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Abstract 

Eutrophication of marine and coastal waters is a growing concern throughout Europe's 
regional seas and an historical problem in the Black Sea and regions of the North-East 
Atlantic, particularly the North Sea. As the base of the marine pelagic food web, 
phytoplankton are sensitive mdicators of environmental change and therefore may be 
used as indicators of eutrophication for the monitoring, management and mitigation of the 
effects of nutrient loading on coastal and marine ecosystems. However, due to the 
interactive effects of climate and eutrophication, it can be difficult to separate the climate-
driven response of phytoplankton from changes induced by excess nutrients. Therefore, 
the aim of this work is to separate these two signals in order to explore eutrophication 
effects. 

Without historical knowledge of 'pristine' or imimpacted ecosystem states it is difficult to 
identify and assess the severity and magnitude of change. Even where spatially and 
temporally comprehensive ecological datasets are available, equivalent nutrient time-
series are rare and a method of linking phytoplankton dynamics to eutrophication is 
required. Because open sea ecosystems are less impacted by anthropogenic nutrients than 
those near shore, offshore regions may be used as reference areas in comparison with 
coastal systems to investigate the effects of nutrient loading. Changes observed solely in 
coastal systems are most likely a result of local processes (such as eutrophication) while 
those observed in both open sea and coastal areas are probably a response to large-scale 
drivers (such as climate). Therefore the comparison of coastal and open sea data may 
reveal different (or similar) patterns of change in phytoplankton indicators. 

Throughout most of the North-East Atlantic climate appears to override the effects of 
nutrients on phytoplankton dynamics, although the two drivers have been found to have 
synergistic effects resuhing in increasing chlorophyll levels in the coastal North Sea. 
Additionally, the 1980s North-East Atlantic regime shift is clearly visible in coastal and 
open sea chlorophyll concentrations and diatom and dinoflagellate abundances, 
demonstrating the sensitivity of phytoplankton as indicators at both the biomass and 
functional group scales. In the Black Sea, an observed decrease in chlorophyll appears to 
be at least partially a result of changes in climate and is not solely attributable to the 
'recovery' of the Black Sea ecosystem. Black Sea chlorophyll has also undergone a 
possible recent (2002) regime shift, although its significance is difficult to determine due 
to the short time-series of chlorophyll data available. 

The successful use of phytoplankton as indicators of eutrophication in these two disparate 
sea regions at two different ecological scales suggests that the method of comparing 
coastal and open sea phytoplankton data could be applied to other European seas as a 
means of distmguishing between the effects of climate and eutrophication. 
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Chapter 1 

Introduction 

This chapter provides the basis and justification for examining the use of phytoplankton 
as indicators for eutrophication in Europe's seas. The need for eutrophication indicators in 
Europe is assessed, followed by an analysis of the suitability of plankton as effective 
indicators. Finally, the aims and objectives of this thesis are presented, along with a 
rationale for its structure. 

t 
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Chapter 1: Introduction 

1.1 A eutrophic Europe and the need for indicators 

Each of Europe's regional seas, the Baltic, Black, Mediterranean, and North-East 

Atlantic, is experiencing increasmg anthropogenic pressures including shipping activity, 

coastal development, habitat loss, and depletion of fish stocks (Fig. 1.1). Additionally, 

eutrophication of marine and coastal waters is an escalating concern in regions of each of 

these seas. In order to manage and mitigate environmental damage caused to marine 

ecosystems by excess nutrients, appropriate eutrophication indicators are needed for 

European seas. 

Eutrophication is defined as an increase in the rate of supply of organic matter to an 

ecosystem, most commonly caused by anthropogenic nutrient enrichment (Nixon, 1995). 

In its 2001 topic report on eutrophication in Europe's coastal waters, the Eiuopean 

Envirorunent Agency (EEA) expanded Nixon's definition to state that eutrophication is 

'enhanced primary production due to excess supply of nutrients from human activities, 

independent of the natural productivity level for the area in question' (Aertebjerg et al., 

2001). In the EU, eutrophication is assessed and monitored through changes in indicators, 

quantified information used to explain spatial or temporal changes in enviromnental 

quality (Baan and van Buuren, 2003). Indicators may be used to provide an early warning 

signal of environmental change, to assess the current state of the environment, to monitor 

environmental trends, or to diagnose the cause of an environmental problem (Cairns et 

al., 1993). However, data availability and cost and ease of monitoring do not often allow 

for the selection of eutrophication indicators that fulfil all foxu: of these uses (Dale and 

Beyeler, 2001). 
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Figure 1.1. Map of catchment locations for each European regional sea. 

Several frameworks or criteria for ecological indicator selection exist (Bossel, 2002; 

Cairns et al, 1993; Dale and Beyeler, 2001; Rice, 2003; Xu et al, 2001). However, 

indicator selection is a difficuU task in Europe's seas due to the biological and physical 

variability of marine and coastal ecosystems and the temporal and spatial heterogeneity of 

available data. The framework proposed by Dale and Beyeler (2001) offers an example of 

suggested requirements needed for ecological indicator selection. Due to its simple but 

comprehensive approach, these criteria may be useful in choosing indicators for 

eutrophication in Europe's seas (Table 1.1). 
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Table 1.1. Criteria for ecological indicator selection (after Dale and Beyeler, 2001). 

1. Are sensitive to ecosystem stress 
2. Respond to stress in a predictable maimer 
3. Are easily measiu-ed 
4. Provide an early warning of impending ecosystem change 
5. Predict changes that can be averted by management action 
6. Are integrative: can be used as part of a suite of indicators capable of assessing 
key components of ecosystem 
7. Have a known response to natural disturbance and anthropogenic stresses over 
time 
8. Have a low variability in response 

Unfortunately, it is difficult to identify suitable eutrophication indicators, particularly 

those that will provide managers with an early warning sign. One problem lies in the 

separation of the impacts of eutrophication from the effects of natural stressors and other 

anthropogenic pressures such as overfishing, toxic contamination, exotic species 

introductions, aquacuhure, hydrological alterations, habitat destruction, and climate 

change (Cloern, 2001; Niemi et al., 2004). Muhiple stressors may have synergistic, 

additive, or antagonistic effects on biological responses (Niemi et al., 2004). Climate 

change in particular seems to have many of the same impacts as eutrophication including 

an increase in harmful algal blooms (HABs), altered food webs, and changes in species 

composition. In fact, climate change may even exacerbate eutrophication as increased 

precipitation and flooding flush nutrients into coastal waters (Hama and Handa, 1994). 

