-70) 

 4.8 
(3-6) 

0.1 
(0.05-0.15) 

2.6 
(0-5) 

0.05 
(<0.1) 

Table 5.1: Reactive P and N concentrations after model spin up and ranges (in brackets) from the 

literature.  Literature ranges for the WMS are from Chapter 6 and for the EMS from Appendix A. nd = no 

data 
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considered: inflow of ASW via the Strait of Gibraltar, atmospheric deposition, river inflow, submarine 

groundwater discharge (SGD) and direct domestic wastewater discharges.  In addition, and in contrast to  

the EMS, N2 fixation represents a non-negligible input of reactive N to the WMS (Garcia et al., 2006; 

Sandroni et al., 2007; Ibello et al., 2010b; Bonnet et al., 2011) and is therefore explicitly included. The 

estimated P and N input fluxes from direct wastewater discharges (Chapter 3) and SGD (Rodellas et al., 

2015) are based on recent studies. Because they were not considered in the original EMS model, the latter 

is updated as described below. The outputs of P and N considered in the model are sedimentary 

burial, denitrification and outflows to adjacent basins.  

5.3.3 External inputs of P and N 

The incoming NO3 flux from the Atlantic Ocean is calculated using reported NO3 concentrations in the 

Strait of Gibraltar (Huertas et al., 2012), corrected for the effect of solute mixing within the Strait (Macias 

et al., 2007; see Appendix F for details). The corresponding PO4 flux is calculated using a NO3:PO4 ratio 

of 10:1 (Coste et al., 1984; Gómez et al., 2000; Dafner et al., 2003; Huertas et al., 2012). Concentrations 

of DON (4.5 µM) and DOP (0.14 µM) in the incoming Atlantic Surface Water (ASW) are derived from 

data from Station 7, west of the Strait of Gibraltar, measured during the MEDRIPOD IV cruise (La Corre 

et al., 1984). Nutrient concentrations are multiplied by the ASW inflow of 0.83 Sv to yield the input 

fluxes listed in Table 5.2.  In a similar fashion, the inputs of the various P and N species from the EMS 

are computed by multiplying the EMIW concentrations by the inflow via the Strait of Sicily.  

The 1950 riverine inputs of TP and TN to the WMS are assigned the values estimated by Ludwig et al. 

(2009) for 1963, assuming little change occurred between 1950 and 1963. Riverine TP is further assumed 

to consist of 48% PO4, 8% DOP and 44% PIP, while riverine TN is 75% NO3, 20% DON and 5% 

NH4 (Ludwig et al., 2009).  It is assumed that 75% of PIP solubilizes to PO4 upon addition to seawater 

(Appendix A). The 1950 riverine fluxes of dissolved reactive P and dissolved reactive N to the WMS are 

then equal to 0.16x109 mol P yr-1 and 3.9x109 mol N yr-1 (Table 5.2).   

Atmospheric deposition in the WMS has two main sources: Saharan dust and anthropogenic emissions 

from Europe, mainly from industry and transportation (Bergametti et al., 1992). The estimated average 

total deposition fluxes of leachable inorganic P and inorganic N measured over the period 1984-2005 are 

0.37x109 mol P yr-1 and 36.7x109 mol N yr-1, respectively (Appendix E, section E.1.1.2; Table E.1). We 

further estimate that 38% of leachable P and 32% of leachable N in atmospheric deposition are in the 

form of DOP and DON, respectively (Markaki et al., 2010; Appendix A).  The resulting atmospheric 

fluxes of reactive P and N are representative of the 1990s and are therefore back-projected to 1950 values 

using the forcing functions presented in Chapter 2. These functions are derived from: 1) ice core records 
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for NO3 and NH4 deposition, 2) sulphur and NOx emissions for PO4 deposition as they cause acid 

processing of atmospheric dust thereby increasing P solubility (Nenes et al., 2011; Stockdale et al., 2016), 

and 3) biomass burning trends to account for changes in atmospheric deposition of DOP and DON. The 

resulting 1950 values, imposed in the model are listed in Table 5.2.  

Nitrogen fixation has been suggested to account for 38-53% of the total external N input to the MS (or 

50-90x109 mol N yr-1) in order to balance the N budget (Béthoux et al., 1992).  However, direct 

measurements of N2 fixation within the MS have only recently been undertaken, yielding estimates 

between 0.97x109 and 29x109 mol N yr-1 for the whole WMS (Garcia et al., 2006; Sandroni et al., 2007; 

Ibello et al., 2010b; Bonnet et al., 2011).  Here, a flux of 12.1x109 mol N yr-1 is assigned to N2 fixation 

based on data obtained during the BOUM cruise along an east to west transect across the WMS (Bonnet 

et al., 2011).    

Recent estimates of the direct domestic wastewater discharges of TP and TN into the WMS in the year 

2003 are 0.35x109 mol P yr-1 and 5.4x109 mol N yr-1 (Chapter 3). Wastewater TP is assumed to comprise 

43% PO4, 25% POP, 10% DOP and 22% PIP, while wastewater TN consists of 16% NO3; 7% PON, 12% 

DON and 65% NH4 (Chapter 3).  The 1950 reactive N input fluxes are obtained from the corresponding 

2003 values by assuming that direct domestic wastewater N discharges scale proportionally to the coastal 

population. For reactive P, direct domestic wastewater is assumed to follow riverine N:P trends,  hence 

accounting for changes in laundry and dishwasher detergent use between 1950 and 2003 (Chapter 6). The 

resulting 1950 input fluxes are given in Table 5.2. 

Submarine groundwater discharges of PO4 and DIN are calculated by multiplying the flow of fresh SGD 

into the WMS (Chapter 4) and the average PO4 and DIN concentrations in Mediterranean coastal aquifers 

(Rodellas et al., 2015). Imposing a NO3:DIN ratio of 0.99 (Table E.2), and assuming DOP and DON 

contribute one third of dissolved reactive P and N in SGD, respectively (Table E.3), yields SGD fluxes of 

0.015x109 mol P yr-1 and 14.4x109 mol N yr-1 for the year 2000.  The reactive N flux from SGD (Table 

5.2) in 1950 is then derived from fertilizer and manure application trends (Erisman et al., 2011; 

FAOSTAT, 2015a; b) and assuming a 30 year time lag between SGD recharge and discharge (Table E.4). 

We further assume that anthropogenic inputs of reactive P are retained in the aquifer due to the low 

dissolved reactive P concentration in SGD reported for the year 2000 (Rodellas et al., 2015).  Thus the 

1950 dissolved reactive P flux from 1950 is the same as that for 2000.  
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 Sea PO4 DOP POP NO3 DON NH4 PON 
Input  
Riverine EMS 0.23 0.06  2.4 0.6 0.2  
 WMS 0.14 0.01  2.9 0.8 0.2  
Atmospheric EMS 0.38 0.33  19.8 30.8 13.8  
 WMS 0.16 0.15  8.1 12.3 5.8  
N2 fixation EMS       0 
 WMS       12.1 
SGD* EMS 0.004 0.002  0.4 1.8 0.01  
 WMS 0.008 0.004  1.1 3.3 0.01  
Wastewater EMS 0.13 0.02 0.05 0.2 0.4 2.0 0.2 
 WMS  0.17 0.03 0.08 0.7 0.4 2.1 0.2 
Output 
Burial EMS   0.71    20.7 
 WMS   0.55    10.6 
Denitrification EMS    2.4    
 WMS    18.0    

Inflow/outflow from adjacent basins    

Atl-WMSW (Conc) 4.05 
(0.155) 

3.66 
(0.14)  41.8 

(1.6) 
117.5 
(4.5) 

2.6 
(0.1)  

WMSW - EMSW  1.72 2.60  29.4 100.0 1.1  
EMIW-WMIW  3.52 1.39  90.5 93.2 1.6  
WMIW-Atl  3.97 0.65  97.3 40.4 0.1  
WMDW-Atl 3.63 0.27  76.2 24.4 0.1  
Adr-EMDW 1.08 0.42  28.5 29.9 0.5  
EMIW-Adr 1.02 0.40  26.3 27.1 0.5  
Aeg-EMDW 0.14 0.05  3.7 3.6 0.1  
EMDW-Aeg 0.13 0.05  3.3 3.4 0.1  
NWM-WMDW 3.57 1.05  85.2 53.1 0.3  
(WMSW+WMIW)-NWM 3.57 1.05  84.9 53.0 0.3  
Table 5.2: Input and output fluxes of P (PO4, POP, DOP) and N (NO3, DON, NH4, PON) for the WMS 

and EMS (in units of 109 mol yr-1). *SGD = freshwater derived submarine groundwater discharge.   
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5.3.4 Outputs of P and N  

Fluxes of dissolved reactive P and N exiting the WMS through the Strait of Gibraltar are calculated by 

multiplying the corresponding water fluxes with the concentrations of the various P and N species in 

WMIW and WMDW (Table 5.1; Table 5.2). Similarly, the outputs of dissolved reactive P and N to the 

EMS are obtained by multiplying the concentrations in WMSW with the flow of water from the WMS to 

the EMS via the Strait of Sicily.     

To the authors’ knowledge, no published estimates exist for POP burial in the WMS.  We therefore 

obtained samples from 8 sediment cores from the Alboran Sea and Catalan Shelf, courtesy of Dr. Pere 

Masqué (T6, Alb 1, Alb 2, Alb E, Alb D, T3, EB2, CN36; Sanchez-Cabeza et al., 1999; Masqué et al., 

2003) and measured POP concentrations following the SEDEX protocol (Ruttenberg et al., 2009). 

Briefly, TP was determined by ashing the sample for 2 hours at 500oC, followed by 16 hours of 

1M HCl digestion; PIP was measured after 16 hours of 1M HCl digestion. The POP concentration was 

calculated as the difference between the two experimental values (see Appendix E for details on the core 

locations and experimental methods and results).  

The POP concentration of sediment samples varies by only a factor of two (3.1-7.1 μmol g-1 dry weight; 

Table E.7), in contrast to reported sediment accumulation rates which vary by an order of magnitude 

(0.063-0.51 g cm2 yr-1; Table E.6; Sanchez-Cabeza et al., 1999; Masqué et al., 2003). The open WMS 

POP burial flux is estimated using the average POP sediment concentration measured in the cores 

retrieved at water depths exceeding 1000 m (5.6 μmol g-1 dry weight), multiplied by sediment 

accumulation rates from the Algero-Balearic basin (41 g m-2 yr-1; Zúñiga et al., 2007a) and DYFAMED 

site (168 g m-2 yr-1; Heimbürger et al., 2012) (Table E.5).  Burial of POP in the Alboran Sea is estimated 

using the average POP burial rate from the 6 cores located in the Alboran Sea.  Finally, the sediment POP 

concentration for the Catalan shelf (core CN 36) together with reported sediment accumulation rates are 

used to approximate POP burial in the Gulf of Lions (Van Den Broeck and Moutin, 2002; Table E.8). The 

resulting range for the POP burial flux in the WMS is then 0.56-1.1x109 mol P yr-1 (Table E.5). We 

use the low-end estimate as representative of the 1950 POP burial flux. The final burial flux after model 

spin up is reported in Table 5.2.   

Sediment PON burial is estimated separately for the Alboran Sea, Gulf of Lions and the remainder of the 

WMS, using reported burial rates of PON (Masqué et al., 2003; Heimbürger et al., 2012) and POC (de 

Madron et al., 2003a; Zúñiga et al., 2007a).  To convert from POC to PON burial rates, molar POC:PON 

ratios of 9.4 and 5.5 are assigned to the Gulf of Lions (Denis and Grenz, 2003) and the open 

WMS (Zúñiga et al., 2007b), respectively. The resulting total PON burial flux for the WMS is on the 

order of 11x109 mol yr-1 (see Appendix E; Table E.5). The denitrification flux for the 
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WMS (20x109 mol yr-1, see Appendix E; Table E.9) is derived from denitrification rates measured over 

the course of one year at the DYFAMED site (Gehlen et al., 1997), plus sediment core incubation results 

for the Gulf of Lions (Denis and Grenz, 2003). Slight adjustments after model spin-up yield the N 

removal fluxes given in Table 5.2. 

5.3.5 Primary production 

Annual primary productivity in the WMS is assigned to be 2.5 times of that in the EMS based on the 

primary production measurements in the WMS and EMS between 1970 and 2010 compiled by Berman-

Frank and Rahav (2012).  The resulting 1950 primary productivity in the WMS after model spin up is 

then 148 g C m-2 yr-1, compared to 56 g C m-2 yr-1 in the EMS. Primary productivity is converted to P and 

N assimilation fluxes using the Redfield C:N:P ratio of 106:16:1 (Redfield et al., 1963).  At steady state, 

export production equals new production (Eppley and Peterson, 1979).  The export production in the 

WMS is 28-35 g C m-2 yr-1 according to Béthoux (1989) and Zúñiga et al. (2008).  Using molar 

POC:PON and POC:POP ratios of sinking organic matter of 7.7 and 169, respectively (Marty et al., 

2009) we obtain export fluxes of 11.4-14.1x109 mol yr-1 for POP and 259-318x109 mol yr-1 for PON. The 

lower values of these two ranges are assigned to the 1950 fluxes of POP and PON from WMSW to 

WMIW, in order to account for the increased productivity since 1950 because of higher inputs of 

anthropogenic nutrients to the MS (Chapter 6).  The final sinking fluxes upon model spin-up are given in 

Table E.10 

5.3.6 Deep-water formation 

Incoming WMDW through DW formation in the NWM contains the dissolved reactive P and N originally 

present in the WMSW and WMIW exported to the NWM. A small correction for additional external 

inputs to the NWM from N2 fixation and atmospheric deposition is applied to the deep water P and N 

fluxes into the WMDW similar to the approach used in Appendix A for the EMS. Total reactive dissolved 

fluxes of 4.6x109 mol P yr-1 and 139x109 mol N yr-1 are then estimated to enter the WMDW through DW 

formation in 1950, of which 0.009x109  mol  P yr-1 and 0.43x109  mol N  yr-1 are attributed to the additional 

external inputs into the NWM (Table 5.2; see Appendix E for further details).  

5.3.7 Modifications to existing EMS model   

The original EMS model of Appendix A is modified by adding SGD and direct domestic wastewater 

discharges as sources of P and N, following the same procedures as for the WMS (section 5.3.3). The 

EMS wastewater reactive P and N inputs for the year 2003 from Chapter 3 are reduced taking into 

account the changes in the coastal populations and riverine N:P ratios (Chapter 6), to yield 1950 

wastewater fluxes into the EMS of 0.2x109 and 2.7x109 mol yr-1 for  reactive P and N, respectively.  The 
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1950 dissolved reactive P and N fluxes associated with SGD are computed using a fresh SGD water flux 

to the EMS of 15.1 km3 yr-1 derived from regional estimates by Zekster et al. (2007), PO4 and DIN 

concentrations of 0.28 and 370 μM, respectively (Rodellas et al., 2015), and assuming that DOP and 

DON contribute one-third of the reactive P and N inputs (section 5.3.3). The additional P and N inputs 

cause slight changes to the EMS model; the largest ones involve adjustments of the first-order rate 

constants (k) for P solubilization and mineralization in EMDW, N mineralization in EMIW and EMDW, 

and EMDW nitrification. These changes, however, are within 9% of the original k values. All other k 

values remain unchanged.  

5.3.8 Numerical solution and sensitivity analyses  

The model consists of 42 differential equations that are solved simultaneously in MATLAB with solver 

ODE15s.  The numerical approach followed is the same as described in Appendix A for the EMS 

model. The fluxes in the model are described by simple first-order rate expressions with respect to the 

source reservoir mass. Exceptions are the turbulent diffusion fluxes, which depend linearly on the 

concentration differences between source and sink reservoir. Vertical eddy diffusion coefficients are the 

same as in Chapter 4.  Slightly modified rate expressions are also used to represent DON mineralization 

and nitrification in the WMSW and EMSW (see Appendix A). Upwelling and downwelling fluxes, along 

with the bidirectional fluxes between the EMS and WMS through the Strait of Sicily, are computed from 

the nutrient concentrations in the source reservoir and the corresponding water flow to the receiving water 

body (Chapter 4).  Final model values for the internal nutrient fluxes (Table E.10) and corresponding rate 

parameters (k) are obtained by spinning the model up to steady state.  

A global model sensitivity analysis is carried out with a fractional factorial design analysis (Box et al., 

1978; Appendix A) of the coupled WMS-EMS model.  Four model responses are tested (WMS and EMS 

primary productivity, and WMS and EMS NO3:PO4 DW ratio) using three sets of parameters: water cycle 

(214-4 fractional factorial design), internal fluxes (244-34 fractional factorial design) and external fluxes. For 

the latter, a 228-18 factorial design analysis is used to assess the sensitivity of primary productivity, while, 

due to the high number of variables, the responses of NO3:PO4 DW ratios were investigated separately for 

the WMS and EMS variables.  Model parameters within each set are varied by ± 10%.  Thus, for 

example, when internal parameters are varied, external and water cycle parameters remain constant. 

Results are plotted on effect versus probability graphs.  Because higher order effects only have negligible 

effects on the model dynamics (Appendix A), only first and second order interactions are plotted. Results 

that deviate from the vertical axis through the origin imply that the model response is sensitive to the 

corresponding parameter. 
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Figure 5.2: Factorial design analysis: panels show the sensitivity of two model outcomes, primary productivity (panels A-F) and the DW NO3:PO4 

ratio (panels G-L), in the WMS and EMS to various sets of model variables associated with the MS water cycle (upper row panels), external P and 

N sources (middle row panels) and processes occurring within the MS (lower row panels). See text for details.
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The sensitivity analyses indicate that primary productivity in both the WMS and EMS is particularly 

sensitive to inflow of PO4 and DOP from the Atlantic Ocean, plus atmospheric deposition of PO4 in the 

respective basins (Figure 5.2 A-D).  Primary productivity in both WMS and EMS is also sensitive to the 

solubilization of POP and subsequent mineralization of DOP within the SW, highlighting the role of 

heterotrophic processes in recycling P, as well as to other internal cycling processes such as P 

assimilation, sinking of POP out of the SW, and, in the EMS, turbulent mixing (Figure 5.2 

E).  Interestingly, primary productivity in the EMS is sensitive to processes in the WMSW that are 

involved in the recycling of P and the fluxes of P into and out of WMSW (Figure 5.2 F).  

The WMDW NO3:PO4 ratio is most sensitive to the inflow of PO4 and DON from the Atlantic Ocean, 

together with atmospheric DON deposition in the EMS (Figure 5.2 G, I and K). For EMDW, the NO3:PO4 

ratio is more sensitive to processes that alter the N:P of the water entering the DW rather than processes 

taking place in the EMDW reservoir itself (Figure 5.2 H, J and L). Furthermore, the EMDW NO3:PO4 

ratio is more sensitive to processes taking place in the WMS, such as sinking of POP out of WMSW, 

solubilization of POP and PON in the WMSW, or dissolved P and N entering the WMS through the Strait 

of Gibraltar, than to any process occurring in the EMS.  For example, increasing the WMSW 

solubilization flux of PON by 10% results in a 7% increase in the EMDW NO3:PO4 ratio (Table E.12).  In 

comparison, a 10% change in the EMSW or EMDW PON solubilization flux only changes the EMDW 

NO3:PO4 ratio by 0.1 and 1.5%, respectively.  Overall, the sensitivity analyses also suggest that the 

EMDW NO3:PO4 ratio is more sensitive to change than the WMDW NO3:PO4 ratio. 

When the model is run with a NO3:PO4 uptake ratio of 23:1 during SW assimilation (see section 5.3.2), it 

is possible to reproduce the same water column distributions of P and N concentrations in the WMS and 

EMS than with the 16:1 uptake ratio, if the rate constants (k) describing the recycling of PON in the SW 

(i.e., solubilization, mineralization and nitrification) are increased by about 40%. In other words, 

variations in the photosynthetic NO3:PO4 uptake ratio can be compensated by adjusting the recycling 

efficiency of PON in the SW reservoirs accordingly. However, the trends in DW NO3:PO4 ratios and the 

conclusions regarding the recycling of P and N within the two basins remain unchanged, and are thus 

robust model results.  

5.4 Results and discussion   

The mass balance model we have developed integrates the state of knowledge about the biogeochemical 

cycling of P and N in the MS. The coupled WMS-EMS model represents the nutrient elements’ external 

sources, biogeochemical transformations, physical redistribution within and between the two basins, and 

ultimate sinks. Here, we analyze the features of the modeled P and N cycles before the large increases in 
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anthropogenic nutrient inputs that took place during the second half of the 20th century. The steady state P 

and N model fluxes in 1950 thus provide the quantitative basis for interpreting some of the characteristic 

and unusual biogeochemical properties of the MS prior to their large-scale perturbation by human 

activity. The changes in the P and N cycles that occurred since 1950 are the topic of Chapter 6. It is 

important to recognize the limitations of the model. In particular, the simple physical and biogeochemical 

structure of the model does not account for lateral variations in nutrient distributions and process rates in 

the WMS and EMS, nor does it resolve sub-annual features of the P and N cycles. Instead, the model aims 

to reproduce the basin-wide, yearly averaged fluxes and transformations of the nutrients. 

5.4.1 External phosphorus and nitrogen inputs to the MS 

Because it is nearly entirely surrounded by land, one might expect terrestrial sources to dominate the 

inputs of reactive P and N to the MS. However, according to our estimations, the main source of P and N 

to the MS is inflow of ASW through the Strait of Gibraltar, which provides 79% of reactive P and 56% of 

reactive N inputs to the entire MS (Figure 5.3; Table 5.2). The aggregated supplies of non-marine reactive 

P and N, that is, the combined inputs from atmospheric deposition, rivers, SGD, direct wastewater 

discharges, N2 fixation, and additional reactive P and N from the NWM and the Adriatic and Aegean 

Seas, are similar for the WMS and EMS when normalized per unit surface area:  approximately 0.001 mol 

P m-2 yr-1 and 0.06 mol N m-2 yr-1.  By contrast, the inputs of marine sourced reactive P and N are four to 

five times greater for the WMS than the EMS. The combined inputs of ASW and EMIW entering the 

WMS through the Straits of Gibraltar and Sicily amount to 0.015 mol P m-2 yr-1 and 0.4 mol N m-2 yr-1, 

while only 0.003 mol P m-2 yr-1 and 0.1 mol N m-2 yr-1 enter the EMS with inflow of WMSW through the 

Strait of Sicily (Figure 5.3).  

The estimated external nutrient inputs therefore reveal a key difference between the WMS and EMS. For 

the WMS, non-marine reactive P and N fluxes are added to a relatively enriched background of reactive P 

and N that originate from the North Atlantic and EMIW. In contrast, for the EMS, the comparable non-

marine reactive P and reactive N inputs are added to inflow of WMSW through the Strait of Sicily that is 

severely depleted in reactive P and reactive N as observed by Ribera d'Alcala et al. (2009), Karafistan et 

al. (2002)and Denis-Karafistan et al. (1998). 

5.4.2 Primary production and new production   

The significantly higher marine-derived reactive P input to the WMS, compared to the EMS, largely 

explains the difference in primary productivity between the two basins. (Note: here we focus on reactive 

P inputs, as the model assumes that the yearly averaged primary productivity of the WMS and EMS is P 

limited.)  The total reactive P input to the WMS is 3.9 times greater per m2 than for the EMS (Table 5.2),  
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Figure 5.3: Speciation of A) phosphorus and B) nitrogen in the inputs to and outputs from the MS in the year 1950. Numbers at top and bottom of 

the columns represent total fluxes in 109 mol yr-1. Horizontal arrows indicate direction of flow of water through the Strait of Gibraltar and the 

Strait of Sicily; vertical arrows indicate input (positive numbers) and output (negative numbers) of P and N for the WMS and EMS (excluding the 

exchanges through the straits). The removal of POP or PON in the WMS and EMS is due to burial in sediments; removal of NO3 corresponds to 

denitrification. Inset figures represent the contributions of different external inputs to the WMS and EMS (excluding flows through the straits). See 

Table 5.2 for numerical values. 
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while primary production is 2.6 times greater in the WMS (148 versus 56 g C m-2 yr-1 in the WMS and 

EMS, respectively). If only external inputs to SW are considered (i.e., excluding internal inputs associated 

with upwelling and turbulent mixing), WMSW receives 2.5 times more reactive P per m2 than EMSW 

(0.01 vs 0.004 mol P m-2 yr-1).  

In addition to the large difference in external reactive P inputs, the two basins diverge in their 

thermohaline circulation (Figure 5.1). In the WMS upwelling (from WMIW to WMSW) brings additional 

dissolved reactive P (and N) into the photic zone. In contrast, the thermohaline circulation of the EMS is 

dominated by downwelling (from EMSW to EMIW), which removes dissolved nutrients from the surface 

waters. The dissolved reactive P (and N) accumulating in EMIW is largely exported through the Strait of 

Sicily to the WMS. In the EMS, turbulent mixing is the only internal transport process providing 

additional reactive P to the photic zone. As a result, the WMS and EMS not only differ in their primary 

production, but also in their new production.  

Here, new production is defined as the portion of yearly primary production that is supported by sources 

of dissolved reactive P supplied from outside the SW reservoir. We assume that all recycled production 

from the solubilization of POP in SW is regenerated, and that the difference between DOP mineralization 

and POP solubilization is the new production supported by DOP (see Figure 5.1 for model 

schematic).  Overall, 39% of new production in the WMS is sustained by dissolved reactive P delivered 

with the inflow of ASW and 45% by upwelling of WMIW (Figure 5.4).  In comparison, in the EMS 37% 

of new production is supported by inflow of WMSW and 48% by turbulent mixing (Figure 5.4). Thus, in 

both basins large fractions of new production are due to the lateral transfer of (marine) nutrients via 

surface flow through the Straits of Gibraltar and Sicily. The new production estimates further suggest that 

26% and 37% of DOP supplied to WMSW and EMSW, respectively, are remineralized and potentially 

used for autotrophic assimilation. This is a significant finding, given that the dissolved organic pools of 

the P and N are usually not considered to be important sources of new production in marine systems. 

The MS is therefore unusual not only because of the important role lateral flows play in supplying P (and 

N) to the photic zone, but also because of the large fractions of new production that are supported by DOP 

(and DON).  Appendix A previously proposed that DOP constitutes a major fraction (about 60%) of 

reactive P entering the EMS from the WMS, and that it contributes a substantial portion of new 

production in the EMS. Similarly, inflow of ASW through the Strait of Gibraltar comprises a large 

fraction of reactive P in the form of DOP (47%) (Figure 5.3 A; Table 5.2). However, not all DOP entering 

the WMSW and EMSW is used for new production, but instead gets removed by downwelling and lateral 

outflow. In fact, our calculations imply that 74 and 63% of DOP entering the WMSW and EMSW, 
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Figure 5.4: Source attribution of new production in the WMS and EMS. Error bars represent the uncertainty of individual source contributions for 

a total new production of 10.6x109 mol P yr-1 in the WMS and 5.8x109 mol P yr-1 in the EMS. 
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respectively, leave the SW reservoirs without contributing to export production. It is likely that the latter 

DOP is mainly refractory, given that both the WMS and especially the EMS exhibit high levels of 

alkaline phosphatase activity (Zaccone et al., 2012; see also section 5.4.4). 

The importance of the lateral supply of nutrients in the MS, particularly as DOP and DON, bears a strong 

resemblance to the recent hypothesis developed by Letscher et al. (2016). These authors propose that 

lateral advection is a major source of nutrients supporting new production in subtropical oceanic gyres, in 

addition to vertical mixing. They estimate that lateral supplies of P and N support 44-67% and 24-36% of 

new production in subtropical gyres, respectively, with the lateral supply of DOP and DON contributing 

22-46% and 12-19% of export production, respectively.  That the MS behaves similarly to the open ocean 

gyres with respect to lateral nutrient supply may at first seem surprising given that it is an almost entirely 

landlocked marine basin. The reason stems from the anti-estuarine circulation, which drives the large 

lateral inflow of ASW, and its associated nutrient load, into the MS.  

The model-derived new production equals 10.6x109 mol P yr-1 in the WMS and 5.8x109 mol P yr-1 in the 

EMS.  In comparison, total primary production, expressed as P assimilation in the SW, equals 95x109 mol 

P yr-1 in the WMS and 59x109 mol yr-1 in the EMS. Thus, recycled production through organic matter 

breakdown by far exceeds new production in both WMSW and EMSW, accounting for 89-90% of 

primary production.  The resulting f ratio, that is, the ratio of new production to primary production 

(Eppley and Peterson, 1979), is slightly lower in the EMS (0.10) than WMS (0.11).  The low f ratios for 

both WMS and EMS are typical of oligotrophic marine water bodies; they are similar to other values 

reported for the MS (Béthoux, 1989; Béthoux et al., 1998; Diaz and Raimbault, 2000; Kouvarakis et al., 

2001; L'Helguen et al., 2002), the Sargasso Sea (Mongin et al., 2003), and the Equatorial Pacific 

(McCarthy et al., 1996).   

5.4.3 Why is the MS oligotrophic?  

The dominance of ASW as a source of reactive P and N to the MS may seem at odds with the commonly 

held view that the oligotrophy of the MS is due to the anti-estuarine circulation, which brings in nutrient 

depleted surface water into the WMS (EMS) through the Strait of Gibraltar (Strait of Sicily) and returns 

nutrient enriched water from deeper reservoirs. This view, however, only focuses on the inorganic forms 

of dissolved P and N.  In fact, according to our estimates, the dissolved reactive P flux associated with 

outflow of WMIW and WMDW through the Strait of Gibraltar is only 10% larger than the dissolved 

reactive P flux entering the WMS with ASW (Figure 5.3 A; Table 5.2).  The key difference, however, is 

the chemical speciation of the dissolved P: 47% of the ASW P inflow is under the form of DOP compared 
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to only 11% in the outflow (Figure 5.3 A; Table 5.2). Thus, 88% more PO4 exits the MS through the 

Strait of Gibraltar than enters at the surface.  A similar speciation switch happens at the Strait of Sicily. 

While the dissolved reactive P flux leaving the EMS is only 14% greater than the dissolved reactive P 

flux entering the EMS, PO4 represents 72% of the EMIW outflow compared to 40% in the WMSW inflow 

(Figure 5.3 A; Table 5.2). In other words, for both the WMS and EMS the anti-estuarine circulation 

exports more readily bioavailable P (i.e., PO4) than it imports. 

In comparison, significantly more dissolved reactive N leaves the MS through the Strait of Gibraltar than 

enters from the Atlantic (Figure 5.3 B; Table 5.2), reflecting a higher influence of land-derived inputs for 

reactive N than for P.  The flux of dissolved reactive N leaving the MS through the Strait of Gibraltar is 

47% larger than the flux entering as ASW, and contains more than four times greater NO3 mass. 

Similarly, at the Strait of Sicily 42% more N exits the EMS as IW than enters as SW, with three times 

more NO3 leaving the EMS than flowing in.     

5.4.4 The MS as a net heterotrophic system  

Heterotrophy of the MS is a consequence of the anti-estuarine circulation combined with the recycling of 

organic matter supplied externally from marine and non-marine sources.  Fluxes of dissolved and 

particulate organic P and N entering the MS exceed those leaving the MS by outflow through the Strait of 

Gibraltar and sediment burial: 4.4 x 109 mol organic P yr-1 and 183 x 109 mol organic N yr-1 enter the MS 

from marine and non-marine sources in comparison to 2.2 x 109 mol organic P yr-1 and 96 x 109 mol 

organic N yr-1 leaving the MS. Based on the differences between DOP and DON inputs and outputs, net 

heterotrophy in the WMS (0.002 mol P m-2 yr-1 and 0.8 mol N m-2 yr-1) exceeds that of the EMS (0.001 

mol P m-2 yr-1 and 0.03 mol m-2 N yr-1). The net heterotrophy of the MS inferred from the model fluxes 

agree with the suggestion of Luna et al. (2012) that the deeper waters of the MS act as “bioreactors” 

converting organic P and N into dissolved inorganic nutrients, hence explaining why bacterial enzymatic 

activities are up to an order of magnitude greater in the MS than in the global ocean.  

Duarte et al. (2013) speculate that the excess organic matter supplied to the MS to fuel heterotrophy 

originates from terrestrial sources, primarily delivered via rivers. Our analysis, however, suggests that 

most of the DOP and DON supplied to the WMS and EMS is from inflow through the Straits of Gibraltar 

and Sicily, with atmospheric deposition representing a secondary source (Table 5.2). In comparison, 

riverine inputs of DOP and DON are fairly minor.  

The concentrations of DOP and DON of IW and DW are similar for the WMS and EMS, or even higher 

in the EMS, despite the higher reactive P and N inputs and higher PO4 and NO3 concentrations of the 

WMS (Moutin and Raimbault, 2002; Pujo-Pay et al., 2011). Integrated across the entire water column 
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 POM recycling 
efficiency (%) 

Residence time 
(years) 

 % inorganic 
portion of inputs 

% inorganic  

 SW IW DW SW IW DW  Total To SW In water 
Column 

Phosphorus         
WMS 89 65 85 1.4 5.1 40  60 54 88 
EMS 90 77 48 2.5 5.4 117  45 45 76 

Nitrogen         
WMS 82 68 88 1.5 5.3 38  40 37 71 
EMS 83 74 50 3.7 6.0 119  34 34 59 

Table 5.3: Key model outputs: recycling efficiencies, residence times, inorganic fractions of total 

reactive P and N inputs, integrated inorganic P and N contents across the entire water column. 

POM = POP or PON. 

 

 

 

 
Figure 5.5:  Comparison of first order rate constants (k values in the model) in WMS and EMS. For any 

given process, a value greater than 1 correspond to a k value in the WMS exceeding that in the EMS, and 

vice versa.  Black bars represent k values for P fluxes; white bars for N fluxes. See Figure 5.1 for the 

definitions of the processes. POM = POP or PON.  
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PO4 and NO3 account for 76% and 59% of dissolved reactive P and N in the EMS, respectively (Appendix 

A), compared to 88% and 71% in the WMS (Table 5.3). The differences in nutrient distributions between 

the two basins can be explained by a faster recycling of DOP and DON to PO4 and NO3 in the DW of the 

WMS compared to the EMS, with the higher reactive P and N inputs into the WMS supporting greater 

bacterial activity in the WMS than the EMS (Luna et al., 2012). In the model, the first order rate 

coefficients (k) describing DW P solubilization and mineralization are 9 and 14 times greater in the WMS 

than EMS, respectively (Figure 5.5).  

The model k-values further suggest that the particulate and dissolved organic P and N in the EMS are less 

labile than their counterparts in the WMS, especially in the DW reservoirs. This is consistent with the 

higher cell specific alkaline phosphatase activities measured in EMDW compared to WMDW (Zaccone et 

al., 2012), which imply greater efforts by the EMS microbial community to access the less available POP 

and DOP. The longer residence time of EMDW (Figure 5.1) likely results in the accumulation of 

refractory organic matter within the EMDW.  In contrast, Bernoulli suction forces WMDW out into the 

Atlantic Ocean through the Strait of Gibraltar, hence actively removing accumulating refractory DOP and 

DON, whereas a similar mechanism does not operate in the EMS (Rohling et al., 2015). To exit the 

EMDW reservoir, refractory DOP and DON must first be transferred to the EMIW via upwelling before it 

can be transported out of the EMS via the Strait of Sicily.  

5.4.5 N:P ratios: WMS versus EMS  

Unusually high N:P ratios in all water column reservoirs are a defining feature of the EMS (Krom et al., 

2005) and, although somewhat less pronounced, also of the WMS (Pujo-Pay et al., 2011).  While all 

reservoirs exhibit molar N:P ratios in excess of the Redfield ratio of 16:1, it is the NO3:PO4 ratios of the 

DW reservoirs that have received most attention. Measured NO3:PO4 ratios increase from around 20-23:1 

in WMDW to 28:1 in EMDW (Krom et al., 1991; Béthoux et al., 1998; Kress and Herut, 2001; Moutin 

and Raimbault, 2002; Ribera d'Alcalà et al., 2003; Schroeder et al., 2010a; Pujo-Pay et al., 2011). The 

very high EMDW NO3:PO4 ratio has previously been explained by the high N:P ratios of the combined 

external inputs to the EMS, along with negligible denitrification (Krom et al., 2010; Appendix A).  

The molar N:P ratios of all 1950 model reservoirs and fluxes are summarized in Figure 5.6 and Figure 

5.7. Note that even before the large increases in anthropogenic P and N inputs that took place after 1950, 

the reactive N:P ratios of external inputs to the MS exceeded the Redfield ratio. In particular, the soluble 

reactive N:P ratios of atmospheric deposition and SGD are very high: 85-91:1 and 346-381:1, 

respectively (Figure 5.6). The ratio of the total reactive inputs into the WMS (30:1) is distinctly lower 

than for the EMS (37:1) (Figure 5.6), which helps explain the lower NO3:PO4 ratio of WMDW (21:1) 
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Figure 5.6: Reactive N:P ratios of input and output fluxes to A) the WMS and B) the EMS.  DIN:PO4 

ratio of fluxes is within 1 unit of NO3:PO4 ratios unless otherwise stated.  Inset figures show the reactive 

N:P ratios of non marine sources to the MS. Atm = atmospheric deposition; Riv = riverine input; w/w  = 

direct domestic wastewater discharges; SGD = submarine groundwater discharge. 
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Figure 5.7: N:P ratios of reservoirs and internal fluxes in the model. Solid arrows represent water flows 

and the associated N:P ratios are those of the corresponding source reservoirs.  Dashed arrows represent 

all other process fluxes with their associated N:P ratios. Dissolved reactive N:P ratios are given (N:P), 

together with the ratios of individual species.  N:P ratios of fluxes entering and exiting WMDW and 

EMDW (bottom of figure) correspond to external sources and sinks to the DW.  
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compared to EMDW (28:1) (Figure 5.7). According to the DW NO3:PO4 sensitivity analyses (Figure 5.2 

G and I), the lower reactive N:P input ratio of the WMS is largely due to the low N:P ratio of the 

incoming ASW, which represents the main source of reactive P and N to the MS (see also Lazzari et al. 

(2016).  

The ASW flowing into the WMS is depleted in nitrate, with an estimated NO3:PO4 ratio of only 10:1. Its 

dissolved reactive N:P ratio, however, is 21:1, because of the relatively high DON concentration (Figure 

5.3 and Figure 5.6).  The high N:P of other external inputs to the WMS, causes WMSW entering the EMS 

through the Strait of Sicily to be more P depleted, relative to N, than ASW entering through the Strait of 

Gibraltar. Our estimates yield a dissolved reactive N:P ratio of 30:1 for the SW flowing into the EMS 

from the WMS (Figure 5.6). Thus, the exchanges between the two basins of the MS are a key reason for 

the more extensive P limitation of the EMS, compared to the WMS.  In addition, the greater recycling of 

DOP relative to DON in WMDW contributes to the lower NO3:PO4 ratio in the WMDW than EMDW 

(Figure 5.6 and 5.7).  

Overall, the results summarized in Figure 5.6 align with the conclusions of Krom et al. (2010) and 

Appendix A which proposed that the NO3:PO4 ratio in EMDW is a consequence of a very low 

denitrification rate in the EMS (0.002 mol N m-2 yr-1 or 2.4 x 109 mol N yr-1), which preserves the 

signature of the high N:P ratios of the external nutrient sources and the preferential recycling of P 

compared to N. In the EMS, field measurements further reveal an insignificant role of N2 fixation in 

controlling water column NO3:PO4 ratios (Ibello et al., 2010b; Bonnet et al., 2011; Rahav et al., 2013). 

Nitrogen fixation is therefore not considered in the EMS nutrient model.  

Measurable N2 fixation rates have been reported for the WMS, however (Garcia et al., 2006; Sandroni et 

al., 2007; Ibello et al., 2010b; Bonnet et al., 2011). While N2 fixation could potentially help explain the 

relatively high NO3:PO4 ratio of WMDW, as previously proposed, our results suggest this is not the case, 

because the estimated N2 fixation (12.1x109 mol N yr-1; Table 5.2, Figure 5.3) is more than offset by the 

higher denitrification rate of the WMS (18x109 mol N yr-1 or 0.02 mol N m-2 yr-1).  The potential role of 

N2 fixation and denitrification in controlling the WMDW NO3:PO4 ratio is also assessed by running the 

1950 WMS-EMS model with no N2 fixation and denitrification. Resulting DW NO3:PO4 ratios of 23.2 

and 29.2 in the WMDW and EMDW, respectively, indicate that denitrification and N2 fixation have 

minimal impacts on the unusual NO3:PO4 ratios within the MS, which is also in line with the sensitivity 

analyses (section 5.3.8 and Figure 5.5). We therefore conclude that, similarly to the EMS, the high 

NO3:PO4 ratio of the WMDW is also due to the high N:P ratio of the external non-marine nutrient sources 

and low denitrification rates in line with the trends presented by Huertas et al. (2012). 
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Figure 5.8: Response of the NO3:PO4 ratio in A) WMDW and B) EMDW after removing the stated individual input from the 1950 baseline 

simulation and running the model to its new steady state. Solid line represents the 1950 DW NO3:PO4 ratio, dashed line represents the Redfield 

ratio of 16:1. SGD = submarine ground water discharge; ASW = Atlantic Surface Water input through the Strait of Gibraltar.  
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The relative impacts of the various external inputs on the NO3:PO4 ratios of WMDW and EMDW are 

illustrated in Figure 5.8, which shows the model-predicted ratios upon removing one nutrient source at the 

time. A key observation is that when atmospheric deposition is excluded, the new steady state NO3:PO4 

ratios of the WMS (16:1) and EMS (18:1) drop down to values close to the Redfield value. For the EMS, 

this is in agreement with Christodoulaki et al. (2013) who predict that if there were no atmospheric inputs 

to the EMS, the NO3:PO4 ratio of EMDW would approach the Redfield ratio. The relative supplies of P 

and N by atmospheric deposition are thus a major driver of the unusually high NO3:PO4 ratios that 

characterize the MS. The results in Figure 5.8 further indicate that riverine inputs, direct wastewater 

discharges and SGD have little impact on the DW NO3:PO4 ratios. However, in the absence of ASW 

inflow through the Strait of Gibraltar the NO3:PO4 ratios increase to 48 in the WMDW and 56 in the 

EMDW, confirming the important role of ASW inflow in buffering against even higher than observed 

DW NO3:PO4 ratios. Interestingly, the impact of ASW inflow through the Strait of Gibraltar on the DW 

NO3:PO4 ratios is greater for the EMS than the WMS.  

Finally, the model results also demonstrate the importance of the low rates of denitrification in the MS 

compared to the global ocean (Tyrrell, 1999). To bring the DW NO3:PO4 ratios down to the Redfield 

value of 16:1, the denitrification flux in the WMS would need to increase to 0.05 mol N m-2 yr-1 (i.e., 2.2 

times greater than the 1950 flux) and in the EMS to 0.01 mol N m-2 yr-1 (i.e., 8 times greater than the 1950 

flux). These values are comparable to rates in denitrification found in the global ocean (0.04-0.10 mol N 

m-2 yr-1; Codispoti, 2007; DeVries et al., 2012). In other words, if the MS supported rates of 

denitrification similar to those generally observed in marine systems its NO3:PO4 ratios would fall on the 

global oceanic trend of 16:1.   

5.5 Conclusions 

The distinctive biogeochemical signatures of the MS are interpreted with the help of a mass balance 

model of the cycles of P and N. The model provides estimates of all the inputs of P and N to the MS in 

the mid-20th century, including those associated with the inflow of ASW through the Strait of Gibraltar 

and, for the first time, SGD and direct domestic wastewater discharges from coastal cities. It further 

accounts for the transformations among the different pools of P and N, vertical exchanges, including 

deep-water formation, upwelling and turbulent mixing, and lateral exchanges through the Straits of 

Gibraltar and Sicily.      

The estimated model fluxes highlight the major role of the bidirectional flows through the Straits of 

Gibraltar and Sicily, which transport both dissolved inorganic and organic P and N in and out of the 

WMS and EMS. They further emphasize the importance of the cycling of organic P and organic N in the 
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biogeochemical functioning of the MS. Inflow of ASW represents the main source of reactive P and N to 

the WMS, providing up to 60% of the total inputs, of which around half or more are in the form of DOP 

and DON. Similarly, inflow of SW from the WMS through the Strait of Sicily is the major source of 

reactive P and N to the EMS, providing up to 75% of the nutrient inputs. Primary productivity in the 

WMS is higher than in the EMS because the total inputs of marine-derived reactive P and N per unit 

surface area are three to four times higher for the WMS than the EMS.  The surface-normalized non-

marine (or land-derived) inputs of reactive P and N to the WMS and EMS, however, are of comparable 

magnitudes.    

Inflow of ASW through the Strait of Gibraltar plus upwelling from WMIW to WMSW support 

approximately 84% of new production in the WMS, consistent with the sensitivity analyses that indicate 

that primary productivity in the WMS is most sensitive to the inflow of ASW. In the EMS, the 

thermohaline circulation is dominated by downwelling resulting in 48% of new production supported by 

turbulent mixing from EMIW with an additional 37% sustained by the inflow of WMSW through the 

Strait of Sicily. The supply of DOP is an important source of new production, with 26% and 37% of the 

DOP supplied to WMSW and EMSW, respectively, remineralized and potentially used for new 

production.  The sensitivity analyses highlight the strong coupling of primary production in the EMS to 

processes occurring in the WMSW. In particular, uptake of PO4 in the WMSW greatly reduces the 

proportion of PO4 in the flux of dissolved reactive P supplied by the WMS to the EMS via the Strait of 

Sicily. Overall, the larger input of reactive P to the WMS explains the higher primary productivity in the 

WMS, which in turn supports greater bacterial activity and nutrient recycling in the WMS compared to 

the EMS. As a consequence, PO4 and NO3 concentrations are higher in the WMS than EMS, while DOP 

and DON concentrations are similar.   

The MS acts as a bioreactor of organic nutrient cycling. In addition to the net delivery of DOP and DON 

from external sources, PO4 and NO3 are converted into organic matter in the SW. Downwelling transfers 

DOP and DON to the deeper layers, where mineralization turn DOP, and to a lesser extent DON, into PO4 

and NO3. The latter accumulate in the IW and DW and are exported through the Strait of Sicily and, 

ultimately, through the Strait of Gibraltar to the Atlantic Ocean. The anti-estuarine circulation thus not 

only maintains the MS in an oligotrophic state, but also explains its net heterotrophy.  

Lateral fluxes through the Straits of Gibraltar and Sicily and recycling of organic nutrients play important 

roles in determining the NO3:PO4 ratios of the WMDW and EMDW. Our results imply that the lower 

NO3:PO4 ratio of WMDW than EMDW is caused by the lower reactive N:P ratio of inputs into the WMS 

than EMS. The latter reflects the low NO3:PO4 ratio of ASW entering the WMS, together with faster 
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recycling of DOP than DON within the WMDW. The high NO3:PO4 ratio of the entire MS is largely due 

to the high reactive N:P ratio of atmospheric deposition: without this input the WMDW and EMDW 

NO3:PO4 ratios would approach the Redfield value. Processes that regulate the NO3:PO4 ratio in the 

global ocean, in particular the balance between N2 fixation and denitrification, are relatively unimportant 

in the MS. Finally, our analysis shows that the EMDW NO3:PO4 ratio is more sensitive than that of the 

WMDW ratio to changes of the internal and external models parameters. Thus, changes in the EMDW 

NO3:PO4 ratio could be a more sensitive indicator of changes in anthropogenic nutrient inputs than the 

changes in the WMDW ratio.  

The coupled WMS-EMS model offers a simplified representation of the biogeochemical cycles of P and 

N, ignoring mesoscale variability and seasonality. However, it helps identify the basin-scale 

biogeochemical and oceanographic processes that control P and N cycling in the MS on annual to decadal 

timescales. It also allows us to develop specific hypotheses that can guide the design of further studies on 

the MS. Based on the work presented here, we suggest that future research should concentrate on 

improving the quantification of the inputs, distributions, lability and recycling of organic P and N across 

the MS. We strongly recommend the acquisition of internally comparable, multi-nutrient data in both the 

WMS and EMS. Particular attention should be given to the lateral fluxes of organic and inorganic P and 

N through the Straits of Gibraltar and Sicily, and the role of atmospheric deposition in the P and N cycles 

of the MS. 
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6.1 Summary 

Human activities have significantly modified the inputs of land-derived phosphorus (P) and nitrogen (N) 

to the Mediterranean Sea (MS). Here, we reconstruct the external inputs of reactive P and N to the 

Western Mediterranean Sea (WMS) and Eastern Mediterranean Sea (EMS) over the period 1950-2030. 

We estimate that during this period the anthropogenic land derived P and N loads have increased by a 

factor of 3 and 2 to the WMS and EMS respectively with reactive P inputs peaking in the 1980s, while 

reactive N inputs continuously increase from 1950 to 2030. The temporal variations in reactive P and N 

inputs are imposed to a coupled P and N mass balance model of the MS to simulate the accompanying 

changes in water column nutrient distributions with time. The key question we address is whether these 

changes are large enough to be distinguishable from variations caused by confounding factors, 

specifically the relatively large inter-annual variability in thermohaline circulation (THC) of the MS. Our 

analysis indicates that the magnitudes of changes in reactive P concentrations due to changes in 

anthropogenic inputs are relatively small and likely difficult to be detected because of the noise created by 

the natural circulation variability. Anthropogenic N enrichment should be more readily detectable in time 

series concentration data for dissolved organic N (DON) after the 1970s, and for nitrate (NO3) after the 

1990s. The concentrations of DON in the EMS are predicted to exhibit the largest anthropogenic 

enrichment signature. Temporal variations in annual primary production in the period 1950-2050 are 

dominated by variations in deep-water formation, followed by changes in riverine P inputs for the WMS, 

and atmospheric P deposition for the EMS. The detection of anthropogenic nutrient concentration trends 

in the MS is difficult due to the unique nature of the MS. The Atlantic Ocean is the largest nutrient source 

to the MS, diluting the anthropogenic nutrient signature. In addition the anti-estuarine circulation removes 

at least 45% of the anthropogenic nutrients inputs to each sea by 2030 while variations in intermediate 

and deep water formation rates complicate the interpretation of temporal changes in reactive P and N 

water column concentrations. 
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6.2 Introduction 

Anthropogenic emissions of phosphorus (P) and nitrogen (N) have rapidly increased worldwide since the 

industrial revolution (Cordell et al., 2011; Mackenzie et al., 2011; Galloway, 2014), causing widespread 

changes in the structure, functioning and health of aquatic ecosystems.  Anthropogenic inputs of reactive 

N to the environment risen roughly nine-fold since 1860, with a large exponential increase since 1950 

(Galloway, 2014).  The resulting N load to the oceans has approximately doubled (Galloway, 2014), 

while P fluxes to the global ocean are 1.5 to three times higher than estimates for pre-anthropogenic times 

(Follmi, 1996; Paytan and McLaughlin, 2007; Ruttenberg, 2014). Impacts are particularly severe in semi-

enclosed seas such as the Baltic and Black Seas where primary production increased by factors of four to 

six in recent decades (Gustafsson et al., 2012; Mikaelyan et al., 2013). 

Given its large, and growing, coastal population, and the ongoing agricultural and industrial 

intensification (UNEP/MAP, 2012; Micheli et al., 2013), one may expect widespread evidence of nutrient 

enrichment in the semi-enclosed Mediterranean Sea (MS). For comparison, land-derived inputs of N and 

P to the Eastern Mediterranean Sea (EMS) per unit surface area are similar to those entering the Baltic 

Sea (Appendix A). However, despite the high anthropogenic inputs, the MS shows little evidence of 

increased eutrophication, with the exception of nearshore areas such as the northern Adriatic Sea, the Gulf 

of Lions, and the Nile delta region (Karydis and Kitsiou, 2012). The anti-estuarine circulation of the MS 

and the resulting lateral export of nutrient P and N, ultimately to the North Atlantic Ocean, are usually 

invoked to explain why the MS remains in its oligotrophic state (Crispi et al., 2001; Krom et al., 2010).  

The intermediate (IW) and deep (DW) waters of the Western Mediterranean Sea (WMS) and EMS have 

relatively short residence times (7-150 years; Roether and Schlitzer, 1991; Béthoux and Gentili, 1996; 

Stratford et al., 1998; Roether and Well, 2001; Chapter 4). Hence, the dissolved P and N concentrations of 

these reservoirs could potentially record anthropogenic nutrient enrichment on a decadal time scale. 

However, although DW temperature and salinity data for the WMS have been systematically increasing 

since the early 20th century (0.3-5x10-3 oC yr-1 and 0.6-2.2 x10-3 PSU yr-1; Marty and Chiaverini, 2010 and 

references therein), the temporal trends of dissolved nutrient concentrations in the IW and DW of the MS 

are associated with far more uncertainty (Béthoux et al., 1998; Denis-Karafistan et al., 1998; Karafistan et 

al., 2002). For example, Pasqueron de Fommervault et al. (2015) recently reported evidence for 

increasing dissolved nitrate (NO3) concentrations at the DYFAMED site, a permanent mooring station 

located in the Ligurian Sea, between 1990 and 2010, but at the same time they found that the dissolved 

phosphate (PO4) concentrations were decreasing. 
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One major difficulty in interpreting temporal trends in water column P and N concentrations is the natural 

variability of the thermohaline circulation (THC). A well-known example is the Eastern Mediterranean 

Transient (EMT), when deep water (DW) supply from the Aegean Sea rose markedly above background 

values for a period of about ten years (Roether et al., 2007). The changes in properties of intermediate 

water (IW) entering the Western Mediterranean Sea (WMS) from the EMS through the Strait of Sicily 

subsequently led to changes in DW formation within the WMS, termed the Western Mediterranean 

Transition, or WMT (Schroeder et al., 2006). The average DW formation rate in the WMS during the 

WMT was several times higher than in pre-WMT times (Chapter 4).  

In recent years, a bimodal oscillation system (BiOS) has been observed in the northern Ionian Sea and the 

southern Adriatic Sea whereby the North Ionian Gyre switches from anticyclonic to cyclonic on a decadal 

time scale (Gačić et al., 2010). The BiOS profoundly changes the physical and chemical properties of 

water masses in the southern Adriatic Sea, as well as those of surface water (SW) that just entered the 

EMS through the Strait of Sicily and intermediate water (IW) entering the Levantine Sea from the Ionian 

Sea (Civitarese et al., 2010; Gačić et al., 2010). The BiOS has also been hypothesized to be one of the 

triggers of the EMT (Malanotte-Rizzoli et al., 1999; Pinardi et al., 2015). In addition to these relatively 

long-term variations in circulation regime, the THC of the MS also demonstrates significant inter-annual 

variability (L’Hévéder et al., 2013; Vervatis et al., 2013; Sevault et al., 2014; Pinardi et al., 2015). 

Variations in THC affect the spatial distributions of P and N and can, thus, be a source of variability in 

time series concentrations measured at given locations in the MS. As an example, changes in PO4 and 

NO3 concentrations in Levantine Intermediate Water (LIW) collected off the coast of Israel appear to 

coincide with changes in circulation due to BiOS (Ozer et al., 2016). Ozer et al. (2016) therefore propose 

that the observed changes in the dissolved nutrient concentrations can be explained by variations in 

circulation driven by BIOS. In contrast, Moon et al. (2016) argue that the temporal trends exhibited by the 

concentrations of PO4 and NO3 in intermediate waters (IW) across the whole MS are driven by changes in 

anthropogenic inputs of P and N, mainly from rivers for P and atmospheric deposition for N. These 

opposing views raise the question whether time series P and N concentration data in offshore (or pelagic) 

waters of the MS can yield records of anthropogenic nutrient enrichment, or not.   

The purpose of this study is to evaluate to what extent the trends in dissolved P and N concentrations due 

to changes in the delivery of anthropogenic nutrients to the MS may be masked by the natural variability 

in THC. To that end, we first estimate the external reactive P and N inputs to the WMS and EMS between 

1950 and 2030. Next, we feed these inputs to an existing coupled P and N mass balance model for the MS 

(Chapter 5), while at the same time imposing a time-dependent water circulation regime. For the latter, 
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we consider IW and DW formation rates that either change randomly from year to year, or follow 

historical trajectories reconstructed from literature data. The results are used to assess how sensitive 

temporal trends in dissolved P and N concentrations, N:P ratios and annual primary production in the 

WMS and EMS are to human-driven changes in land-derived nutrient inputs.   

6.3 Methods 

This paper builds on our previous modeling work on the coupled P and N cycling, first in the EMS 

(Chapter 2; Appendix A), and subsequently extended to include the WMS (Chapter 4, Chapter 5). The 

reader is referred to these earlier publications for in-depth presentations of methods, approaches and data 

sources. 

6.3.1 Baseline Model 

The conceptual model framework used in this study (Figure 6.1) is the same as in Chapter 5. The water 

column of the WMS and EMS is divided into three horizontal layers: surface water (WMSW, EMSW), 

intermediate water (WMIW, EMIW) and deep water (WMDW, EMDW).  The WMS and EMS models 

are coupled by the bidirectional water exchanges through the Strait of Sicily. The WMS receives surface 

water inflow from the Atlantic Ocean, while WMIW and WMDW flow back to the Atlantic Ocean. Note 

that the areas of DW formation in the WMS and EMS are excluded from the model domain. For the 

WMS, this area is located in the northwest Mediterranean (NWM); for the EMS DW formation originates 

from the Adriatic and Aegean Seas. The surface areas of the WMS and EMS model domains (i.e., 

excluding the DW formation areas) are then 815x103 and 1336x103 km2, respectively. 

The model considers three reactive P and four reactive N pools in each horizontal water layer: dissolved 

inorganic phosphate (PO4), particulate organic phosphorus (POP), dissolved organic phosphorus (DOP), 

dissolved nitrate plus nitrite (NO3), particular organic nitrogen (PON), dissolved organic nitrogen (DON), 

and dissolved ammonium (NH4).  Annual primary production in both WMS and EMS is assumed to be P 

limited (Chapter 5); the P and N cycles are coupled by the Redfield ratio, that is, P and N are assimilated 

in a 1:16 ratio (Redfield et al., 1963). The total reactive P input to the model domain equals the sum of 

PO4, POP and DOP inputs, plus the fraction of inorganic particulate phosphorus (PIP) input that becomes 

soluble after entering the MS (Appendix A). The total reactive N input is the sum of NO3, PON, DON and 

NH4 inputs.  

Fluxes of the various reactive P and N species between water reservoirs are calculated by multiplying the 

corresponding water flows with the species concentrations in the source reservoirs. The turbulent mixing 

fluxes are the exception. These fluxes are computed by multiplying the difference in concentration
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Figure 6.1:  Conceptual model framework. A) Circulation structure and general model setup: Black 

arrows in main model represent water fluxes; grey dashed arrows turbulent mixing fluxes.  Residence 

time represents the water residence time for each box.  B) Nutrient model: assimilation of P and N only 

occur in the SW module and denitrification in the deep water module (grey dashed arrows). 
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between receiving and source reservoirs with an exchange coefficient, where the latter is related to the 

turbulent diffusion coefficient (Appendix A).  During the simulations, the concentrations of the various P 

and N species in the water reservoirs change from year to year. The nutrient fluxes within the MS domain 

may therefore change over time because of changes in concentrations, changes in the water cycle, or both. 

6.3.2 Reactive phosphorus and nitrogen inputs: 1950 to 2030 

The model considers the following sources of reactive P and N to the WMS and EMS: inflows from 

adjacent marine basins, atmospheric deposition, N2 fixation, riverine inputs, submarine groundwater 

discharge (SGD), and direct domestic wastewater discharges. Chapter 5 estimated the magnitudes of these 

inputs in 1950, that is, before the large increases in anthropogenic N and P emissions that occurred in 

subsequent decades. These estimates indicate that the inflow of Atlantic Surface Water (ASW) via the 

Strait of Gibraltar represents the largest input of reactive P and N to the MS. Because our focus is on the 

detection of anthropogenic signatures in temporal trends of P and N concentrations within the MS, the 

supply fluxes of reactive P and N associated with ASW inflow are assumed to remain constant over the 

period 1950-2030. Thus, all the variations in reactive P and N inputs to the MS since 1950 imposed in the 

model calculations are assumed to be of anthropogenic origin.  

Anthropogenic forcing functions for the individual reactive N and P inputs to the WMS and EMS from 

1950 to 2030 are derived following Chapter 2.  The values of the reactive P and N inputs in 1950 of 

Chapter 5 are used as baseline values. For each input, the forcing function then provides for any given 

year during the 1950-2030 period the change in input flux relative to that in 1950. Thus, a forcing 

function value of 1.2 in 1994 means the corresponding annual input in 1994 is 20% larger than in 1950. 

Chapter 2 provides a detailed account on the forcing functions for anthropogenic P and N inputs to the 

EMS for the period 1950-2000. Table 6.1 summarizes how forcing functions for both WMS and EMS and 

for the entire 1950-2030 period were derived; full details are given in Appendix F. Because direct 

measurements that constrain the temporal evolution of reactive P and N inputs to the MS are rather 

limited, relatively large uncertainties are associated with the estimated forcing functions. This is 

particularly true for the 2000-2030 period, where the forcing functions depend on projections of ongoing 

trends of anthropogenic drivers into the future, for example, the growth of coastal populations and 

upgrades to wastewater treatment plants (WWTPs) in the various countries surrounding the MS. 

Therefore, for 2000 to 2030, mean values of the forcing functions are given, as well as ranges based on 

estimated upper and lower limits of the associated anthropogenic drivers.  
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Table 6.1: Summary of methods in calculating 1950 to 2030 anthropogenic forcing functions applied to the model. 

Forcing 
function 

Species Method and data sources 

Atmospheric 
deposition 

PO4 Deposition of leachable PO4 in the WMS and EMS is assumed proportional to changes in acid within atmosphere (Nenes et al., 2011), 
estimated through emissions of NOx and SO4 to the atmosphere in Europe, Africa and the Middle East. For 1950-2000 the forcing 
function is justified in Chapter 2 and references therein. For 2000-2030 data is taken from Lamarque et al. (2013)*.  

 DOP 
and 
DON 

Deposition of organic matter in both WMS and EMS is assumed proportional to the relative change in 1) organic carbon emissions 
from biomass burning in the northern hemisphere over 1950 to 2000 (Chapter 2 and references therein) and 2) anthropogenic global 
organic carbon emissions in 2000 and 2030 (IPCC, 2013)*.  

 NO3 
and 
NH4 

Deposition estimates in both the WMS and EMS are calculated from the relative change in 1) NOx and NH4 deposition in French 
alpine ice core records from 1950 to 2000 (Chapter 2 and references therein) and 2) model predicted dry and wet deposition rates for 
NOx and NH4 from Africa, Europe, and former USSR and Middle East in 2000 and 2030 (Lamarque et al., 2013)*.   

Rivers P and N Ludwig et al. (2009) calculate riverine inputs of P and N to the WMS and EMS for every 5 years between 1963 and 1998 and it is 
assumed that little change occurs in riverine P and N inputs over 1950 to 1963. The relative change in riverine inputs over 2000 to 
2030 are calculated from predictions made using the Millennium Ecosystem Assessment Scenarios (Ludwig et al., 2010)*. The 
speciation of P and N is assumed to stay constant with time. 

Direct 
wastewater 
discharges 

N Wastewater discharges are assumed proportional to relative change in population of each Mediterranean country (FAOSTAT, 2016), 
weighted towards each countries individual wastewater total N input to the MS (Chapter 3). A 5% error is assigned on 2030 
population values to represent maximum and minimum values. 

 P Population, laundry and dishwasher detergent use all influence the wastewater P input with time.  It is thus assumed that the N:P ratio 
of direct discharges of wastewater follows the same trend as that of riverine inputs to the MS.  For the EMS riverine inputs into the 
Levantine Basin over 1950 to 2000 (Ludwig et al., 2009) are ignored due to the different in responses of P and N to the closure of the 
Aswan Dam (Ludwig et al., 2009). 

SGD NO3 and 
NH4 

The change in inorganic N in SGD is assumed to follow that inorganic N fertilizer inputs on land with a 30 year lag time (Chapter 5).   
The forcing function is created using the relative change in total N fertilizer consumption rates Europe for the WMS and rest of the 
world for the EMS between 1920 to 1960 (Erisman et al., 2011) while nitrogenous fertilizer consumption rates per country 
(FAOSTAT, 2015a), weighted to regional GW discharges (Zekster et al., 2007), are used for the period 1960 to 2000. 

 DON The change in DON in SGD is assumed to follow the application of manure on land with a 30 year time lag (Chapter 5).  Manure 
application rates are taken from Europe for the WMS and worldwide for the EMS for 1920 to 1960 (Erisman et al., 2011) and for each 
individual country (FAOSTAT, 2015b) weighted to regional GW discharges (Zekster et al., 2007) for 1960 to 2000. 

 P Assumed constant with time as the 2000 P concentration in SGD is very small suggesting that P from fertilizer input is adsorbed 
within aquifer 

N2 fixation N Assumed constant with time due to lack of evidence on correlation between N2 fixation and nutrient availability (Sandroni et al., 2007; 
Berman-Frank and Rahav, 2012). 

*The mean of model predicted deposition rates are taken for 2030 with maximum and minimum estimates representing range in values predicted.  

A linear relationship is assumed in deposition over 2000 to 2030.  
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The change in the fluxes of P and N provided by DW formation to the DW of the WMS and EMS are 

from changes in the P and N carried in the IW and SW that mix to form the DW and the additional 

nutrients added to the SW at each formation site from rivers and atmospheric deposition.  Here we derive 

forcing functions only for the additional P and N added to each formation site. P and N provided to the 

DW by the mixing or upwelling of SW and IW are automatically accounted for within model simulations 

at each time step.  Riverine fluxes into the Adriatic Sea and Aegean Sea over 1950-2030 are taken from 

Ludwig et al. (2009; 2010).  In addition the change in the flux of DON flux through the Bosphorus Strait 

to the Aegean Sea is assumed to change with reactive N riverine inputs to the Black Sea (Ludwig et al., 

2009; 2010) while it is assumed that the Bosphorus Strait is a negligible source of inorganic N and P to 

the Aegean Sea (Krom et al., 2004). The change in riverine flux is not included in the NWM 

anthropogenic forcing function, as the model area where DW formation is set to occur does not include 

the coastline.  Atmospheric deposition of P and N into the Adriatic Sea, Aegean Sea and NWM is 

assumed to follow the same historical trend of that input into the EMS and WMS.  Combining the inputs 

from rivers, atmospheric deposition, and Bosphorus Straits for the Aegean Sea then creates the forcing 

function for each individual species into each sea. 

6.3.3 Thermohaline circulation (THC) 

This study focuses on the inter-annual variability in the basin wide THC, more specifically, the year-to-

year changes in the rates of IW and DW formation originating from the four main source zones in the 

MS: the NWM for the WMS, and the Rhodes Gyre, Adriatic Sea and Aegean Sea for the EMS.  Four 

different scenarios are considered to illustrate the sensitivity of the P and N distributions to circulation 

(Table 6.2): 1) time-invariant circulation, 2) random fluctuating IW/DW formation rates, 3) reconstructed 

(historical) IW/DW formation rates, and 4) attenuated historical IW/DW formation rates. Each circulation 

scenario is run separately from, and together with, the 1950-2030 reactive P and N inputs (Table 6.2) to 

separate the contributions of circulation versus anthropogenic nutrient enrichment to changes in reactive P 

and N concentrations, primary productivity and N:P ratios. Once the prescribed IW/DW formation flows 

are imposed, the other water fluxes are adjusted to maintain the annual water balance of each reservoir 

included in the model. The total inflow and outflow water fluxes through the Strait of Gibraltar are kept 

constant in all model runs, although the proportions of WMIW and WMDW in the outflow to the Atlantic 

Ocean are allowed to vary over time. Water fluxes between WMSW and WMIW, and WMIW and 

WMDW, also change direction during some of the model simulations.  
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Table 6.2: Summary of model simulations consisting of a circulation scenario and reactive P and N input 

scenario. 

Simulation 1 2 3 4 5 6 7 

Randomized perturbations in circulation (constant mean): 1950-2030        

Constant circulation: 1950-2030        

Predicted historical circulation (Year on year): 1960-2000        

Predicted historical circulation (5 year moving average):1960-2000        

1950 P and N inputs        

1950-2030 P and N inputs        

 

 

 

 

Table 6.3: Deep/intermediate water formation parameters used to initiate random circulation scenarios. 

See text for details. 

Area Mean 
formation 
rate 
(all 
years)* 

Mean 
formation 
events** 

Standard 
deviation 
formation 
events 

% of 
years 
IW/DW 
formation 
occurs 

Probability 
distribution 
function 

Range Reference 

NWM 0.61 1.20 0.68 53 Lognormal 0<x<3.3*** L’Hévéder et 
al. (2013) 

Levantine 1.10 1.10 0.83 100 Normal x-σ<x<σ+x Vervatis et al. 
(2013) 

Adriatic 0.32 0.455 0.25 80 Lognormal 0<x<0.8*** Pinardi et al. 
(2015) 

Aegean 0.04 0.069 0.08 62.5 Lognormal 0<x<0.38*** Vervatis et al. 
(2013) 

*From Chapter 4; ** corrected so mean of all years using the probability distribution functions equals 

mean of formation rate; *** Highest model predicted value from reference. 
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6.3.3.1 Random circulation 1950-2030 (Simulations 1 and 2) 

A random normal or lognormal probability distribution function (PDF) is used to generate yearly IW/DW 

formation rates from each source region between 1950 and 2030 (Table 6.3). The PDF are based on 

observed frequencies of IW/DW formation in the four regions (Table 6.3): DW formation in the NWM 

has been reported to occur in 53% of years over the period 1959-2001 (L’Hévéder et al., 2013), 63% of 

years in the Aegean Sea over the period 1961-2000 (Vervatis et al., 2013), 80% of years in the Adriatic 

Sea over the period 1987-2007 (Pinardi et al., 2015), while EMIW formation (termed LIW in the 

literature) occurs every year (Vervatis et al., 2013).  Mean values and standard deviations of IW/DW 

formation fluxes are assigned using long term model estimates from literature, normalized so that the long 

term mean value of any given IW/DW formation rate equals the steady state values used for the 1950 

water cycle presented in Chapter 4. The corresponding THC parameter values are given in Table 6.3. The 

ranges of variability in P and N concentrations due to random fluctuations in THC are assessed by 

carrying out 500 model runs with randomly selected values of the IW/DW formation rates. Mean, 10th and 

90th percentile concentrations are reported (see below). 

6.3.3.2 Historical circulation 1960-2000 (Simulations 4 and 5) 

Estimates for historical IW/DW formation rates between 1960 and 2000 are taken from yearly modeled 

estimates for the formation of LIW, Aegean DW (Vervatis et al., 2013) and NWM (L’Hévéder et al., 

2013), normalized as in section 2.3.1 so that the long term mean value of any given IW/DW formation 

rate equals the steady state values used for the 1950 water cycle presented in Chapter 4. Due to the lack of 

long term predictions within the literature for DW formation in the Adriatic before 1980, we assume that 

DW formation in the Adriatic follows that of the BiOS matching the DW formation rate with the cycle of 

observed salinity(Civitarese et al., 2010).  The changes in salinity in the Adriatic Sea due to BiOS, alter 

the density of the Adriatic water and therefore deep water formation properties. To model the deep water 

formation as a result of the BiOS we impose a sin wave on the Adriatic water flux (y):  

𝑦𝑦(𝑡𝑡) =  (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(𝜔𝜔𝜔𝜔 + 𝜑𝜑) + 1) .  1950𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝐴𝐴𝐴𝐴𝐴𝐴    (6.1) 

where A = amplitude, ωt= period, φ = phase shift of the sin wave and  1950𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴𝐴𝐴  is the 1950 Adriatic 

water flux (0.32 Sv). A is assigned as 0.98 to represent a total flux of Adriatic deep water into the EMS of 

0.006-0.63 Sv, similar to the range in model predicted Adriatic DW formation rates (Sevault et al., 2014; 

Pinardi et al., 2015).  ω is assigned π/8 to represent a period of 16 years, matching that of observed 

salinity in the south Adriatic Sea while φ of 0.7 is applied so that the greatest (smallest) deep water 

formation rate occurs at the highest (lowest) observed salinity (Civitarese et al., 2010). The resulting sin 

wave applied to the Adriatic DW formation rate is shown in Figure F.2. 
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Figure 6.2: Sources and speciation of reactive phosphorus (A+B) and reactive nitrogen (C+D) inputs into 

the WMS (A+C) and EMS (B+C) between 1950 and 2030.  The changes with time (except through the 

Strait of Sicily) are calculated from forcing functions described in Table 6.1, Table F.1 and Figure F.1.  

Exchanges of dissolved reactive P and N through the Strait of Sicily are taken from model results of 

Simulation 3 (constant circulation). Colours indicate sources of external P and N input to each sea, 

hatchings indicate the chemical speciation of P and N. Pink dashed lines reflect maximum and minimum 

estimates of predicted total inputs between 2000 and 2030 (see text for details).  
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6.3.3.3 Attenuated historical IW/DW formation rates (Simulations 6 and 7) 

Applying immediate changes in the water fluxes across the entire Mediterranean Sea is an admittedly 

unrealistic scenario and is a limitation of the box model set-up that is used in this study. To account for 

attenuation and propagation of water fluxes, a running average of the previous 5 year IW/DW formation 

rates at each formation site across the MS is calculated and applied to the model. Similar to the previous 

circulation scenarios, resulting changes in the water fluxes throughout the rest of the model are 

instantaneously changed to keep a constant water balance.   

6.4 Results 

6.4.1 Reactive phosphorus and nitrogen inputs: 1950-2030 

In the WMS, reactive P inputs from land derived sources increased by a factor of 3 relative to the 1950 

input reaching a peak in the 1980s (Figure F.3). However, the dominance of marine derived inputs in the 

nutrient budgets of the MS, resulted in total reactive P inputs into the WMS increasing by only a 

maximum of 16% between 1950 and 2030. Reactive P inputs increased from 13.4 x 109 mol P yr-1 in 1950 

to a maximum of 15.6 x 109 mol P yr-1 in 1985, largely driven by an increase in riverine PO4 inputs 

(Figure 6.2A). A subsequent decline in reactive P inputs occurred until the year 2008 after which they 

slowly increased again to 14.8 x 109 mol yr-1 in 2030 because of the increasing inputs from riverine and 

wastewater sources from population growth. The relative change in total reactive P inputs over the course 

of 1950-2030 is greater in the EMS than WMS despite a smaller relative increase in land derived 

anthropogenic inputs into the EMS (Figure F.3). A maximum increase of 39% in reactive P inputs within 

the EMS occurred between 1950 and 2030 from 5.6 x 109 mol yr-1 in 1950 to 7.8 x 109 mol yr-1 in 1984, 

mainly as a result of atmospheric deposition, riverine inputs and input into the EMDW from the Adriatic 

Sea (Figure 6.2B). Similar to the WMS, reactive P inputs then decreased until 2000 before increasing by 

0.4 x 109 mol yr-1 between 2000 and 2030. The general increase in reactive P inputs between 2000 and 

2030 is fairly certain with the minimum input estimate between 2000 and 2030 still increasing relative to 

2000 in both seas.  Throughout 1950 to 2030 the dominant source of reactive P to the WMS and EMS are 

from marine-derived sources entering each sea through the Straits of Gibraltar and Sicily, accounting for 

between 85-94% of reactive P inputs into the WMS and 62-77% of reactive P inputs in the EMS.  Hence 

the EMS has a larger portion of its inputs from non-marine sources than the WMS leading to the greater 

predicted change in reactive P inputs between 1950 and 2030 in the EMS than for the WMS. 

In contrast to P, reactive N inputs continually increased between 1950 and 2030 in both the WMS and 

EMS (Figure 6.2 C and D) with land-derived reactive N inputs increasing by a factor of 3 and 2.5 relative 

to the 1950 inputs to the WMS and EMS, respectively. However, the total reactive N input to the WMS, 
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only increased by 51% from 398 x 109 mol yr-1 in 1950 to 599 x 109 mol yr-1 in 2030.  Similar to P, the 

increase is greater in the EMS with reactive N inputs increasing by 85% between 1950 and 2030 from 208 

x 109 mol yr-1 to 412 x 109 mol   yr-1.  The changes in both seas are mainly driven by atmospheric 

deposition and increases in dissolved reactive N transferring between WMS and EMS through the Strait 

of Sicily. Marine inputs of dissolved reactive N entering the WMS and EMS through the Straits of 

Gibraltar and Sicily provide between 79-87% of reactive N inputs into the WMS over 1950 to 2030 and 

48-63% of reactive N inputs to the EMS. N2 fixation, a flux that has been hypothesized to have a 

significant impact of the N:P ratio of the whole MS (Béthoux et al., 1992; Béthoux et al., 2002b), only 

accounts for up to 3% of total inputs between 1950 and 2030 in the WMS.   SGD of dissolved reactive N, 

included for the first time in dynamic nutrient budgets, becomes increasingly important in both seas over 

1950 to 2030 contributing up to 6% of reactive N inputs in 2030 compared to only 1% in 1950. The range 

between the maximum and minimum reactive N inputs between 2000 and 2030 are greater than for 

reactive P inputs. The minimum estimate indicates that reactive N inputs may stabilize in the WMS over 

2000 to 2030 or even decrease after 2015 in the EMS, while the upper estimate suggest that reactive N 

inputs will carry on increasing at an approximate linear rate.   

6.4.2 Changes in dissolved reactive phosphorus and nitrogen concentrations  

6.4.2.1 Noise from inter-annual variability in circulation (Simulations 1 and 2) 

The red shaded areas in Figures 6.3, 6.4 and F.3 illustrate the potential variation in dissolved reactive P 

and N concentrations within the water column to changes in inter-annual variability of the THC 

(Simulation 1).  Here, PO4 and NO3 IW concentrations in both seas generally show the highest absolute 

sensitivity out of all the dissolved reactive P and N reservoirs to variability in circulation. The mean range 

between 10th and 90th percentiles of PO4 concentrations in the WMIW and EMIW is 34 nM (± 6% of 

mean 1950-2030 value) and 10 nM (± 5% of mean 1950-2030 value), respectively, while NO3 

concentrations vary by 0.7μM (± 5% of mean 1950-2030 value) in the WMIW and 0.3 μM (± 6% of mean 

1950-2030 value) in the EMIW. Inorganic P and N concentrations in the WMDW are more sensitive to 

changes in circulation than the EMDW. A variation of 27 nM (± 4% of mean value ) in PO4 and 0.6 μM 

(± 4% of mean 1950-2030 value) in NO3 concentrations in the WMDW compared to only a 3 nM (±1% of 

mean 1950-2030 value) and 0.1μM (±1% of mean 1950-2030 value) variation in PO4 and NO3 

concentrations in the EMDW. In contrast to PO4 and NO3, the highest absolute sensitivity of DOP and 

DON concentrations to changing circulation is predicted in the SW, varying by 16 nM (± 11% of mean 

1950-2030 value) and 0.9 µM (± 16% of mean 1950-2030 value) for DOP and DON, respectively, in the 

WMSW and 6 nM (± 6% of mean 1950-2030 value) and 0.2 µM (± 4% of mean 1950-2030 value) in the
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Figure 6.3: Comparison of potential changes in intermediate and deep water P and N concentrations in the WMS due to inter-annual variability in 
the thermohaline circulation (Simulation 1; red shading and red lines) against those from anthropogenic nutrient enrichment and inter-annual 
variability in circulation (Simulation 2; blue shading and blue lines), and anthropogenic nutrient enrichment alone (Simulation 3; black line).  The 
model was run 500 times randomly changing the circulation. Mean, 10th and 90th percentiles are shown. Dashed line between 2000 and 2030 
represents the range in dissolved P and N concentrations from maximum and minimum estimates of reactive P and N inputs for this time period. 
Note changes in scale of y axis for each species. See text and Table 6.2 for details of model simulations.  Discrepancies between the mean of 
Simulation 2 and Simulation 3 arise from the switching in direction of WMIW to WMSW flux when the flow through the Strait of Sicily is lower 
than 0.53 Sv. 
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Figure 6.4:  Same as Figure 6.3 but for the EMS. 
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EMSW (Figure 6.4).  For Simulation 2, the variability in concentrations due to the inter-annual variability 

in THC (blue shaded area; Figures 6.2 and 6.3) are the same order of magnitude as in Simulation 1. 