Also, global warming may enable changes in community composition (for example, 

higher temperatures lead to increased stratification and a consequent change from a 

diatom dominated phytoplankton community to one dominated by dinoflagellates) which 

in turn can alter food webs and affect ecosystem structure (Bopp et al, 2005; Verity and 

Smetacek, 1996). With such heavy exploitation of Europe's coastal zone as well as 

simuhaneous changes in climate, it is difficult to assess the effects of eutrophication 

without concurrently considering the impacts of the aforementioned stressors. 

Furthermore, disparate geographical regions are likely to require different mdicators for 

eutrophication depending on the extent to which they have been affected by additional 

anthropogenic factors and variations in hydrological, meteorological, and biological 

conditions. 

Since an increase in nutrients directly affects marine primary production, phytoplankton 

are an appropriate starting point when selecting eutrophication indicators for European 
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seas (Tett et al., 2007). The use of plankton as ecosystem indicators has been well-studied 

and the EEA uses summer chlorophyll a concentration (as a proxy for phytoplankton 

biomass), changes in plankton community structure and frequency of toxic HABs as 

eutrophication indicators (Aertebjerg et al., 2001; Baan and van Buuren, 2003; 

Beaugrand, 2004b; Dickson et al., 1992; Edwards et al., 2001b; Paerl et al., 2003a; Paerl 

et al., 2003b; Tett et al., 2007). In addition, plankton inhabit all European coastal and 

marine waters and so have broad applicability as indicators for eufrophication. 

While no perfect eutrophication indicator exists, plankton do exhibit many of the 

characteristics of an 'ideal' indicator (Table 1.2). Phytoplankton are the primary 

producers of the pelagic system and are thus the first biological component to respond to 

uicreased nutrients. Additionally, phytoplankton play a crucial role m ecosystem structure 

and functioning and are an important food source for higher trophic levels (see also 

section 1.3). Also importantly, plankton are sensitive to their surroundings and respond 

quickly to physical and chemical changes in their envirorunent. Recent research shows 

that plankton may be even more sensitive indicators of change than environmental 

variables themselves, since the non-linear responses of biological commimities can 

amplify subtle environmental changes (Taylor et al., 2002), Because plankton have short 

lifecycles, population size is less influenced by the persistence of individuals from 

previous years, thereby closely linking plankton dynamics to environmental perturbations 

(Hays et al., 2005). Also, imlike fish and other marine species, most plankton are not 

commercially exploited and so long-term changes in the plankton can be attributed to 

changes in their environment (Hays et al., 2005). Plankton can serve as indicators across 

multiple scales; phytoplankton biomass (or chlorophyll) is indicative of the amount of 

primary productivity in a system while changes in plankton community composition can 

foretell changes in ecosystem structure and functioning that may precede future changes 

in upper trophic levels. Plankton community composition is an integral part of the 

ecosystem and affects the structure and function of food webs, nutrient cycling, habitat 

condition, fishery resoiuces, and overall ecosystem state (Paerl et al., 2003b). Analysis of 

long-term trends in phytoplankton over a large spatial area including both coastal regions 

affected by anthropogenic eutrophication and open water regions with little or no human 

impact may therefore assist in separating the signals of eutrophication from those of 

natural ecosystem variability and global climate change (Edwards et al., 2001b; Hickel et 

al., 1993). 
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Table 1.2. An assessment of the suitability of plankton as indicators for 
eutrophication, based on criteria provided by Dale and Beyeler (2001). 

Ideal Ecological Indicator QuaUty (from 
Dale and Beyeler, 2001) 

Plankton Suitability as Eutrophication 
Indicators 

Are sensitive to ecosystem stress Respond quickly to physical and 
chemical changes in their environment, 
short Ufe cycles, primary producers 

Respond to stress in a predictable 
manner 

The first sign of an increase in nutrients 
is increased phytoplankton biomass and 
primary productivity, ahhough these 
changes may occur due to climatic 
variability as well 

Are easily measured Chlorophyll a measured by remote 
sensing 

Provide an early warning of impending 
ecosystem change 

As base of food web plankton 
experience change before higher trophic 
levels 

Predict changes that can be averted by 
management action 

Anthropogenic eutrophication can be 
avoided or mitigated through proper 
land and water management actions 

Are integrative: can be used as part of a 
suite of indicators capable of assessing 
key components of ecosystem 

Phytoplankton biomass is a good 
indicator of primary productivity in a 
system while changes in plankton 
community composition affect food web 
structure and function, nutrient cycling, 
habitat condition, fishery resources, and 
overall ecosystem condition 

Have a known response to natural 
disturbance and anthropogenic stresses 
over time 

As cultviral eutrophication occurs, 
plankton biomass increases, changes in 
ecosystem structure and functioning 
result, hypoxic/anoxic events may 
increase due to decomposing plankton 
and benthic mortalities can occur, HABs 
may increase in frequency 

Have a low variability in response Unfortunately, plankton response is 
often non-linear. Additionally, it is 
difficult to separate planktonic responses 
to eutrophication from responses to 
other natural and anthropogenic 
pressures 

Although plankton are sensitive and respond quickly to environmental change they do 

have several shortcomings as ecological indicators. Phytoplankton biomass can be 

measured via remote sensing, but identifying individuals to the taxonomic or species level 

takes experience and skill and so may not be a practical component of a monitoring 

programme. Additionally, while phytoplankton biomass tends to increase with an increase 
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in nutrient concentrations, different species and functional groups may respond to 

increasing nutrient levels in varying ways. Also, the hydrographic heterogeneity of 

European marine and coastal ecosystems influences the effect that increased nutrients 

have on the plankton. Perhaps the most significant downfall of using phytoplankton as 

indicators for eutrophication is that many phytoplankton responses usually linked to 

increases in nutrients or changes in nutrient ratios may also occur due to natural 

variability caused by climate change or other anthropogenic pressures (Edwards et al, 

2005). Developing the ability to differentiate between these two signals is paramount to 

understanding change in our envnonment via plankton indicators. 