6.4.2.2 Anthropogenic nutrient enrichment (Simulations 2 and 3) 

The trends in all SW dissolved reactive P and N reservoirs with time in Simulation 3 reflect that of the P 

and N inputs to the WMS and EMS (Figures 6.2, F.3 and F.4).  Surface water P concentrations increased 

by a maximum of 12% in the WMS and 22% in the EMS in the late 1980s compared to increases in 

reactive P inputs of 16% and 39% in the WMS and EMS respectively (Figure F.5). Thus SW 

concentrations in the WMS respond more proportionally to reactive P inputs than those in the EMS.  The 

maximum relative increase in IW reactive P concentrations are generally lower than for SW: from 10-

13% in the WMIW and 17-21% in the EMIW (Figures 6.3, 6.4 and F.4). Within the DW, dissolved 

reactive P concentrations in both WMS and EMS continue to increase throughout 1950-2030 with the 

exception of WMDW DOP concentrations, which reach a maximum in 1993 (11.3% change since 1950).  

In contrast to P, dissolved reactive N concentrations in both seas increase throughout the simulation 

reaching a maximum in 2030 (Figures 6.3, 6.4, F.3 and F.4).  In particular the SW DON reservoir is 

predicted to strongly increase by a maximum of 70% in the WMS and 123% in the EMS by 2030 relative 

to 1950 concentrations (Figure F.5). NO3 concentrations in both seas tend to increase strongly after the 

1980s with both IW and DW NO3 concentrations over 2000-2030 increasing at almost a linear rate of 

0.02-0.04 μM yr-1 in the WMS and 0.01-0.03 μM yr-1 in the EMS (Figures 6.3 and 6.4).  By 2030, NO3 

concentrations within WMIW similar are to those in the WMDW. For Simulation 2, the mean dissolved 

reactive P and N concentrations from anthropogenic enrichment mirror that of Simulation 3. 

6.4.2.3 Historical circulation changes (Simulations 4 to 7) 

PO4 concentrations from historical changes in circulation alone (Simulation 4) over 1950 to 2000 vary by 

a maximum of 75 nM and 29 nM in the WMIW and EMIW respectively (Figure 6.5), while 

concentrations within the WMDW and EMDW vary by 33 nM and 4 nM (Figure F.6).  For NO3 

concentrations, the variation induced by historical circulation is 1.6 μM and 0.6 μM in the EMIW and 

WMIW respectively (Figure 6.5) and 0.7 μM and 0.1 μM in the WMDW and EMDW (Figure F.6). 

Including attenuation in the system by implementing a 5-year running average on IW/DW historical 

formation rates (Simulation 6) results in substantially lower variability in the range in PO4 and NO3 

concentrations in the WMS compared to the EMS (results not shown). The same trend is observed to a 

lesser extent for both PO4 and NO3 concentrations within the WMDW.  The results of Simulations 5 and 7 

are shifted upwards from those of Simulation 4 and 6 respectively, due to the inclusion of anthropogenic 

nutrient inputs in these runs (Figure 6.5 and F.5). 
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Figure 6.5: Changes in intermediate water PO4 and NO3 concentrations from historical inter-annual 

variability in the thermohaline circulation between 1960 and 2000 with: constant reactive P and reactive 

N inputs (Simulation 4); 1950-2000 reactive P and reactive N inputs (Simulation 5); and using a 5 year 

running average with 1950-2000 reactive P and reactive N inputs (Simulation 7), compared to 1950-2000 

reactive P and N inputs with constant circulation (Simulation 3; red line).  See text for details of how the 

historical circulation predictions were made. 
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Figure 6.6: Same as Figure 6.3 but for the N:P ratio in the WMS and EMS.  
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6.4.3 N:P ratio changes 

The greatest change in N:P ratios over the course of 1950-2030 occurs in the DON:DOP ratios within the 

EMS (Table F.2; Figure 6.6). However, it is the NO3:PO4 DW ratio which is most commonly measured 

and reported although it shows the smallest change between 1950 and 2030 of all reactive N:P ratios.  In 

the WMS, the NO3:PO4 DW ratio remains approximately constant until 1990 at 21.0 before increasing at 

an approximate linear rate to a maximum of 22.6 in 2030 (Figure 6.6; Figure F.7).  In the EMDW, the 

NO3:PO4 ratio initially decreases from 28.3 in 1950 to a minimum of 28.0 in 1989 and thereafter 

increasing to a maximum of 29.5 by 2030.  The range in N:P ratios caused by inter-annual variability in 

the THC (Simulation 1) is also smallest for the NO3:PO4 DW ratio varying by 0.3 in the WMS and EMS. 

Historical circulation alone (Simulation 4) results in a variation of 0.4 in the WMDW NO3:PO4 ratio with 

the inclusion of anthropogenic enrichment having a negligible impact on the ratio over 1950 to 2000 

(Simulation 5; Figure F.8).  In comparison the NO3:PO4 DW ratio in in the EMS varies by 0.1 in 

Simulation 4, while in Simulation 5, anthropogenic enrichment results in a decline in the NO3:PO4 ratio 

relative to Simulation 4 (Figure F.7).  

6.4.4 Primary productivity changes 

External inputs of anthropogenic reactive P and N (Simulation 3) increase primary productivity in the 

WMS by a maximum of 12% over 1950-2030 from 147 g C m-2 yr-1 in 1950 to 166 g C m-2 yr-1 in 1987 

before decreasing to 159 g C m-2 yr-1 in 2011 (Figure 6.7A).  Thereafter primary productivity increases 

again reaching 160 g C m-2 yr-1 in 2030.  The model predicts a larger maximum relative increase in 

primary productivity over 1950 to 2030 in the EMS than WMS as a result of anthropogenic reactive P 

inputs: primary productivity in the EMS increases by a maximum of 22% from 56 g C m-2 yr-1 in 1950 to 

69 g C m-2 yr-1 in 1989 and a final value of 68 g C m-2 yr-1 in 2030 (Figure 6.7B).  The change in primary 

productivity in the WMS due to natural circulation variability is greater than the change from 

anthropogenic enrichment alone, varying by 35 g C m-2 yr-1  (± 12% of mean value) in comparison to a 

maximum change of 19 g C m-2 yr-1  in Simulation 3 (Figure 6.7A). In the EMS, the impact of noise in 

primary production from inter-annual THC variability is smaller than that in the WMS. Primary 

production changes by 7 g C m-2 yr-1  (± 6%) (Figure 6.7B) as a result of variability in THC (Simulation 

1) compared to a maximum change from anthropogenic nutrient enrichment of 13 g C m-2 yr-1 

(Simulation 3). Primary productivity as a result of historical circulation has a greater variability in the 

WMS than in the EMS (Simulations 4-7) with a range in primary productivity of 100 g C m-2 yr-1 in the 

WMS in Simulation 4 compared to 22 g C m-2 yr-1 in the EMS (Figure F.9).  Adding anthropogenic 

enrichment to the historical circulation scenarios (Simulation 5) results in primary productivity greater
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Figure 6.7: A-B: Same as Figure 6.3 except for primary productivity. C-D: Relative change in model 

predicted primary productivity in the WMS (C) and EMS (D) since 1950 from changes in anthropogenic 

inputs alone (Simulation 3) and contribution of individual sources of reactive P to primary production 

supplied to the WMS (clear) and EMS (hatching) between 1950 and 2030. 
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than 1950 throughout 1950 to 2000 in the EMS whereas in the WMS primary productivity in some years 

is below 1950 rates. 

6.5 Discussion 

The MS appears at first glance to be an ideal basin for studying anthropogenic nutrient enrichment within 

a marine system. It is landlocked, with high population growth and tourism along its coastline (Plan-Bleu, 

2005) and has significant land derived nutrient inputs which have substantially changed since 1950 

(Guerzoni et al., 1999; Ludwig et al., 2009; Chapter 2; Chapter 3; this study). The residence time of the 

deep water is less than 150 years indicating that changes in properties of the deep water should be 

observed on human timescales.  Indeed, changes in temperature and salinity of the MS DW are clearly 

noticeable within long term measurements since 1950 (Béthoux et al., 1990; Béthoux and Gentili, 1999; 

Vargas-Yanez et al., 2010; Borghini et al., 2014).  Long-term trends in biogeochemical parameters such 

as reactive P and N concentrations are however less easy to observe (Béthoux et al., 1998; Denis-

Karafistan et al., 1998; Karafistan et al., 2002).  Here, we reconstruct inputs of both inorganic and organic 

forms of P and N between 1950 and the present day together with predictions up to the year 2030 with the 

aim of diagnosing basin wide anthropogenic nutrient enrichment within the MS.   

The nutrient budgets of the WMS and EMS over 1950 to 2030 are dominated by marine derived inputs 

from the inflow of ASW and exchanges across the Strait of Sicily (Figure 6.2; Chapter 5).  Thus the 

anthropogenic nutrients deposited into the MS since 1950 are diluted by the background signal of the 

ASW input which is assumed to stay constant with time.  In total, land derived inputs only contribute less 

than 38% of reactive P inputs and less than 52% of reactive N inputs into the WMS and EMS over 1950 

to 2030.  This is despite increases in land derived inputs of reactive P and N by a factor of 3 in the WMS 

and 2.5 in the EMS over the same time period. The anti-estuarine circulation provides an additional 

dilution factor in the detection of anthropogenic nutrient enrichment exporting dissolved P and N 

accumulating with the intermediate and deep layers of the WMS and EMS (Figure F.10; Chapter 2).  

Approximately 60% of anthropogenic nutrients input into the WMS are removed from the water column 

by 2030 while in the EMS 45% of anthropogenic nutrients are removed, predominantly through the 

Straits of Gibraltar and Sicily (Figure F.10).  Thus the anti-estuarine circulation thus helps protect the MS 

from the consequences of anthropogenic nutrient enrichment. 

In addition to the above factors, significant inter-annual variability in IW/DW formation occurs within the 

MS (L’Hévéder et al., 2013; Vervatis et al., 2013; Sevault et al., 2014; Pinardi et al., 2015). This creates 

noise within biogeochemical parameters such as nutrient distributions, N:P ratios and primary 

productivity further masking the impact of anthropogenic reactive P and N inputs to the MS.  In this 
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paper, we particularly focus on the impact that inter-annual variability in IW/DW formation, and thus the 

THC of the entire MS, has in determining nutrient enrichment within the MS. Our modeling approach 

allows the effects of each individual mechanism to be observed. The model does not, however, include 

any mesoscale variability or seasonality. It represents long term, decadal changes in P and N 

concentrations integrated over the entire WMS and EMS.  

6.5.1 Signals of anthropogenic nutrient enrichment in the Mediterranean Sea 

Within the WMS, the anthropogenic enrichment of dissolved reactive P concentrations are masked by the 

noise created by inter-annual variability of the THC (Figure 6.3). Anthropogenic enrichment of dissolved 

reactive P concentrations are more likely to be observed in the EMS than WMS (Figures 6.3 and 6.4) but 

the maximum difference in all reservoirs between the 10th percentile of Simulation 2 and 90th percentile of 

Simulation 1 is only 10 nM with an analytical precision on frozen samples of 3-5 nM (Krom et al., 2005; 

Pujo-Pay et al., 2011).  Given the sporadic temporal and spatial historical measurements in the MS 

together with the analytical capabilities in measuring PO4 and DOP concentrations, we conclude that the 

magnitude of changes in dissolved reactive P concentrations from anthropogenic enrichment are too small 

to be observed in time-series data over those changes induced by inter-annual variability in THC. 

Anthropogenic enrichment of reactive N concentrations however should be detectable within time series 

data. Distinct increases in NO3 concentration, above the background signal from variability in THC, occur 

in the IW and DW of both WMS and EMS after 1990 (Figures 6.3 and 6.4).  However, the largest 

anthropogenic enrichment signature is predicted to occur within DON concentrations , especially within 

the EMSW, with the mean increase of 3.4 μM from anthropogenic enrichment over 1950 to 2030 much 

greater than the 0.19 μM variation in DON concentrations induced by inter-annual THC variability 

(Figure F.4). Likewise, DON concentrations within the EMIW and EMDW rise above the background 

signal from IW/DW formation variability after 1970 and 1980 respectively (Figure F.4).  In the WMS, 

anthropogenic enrichment of DON concentrations in time series data are most likely detected within the 

WMIW after 1980.  Anthropogenic enrichment may also be observed in DON concentrations in the 

WMSW and WMDW after around 1990 (Figures 6.3 and F.3). 

The most sensitive indicator of anthropogenic enrichment over 1950-2030 however appears to be reactive 

molar N:P ratios (Figure 6.6) which change in response to different temporal trends in reactive P inputs 

and reactive N inputs.  The largest anthropogenic increase occurs within DON:DOP ratios with only a 

small change in the ratios from circulation variability.  However, measurements of the DON:DOP ratio 

within the MS are very heterogeneous ranging between 50-84 and 60-220  in the photic zone of the WMS 

and EMS, respectively, and 67-400 and 25-260 within the WMDW and EMDW (Santinelli, 2015). The 
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heterogeneity is likely a result of difficulty in measuring DOP concentrations which tend to be very low 

and require careful blank correction.  Thus systematic decadal changes in the DON:DOP ratio may not be 

detectable in time series data.  

High DW NO3:PO4 ratios are a characteristic feature of the MS and the NO3:PO4 DW ratio is frequently 

reported. Although the predicted increase in the DW NO3:PO4 ratio from anthropogenic reactive P and N 

inputs is smaller than the other reservoirs, measured NO3:PO4 DW ratios are more consistent than the 

DON:DOP ratio at 20-23:1 in the WMDW and ~28:1 in the EMDW (Krom et al., 1991; Béthoux et al., 

1998; Kress and Herut, 2001; Moutin and Raimbault, 2002; Ribera d'Alcalà et al., 2003; Schroeder et al., 

2010a; Pujo-Pay et al., 2011). We predict that the increase in the NO3:PO4 DW ratio induced by 

anthropogenic enrichment of P and N should be detectable in time series data after 2000 in the WMDW 

and 2010 in the EMDW (Figure 6.6). The mean NO3:PO4 DW ratio increases in the WMS and EMS by 

approximately 1.5-1.6 between 1990 and 2030 in Simulation 3 compared to the variability in the ratio 

from changes in the THC of 0.3.  The stability in our predicted NO3:PO4 DW ratio in the WMS prior to 

1990 is in agreement with the observations of Béthoux et al. (1998); (2002b).  Pasqueron de Fommervault 

et al. (2015) observe an increase in the NO3:PO4 DW ratio at the DYFAMED within the WMS between 

1990 and 2010, matching our predictions, although their predicted increase of 4.2 is greater than that 

predicted here over the same time period. 

The response of primary productivity to inter-annual variability in THC is modeled to substantially differ 

between the WMS and EMS.  In the WMS, inter-annual variability in the THC is predicted to dominate 

the response of primary productivity rather than changes in anthropogenic reactive P inputs (Figure 6.7A). 

However, in the EMS anthropogenic reactive P inputs are more important in controlling primary 

productivity than IW/DW formation processes (Figure 6.7B). In the north-west Mediterranean, the 

important role of circulation in controlling primary productivity was highlighted during two open ocean 

convection events in spring 2011 which provided the same quantity of PO4 to the SW as that provided by 

rivers and atmospheric deposition (Severin et al., 2014).  In the model presented here, DW formation 

within the WMS initiates strong mixing throughout the water column of the WMS with a higher 

upwelling flux from WMIW to WMSW occurring with greater DW formation.  In the EMS model 

however, the same mechanism is not present, with no upwelling occurring between EMIW and EMSW 

(Figure 6.1).  Hence the impact of inter-annual variability in IW/DW formation is much lower in the EMS 

than WMS.   

Despite the strong influence of inter-annual variation in the THC, the model can still be used to determine 

the main anthropogenic reactive P input in driving primary productivity. Macias et al. (2014), using a 
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coupled 3D hydro-dynamical biogeochemical model, hypothesize that rivers, particularly NO3 in rivers, 

are statistically responsible for a key portion of primary production within the MS. In the model used in 

this study however, reactive N inputs cannot influence primary productivity due to the assumed P 

limitation  where the N assimilation flux is controlled by P uptake.  We predict that rivers are the main 

anthropogenic reactive P input driving the change in primary productivity in the WMS over 1950-2030, 

but in the EMS changes in atmospheric deposition are the most important anthropogenic reactive P input 

between 1950-2000 (Figure 6.7C and D). By 2030 however, atmospheric deposition, direct wastewater 

discharges and riverine inputs contribute almost equally to the change in primary productivity since 1950.  

Interestingly riverine inputs to the WMS are as important in controlling primary productivity in the EMS 

as changes in riverine inputs directly to the EMS.  

The response of the THC to climate change will add further variability to nutrient distributions within the 

MS although the magnitude and direction of THC changes as a result of climate change are uncertain 

(Adloff et al., 2015; Chapter 4). Applying the extreme climate change scenario for an enhanced THC in 

the MS to Simulation 1 for 2000-2030 (Chapter 4; see Appendix F for details on implementation of 

circulation scenarios) results in an increase in SW and IW dissolved reactive P and N concentrations, and 

primary productivity in both the WMS and EMS (Scenario S2; Table F.5; Figure F.12). The increase in 

both nutrient concentrations and primary productivity is a result of the additional supply of dissolved 

reactive P and N into both the WMS and EMS by exchanges through the Strait of Sicily.  In the DW of 

both the WMS and EMS, PO4 and NO3 concentrations decrease while DOP and DON concentrations 

increase. The opposite pattern in dissolved reactive P and N concentrations throughout the water column 

and primary productivity generally occurs for a weakened THC (Scenario S1; Table F.5; Figure F.12). 

However, by 2030 the change in dissolved reactive P and N concentrations, and primary productivity for 

both an enhanced and weakened THC are minimal comparative to the variation caused by inter-annual 

variability in the THC (Figure F.12).  Hence although changes in circulation from climate change will 

promote changes in dissolved reactive P and N concentrations, the noise in P and N concentrations from 

inter-annual changes in circulation are likely to mask the changes, at least for the near future. This is 

consistent with the conclusions of Macias et al. (2015) whom found no significant difference in primary 

productivity within the MS at the beginning and end of the 21st century from changes in atmospheric 

forcing alone. Although increases in gross primary production were predicted in other modeling studies 

for the MS over the course of the 21st century, this was attributed to increasing water temperatures rather 

than changes in circulation (Herrmann et al., 2014; Lazzari et al., 2014). 
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6.5.2 Historical reconstructions of nutrient distributions and primary production 

The historical circulation scenarios allow the comparison of model predicted variables with observed 

data.  Substantial noise in nutrient distributions and primary productivity are created by inter-annual 

variability in the THC between 1960 and 2000.  Primary productivity in Simulation 5 (anthropogenic 

enrichment and historical circulation) varied between 125 g C m-2 yr-1 and 234 g C m-2 yr-1 in the WMS 

over 1950- 2000 and 56-86 g C m-2 yr-1 in the EMS (Figure F.9). These results are within observed ranges 

compiled by Berman-Frank and Rahav (2012) between 1970-2009, of 37-475 g C m-2 yr-1 in the WMS 

and 10-143 g C m-2 yr-1 in the EMS. In addition, Berman-Frank and Rahav (2012) found no significant 

temporal trends in primary productivity in both the WMS and EMS between 1970 and 2009 which is 

consistent with our results.  The variability in primary productivity within the model due to IW/DW 

formation masks anthropogenic enrichment trends over the same time period (1970 to 2009; Figure 6.7 A-

B; Figure F.9).  

No clear temporal trend in nutrient enrichment is also observed within the dissolved reactive P and N 

concentrations in the WMIW in Simulation 5 over 1950 to 2000, while in the EMIW, a slight increasing 

trend may be inferred (Figure 6.5).  Substantial variations in nutrient concentrations do however occur 

over the course of 1950 to 2000 as a result of historical circulation, and these are much greater than those 

predicted from nutrient enrichment alone (Simulation 3; Figure 6.5).  The high variability in reactive P 

and N concentrations throughout the water column is demonstrated in observational records with model 

results of Simulations 1 to 7 falling within the range of reported values in reactive P and N concentrations 

in both the WMS (Tables F.3 and F.4) and EMS (Chapter 2). 

The large response of IW PO4 and NO3 concentrations to the combined historical changes in circulation 

and anthropogenic enrichment scenario (Simulation 5) comparative to those from anthropogenic 

enrichment alone (Simulation 3) (Figure 6.5) are in contrast to the hypothesis that riverine fluxes of PO4 

and atmospheric deposition of NO3 are responsible for the large observed increases in PO4 and NO3 

concentrations within IW (Moon et al., 2016).  Moon et al. observe an increase in PO4 concentrations of 

70 nM per decade and NO3 concentrations of 1.98 μM per decade in the WMIW between 1990 and 2005 

and a 50 nM and 0.78 μM increase per decade in EMIW PO4 and NO3 concentrations, respectively, 

between 1985 and 2000. In particular for PO4, the observations of Moon et al. do not match our model 

predictions of anthropogenic enrichment. In fact the maximum increase in PO4 concentrations over the 

period 1950-2030 in Simulation 3 within the WMIW and EMIW of 15 nM and 17 nM, respectively, is 

less than the observed decadal increase.    
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However if historical circulation is included in the analysis, the model predicted trends do match 

observations.  In Simulation 5, a maximum increase in PO4 concentrations of 49 nM and 27 nM occurs in 

the WMIW over 1990-2000 and in the EMIW over 1985-2000, respectively, while a maximum increase 

of 1.4 μM and 1.0 μM occurs in NO3 concentrations in the WMIW and EMIW over the same time periods 

(Figure 6.5). Simulating instantaneous changes in circulation fluxes throughout the MS is an admittedly 

unrealistic scenario (i.e. Simulations 4 and 5). Including attenuation within the water fluxes, by operating 

a 5 year running average on historical IW/DW formation rates (Simulation 7), still results in a much 

greater change in PO4 and NO3 concentrations than in Simulation 3 (anthropogenic nutrient enrichment 

alone) indicating our results are robust (Figure 6.5). In addition the evolution of PO4 and NO3 

concentrations in Moon et al.’s analysis mirror each other extremely well further indicating a strong 

influence of circulation in driving the changes observed. We therefore conclude that the inter-annual 

variability in circulation is the cause of the observed increase in PO4 concentrations within IW in the MS 

while a combination of anthropogenic nutrient inputs and circulation changes contribute to the observed 

changes in NO3 concentrations.  These conclusions complement those of Ozer et al. (2016) whom suggest 

that circulation alone is driving temporal differences in IW NO3 and PO4 concentrations within the  EMS. 

6.6 Conclusions 

In this study we have reconstructed plausible changes in reactive P and N inputs to the MS over 1950 to 

2030. Although the MS may appear to be an ideal basin for studying anthropogenic nutrient enrichment, 

land derived inputs only a form a minor component of the nutrient budgets of the WMS and EMS over 

the period 1950 to 2030 with ASW and exchanges across the Strait of Sicily the dominant source of P and 

N to the WMS and EMS. Thus anthropogenic nutrient inputs over 1950-2030 are a relatively small 

component of the whole nutrient budget.  In addition the anti-estuarine circulation removes up to 60% of 

the anthropogenic P and N supplied to the WMS and EMS from the water column by 2030 further 

diluting the anthropogenic nutrient signature within the water column of the MS.  Finally inter-annual 

variability in IW and DW formation produces noise in reactive P and N concentrations making it even 

more difficult to detect anthropogenic nutrient enrichment within the MS and increases the possibility of 

false detection of anthropogenic nutrient enrichment. 

Our analysis focuses on the impact of inter-annual variability in the THC of the MS on the ability to 

detect anthropogenic nutrient enrichment within the MS.  Between 1950 and 2030 external reactive P and 

N inputs increased by a maximum of 16% and 40%, respectively, in the WMS and 39% and 85% in the 

EMS. The resulting changes in dissolved reactive P concentrations throughout 1950 to 2030 are unlikely 

to be observed over noise created by inter-annual variability in the THC. The anthropogenic N enrichment 

signature is expected to be greatest within time series of DON concentrations, especially within the EMS. 
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Within the IW and DW, anthropogenic nutrient enrichment of DON concentrations should be detectable 

in time series data in the WMS after around 1980 and EMS after around 1970 over background noise 

from inter-annual variability in the THC if suitable high accuracy analytical methods are used.  

Consequently, the molar DON:DOP ratio is a sensitive indicator to anthropogenic nutrient enrichment.  

The DON:DOP ratio within the EMSW increases by 50 between 1950 and 2030 compared to a noise of 4 

produced by inter-annual circulation variability.  However, high spatial heterogeneity of the ratio occurs 

within observations due to the difficulty in measuring both DON and DOP. The variation in NO3:PO4 

DW ratios are much more consistent within observations. We predict that increases in the NO3:PO4 DW 

ratio from external reactive P and N inputs should be observed after 2000 in the WMS and 2010 in the 

EMS.  

Our work emphasizes the substantial difference in the biogeochemical functioning of the WMS and EMS.  

Inter-annual variability in primary production in the WMS is dominated by changes in year-on year DW 

formation rather than anthropogenic enrichment. In the EMS however, anthropogenic enrichment is more 

important than inter-annual variability in circulation in predicted primary productivity changes. These 

differences between the WMS and EMS are further reflected in the high range of dissolved reactive P and 

N concentrations produced by inter-annual variability in the THC in the WMS compared to the EMS. 

Thus we conclude that the detection of anthropogenic nutrient enrichment within time series data is likely 

greater in the EMS than WMS. 

The model used in this study is an admittedly simplified representation of biogeochemical cycling in the 

MS, simplifying circulation features and ignoring seasonality and spatial variability in both external 

reactive P and N inputs into MS and nutrient distributions within the MS. Results are integrated across an 

entire water mass so average changes across the entire WMS and EMS are predicted. Nevertheless, the 

model can be used to identify priority areas for monitoring. The most sensitive indicators to 

anthropogenic enrichment are DON concentrations and the DON:DOP ratio and thus sampling regimes 

should prioritize the systematic sampling of both DON and DOP.  To observe anthropogenic enrichment 

in dissolved reactive P concentrations high temporal resolution, decadal sampling regimes, similar to that 

of the DYFAMED site, are likely required at numerous fixed observatories across the MS using high 

precision sampling techniques.  
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7.1 Summary 

In this thesis, a comprehensive mass balance model of phosphorus (P) and nitrogen (N) cycling within the 

Western Mediterranean Sea (WMS) and Eastern Mediterranean Sea (EMS) has been created, describing 

how inputs of anthropogenic P and N have changed with time.  For the first time direct wastewater 

discharges (quantified in Chapter 3), particulate organic P burial in the WMS (Chapter 5) and submarine 

groundwater discharge (SGD) have been included in a complete P and N budget for the MS for the time 

period 1950-2030 (Chapters 5 and 6).  An updated water budget for the entire MS is created using recent 

measurements for the water fluxes through the Strait of Gibraltar and portion of intermediate water (IW) 

and deep water (DW) in the outflow to the Atlantic Sea (Chapter 4) resulting in a change in the net 

direction of vertical water flows within the WMS from older box model budgets.  In addition a dissolved 

oxygen (O2) model is used to investigate whether climate warming may impact O2 distributions within the 

Mediterranean Sea (MS). 

7.1.1 Research questions 

The following are summaries of answers to the research questions formulated in the introduction and 

discussed throughout this thesis.  

1. What causes the west to east differences in phosphate (PO4) and nitrate (NO3) concentrations, primary 

productivity and NO3:PO4 DW ratios in the MS? 

The difference in magnitude of marine derived sources of P and N to the WMS and EMS is the primary 

driver of the west to east gradients in phosphate (PO4) and nitrate (NO3) concentrations, primary 

productivity, and N:P ratios (Chapter 5). Inputs of land derived P and N are similar between the WMS 

and EMS per unit surface area yet reactive P inputs are 3.9 times and reactive N inputs 2.6 times greater 

into the WMS than EMS per unit surface area.  In the WMS, reactive P and N inputs from land are added 

to a background of reactive P and N that originated from the Atlantic and the deep layers of the EMS 

whereas those in the EMS are added to the inflow of Western Mediterranean Surface Water (WMSW) 

through the Strait of Sicily that is severely depleted in P and N.  In addition, greater recycling of organic P 

and N to dissolved inorganic forms occurs in the Western Mediterranean Deep Water (EMDW) than 

Eastern Mediterranean Deep Water (EMDW) likely due to the greater P and N supply supporting greater 

bacterial activity in the WMS and EMS.  Thus dissolved inorganic P and N concentrations are greater in 

the WMS than EMS yet dissolved organic concentrations remain similar.  In addition to the greater inputs 

of reactive P and N to the WMS than EMS, primary productivity is also supported by upwelling of 

nutrients into the photic zone in the WMS whereas this mechanism is not present in the EMS.   The 

inflow of Atlantic Surface Water (ASW) into the Mediterranean through the Strait of Gibraltar with a 
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NO3:PO4 ratio of 10:1 is one of the main drivers of the lower NO3:PO4 ratio in the WMDW than EMDW 

and results in a lower reactive N:P ratio of inputs entering the WMS than EMS.  

2. Why does the MS have a high DW NO3:PO4 ratio in comparison to the rest of the world’s oceans? 

All dissolved N:P ratios within the Mediterranean Sea (MS) are above the Redfield N:P ratio of 16:1. The 

unusually high deep water (DW) NO3:PO4 ratio observed within the MS is from a combination of little 

denitrification and high reactive N:P ratio of inputs (Chapter 6).  High N2 fixation is not the cause of the 

high N:P ratios. The reactive N:P ratio of inputs to the WMS is 30:1 and 37:1 to the EMS. O2 

concentrations above 70% saturation within the DW result in little denitrification. Denitrification rates 

need to increase by 2.2 and 8 times 1950 values in the WMS and EMS, respectively, to reduce the DW 

NO3:PO4 ratio to 16:1 in both seas.  This corresponds to a denitrification rate in the WMS and EMS of 

0.05 and 0.01 mol m-2 yr-1, respectively, comparable to global oceanic denitrification rates. The high N:P 

of inputs is largely from atmospheric deposition. In the absence of atmospheric deposition the NO3:PO4 

DW ratio would approach 16:1 

3. Are direct discharges of domestic wastewater into the sea an important component of the MS nutrient 

budget? 

Direct discharges of domestic wastewater are an important component of nutrient budgets in the MS.  

Wastewater P discharges are similar to riverine inputs into the MS, while N wastewater inputs are on the 

same order of magnitude as riverine inputs (Chapter 3). In addition direct wastewater discharges are likely 

to become increasingly important in the future especially from along the north African coastline due to 

high population growth.  

4. How have humans modified nutrient cycling in the MS since 1950? Why is the Mediterranean 

oligotrophic despite being surrounded by land? 

Reactive P inputs into the WMS and EMS over 1950 to 2030 increased by 16 and 39%, respectively, 

while reactive N inputs increased by 40% and 85% (Chapter 6). Resulting primary productivity from 

inputs alone is predicted to have increased by 12% and 22% in the WMS and EMS respectively. In the 

WMS riverine P inputs are the most important anthropogenic input in controlling the change in primary 

production between 1950 and 2030 while atmospheric P deposition is more important in the EMS.  

Intermediate/deep water formation and sinking of PON and POP removes P and N from the SW where it 

is efficiently converted to dissolved inorganic P and N at depth (Chapters 2 and 5).  The anti-estuarine 

circulation thereby removes the PO4 and NO3 within IW and DW which otherwise would accumulate at 

depth and become increasingly available to enter the photic zone through turbulent mixing (WMS and 
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EMS) and upwelling (WMS only).  The anti-estuarine circulation results in the net export of PO4 and NO3 

through the Straits of Gibraltar and Sicily despite the net flux of dissolved reactive P across the Straits 

close to zero.  Approximately one third of anthropogenic P and N added to the EMS over 1950 to 2000 

exited the EMS through the Strait of Sicily with another third stored in the deep water of the EMS 

(Chapter 2). 

5. Can anthropogenic reactive P and N inputs be detected within water column measurements nutrient in 

the MS?   

The dominance of the marine derived inputs in the nutrient budgets of the WMS and EMS dilutes the 

signals of anthropogenic nutrients deposited into the MS, in addition to the efficient removal of the 

anthropogenic nutrient inputs by the anti-estuarine circulation. Inter-annual variability in the thermohaline 

circulation (THC) further adds noise to the background signal of dissolved reactive P and N 

concentrations.   We predict that these factors result in the anthropogenic enrichment of dissolved reactive 

P concentrations to be too small to be detected within time series measurements. Anthropogenic N 

enrichment may be observed after 1970 in DON concentrations and 1990 in NO3 concentrations.  

Anthropogenic enrichment of both P and N is more likely to be observed in the EMS than WMS.  Finally 

the change in N:P ratios may be a good indicator of anthropogenic enrichment. 

6. How will climate change impact biogeochemical cycling in the MS? 

Climate induced warming will decrease the solubility of O2 within the water column and also increase 

rates of reaction and thus degradation of organic matter. In addition it will likely either enhance or 

weaken the THC of the MS.  Changes in the THC dominate the response of O2 to climate warming 

(Chapter 4).  On a 100 year timescale, the predicted extremes in changes in THC are unlikely to result in 

the deep waters of the MS becoming hypoxic with WMDW and EMDW concentrations changing by up to 

25% to 151-205 µM, and 160-219 µM, respectively. On longer timescales if a severe decline in IW/DW 

formation within the MS occurs the EMDW may become hypoxic but the WMDW remains oxic as the 

Bernoulli suction at the Strait of Gibraltar forces the WMDW to become replenished.   

An enhanced THC of the MS from climatic warming increases primary production as the increased 

supply of dissolved reactive P through the Strait of Sicily to both EMS and WMS has a larger influence 

on primary production than the increased loss of P (Chapter 6).  The opposite occurs for a decline in the 

THC. However over the period 2000 to 2030, the changes in primary production from changes in 

circulation due to climate warming are still small in comparison to the variations induced by inter-annual 

variability in IW/DW formation.   
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7.1.2 The MS behaves like subtropical oceanic gyres 

A key conclusion of this thesis is that the MS behaves similarly to subtropical oceanic gyres which have 

little inputs from land derived sources.  This is the opposite of what one might expect given the semi-

enclosed nature of the MS together with high population densities along large parts of its coastline. The 

anti-estuarine circulation of the MS is similar to that observed in the subtropical oceanic gyres with lateral 

flow of water to the center of gyre, which then downwells and then flows to the edge of the gyre as deeper 

water.  The nutrient budgets of these gyres are dominated by the lateral supply of P and N, with the lateral 

supply of DOP and DON contributing significantly to new production estimates of the gyres (Letscher et 

al., 2016).  Similarly, the nutrient budget of the MS is also dominated by lateral supply of marine derived 

sources of P and N with up to 37% of DOP inputs also contributing towards new production (Chapter 5). 

The dominance of marine derived P and N inputs in the nutrient budget also minimizes the detection of 

anthropogenic enrichment within the MS (Chapter 6).   

7.1.3 Important role of organic matter in nutrient cycling 

A key theme throughout this thesis has been the importance of organic matter in nutrient dynamics within 

the MS.  Typically DOP and DON have been excluded from contributions of reactive P and reactive N 

inputs into the MS. Chapter 2 highlights that organic matter input from the WMS through the Strait of 

Sicily into the EMS exerts a major control on the primary productivity of the EMS.  This is further 

confirmed in Chapter 5 with at least half of the dissolved reactive P and N entering the WMS and EMS as 

SW through the Straits of Gibraltar and Sicily, respectively, in the form of DOP and DON. The MS acts 

as a bioreactor of nutrient cycling. Organic matter in SW is efficiently transferred to the deeper layers 

whereby mineralization turns DOP and DON to PO4 and NO3.  The anti-estuarine circulation transports 

the accumulating PO4 and NO3 out of the MS to the Atlantic Sea.  The change in speciation of P and N 

through the Strait of Sicily and Gibraltar (Chapter 5) further highlights the bioreactor role of the MS with 

52% and 26% of inflow of Atlantic SW entering the MS as dissolved PO4 and NO3 respectively, while 

these consisted of 88 and 73% of the outflow (Chapter 5).  It is further predicted that DON may build up 

within the EMSW and EMIW in response to the anthropogenic input of reactive N (Chapters 2 and 6).  

Thus time series measurements of DON concentrations may indicate anthropogenic nutrient enrichment 

with projected increases in DON concentrations predicted to be much greater than the noise in 

concentrations created by inter-annual variability in circulation.  

In addition, the role of organic matter is important in O2 dynamics within the MS (Chapter 4).  Oxygen 

concentrations before, immediately after and a few years after the EMT clearly demonstrates the role of 

DW formation in providing organic matter to the deep layers of EMS and consequently stimulating O2 
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consumption.  A coupling between O2 concentrations and dissolved organic carbon (DOC) creates a 

negative feedback that dampens the response of O2 concentrations to changes in the THC in response to 

climate warming compared to if organic matter was not present. Thus it is imperative that organic matter 

is included in both nutrient models and coupled to oxygen consumption in order to make future 

predictions. 

7.1.4 Sensitivity of EMS versus WMS to anthropogenic induced changes in thermohaline 

circulation and nutrient inputs. 

The EMS is historically much more sensitive to environmental changes than the WMS as indicated by the 

presence of sapropels in the EMS while they are mainly absent in the WMS. Thus, differences in 

sensitivity of the WMS and EMS to model parameters was explored throughout this thesis: 

• On a short term timescale (<100 year) O2 concentrations in the Western Mediterranean Deep 

Water (WMDW) are more sensitive to THC circulation changes than those in the Eastern 

Mediterranean Deep Water (EMDW), likely due to the shorter residence time of the WMDW.  

However, on a long term timescale (>1000 years) the response of O2 concentrations is much 

greater in the EMDW than WMDW (Chapter 4). 

• Sensitivity analyses suggest that primary productivity in the WMS is more sensitive to internal 

cycling processes and external inputs than that in the EMS.   

• In contrast the NO3:PO4 ratio in the EMDW is more sensitive to changes than in the WMDW. It 

is more sensitive to inputs from the Atlantic Sea than that in the WMS and is much more sensitive 

to internal dynamics.   

• Anthropogenic nutrient enrichment is more likely to be observed over circulation signals in the 

EMS than the WMS, partly due to the greater mixing of the water column by IW/DW formation 

in the WMS than EMS, which creates higher noise in background dissolved reactive P and N 

concentrations. 

7.2 Perspective 

This thesis uses a box model mass balance approach which is admittedly an inherent simplification of 

biogeochemical cycling in the MS.  Spatial and seasonal variability is ignored and microbial recycling 

processes are lumped together in one flux described using first order rate kinetics.  Recycling of organic 

matter within the MS is a complex process involving prokaryotic heterotrophs and higher order members 

of the food chain (Figure 1.5) as indicated by the unexpected results during the CYCLOPS experiment 

(Krom et al., 2005).  The mass balance approach used in this thesis still yields powerful insights into the 

coupling between geophysical and ecological dynamics of the MS and their response to P and N inputs 
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and climate forcing.  The simplicity of the model structure allows multiple historical and future scenarios 

to be tested.   

7.2.1 Future Work 

The model can act as a building block for further running additional scenarios and adding further 

complexity. The following are possible actions that can be done to/with the model: 

• Improvement of input fluxes of P and N: despite the direct discharges of domestic wastewater 

was quantified in this thesis, quantification of direct industrial discharges of P and N still 

need to be identified and added to the model. The limited data available suggest that these are 

potentially a large contribution of P and N to the MS (UNEP/WHO, 1999).  For example, 

phosphogypsum discharges on the coast of Tunisia (i.e. Drira et al., 2016) is one potentially 

important additional input not included.  

• Creation of a fully coupled P, N, C, O model investigating how future climate change and 

anthropogenic P and N inputs will impact the biogeochemistry of the MS.  A key challenge to this 

however is estimating the remineralization ratios of P, N, C and O.  Different dynamics at depth 

are clearly occurring in the MS compared to the global ocean so the ratio of remineralization may 

also be different.  

• Split the organic matter pools into labile, semi-labile and refractory.  To do this however, 

information on the lability of organic matter in each individual input will need to be acquired and 

on the organic matter already existing within the MS. 

• Addition of nitrogen isotopes to the same model framework for at least the EMS and preferably 

the entire MS. Coupling to isotopes will constrain some of the internal recycling dynamics within 

the model. 

• Addition of coastal processes on nutrient dynamics to model framework. The model currently 

assumes all P and N reach the pelagic oceans. Coastal processes are not considered.  An 

additional series of sub-models should incorporate burial and recycling terms within the coastal 

zone with coupling between coastal and pelagic models. 

• Use the current model to investigate what the NO3:PO4 DW ratio of the Mediterranean prior 

to the main onset of anthropogenic inputs i.e. 1850s. 

However, only a limited amount of further information can be obtained from such a model before a more 

complex representation of mesoscale circulation features and seasonality of the system are required.  For 

example the transfer from P limitation to N and P co-limitation will never be understood using the model 
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in this thesis.  Complex 3D biogeochemical models, describing seasonality and circulation features 

together with biogeochemistry do exist. The inputs of P and N into these models however are poorly 

defined, often only including inorganic nutrients and ignoring sources such as atmospheric deposition.  A 

balance needs to be obtained between complexity of hydrodynamics, microbial loop processes and 

biogeochemical inputs and outputs, and ability to obtain useful long term predictions from models.  

7.2.2 Recommendations for the Mediterranean scientific community 

The models created in this thesis highlight priority areas for future biogeochemical monitoring and 

research. In particular the following recommendations are identified: 

• Inclusion of the measurement of dissolved organic P, N and C concentrations in routine 

biogeochemical analyses in programs such as Med-SHIP (Mediterranean Sea Ship based 

hydrographic investigations programme; Schroeder et al., 2015). Med-SHIP undertakes repeat 

cross sectional cruises across the Mediterranean but only routinely measures inorganic nutrients.  

• Long term time series of inorganic and organic nutrients across the Straits of Gibraltar and Sicily 

should be acquired. 

• Simultaneous cross basin measurement of microbial processes throughout the water column 

through measurements such as total prokaryotic heterotrophic abundance, prokaryotic 

heterotrophic production rates and enzymatic activities.  Most studies only look at SW and do not 

combine IW/DW results for both the WMS and EMS.  

• Increased understanding on sources, lability and functioning of organic matter within the MS. 

• Improved knowledge on how climate change will alter the THC of the MS.   

• Observed changes in P and N concentrations, and primary productivity must be put into context 

with temporal variability of IW/DW formation.  
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A.1 Summary 

The Eastern Mediterranean (EMS) is the largest marine basin whose annual primary productivity is 

limited by phosphorus (P) rather than nitrogen (N). The basin is nearly entirely land-locked and receives 

substantial external nutrient fluxes, comparable for instance to those of the Baltic Sea. The biological 

productivity of the EMS, however, is among the lowest observed in the oceans. The water column 

exhibits very low P and N concentrations with N:P ratios in excess of the Redfield value. These unique 

biogeochemical features are analysed using a mass balance model of the coupled P and N cycles in the 

EMS. The present paper describes the conceptual basis, quantitative implementation and sensitivity of the 

model. The model is initialized for the year 1950, that is, prior to the large increase in anthropogenic 

nutrient loading experienced by the EMS during the second half of the 20th century. In the companion 

paper, the model is used to simulate the P and N cycles during the period 1950-2000. The 1950 model set-

up and sensitivity analyses support the following conclusions.  

(1) Phosphorus-limited primary production in the EMS is most sensitive to the P exchanges with the 

Western Mediterranean Sea (WMS) associated with the anti-estuarine circulation of the EMS. The 

supply of P through the Strait of Sicily is mainly under the form of dissolved organic P (DOP), while 

dissolved inorganic P (PO4) is primarily exported to the WMS. The efficient export of PO4 to the 

WMS maintains the EMS in its ultra-oligotrophic state.  

(2) Inorganic molar N:P ratios in excess of the 16:1 Redfield value observed in the water column reflect 

higher-than-Redfield N:P ratios of the external inputs, combined with negligible denitrification. 

Model simulations imply that the denitrification flux would have to increase by at least a factor of 

14, relative to the 1950 flux, in order for the inorganic N:P ratio of the deep waters  to approach the 

Redfield value.  

(3) The higher-than-Redfield N:P ratios of dissolved and particulate organic matter in the EMS further 

imply the preferential regeneration of P relative to N during organic matter decomposition.  
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A.2 Introduction 

The Eastern Mediterranean Sea (EMS) is a unique part of the global ocean. Although nearly completely 

surrounded by land, with associated significant nutrient inputs (Krom et al., 2004; Ludwig et al., 2009), 

the EMS is an ultra-oligotrophic marine basin. Annual primary productivity in the EMS (~60-80 gC m-2 

yr-1, Béthoux, 1989; Berman-Frank and Rahav, 2012) is even lower than measured in the low productivity 

areas of the northwestern Sargasso Sea (Lohrenz et al., 1992). The recent geological past of the EMS, 

however, was punctuated by episodic accumulations of organic-rich sediments (sapropels), which indicate 

the potential for rapid and dramatic biogeochemical shifts, including the development of eutrophic 

conditions, changes in phytoplankton community structure and deep-water anoxia (Cita et al., 1977; 

Sachs and Repeta, 1999; De Lange et al., 2008). The anti-estuarine thermohaline circulation of the EMS 

(Astraldi et al., 1999) is generally considered to be an important factor maintaining the EMS in its current 

ultra-oligotrophic state (Krom et al., 2003). 

The winter phytoplankton bloom represents the major annual period of carbon fixation in the present-day 

EMS (Krom et al., 2003). Primary production during the winter bloom is phosphorus (P) rather than 

nitrogen (N) limited, in contrast to most of the rest of the oceans where N limitation is more commonly 

observed. In addition, the deep waters of the EMS exhibit anomalously high nitrate to phosphate molar 

ratios (~28:1; Krom et al., 1991; Kress and Herut, 2001), considerably higher than the Redfield value 

(16:1, Redfield et al., 1963). Recent work has shown that the very low biological productivity of the 

EMS, P limitation and the unusual water column nutrient ratios are linked to one another (Krom et al., 

2010).  

More than 450 million people live in the drainage basin of the Mediterranean, of whom about one-third 

inhabit coastal regions (FAO, 2003; UNEP/MAP, 2012). Rapid demographic growth and economic 

development since the 1950s has caused a major increase in nutrient supply to the EMS (Ludwig et al., 

2009). Although significant impacts are observed locally in near-shore coastal areas, (e.g., Dell'Anno et 

al., 2002; Pusceddu et al., 2007), there is little evidence supporting a major evolution in the trophic state 

of the open waters of the EMS. However, the extent to which the EMS will be able to cope with future 

anthropogenic nutrient inputs is unknown. Population in the Mediterranean basin is projected to grow an 

additional 20% during the first quarter of the 21st century (FAO, 2003), while climate change may 

profoundly modify the thermohaline circulation of the EMS by the end of the century (Somot et al., 

2006). A better understanding of basin-scale nutrient cycling will therefore not only help to interpret 

present and past biogeochemical conditions in the EMS, but also to evaluate the response of the EMS to 

ongoing and future anthropogenic pressures (de Madron et al., 2011). 



 Appendix A 

 193 

Existing biogeochemical models for the Mediterranean Sea range from 1D biogeochemical (e.g. 

Sarmiento et al., 1988; Béthoux et al., 1992) and foodweb models (e.g., Allen et al., 2002) to fully 

coupled 3D physical–biogeochemical models (e.g. Lazzari et al., 2012). Most model applications so far 

have dealt with ecosystem processes, particularly in the euphotic zone, and their seasonal to inter-annual 

variability. In contrast, our work focuses on basin-wide nutrient cycling in the EMS, and its modification 

by the large changes in anthropogenic nutrient loading in the recent past (i.e., post-1950). To this end, a 

mass balance nutrient model has been developed, based on our current conceptual understanding of the 

key processes controlling the biogeochemical cycling of P and N in the EMS (Krom et al., 2010). 

The coupled P and N model uses a simple 3-layer representation of the water column (surface, 

intermediate and deep waters) and accounts for the exchanges between these three water masses, as well 

as for the external inputs to and outputs from the basin. The model computes annually averaged reservoir 

sizes and fluxes, and is initialized for the nominal year 1950, assuming relatively limited anthropogenic 

impact on the biogeochemical functioning of the EMS prior to the second half of the 20th century 

(Béthoux et al., 1998). The present paper (Part 1) focuses on the development of the model and the 

reconstruction of P and N dynamics under 1950 conditions. In the companion paper (Part 2) of the study, 

the model is used to describe biogeochemical changes in the EMS in response to the historical changes in 

P and N inputs over the period 1950–2000 (Chapter 2). 

A.3 Eastern Mediterranean Sea (EMS): Physical Description 

A.3.1 Model domain 

The Mediterranean Sea consists of two main basins with distinct hydrodynamic and ecological 

characteristics: the Western Mediterranean Sea (WMS) and the Eastern Mediterranean Sea (EMS). The 

EMS is connected to the WMS through the Strait of Sicily. In order to account explicitly for the role of 

deep-water formation in the cycling of P and N in the EMS, the Adriatic and Aegean Seas are excluded 

from the EMS. The resulting EMS model domain covers a surface area of 1.33x1012 m2 and is divided in 

three horizontal layers (Figure A.1): Eastern Mediterranean Surface Water (EMSW: 0-200 m), Eastern 

Mediterranean Intermediate Water (EMIW: 200-500 m (commonly termed Levantine Intermediate Water 

in the literature) and Eastern Mediterranean Deep Water (EMDW: >500 m). The corresponding volumes 

are 2.8x1014 m3 (EMSW), 4x1014 m3 (EMIW) and 17x1014 m3 (EMDW). The depth ranges assigned to the 

three water masses are average values for the entire EMS basin. In detail, there is considerable temporal 

and spatial variability in the vertical extent of the water masses caused by mesoscale circulation features.  
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A.3.2 Circulation 

The water cycle imposed in the model calculations is summarized in Figure A.1. Water flow rates are 

given in Sverdrup units (1 Sv = 106 m3 s-1). The imposed flow rates are based on estimates for the time 

period prior to the early 1990s, when circulation in the EMS underwent a major disturbance due to a large 

increase in deep-water formation in the Aegean Sea (Roether et al., 2007). This event is known as the 

Eastern Mediterranean Transient (EMT), whose effect on nutrient cycling is assessed in Chapter 2. 

Relatively low salinity Western Mediterranean Surface Water (WMSW; commonly termed Modified 

Atlantic Water in the literature) enters the EMS via the Strait of Sicily (Robinson et al., 2001; Krom et al., 

2003). This SW becomes progressively more saline as it flows across the EMS from west to east due to 

intense evaporation and limited precipitation.  Ultimately, the EMSW sinks close to the Turkish coast and 

forms EMIW (Lascaratos, 1993).  EMIW then returns westwards while accumulating nutrients and 

eventually flows out via the Strait of Sicily below the WMSW. Part of the EMIW is diverted into the 

Aegean and Adriatic seas where it becomes incorporated into the deep waters forming in these basins.    

Estimates of EMIW outflow through the Strait of Sicily are between 0.6 and 1.5 Sv (Roether and 

Schlitzer, 1991), with some higher reported values (up to 3.2 Sv, Manzella et al., 1988). We assign a 

value of 1.10 Sv based on the work of Astraldi et al. (1999). The inflow of WMSW into the EMS is on 

the same order of magnitude as the outflow of EMIW. Based on conservation of heat and salt, WMSW 

inflow is estimated to be 4% higher than outflow of EMIW (Manzella et al., 1988; Astraldi et al., 1999). 

Hence, WMSW inflow is set at 1.14 Sv. The flow rates of EMIW into the Adriatic Sea and the outflow of 

Adriatic deep water (ADW) to the EMS through the Strait of Otranto are not statistically different 

(Astraldi et al., 1999) and are therefore assigned the same value of 0.36 Sv (see below).  

Residence times of EMDW based on CFC and tritium distributions as well as oxygen consumption rates 

fall in the range 100-150 years (average: 126 years; Roether and Schlitzer, 1991; Roether and Well, 

2001). However, these estimates only consider the deeper part of the EMDW reservoir (> 1200 m, 

volume 8.6x1014 m3). To account for the larger EMDW reservoir considered in the present model (volume 

17x1014 m3), we use the highest residence time estimate (150 years = 4.7x109 s). Under steady state 

conditions, mass balance then implies a total rate of deep-water formation of 0.36 Sv (= 17x1014/4.7x109 

= 0.36x106 m3 s-1). This is in good agreement with estimates on the order of 0.3 Sv for the formation rate 

of ADW (Lascaratos et al., 1999), which is generally acknowledged to be the dominant pre-1987 source 

of EMDW, with only a minor contribution of Aegean Deep Water formation (Roether and Schlitzer, 

1991). In the model, we assign 10% of EMDW formation to Aegean-derived Cretan Deep Water, based 
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on the observations for the central EMS reported by Zervakis et al. (2004). Thus the inflows into the 

EMDW from the Adriatic and Aegean seas are 0.32 and 0.04 Sv, respectively.  

A small surplus of Adriatic water is exported as surface flow to the EMS. The assigned flow rate is on the 

same order of magnitude as the average yearly flow of the Po river (1500 m3 s-1; Vilibić and Supić, 2005). 

The general circulation within the Aegean Sea is cyclonic with Levantine Water (probably a mix of 

surface and intermediate water) travelling north along the western coast of Turkey and exchanging with 

Black Sea water in the North Aegean. Modified Black Sea Water then moves westward and southward, 

and ultimately flows into the EMS. The estimate used for the outflow of Aegean surface water to the 

EMS is 0.01 Sv, based on the lower estimate of the annual contribution of the Dardanelles to the water 

balance of the Aegean Sea by Pazi (2008).  

All remaining water flow rates derive from the water balance condition. As with the Adriatic Sea, deep-

water formation in the Aegean Sea balances the inflow of EMIW to the Aegean Sea. Formation of EMIW 

by upwelling of EMDW balances the total rate of deep-water formation (0.36 Sv). The other source of 

EMIW, namely sinking of EMSW (mainly in the Rhodes Gyre), is then equal to 1.10 Sv, which agrees 

closely with independent estimates reported in the literature (~1 Sv, Lascaratos et al., 1999; Myers and 

Haines, 2000). With the above fluxes, the water residence time in the EMIW reservoir is 8.7 years, 

consistent with CFC-derived travel times of EMIW to the Strait of Sicily (~ 8 years, Roether et al., 1998). 

The calculated residence time for EMSW is 7.7 years.  

A.4 Phosphorus and nitrogen cycles: 1950  

A.4.1 Core assumptions 

In addition to the steady state water cycle discussed above, the model for P and N cycling in the EMS 

rests on the following assumptions.  

1. Prior to 1950, anthropogenic activity had a minimal impact on the biogeochemical 

functioning and ecology of the EMS. That is, the pre-1950 EMS is considered to be in a fairly 

pristine state. Given the long history of human presence in the Mediterranean drainage area, this 

cannot be strictly true. However, anthropogenic effects on the Mediterranean Sea before 1950 are 

likely to have been far less pronounced than during the second half of the 20th century (Béthoux et 

al., 1998).   

2. The cycles of P and N in 1950 are at steady state. As for the first assumption, the steady state 

assumption for the pre-1950 EMS cannot be strictly verified. It represents the simplest 
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assumption to close the elemental budgets (see also Sarmiento et al., 1988; Béthoux et al., 1992; 

1998), and initialize the model for the transient simulations in the follow-up paper (Chapter 2). 

3. Phosphorus limits annual primary production in the EMS. Phosphorus limitation of 

phytoplankton growth during the major winter bloom is well established (Krom et al., 1991). 

Primary production becomes N and P co-limited during late spring (Thingstad et al., 2005b), and 

possibly even N limited during summer (Tanaka et al., 2011). The model, however, does not 

resolve seasonal variations in nutrient cycling and primary production. Therefore, we assume that 

the yearly averaged primary production is P limited. As a consequence, N uptake by 

phytoplankton is directly linked to the availability of P in the surface waters.  We further assume 

that the N:P ratio in newly produced phytoplankton biomass is constant and equal to the standard 

molar Redfield ratio of 16:1, in agreement with observations (Krom et al., 2010). 

A.5 Phosphorus reservoirs 

For each of the three water masses, the P reservoirs considered in the model are dissolved inorganic 

phosphorus (PO4), dissolved organic P (DOP) and particulate organic P (POP); PO4 includes all soluble 

inorganic forms of P that are readily available for biological uptake, POP includes both living and 

nonliving organic matter. In total, the model includes nine P reservoirs (Figure A.2), whose masses are 

computed by multiplying the volumes of the corresponding water reservoirs (Figure A.1) by the average P 

concentrations. Selection of the latter is based on the observational data summarized below. 

Concentrations of PO4 within the 0-200 m depth interval vary from near or below detection at the very 

surface to values of up to 100 nM around 200 m water depth (McGill, 1961; Kress and Herut, 2001; 

Krom et al., 2005; Pujo-Pay et al., 2011).  The PO4 concentration increases gradually with depth between 

EMSW and EMDW. The earliest measurements by McGill (1961) suggest PO4 concentrations between 

100 and 200 nM in the 200-500 m depth interval. Depth profiles in Kress and Herut (2001) for 1999 in 

the Southern Levantine Basin indicate average values for EMIW closer to 100 nM, while Béthoux (1981) 

reports an EMIW value of 190 nM for the Ionian Sea, which feeds into the Strait of Sicily.  At greater 

water depths, data collected over the period 1977-2001 in the Ionian Sea yield a range for the PO4 

concentration of 130-230 nM (GEOSECS and MATER-MTP data, Lavezza et al., 2011), while Béthoux 

et al. (1992) propose a PO4 concentration on the order of 185 nM for EMDW in 1960.  

Compared to PO4, only limited concentration data are available for the organic P pools; in addition, these 

data are all of relatively recent date. We primarily rely on the DOP and POP concentration depth profiles 

presented by Krom et al. (2005). DOP concentrations in the upper 0-200 m fall in the range 10-100 nM, 

with somewhat lower values at greater depths. POP concentrations are extremely low, with values in the 
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upper 250 m on the order of 4-20 nM, decreasing to values below 10 nM at depths exceeding 350 m 

(Krom et al., 2005).  

The 1950 values assigned to the concentrations of the different phosphorus pools in the model are 

educated guesses based on the currently available information. While they should be viewed with caution, 

we nonetheless believe they yield representative P inventories for the water column of the EMS. When 

selecting values from the reported ranges derived from measurements made after 1970, we err on the side 

of the lower values in order to account for the presumably lower pre-1950 nutrient inventories. The model 

spin up further causes very slight adjustments of the selected concentrations. The final concentration 

values (i.e., after model spin-up) are summarized in Figure A.2 and the corresponding reservoir sizes are 

listed in Table A.1. 

A.5.1 Nitrogen reservoirs 

The N reservoirs represented in the model are dissolved nitrate (NO3), dissolved ammonium (NH4), 

dissolved organic nitrogen (DON), and particulate organic nitrogen (PON). (Note: NO3 here includes both 

nitrate and nitrite.) The average concentrations used to obtain the N reservoir sizes in EMSW, EMIW and 

EMDW are shown on Figure A.3. As for P, we generally select values at the lower ends of the available 

concentration ranges, assuming that these values are more representative of the EMS in 1950. 

Reported concentrations of NO3 in the 0-200 m depth interval are in the range 0.01-3 µM (Kress and 

Herut, 2001; Krom et al., 2005). EMDW has a fairly constant NO3 concentration on the order of 5 µM, 

with little change observed between 1977 and 2001 (GEOSECS and MATER-MTP data, Lavezza et al., 

2011). Measured NO3 concentrations of EMIW are intermediate between those of EMSW and EMDW. 

The limited reliable data on NH4 show a small drop in concentration with depth, with values always well 

below 1 µM (Krom et al., 2005). DON is the largest pool of N in the upper water column (Krom et al., 

2005), while NO3 overtakes DON as the major form of dissolved N in the deeper waters of the EMS.  

Values of PON in EMSW range between 0.1 and 0.5 µM, and exhibit distinctly lower values in the 

EMDW (Krom et al., 2005).  

The relative differences among the concentrations assigned to the various P and N species in the three 

water layers are in general agreement with the recent data on P and N distributions of Pujo-Pay et al. 

(2011). The 1950 EMS nutrient concentrations imposed in the model yield molar NO3:PO4 ratios in the 

range 21-28, with the highest value in the EMDW. Krom et al. (2005) report that, albeit variable, 

NO3:PO4 ratios of nutrient depleted surface waters of the EMS  are predominantly >16, with values up to 

and higher than 50 observed during the winter season (Kress and Herut, 2001). The DON:DOP and 



 Appendix A 

 198 

PON:POP ratios imposed in the model are in line with observed values, which are on the order of 50-75 

for DON:DOP and 30 for PON:POP (Moutin and Raimbault, 2002; Krom et al., 2005). 

A.5.2 Phosphorus input and output fluxes 

A.5.2.1 Surface flow inputs 

The riverine supply of total P to the EMS (excluding the rivers flowing into the Adriatic and Aegean) is 

estimated by Ludwig et al. (2009) to be 8x103 t P yr-1 in the year 1963. According to the same authors, on 

average 48% of total riverine P is dissolved PO4, 8% is DOP, and the rest is particulate P, part of which 

may be solubilized upon entering the sea (Froelich et al., 1988). Given the P-starved nature of the EMS, 

we assume somewhat arbitrarily that 75% of the riverine supply of particulate P ultimately dissolves in 

seawater, generating PO4. The estimated 1950 riverine input of soluble P to the surface waters of the EMS 

is then 0.23x109 mol P yr-1, with 0.21x109 mol P yr-1 and 0.02x109 mol P yr-1 delivered in the form of 

dissolved PO4 and DOP, respectively. 

Surface flows from the Adriatic and Aegean seas into the EMS are estimated to be 0.005 and 0.01 Sv, 

respectively (Figure A.1, section A.3.2). Assigning average winter concentrations of 60 nM PO4 to 

Southern Adriatic surface water (Zavatarelli et al., 1998) and 25 nM to Cretan Sea surface water 

(Krasakopoulou et al., 1999), we obtain the following dissolved PO4 input fluxes: 0.011x109 mol P yr-1 

(Adriatic surface flow) and 0.008x109 mol P yr-1 (Cretan surface flow), or a combined flux of 0.02x109 

mol P yr-1. Concentrations of DOP have only recently been measured in the Southern Adriatic by 

Santinelli et al. (2012a). The data indicate DOP concentrations in the surface waters very similar to those 

observed in the EMS. In the absence of any further information, we assume that the 1950 DOP to PO4 

ratios of the surface waters of the Adriatic and Aegean are similar to that of EMSW in the EMS 

(DOP:PO4 ≈ 2). The combined surface flow input of DOP from the Adriatic and Aegean seas to the EMS 

is then 0.04x109 mol P yr-1. As surface inflow from the Adriatic and Aegean seas represents less than 1% 

of the total external inputs of P to the EMS, the uncertainties associated with the corresponding PO4 and 

DOP fluxes have little influence on the model outcomes.  Far more important is the input of phosphorus 

to EMSW via the inflow of WMSW through the Strait of Sicily.   

A.5.2.2 Inflow from Western Mediterranean Sea 

According to Krom et al. (2004), the flux of dissolved PO4 from WMS to EMS equals 2.2x109 mol P yr-1. 

This flux estimate, however, is representative of conditions at the end of the 20th century. Mass balance 

calculations by Béthoux et al. (1992) for the year 1960 yield a lower PO4 flux of 1.9x109 mol P yr-1. The 

latter value is adjusted slightly downward to 1.60x109 mol P yr-1 to balance the inputs and outputs of P in 
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1950. Measurements obtained in 1996 indicate relatively high DOP concentrations in WMSW (>60nM, 

Moutin and Raimbault, 2002). We therefore use a DOP:PO4 ratio of ~2 for WMSW, similar to EMSW, to 

estimate the input flux of DOP from the WMS at 3.30x109 mol P yr-1. 

A.5.2.3 Atmospheric deposition 

Krom et al. (2004) estimate leachable PO4 deposition to the Eastern Mediterranean, including the Adriatic 

and Aegean seas, to be around 0.95x109 mol P yr-1. Markaki et al. (2010) report that 38% of leachable P 

in atmospheric deposition is in the form of DOP, yielding an additional flux of 0.58x109 mol P yr-1. These 

estimates, however, are representative for the latter part of the 20th century. Atmospheric deposition of 

PO4 in 1990 may have exceeded that in 1950 by a factor of three (Chapter 2), while DOP deposition 

probably also increased during the same period due to enhanced biomass burning. According to Ito and 

Penner (2005) biomass burning in the northern hemisphere has increased by a factor of 1.4 since 1950.  

Using these factors, and pro-rating to the surface area of the model domain (i.e., excluding the Adriatic 

and Aegean seas), yields 1950 atmospheric inputs of PO4 and DOP of 0.38x109 mol P yr-1 and 0.33x109 

mol P yr-1, respectively.  

A.5.2.4 Outflow fluxes 

The output fluxes of dissolved P from EMS to WMS are computed from the water outflow through the 

Strait of Sicily (1.1 Sv, Figure A.1) and the corresponding EMIW concentrations in 1950 (Figure A.2). 

The calculations yield PO4 and DOP fluxes to the WMS of 3.73x109 mol P yr-1 and 1.48x109 mol P yr-1, 

respectively. Combining the PO4 outflow flux via the Strait of Sicily with the surface inflow flux of PO4 

from the WMS (1.60x109 mol P yr-1, section A.5.2.1) results in a net export of PO4 to the WMS of 

2.13x109 mol P yr-1, which is about half the net export of PO4 through the Strait of Sicily estimated by 

Krom et al. (2004). A lower flux in 1950, however, is consistent with the significant rise in anthropogenic 

P inputs to the EMS during the second part of the 20th century (Chapter 2). The output fluxes of dissolved 

P due to upwelling of EMIW into the Adriatic and Aegean seas are similarly computed from the 

corresponding water flows (0.32 and 0.04 Sv, Figure A.1) and the PO4 and DOP concentrations of EMIW 

(Figure A.2).  

A.5.2.5 Deep-water formation 

The EMIW flowing into the Adriatic Sea and the Aegean Sea returns to the EMS as EMDW (Figure A.1; 

section A.3.2). In the model, we assume that the deep-water flowing into the EMS carries with it the PO4 

and DOP originally present in EMIW, plus additional PO4 and DOP acquired in the Adriatic and Aegean 

basins. The fluxes of additional PO4 and DOP are estimated by correcting the combined riverine and 
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atmospheric inputs to the Adriatic Sea and Aegean Sea for P burial in sediments accumulating in the two 

basins and P export via surface flow to the EMS (section A.5.2.1). In other words, the dissolved P fluxes 

in and out of the Adriatic and Aegean seas are assumed to be at steady state. 

Estimates of the riverine inputs of PO4 and DOP to the Adriatic Sea and Aegean Sea are derived from the 

1963 river inputs of total P given by Ludwig et al. (2009), following the same procedure as used to 

estimate the riverine inputs of dissolved P to the EMS (section A.5.2.1). For the Aegean Sea, net PO4 and 

DOP inputs from the Black Sea are assumed to be the same as those reported by Krom et al. (2004). The 

atmospheric inputs of soluble PO4 to the Adriatic Sea and Aegean Sea in 1950 are estimated following the 

approach outlined in section A.5.2.2, using the deposition fluxes of leachable and non-leachable P to the 

entire Eastern Mediterranean Sea of Krom et al. (2004), pro-rated for the surface areas of the Adriatic Sea 

and Aegean Sea. The P burial flux for the entire Eastern Mediterranean Sea of Krom et al. (2004) is 

similarly pro-rated to the surface areas of the Adriatic Sea and Aegean Sea in order to obtain the POP 

burial fluxes. The resulting excess inputs of PO4 and DOP to the EMDW associated with deep-water 

formation in the Adriatic plus Aegean seas are then 0.06x109 mol P yr-1 (PO4) and 0.03x109 mol P yr-1 

(DOP). Thus, 95% of the input of total dissolved P (PO4 plus DOP) to the EMDW associated with 

Adriatic and Aegean deep-water formation originates from EMIW. That is, in the model, the primary 

function of Adriatic and Aegean deep-water formation is to transfer nutrient P and N from the EMIW to 

the EMDW reservoir.  

A.5.2.6 Sediment burial 

The pre-anthropogenic burial flux of POP for the EMS including the Adriatic and Aegean Seas has been 

estimated to be on the order of 1x109 mol P yr-1 (Krom et al., 2004). Prorating this flux to the surface area 

of the EMS model domain yields a 1950 burial flux of 0.80x109 mol P yr-1.  This value is slightly adjusted 

to 0.78x109 mol P yr-1, in order to insure steady state. 

A.5.3 Nitrogen input and output fluxes 

A.5.3.1   Surface flow inputs 

Ludwig et al. (2009) estimate the riverine supply of total N to the EMS (excluding rivers flowing into the 

Adriatic and Aegean seas) in 1963 to be 41x103 t N yr-1 or 2.9x109 mol N yr-1. A lower riverine flux 

(2.6x109 mol N yr-1) is assigned to 1950, to account for the rising use of nitrogen fertilizer use in Europe 

during the 1950s (Federico, 2005). Ludwig and coworkers further propose that 75% of total riverine N is 

in the form of NO3, the rest being mainly DON, while NH4 represents only about 5%.  Surface flow 

fluxes from the Adriatic and Aegean add minor amounts of N to the total surface inflow into the EMS. 
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Using representative surface water NO3 concentrations for the southern Adriatic Sea (1.2 μM, Zavatarelli 

et al., 1998) and Cretan Sea (0.6 μM, Krasakopoulou et al., 1999), and keeping the same proportions of 

NO3, DON and NH4 as for the rivers, the combined surface flow input fluxes to the EMS are then 2.4x109 

mol N yr-1 (NO3), 0.6x109 mol N yr-1 (DON) and 0.2x109 mol N yr-1 (NH4). 

A.5.3.2  Inflow from Western Mediterranean 

The 1950 NO3 flux associated with WMSW flowing into the EMS is derived from the estimated 1950 

PO4 flux from WMS to EMS (1.60x109 mol P yr-1, section A.5.2.1) multiplied by an estimate of the 

NO3:PO4 ratio of surface waters near the Strait of Sicily (10-30, Moutin and Raimbault, 2002; Ribera 

d'Alcalà et al., 2003; Pujo-Pay et al., 2011). This approach yields NO3 fluxes ranging between 16 and 

48x109 mol N yr-1. We assign the mid-range value of 32x109 mol N yr-1. Assuming that the 1950 

DON:NO3 ratio of WMSW reaching the Strait of Sicily is similar to values reported for the surface waters 

of the WMS in more recent times (~3, Pujo-Pay et al., 2011), the DON flux is then of the order of 

100x109 mol N yr-1.  

A.5.4   Atmospheric deposition 

Budget calculations by Krom et al. (2004) yield an atmospheric deposition flux of inorganic N to the 

EMS, including the Adriatic and Aegean, of 111x109 mol N yr-1, while measurements indicate that DON 

may additionally contribute 32% of leachable N deposition (Markaki et al., 2010; Violaki et al., 2010). As 

with P (section A.5.2.2), N deposition flux estimates for the latter part of the 20th century must be revised 

downward. From the ice core data of Preunkert et al. (2003) and Fagerli et al. (2007), we estimate that 

NO3 and NH4 deposition between 1950 and 1990 increased by factors of 3 and 2.1, respectively. We 

further assume that DON deposition increased by 40% during the same time period. Pro-rating to the 

surface area of the model domain and making small adjustments to balance N inputs and outputs for the 

EMS results in the fluxes shown in Figure A.3.  

A.5.4.1 Outflow fluxes 

Outflow fluxes of dissolved N to the WMS are calculated using the EMIW concentrations of NO3, DON 

and NH4 (Figure A.3) and the water flow through the Strait of Sicily (Figure A.1). Similarly, the 

upwelling fluxes of NO3, DON and NH4 into the Adriatic and Aegean seas are derived from the 

corresponding water fluxes and EMIW concentrations. As with PO4, the resulting net export of NO3 from 

the EMS to the WMS in 1950 is lower than that estimated by Krom et al. (2004) for the 1990s.  
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A.5.4.2 Deep-water formation 

Nutrient distributions in the Southern Adriatic Basin were recently reported by Santinelli et al. (2012a). In 

the deep waters, the average molar NO3:PO4 ratio is around 23. In combination with the estimated 1950 

PO4 flux (Figure A.2) this yields a NO3 flux to the EMDW via Adriatic deep-water formation on the order 

of 30x109 mol N yr-1. Adriatic Deep Water further exhibits comparable molar NO3 and DON 

concentrations, implying a DON flux to the EMDW of similar magnitude as that of NO3. Assuming that 

NH4 represents ≤1% of total dissolved N in Adriatic Deep Water, and after minor adjustments to balance 

input and output fluxes for the EMS, we obtain the fluxes shown on Figure A.3. As for Adriatic Deep 

Water formation, the NO3 input to EMDW associated with Aegean Deep Water formation is estimated 

using observed NO3:PO4 ratios in Cretan Deep Water (Krasakopoulou et al., 1999) together with the 1950 

PO4 flux from the Aegean to the EMDW estimated in section A.5.2.4. Because no DON and NH4 

concentrations are available for Cretan Deep Water, we estimate the corresponding fluxes assuming the 

same NO3:DON:NH4 ratios as in EMDW (Krom et al., 2005). 

A.5.4.3 Sediment processes 

Krom et al. (2004) estimate a denitrification flux of 10x109 mol N yr-1 for the entire EMS, including the 

Adriatic and Aegean Seas. Denitrification, however, is largely confined to the sediments accumulating 

below the productive waters of the Northern Adriatic Sea (7.1 x 109 mol yr-1; Krom et al., 2004). Pro-

rating the remainder to the surface area of the model domain gives a denitrification flux of 2.3x109 mol N 

yr-1. Similarly, pro-rating the burial rate for the entire EMS basin estimated by Krom et al. (2004) yields a 

burial flux of 22x109 mol N yr-1.  Slight adjustments to insure steady state then yield the removal fluxes 

shown in Figure A.3 

A.5.5 Internal phosphorus and nitrogen cycling 

Average gross primary production in the EMS falls in the range 60-80 gC m-2 yr-1 (Béthoux, 1989). The 

lower value of 60 gC m-2 yr-1 is used as the 1950 estimate. Together with the standard Redfield ratio 

(106:16:1) and the surface area of the EMS, this yields P and N photosynthetic assimilation fluxes in the 

EMSW of 63x109 mol P yr-1 and 1000x109 mol N yr-1. Béthoux (1989) further estimates the export 

production to be on the order of 12 gC m-2 y-1. Combining this with a C:N ratio of 106:12.6 for sinking 

organic detritus (Krom et al., 1991), we obtain a sinking flux of PON of 159x109 mol N y-1. Similarly, 

given basin-wide integrated N:P ratios of decomposed organic matter in the range 23-30 (Krom et al., 

2005), the corresponding export of POP should be on the order of 6x109 mol P y-1. The model spin-up 

yields the slightly modified flux values shown in Figures A.2 and A.3.  
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Once values are assigned to the concentrations of dissolved P and N species in the EMSW, EMIW and 

EMDW reservoirs, the up- and downwelling fluxes are fixed by the corresponding water fluxes. In 

addition, all the turbulent mixing fluxes of dissolved P and N species are assumed to be proportional to 

the concentration differences between the source and receptor reservoirs (i.e., the same turbulent diffusion 

coefficient applies to all dissolved species). All other remaining internal fluxes then derive from the 

condition of steady state.  

The reasonableness of the resulting fluxes can be verified for the vertical eddy diffusion fluxes of PO4 and 

NO3. The concentration gradients driving the diffusion fluxes can be estimated from the concentration 

differences of PO4 (110 – 25 = 85 nM) and NO3 (2.5 – 0.5 = 2.0 µM) between EMIW and EMSW and the 

midpoint distance between the two reservoirs (350 – 100 = 250 m). Combined with representative values 

for the vertical turbulent diffusion coefficient near the nutricline  (1-1.5 cm2 s-1, Krom et al., 1992; Crispi 

et al., 2002) and the surface area of the EMS, the fluxes are computed to be on the order of 1-2x109 mol P 

yr-1 and 30-50x109 mol N yr-1. These fluxes are in order-of-magnitude agreement with those shown on 

Figures A.2 and A.3. The latter are higher, however, which is not unexpected as the actual concentration 

gradients controlling the upward diffusive fluxes are likely to be steeper than estimated here.  

A further independent check on the internal fluxes can be obtained from the observed west to east change 

in PO4 concentration of the EMDW. Adriatic deep water enters the EMS via the western Ionian Basin and 

then travels eastwards to the East Levantine Basin. During the eastward transit the EMDW PO4 

concentration increases by about 0.05 μM (Krom et al., 2014). This increase can be attributed to the 

mineralization of organic P in the EMDW reservoir. Together with an EMDW residence time of 150 

years and an EMDW volume of 17x1014 m3 (Figure A.1), the observed increase in PO4 concentration 

translates into a rate of EMDW PO4 accumulation of 0.57x109 mol P yr-1. The latter is in good agreement 

with the model-predicted DOP mineralization flux in the EMDW (0.71 x109 mol P yr-1, Figure A.2). 

In the model, recycling of organic P and N is treated as a two step process, with POP and PON first 

producing DOP and DON, followed by mineralization into dissolved inorganic P and N. In this simple 

model representation, the net fluxes associated with these two steps integrate the effects of multiple 

biogeochemical and food web processes, such as, exudation, grazing, cell lysis, heterotrophy and bacterial 

assimilation of DOP and DON (Zehr and Ward, 2002). In addition, the model assumes that all NH4 

produced during the mineralization of organic N is transformed into NO3 via nitrification, although NH4 

may be assimilated directly by algae (Dugdale and Goering, 1967). For the EMS, isotopic data suggest 

that ammonia assimilation by phytoplankton is a relatively unimportant process, implying that nitrate is 

the principal N source for phytoplankton (Emeis et al., 2010). This is consistent with the observations of 
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Krom et al. (1992), who report that the main winter phytoplankton bloom coincides with the upward 

mixing of nitrate into the euphotic zone.  

A.6 Numerical model and sensitivity analyses 

A.6.1 Numerical model 

The ordinary differential equations expressing the mass balances for the 21 P plus N reservoirs are 

presented in Appendix A.10. The equations are solved in MATLAB® using solver ode15s. For most 

internal fluxes, a simple linear dependence on the mass of the source reservoir is assumed (Lasaga, 1980). 

The first-order rate constants are then calculated from the initial (i.e., 1950) estimates of the 

corresponding reservoir masses and fluxes. For the turbulent mixing of P and N, the fluxes are assumed to 

depend linearly on the difference in concentration between EMIW and EMSW. The turbulent mixing 

fluxes can therefore switch direction during model simulations.  

For NH4, first-order flux equations cause unacceptably large variations in the reservoir masses, because of 

the small size of the NH4 reservoirs. To dampen these variations, the flux equations for DON 

mineralization and nitrification are therefore assumed to be inversely proportional to the mass of the 

receiving reservoir. Thus, high NO3 concentrations slow down the conversion of NH4 to NO3 while high 

NH4 concentrations slow down the mineralization of DON. As an example, the nitrification flux at a 

given time t is related to the corresponding EMSW reservoir masses of NH4 and NO3 by 

Fnit(t) = knit .  
𝑁𝑁𝑁𝑁4(𝑡𝑡)
𝑁𝑁𝑁𝑁3(𝑡𝑡)

  (A.1) 

where the rate constant k is obtained from the initial 1950 flux and reservoir masses:  

knit = Fnit(0). 𝑁𝑁𝑁𝑁3(0)
𝑁𝑁𝑁𝑁4(0)

  (2) 

The same approach applies to the mineralization fluxes of DON to NH4. With these formulations, and the 

imposed input and output fluxes, the model is spun up till steady state.  