1.2 Natural variability, climate change and the ecosystem filter 

In order to examine a system's response to anthropogenic pressiu-e, its natiu-al 

characteristics and variability must also be understood (Cadee, 1992; Yunev et al., 2005). 

For example, the level of natural productivity in a system is an important determinant of 

its response to anthropogenic nutrient enrichment, and is therefore essential in 

imderstanding the trophic structure of the system (Cloem, 2001; Jackson, 2001; Jackson 

et al., 2001). This is not as straightforward as it seems, however, as mankind has 

impacted coastal ecosystems for so long, that there are few, i f any, 'pristine' ecosystems 

remaining from which to derive reference conditions (Jackson, 2001; Jackson et al., 2001; 

Niemi et al., 2004). Without baseline conditions with which to compare recent data and 

observations, ecosystem change remains difficult to assess and interpret and natural 

variability hard to determine (Niemi et al., 2004). 

A particularly challenging issue is the separation of eutrophication effects from those 

resuhing due to climate variability. To determine i f changes observed in a system are a 

result of anthropogenic pressures, long-term trends in climate must be examined in 

addition to alterations in nutrient inputs and other anthropogenic factors. 

When discussmg eutrophication, it is important to consider not only the anthropogenic 

pressiues on a system but also its natural filter, or the physical and biological attributes 

that together determine the sensitivity of that particular ecosystem to nutrient enrichment 

(Cloem, 2001; Yunev et al., 2005). An area's hydrological characteristics such as 

stratification, strength of tidal energy, length of residence time, salinity, and the amount 

of suspended sediment in the water column, and meteorological characteristics such as 
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level of precipitation, light availability and wind patterns also influence its sensitivity to 

enhanced nutrient loading (Cacciamani etal., 1992; Cloem, 2001; VoUenweider, 1992). 

1.3 Top-down control 

Although often overlooked or ignored, top-down controls can also influence an 

ecosystem's response to nutrient enrichment through the regulation of phytoplankton 

biomass (Daskalov, 2002; Perez-Ruzafa et al., 2002). An adequate population of benthic 

suspension feeders may exert enough grazing pressiu-e to balance an increase in primary 

production (Cloem, 2001; Gifford et al., 2004; Peterson et al., 2001). Overfishing also 

acts as a top-down control which can further compound the effects of eutrophication. A 

declining population of large commercially exploited fish can lead to an increase in 

planktivorous fish and consequently more grazing pressure may be exerted on 

herbivorous zooplankton thereby reducing its abundance and enabling the overgrowth of 

phytoplankton biomass (Daskalov, 2002; Jackson et al., 2001; Verity and Smetacek, 

1996; Verity etal., 2002). The Black Sea experienced the collapse of its ecosystem due to 

a combination of eutrophication and overfishing (Daskalov, 2002). Unregulated fishing 

during the 1950s and 1960s resulted in the depletion of top predators such as dolphms, 

bonito, bluefish, and mackerel (Daskalov, 2002). At the same time, nutrient loading to the 

Black Sea fi-om the Danube, Dniester, and Dnieper Rivers also intensified. From the 

1950s to the early 1980s, annual discharge of phosphates increased fi-om 14,000 to 55,000 

tons, nitrates increased from 155,000 to 340,000 tons, and organic matter increased from 

2,350,000 to 10,700,000 tons (Zaitsev and Mamaev, 1997). During the 1970s, small 

planktivorous fish stocks and jellyfish biomass increased leading to heavier grazing of 

fodder zooplankton, which experienced a 50% loss in biomass compared to the 1960s. 

During the 1980s, the subsequent lack of zooplankton consumption and continued 

nutrient enhancement caused phytoplankton biomass to double resuhmg in heavy 

sedimentation of phytoplankton detritus (Daskalov, 2002). Hypoxia followed, leading to 

mortalities of benthic invertebrates, such as the mussel Mytilus galloprovincialis, which 

in turn meant a fiuther decrease of detritus consumption and therefore an enhancement of 

eutrophication in the Black Sea (Mee et al., 2005; Zaitsev and Mamaev, 1997). 

1.4 Nutrient alterations 

As long as adequate light and micronutrients (including iron) are available, increased 

nitrogen and phosphorus resuhs in an increase in phytoplankton biomass and primary 

production as phytoplankton cease to be nutrient limited (Cloern, 2001; Colijn, 1992; 
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Perez-Ruzafa et al., 2002). While natural supplies of these nutrients are augmented 

anthropogenically through fertilizer runoff, aquaculture activities, wastewater disposal 

and atmospheric deposition, the amoimt of dissolved Si only increases through the natural 

processes of weathering and erosion (Officer and Ryther, 1980b; Riegman et al., 1993). 

The artificial supplementation of N and P without that of Si causes a deviation from the 

natural nutrient composition of a system and not only increases the levels of N and P but 

also changes the stoichiometric ratios of Si:N:P from the ideal Redfield ratio of 

Si:N:P=16:16:l (Justic et al., 1995; Redfield et al., 1963). Thus, because diatoms are Si-

limited, eutrophic conditions can favour dinoflagellates and altered nutrient ratios may 

cause the phytoplankton community structm-e to shift from dominance by diatoms toward 

dominance by nitrogen- and phosphorus-limited dinoflagellates (Officer and Ryther, 

1980b; OSPAR, 2003; Philippart et al., 2000; Smayda, 1990). In the Dutch Wadden Sea, 

for example, as the summer average N:P ratio decreased to a ratio below that of Redfield, 

blooms of the foam producing flagellate Phaeocystis increased in both duration of bloom 

period and maximum biomass attamed (Riegman et al., 1993). Furthermore, two drastic 

changes in phytoplankton community composition in that area coincided with a switch 

from a phosphorus-controlled enviromnent to an even more eutrophic but nitrogen-

controlled envirorunent and then back again (Philippart et al., 2000). 

1.5 Plankton community structure 

Changes in phytoplankton community structure resonate upwards through the food web. 