A.6.2 Sensitivity analyses    

The model’s sensitivity to the imposed water cycle, the external nutrient inputs and the internal 

transformation and transport processes is analyzed using factorial design (Box et al., 1978; Dale et al., 

2006). The responses of the following two model outcomes are considered: primary production, 

expressed as the assimilatory uptake of PO4 in the EMSW, and the EMDW NO3:PO4 ratio. These 
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outcomes are directly related to two of the most prominent biogeochemical features of the EMS, the 

pronounced oligotrophy and the unusual water column nutrient ratios.  

The sensitivity of primary production to the water cycle, external nutrient inputs and internal processes 

are based on 29, 210 and 212 full factorial designs, respectively.  Only the effects of the P cycle are 

investigated, as the model assumes P-limited primary production. The imposed 1950 water and nutrient 

fluxes are varied by ±10%. When analysing the sensitivity to internal fluxes, the external inputs remain 

constant, and vice versa. Yate´s algorithm (Box et al., 1978) is used to calculate the effects on the model 

response. The estimates of effect are ranked in ascending order to calculate cumulative frequency. The 

resulting probability-effect plots are shown in Figure A.4. On such a plot, when the response is not 

sensitive to a flux or combination of fluxes, the corresponding point aligns along the vertical centered on 

the origin (i.e., zero effect). Any sensitive flux or combination of fluxes produces an effect that deviates 

from this vertical line.  

Primary production in the EMS is most sensitive to the P exchanges associated with the water flows 

between the EMS and WMS, the imposed PO4 assimilation flux, the biogeochemical processes that 

recycle POP to PO4 within EMSW and EMIW, and the transport processes that move P between these 

two water masses. Processes within the EMDW play a much smaller role in controlling primary 

production, although the inflow of Adriatic deep water into the EMDW has a noticeable effect. The latter 

is related to the associated input of PO4, some of which may ultimately reach the EMSW and be utilized 

by primary producers. The sensitivity analysis highlights the key role of nutrient P inflow from the WMS, 

not only in the inorganic form but also as DOP. In addition, primary production appears to be more 

sensitive to the input of PO4 to the EMS associated with Adriatic Deep Water formation than to the 

combined P inputs via rivers, surface flow from the Adriatic plus Aegean seas, and atmospheric 

deposition.  

The results in Figure A.4 also imply that primary production is sensitive to single fluxes rather than 

combinations of fluxes. This is generally true for other model responses (not shown). In other words, 

higher order interactions have a negligible effect on the model dynamics, and they are therefore not 

included in the sensitivity analyses of the EMDW NO3:PO4 ratio shown in Figure A.4. The latter are 

based on a 29 full factorial design, and   2𝑉𝑉25−15and 2𝑉𝑉28−18 fractional factorial designs for the water cycle, 

external nutrient inputs and internal processes, respectively, following the same approach as described 

above, but now applied to both the P and N cycles.  

The EMDW NO3:PO4 ratio is most sensitive to the supply of dissolved P and N via deep-water formation 

in the Adriatic Sea, upwelling from the EMDW to the EMIW, surface inflow from the WMS, as well as to 



 Appendix A 

 206 

biogeochemical processes taking place in the EMDW plus sediment burial. The main role of Adriatic 

deep-water formation is to remove P and N from the EMIW and transfer them to the EMDW. Comparison 

of the effects associated with the internal and external fluxes implies that the nutrient inflow from the 

Adriatic Sea and WMS exert a larger influence on the EMDW NO3:PO4 ratio than the breakdown, 

mineralization and burial of POP and PON in the EMDW itself. Note that the effects of inorganic PO4 

and NO3 are larger than those of DOP and DON for the deep-water inflow from the Adriatic Sea, but that 

the opposite is true for the surface inflow from the WMS.  

A.7 Discussion 

The coupled mass balance model for P and N provides a quantitative framework for describing and 

analyzing the unique nutrient dynamics in the Eastern Mediterranean Sea (EMS).  In the present paper, 

the model is initialized for nominal year 1950, that is, prior to the large increases in nutrient inputs 

experienced by the Mediterranean Sea during the second half of the 20th century (Chapter 2). Water flows, 

nutrient reservoir masses and nutrient fluxes into, from and within the EMS are estimated based on an 

exhaustive review and interpretation of the available literature. The model spin-up to steady state then 

yields the values of concentrations, reservoir masses and fluxes shown in Figures A.1 and A.2 and Table 

A.1, with the corresponding molar N:P ratios summarized in Table A.2. These values should be viewed as 

order of magnitude estimates, in particular for the organic forms of P and N for which only limited data 

are available. However, as shown in the companion paper, the predicted changes in nutrient distributions 

over the period 1950-2000 are consistent with independent observations not used when initializing the 

model (Chapter 2).  Here, we discuss the principal outcomes of the 1950 model as they relate to the 

characteristic nutrient-based features of the EMS, namely ultra-oligotrophy, low nutrient water column 

concentrations, and non-Redfieldian organic and inorganic N:P ratios.  

The very low productivity of the EMS cannot be ascribed to abnormally low nutrient inputs. The 1950 

estimates of the total external supply fluxes of soluble P and N (inorganic plus organic species) to the 

surface waters of the EMS by rivers, atmospheric deposition and surface inflow from the WMS, Adriatic 

Sea and Aegean Sea, normalized to the surface area of the EMS, are 0.004 mol P m-2 yr-1 and 0.15 mol N 

m-2 yr-1.  These values are comparable to those reported, for example, for the Baltic Sea (0.006 moles P m-

2 yr-1 and 0.38 moles N m-2 yr-1; Artioli et al., 2008). The latter is similarly land-locked, but exhibits 

markedly higher primary productivity than the EMS (Rydberg et al., 2006).  

Note that the budgets in Figures A.2 and A.3 do not include P and N inputs to the EMS from coastal 

runoff or submarine groundwater inflow. Nutrient inputs by diffuse coastal runoff from Turkey and 

Middle Eastern plus North African countries are likely to be negligible because of the (semi-)arid climate 
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conditions. (Note: while coastal runoff may be a significant source of reactive P and N in the Adriatic and 

Aegean Seas, the latter are not included in the EMS model domain.) According to Zekster et al. (2007), 

submarine groundwater inflow to the entire Mediterranean Sea may amount up to 25% of the riverine 

discharge. The karstic coast of Turkey in particular could be an important conduit for submarine 

groundwater flow to the EMS. As the concentrations of nutrients in discharging groundwater can be quite 

high (Weinstein et al., 2011), submarine groundwater inputs could therefore be a non-negligible source of 

nutrient P and N to the EMS. Further work will be needed to fill this knowledge gap in the 

biogeochemistry of the EMS.   

New production in the EMS is supported by nutrients supplied to the surface waters from external sources 

and by turbulent mixing from the intermediate water (EMIW). Of these, the largest nutrient supply is 

from the WMS, primarily in the form of DOP and DON. A substantial fraction (~50%) of the DOP 

imported from the WMS is remineralized in the EMSW and, hence, represents a significant contribution 

to the new production in the EMS. According to the 1950 budgets shown in Figures A.2 and A.3, the net 

supplies of dissolved P and N to the EMSW account for 10 and 17% of the annual gross primary 

productions of POP and PON, respectively. Conversely, this implies that the recycling of P in the EMSW 

fuels 90% of the annual production of POP. Such high recycling efficiency of the limiting nutrient, and 

the corresponding high fraction of regenerated production, are typical for oligotrophic marine systems 

(e.g., Sarmiento and Gruber, 2006). 

At steady state, new production and export production balance each other. Hence, 10 and 17% of the POP 

and PON produced annually in the EMSW sink into the EMIW reservoir. Further organic matter 

decomposition in EMIW and EMDW ultimately results in the burial in the sediments of the EMS of 1 and 

2 % of the annual gross production of POP and PON, respectively. Organic matter burial rates of a few % 

or less are common for open ocean waters (e.g., Van Cappellen, 2003). What sets the EMS apart from 

other areas of the global ocean is the large lateral export of regenerated nutrients, which permanently 

removes dissolved P and N from the EMIW reservoir to the WMS. Note, however, that for the estimated 

1950 P budget the inflow and outflow fluxes of total dissolved P (i.e., PO4 plus DOP) through the Strait of 

Sicily are nearly identical. The major difference is the speciation of P in the inflow and outflow.  Whereas 

DOP dominates dissolved P supplied from the WMS, PO4 is the main form exported to the WMS. The 

latter limits the build-up of PO4 in EMIW and, hence, the upward transfer of PO4 back to the euphotic 

zone by turbulent mixing. Supply of N to the EMSW is similarly limited by the outflow of NO3 to the 

WMS. The efficient export to the WMS also translates into short residence times of P and N in the EMIW 

reservoir, on the order of 9 years, in contrast to the EMDW where residence times are on the order of 200 

years.  
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While the anti-estuarine circulation helps explain the low water column PO4 and NO3 concentrations and 

the resulting low productivity of the EMS, it does not in itself explain why the molar N:P ratios of all the 

dissolved and particulate reservoirs in the EMS exceed the 16:1 Redfield ratio (Table A.2). In the 

proposed model, these ratios result from the combination of higher-than-Redfield inputs of reactive N 

relative to reactive P, the absence of significant denitrification, and the preferential regeneration of PO4 

relative to NO3 during the decomposition of organic matter (Krom et al., 2010).  

According to the 1950 flux estimates, molar N:P ratios supplied by atmospheric deposition, surface 

inflow (rivers plus surface inflow from WMS, Adriatic and Aegean) and deep water input (from Adriatic 

and Aegean) equal 91, 26 and 36, respectively. The combined external delivery of soluble P (PO4 plus 

DOP) and N (NO3, NH4 plus DON) to the EMS has an N:P ratio of 34. Many other marine basins have 

external N:P supply ratios greater than 16, even after subtracting the anthropogenic contributions. For 

instance, the external N:P supply ratio for the Baltic Sea may have exceeded 50 prior to the 20th century 

(Larsson et al., 1985).  At the global scale, estimates of the supply by rivers of dissolved P and N from 

natural sources to the ocean yield an overall N:P ratio of 45 (Seitzinger et al., 2005). In most oceanic 

basins, however, higher-than-Redfield inputs of N are compensated by the net loss of fixed nitrogen due 

to denitrification (Tyrrell, 1999). In contrast, in the EMS denitrification is restricted by the ultra-

oligotrophic conditions, which results in a low deposition flux of organic matter at the seafloor and, 

hence, the absence of anaerobic conditions in surficial sediments. The estimated 1950’s denitrification 

flux of 2.5x109 moles N yr-1 represents approximately 1% of the total reactive N input to the EMS and, 

therefore, has only a minimal effect on basin-wide N:P ratios.   

Although N:P ratios have been determined for the various organic and inorganic reservoirs of the EMS, 

the NO3:PO4 ratio of the EMDW has received most attention. Measurements of NO3:PO4 ratios in the 

deeper parts of the basin were the first to demonstrate the unusual nutrient composition of the EMS and, 

consequently, the EMDW NO3:PO4 ratio has been measured most often (Krom et al., 1991; Kress and 

Herut, 2001; Kress et al., 2003; Pujo-Pay et al., 2011). Model calculations show that the 1950 

denitrification flux would have to increase 14-fold for the EMDW NO3:PO4 ratio to approach the Redfield 

value of 16:1, all else unchanged (Figure A.5). With a 14-fold increase, the denitrification flux would 

equal 34.6x109 moles N yr-1. The latter represents on the order of 3.5% of the assimilatory uptake of N by 

primary production, which falls within the range estimated for the global ocean (2-6%), based on a global 

marine productivity of 50 Pg C yr-1 (Carr et al., 2006) and a range of denitrification of 175-450 Tg N yr-1 

(Codispoti, 2007). The model calculations, however, do not take into account the feedback between 

denitrification and nitrogen fixation: as denitrification lowers the N:P ratio of the EMS, nitrogen fixation 

is likely to increase. Thus, the denitrification flux would have to increase by more than a factor of 14 for 



 Appendix A 

 209 

the EMDW NO3:PO4 ratio to reach 16. As a corollary, the mass balance model implies that the lack of 

significant denitrification in the EMS requires that nitrogen fixation must play a minor role in the N cycle 

of the EMS, as corroborated by existing field measurements (Ibello et al., 2010a; Bonnet et al., 2011; 

Yogev et al., 2011). 

Most of the organic P and organic N in the EMS derive from primary production in the EMSW. Primary 

producers are assumed to synthesize new biomass with Redfield composition, which is in agreement with 

field and experimental data for the EMS (Krom et al., 2010). The higher-than-Redfield PON:POP and 

DON:DOP ratios that are systematically observed in the EMS (Moutin and Raimbault, 2002; Krom et al., 

2005; Pujo-Pay et al., 2011) therefore imply a more efficient recycling of P relative to N during organic 

matter decomposition. In the model, 90% and 83% of the gross production of POP and PON, 

respectively, are regenerated back to inorganic nutrients within the EMSW. Hence, settling of particulate 

matter and downwelling of surface waters transfer N-enriched organic matter to the EMIW. Preferential 

recycling of P continues below the EMSW, hence sustaining higher-than-Redfield N:P ratios of 

particulate and dissolved organic matter throughout the EMS. The difference in recycling efficiency 

between P and N is also reflected in the relative abundances of organic and inorganic forms of the two 

elements in the EMS. Integrated over the entire water column, inorganic dissolved PO4 and N (NO3 + 

NH4) account for 76% and 59% of total reactive P (PO4 + POP + DOP) and N (NO3 + NH4 + PON + 

DON), respectively.  The preferential regeneration of organic P relative to organic N may reflect the P-

limited nature of biological productivity in the EMS, as also proposed for other oligotrophic marine 

systems (Clark et al., 1998). 

A.8 Conclusions 

The EMS is a P-limited, ultra-oligotrophic marine basin with unusually high water column N:P ratios. 

The proposed biogeochemical nutrient model is consistent with the hypothesis that the anti-estuarine 

circulation of the EMS is primarily responsible for the low dissolved NO3 and PO4 concentrations 

throughout the water column, as well as the low primary productivity of the EMS, which is among the 

lowest of the world’s oceans. In addition, the nutrient model highlights aspects of the P and N cycles that 

have previously received less or no attention, in particular the roles of the organic pools of P and N.  

According to the reconstructed 1950 nutrient budgets, the principal external source of P and N to the EMS 

is the WMS. The surface inflow from the WMS, however, mainly delivers DOP and DON to the surface 

waters of the EMS. Furthermore, while Adriatic and Aegean deep-water formation represents an 

important nutrient input to the EMDW, it mostly carries dissolved P and N from the EMIW. Both the 

lateral export of inorganic nutrients to the WMS, and the transfer of P and N from EMIW to EMDW 
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through Adriatic and Aegean deep-water formation, severely limit the upward flux of PO4 from 

intermediate water depths to the euphotic zone, where it would otherwise fuel primary production. 

All the external nutrient inputs to the EMS are characterized by higher-than-Redfield N:P ratios, which in 

itself is not unusual. However, in contrast to other marine basins or the global ocean, the water column 

nutrient inventories in the EMS maintain these higher-than-Redfield N:P ratios, because minimal amounts 

of fixed N are removed by denitrification. The very high molar N:P ratios of the particulate and dissolved 

organic pools (≥ 31) further imply a preferential regeneration of P relative to N during organic matter 

decomposition. This may be generally true for P-starved oligotrophic marine systems. 

The proposed biogeochemical model for the EMS is based on well-established oceanographic processes. 

The initialization of the model for the year 1950 offers, we believe, a reasonable representation of the 

conditions prevailing in the EMS prior to the large increases in anthropogenic nutrient inputs. Because of 

the absence of relevant measurements going back to the 1950s, direct model validation is not possible, 

however. In the companion paper, we evaluate to what extent the model is capable of reproducing more 

recent observations, starting from the initial conditions presented here. 
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A.9 Tables and figures 

 

Table A.1: Concentration ranges of the P and N pools considered in the EMS biogeochemical model (in 

units of nM and µM, respectively), plus the reservoir masses after model spin-up (masses are given in 

units of 109 moles). The corresponding concentrations of the P and N pools are shown in Figures A.2 and 

A.3. 

 PO4 DOP POP  NO3 NH4 DON PON 
Range nM    μM  
EMSW 0-100 10-100 4-20  0.01-3 0.04-0.08 2-11 0.1-0.5 
EMIW 30-200 30-80 3-10  0.5-6 0.05-0.06 2-5 0.1-0.3 
EMDW 130-230 0-70 2.5-8  3-6 <0.1 0-5 0.05-0.15 

Mass  109 mol    109 mol  
EMSW 7.0 14.1 2.0  148 23 737 80 
EMIW 43.1 17.1 2.1  1021 19 1056 65 
EMDW 299.1 71.4 5.8  8234 89 4312 185 
 
 
 
 
 
 
 
 
Table A.2: Molar N:P ratios of the various nutrient reservoirs after model spin-up.  See text for detailed 

discussion. 

 NO3:PO4 DON:DOP PON:POP 
EMSW 21 52 40 
EMIW 24 62 31 
EMDW 28 60 32 
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Figure A.1: Water cycle of the EMS. Water fluxes are given in Sverdrup units (1 Sv = 106 m3 s-1).  
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Figure A.2: Steady state phosphorus model for the EMS in 1950. For each P reservoir, the concentration 

is indicated in units of nM. (Note: The corresponding reservoir masses are listed in Table A.1.) Fluxes are 

expressed in 109 mol P yr-1. Upward (downward) turbulent mixing fluxes are assigned positive (negative) 

values.  
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Figure A.3: Steady state nitrogen model for the EMS in 1950. For each N reservoir, the imposed 

concentration is indicated, in units of µM. The corresponding reservoir masses are listed in Table A.1. 

Fluxes are expressed in 109 mol N yr-1. Upward (downward) turbulent mixing fluxes are assigned positive 

(negative) values.  
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Figure A.4: Factorial design analyses: effects of water cycle, external nutrient inputs and internal fluxes 

on primary production (panels a-c) and the EMDW NO3:PO4 ratio (panels d-f). Only those effects that are 

significant are identified. See text for complete discussion.  
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Figure A.5: Model-predicted NO3:PO4 ratio in the EMDW as a function of the denitrification flux, 

expressed relative to the assimilative NO3 uptake flux by primary producers. The symbol corresponds to 

the best estimate of the denitrification flux in 1950 (see Figure A.3). Results plotted are obtained by 

varying the denitrification flux and running the model to steady state, with all other conditions 

unchanged. The EMDW NO3:PO4 ratio reaches the Redfield value (16:1) when denitrification equals 

3.5% of the photosynthetic NO3 uptake in the EMSW. See text for complete discussion. 
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A.10 Supporting Information: Mass equations 

 
𝑑𝑑𝑑𝑑𝑑𝑑4𝑆𝑆𝑆𝑆
𝑑𝑑𝑑𝑑

= 𝐴𝐴𝑃𝑃𝑃𝑃4 + 𝑆𝑆𝑃𝑃𝑃𝑃4 + 𝑊𝑊𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃4 + 𝑡𝑡𝑃𝑃𝑃𝑃4 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑃𝑃𝑃𝑃4   
 

𝑑𝑑𝑑𝑑𝑑𝑑4𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑃𝑃𝑃𝑃4 + 𝑢𝑢𝑢𝑢𝑃𝑃𝑃𝑃4 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑡𝑡𝑃𝑃𝑃𝑃4 −𝑊𝑊𝑊𝑊𝑊𝑊_𝑜𝑜𝑜𝑜𝑜𝑜𝑃𝑃𝑃𝑃4 − 𝐴𝐴𝐴𝐴𝐴𝐴_𝑜𝑜𝑜𝑜𝑜𝑜𝑃𝑃𝑃𝑃4 − 𝐴𝐴𝐴𝐴𝐴𝐴_𝑜𝑜𝑜𝑜𝑜𝑜𝑃𝑃𝑃𝑃4  

 

𝑑𝑑𝑑𝑑𝑑𝑑4𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 + 𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃4 + 𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃4 − 𝑢𝑢𝑢𝑢𝑃𝑃𝑃𝑃4  

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆

𝑑𝑑𝑑𝑑
= 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃 −  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆−𝐿𝐿𝐿𝐿𝐿𝐿 −  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝐵𝐵𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆

𝑑𝑑𝑑𝑑
= 𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷 +  𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑊𝑊𝑊𝑊𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷𝐷𝐷 

 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷𝑃𝑃 +  𝑢𝑢𝑢𝑢𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 −𝑊𝑊𝑊𝑊𝑊𝑊_𝑜𝑜𝑜𝑜𝑜𝑜𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐴𝐴𝐴𝐴𝐴𝐴_𝑜𝑜𝑢𝑢𝑢𝑢𝐷𝐷𝐷𝐷𝐷𝐷
− 𝐴𝐴𝐴𝐴𝐴𝐴_𝑜𝑜𝑜𝑜𝑜𝑜𝐷𝐷𝐷𝐷𝐷𝐷  

 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑑𝑑𝑑𝑑

= 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 +  𝐴𝐴𝐴𝐴𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑢𝑢𝑢𝑢𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 

𝑑𝑑𝑑𝑑𝑑𝑑3𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝐴𝐴𝑁𝑁𝑁𝑁3 +  𝑆𝑆𝑁𝑁𝑁𝑁3 +𝑊𝑊𝑊𝑊𝑊𝑊𝑁𝑁𝑁𝑁3 + 𝑡𝑡𝑁𝑁𝑁𝑁3 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑁𝑁 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁3   

 

𝑑𝑑𝑑𝑑𝑑𝑑3𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁3 +  𝑢𝑢𝑢𝑢𝑁𝑁𝑁𝑁3 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑡𝑡𝑁𝑁𝑁𝑁3 −𝑊𝑊𝑊𝑊𝑊𝑊_𝑜𝑜𝑜𝑜𝑜𝑜𝑁𝑁𝑁𝑁3 − 𝐴𝐴𝐴𝐴𝐴𝐴_𝑜𝑜𝑜𝑜𝑜𝑜𝑁𝑁𝑁𝑁3 − 𝐴𝐴𝐴𝐴𝐴𝐴_𝑜𝑜𝑜𝑜𝑜𝑜𝑁𝑁𝑁𝑁3  

 
𝑑𝑑𝑑𝑑𝑑𝑑3𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 +  𝐴𝐴𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁3 + 𝐴𝐴𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁3 − 𝑢𝑢𝑢𝑢𝑁𝑁𝑁𝑁3 −  𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑁𝑁 −  𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 −  𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  −  𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝐵𝐵𝑃𝑃𝑃𝑃𝑃𝑃  − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
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𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑊𝑊𝑊𝑊𝑊𝑊𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷𝐷𝐷  

 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷𝐷𝐷 +  𝑢𝑢𝑢𝑢𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 −𝑊𝑊𝑊𝑊𝑊𝑊_𝑜𝑜𝑜𝑜𝑜𝑜𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝐴𝐴𝐴𝐴𝐴𝐴_𝑜𝑜𝑜𝑜𝑜𝑜𝐷𝐷𝐷𝐷𝐷𝐷
− 𝐴𝐴𝐴𝐴𝐴𝐴_𝑜𝑜𝑜𝑜𝑜𝑜𝐷𝐷𝐷𝐷𝐷𝐷  

 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑑𝑑𝑑𝑑

= 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 +  𝐴𝐴𝐴𝐴𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑢𝑢𝑢𝑢𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 

𝑑𝑑𝑑𝑑𝑑𝑑4𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝐴𝐴𝑁𝑁𝑁𝑁4 +  𝑆𝑆𝑁𝑁𝑁𝑁4 +𝑊𝑊𝑊𝑊𝑊𝑊𝑁𝑁𝑁𝑁4 + 𝑡𝑡𝑁𝑁𝑁𝑁4 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁4  

 

𝑑𝑑𝑑𝑑𝑑𝑑4𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁4 +  𝑢𝑢𝑢𝑢𝑁𝑁𝑁𝑁4 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑡𝑡𝑁𝑁𝑁𝑁4 −𝑊𝑊𝑊𝑊𝑊𝑊_𝑜𝑜𝑜𝑜𝑜𝑜𝑁𝑁𝑁𝑁4 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝐴𝐴𝐴𝐴𝐴𝐴_𝑜𝑜𝑜𝑜𝑜𝑜𝑁𝑁𝑁𝑁4

− 𝐴𝐴𝐴𝐴𝐴𝐴_𝑜𝑜𝑜𝑜𝑜𝑜𝑁𝑁𝑁𝑁4  

 

𝑑𝑑𝑑𝑑𝑑𝑑4𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑑𝑑𝑑𝑑
= 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 + 𝐴𝐴𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁4 + 𝐴𝐴𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁4 − 𝑢𝑢𝑢𝑢𝑁𝑁𝑁𝑁4 − 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
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Input fluxes 
Ax    Atmospheric deposition    x=PO4,DOP,NO3,NH4,DON 
Sx  Surface flow inputs     
WMSx  Inflow from Western Mediterranean Sea  
Aegx  Deep water formation from Aegean Sea 
Adrx  Deep water formation from Adriatic Sea 
 
Output fluxes 
WMS_outx Export to Western Mediterranean Sea x=PO4,DOP,NO3,NH4,DON 
Aeg_outx Upwelling of EMIW to Aegean Sea 
Adr_outx Upwelling of EMIW to Adriatic Sea 
Bx  Burial of organic matter   x= POP,PON 
denit   Denitrification 
 
Internal Processes 
assimx  Assimilation by phytoplankton  x=P,N 
Psolx  Solubilization of POP to DOP  x = EMSW, EMIW, EMDW 
Pminx  Mineralization of DOP to PO4 
Nsolx  Solubilization of PON to DON 
Nminx  Mineralization of DON to NH4 
Nnitx  Nitrification of NH4 to NO3 
Pexpx  POP export from water layer  x = EMSW-IW, EMIW-EMDW 
Nexpx  PON export from water layer 
tx  Turbulent mixing from EMIW to EMSW  x=PO4,DOP,NO3,NH4,DON 
 
Circulation 
downx  Downwelling from EMSW to EMIW  x=PO4,DOP,NO3,NH4,DON 
upx  Upwelling from EMDW to EMIW   
 
Units 
All fluxes are expressed in mol (P or N) per year 
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Supporting Information:  Chapter 2 

 

 

A biogeochemical model of phosphorus and nitrogen cycling in the 

Eastern Mediterranean Sea. Part 2. Response of nutrient cycles and 

primary production to anthropogenic forcing: 1950-2000 
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Table B.1: Decadal values of the anthropogenic forcing functions for external reactive P and N inputs to 

the EMS imposed in the model simulations.  For each external source the forcing functions gives the 

change in input flux relative to the input flux in 1950 (Equation 2.1 in text). Minimum and maximum 

values of the forcing function during the 1950-2000 period are also reported. Abbreviations: WMS = 

Western Mediterranean Sea, Atm = atmospheric deposition, Adr = Adriatic deep water formation, Aeg = 

Aegean deep water formation, add = additional nutrient acquired by EMIW during Adriatic and Aegean 

deep water formation. 

 1950 1960 1970 1980 1990 2000  Min (Year) Max (Year) 

Phosphorus          

Riverine 1.00 1.10 0.66 2.07 1.98 1.39  0.46 (1967) 2.23 (1984) 
WMS 1.00 1.00 1.01 1.04 1.08 1.13  1.00 (1950) 1.13 (2000) 
Atm PO4 1.00 1.55 2.25 2.47 2.09 1.46  1.00 (1950) 2.48 (1979) 
Atm DOP 1.00 1.17 1.30 1.37 1.41 1.41  1.00 (1950) 1.41 (1995) 
Adr add PO4 1.00 1.55 3.32 7.82 6.20 3.58  1.00 (1950) 8.07 (1982) 
Adr add DOP 1.00 1.18 1.83 3.03 2.73 1.92  1.00 (1950) 3.12 (1983) 
Aeg add PO4 1.00 1.47 2.48 3.11 2.78 1.31  1.00 (1950) 3.13 (1982) 
Aeg add DOP 1.00 1.22 1.68 2.11 2.18 1.60  1.00 (1950) 2.21 (1987) 

Nitrogen          
Riverine 1.00 1.16 1.84 3.14 4.41 5.16  1.00 (1950) 5.16 (2000) 
WMS 1.00 1.03 1.11 1.21 1.30 1.38  1.00 (1950) 1.38 (2000) 
Atm NO3 1.00 1.30 1.97 2.60 2.94 2.90  1.00 (1950) 2.97 (1994) 
Atm NH4 1.00 1.18 1.55 1.94 2.18 2.13  1.00 (1950) 2.21 (1994) 
Atm DON 1.00 1.17 1.30 1.37 1.41 1.41  1.00 (1950) 1.41 (1995) 
Adr add NO3 1.00 1.18 2.27 3.86 4.72 4.71  1.00 (1950) 4.79 (1994) 
Adr add NH4 1.00 1.14 1.68 2.30 2.67 2.64  1.00 (1950) 2.71 (1994) 
Adr add DON 1.00 1.13 1.58 2.12 2.44 2.44  1.00 (1950) 2.48 (1995) 
Aeg add NO3 1.00 1.35 2.32 3.53 4.32 4.32  1.00 (1950) 4.41 (1995) 
Aeg add NH4 1.00 1.17 1.61 2.08 2.38 2.35  1.00 (1950) 2.42 (1994) 
Aeg add DON 1.00 1.21 1.65 1.95 1.98 1.81  1.00 (1950) 2.00 (1986) 
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Table B.2: Responses of P and N concentrations in the year 2000 to changes in the WMS input of 

reactive P and N. The ±10% WMS simulations impose forcing functions that yield inputs in 2000 that are 

respectively 10% higher and 10% lower than in the baseline scenario, for all reactive P and N species. 

The baseline and ±10% WMS scenarios all start with the same 1950 inputs. 

  1950 
Concentrations 

2000 Concentrations 
  Baseline -10% WMS  + 10% WMS  
PO4 (nM) EMSW 24.9 28.7 27.2 30.4 
 EMIW 107.6 121.0 117.3 125.7 
 EMDW 175.9 183.3 183.1 183.9 
DOP (nM) EMSW 50.4 58.1 54.9 61.6 
 EMIW 42.7 49.1 46.8 51.7 
 EMDW 42.0 44.5 44.2 45.2 

POP (nM) EMSW 7.1 8.1 7.7 8.6 
 EMIW 5.3 6.1 5.8 6.5 
 EMDW 5.4 3.9 3.8 4.1 

NO3 (µM) EMSW 0.53 0.77 0.81 0.72 
 EMIW 2.55 3.38 3.31 3.43 
 EMDW 4.84 5.08 5.07 5.09 

NH4 (µM) EMSW 0.08 0.13 0.13 0.13 
 EMIW 0.05 0.07 0.07 0.07 
 EMDW 0.05 0.06 0.06 0.06 

DON (µM) EMSW 2.63 4.52 4.26 4.76 
 EMIW 2.64 3.90 3.71 4.10 
 EMDW 2.54 2.78 2.75 2.81 

PON (µM) EMSW 0.28 0.33 0.31 0.35 
 EMIW 0.16 0.19 0.18 0.20 
 EMDW 0.11 0.13 0.12 0.13 
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Figure B.1: Evolution of the concentrations of reactive P (PO4, DOP and DOP) from 1950 to 2000, in 

the surface waters (EMSW), Eastern Mediterranean Intermediate Water (EMIW) and Eastern 

Mediterranean Deep Water (EMDW). The solid lines represent the baseline model; dashed lines 

correspond to the ±10% WMS input scenarios. See the caption of Table B.2 for details on the scenarios. 
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Figure B.2: Evolution of the concentrations of reactive N (NO3, NH4, DON and PON) from 1950 to 

2000, in the surface waters (EMSW), Levantine Intermediate Water (EMIW) and Eastern Mediterranean 

Deep Water (EMDW). The solid lines represent the baseline model; dashed lines correspond to the ±10% 

WMS input scenarios. See the caption of Table B.2 for details on the scenarios. 
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Figure B.3: Evolution of the NO3:PO4, DON:DOP and PON:POP molar ratios of the surface waters 

(EMSW), Levantine Intermediate Water (EMIW) and Eastern Mediterranean Deep Water (EMDW) from 

1950 to 2000. The solid lines represent the baseline model; dashed lines correspond to the ±10% WMS 

input scenarios. See the caption of Table B.2 for details on the scenarios. 
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Figure B.4: Sensitivity of EMS primary productivity to inflow from the Western Mediterranean Sea 

(WMS).  The predicted primary production in year 2000 is plotted for model simulations in which the 

baseline anthropogenic forcing functions for P and N inputs from the WMS are scaled by factors of 0.5, 1, 

2, 3, 4, 5 and 20. All other forcing functions remain identical to those in the baseline simulation discussed 

in the main text 
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Appendix C  
Supporting Information: Chapter 3 

 

 

Direct discharges of domestic wastewater are an important source of 

phosphorus and nitrogen to the Mediterranean Sea 
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C.1 Estimations of terms in Equation 3.1 (Section 3.3, main text) 

P,N capita –  Annual per capita phosphorus and nitrogen loads in domestic wastewater 

The annual per capita loads of P and N in domestic wastewater, Pcapita and Ncapita , are computed by 

considering the P and N contents of human excreta (Equation 3.2 in main text). For P, we also add the 

contributions of laundry and dishwasher detergents (Equation 3.3 in main text). The Pcapita and Ncapita 

values are estimated individually for each country along the Mediterranean; the resulting loads for year 

2003 are given in Table C.7. 

The P and N loads associated with human excreta are related to the annual per capita protein supply to a 

country, as compiled by the Statistics Division of the Food and Agriculture Organization (FAO) of the 

United Nations (Faostat, 2013). Dietary protein contains 1.6 and 16% P and N, respectively (Morée et al., 

2013). The protein supply rates are corrected for the losses by retail businesses and households, along 

with human losses through sweat, blood and hair loss. Retail and household losses account for 17% of 

gross protein supply in Europe and 13% in North African and West and Central Asia, while 3% of P and 

N intake is lost on average through hair sweat and blood (Morée et al., 2013).     

Domestic release of P from dishwashers (PD) is estimated from the country’s market exchange rate based 

gross national domestic product (GDP) expressed in 1995 U.S. dollars capita-1 yr-1, using the equations 

presented by Van Drecht et al. (2009).  For countries with a GDP below US$10,000 capita-1 yr-1 

households with dishwashers are rare, and we therefore assume that they contribute negligibly to the P 

loads in wastewater. For the other countries, we impose a maximum fraction of 80% of the population 

with access to dishwashers.  

Inputs of P from laundry detergents (PL) are also calculated with the equations of Van Drecht et al. 

(2009), which relate laundry detergent usage and the fraction of P-free laundry detergent to a country’s 

GDP. However, for a number of countries the actual P-free laundry detergent usage is known, in which 

case we use the reported fractions (WRC, 2002). In addition, for countries with GDP >US$33,000 capita-1 

yr-1 laundry detergents are assumed to be P-free (Van Drecht et al., 2009).  

pop – Population 

Populations of coastal cities were obtained directly from the UNEP-MAP surveys (UNEP/MAP/MED-

POL/WHO, 2004; 2008). Individual countries report permanent populations, population equivalents, or 

both. Population equivalent includes the increase in seasonal population due to tourism. When both 

permanent population and population equivalent are reported, permanent population is used in the 

analysis as this results in better fits between observed and modeled P and N inputs (see section 3.3). 

Details of the population distribution per country and per region/basin are summarized in Table C.2a. 
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 fc – Fraction of population connected to sewerage system 

For each city, fc is obtained directly from the available United Nations surveys (UNEP/MAP/MED-

POL/WHO, 2004; 2008), or, if unavailable, the average fc of the host country for the year closest to 2003 

is imposed (Table C.8). In case the permanent population is less than the population connected to the 

sewage network, the permanent population is used in the calculations, assuming fc= 1. 

fP,N – Fraction of P or N removed from wastewater stream in WWTP 

We use the average retentions of P and N for the different types of wastewater treatment reported in 

Kristensen et al. (2004) (Table C.9). These values are representative for Nordic countries. WWTPs in 

developing countries may have less efficient retentions (Van Drecht et al., 2009). Untreated wastewater 

and wastewater that has undergone pretreatment are assigned a retention of zero.  

C.2 Gaza and Egypt 

In addition to the coastal cities included in the two UNEP-MAP surveys (UNEP/MAP/MED-POL/WHO, 

2004; 2008), we also estimate P and N sewage inputs to the MS from Northern Egypt and the Gaza Strip. 

According to Rasmussen et al. (2009), the El-Baqar drain releases 42.5x106 mol P yr-1 and 988.6x106 mol 

N yr-1 into Lake Manzella in the Nile Delta. Channels connect this coastal lake to the MS. The wastewater 

flowing through the El-Baqar drain mainly originates in East Cairo and is mostly untreated although some 

primary treatment may occur (Taha et al., 2004). Around 40% of the water discharge from the drain is of 

commercial and domestic origin (Taha et al., 2004). As a first approximation we therefore assume that 

domestic sewage inputs to the MS from Northern Egypt equal 40% of the total P and N inputs from the 

El-Baqar drain to Lake Manzella, that is, 17x106 mol P yr-1 and 395x106 mol N yr-1.  

The Gaza Strip, with a population of 1.221 million in 2003 (Palestinian Central Bureau of Statistics, 

2014), has three WWTPs (WHO, 2005). Applying the network connectivity of the Palestinian Territory 

(54%) (WHO, 2005) yields 653,235 people connected to the sewage network. Two of the WWTPs 

operate reasonably well, serving 420,000 inhabitants and providing secondary treatment (WHO, 2005). 

This implies that sewage effluent from an additional 233,235 people is probably discharged into the 

Mediterranean untreated. In total, we estimate that the Gaza strip discharges 7.1 x106 and 104x106 mol yr-

1 of P and N into the MS, respectively.  

C.3 Model check  

As a check on the empirical modeling approach we use to calculate direct wastewater P and N discharges 

into the MS, we compare our model-predicted input and output fluxes of P and N for individual WWTPs 

to available measured values for WWTPs in Italy, Spain and Cyprus (EEA, 2012). As can be seen in 
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Figure C.1, the predicted N and P inputs to WWTPs are in general agreement with reported values, with a 

Nash Sutcliffe efficiency, E, of 0.734 and 0.789 for P and N, respectively. Note that the uncertainties on 

the model-calculated input fluxes reflect to a large degree missing data on population size and 

connectivity to the sewerage system for WWTPs in Spain and Italy. The error bars on Figure C.1 

correspond to the high and low estimates obtained as outlined in Table C.10. 

The P and N discharge fluxes from WWTPs are calculated using the reported (not modeled) input fluxes 

to the WWTPs, and the average P and N retention efficiencies for the different types of wastewater 

treatment (Table C.9). Note, however, that for many WWTPs in Spain and Italy the treatment type is not 

reported. In those cases, secondary treatment is assumed, as it is the most common treatment type in 

countries surrounding the MS. In addition, uncertainty still surrounds the proportion of treated to 

untreated wastewater for a given WWTP when connectivity to the sewage network is not reported. 

Despite the uncertainties associated with the missing data, good agreement between modeled and 

measured output fluxes is observed, with E of 0.328 and 0.862 for P and N, respectively.  

C.4 Speciation of P and N in wastewater 

Relatively little data exist on the chemical speciation of P and N discharged from WWTPs; here we use 

all available information although, at this stage, we cannot assess how representative our estimations are 

for WWTPs in the Mediterranean coastal region (Table C.12). Average P speciation after primary, 

secondary and tertiary treatment are derived from detailed studies on 12 WWTPs across the United States 

(Gu et al., 2014). Speciation of P in untreated sewage is calculated from measurements at WWTPs in 

South Africa and the Netherlands (Rössle, 2001; Lopez-Vazquez et al., 2008). For N, raw and primary 

treated N speciation are based on observations at South African WWTPs (Rössle, 2001). The predicted 

raw sewage N speciation is within the range reported for 3 WWTPs in France (Servais et al., 1999).  

Secondary and tertiary N speciation are estimated from N discharges at the same WWTPs in France.  The 

resulting, model-derived fluxes of individual P and N species in direct domestic wastewater discharges to 

the Mediterranean Sea are presented in Table C.3. 

C.5 Projections (2050) 

Wastewater discharges for the year 2050 are projected using estimated changes in population growth, 

dietary habits and connectivity to the sewage system as described in the main text.  A protein intake of 

115 g capita-1 day-1 is assigned to all Mediterranean countries in 2050, which corresponds to the combined 

2003 average value of France, Greece, Italy and Spain, that is, the 2003 EU countries bordering the MS 

(Faostat, 2013). According to Faostat, protein intake in these 4 countries increased steadily between 1960 

and 1990, then stabilized at an average value of 115 g capita-1 day-1 by the turn of the century (Faostat, 



 Appendix C 

 231 

2013). In comparison, per capita protein intake in SMCs increased at an approximate constant rate from 

1960 to 2010, and will likely approach that of NMCs in the next few decades. Thus it is not unreasonable 

to assume that SMCs will exhibit a protein intake in 2050 similar to that reached in 2003 by the EU 

countries. 

The mitigation strategies considered are summarized in Table 2 of the main text. The 50% minimum 

wastewater recycling in scenarios B and H is a reasonable future, mid-century recycling rate for treated 

wastewater in Mediterranean countries: in the early 2000s, Cyprus, Israel, Libya, Syria and Lebanon 

already recycled over 88% of their treated wastewater, with other Mediterranean countries recycling up to 

50% of treated wastewater (FAO, 2014).  An unknown fraction of the reused wastewater might enter the 

sea through agricultural runoff or submarine groundwater discharge. We have currently no basis to 

estimate what these fractions are for Mediterranean countries and therefore assume that re-used 

wastewater does not contribute P or N to the MS.  

The legislation limiting P use in detergents (scenarios D, E and G) is based upon the 2012 EU amendment 

(Regulation (EU) 259/2012) to Regulation (EC) No 648/2004 (Regulation (EU) 2012), which states that 

all EU member countries should have no more than 0.5 g P per load in laundry detergent after July 2013 

and no more than 0.3 g per load in dishwasher detergents by January 1, 2017. This results in an estimated 

reduction of P inputs in EU countries by 92% for laundry detergents and 82% for dishwasher detergents 

compared to pre-regulation inputs (BIO by Deloitte, 2014). In scenarios D, E and G, these percent 

reductions are applied to the 2003 (baseline) laundry and dishwasher detergents in all Mediterranean 

countries (the baseline values are given in Table C.7).   

In scenarios C, E, F, G, H, and I (WWTP upgrades) we use the average P and N retentions given in Table 

C.9. The WWTPs projected to be constructed are taken into account in the 2050 scenarios and are 

assigned the planned treatment level. If no treatment level is reported for a projected WWTP, secondary 

treatment is assumed. 
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C.6 Figures and tables 

 

Figure C.1: Observed total P (TP) and total N (TN) input fluxes to WWTPs (Panels A and B) and 

discharge fluxes from WWTPs (Panels C and D) (EEA, 2012) plotted against the modeled values using 

the approach followed in our study. Solid lines represent the 1:1 relationships.  Error bars indicate 

maximum and minimum model estimated fluxes.  
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Figure C.2: Estimated 2003 (baseline) direct TP discharges to the Mediterranean Sea associated with 

untreated and variably treated domestic wastewater. NMC = North Mediterranean Countries, EMC = East 

Mediterranean Countries, SMC = South Mediterranean Countries.  

 
 

 

 

Figure C.3: Predicted impacts of imposing EU P legislation for laundry and dishwasher detergents on the 

2003 (baseline) direct domestic wastewater discharges of TP to North Mediterranean Countries (NMC), 

East Mediterranean Countries (EMC), South Mediterranean Countries (SMC), and all Mediterranean 

Countries (Total).  
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Table C.1: Model-estimated direct domestic wastewater discharges of a) TP and b) TN for Mediterranean 
regions, basins and individual countries in 2003 (baseline).  Inputs from coastal cities with >10,000 
inhabitants and 2000-10,000 inhabitants are given separately. Values in brackets are minimum and 
maximum estimations.  Data availability assessments for cities with >10,000 inhabitants are provided. 
Units: 106 mol yr-1. WMS = Western Mediterranean Sea, EMS = Eastern Mediterranean Sea. 
 Table C1a 
Region/basin 
/country 

Cities with population>10000 Cities with 
population 
2000-10000 

Total P Data availability for cities with population>10000 Treated Untreated Total 

WMS 214 87 301  
(124-689) 

51 
(14-101) 

353 
(138-789)  

EMS 215 169 
384 

(209-658) 
195 

(89-291) 
579 

(298-949)  

NMC 316 56 372 
(120-866) 

107 
(33-202) 

479 
(153-1068)  

EMC 35 53 89 
(63-145) 

134 
(69-178) 

222 
(132-323)  

SMC 78 147 
225 

(150-366) 
5 

(1-11) 
230 

(150-347)  

Adriatic 26.3 11.2 37  
(20-110) 

38.0 
(10.8-70.8) 

75 
(30-181)  

Aegean 85.7 12.0 98  
(25-147) 

6.7 
(3.7-9.5) 

104 
(29-156)  

Alboran 17.2 33.7 51 
(27-123) 

3.7 
(0.8-8.5) 

55 
(27-131)  

NW Med 140.8 13.7 154 
(55-373) 

19.3 
(5.3-35.1) 

174 
(60-408)  

SW Med 17.9 24.6 42 
(24-88) 

1.3 
(0.5-2.4) 

44 
(24-90)  

Tyrrhenian 38.0 15.3 53 
(18-105) 

27.1 
(7.3-54.6) 

80 
(26-160)  

Ionian 16.3 5.1 21 
(6-44) 

13.3 
(3.7-27.5) 

35 
(9-72)  

Central 6.9 42.2 49 
(35-69) 

8.4 
(5.1-11.3) 

58 
(40-80)  

N Levantine 23.6 48.4 72 
(54-116) 

127.6 
(65.3-169.7) 

200 
(119-285)  

S Levantine 56.3 50.3 
107 

(70-172) 
0.7 

(0.0-1.9) 
107 

(70-174)  

Albania 0.0 2.3 2.3 
(1.8-3.0) 

0.4  
(0-0.5) 

2.6 
(1.8-3.5) 

Medium: No data on connection to sewage network in 25% of 
cases 

Algeria 10.3 37.0 47.3 
(30.9-66.0) nd 47.3 

(30.9-66.0) 
Medium: No information on connection to sewage network in 

approximately 20% of cases 

Cyprus 0.0 0.0 0.0 0 0  Good: All wastewater is recycled 

Croatia 6.5 5.5 12.0 
(9.8-18.3) 

7.5  
(2.7-10.0) 

19.5  
(12.5-28.3) Good 

Egypt 48.7 45.6* 94.3* 
(62.9-152.4) 

0.7  
(0.0-1.8) 

95.0  
(62.9-
154.2) 

Medium: No discharge location stated for untreated wastewater 

France 74.9 0.0 74.9 
(40.1-119.4) 

4.9  
(0.7-6.5) 

79.8  
(40.8-
125.8) 

Good: Population equivalent rather than permanent population 
reported 

Gaza 3.4 3.7 7.1 
(3.6-11.6) nd 7.1 

(3.6-11.6) n/a 

Greece 88.5 14.6 103.1 
(25.5-151.3) 

0.4  
(0.2-1.5) 

103.5  
(25.7-
152.8) 

Medium: Population equivalent rather than permanent 
population reported. Treatment type missing in 4% of cases. 

No data on where wastewater discharged in 30% of cities 

Israel 4.1 0.0 4.1 
(2.1-6.4) 

0  
(0-0.1) 

4.1 
(2.1-6.5) Good: Wastewater mostly reused 

Italy 63.3 17.8 81.1 
(24.5-226.1) 

79.2** 
(21.8-162.1) 

160.3 
(46.2-
388.2) 

Poor: Connection to sewage network is not reported in ~27% of 
cases. No treatment type stated when WWTP is present in 

~47% of cases. No information on where wastewater is 
discharged 

Lebanon 7.5 33.6 41.1 
(33.6-67.2) 

111  
(56.5-147.6) 

152.1  
(90.1-
214.8) 

Good  

Libya 0.8 28.6 29.3 
(23.1-38.9) 

0.2  
(0.1-0.4) 

29.6  
(23.2-39.4) 

Medium: Some wastewater recycled. No data on where 
wastewater discharged in 70% of cities 

Malta 0.0 3.7 3.7 
(3.1-5.0) 

7.0  
(4.9-9.3) 

10.7  
(7.9-14.3) Good 

Morocco 0.2 18.0 18.2 
(14.9-24.4) 

2.3 
(0.2-6.1) 

20.5  
(15.0-30.5) Good 
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Monaco 0.5 0.0 0.5 
(0.1-1.3) nd 0.5 

(0.1-1.3) Good 

Montenegro nd nd nd 1.7  
(0.2-2.3) 

1.7 
(0.2-2.3) n/a 

Slovenia 0.6 0.7 1.3 
(1.1-2.0) 

0.3  
(0.1-0.5) 

1.6  
(1.2-2.4) Good 

Spain 81.5 11.5 93.1 
(14.1-339.4) 

5.8  
(2.5-9.8) 

98.8  
(16.7-
349.1) 

Poor: No data given on connection of population to sewage 
system or where water is discharged. Permanent population and 

population equivalent given 

Syria 0 11.0 11.0 
(9.0-14.6) 

3.9  
(1.7-5.1) 

14.8  
(10.8-19.7) 

Medium/Good: Location of discharge of treated water not 
given in 43% of cases 

Tunisia 18.0 18.0 35.9 
(17.7-54.2) 

1.8  
(0.2-2.4) 

37.8 
(18.0-56.6) 

Medium: No data on fc in approximately one third of cases 
Large portions of wastewater recycled as well as discharged to 

sea 

Turkey 20.4 4.9 25.3 
(15.0-45.0) 

19.1  
(10.7-25.4) 

44.4  
(25.7-70.4) 

Medium: Population missing for 5 cities. Treatment type 
missing for 17% of cites with a WWTP 

Total 429 256 685 
(333-1347) 

246  
(103-391) 

932 
(435-1738)   

nd= no data; *Includes additional 17.0 x 106 mol yr-1 not calculated from UNEP/MAP/MED-POL/WHO (2004) data;** includes data from cities > 10,000 inhabitants; 
n/a =  not applicable . Good quality indicates that the data is complete for the purposes of this study.  
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Table C1b: 
Region/basin 

/country 
Cities with population >10000 Cities with population 

2000-10000 Total N N:P effluent Treated Untreated Total 

WMS 3219 1340 
4559 

(2964-9100) 
889 

(348-1506) 
5448 

(3312-10606) 15.5 

EMS 3804 2683 6487 
(4365-10122) 

3108 
(1513-4093) 

9595 
(5877-14215) 16.6 

NMC 4823 787 
5610 

(3479-11823) 
1846 

(722-3031) 
7455 

(4201-14854) 15.6 

EMC 831 811 1642 
(1095-2358) 

2063 
(1116-2415) 

3705 
(2212-4773) 16.7 

SMC 1370 2425 3795 
(2755-5041) 

87 
(22-153) 

3882 
(2777-5194) 

16.9 

Adriatic 554 163 
717 

(433-1934) 
649 

(232-1037) 
1366 

(665-2972) 18.1 

Aegean 1483 161 1645 
(951-2330) 

130  
(69-177) 

1775 
(1021-2506) 17.0 

Alboran 261 516 777 
(516-1604) 

58 
(22-111) 

835 
(538-1715) 15.3 

NW Med 1982 190 2172 
(1440-4711) 

315 
(130-524) 

2487 
(1570-5234) 14.3 

SW Med 268 378 646 
(460-1127) 

19 
(12-30) 

665 
(472-1157) 15.2 

Tyrrhenian 708 256 964 
(548-1659) 

497 
(184-840) 

1461 
(732-2500) 18.2 

Ionian 281 72 352 
(168-645) 

254 
(93-438) 

607 
(261-1082) 17.5 

Central 138 631 769 
(605-971) 

103 
(64-121) 

872 
(669-1092) 15.1 

N Levantine 416 737 1153 
(908-1611) 

1959 
(1053-2292) 

3111 
(1961-3903) 15.6 

S Levantine 933 918 1851 
(1300-2631) 

13 
(1-28) 

1864 
(1301-2659) 

17.4 

Albania 0.0 35.7 36 
(30-42) 

5.6  
(0.1-6.6) 

41 
(30-49) 15.9 

Algeria 169.4 574.2 744 
(526-905) nd 744 

(526-905) 15.7 

Cyprus 0.0 0.0 0.0 0 0 nd 

Croatia 85.6 67.7 153 
(127-200) 

93.1  
(34.2-109.0) 

246  
(161-308) 12.6 

Egypt 824.7 851.1* 1676* 
(1166-2382) 

11.9  
(0.6-25.3) 

1688 
(1167-2408) 17.8 

France 1014.9 0.4 1015 
(776-1418) 

67.5  
(18.5-109.4) 

1083  
(794-1527) 13.6 

Gaza 51.8 52.3 104 
(79-153) nd 104 

(79-153) 14.7 

Greece 1276.4 186.7 1463 
(990-2012) 

37.1 
(8.9-78.8) 

1500  
(999-2091) 14.5 

Israel 53.8 0.0 54 
(41-75) 

0  
(0-0.9) 

54  
(41-76) 13.3 

Italy 1304.1 310.9 1615 
(811-3884) 

1462.1** 
(542.7-2490.2) 

3077 
(1354-6374) 19.2 

Lebanon 120.6 510.8 631 
(524-900) 

1689.4 
(889.3-1976.6) 

2321 
(1423-2877) 15.3 

Libya 19.5 430.1 450 
(360-529) 

3.9  
(2.0-5.5) 

454 
 (362-534) 15.3 

Malta 0.0 41.6 42 
(34-49) 

77.6  
(54.6-90.7) 

119  
(89-139) 11.1 

Morocco 19.5 282.1 302 
(241-361) 

39.6 
 (8.1-84.2) 

341  
(249-446) 16.7 

Monaco 7.6 0.0 8 
(5-21) nd 8  

 (5-21) 16.5 

Montenegro nd nd nd 25.5  
(2.9-29.9) 

26 
(3-30) 14.8 

Slovenia 10.0 11.7 22 
(18-28) 

4.5  
(2.0-6.3) 

26  
(20-34) 16.4 

Spain 1124.5 131.9 1256 
(687-4170) 

72.7  
(58.3-110.1) 

1329  
(746-4280) 13.4 

Syria 0 166.8 167 
(138-195) 

58.4  
(26.7-68.4) 

225  
(165-263) 15.2 

Tunisia 336.7 287.4 624 
(462-864) 

32.0  
(11.3-37.4) 

656 
 (473-902) 17.4 

Turkey 604.4 81.4 686 
(313-1035) 

315.5  
(190.5-369.2) 

1001  
(504-1404) 22.6 

Total 7023 4023 11046 
(7329-19222) 

3997 
(1860-5599) 

15043 
(9190-24821)  

16.1 

nd = no data; *Includes additional 395.4 x 106 mol yr-1 not calculated from UNEP/MAP/MED-POL/WHO (2004) data;** includes data from cities > 10,000 
inhabitants
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Table C.2: Model-estimated direct domestic wastewater discharges in 2003 (baseline) for a) TP and b) TN normalized to the corresponding sea 
surface area, coastal urban population, continental shelf volume and coastal administrative area. Results are shown for the entire Mediterranean 
Sea (MS), the Western (WMS) and Eastern Mediterranean Sea (EMS), regions (NMC, EMC, SMC), basins and individual countries.  
Table C2a: 

Region/ basin/ 
country 

Wastewater 
discharge of P to MS 
(106 mol    yr-1) 

% 
treated 

Normalized 
to sea area 
(10-3 mol m-2 

yr-1) 

Population 
in database 
(103 
inhabitants)a 

Normalized 
to 
population 
(mol capita-1 
yr-1) 

Coastline 
length 
(km)b 

Normalized 
to coastline 
length (103 
mol km-1) 

Continental 
Shelf 
Volume 
(km3)c 

Normalized to 
continental 
shelf volume  
(103 mol km-3 
yr-1) 

Coastal region 
administrative 
area (103 
km2)b 

Normalized to 
coastal region 
administrative 
area (103 mol 
km-2 yr-1) 

MS 932 (435-1738) 53 0.37  76003 12.3 45807 20  42.2 22  1136 0.8  

WMS 353 (138-789) 71 0.42  28006 12.6  n/a n/a 12.5 28  n/a n/a 
EMS 579 (298-949) 42 0.35  47997 12.1 n/a n/a 29.7 19  n/a n/a 

NMC 479 (153-1068) 79 n/a 37221 12.9  34239 14  29.1 16  460 1.0  
EMC 222 (132-323) 16 n/a 19313 11.5  5833 38  1.4 154  152 1.5  
SMC 230 (150-347) 36 n/a 19468 11.8  5735 40  11.7 20  524 0.4  

Alboran 55 (27-131) 38 0.72  4822 11.3  n/a n/a n/a n/a n/a n/a 
NW Med. 174 (60-408) 90 0.69  12474 13.9  n/a n/a 6.2* 33 ** n/a n/a 
SW Med. 44 (24-90) 44 0.16  3324 13.2  n/a n/a 2.5* 29 ** n/a n/a 
Tyrrhenian 80 (26-160) 69 0.33  7386 10.9 n/a n/a 3.8 21  n/a n/a 
Adriatic 75 (30-181) 59 0.58  6382 11.8  n/a n/a 10.1 7 n/a n/a 
Ionian 35 (9-72) 71 0.19 3251 10.7  n/a n/a 3.9 9  n/a n/a 
Central 58 (40-80) 15 0.09  6007 9.6  n/a n/a 6.3 9  n/a n/a 
Aegean 104 (29-156) 82 0.52  9732 10.7  n/a n/a 5.1 20  n/a n/a 
N Levantine 200 (119-285) 12 1.80  12139 16.4  n/a n/a 4.3*** 71*** n/a n/a 
S Levantine 107 (70-174) 53 0.25  10485 10.2  n/a n/a 4.3*** 71*** n/a n/a 

Albania 2.6 (1.8-3.5) 0 n/a 307 8.5 418 6.2 n/a n/a 7.8 0.3 
Algeria 47.3 (30.9-66.0) 22 n/a 4290 11.0  1200 39.4  n/a n/a 47.0 1.0  
Cyprus 0  100 n/a 474 0 782 0 n/a n/a 9.3 0 
Croatia 19.5 (12.5-28.3) 33 n/a 1165 16.7  5835 3.3  n/a n/a 26.2 0.7  
Egypt 95.0 (62.9-154.2) 52 n/a 5226 18.2  955 99.5  n/a n/a 114.8 0.8  
France 79.8 (40.8-125.8) 100 n/a 5860 13.6  1703 46.8  n/a n/a 46.2 1.7  
Gaza 7.1 (3.6-11.6) 47 n/a 1221 5.7  55 129.1 n/a n/a 0.4 19.6  
Greece 103.5 (25.7-152.8) 86 n/a 7972 13.0  15021 6.9  n/a n/a 101.0 1.0  
Israel 4.1 (2.1-6.5) 100 n/a 3685 1.1  179 22.7  n/a n/a 19.9 0.2  
Italy 160.3 (46.2-388.2) 71 n/a 14048 11.4  7375 21.7  n/a n/a 165.8 1.0  
Lebanon 152.1 (90.1-214.8) 5 n/a 7931 19.2  225 675.8  n/a n/a 4.9 31.1  
Libya 29.6 (23.2-39.4) 3 n/a 4081 7.2  1770 16.7  n/a n/a 274.9 0.1  
Malta 10.7 (7.9-14.3) 0 n/a 418 25.7  180 59.6  n/a n/a 0.3 34.0  
Morocco 20.5 (15.0-30.5) 12 n/a 1706 12.0  512 40.0  n/a n/a 42.0 0.5  
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Monaco 0.5 (0.1-1.3) 100 n/a 35 13.1  4 114.6  n/a n/a 0.002 229.3  
Montenegro 1.7 (0.2-2.3) 0 n/a 84 20.7  294 5.9  n/a n/a 6.5 0.3  
Slovenia 1.6 (1.2-2.4) 54 n/a 94 17.0  47 34.0  n/a n/a 1.0 1.5  
Spain 98.8 (16.7-349.1) 88 n/a 6764 14.6  2580 38.3  n/a n/a 95.5 1.0  
Syria 14.8 (10.8-19.7) 0 n/a 813 18.3  183 81.1  n/a n/a 4.2 3.5  
Tunisia 37.8 (18.0-56.6) 52 n/a 4164 9.1  1298 29.1  n/a n/a 45.7 0.8  
Turkey 44.4 (25.7-70.4) 46 n/a 5663 7.8  5191 8.6  n/a n/a 122.6 0.4 
aThis study  bPlan-Bleu (2005); cLaruelle et al. (2013); n/a = not applicable;*Includes Alboran Sea; **Total discharges to Alboran Sea split equally between NW and SW Med.; 
***Calculated for N Levantine and S Levantine together  
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Table C2b: 
Region/ basin/ 

country 
Wastewater discharge of 
N to MS (106 mol yr-1) 

% 
treated 

Normalized to 
population (mol 
capita-1 yr-1) 

Normalized to sea 
area (10-3 mol m-2 

yr-1) 

Normalized to 
coastline (103 
mol km-1 yr-1)  

Normalized to continental 
shelf volume (103 mol km-

3yr-1) 

Normalized to coastal 
region administrative 
area (103 mol km-2 yr-1) 

MS 15043 (9190-24821) 55 198  6 328 356  6.0  

WMS 5448 (3312-10606) 71 195  6 n/a 436  n/a 
EMS 9595 (5877-14215) 46 200  6 n/a 323  n/a 
NMC 7455 (4201-14854) 80 200  n/a 218  256  7.3  
EMC 3705 (2212-4773) 22 192  n/a 635  2573  11.0  
SMC 3882 (2777-5194) 38 199  n/a 677  332  3.3  
Alboran 835 (538-1715) 38 173  11  n/a n/a n/a 
NW Med. 2487 (1570-5234) 89 199  10  n/a 470 * n/a 
SW Med. 665 (472-1157) 43 200  2  n/a 435 * n/a 
Tyrrhenian 1461 (732-2500) 71 198  6  n/a 380 n/a 
Adriatic 1366 (665-2972) 66 214  10  n/a 136  n/a 
Ionian 607 (261-1082) 74 187  3  n/a 156  n/a 
Central 872 (669-1092) 19 145  1  n/a 138  n/a 
Aegean 1775 (1021-2506) 85 182  9  n/a 347  n/a 
N Levantine 3111 (1961-3903) 13 256  28  n/a 1152** n/a 
S Levantine 1864 (1301-2659) 51 178  4  n/a 1152** n/a 
Albania 41 (30-49) 0 135  n/a 99 n/a 2.4  
Algeria 744 (526-905) 23 173  n/a 620  n/a 7.1  
Cyprus 0 100 0 n/a 0 n/a 0 
Croatia 246 (161-308) 35 212  n/a 42  n/a 4.3  
Egypt 1688 (1167-2408) 50 323  n/a 1767  n/a 6.6  
France 1083 (794-1527) 100 185  n/a 636  n/a 10.6 
Gaza 104 (79-153) 50 84  n/a 1892 n/a 129.5  
Greece 1500 (999-2091) 88 188  n/a 100  n/a 6.7  
Israel 54 (41-76) 100 15  n/a 301  n/a 1.2  
Italy 3077 (1354-6374) 73 219  n/a 417  n/a 8.4  
Lebanon 2321 (1423-2877) 5 293  n/a 10315  n/a 214.3  
Libya 454 (362-534) 5 111  n/a 256 n/a 0.7  
Malta 119 (89-139) 0 285  n/a 662 n/a 170.2  
Morocco 341 (249-446) 17 200  n/a 666 n/a 3.7  
Monaco 8  (5-21) 100 216  n/a 1891  n/a 1707.6  
Montenegro 26(3-30) 0 305  n/a 87  n/a 1.8  
Slovenia 26 (20-34) 55 279  n/a 558 n/a 11.3  
Spain 1329 (746-4280) 90 196  n/a 515  n/a 6.3  
Syria 225 (165-263) 0 277  n/a 1231  n/a 24.3  
Tunisia 656  (473-902) 56 158  n/a 505 n/a 6.5  
Turkey 1001 (504-1404) 60 177  n/a 193  n/a 3.7 

n/a = not applicable; *Total discharges to Alboran Sea split equally between NW and SW Med.; **calculated for N Levantine and S Levantine together 
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Table C.3: Estimated emissions of individual P and N species associated with direct discharges of 

domestic wastewater into the WMS, EMS, Adriatic Sea and Aegean Sea in 2003 (baseline), based on the 

total TP and TN loads estimated in this study and the average speciation percentages given in Table C.12. 

DIP = Dissolved inorganic phosphorus, PIP = particulate inorganic phosphorus; DOP = Dissolved organic 

phosphorus; NO3 = nitrate plus nitrite; PON = particulate organic nitrogen, DON = dissolved organic 

nitrogen; NH4 = ammonium. 

 Phosphorus  Nitrogen 
 DIP PIP POP DOP  NO3 PON DON NH4 
 106 mol yr-1 (%TP or TN) 
WMS 150.2 

(42.6) 
70.2 

(19.9) 
94.0 

(26.7) 
38.2 

(10.8) 
 1123.4 

(20.6) 
319.1 
(5.9) 

582.2 
(10.7) 

3423.4 
(62.8) 

EMS* 176.5 
(44.2) 

99.1 
(24.8) 

91.8 
(23.0) 

31.6 
(7.9) 

 353.5 
(5.5) 

507.9 
(7.9) 

899.5 
(13.9) 

4691.4 
(72.7) 

Adriatic 32.4 
(42.9) 

16.2 
(21.5) 

19.3 
(25.5) 

7.6 
(10.0) 

 288.5 
(21.1) 

83.0 
(6.1) 

150.0 
(11.0) 

844.7 
(61.9) 

Aegean 41.6 
(39.9) 

18.2 
(17.4) 

30.7 
(29.5) 

13.8 
(13.2) 

 666.5 
(37.6) 

83.3 
(4.7) 

157.2 
(8.9) 

867.9 
(48.9) 

Total 400.7 
(43.0) 

203.7 
(21.9) 

235.8 
(25.3) 

91.2 
(9.8) 

 2431.9 
(16.2) 

993.1 
(6.6) 

1788.9 
(11.9) 

9827.4 
(65.3) 

*excluding Adriatic and Aegean Seas 
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Table C.4: Regional TP and TN discharges into the Mediterranean Sea estimated in this study for 2003 

(baseline) compared to values reported in the literature. 

Area Population 

(million) 

P emitted 

(106 mol yr-1) 

N emitted 

(106 mol yr-1) 

Reference 

Gulf of Lions 
2.07 TP:38.8 (22.2-62.3) TN:525(406-733) This study 
1.5 TP:22.1 (17.7-26.5) TN:606 (485-727) (de Madron et al., 

2003b) 

Aegean 
9.7  DIP: 41.6  NO3: 667 This study 
10  DIP: 96 NO3:398 (de Madron et al., 

2010) 
West Istrian 

coast of former 
Yugoslavia 

0.370 TP: 6.30 (5.1-9.5) TN: 85.1(71-110) This study 

0.275 TP: 12 TN: 94 (Degobbis and 
Gilmartin, 1990) 

Malaga 
0.562-0.978 DIP: 3.8 (0.52-10.8) NO3:38.1 (24.4-85.6) This study 

nd DIP: 1.5-5.6  NO3:0.3-2.1 (Mercado et al., 
2012) 

nd = no data; *Note: only Malaga reports direct effluent data. 
 



 Appendix C 

 242 

Table C.5: Projected TP inputs to the Mediterranean Sea from direct domestic wastewater effluents in 2050 due to population growth, without (no 

mitigation) and with implementation of different mitigation measures. Units: 106 mol yr-1. 
 

Baseline 
(2003) 

population 

2050 population (% 
increase) 

  2050 P treatment options 

 

Baseline P 
discharge 

(2003)  

No 
mitigation 

All WWTPs 
operational: 

no treat 
upgrades 

50% treated 
waste-water 

re-used 

Min 
tertiary 

treatment 
in 

eutrophic 
areas 

Detergent 
legislation 

in all 
countries 

Min 
tertiary 

treatment 
in 

eutrophic 
areas  + 

detergent 
legislation 

No 
treatment 
to primary 

+ all 
WWTPs 

operational 

Upgrade 
primary to 

secondary + 
all WWTPs 
operational 

Upgrade 
secondary 

to tertiary+ 
all WWTPs 
operational 

No 
treatment to 
secondary + 
all WWTPs 
operational 

Upgrade 
primary to 

tertiary+ all 
WWTPs 

operational 

Min 
secondary 

treatment + 
all WWTPs 
operational 

Min 
secondary 
treatment 
+WWTPs 

operational 
+ detergent 
legislation  

Min 
secondary 
treatment 
+WWTPs 

operational 
+ 

wastewater 
re-used  

Min tertiary 
treatment  

+ all 
WWTPs 

operational 

Regional 103 inhabitants  106 mol yr-1 
WMS 28006 41564 (48%) 353 506 478 380 466 346 321 442 452 246 416 398 390 262 229 49 
EMS 47997 88861 (85%) 579 1091 1046 955 732 787 531 873 991 823 747 876 692 498 398 91 

NMC 37221 42576 (14%) 479 549 539 366 423 364 284 511 514 230 490 461 465 307 263 59 
EMC 19313 39472 (104%) 222 452 452 428 392 330 288 341 440 431 261 414 249 182 133 36 
SMC 19468 48378 (148%) 230 597 533 541 383 438 280 463 490 407 412 399 369 271 231 45 
Country                   
Albania 307 816 (166%) 2.6 6.9 6.9 6.9 6.9 5.1 5.1 4.9 6.9 6.9 3.5 6.9 3.5 2.6 1.7 0.4 
Algeria 4290 9047 (111%) 47.3 99.7 91.7 89.5 99.7 72.3 72.3 73.7 85.9 82.9 60.7 73.6 54.8 39.8 27.9 6.6 
Cyprus 474 870 (84%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Croatia 1165 1543 (32%) 19.5 25.8 25.8 21.5 24.4 15.4 14.5 20.9 23.3 25.8 17.2 17.9 14.7 8.7 7.3 1.8 
Egypt 5226 15933 (205%) 95.0 289.6 282.5 257.3 78.7 214.8 58.4 246.3 245.3 254.4 220.1 167.4 182.9 135.6 123.9 21.9 
France 5860 7763 (32%) 79.8 105.6 105.6 64.4 69.9 65.2 43.1 105.6 88.7 63.0 105.6 53.3 88.7 54.8 54.0 10.6 
Greece 7972 9177 (15%) 103.5 119.2 117.1 72.9 41.6 74.1 25.8 113.4 117.1 26.1 110.8 117.1 110.8 68.8 60.3 14.2 
Israel 3685 6162 (67%) 4.1 6.8 6.8 6.8 3.3 4.0 1.9 6.8 5.7 4.2 6.8 3.3 5.7 3.3 5.7 0.7 
Italy 14048 13403 (-5%) 160.3 153.0 147.6 101.2 144.1 125.5 118.3 137.4 142.5 64.6 130.1 131.7 125.0 102.5 64.8 15.9 
Lebanon 7931 13894 (75%) 152.1 266.4 266.4 266.4 210.4 189.8 149.9 192.9 262.5 266.4 139.7 254.3 135.9 96.8 72.6 16.3 
Libya 4081 9440 (131%) 29.6 68.4 36.6 68.4 68.4 48.3 48.3 35.9 36.5 7.3 35.4 36.1 35.2 24.8 18.7 4.4 
Malta 418 528 (26%) 10.7 13.6 11.2 13.6 13.6 7.4 7.4 8.6 11.2 9.1 6.8 11.2 6.8 3.7 3.4 0.8 
Morocco 1706 4327 (154%) 20.5 51.9 34.9 50.7 51.9 38.0 38.0 31.5 34.9 14.8 29.1 34.9 29.1 21.3 16.4 3.9 
Monaco 35 51 (45%) 0.5 0.7 0.7 0.3 0.7 0.5 0.5 0.7 0.7 0.1 0.7 0.7 0.7 0.5 0.3 0.1 
Slovenia 94 125 (32%) 1.6 2.1 2.1 1.5 0.5 1.6 0.4 1.8 1.8 2.1 1.6 1.1 1.3 1.0 0.6 0.2 
Spain 6764 8160 (21%) 98.8 119.2 119.2 80.8 118.0 67.3 66.6 115.2 118.8 29.5 112.3 117.9 111.9 63.1 70.1 15.1 
Tunisia 4164 9631 (131%) 37.8 87.3 87.3 74.9 84.4 65.1 62.9 75.3 87.3 47.5 66.6 87.3 66.6 49.6 43.8 8.4 
Turkey 5663 13097 (131%) 44.4 102.7 102.7 80.5 102.7 78.8 78.8 86.7 95.5 88.0 75.2 80.3 68.0 52.2 35.0 14.0 
Syria 813 2596 (219%) 14.8 47.4 47.4 47.4 47.4 33.7 33.7 33.6 47.4 47.4 23.7 47.4 23.7 16.8 11.8 2.8 
Gaza 1221 3723 (205%) 7.1 28.5 28.5 26.9 28.5 23.7 23.7 21.2 28.5 25.6 16.0 28.5 16.0 13.2 8.0 1.9 
Montenegro 84 140 (67%) 1.7 2.9 2.9 2.9 2.9 2.0 2.0 2.1 2.9 2.9 1.4 2.9 1.4 1.0 0.7 0.2 
Total 76003 130425 (72%) 932 1598 1524 1335 1198 1132 852 1315 1443 1069 1163 1274 1082 760 627 140 
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Table C.6: Projected TP inputs to the Mediterranean Sea from domestic wastewater effluents in 2050 due to the combined effects of population 

growth, dietary changes and increased connectivity of population to the sewage network, without (no mitigation) and with implementation of 

different mitigation measures. Bold headings identify scenarios included in Figure 3.3 in the main text. Units: 106 mol yr-1. 
 

Baseline P 
discharge 

(2003)  

  2050 P treatment options 

 

No 
mitigation 

(Scenario A) 

All WWTPs 
operational

: no 
treatment 
upgrades 

50% treated 
waste-water 

re-used 
(Scenario B) 

Min tertiary 
treatment 

in 
eutrophic 

areas 
(Scenario C) 

Detergent 
legislatio

n in all 
countries 

(Scenario 
D) 

Min tertiary 
treatment in 

eutrophic 
areas  + 

detergent 
legislation 

(Scenario E) 

No 
treatment 

to 
primary + 

all 
WWTPs 

operation
al 

Upgrade 
primary to 
secondary 

+ all 
WWTPs 

operational 

Upgrade 
secondary 

to 
tertiary+ 

all 
WWTPs 

operation
al 

No 
treatment 

to 
secondary 

+ all 
WWTPs 

operation
al 

Upgrade 
primary 

to tertiary 
+ all 

WWTPs 
operation

al  

Min 
secondary 

treatment + 
all WWTPs 
operational 
(Scenario F) 

Min 
secondary 

treatment+ 
WWTPs 

operational + 
detergent 
legislation 

(Scenario G) 

Min secondary 
treatment+ 

WWTPs 
operational 

+50% treated 
wastewater re-

used 
(Scenario H) 

Min tertiary 
treatment + all 

WWTPs 
operational 
(Scenario I) 

Regional         106 mol yr-1       
WMS 353 636 586 498 597 462 437 533 560 313 495 504 468 334 271 59 
EMS 579 1395 1318 1238 1088 1064 836 1093 1255 1039 931 1122 867 658 494 114 

NMC 479 633 608 435 512 440 361 573 582 261 547 529 521 360 292 67 
EMC 222 586 586 555 540 453 417 442 572 555 337 543 323 250 172 45 
SMC 230 813 710 746 634 634 495 613 660 535 542 553 491 383 301 61 

Country                 
Albania 2.6 14.5 14.5 14.5 14.5 11.1 11.1 10.3 14.5 14.5 7.2 14.5 7.2 5.6 3.6 0.9 
Algeria 47.3 151.1 141.1 138.3 151.1 117.9 117.9 111.0 133.8 129.8 89.3 118.5 82.0 63.9 41.6 9.8 
Cyprus 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Croatia 19.5 34.8 34.8 29.2 33.3 23.9 22.9 27.9 31.5 34.8 23.0 24.5 19.7 13.5 9.8 2.4 
Egypt 95.0 336.1 327.9 298.7 160.4 261.3 124.7 285.9 284.7 295.3 255.4 194.3 212.3 165.0 143.8 25.5 
France 79.8 102.3 102.3 62.8 68.1 64.9 43.2 101.9 86.1 61.6 101.6 52.2 85.4 54.2 51.9 10.3 
Greece 103.5 116.5 114.5 71.4 46.5 73.6 29.4 110.8 114.5 26.4 108.1 114.5 108.1 68.3 58.9 14.5 
Israel 4.1 6.4 6.4 6.4 3.1 3.8 1.8 6.4 5.4 3.9 6.4 3.1 5.4 3.1 5.4 0.6 
Italy 160.3 218.6 198.4 150.5 206.2 182.2 171.9 187.7 193.1 73.9 180.0 181.9 174.6 145.6 90.3 22.7 
Lebanon 152.1 331.9 331.9 331.9 288.7 255.3 222.1 240.4 327.0 331.9 174.1 316.9 169.3 130.2 90.4 20.3 
Libya 29.6 146.6 84.2 146.6 146.6 114.4 114.4 78.9 84.0 27.6 75.0 83.5 74.8 58.4 39.0 9.5 
Malta 10.7 13.6 11.2 13.6 13.6 7.5 7.5 8.7 11.2 9.2 6.8 11.2 6.8 3.8 3.4 0.8 
Morocco 20.5 67.8 45.6 66.2 67.8 52.8 52.8 41.1 45.6 19.8 37.8 45.6 37.8 29.5 21.3 5.2 
Monaco 0.5 0.7 0.7 0.3 0.7 0.5 0.5 0.7 0.7 0.1 0.7 0.7 0.7 0.5 0.3 0.1 
Slovenia 1.6 2.3 2.3 1.7 1.2 1.8 0.9 2.0 2.0 2.3 1.8 1.2 1.4 1.1 0.7 0.2 
Spain 98.8 125.9 125.9 87.1 124.6 71.7 70.9 120.3 125.5 35.2 116.2 124.6 115.8 65.9 72.2 15.6 
Tunisia 37.8 111.6 111.6 96.3 107.8 87.7 84.7 95.7 111.6 62.4 84.1 111.6 84.1 66.1 55.1 10.7 
Turkey 44.4 124.2 124.2 95.9 124.2 97.7 97.7 105.6 116.3 100.6 92.1 99.8 84.2 66.3 43.7 15.9 
Syria 14.8 61.2 61.2 61.2 61.2 47.4 47.4 43.4 61.2 61.2 30.6 61.2 30.6 23.7 15.3 3.7 
Gaza 7.1 62.4 62.4 59.8 62.4 48.4 48.4 45.7 62.4 57.9 33.7 62.4 33.7 26.1 16.9 4.0 
Montenegro 1.7 3.4 3.4 3.4 3.4 2.5 2.5 2.4 3.4 3.4 1.7 3.4 1.7 1.3 0.8 0.2 
Total 932 2032 1904 1736 1685 1526 1273 1627 1814 1351 1426 1625 1336 992 764 173 
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Table C.7: Gross per capita protein supply, and per capita P and N inputs to WWTPs (for P, see Equation 

3.3 of the main text), in individual countries in 2003 (baseline). 