Eutrophic waters, which are often Si-limited, can result in food webs structiu-ed around 

flagellates and jellyfish instead of the more trophically sound diatom-based fish food 

webs (Ryther and Officer, 1981; Sommer et al., 2002). These flagellate-based food webs 

largely consist of heterotrophs (such as Noctiluca) and gelatinous zooplankton which, due 

to their low nutritional value, are less usefiil to upper trophic levels and so are essentially 

'dead ends' (Verity and Smetacek, 1996). Furthermore, jellyfish both prey on fish larvae 

and also compete for food against planktivorous fish (Sommer et al., 2002). In fact, a shift 

toward gelatinous species may be one way a marine ecosystem responds to stress, and 

could even be an alternative stable, and consequentially difificuh to change, state of the 

system (Mee, 1992; Sommer et al., 2002). This was a severe problem m the Black Sea 

when, in 1989 the gelatinous American ctenophore invader, Mnemiopsis leidyi, quickly 

became a prominent part of the zooplankton conununity. With the rise in Mnemiopsis 

biomass, the amount of prey zooplankton decreased drastically as did coimnercial fishery 

catches (Mee, 1992). 
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I f zooplankton grazing pressure cannot control the enhanced phytoplankton growth 

resuhing from eutrophication, water transparency may decrease as the sedimentation of 

organic matter increases. Initially this increase in food supply may lead to a rise in 

zoobenthic biomass (Grail and Chauvaud, 2002). However, i f nutrient enrichment 

continues, this mcreased biomass cannot be sustained and the high rate of organic 

sedimentation can eventually lead to hypoxia and anoxia as bacteria consume oxygen 

while feeding on the organic matter. Most benthic organisms carmot tolerate hypoxic 

conditions and i f they are unable to flee affected areas mass mortalities can occur. In 

addition to hypoxia and anoxia, decreased transparency results in diminished light 

penetration leading to a reduction in the growth depth and spatial coverage of seagrasses 

and perennial macroalgae (Duarte, 1993; Isaksson and Pihl, 1992). 

1.6 Long-term data availability in European seas 

The establishment of effective eutrophication indicators for Europe's seas is even more 

challenging because few continuous, long-term biological datasets are available (Reid, 

1997). The lack of long time-series makes it difficult to measure the effects of 

eutrophication and to separate the eutrophication signal from ecological changes 

occurring due to climatic variability and/or other anthropogenic pressures. This paucity of 

data is a particular problem m the Black Sea (Langmead et al., 2007). 

Fortunately, one long-term dataset monitoring biomass and composition of marine 

plankton does exist for North Sea and North Atlantic waters. The Continuous Plankton 

Recorder (CPR) is operated by the Sir Alister Hardy Foimdation for Ocean Science 

(SAHFOS) based m Plymouth, England. Ships of opportunity have towed the CPR across 

the North Sea and Atlantic Ocean since 1931, recording taxonomic and abundance data 

on approximately 170 phytoplankton taxa as well as the semi-quantitative measvue of 

chlorophyll, the Phytoplankton Coloiu Index (PCI) (Batten et al., 2003a). Recently, a 

relationship has been established quantitatively linking the PCI to chlorophyll 

concentration and thereby increasing its usefulness as a monitoring tool (Raitsos et al., 

2005). 

Unfortunately the Black, Baltic and Mediterranean Seas do not have long-term plankton 

monitoring programmes with the wide spatial and temporal coverage of the CPR. 

However, several research institutes and projects have monitored plankton biomass and 
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(less often) community composition in those regions. These efforts have focused mainly 

on coastal areas and, particularly in the Black Sea, sampling has occurred primarily 

during summer months. 

Aside fi-om in situ data, remotely-sensed ocean colour satellite data for all European seas 

are available for the periods 1978 - 1986 (Coastal Zone Coloxu- Scaimer) and 1997 -

present (SeaWiFS). Ocean colour estunates chlorophyll a in surface waters, and while 

data are not available for a continuous period, the information provided is invaluable 

since satellite data are more regularly sampled in time and space than are most in situ data 

(Chu et al., 2005). Although satellite data must be processed in order to eliminate 

atmospheric interference and difficuhies in distmguishing between phytoplankton 

biomass and suspended soUds in coastal waters exist, the data are fi-ee to use and 

downloadable from the internet. Unfortunately, due to differences in technology, data 

from the two monitoring programmes are not yet directly comparable, but changes within 

datasets can be observed. 

Unlike biological datasets, data for many climatic variables are abundant and freely 

available. Long time-series of climate parameters such as sea surface temperature (SST), 

precipitation, photosynthetically active radiation (PAR), sea level pressure (SLP) and 

wind stress can be obtamed from satellite sources. Nutrient concentration data for coastal 

and marine regions are more difficuh to find. A quality-checked aggregation of nutrient 

data is available from the European Environmental Agency for areas of the Bahic, North 

and Mediterranean Seas, but Black Sea nutrient data must be obtained from the literature, 

research cruises or regional research institutes and agencies. In all seas nutrient data for 

coastal waters is more plentiful than that for open waters, but by its very nature is also 

inherently more variable. 

1.7 Aims and hypotheses 

The expansion of the EU to include 10 new countries in 2004 increased its population by 

nearly 75 million mhabitants and increased its size by 726 million square km (European 

Union, 2004). The accession countries, and indeed the original EU countries, have 

differing levels of waste and sewage treatment, types and intensities of land use, degrees 

of envu-omnental degradation, and goverrunental policies regulating environmental issues. 

These issues differ within and between European sea catchments, but eutrophication is a 

concern in areas of each regional sea (Fig. 1.1). In order for the EU to monitor and 
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remediate eutrophication-affected coastal ecosystems and prevent its coastal and marine 

areas from becoming ftirther impacted by nutrient enrichment, appropriate eutrophication 

indicators are needed. Although each of Europe's seas suffers from some degree of 

eutrophication, two specific seas, the Black Sea and the North-East Atlantic/North Sea, 

are used as case studies m this thesis. However, methods applied to and lessons learned 

from these two marine ecosystems may be applicable to other sea areas m the fiitvue. 

The Black Sea and some coastal regions of the North-East Atlantic (particularly the North 

Sea) have been impacted by eutrophication in recent decades (Hickel et al., 1993; Mee, 

1992). The North Sea has been monitored extensively during the last 50 years, while the 

Black Sea is somewhat less understood. Both seas have Umited data available on 

unimpacted states making it difficult to analyse temporal changes and develop accurate 

indicators. Therefore, an ahemate method of eutrophication assessment and indicator 

development must be established. Because areas fiirther from the coast are less likely to 

be impacted by land-based nutrient inputs, data from open sea areas may be used as a 

working baseline with which to compare coastal data. Changes occurring due to climate 

variability are likely to be observed in both open sea and coastal waters while changes 

resuhing from increased nutrients mostly affect coastal areas. Thus, the comparison of 

coastal indicators to those from open sea areas may provide some insight into changes 

resuhing from eutrophication in the North-East Atlantic/North Sea and Black Sea. 

The aim of this project is to assess the suitability of phytoplankton as indicators for 

eutrophication in the Black Sea and North-East Atlantic/North Sea system. Phytoplankton 

were selected as indicators because they exhibit the first biological response to increased 

nitrogen and phosphorus, they are the foimdation of the marine food web and they are 

' sensitive to environmental change. Two scales of phytoplankton assessment will be 

considered and compared. These include phytoplankton biomass (measured by remotely-

sensed chlorophyll or the Continuous Plankton Recorder-derived Phytoplankton Colour 

Index) as an indicator of ecosystem productivity, and major phytoplankton group 

abundance (measured by diatom and dinoflagellate abundance) as an indicator of 

phytoplankton community composition. Changes m coastal and open sea phytoplankton 

will be analyzed in relation to nutrients (concentrations and ratios) and climatic factors 

(such as sea surface temperature, sea level pressure, wmd stress. North Atlantic 

Oscillation, etc). Differences between open sea and coastal phytoplankton productivity 

and composhion and their relationships with climate and nutrients will demonstrate the 
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applicability of phytoplankton as mdicators for eutrophication and may also provide 

insight into the status of coastal eutrophication in the North-East Atlantic/North Sea and 

Black Sea. 

The main hypotheses tested in this research are: 

• Phytoplankton community dynamics differ between coastal and open sea regions 

of the North-East Atlantic/North Sea and Black Sea 

• Open sea ecological data may be used as a baseline where data from 'pristine' 

conditions are not available 

• A comparison of open sea and coastal phytoplankton communities enables climate 

and eutrophication impacts to be distinguished 

• Inter-annual changes observed in phytoplankton communities are likely to be non

linear and may include regune shifts and thresholds 

1.8 Rationale 

The rationale for the structure of this thesis is as follows: 

Chapter 2 presents an overview of the general methodology used m this thesis. 

Chapter 3 provides a brief backgroimd of eutrophication m the Black Sea, highlightmg 

the importance of the Danube River to the Black Sea nutrient regime, followed by an 

analysis of the effectiveness of political tools established at various scales of governance 

in order to ameUorate and/or mitigate eutrophication in the sea. Data availability and 

regional research priorities and recommendations are discussed. 

Chapter 4 investigates variability in inter- and intra-annual chlorophyll dynamics in the 

Black Sea through the use of SeaWiFS satellite data. Spatial patterns in phytoplankton 

biomass are explained and the role of cUmate in the recovery of the Black Sea is explored. 

Chapter 5 explores the spatial patterns of diatom and dinoflagellate seasonal cycles m the 

North-East Atlantic. This chapter provides previously unreported 'baseline' data of the 

intra-aimual dynamics of these two important phytoplankton fimctional groups. 

Chapter 6 analyzes the differences in spatial and temporal dynamics of coastal and 

offshore diatom and dinoflagellate communities in the North-East Atlantic. The 
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likelihood of influence of climate and eutrophication as possible drivers of phytoplankton 

dynamics in near-shore and open sea communities is assessed. 

Chapter 7 investigates nutrient trends and climatic variability as possible drivers of the 

North Sea regime shift through a newly-created long-term chlorophyll dataset. The 

relationships between climate, nutrient concentrations and phytoplankton biomass are 

examined m the coastal and open North Sea. The synergistic effects of climate and 

eutrophication on phytoplankton production in the North Sea are discussed. 

Chapter 8 discusses the main findings of this thesis and compares themes observed 

throughout the research presented here includmg the critical need for baseline data, the 

existence of non-linearities and regime shifts, and the use of open sea and coastal 

phytoplankton indicators for eutrophication assessment. Similarities between the North-

East Atlantic/North Sea and Black Sea phytoplankton communities and theu: relationships 

with nutrient enrichment are also examined. 

The appendix contains a series of monthly and annual mean chlorophyll concentration 

and monthly chlorophyll anomaly maps of the Black Sea for the 1997 - 2005 time period. 

These maps were created usmg SeaWiFS data and supplement Chapter 4. 
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Chapter 2 

General methodology 

This chapter outlines the general methodology underlying the analysis conducted in this 
research. Geostatistical techniques, data extraction and processing, mapping theory and 
methodology and potential spatial bias of datasets used are discussed here. 
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Chapter 2: General methodology 

2.1 Introduction 

Eutrophication is primarily a coastal problem and systems far removed from land are only 

minimally impacted by anthropogenic nutrient enrichment. The comparison of open sea 

and coastal phytoplankton populations and levels of productions was chosen as the cross-

cuttmg method of evaluating and assessing eutrophication m the study areas under 

consideration. Spatial and temporal scales of datasets used in this work were carefiiUy 

considered when selecting appropriate datasets and these scales influenced the type of 

analysis conducted in each regional sea. 

2.2 Study areas 

The North-East Atlantic/North Sea and the Black Sea were selected as case study areas 

for this research. The North-East Atlantic/North Sea has a long history of anthropogenic 

impacts and is data-rich. The Black Sea has experienced eutrophication-related problems 

since the 1970s, is new to the European Union and is, compared to the North-East 

Atlantic/North Sea, relatively data-poor. Thus, North-East Atlantic/North Sea and Black 

Sea provided an opportunity to test the 'open sea vs. coastal' methodology of 

eutrophication assessment in contrasting cast study areas. 

2.3 Open sea vs. Coastal 

A contrast between open sea and coastal waters (the region into which the majority of 

anthropogenic nutrients enter a sea) was used as a means of distinguishing between the 

effects of eutrophication and other ecosystem. This method was applied at various spatial 

scales depending on the sea under consideration. For example, the northwestern shelf of 

the Black Sea was considered as 'coastal' because, even though in some places the shelf 

extends up to 200 km from shore, it is shallow in depth, hydrographically distinct from 

the deep offshore or 'open sea' region of the Black Sea, and receives the majority of land-

based anthropogenic nutrient mput (Fig. 3.1). 