Country 

Gross 2003 
Protein 
Supply 

(kg capita-1 yr-1) 

Pdiet 
(kg capita-1 yr-1) 

PL 
(kg capita-1 yr-1) 

PD 
(kg capita-1 yr-1) 

Pcapita 
(kg capita-1 yr-1) 

Ndiet=Ncapita 
(kg capita-1 yr-1)  

Albania 35.7 0.46 0.18 0 0.64 4.58 
Algeria 31.0 0.42 0.18 0 0.60 4.18 
Croatia 27.6 0.35 0.28 0 0.63 3.54 
Egypt 34.3 0.46 0.18 0 0.64 4.63 
France 42.9 0.55 0.23 0.18 0.97 5.50 
Gaza 63.7 0.31       0.18***       0*** 0.50 3.14 
Greece 42.7 0.55 0.26 0.14 0.95 5.47 
Israel 45.6 0.62 0.36 0.13 1.10 6.15 
Italy 41.1 0.53 0 0.14 0.67 5.27 
Lebanon 30.9 0.42 0.19 0 0.61 4.17 
Libya 27.9 0.38     0.18**     0** 0.55 3.76 
Malta 41.5 0.53 0.42 0.11 1.06 5.32 
Monaco nd 0.55* 0 0.26 0.81   5.50* 
Montenegro nd nd nd nd 0.64**** 4.27**** 

Morocco 32.1 0.43 0.18 0 0.61 4.33 
Slovenia 36.5 0.47 0 0.18 0.65 4.68 
Spain 41.1 0.53 0.36 0.13 1.02 5.27 
Syria 29.5 0.40 0.18 0 0.58 3.98 
Tunisia 33.3 0.45 0.17 0 0.62 4.49 
Turkey 37.3 0.50 0.17 0 0.67 5.03 

nd= no data; *Used estimate for France as protein supply not reported; ** Calculated using average of 
North African countries; ***Calculated using Syrian values; ****average of Albania, Croatia and 
Slovenia. 
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Table C.8: Average, country-specific fractions of the population connected to the sewage network (fc), 

with treatment (ft) and without treatment (fu), in 2003.  The values listed are applied in Equation 3.1 in the 

main text when, for a given coastal city, connectivity was not provided in the database. Wastewater 

discharges from inhabitants not connected to the sewage network (fn) are assumed not to drain into the 

Mediterranean Sea. 

Country Year Connected (fc) 
Connected with 

treatment (ft) 

Connected 
without 

treatment (fu) 

Not 
connected 

(fn) 
Algeriaa 2008/2009 0.86 0.53 0.33 0.14 
Albaniab 2002 0.597 0.573 0.024 0.403 
Croatiaa 2008 0.442 0.273 0.169 0.558 
Cyprusc 2003 0.23 0.23 0 0.77 
Egyptd nd 0.538 nd nd 0.538 
Francec 2004 0.82 0.80 0.02 0 
Greecec 2007 0.85 0.85 0 0.18 
Italya 1999/2005 0.94 0.69 0.25 0.06 
Israela 2007 0.938 0.910 0.028 0.062 
Libyae nd 0.743 0.598 0.145 0.257 
Maltac 2003 1.0 0.36 0.64 0 
Monacoa 2009 1.0 1.00 0 0 
Moroccoa 2000/2005 0.872 0.80 0.072 0.128 
Sloveniac 2003 0.47 0.26 0.21 0.53 
Spainc 2006 0.96 0.91 0.05 0.04 
Syriad nd 0.71 0.16 0.55 0.29 
Tunisiaa 2008 0.559 0.525 0.034 0.441 
Turkeyc 2003 0.67 0.30 0.37 0.33 

nd = no data; a UNstat (2011); b average of Eastern countries (EEA, 2013); cEurostat (2014); d WHO 
(2005); eAverage of North African countries.  
 

 

 

Table C.9: Relative retentions of P and N for each wastewater treatment type. Values in parentheses are 

minimum and maximum estimates.   

 % P retained % N retained 
Untreated 0 0 
Pre-treatment 0 0 
Primary 29 a (10-30) a b 25 a (10-25) a b 
Secondary 50 a (45-90) a b 45 a (35-55) a b 
Tertiary 94 a (88-95) a b 60 a (45-83) a b 

a Kristensen et al. (2004);  bVan Drecht et al. (2009) 
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Table C.10: Upper and lower estimates for P and N emissions to the Mediterranean Sea associated with 

direct domestic wastewater discharges. 

 High estimate Low estimate 
Popt Population equivalent (if stated)** Permanent population (if stated) 

fc * • Increase fc by 10%*** 
• Increase untreated fraction of fc 

by 10%*** 
 

• Decrease fc by 10%**** 
• Decrease untreated fraction of fc by 

10%**** 

fR Minimum in range for each treatment 
type (Table C.9) 

Maximum in range for each  
treatment type (Table C.9) 

Treatment 
type* Primary Tertiary 

*when none stated in UNEP/MAP/MED-POL/WHO (2004; 2008); **Population equivalent includes 
population connected to sewage system when greater than population; *** to a maximum of 100%; 
****to a minimum of 0%. 
 

 

 

 

 

Table C.11: Uncertainties assigned to parameters in Equations 3.2 and 3.3 of the main text to calculate 

average upper and lower uncertainty on the P and N input per capita to the sewerage network. The 

uncertainties are used to calculate average uncertainties on P,Ncapita in Equation 3.1 of the main text. 

Parameter Uncertainty (+/-)% 

Protein supplied 10* 

Retail losses 10 

N fraction of protein 5* 

N:P protein 5 

fH 5 

PL 15** 

PD 15** 

*Morée et al. (2013); **If no P in detergent in original calculation assume 0.17 and 0.1 kg P capita-1 yr-1 

for upper uncertainty of PL and PD (lowest non-zero value reported) 
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Table C.12: Input and ancillary information used in calculating the direct domestic wastewater P and N emissions from settlements with 2000-

10,000 inhabitants in 2003, based on data from UNEP/MAP/MED-POL/WHO (2008). 

Country No. of 
settlements Population Treatment Facilities Predominant 

treatment type Discharge outlet Calculation P estimate 
(106 mol yr1) 

N estimate (106 
mol yr-1) 

Albania 3 17,200 None None Direct (surface)/cesspools P,Ncapita* pop*100% connectivity 0.4 5.6 
Croatia 83 368,042 51% settlements served by WWTP Pretreatment Submarine outfalls P,Ncapita *pop*100% connectivity 7.5 93.1 

Cyprus 24 106,958 33% settlements served by WWTP Tertiary 
Treated: re-used  

Untreated: septic tanks n/a 0 0 

Egypt 12 65,458 17% settlements served by WWTP Secondary Treated: sea by canals 
Untreated: soil P,Ncapita * pop*100% connectivity*(1-secondary fR 0.7 11.9 

France 77 762,100  
Almost all settlements have WWTP, 
only 41% of settlements discharge to 

sea 
Secondary Submarine outfalls/direct (surface) P,Ncapita * pop*100% connectivity*(1-secondary 

fR)*0.41 4.9 67.5 

Greece 178 764,580 
31% settlements served by WWTP, 

42% no treatment, 23% WWTP under 
construction 

Tertiary Treated: Direct (surface)/submarine 
outfall.  Untreated: septic tanks 

P,Ncapita * pop*100% connectivity*(1-tertiary 
fR)*0.31 0.4 37.1 

Israel 8 44982 100% settlements served by WWTP Secondary Water mainly reused n/a 0 0 

Italy 117 652,231  79% of settlements served by WWTP, 
3% WWTP under construction. Primary nd P,Ncapita * pop*100% connectivity*(1-primary fR) 10.0 184.2 

Italy > 
10,000 pop 123 5,392,791  Secondary nd 

(P,Ncapita * pop*av. country connectivity to 
treatment*(1-secondary fR) + (P,Ncapita *pop*av. 

country connectivity to no treatment) 
69.2 1278.0 

Lebanon 13  5,675,000 3 settlements have WWTP, 
remainder: projected to have WWTP. None nd P,Ncapita *pop*100% connectivity 111.0 1689.4 

Libya 15 19497 27% settlements served by WWTP Primary Submarine outfalls P,Ncapita *pop*100% connectivity*(1-primary fR) 0.2 3.9 

Malta 42 204221 14% settlements served by WWTP, 
86% WWTP under construction None Untreated: submarine outfalls/direct 

(surface) P,Ncapita * pop*100% connectivity 7.0 77.6 

Montenegro 9 83808 None None Submarine outfalls 
P,Ncapita (average of Albania, Croatia and 

Slovenia)* pop*100% connectivity 1.7 25.5 

Morocco 38 232748 74% settlements served by WWTP, 
5% WWTP under construction Secondary nd 

P,Ncapita * pop*100% connectivity*(1-secondary 
fR) 2.3 39.6 

Slovenia 5 18045 100% settlements served by WWTP Primary Submarine outfalls/ estuaries P,Ncapita * pop*100% connectivity*(1-primary fR) 0.3 4.5 

Spain 76 351654 95% settlements served by WWTP. Secondary Submarine outfall/ re-used P,Ncapita * pop*100% connectivity*(1-secondary 
fR) 5.8 72.7 

Syria 53 205776 None None Submarine outfalls/direct (surface) P,Ncapita * pop*100% connectivity 3.9 58.4 

Tunisia 26 181229 92% settlements served by WWTP Secondary Direct (surface) P,Ncapita * pop*100% connectivity*(1-secondary 
fR) 1.8 32.0 

Turkey 192 878242 81% settlements not served by 
WWTP None Submarine outfalls  P,Ncapita * pop*100% connectivity 19.1 315.5 

nd= no data; n/a = not applicable
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Table C.13:  Speciation of P and N in WWTP effluent after different treatment types, given as 

percentages of TP and TN, respectively. Numbers in brackets represent the observed range. DIP: 

dissolved inorganic phosphorus, PIP: particulate inorganic phosphorus, POP: particulate organic 

phosphorus, DOP: dissolved organic phosphorus, NO3: nitrate plus nitrite, PON: particulate organic 

nitrogen, DON: dissolved organic nitrogen, NH4: ammonium. 

 Untreated a.b. Primary c.* Secondary c. Tertiaryc. 
Phosphorus 
DIP 44 49 (21-64) 40 (1.3-90) 10 (1.3-73) 
PIP 27 23 (8-57) 15 (0.6-70) 22 (3-70) 
POP 22 21 (3-39) 31 (0.2-81) 37 (7-79) 
DOP† 7 7 (1-15) 14 (1.3-52) 31 (3-86) 

 Untreated Primaryd. Secondaryb. Tertiaryb. 
Nitrogen  
NO3 0d. (0-1)b. 0 36 (0.7-91) 75.5 (75-76) 
PON 16d. (13-18)b. 6.5 4 (2-7) 3.5(3.5-4.0) 
DON 9d. (6-26)b. 10.5 8 (5-11) 6 (3-8) 
NH4 75d.  (60-75)b. 83 52 (0.3-81) 15 (13-17) 
a. Lopez-Vazquez et al. (2008); b. Servais et al. (1999); c.Gu et al. (2014); d.Rössle (2001) *Calculated from 
raw sewerage P values in Metcalfe & Eddy Inc (2002) † Acid hydrolysable P is considered as DOP  
 

 

 

 
Table C.14: Concentration of TP and annualized cost for each wastewater treatment type. TP 

concentrations are calculated using an untreated effluent TP concentration of 12 mg L-1 (Somlyódy and 

Shanahan, 1998) and the P retention estimates for each treatment type in Table C.9. 

 mg TP L-1 Cost € m-3 

Primary 8.52 0.23ab 

Secondary 6 0.35a 

Tertiary 0.72 0.50a 
a Hidalgo and Irusta () b Somlyódy and Shanahan (1998) 
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Table C.15:  Reported percentage of treated wastewater recycled in Mediterranean countries for the year 

closest to 2003 (FAO, 2014). Values are used to calculate the additional recycling needed to have a 

minimum 50% recycling of treated wastewater in scenarios B and E of the main text. 

Country % of treated wastewater recycled Year 
Albania ns n/a 
Algeria 3.1 2012 
Croatia ns n/a 
Cyprus 95 2005, 2007 
Egypt 28.6 1993, 1996 
France 10.9 2008 
Greece 4.8 2003, 2007 
Israel 87.8 2004, 2007 
Italy 2.2 2004, 2006, 2007 
Lebanon 50 1991 
Libya 100 2008 
Malta 100 1993 
Monaco ns n/a 
Morocco 0.3 2008, 2010 
Slovenia ns n/a 
Spain 11.2-15.7 2002, 2004, 2006 
Syria 100 2009, 2012 
Turkey 3 2004 
Tunisia 23 2003 
ns = not stated; n/a = not applicable 
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Appendix D  
Supporting Information: Chapter 4 

 

 

 

Circulation and oxygen cycling in the Mediterranean Sea:  

Sensitivity to future climate change 
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Figure D.1: Average oxygen concentrations (in µM) along a west to east transect across the 

Mediterranean Sea based on data collected between 1906 and 1987 (pre-EMT) (MEDAR Group, 2002). 

Figure generated in Ocean Data View (Schlitzer, 2015). 
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Figure D.2: Assumed linear relationship between O2 consumption in the EMDW and O2 supply to the 

EMDW. The line is anchored by the O2 consumption rates before (this study) and during the EMT 

(literature estimates). The y intercept represents the oxygen consumption rate associated with the 

degradation of sinking POC, from which  𝑭𝑭𝒎𝒎𝒎𝒎𝒎𝒎𝑷𝑷𝑷𝑷𝑷𝑷  is computed using the DW O2 concentration in the 

Michaelis-Menten kinetic term � [𝑶𝑶𝟐𝟐]𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬
[𝑶𝑶𝟐𝟐]𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬+  𝑲𝑲𝒔𝒔

� in Equation 4.2 of the main text. 
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Figure D.3: Factorial design analysis showing the sensitivity of the baseline (pre-EMT) intermediate 

water (IW) and deep water (DW) oxygen concentrations in the WMS and EMS to model parameters, 

using Equation (4.1) for IW and DW oxygen consumption. SW = surface water, NWM = North-West 

Mediterranean; Atl = Atlantic; Adr = Adriatic; Aeg= Aegean; SoS= Strait of Sicily. See text for details. 
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Table D.1: Existing estimates of the range and long term average of annual deep-water formation rates in 

the North-West Mediterranean Sea. 

Reference Model/ 
observations 

Year Range of 
annual 
deep 
water 

formation 
rates 

Long term average 

Lascaratos (1993) Model   0.3 Sv 

Tziperman and Speer 
(1994) 

Model   ~1 Sv 

Send et al. (1995) Observations  1991  0.3 Sv 

Rhein (1995) Tracer 
distribution/ 
Model 

1991-1992  1.22 Sv 

Castellari et al. (2000) Model  1980-1988 0-3.4Sv 0.2-1.6 Sv 

Somot et al. (2006) Model     0.93 Sv 

Herrmann et al. (2008b) Model  1986-1987 1.3-2.1 Sv  

Schroeder et al. (2008b) Observations  2004-2006  2.4 Sv 

Herrmann et al. (2009) Model  1999-2007 0-1.3 Sv  

de Madron et al. (2013) Observations  2012  1.1 Sv 

L’Hévéder et al. (2013) Model  1958-2001 0-3.2 Sv 1.08 Sv (mean of formation 
events)* 

0.60 Sv (all years)** 

*DW formation only occurs in 53% of years; **includes years when DW formation did not occur  
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Table D.2: Oxygen concentrations (μM) used to initialize the oxygen model. Depth intervals of observed values match model water layer depths 

(WMSW: 0-150m; WMIW: 150-600m; WMDW >600m; EMSW: 0-200m EMIW 200-500m; EMDW: >500m).  Numbers in brackets represent 

ranges in concentration reported in the literature. Initial concentrations assigned in the model are given in Figure 4.2 of the main text. 

Year WMS EMS Adr DW Aeg DW Reference 
SW IW DW SW IW DW    

1906-1987 233 
(222-236) 

195 
(186-215) 

199 
(190-202) 

229 
(222-234) 

204 
(195-220) 

187 
(175-195) 

228 
(220-235) 

232* 
(230-235)* 

MEDAR Group 
(2002) 

1948-1958 223 
(212-234) 

192 
(174-201) 

197 
(179-201) 

219 
(212-234) 

197 
(190-212) 

179 
(165-201) 

  McGill (1961) 

Aug/Sept 
1987 

218d 
(202-223) 

190e 
(190-193) 

195f 
(192-197) 

243d 

(226-274) 
215e 

(195-226) 
188f 

(181-199) 
229g 

(228-231) 
233h 

(230-236) 
Schlitzer et al. (1991) 

July 1969 240 
(222-272) 

195 
(189-213) 

204 
(189-212) 

     Banoub and Williams 
(1972) 

Oct/Nov 1981 235 
(205-260) 

190 
(180-210) 

203 
(195-210) 

     MEDRIPOD IV 
Coste et al. (1984) 

Dec 1977    240a 
(219-254) 

214b 
(209-214) 

198c 
(192-203) 

  GEOSECS Weiss et 
al. (1983) 

Winter 1994        
(200-210) 

 Civitarese et al. 
(1998) 

Sept 2007, Jan 
2008 

      230 
(222-236) 

 Santinelli et al. 
(2012a) 

October 1987, 
April 1992 

        
(219-237) 

Souvermezoglou et al. 
(1999) 

1994         
(200-230) 

Krasakopoulou et al. 
(1999) 

a ρ=1028.557 kg/m3;   b ρ=1023.936kg/m3;  cρ=1029.204 kg/m3;d1028 kg/m3; e  ρ=1028.98 kg/m3; f ρ=1029.125 kg/m3 g ρ=1029.317 kg/m3; h 
ρ=1029.223 kg/m3    *Average concentration during EMT. 
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Table D.3: Fmax values used in Equation (4.1). 

 Fmax (109 mol yr-1) 
EMIW 1699 
WMIW 749 
EMDW 503 
EMDW 665 
 

 

 

 

Table D.4: Parameters in Equation (4.2) for deep water O2 consumption. See main text for details. 

 Fmax 

(109 mol yr-1) 
Initial O2 Concentration 

 (μM) 
 DOC POC DOC POC 

EMDW 3259 295 0.40 187 
WMDW 1988 144 2.09 197 

 
 

 

 

 

Table D.5: Model predicted oxygen consumption fluxes (μM yr-1) in the Western and Eastern 

Mediterranean deep-water using either Equation (4.1) or Equation (4.2) for deep-water oxygen 

consumption. 

Location Year Depth Consumption flux (μM yr-1) Equation 
Western Mediterranean 
WMDW Pre-EMT >600m 0.71 (4.1) and (4.2) 
WMDW 2006-2011 >600m 0.71 (4.1) 
WMDW 2006-2011 >600m 1.07 

(Max: 1.36 in 2006) 
(4.2) 

Eastern Mediterranean   
EMDW Pre-EMT >500m 0.29 (4.1) and (4.2) 
EMDW 1995-1998 >500m 0.29 (4.1) 
EMDW 1995-1998 >500m 0.57 

(Max: 0.64 in 1995) 
(4.2) 
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Understanding the unique biogeochemistry in the Mediterranean 

Sea: Insights from a coupled phosphorus and nitrogen model 
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E.1 Mass balance model 

Justification of the mass balance model setup is presented in section 5.3 of the main text. The following 

provides additional information on selected input and output fluxes for the WMS.  

E.1.1 External inputs of P and N 

E.1.1.1 Atlantic Surface Water 

According to Huertas et al. (2012), the mean NO3 concentration of Atlantic surface water (ASW) entering 

the WMS through the Strait of Gibraltar during the period 2005-2008 is 3.2 μM.  However, these authors 

use the 37 isohaline to separate the incoming ASW from Mediterranean outflow water.  Atlantic surface 

water has a salinity of 36.2±0.2 (Schroeder et al., 2012), hence implying some admixing of Mediterranean 

water in order to reach salinity of 37. Macías et al. (2007) estimate that the inclusion of mixing of 

Mediterranean outflow water increases the incoming NO3 concentration within the Strait of Gibraltar to 

130% of the true ASW concentration or, alternatively, that approximately 16% of outflowing NO3 is re-

circulated with the incoming ASW. Assigning an outgoing NO3 concentration on the east side of the 

Strait of Gibraltar of 9.1 μM (Huertas et al., 2012) thus implies that 1.5 μM of NO3 in the incoming water 

comes from recirculation of outflowing water. Therefore the NO3 concentration of end-member ASW 

west of the Strait of Gibraltar is assigned a value of 1.6 μM (3.1 μM-1.5 μM). (Note: in the latter 

calculation we adjust the inflow NO3 concentration from 3.2 to 3.1 μM, which is more representative of 

the NO3 concentration west of the Strait of Gibraltar after mixing with Mediterranean outflow water has 

occurred.)   

The NO3:PO4 ratios of incoming ASW fall mostly in the range 9-17:1 (Coste et al., 1984; Coste et al., 

1988; Gómez et al., 2000; Dafner et al., 2003; Huertas et al., 2012), although values as high as 93:1 have 

been reported (Ramirez-Romero et al., 2014).  We use a ratio of 10:1 to account for the predominantly 

less than Redfield NO3:PO4 ratio of ASW (Gómez et al., 2000; Huertas et al., 2012). Concentrations of 

incoming DOP and DON are assigned values of 0.14 μM and 4.5 μM, respectively, based upon average 

concentrations observed in the top 150 m of the water column at station 7 during the MEDRIPOD IV 

cruise (Le Corre et al., 1984).  It is possible that mixing of ASW with Mediterranean outflow water 

decreases the incoming DOP and DON concentration through the Strait of Gibraltar, however.  Doval et 

al. (2001) report a surface water DON concentration of 5.2 μM for the east Atlantic Ocean indicating that 

our estimated concentrations of DOP and DON may be slightly underestimated.  
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E.1.1.2 Atmospheric deposition: PO4 and NO3 

Reported dry, wet and bulk deposition fluxes of leachable P and N in the WMS for the period 1984-2005 

are compiled in Table E.1. We assume that these fluxes are representative of the mid 1990s. The 

leachable fractions of particulate P vary between 8% for soil derived dust to 100% for anthropogenic 

particulates (Bergametti et al., 1992; Migon and Sandroni, 1999; Migon et al., 2001). Because of the 

different methods and analytical techniques used to determine atmospheric P deposition fluxes, the values 

in Table E.1 represent variable combinations of dissolved, complexed and total particulate P. We use the 

following average WMS deposition rates of leachable inorganic P and inorganic N: 0.45 mmol P m-2 yr-1 

and 45 mmol N m-2 yr-1 (Table E.1). These values are consistent with the estimates of atmospheric 

deposition rates in the WMS compiled by Guerzoni et al. (1999): 0.55 mmol m-2 yr-1 leachable inorganic P 

and 38-44 mmol m-2 yr-1 leachable inorganic N.  The average deposition rates are then combined with the 

surface area of the WMS of 815x103 km2 to obtain leachable inorganic P and N deposition fluxes for the 

mid 1990s of 0.37 x109 mol P yr-1 and 36.7 x 109 mol N yr-1.   

E.1.2 Sinks of P and N  

E.1.2.1  Burial flux of phosphorus 

Samples from sediment cores were obtained to estimate the POP burial flux in the WMS (see Table E.6 

for details). Total P and PIP in the samples were determined following the method of Aspila et al. (1976) 

modified to be comparable to results obtained with the sequential extraction (SEDEX) method 

(Ruttenberg et al., 2009).  All equipment used was acid washed for at least 24 hours and milli-Q rinsed. 

Sediment was wet sieved through a 125 μM mesh size sieve before freeze-drying (except for Alb 2).  10 

ml 1M HCl was added to 0.1g freeze-dried sediment and shaken for 16 hours to determine PIP. For TP, 

0.4 ml of 1M Mg(NO3)2 was added to 0.1g freeze-dried sediment and ashed in a muffle furnace for 2 

hours at 500oC, followed by digestion with 10 ml 1M HCl for 16 hours. All digested samples were 

filtered through 0.45 μm pore size polycarbonate filters. Each sample was done in duplicate. Filtrate 

solutions were analyzed in triplicate by ICP-OES (Thermo Scientific iCAP 6000).  The calibration curve 

had a minimum detection limit of 0.0025 mg l-1 and standard error of 0.000001 mg l-1. An error of <8% 

was recorded on sample and matrix spikes and QCs.  Standard deviation of triplicates was <4%.  

Particulate organic P was calculated as the difference between TP and PIP concentrations.  

The sediment POP burial rate for the Gulf of Lions reported in the main text is further verified using the 

TP burial rates in the Gulf of Lions of (Van Den Broeck and Moutin, 2002).  In core CN36, 29% of TP is 

POP.  Using this POP:TP ratio along with the reported TP burial flux in the Gulf of Lions gives a flux of 
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0.07-0.12x109 mol P yr-1 (Table E.8). This is similar to our estimate of the POP burial in the Gulf of Lions 

(Table E.5).   

E.1.2.2 Denitrification 

Gehlen et al. (1997) determined denitrification rates on sediment cores collected between 1994 and 1995 

at the DYFAMED site in the north-west Mediterranean Sea.  This site is representative of deep basin 

conditions within the WMS: the coring site is located at approximately 2300 m water depth and is 

separated from the coast by the Ligurian current.  Gehlen et al. (1997) estimate that 0.04-0.17 mmol m-2 d-

1 of N is lost through denitrification.  Taking a low-end average value of 0.07 mmol m-2 d-1 gives a 

denitrification flux for the WMS, excluding the Gulf of Lions, of 19.7x109 mol N yr-1 (Table E.9). In 

addition to the flux from the open ocean, Denis and Grenz (2003) estimate that 0.032-0.074 mmol m-2 d-1, 

or approximately 0.4x109 mol  N yr-1, is denitrified in the Gulf of Lions. Thus the total denitrification flux 

for the open WMS plus the Gulf of Lions is estimated as 20.1x109 mol N yr-1 (Table E.9). 

E.1.3 Deep-water formation 

The WMSW and WMIW flowing into the NWM return to the WMS as WMDW (Figure 5.1). We assume 

that the deep water flowing into the WMDW therefore contains the P and N present in the WMSW and 

WMIW flowing into the NWM plus additional P and N acquired in the NWM. The additional net reactive 

P and N inputs are obtained by summing atmospheric deposition and N2 fixation within the NWM, minus 

losses from burial and denitrification. Atmospheric deposition, N2 fixation, burial and denitrification are 

all pro-rated for the surface area of the model NWM (25,000 km2) from the corresponding fluxes applied 

to the entire WMS.  The speciation of the excess inputs of reactive P and N entering the WMDW from 

atmospheric deposition and N2 fixation are divided into the same proportions as the speciation of 

dissolved reactive P and N observed in the WMDW.    
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TABLES:  

 

Table E.1: Atmospheric deposition fluxes rates of leachable inorganic P and inorganic N (NO3+NH4) in 

the WMS. Fluxes are given in units of mmol m-2 yr-1. 

Location Year N P Reference 
Wet Deposition 

Cap Ferrat 1997-1998  0.12  Migon and Sandroni 
(1999) 

Sardinia 1992-1994 17.6  LeBolloch and Guerzoni 
(1995) 

Cap Ferrat 1986-1987 43.6-51.9 0.44-0.52 Migon et al. (1989) 
Corsica 1984-1986 29.2  Loÿe-Pilot et al. (1990) 
Average  31.5 0.30  

Dry Deposition 
Cap Ferrat, 1998  0.02-0.12 Migon et al. (2001) 
Cap Ferrat 2004-2005 25.8 0.03 Sandroni et al. (2007) 
Average  25.8 0.05  

Bulk Deposition (Wet and Dry) 
Capo Carallo, 
Corsica 1985-1987  0.42-0.82 Bergametti et al. (1992) 

Ostriconi 2001-2002 25.4 0.46 Markaki et al. (2010) 
Cap Spartel 2001-2002 28.2 0.61 Markaki et al. (2010) 
Cape Bear 2001-2002 45.9 0.57 Markaki et al. (2010) 
Mahdia 2001-2002 18.1 0.37 Markaki et al. (2010) 
Gozo 2001-2003 46.1 0.36 Markaki et al. (2010) 
Average  32.7 0.47  
Total Average 
(wet+dry;bulk )  45.0 0.45  

 

Table E.2: NO3 and NH4 concentrations and NO3:(NO3+NH4) ratio in SGD at coastal locations of the 

MS. 

Site NO3 (μM) NH4 (μM) NO3/(NO3+NH4) Reference 
Balearic Islands, 
Spain 1031 2.2 0.998 Garcia-Solsona et al. (2010) 

Dol Bay, Israel 330 5.4 0.98 Weinstein et al. (2011) 
Sa Nau, Majorca 80 0.9 0.99 Tovar-Sanchez et al. (2014) 
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Table E.3: Proportions of dissolved organic P (DON) and dissolved organic N (DON) in total P and N, 

respectively, in fresh or low salinity SGD globally. Brackets give range of values reported. 

Site Salinity DON/TN DOP/TP Reference 

Upper gulf of Thailand ‘fresh’ 0.40 
(0.06-0.83) 

0.43 
(0.01-0.83) Burnett et al. (2007) 

Tampa Bay, Florida ‘fresh’ 0.50  Kroeger et al. (2007) 
Hudson Bay, Jeju Islands, 
Sea of Korea 0-5 (0.02-0.08)  Kim et al. (2013) 

Queensland Australia <5 0.47 
(0-0.64) 

0.03 
(0-0.13) Makings et al. (2014) 

New South Wales, 
Australia  0.39 0.57 Santos et al. (2013) 

Tropical reef lagoon, 
Cook Islands <7 0.38 

(0.09-0.74) 
0.34 

(0-0.67) Tait et al. (2014) 

Gulf of Mexico Freshwater 
endmember 

0.26 
(0.24-0.28)  Santos et al. (2009) 

Marina Lagoon, 
Mediterranean Coast, 
Egypt 

<5 0.44* 
(0-0.97) 

0.78* 
(0-0.99) El-Gamal et al. (2012) 

*Assume TN = TDN and TP = TDP 

Table E.4: Reported SGD ages in coastal zones. 

Location SGD age (years) Reference 
Mediterranean Region   
Sicily 2-30 Burnett et al. (2006) 
Syrian Coast ~60  Charideh and Rahman (2007) 
Turkish Coast Several 10s – several 

100s 
Bayari et al. (2011) 

Worldwide   
Bay of Bengal 10 to >80 Dowling et al. (2003) 
Coral reef lagoon, Australia 10-93 Tait et al. (2014) 
Submarine freshwater spring, 
Japan 

30-40  Asai et al. (2013) 
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Table E.5: Burial fluxes of N and P based on sediment core data. 

 Area 
 (103 km2) 

PON burial rate 
(mol N m-2 yr-1) 

PON burial flux 
(109 mol N yr-1) 

POP burial rate 
(mol P m-2 yr-1) 

POP burial flux 
(109 mol P yr-1) 

WMS 717.4 0.0037a – 
0.005b 

2.7-3.6 0.0002-0.0009 0.16-0.65 

Alboran Sea 76 0.068c  5.2 0.004 0.30 
Gulf of Lions 21.6 0.14d,e 3.0  0.01-0.17 
Total 815  10.9-11.8  0.56-1.13 
 a Zúñiga et al. (2007a), b Heimbürger et al. (2012) c Masqué et al. (2003), d de Madron et al. (2003a) e 

Denis and Grenz (2003).  

 

Table E.6: Sediment cores analyzed for POP concentrations in this study. 

Sediment 
core 

Location Water 
depth (m) 

Position Sediment 
accumulation rate 

(g cm-2 yr-1) 

Reference 

T6 Alboran 
Sea 

1993 35o55.74’N 
1 o 32.59’W 

0.063±0.006 
 

Masqué et al. (2003) 

Alb 1  962 36 o 14.31N 
4 o 15.52’W 

0.079±0.005 
 

Masqué et al. (2003) 

Alb 2  1300 36 o 00.31N 
4 o 17.04’ W 

0.058±0.002 
 

Masqué et al. (2003) 

Alb E  1011 36 o 13.17N 
4 o 02.48’W 

0.043±0.002 
 

Masqué et al. (2003) 

Alb D  946 36 o 14.67N 
4 o 28.15’W 

0.101±0.010 
 

Masqué et al. (2003) 

T3  1076 35 o 48.18N 
3 o 02.56’W 

0.075±0.007 
 

Masqué et al. (2003) 

EB2 Catalan 
slope 

1300 40o59.2’N 
1 o 57.6’W 

0.261±0.010 
 

Sanchez-Cabeza et al. 
(1999) 

CN36  500 41o04.5’N 
1 o 55.6’W 

0.51±0.02 Sanchez-Cabeza et al. 
(1999) 
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Table E.7: Particulate organic P (POP) concentrations and corresponding burial fluxes for the sediment 

cores analyzed. Uncertainties represent differences between duplicates. 

Sediment 
Core 

Depth interval  (cm) POP concentration 
(μmol/gdw) 

POP flux (103 mol m-2 yr-

1) 
T6 0-0.5 6.4*   4.0*  
 3-3.5 5.4±0.2 3.4±0.4 
Alb 1 1.0-2.0 5.7±1.5 4.5±1.4 
Alb 2 0-0.5 6.4±0.7 3.7±0.6 
 5-5.5 5.7±0.6 3.3±0.5 
Alb E 0-0.5 6.4±0.2 2.8±0.2 
Alb D 0-0.5 7.1±0.2 7.1±0.9 
T3 0-1.0 6.7±0.2 5.0±0.6 
EB2 0-0.5 3.1±0.1 8.8±0.6 
 5-5.5 2.9±0.3 7.6±1.1 
CN36 1.0-2.0 4.7±0.3 23.9 ±4.2 
* No duplicate run due to limited sample size. 
 

 

Table E.8: Estimated organic P burial in the Gulf of Lions using mass accumulation rates for the Gulf of 

Lions and POP contents of core CN36 on the Catalan margin (Table E.7). See text for details. 

Sedimentary Unit Area (km2)a Mass accumulation 
rate (g cm-2 yr-1)a  

POP burial (109 mol yr-1) 

Proximal Rhone Pro-delta 10 30-50 0.01-0.02 
Distal Rhone prodelta 600 0.2-0.6 0.01-0.02 
Mid shelf mud belt 4500 0.15 0.03 
Outer shelf 6500 0.14 0.04 
Slope 10000 0.01-0.12 0.01-0.06 
Total 21610  0.10-0.17 
a Van Den Broeck and Moutin (2002) 
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Table E.9: Denitrification fluxes reported for the WMS. 

 Area (103 km-2) Rate (mol N m-2 yr-1) Flux (109 mol N yr-1) 
WMS 768.4 0.03 (0.02-0.06)a 19.7 (11.5-47.6) 
Gulf of Lions 21.6 0.01-0.03b 0.2-0.6 
Total 815  20.1 (11.7-48.2) 

a Gehlen et al. (1997); bDenis and Grenz (2003) 
 
 

 

Table E.10: Steady state internal model fluxes for the WMS and EMS in 1950.  Units: 109 mol yr-1. 

  P N 
  WMS EMS WMS EMS 
Assimilation SW 94.7 59.0 1515 944 
Solubilization 84.2 53.2 1254 788 
Mineralization 85.4 54.4 1315 825 
Nitrification   1324 837 
Solubilization IW 6.9 4.5 185 115 
Mineralization 6.8 5.0 180 118 
Nitrification   182 121 
Solubilization DW 3.2 0.7 78 21 
Mineralization 3.7 0.7 84 25 
Nitrification   84 25 
Sinking POM SW-IW 10.6 5.8 274 156 

IW-DW 3.7 1.4 89 41 
Turbulent mixing* IW-SW 2.2;-0.3 3.0;-0.3 57;-0.4; -0.2 77;-2.0;-1.7 
*reported for PO4 and DOP for P, and NO3, DON and NH4 for N. POM = particulate organic matter  
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Table E.11: Residence times (years) of reactive P and N species in 1950. P = total reactive phosphorus; 

N=total reactive nitrogen. 

  P PO4 DOP POP N NO3 NH4 DON PON 

SW WMS 1.4 0.08 0.13 0.03 1.5 0.09 0.004 0.32 0.04 
 EMS 2.5 0.11 0.24 0.03 3.7 0.18 0.03 0.83 0.08 

IW WMS 5.1 6.0 3.3 0.26 5.3 1.4 0.02 2.9 0.14 
 EMS 5.4 5.3 2.5 0.34 6.0 5.3 0.16 4.5 0.39 

DW WMS 40 42 5.7 0.74 38 38 0.10 16 0.54 
 EMS 117 150 57 3.8 119 143 3.5 81 4.2 
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Table E.12: Sensitivity (percent change) of primary productivity and DW NO3:PO4 ratio to a ±10% 

perturbation. Only the most sensitive model parameters identified by the fractional factorial design 

analyses (Figure 5.2) are included. Responses of more than 5% are highlighted in bold. 

Perturbation WMS primary 
productivity 

EMS primary 
productivity 

WMDW 
NO3:PO4  

EMDW 
NO3:PO4  

 + - + - + - + - 
Atlantic SW-WMSW 8.5 -8.5 6.6 -6.6 -2.5 3.0 -4.4 5.0 
WMIW-Atlantic  -2.7 3.0 -2.1 2.3 -0.3 0.3 0.3 -0.3 
WMDW-Atlantic  -1.2 1.4 -0.9 1.1 0.2 -0.3 0.5 -0.6 
WMIW-WMSW 2.6 -2.7 2.0 -2.0 -0.4 0.4 -0.1 0.1 
WMDW-WMIW 1.3 -1.4 1.0 -1.0 -0.1 0.1 -0.2 0.2 
WMSW–EMSW -2.3 2.4 5.7 -6.0 0.2 -0.2 -1.8 2.1 
EMIW-WMIW 0.2 -0.2 -4.2 5.0 0.1 -0.1 0.0 0.0 
WMIW-NWM -0.7 0.7 -0.5 0.5 0.0 0.0 0.0 0.0 
EMDW-EMIW 0.0 0.0 0.0 0.0 0.1 -0.1 -0.4 0.4 
Atlantic PO4 conc 4.5 -4.5 3.4 -3.4 -4.5 4.9 -7.2 7.7 
Atlantic DOP conc 4.0 -4.0 3.2 -3.2 -4.0 4.4 -6.5 7.0 
EMS PO4 atm dep 0.2 -0.2 0.8 -0.8 -0.4 0.4 -1.0 1.1 
EMS P burial -0.2 0.2 -0.5 0.5 0.3 -0.4 1.9 -2.1 
WMS P burial -0.2 0.2 -0.1 0.1 0.8 -0.8 0.3 -0.3 
WMSW P sol  0.2 -0.2 4.9 -5.3 -0.7 0.7 -0.3 0.4 
EMSW P sol  -0.1 0.1 -7.9 9.4 0.0 0.0 0.0 0.0 
WMSW P min  2.0 -2.3 -2.6 3.0 -0.1 0.2 1.1 -1.2 
EMSW P min  -0.1 0.1 2.6 -2.9 0.0 0.0 -0.4 0.4 
WMS P assim -7.9 9.3 -1.9 2.2 0.0 0.1 0.7 -0.8 
EMS P assim 5.3 -5.7 4.4 -4.7 0.0 0.1 -8.8 10.4 
WMSW-WMIW POP sink -5.1 5.9 -4.3 4.9 0.1 0.0 9.4 -9.7 
EMSW-EMIW POP sink -0.2 0.2 -4.8 5.4 0.7 -0.7 0.4 -0.3 
Atlantic NO3 conc 0.0 0.0 0.0 0.0 1.6 -1.6 2.5 -2.5 
Atlantic DON conc 0.0 0.0 0.0 0.0 4.5 -4.5 6.9 -6.9 
EMS DON atm dep 0.0 0.0 0.0 0.0 0.5 -0.5 0.7 -0.7 
EMS NO3 atm dep 0.0 0.0 0.0 0.0 0.7 -0.7 1.5 -1.5 
EMS NH4 atm dep 0.0 0.0 0.0 0.0 0.5 -0.5 1.0 -1.0 
EMS N burial 0.0 0.0 0.0 0.0 -0.3 0.4 -1.5 1.7 
WMS N burial 0.0 0.0 0.0 0.0 -0.5 0.5 -0.2 0.2 
WMS denit 0.0 0.0 0.0 0.0 -1.3 1.3 -0.3 0.3 
WMSW N sol  0.0 0.0 0.0 0.0 0.0 0.0 6.6 -7.8 
EMSW N sol  0.0 0.0 0.0 0.0 0.6 -0.7 0.1 -0.1 
WMSW-WMIW PON sink 0.0 0.0 0.0 0.0 0.0 0.0 -7.1 7.3 
EMSW-EMIW PON sink 0.0 0.0 0.0 0.0 -0.6 0.6 -0.1 0.1 
WMDW N sol 0.0 0.0 0.0 0.0 0.4 -0.5 0.1 -0.2 
EMDW N sol 0.0 0.0 0.0 0.0 0.3 -0.4 1.5 -1.7 
WMDW N min 0.0 0.0 0.0 0.0 1.6 -1.9 -0.1 0.1 
EMDW N min 0.0 0.0 0.0 0.0 0.0 0.0 2.3 -2.5 
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F.1 Model forcing functions 

The change in reactive P and N inputs into the MS with time are modeled by applying anthropogenic 

forcing functions to 1950 model inputs (Chapter 5) following the method in Chapter 2. The following 

sections justify the applied anthropogenic forcing functions for the WMS over 1950-2030 and those for 

the EMS over 2000-2030 in addition to SGD and wastewater discharges into the EMS over 1950-2030. 