The approach taken in the North-East Atlantic/North Sea was slightly different from that 

taken in the Black Sea as the North-East Atlantic/North Sea system has no consistent 

definition of coastal and open sea regions available in the literature. In the North-East 

Atlantic and North Sea, 'coastal' and 'open sea' regions were defined as a set distance 
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from shore (Fig. 6.1; coastal: < 50 mn from shore, open sea: > 125 nm from shore). 

Between the open sea and coastal regions, a 'buffer' zone remained whose data were 

omitted from the research. Creation of a buffer emphasized differences between open sea 

and coastal dynamics. 

2.4 Geographic Information Systems (GIS) 

Geographic Information Systems (GIS) provides a method of displaymg, selecting, 

aggregating, and exploring patterns, trends and relationships in data that have a spatial 

component. GIS stores data in 'point', 'polygon' or 'line' 'layers'. These layers can be 

overlain and their underlying information (contained in 'attribute tables') analyzed. The 

creation of maps is just one very small (but usefiil) part of GIS. 

Figure 2.1. An example of point, line and polygon layers overlain in a GIS (figure from 
www.esri.com). 

The GIS package ArcGIS 9.2, developed by ESRI, was used for all GIS analysis. Though 

ArcGIS is one of the most popular and comprehensive GIS packages available, it lacks 

some tools which are helpful when analyzing ecological and climatic datasets (such as the 

ability to 'grid' point data into polygon data - see section 2.5). Therefore, where needed, 

Hawth's Analysis Tools for ArcGIS (downloadable from: www.spatialecology.com), a 

free add-in for the ArcGIS software package, was used to conduct addhional specialized 

spatial analysis. 
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In this research, polygons were created in order to distinguish between the open sea and 

coastal regions of the Black Sea and North-East Atlantic/North Sea systems. This was 

done slightly differently in each case study area. In the North-East Atlantic/North Sea, a 

buffer was created around the coastline denotmg the 50 run and 125 nm distance from the 

coast. Further subregions (see Fig. 6.1) were manually created as needed. The Black Sea 

was divided into shelf and open sea regions accordmg to bathymetry. A bathymetric map 

was scanned and added to ArcGIS where it was then digitized and shelf and open sea 

polygons created. The shelf break is located approximately at the 200 m isobath and this 

feature was used to delmeate the outer boundary of the northwestem shelf The open 

Black Sea was further divided into western and eastern regions according to the 

approximate locations of the gyres. 

In all aspects of this work, regional polygons were used to select 'open sea' and 'coastal' 

data points from all spatially referenced datasets used. This process will be explained in 

dataset-specific detail in section 2.5. 

2.5 Data extraction and processing 

Spatial coverage of data was a key priority and drove dataset selection. Where available, 

datasets with samples across a wide spatial area were chosen. The only parameters for 

which spatial comprehensiveness was not needed were the winter North Atlantic 

Oscillation index, Atlantic inflow to the North Sea, Rhine and Elbe river discharge, and 

nutrient concentrations from the mouths of the Elbe and Rhine rivers. Datasets describing 

the remaining hydroclimatic variables, all indicators of phytoplankton biomass and 

phytoplankton community composition and nutrient data were chosen for their long tune-

series and wide spatial spread of samples. 

2.5.1 Remote sensing data: NCEP/NCAR climate data and SeaWiFS Chl a 

All remote sensing datasets used in this thesis (NCEP/NCAR: sea level pressvue (SLP), 

wind stress, precipitation, sea surface temperature (SST); SeaWiFS: Chl a) required the 

same method of data processing. The remotely sensed datasets were obtained in a gridded 

format as separate text files for each parameter for each month (for example, 100 months 

of SeaWiFS data resuhed in 100 separate text files). A short program was used to 'stack' 

the dataset into one file (so 100 months of SeaWiFS data would then be ui one text file 

with each month as a column). The 'stacked' text file was then imported into MS Access 

to ensure compatibility with ArcGIS. From MS Access, the data were added to ArcGIS as 
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point data. Any datapoint with a 'no data' value was deleted (for example, SST 

measiu-ements over land). The polygon grid onto which these points fall had to then be 

created so that each sample was located in the centre of the corresponding grid cell. The 

point layer was spatially jokied to the polygon grid layer so that the attributes of each 

point (sample date, parameter measurement, etc) were copied to the attribute table of the 

corresponding grid cell. This resuhed in a grid with each cell containing many parameter 

measurements (one for each month of data). 

Hawth's Analysis Tools was used to calculate the Area Weighted Mean (AWM) of each 

parameter for each month for each region (open sea or coastal, or subregion). The AWM 

ensures that portions of a grid cell lying outside of the region under consideration are not 

included in the regional mean and that the calculated mean is correctly weighted by the 

area of each grid cell that lies in the region. In this way, for example, the portion of a grid 

cell that overlaps onto land is excluded from the regional mean. This process resulted in a 

time-series of each parameter for each month for each geographic region (for example: a 

mean measurement of SeaWiFS Chl a for the coastal Black Sea for each month from 

September 1997 to December 2005). 

2.5.2 Continuous Plankton Recorder (CPR) data 

The method of processing of Continuous Plankton Recorder (CPR) data was similar in 

some ways to that of remote sensing data. The primary difference is that CPR data are not 

gridded; this is because the CPR, unlike remote sensing satellites, does not sample 

regularly in space or time. Thus, in order to eventually arrive at an AWM for open sea 

and coastal regions, it was necessary to first grid the CPR data. A 1 by 1 degree grid 

polygon layer covering the North-East Atlantic was created using Hawth's Analysis 

Tools. CPR sample locations were then added to the GIS and one time period was 

selected (for example, all samples collected during the month of January 1958-1962). The 

mean of all samples was spatially joined to the grid cell in which those samples were 

located, giving each grid cell a mean number of diatoms, dinoflagellates and/or 

Phytoplankton Colour Index. This resuhed in a grid with each cell contauiing many 

parameter measurements (one for each month-period of data). A point layer with a 

datapoint located m the centre of each grid cell was constructed and the parameter 

measurements from the grid layer were jomed to the point layer. This pomt layer was not 

needed to determine the AWM, but was later used in creating seasonal (monthly) and 

decadal maps of diatom and dinoflagellate abundances (see section 2.6.1). Once all data 
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from all time periods were gridded, the same method of calculatmg the AWM was used 

as for the remote sensing data (section 2.5.1). 