The remaining anthropogenic forcing functions for the EMS for 1950 to 2000 are justified in Chapter 2.  

F.1.1 Atmospheric Deposition 

The same forcing function for atmospheric deposition in the WMS is applied to each P and N species 

(PO4, DOP, NO3, NH4, and DON) for 1950 to 2000 as that used for the EMS (Chapter 2), for lack of any 

detailed estimates on how the temporal evolution of these inputs may vary between the two seas. In the 

EMS, PO4 deposition was modeled to change in proportion to acid processing in the atmosphere (Chapter 

2) as this increases the P solubility in dust (Nenes et al., 2011; Stockdale et al., 2016).  Thus the 2000 to 

2030 forcing function for both seas is calculated from the linear interpolation of regional emissions of 

NOx and SOx for the years 2000 and 2030 (Lamarque et al., 2013) to represent the amount of acid within 

the atmosphere. The resulting forcing function for the WMS and EMS for 1950 to 2030 increases by a 

maximum of 2.5 in 1979 before decreasing thereafter to 1.3 in 2030.  Model predicted deposition of NOX 

and NHx in Europe, Africa and former USSR, and Middle East for the years 2000 and 2030 are used to 

create the forcing function for NO3 and NH4
 deposition (Lamarque et al., 2013). A maximum increase in 

NO3 and NH4 deposition of 3.0 and 2.0 occurs in 1994.  Thereafter NO3 deposition to decreases to 2.8 in 

2030 whilst NH4 deposition initially decreases to 2.1 in 2000 before increasing to 2.2 by 2030.  

DON and DOP deposition in the EMS between 1950 and 2000 are assumed to change due to biomass 

burning (Chapter 2). We use global estimates of anthropogenic organic carbon emissions to calculate the 

forcing function for DON and DOP deposition between 2000 and 2030 (IPCC, 2013). A maximum 

increase of 1.4 with respect to 1950 occurs in 1995 and deposition thereafter remains approximately 

constant.  Forcing functions of atmospheric deposition for all P and N species between 2000 and 2030 use 

the mean value of all reported model runs and assumes a linear relationship in emissions/deposition over 

that time period.  Maximum and minimum estimates of the forcing function for 2000 to 2030 were 

calculated from the maximum and minimum range of model estimates reported. The resulting range in 

estimates are greatest for DOP and DON deposition with the maximum estimate predicting an increase in 

organic matter deposition between 2000 and 2030 and the minimum estimate predicting a decrease. 
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F.1.2 Rivers 

The riverine forcing function between 1950 and 2000 for the WMS is calculated from Ludwig et al. 

(2009), assuming that the speciation of riverine input does not vary with time. The relative change in 

riverine inputs from 2000-2030 for both WMS and EMS are calculated from estimates of 2000 and 2030 

inputs by Ludwig et al. (2010) using the Millennium Ecosystem Assessment scenarios.  The mean of all 

four scenario was taken for the best estimate, and maximum and minimum trends used for the range in 

inputs. The resulting forcing function for P inputs between 1950 and 2030 results in a peak value of 7.8 in 

1984 in the WMS compared to a peak of 2.4 in the EMS.  The differences between the two seas over this 

time period are in a large part to the construction of the Aswan Dam, which significantly reduced P inputs 

to the EMS immediately after its closure.  Riverine P fluxes in both basins thereafter declined to a 

minimum in 2000 of 3.0 and 1.5 in the WMS and EMS respectively before increasing between 2000 and 

2030, especially within the EMS.  Contrasting trends are observed in the forcing function between the 

WMS and EMS for N however due to differences in population growth estimates between these two 

basins (Ludwig et al., 2010).  In the WMS, the forcing function for riverine N reaches a maximum of 6.6 

in 2000 before decreasing to 5.6 in 2030 whereas in the EMS the riverine N forcing function continues to 

increase throughout 1950 to 2030, to a value of 5.9 by 2030.  

F.1.3 Direct domestic wastewater discharges 

Changes in direct wastewater discharges of N are assumed to follow population trends within 

Mediterranean countries between 1950 and 2030 (FAOSTAT, 2016).  Population trends for each 

individual country are weighted to their wastewater input (Chapter 3) to calculate the overall change in 

wastewater inputs for the WMS and EMS.  Note that although we are using country population trends 

rather than coastal trends, predicted population increase between 2000 and 2025 is similar to that of 

coastal areas predicted over the same time period by Plan-Bleu (2005) (results not shown).  The resulting 

forcing function of N inputs from wastewater continually increases throughout 1950-2030 to a maximum 

of 1.9 in the WMS and 3.2 in the EMS.  For P, population together with laundry and dishwasher P-

detergent use influences wastewater P discharges with time.  We apply same N:P ratio trend as in rivers to 

wastewater, thus accounting for the temporal change of P in detergents as well as P derived from protein 

consumption from population. For the EMS however, we exclude the Levantine basin from riverine 

inputs to calculate the N:P trends due to the difference in responses of P and N to the closure of the 

Aswan Dam in 1963 (Ludwig et al., 2009). The resulting forcing function for P increased throughout 

1950 to 2030 reaching a maximum of 1.6 in the WMS and 3.2 in the EMS. For N we assume maximum 

and minimum bounds in population estimates of 5% by 2030 with the error increasing linearly between 
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2015 and 2030. The maximum and minimum range in wastewater discharges of P are taken from the 

resulting maximum and minimum range in N:P ratios of applied riverine inputs.   

F.1.4 Submarine groundwater discharges 

SGD of P and N has only recently been quantified into the MS (Rodellas et al., 2015) and little is known 

about how it might change with time (Moon et al., 2016). Nitrogen input through SGD is assumed to 

change in relation to fertilizer input on land.  We further assume a 30 year time lag between fertilizer 

input and discharge at the coastal zone based upon GW ages discharging into the MS and worldwide 

(Chapter 2). Fertilizer consumption of inorganic N from 1920-2000 (to represent 1950-2030 inputs from 

SGD) for each individual Mediterranean country (Erisman et al., 2011; FAOSTAT, 2015a) is weighted to 

regional GW discharges (Zekster et al., 2007) and used to calculate the overall changes in the WMS and 

EMS respectively.  The forcing function for NO3 and NH4 SGD in the WMS increases to 2.3 between 

1950 and 1970 before remaining stable to 1985. Thereafter it increases sharply to a maximum of 22.7 in 

2030.  In the EMS a linear increase between 1950 and 1991 to 5.1 occurs from NO3 and NH4 from SGD 

before increasing dramatically to reach a maximum of 55.9 in 2030.  By 2030 the forcing functions in 

both the WMS and EMS are starting to stabilize. Similarly, changes in European manure input and 

worldwide manure input for 1920-1960 (Erisman et al., 2011) and individual countries for 1960-2000 

(FAOSTAT, 2015b) are used to estimate changes in DON for the WMS and EMS respectively, resulting 

in a maximum forcing function of 1.9 and 2.1 by 2030. 

 It is assumed that P in SGD does not change with time as the 2000 freshwater flux is extremely small 

suggesting that P from fertilizer input is potentially adsorbed within the aquifer.  Due to the time lag 

between N inputs and resulting changes in SGD, maximum and minimum estimates for 2000 to 2030 are 

not undertaken for this forcing function. 

F.1.5 Nitrogen fixation 

It is likely that changing reactive P and N concentrations within surface waters of the WMS between 1950 

and 2000 would alter N2 fixation rates. However, no evidence exists of a correlation between N2 fixation 

and nutrient availability (Sandroni et al., 2007; Berman-Frank and Rahav, 2012). Therefore, due to the 

limited nature of our understanding of N2 fixation within the MS, and how it relates to N and P 

concentrations, the flux is not modeled to change with time.  
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F.2 Climate change circulation scenarios  

To investigate the impact of climatic changes in circulation on water column reactive P and N 

concentrations and primary productivity, the two extreme climate change circulation scenarios presented 

in Chapter 4, WC1 and WC3, were applied to the model for the years 2000 to 2030 and are termed 

climate change scenario S1 and climate change scenario S2 in this paper, respectively.  From 1950-2000, 

the random circulation described in section 6.3.3.1 of the main text is used to calculate IW/DW formation 

fluxes.  From 2000 onwards, the IW/DW formation fluxes are still randomly assigned on a year by year 

basis but the mean IW/DW formation rates used within the random circulation calculations change with 

time. For a substantial weakening of the THC (Scenario S1), the same values for IW/DW formation are 

used as in Chapter 4 for WC1 for the year 2100 but we do not account for the shallowing of the THC i.e. 

there is no flow out of the NWM to WMIW, or from the Adriatic to EMIW.  A strengthening of the THC 

across the whole of the MS (Scenario S2) is applied to the model using the formation rates described in 

scenario WC3 for 2100 in Chapter 4.  We assume that the switch from the mean baseline circulation to 

the mean climate change circulations occur at a linear rate between 2000 and 2100 due to the linearity of 

modeled changes in temperature and salinity between 2000 and 2100 (Adloff et al., 2015).  It is also 

assumed that standard deviation of DW formation rates and probability of IW/DW formation do not 

change with time, that is, they are the same from 2000 to 2030 as prior to 2000 in random circulation 

scenario where the mean is also constant with time. 
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F.3 Figures and Tables 

Figure F.1: Anthropogenic forcing functions of reactive P and N between 1950 and 2030 imposed in the 

model.  Note the forcing function calculates the change relative to 1950 for each individual input. Dashed 

lines represent maximum and minimum estimates for the period 2000 to 2030. See main text and section 

F.1 for details. 
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Figure F.2: Sin wave of temporal evolution of the Adriatic Deep Water input into the EMDW (see 

Equation 6.1) in the historical circulation scenarios (Simulations 4 and 5). 
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Figure F.3: Trajectories of land derived phosphorus (black continuous line) and nitrogen (red dashed 

line) inputs into the WMS and EMS relative to 1950 values. Land derived inputs refer to those inputs 

from: atmospheric deposition, rivers, direct wastewater discharges, submarine groundwater discharges 

and additional nutrients added to the Adriatic Sea, Aegean Sea and NWM. 
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Figure F.4: Dissolved reactive P and N surface water concentrations in the WMS and EMS from changes in circulation alone (Simulation 1; red 

shading and red lines) against changes due to nutrient enrichment and circulation changes (Simulation 2; blue shading and blue lines).  The model 

was run 500 times randomly changing the circulation. Mean, 10th and 90th percentiles are shown. Dashed line between 2000 and 2030 represents 

uncertainty in input estimates for this time period. Note changes in units of scale on y axis for P and N. See section 6.3.3 of the main text and 

Table 6.2 for details of model simulations. 
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Figure F.5: Relative change in reactive P (A-C) and N (D-G) concentrations since 1950 in the WMS 

(green lines) and EMS (black lines) for surface water (SW; solid line), intermediate water (IW; dashed 

line) and deep water (DW; dash-dot line). Note difference in scales between Figures A-C and D-G. 
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Figure F.6: Changes in deep water PO4 and NO3 concentrations due to historical changes in the THC and 

nutrient enrichment (Simulation 5 and 7) in comparison to constant circulation with anthropogenic 

nutrient enrichment (Simulation 3; red line).  See section 6.3.3.2 for details on how historical circulation 

were made and Table 6.2 the explanation of the different model runs. 
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Figure F.7: Same as Figure F.3 but for NO3:PO4 DW ratios of the WMS and EMS.   
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Figure F.8: Changes in intermediate water NO3:PO4 IW and DW ratios in the EMS and WMS from 

historical inter-annual variability in the thermohaline circulation between 1960 and 2000 with: constant 

reactive P and reactive N inputs (Simulation 4); 1950-2000 reactive P and reactive N inputs (Simulation 

5); and using a 5 year running average with 1950-2000 reactive P and reactive N inputs (Simulation 7), 

compared to 1950-2000 reactive P and N inputs with constant circulation (Simulation 3; red line).  See 

main text for details of how the historical circulation predictions were made. 
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Figure F.9: Primary productivity in the WMS (A and C) and EMS (B and D) between 1950 and 2000 in 

the historical circulation scenario with constant reactive P and N inputs (Simulation 4; A and B) and 1950 

to 2030 P and N inputs (Simulation 5; C and D). Relative change since 1950 (black line, left axis) and 

absolute primary productivity (brown line, right axis) are shown. 
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Figure F.10: Fate of anthropogenic P and N added to the WMS (A and C) and EMS (B and D) in 

Simulation 3, expressed as the percentage of additional reactive P and N supplied to the WMS and EMS 

over the period 1950 to 2030. Burial, denitrification (Denit) and outflow to Atlantic (Atl), EMS and WMS 

are expressed as the percentage of additional reactive P and N supplied, while accumulation in the water 

column differentiates between the different nutrient species. 
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Figure F.11: Reactive N:P ratios of input (solid lines) and output (dashed lines) fluxes into the WMS 

(green lines) and EMS (black lines) between 1950 and 2030 for Simulation 3. 
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Figure F.12: Changes in primary productivity in the WMS (A-B) and EMS (C-D) due to climatic 

induced changes in circulation and constant (A and C) and changing (B and D) P and N inputs over the 

period 1950 to 2030.  Error bars for random circulation and climate change scenarios represent 10th-90th 

percentiles of ensemble of 500 runs; those for constant circulation represent range in model inputs over 

2000 to 2030. 
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Table F.1: Decadal values of anthropogenic forcing functions for a) phosphorus and b) nitrogen, applied to the model, representing the change in 

each flux relative to 1950. Numbers in brackets from 2010-2030 represent the maximum and minimum predicted forcing function. Minimum and 

maximum values of the forcing function over 1950-2030 and year they occurred (brackets) are also reported. 

 Species Sea 1950 1960 1970 1980 1990 2000 2010 2020 2030 Min Max 
Phosphorus              

River PO4 and DOP WMS 1.0 1.1 2.4 7.0 6.1 3.0 3.1 
(3.0-3.1) 

3.2 
(3.1-3.2) 

3.2 
(3.1-3.4) 

1.0 
(1950) 

7.8 
(1984) 

 PO4 and DOP EMS 1.0 1.1 0.7 2.1 2.0 1.4 1.8 
(1.7-1.9) 

2.2 
(1.9-2.5) 

2.6 
(2.2-3.1) 

0.5 
(1967) 

2.6 
(2030) 

Atmospheric 
Deposition PO4 

WMS and 
EMS 1.0 1.5 2.2 2.5 2.1 1.5 1.3 

(1.3-1.4) 
1.2 

(1.1-1.3) 
1.1 

(0.9-1.2) 
1.0 

(1950) 
2.5 

(1979) 

 DOP WMS and 
EMS 1.0 1.2 1.3 1.4 1.4 1.4 1.4 

(1.3-1.6) 
1.4 

(1.2-1.8) 
1.4 

(1.0-1.9) 
1.0 

(1950) 
1.4 

(1995) 

Wastewater PO4 and DOP WMS 1.0 1.1 1.2 1.5 1.5 1.2 1.3 
(1.3-1.4) 

1.4 
(1.3-1.6) 

1.6 
(1.3-1.8) 

1.0 
(1950) 

1.6 
(1985) 

 PO4 and DOP EMS 1.0 1.2 1.5 2.1 2.0 1.6 2.3 
(2.3-2.3) 

2.9 
(2.8-2.9) 

3.2 
(3.0-3.3) 

1.0 
(1950) 

3.2 
(2030) 

Adriatic PO4 EMS 1.0 1.6 3.3 7.8 6.2 3.7 3.6 
(3.5-3.7) 

3.5 
(3.4-3.6) 

3.5 
(3.3-3.6) 

1.0 
(1950) 

8.1 
(1982) 

 DOP EMS 1.0 1.2 1.8 3.0 2.7 2.0 2.0 
(1.9-2.0) 

2.0 
(1.8-2.0) 

2.0 
(1.8-2.0) 

1.0 
(1950) 

3.1 
(1983) 

Aegean PO4 EMS 1.0 1.3 2.6 5.3 4.6 2.9 2.8 
(2.8-2.9) 

2.8 
(2.7-2.9) 

2.8 
(2.7-2.9) 

1.0 
(1950) 

5.6 
(1983) 

 DOP EMS 1.0 1.2 1.7 2.1 2.2 1.7 1.7 
(1.5-1.9) 

1.7 
(1.5-2.0) 

1.7 
(1.4-2.2) 

1.0 
(1950) 

2.2 
(1987) 
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Table F.1b: 

 Species Sea 1950 1960 1970 1980 1990 2000 2010 2020 2030 Min Max 
Nitrogen              

River NO3, DON and NH4 WMS 1.0 1.1 2.6 4.8 6.3 6.6 6.2 
(5.9-6.7) 

5.9 
(5.3-6.7) 

5.6 
(4.6-6.8) 

0.9 
(1955) 

6.6 
(2000) 

 NO3, DON and NH4 EMS 1.0 1.2 1.8 3.1 4.4 5.2 5.4 
(5.1-5.7) 

5.7 
(5.1-6.2) 

5.9 
(5.0-6.7) 

1.0 
(1950) 

5.9 
(2030) 

Atmospheric 
Deposition NO3 WMS and EMS 1.0 1.3 2.0 2.6 2.9 2.9 2.8 

(2.7-2.9) 
2.6 

(2.4-2.9) 
2.5 

(2.2-2.8) 
1 

(1950) 
3.0 

(1994) 

 DON WMS and EMS 1.0 1.2 1.3 1.4 1.4 1.4 1.4 
(1.3-1.6) 

1.4 
(1.2-1.8) 

1.4 
(1.0-1.9) 

1.0 
(1950) 

1.4 
(1995) 

 NH4 WMS and EMS 1.0 1.2 1.5 1.9 2.2 2.1 2.2 
(2.2-2.3) 

2.4 
(2.2-2.6) 

2.5 
(2.2-2.8) 

1.0 
(1950) 

2.5 
(2030) 

Wastewater NO3, DON and NH4 WMS 1.0 1.1 1.2 1.4 1.5 1.6 1.7 
(1.7-1.7) 

1.8 
(1.8-1.8) 

1.9 
(1.8-2.0) 

1.0 
(1950) 

1.9 
(2029) 

 NO3, DON and NH4 EMS 1.0 1.2 1.4 1.7 1.9 2.2 2.7 
(2.7-2.7) 

3.1 
(3.1-3.2) 

3.2 
(3.0-3.4) 

1.0 
(1950) 

3.2 
(2030) 

SGD NO3 and NH4 WMS 1.0 1.5 2.3 2.4 3.3 10.2 16.8 20.8 22.7 1.0 
(1950) 

22.7 
(2030) 

 DON WMS 1.0 1.2 1.0 1.0 1.3 1.5 1.6 1.7 1.9 0.9 
(1975) 

1.9 
(2030) 

 NO3 and NH4 EMS 1.0 1.7 2.6 3.7 5.0 14.6 36.5 51.4 55.9 1.0 
(1950) 

55.9 
(2030) 

 DON EMS 1.0 1.2 1.0 1.2 1.5 1.6 1.9 1.9 2.1 1.0 
(1950) 

2.1. 
(2030) 

NWM NO3, DON and NH4 WMS 1.0 1.3 1.8 2.3 2.6 2.6 2.5 
(2.4-2.7) 

2.5 
(2.3-2.8) 

2.5 
(2.1-2.9) 

1.0 
(1950) 

2.6 
(1994) 

Adriatic NO3 EMS 1.0 1.2 2.3 3.9 4.7 4.7 4.5 
(4.3-4.8) 

4.3 
(4.0-4.8) 

4.2 
(3.7-4.9) 

1.0 
(1950) 

4.8 
(1994) 

 DON EMS 1.0 1.1 1.6 2.1 2.4 2.4 2.4 
(2.2-2.6) 

2.3 
(2.1-2.8) 

2.3 
(1.9-2.9) 

1.0 
(1950) 

2.5 
(1995) 

 NH4 EMS 1.0 1.1 1.7 2.3 2.7 2.7 2.8 
(2.6-2.9) 

2.8 
(2.6-3.1) 

2.9 
(2.6-3.3) 

1.0 
(1950) 

2.9 
(2030) 

Aegean NO3 EMS 1.0 1.3 2.3 3.5 4.3 4.3 4.2 
(4.0-4.4) 

4.0 
(3.7-4.4) 

3.8 
(3.4-4.3) 

1.0 
(1950) 

4.4 
(1995) 

 DON EMS 1.0 1.2 1.6 1.9 2.0 1.8 1.8 
(1.7-1.9) 

1.8 
(1.6-2.1) 

1.8 
(1.5-2.2) 

1.0 
(1950) 

2.0 
(1986) 

 NH4 EMS 1.0 1.2 1.6 2.1 2.4 2.4 2.5 
(2.4-2.6) 

2.6 
(2.4-2.8) 

2.7 
(2.4-3.0) 

1.0 
(1950) 

2.7 
(2030) 
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Table F.2: Model predicted reactive P and N concentrations and N:P ratios for all reservoirs for 

Simulation 3 in a) the WMS and b) the EMS. See Table 6.2 of main text for description of model 

simulations. 

Table F.2a: 

 
Water 
Mass 1950 1960 1970 1980 1990 2000 2010 2020 2030 Max Min 

PO4 
(nM) 

WMSW 48 48 49 52 53 52 51 52 52 54 48 
WMIW 269 269 272 280 292 296 294 294 295 296 269 

 
WMDW 369 369 370 372 378 384 388 391 393 393 369 

DOP 
(nM) 

WMSW 72 73 75 79 81 78 78 78 78 81 72 
WMIW 44 44 45 48 50 49 48 48 48 50 44 

 
WMDW 27 27 27 29 30 30 29 29 29 30 27 

POP 
(nM) 

WMSW 17 17 18 19 19 19 19 19 19 19 17 
WMIW 8.4 8.4 8.6 9.1 9.4 9.0 9.0 9.0 9.1 9.4 8.4 

 
WMDW 3.0 3.0 3.1 3.3 3.4 3.3 3.3 3.3 3.3 3.4 3.0 

NO3 
(μM) 

WMSW 0.8 0.8 0.8 0.8 0.9 1.1 1.2 1.3 1.3 1.3 0.8 
WMIW 6.6 6.6 6.7 6.9 7.3 7.7 8.0 8.4 8.8 8.8 6.6 

 
WMDW 7.7 7.7 7.8 7.8 7.9 8.1 8.3 8.6 8.9 8.9 7.7 

NH4 
(μM) 

WMSW 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.05 0.05 0.05 0.03 
WMIW 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

 WMDW 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

DON 
(μM) 

WMSW 2.8 2.8 3.0 3.3 3.6 4.0 4.3 4.5 4.7 4.7 2.8 
WMIW 2.7 2.8 2.8 3.0 3.2 3.3 3.4 3.5 3.6 3.6 2.7 

 WMDW 2.5 2.5 2.5 2.6 2.7 2.8 2.9 2.9 3.0 3.0 2.5 

PON 
(μM) 

WMSW 0.38 0.38 0.39 0.42 0.43 0.41 0.41 0.41 0.41 0.43 0.38 
WMIW 0.12 0.12 0.12 0.13 0.13 0.13 0.13 0.13 0.13 0.14 0.12 

 WMDW 0.05 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.05 

NO3: 
PO4 

WMSW 17 17 17 16 16 21 23 24 25 25 15 
WMIW 25 25 25 25 25 26 27 29 30 30 25 

 WMDW 21 21 21 21 21 21 22 22 23 23 21 

DON:
DOP 

WMSW 38 39 41 42 44 51 55 58 60 60 38 
WMIW 62 62 63 63 65 69 71 73 75 75 62 

 WMDW 92 92 91 91 90 94 98 100 102 102 90 

PON: 
POP 

WMSW 22 22 22 22 22 22 22 22 22 22 22 
WMIW 14 14 14 14 14 14 14 14 14 14 14 

 WMDW 18 18 18 18 18 18 18 18 18 18 18 
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Table F.2b:   

EMS Water 
Mass 1950 1960 1970 1980 1990 2000 2010 2020 2030 Max Min 

PO4 
(nM) 

EMSW 23 24 25 28 29 27 27 28 28 29 23 
EMIW 102 102 105 110 117 118 116 116 118 118 102 

 
EMDW 169 169 170 172 175 177 179 181 183 182 169 

DOP 
(nM) 

EMSW 47 48 50 55 57 55 55 56 56 57 47 
EMIW 40 41 42 46 48 47 46 47 48 49 40 

 
EMDW 38 39 39 39 41 42 42 43 43 43 38 

POP 
(nM) 

EMSW 6.6 6.8 7.1 7.8 8.1 7.8 7.7 7.9 8.0 8.1 6.6 
EMIW 5.0 5.1 5.3 5.8 6.1 5.9 5.8 5.9 6.0 6.1 5.0 

 
EMDW 3.1 3.1 3.3 3.5 3.7 3.7 3.6 3.6 3.7 3.8 3.1 

NO3 
(μM) 

EMSW 0.6 0.6 0.7 0.7 0.7 0.9 1.0 1.1 1.2 1.2 0.6 
EMIW 2.6 2.6 2.7 2.9 3.1 3.4 3.7 4.0 4.2 4.2 2.6 

 
EMDW 4.8 4.8 4.8 4.8 4.9 5.0 5.1 5.2 5.4 5.4 4.8 

NH4 
(μM) 

EMSW 0.09 0.09 0.10 0.11 0.12 0.14 0.16 0.18 0.19 0.19 0.09 
EMIW 0.05 0.05 0.05 0.06 0.06 0.07 0.07 0.08 0.08 0.08 0.05 

 EMDW 0.05 0.05 0.05 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.05 

DON 
(μM) 

EMSW 2.7 2.9 3.2 3.7 4.2 4.7 5.3 5.8 6.1 6.1 2.7 
EMIW 2.7 2.7 2.9 3.3 3.6 3.9 4.2 4.5 4.8 4.8 2.7 

 EMDW 2.6 2.6 2.6 2.7 2.7 2.8 2.9 3.0 3.2 3.2 2.6 

PON 
(μM) 

EMSW 0.27 0.27 0.29 0.31 0.33 0.31 0.31 0.32 0.32 0.33 0.27 
EMIW 0.15 0.16 0.16 0.18 0.19 0.18 0.18 0.18 0.18 0.19 0.15 

 EMDW 0.10 0.10 0.11 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.10 

NO3: 
PO4 

EMSW 27 26 26 24 24 32 38 40 41 41 23 
EMIW 26 26 26 26 26 29 32 34 36 36 26 

 EMDW 28 28 28 28 28 28 29 29 29 29 28 

DON:
DOP 

EMSW 58 59 64 68 73 86 96 104 109 109 58 
EMIW 67 67 69 72 75 83 91 96 100 100 67 

 EMDW 67 67 67 67 67 68 69 71 73 73 67 

PON: 
POP 

EMSW 40 40 40 40 40 40 40 40 40 40 40 
EMIW 31 31 31 31 31 31 31 31 31 31 31 

 EMDW 33 33 33 33 33 33 33 33 33 33 33 
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Table F.3: Literature values for water column phosphorus (PO4; POP; DOP) concentrations (nM), for surface water (SW), intermediate water 
(IW) and deep water (DW) within the WMS.   

Cruise Year PO4 POP DOP Ref 
  SW IW DW SW IW DW SW IW DW 

Atlantis 151 1948  75 
(0-200) 

250 
(100-350) 

350 
(200-400) 

      1 

Atlantic 242 1958  100 
(0-200) 

325 
(200-400) 

400 
(300->500) 

      1 

R.V John Murray 1969 60 
(10-110) 

280 
(190-330) 

370 
(140-470) 

   75 
(0-160) 

50 
(20-60) 

60 
(0-140) 

2 

BORHA II 1972/1975    25 
(5-100) 

3 
(2-5) 

2 
<2 

   3 

 <1976 60 
(0-150) 

260 
(0-380) 

370 
(350-400) 

      4 

MEDRIPOD IV 1981 200 
(50-350)* 

400 
(330-470)* 

385 
(350-320*) 

30 
(1-80) 

2 
(0.3-5.2) 

1 
(0.3-2.9) 

80 
(0-170) 

50 
(0-140) 

50 
(0-130) 

5 

INTERSITE  1984 40 
(0-170) 

340 
 

340 
(340-350)    

70 
(60-75) 

40 
(40-45) 

40 
(25-40) 

6 

Medatlante 1988-1989  380 
(300-420) 

390 
(370-420) 

      7 

EROS 1993 90 
(0-280) 

  30 
(10-80) 

  20 
(0-90) 

<13 0 8 

SEMAPHORE 1994 
60 

(0-130) 
330 

(130-400) 
370 

(360-400) 
 

      9 

FRONTS 1996 70 
(0-225) 

320 
(260-370) 

350 
(340-370) 

20 
(15-25) 

20 
(0-55) 

10 
(0-15) 

180 
(10-400) 

20 
(0-80)  

10 

MINOS* 1996 50 
(0-100) 

350 
(280-420) 

400 
(360-440) 

20 
(10-30) 

0 0 80 
(60-100) 

60 
(50-70) 

30 
(10-50) 

11 

MEDOCC 05 2005 200 
(90-300) 

350 
(250-450) 

420 
(350-480) 

      12 

BOUM 2008 50 
(0-250) 

330 
(250-450) 

390 
(350-460) 

20 
(12-25) 

9** 
(1-20) 

4*** 
(1-10) 

40 
(30-60) 

10** 
(0-60) 

10*** 
(0-30) 

13 

METEOR 2011 120 
(0-250)* 

370 
(270-460)* 

380 
(340-420)* 

      14 

1.  McGill (1961) 2.Banoub and Williams (1972), 3 Copin-Montegut and Copin-Montegut (1983),4.Millero et al. (1978), 5.Coste et al. (1984) , 
6.Aminot and Kérouel (2004)7.Béthoux et al. (1992), 8.Pujo-Pay et al. (1995); 9.Béthoux et al. (1998), 10 Lucea et al. (2003); 11 Moutin and 
Raimbault (2002)12 Schroeder et al. (2010a), 13 Pujo-Pay et al. (2011); 14.Tanhua et al. (2013); *error:+/- 1sd; Depth interval **75-1250m; 
***1000-3000m; 
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Table F.4: Reported WMS nitrogen (NO3, PON, DON, NH4) concentrations (μM) for surface water (SW), intermediate water (IW) and deep 

water (DW). 

Cruise Year NO3 PON DON NH4  
  SW IW DW SW IW DW SW IW DW SW IW DW Ref. 

R.V John 
Murray 1969 1.8 

(0.6-3.4) 
6.1 

(3.3-6.8) 
6.4 

(5.4-8.1) 
0.2 

(0.1-0.35) 
0.07 

(0.02-0.08) 
0.05 

(0.02-0.09) 
4.5 

(4.0-6.1) 
3.4 

(2.0-4.6) 
4.5 

(1.4-6.7)    1 

BORHA II 1972/1975    0.73 
(0.1-2.2) 

0.05 
(0.03-0.11) 

0.03 
(0.015-0.03)       2 

 <1978 0.55 
(0-2.1) 

6.6 
(3.9-7.9) 

8.4 
(8.0-9.0)          3 

Medripod IV 1981 3.5 
(0.5-6.5)* 

8.3 
(7.2-9.4)* 

8.3 
(8.0-8.6)* 

0.17 
(0.14-0.74) 

0.03 
(0.01-0.06) 

0.01 
(<0.01-0.02) 

4.0 
(2.6-6.4) 

3.4 
(2.6-4.4) 

3.3 
(2.4-4.3)    4 

INTERSITE 1984 1.1 
(0-4.3) 

7.6 
(4-8.0) 

7.8 
(7.8-8.0)    

3.7 
(3.6-4.1)  

3.0 
 

2.7 
(2.7-3.0)    5 

MedAtlante 1988-
1989  8.7 

(7.9-9.3) 
8.4 

(7.5-8.7)          6 

EROS 1993 2.9 
(0-7.3) >6.9  0.5 

0.1-1.5 <0.2 <0.05 6.0 
(5.2-7.5) 

3.9 
(3.8-3.9) 

4.1 
(3.9-4.7)    7 

SEMAPH
OR 1994 2.5 

(0.1-4.5) 
8.3 

(6.8-9.1) 
8. 6 

(8.3-9.0)          8 

VERIMED 1995    0.6 
(0.3-1.8)    

4.1  
(3.3-5.3)  

3.0 
(2.9-3.0)    9 

FRONTS 1996 0.4 
(0-1.4) 

3.0 
(1.4-4.0) 

2.0  
(1.6-2.2) 

0.45 
(0.3-0.66) 

0.30 
(0.23-0.3) 

0.34 
(0.2-0.4) 

3.9 
(2.0-4.5) 

1.4 
(0.1-2.7)     10 

MINOS* 1996 1.2 
(0-2.6) 

8.0 
(6.7-9.3) 

8.5 
(7.9-9.1) 

0.40 
(0.2-0.6) 

0.10 
 

0.00 
 

4.6 
(4.0-5.2) 

3.1 
(2.8-3.4) 

2.8 
(2.7-2.9)    11 

MEDOCC 05 2005 5.0 
(0.5-6.0) 

7 
(5-9) 

8 
(7-9.5)          

12 

BOUM 2008 1.6 
(0-6.0) 

8.0 
(6-9.5) 

9.1 
(8-9.5) 

0.40 
(0.15-0.55) 

0.12** 
(0.03-0.22) 

0.06*** 
(0.01-0.13) 

4.7 
(3.9-5.0) 

4.0 
(3.5-4.5) 

3.3 
(3.0-3.5) 

0.007 
(0-0.055) 

0.001** 
(0-0.007)  13 

METEOR 2011 2.9 
(0-5.9)* 

7.9 
(6.0-9.9)* 

8.0 
(7.3-8.8)*          14 

1. Banoub and Williams (1972), 2. Copin-Montegut and Copin-Montegut (1983),3 Millero et al. (1978), 4 Coste et al. (1984), 5. Aminot and Kérouel 
(2004) 6.Béthoux et al. (1992), 7. Pujo-Pay et al. (1995) 8.Béthoux et al. (1998), 9. Doval et al. (1999); 10. Lucea et al. (2003) 11. Moutin and Raimbault 
(2002), 12 Schroeder et al. (2010a), 13Pujo-Pay et al. (2011); 14Tanhua et al. (2013) *error:+/- 1sd; Depth interval **75-1250m; ***1000-3000m.
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Table F.5: Model predicted dissolved reactive P and N concentrations for 1950, 1970, 2000 and 2030 in 

the random circulation scenarios with constant (Simulation 1) and changing nutrient (Simulation 2) inputs 

and two climate change scenarios (see section F.2 for details on climate change scenarios).  Numbers in 

brackets represent 10th-90th percentile range of ensemble of 500 runs; arrow indicates direction of 

concentration change in the climate change scenario relative to 1950 for constant nutrient inputs and 2030 

for 1950 to 2030 nutrient inputs. 
  Constant nutrients (Simulation 1)  1950-2030 nutrients (Simulation 2) 
  1950 2030 S1 2030 S2  1970 2000  2030 2030 S1 2030 S2 

PO4 IW WMS 270 
(256-284) 

269 
(255-283) 

282 
(268-295) 

 272 
(254-289) 

295 
(277-311) 

295 
(277-312) 

293  
(279-307) 

308  
(294-321) 

 EMS 103 
(98-107) 

101 
(97-105) 

115 
(110-121) 

 107 
(101-112) 

120 
(114-126) 

120 
(114-125) 

118  
(113-123) 

131 
(126-137) 

PO4 
DW WMS 365 

(351-378) 
370 

(360-381) 
358 

(346-369) 
 367 

(353-380) 
380 

(368-394) 
390 

(377-404) 
398  

(387-408) 
382  

(370-393) 

 EMS 170 
(169-172) 

173 
(171-174) 

164 
(162-165) 

 171 
(169-173) 

179 
(178-180) 

184 
(183-186) 

186  
(184-187) 

179  
(178-180) 

DOP 
IW WMS 44 

(41-47) 
42 

(40-44) 
46 

(43-49) 
 46 

(42-49) 
49 

(45-52) 
49 

(45-52) 
46  

(44-49) 
50  

(47-54) 

 EMS 41 
(39-43) 

38 
(37-40) 

43 
(41-45) 

 43 
(41-45) 

48 
(46-50) 

48 
(46-51) 

46  
(45-48) 

50  
(49-52) 

DOP 
DW WMS 27 

(25-30) 
26 

(24-27) 
29 

(27-32) 
 28 

(25-30) 
30 

(28-33) 
30 

(27-32) 
27  

(26-29) 
32  

(29-34) 

 EMS 39 
(38-39) 

38 
(38-39) 

40 
(39-41) 

 39 
(39-40) 

42 
(42-43) 

44 
(43-45) 

43  
(43-44) 

45  
(45-46) 

NO3 
IW WMS 6.6 

(6.3-6.9) 
6.6 

(6.3-6.9) 
6.8 

(6.5-7.1) 
 6.6 

(6.3-7.0) 
7.6 

(7.3-7.9) 
8.7 

(8.3-9.0) 
8.8  

(8.6-9.1) 
8.7 

(8.4-9.0) 

 EMS 2.6 
(2.5-2.8) 

2.6 
(2.5-2.8) 

2.9 
(2.8-3.1) 

 2.7 
(2.5-2.9) 

3.4 
(3.2-3.6) 

4.2 
(4.0-4.5) 

4.3  
(4.1-4.5) 

4.3  
(4.1-4.5) 

NO3 
DW WMS 7.7 

(7.4-8.0) 
7.8 

(7.6-8.0) 
7.5 

(7.3-7.8) 
 7.7 

(7.4-8.0) 
8.1 

(7.8-8.4) 
8.9 

(8.6-9.1) 
9.0  

(8.8-9.2) 
8.7  

(8.5-8.9) 

 EMS 4.8 
(4.8-4.9) 

4.9 
(4.8-4.9) 

4.6 
(4.5-4.6) 

 4.8 
(4.8-4.9) 

5.0 
(5.0-5.1) 

5.4 
(5.4-5.4) 

5.4 
(5.4-5.5) 

5.4 
(5.4-5.5) 

DON 
IW WMS 2.8 

(2.6-2.9) 
2.6 

(2.5-2.7) 
2.9 

(2.7-3.0) 
 2.9 

(2.7-3.0) 
3.3 

(3.1-3.5) 
3.7 

(3.4-3.9) 
3.5  

(3.3-3.7) 
3.7 

(3.5-3.9) 

 EMS 2.7 
(2.6-2.8) 

2.6 
(2.5-2.7) 

2.8 
(2.8-2.9) 

 3.0 
(2.9-3.1) 

4.0 
(3.9-4.1) 

4.8 
(4.7-4.9) 

4.7  
(4.6-4.8) 

4.7  
(4.6-4.8) 

DON 
DW WMS 2.5 

(2.4-2.6) 
2.4 

(2.3-2.5) 
2.6 

(2.5-2.7) 
 2.5 

(2.4-2.7) 
2.8 

(2.7-3.0) 
3.0 

(2.9-3.2) 
2.9  

(2.8-3.0) 
3.1  

(3.0-3.3) 
 EMS 2.6 

(2.6-2.6) 
2.6 

(2.6-2.6) 
2.7 

(2.6-2.7) 
 2.6 

(2.6-2.7) 
2.9 

(2.8-2.9) 
3.2 

(3.1-3.2) 
3.1  

(3.1-3.1) 
3.4  

(3.4-3.5) 
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