2.5.3 Secchi disk and EEA nutrient data 

Secchi disk and EEA nutrient data for the North Sea were treated differently than the 

climate and phytoplankton datasets. The EEA's Waterbase is designed using separate 

tables for each parameter measured as well as for sample locations so the first step in 

processing the EEA nutrient data was to join the sample parameters table to the station 

locations table in MS Access. This resuked in a spatially referenced dataset of nutrient 

concentrations for the North Sea. This was not necessary with Thorkild Aarup's Secchi 

Disk Data Collection (Aarup, 2002) which was aheady spatially referenced. 

Because it was not necessary to create maps using the EEA nutrient dataset or the Secchi 

Disk Data Collection, these datasets were not gridded. Instead, both datasets were plotted 

as point data in a GIS and then selected using the open sea and coastal zone polygons 

resuking in an 'open sea' dataset and a 'coastal' dataset. The.data were exported to a 

spreadsheet for use in Excel. Once in spreadsheet format, the data could then be 

aggregated mto armual or seasonal means. 

2.6 Data analysis 

2.6.1 Maps 

Due to the spatial nature of this work, mapping was a key tool used in data analysis. 

While k is possible to map data usmg ArcGIS, the majorky of the maps created for this 

thesis (all CPR and SeaWiFS chlorophyll maps) were created using Golden Software's 

Siu-fer. Surfer is a mapping package rather than a GIS package and therefore requires 

fewer computer resources than ArcGIS, enabling quick and efficient map creation (over 

150 maps were created). With Surfer k is also possible to create a file wkh all mapping 

parameters for a particular project (such as longkude and latitude of map extent, map 

units, final output size of a map, interpolation method and parameters, etc) which 

eliminates the need to input parameters manually each time a map is created and easily 

ensiu-es a uniform look to a series of maps. 

Al l maps were created using the Inverse Distance Weighting (IDW) method of 

interpolation. IDW creates a continuous distribution of a parameter (chlorophyll 

concentration, diatom or dinoflagellate abundance, etc) across the study area from a set of 

discrete pomts (here the gridded data, see section 2.5). IDW assumes that interpolated 
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points are more influenced by nearby data than data that are further away (Caruso and 

Quarta, 1998), and like all geostatistical methods, assumes that spatial structures are 

stable in space and time for the duration of the sampling period (Simard et al., 1992). 

However, this cannot be assumed of CPR data due to its 46 year sampling period. This 

problem has been resolved by portioning CPR data into appropriate temporal periods 

(such as decadal or half decadal) and treating each temporally-partitioned dataset 

individually (Edwards, 2000). Unlike CPR data, SeaWiFS data are sampled regularly m 

both space and tune, making interpolation possible for short time periods (monthly 

SeaWiFS data were used here). More details referrmg to creation of specific maps can be 

found in the 'Methods' sections of Chapters 4, 5, and 6. 

2.6.2 Anomalies 

In order to remove the long-term mean, to emphasize subtle temporal patterns in Chl a or 

phytoplankton abundance, and to allow for the relative comparison of these parameters, 

standardized anomalies (z) were calculated as: 

_ . . ( x - x ) 

where x = the long-term mean and o = the standard deviation. This was repeated 

for each SeaWiFS measurement or CPR sample at three possible temporal scales: 1) the 

intra-aimual (monthly composite) anomaly was calculated based on the long-term mean 

of each calendar month relative to the composite aimual mean; 2) the inter-annual 

anomaly was calculated from the yearly mean of each complete calendar year (or in the 

case of the CPR decadal period) available relative to the composite annual (or m the case 

of the CPR time-series) mean; and 3) individual SeaWiFS monthly Chl a anomalies were 

calculated for each month (September 1997 - December 2005, n = 100) relative to the 

long-term monthly means. Anomalies were then mapped as needed, following the 

procedure outlined in section 2.6.1. 

2.7 Potential spatial bias of datasets 

As mentioned previously, spatial comprehensiveness was a key factor in dataset selection. 

An overview of the sources of potential spatial bias of the spatially referenced datasets 

follows. 

2.7.1 SeaWiFS Chl a data 

Ahhough the spatial coverage of a remotely sensed dataset is remarkable, there are 

several limitations. The SeaWiFS satellite samples Chl a on a daily basis, however, many 
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areas of the Earth's surface are obscured due to cloud cover at this temporal scale. 

Therefore 8-day (Chapter 7) and monthly (Chapter 4) data products readily available from 

NASA and that consist of aggregated averages of SeaWiFS Chl a estunates were used. 

Another lunhation of SeaWiFS data is the difficuhy m distinguishmg Chl a from 

particulate matter and/or yellow substances (dissolved organic matter) ui Case I I 

(optically complex coastal) waters (lOCCG, 2000). This can lead to an overestimation of 

Chl a concentration m coastal waters. One method of using SeaWiFS Chl a data in Case 

II waters is to pair the satellite data with in situ data (see Chapter 7). Additionally, 

anomalies may be used to measure relative change in SeaWiFS Chl a is Case I I waters 

over a particular time period (see Chapter 4). 

2.7.2 CPR data 

The Contmuous Plankton Recorder has sampled much of the North-East Atlantic since 

1948. However, the CPR is normally towed ftirther than 1 km offshore and therefore may 

not record changes in some near-shore plankton conununities (Edwards et al., 2006). In 

this research, CPR data were selected for regions < 50 nm from shore in order to 

overcome this spatial limitation. Additionally, CPR data have not always been sampled 

regularly m some regions of the North-East Atlantic (i.e. there are 'data voids' in some 

months in some regions). Where > 8 months of data per calendar year exist m a region, 

temporal interpolation was used to estunate abundance for missing months (see Chapter 

6). I f < 8 months of CPR data were available for a particular year in a region, that year 

was excluded from analysis of the regional tune-series. 

2.7.3 EEA nutrient data 

In order to determine i f the EEA nutrient data (Chapter 7) were spatially representative 

throughout the study period, all TN and TP samples were plotted in a GIS. Between 1980 

and 2002, n= 1541 TN samples and n = 2060 TP samples were collected in the coastal 

North Sea while n = 46 TN samples and n= 179 TP samples were collected in the open 

North Sea (Fig. 2.2). Because of the low number of open North Sea samples, all 

conclusions drawn from those data were considered tentative. 
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Figure 2.2. Locations of TP (top) and TN (bottom) EEA nutrient samples in the North Sea 
between 1980 and 2002. 

The coastal North Sea was divided into finer geographic regions in order to more 

thoroughly explore spatial variability of nutrient data. The southern coastal North Sea and 

Danish coast were the most heavily sampled areas for both TN and TP (Fig. 2.2) while 

the UK and Norway coastal regions contained far fewer samples. The southern coastal 

North Sea was the region with the highest concentrations of both nutrients, with 

concentrations up to 10 times richer than those in other coastal regions (see Fig. 7.5). 

Thus, the general decreasing nutrient trends observed for the coastal North Sea as a whole 

are heavily weighted by nutrient dynamics occurring in the southern coastal North Sea 

(see Chapter 7 for fiuther explanation). 

2.7.4 Secchi disk data 

As with the EEA nutrient data, it was necessary to confirm that data fi-om the North Sea 

region of the Secchi Disk Data Collection (Aarup, 2002) were spatially representative 
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throughout the period of study (Chapter 7). All Secchi disk samples were plotted as point 

data on a GIS and then selected by open sea or coastal North Sea region. Between 1950 

and 2000, a total ofn = 5057 samples were available for the coastal North Sea while only 

« = 68 were available for the open North Sea region. The Umited number of open North 

Sea samples prevented any type of time-series analysis in that region, so those data were 

excluded from the database. Like the EEA nutrient data, the coastal North Sea region was 

fiuther divided into subregions to explore the spatial spread of data. The southern coastal 

North Sea was the most heavily sampled subregion while the UK was the least sampled. 

The 1990s were the most heavily sampled decade m all three regions, followed by the 

1980s and 1970s in the southern North Sea and Norway and the 1970s and then the 1980s 

in the UK. Thus, in the southern North Sea and Norway, the accuracy of trend in Secchi 

depth increases with time. The southern North Sea is the region most often considered to 

be impacted by eutrophication and was the region with the greatest number of Secchi 

depth samples. The data were divided into yearly summer (July - August) and winter 

(December - February) seasonal averages for the entire coastal North Sea region, leavmg 

several years, particularly in the early part of the time-series, with no data (see Fig. 7.3). 

Table 2.1. Secchi disk samples by decade and coastal North Sea subregion. 

Niunber of Secchi disk samples 
Decade Southern North Sea Norway UK 
1950s 0 3 3 
1960s 40 2 5 
1970s 692 41 25 
1980s 1335 348 5 
1990s 1542 947 69 
Total 3609 1342 107 
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Chapter 3 

A brief review of eutrophication in the Black Sea 

Eutrophication is a historical concern in the Black Sea, and with the recent accession of 
Bulgaria and Romania to the EU, nutrient enrichment in the Black Sea is now a European 
problem. The causes and effects of eutrophication are surroimded by uncertainty, a 
situation exacerbated by rapidly changing political and economic regimes and a 
catchment shared between 6 countries, the majority of which are non-EU. Ahhough 
regional, mternational and European initiatives have attempted to regulate nutrient input 
to the Black Sea, a lack of stakeholder involvement, poor enforcement of envuonmental 
regulations, and insufficient funding constrains the effectiveness of these measures. 
Nevertheless, the Black Sea has shown some recent signs of ecosystem improvement 
diu-mg the last 15 years. However, with the Black Sea's economies undergoing rapid 
transitions, the path to ecosystem recovery is uncertain. Increased environmental research 
and monitoring, extensive educational programmes, and adequate fiinding for the Black 
Sea Commission are the most likely routes through which further ecosystem recovery 
may be possible. 

Aspects of this chapter are mcluded m the foUowmg: 

McQuatters-GoUop A. and L.D. Mee. (2007). Eutrophication m the Black Sea, p 20. 
World Resources Institute. 
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Chapter 3: A brief review of eutrophication in the Black Sea 

3.1 Background 

Eutrophication is a matter of growing concern m Europe's seas (Aertebjerg et al., 2001), 

and is a long established problem in the Black Sea (Mee, 1992). The Black Sea is largely 

isolated from the World Ocean with only limited exchange with the Mediterranean 

through the Bosporus Stj-ait. Due to its shallow depth and because h receives considerable 

riverine input, the northwestem shelf is particularly susceptible to the effects of nutrient 

loadmg (Fig. 3.1) and has suffered extensive ecosystem changes due to eutrophication. 

Except in the northwest, the continental shelf does not extend more than a few kilometres 

from the coast, and eutrophication events are few in those areas. The deep, or open. Black 

Sea comprises approximately 75% of its surface area, is permanently anoxic below 200m 

depth, and acts as a smk for nutrients. The impact of eutrophication on the open Black 

Sea has been considerably less severe than that occurrmg in the shelf area. 

In total, the Black Sea drams a catchment consisting of 23 countries, covering a land area 

of 2,400,000 km^, and receiving waste water from more than 190 million people 

(daNUbs, 2005). The Danube, Dniester, and Dnieper Rivers transport water from much of 

Europe and Russia to the northwestem shelf area, and together are responsible for 85% of 

the freshwater entering the Black Sea (Sorokin, 2002). The Danube is the most important 

river in the basm with an 800,000 km^ catchment containing 43% of the Black Sea 

basin's population (daNUbs, 2005). The Danube contributes 55% of total river discharge 

into the Black Sea and, because of its extensive catchment area, a considerable proportion 

of its nutrient load. 
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Figure 3.1. Catchment map of the Black Sea. 

Diu-ing the 1960s the Soviet agricultiual revolution resuhed m mtensive fertilizer use and 

livestock production in the Black Sea catchment (Mee et al., 2005). Winter phosphorus 

concentrations in shelf waters increased rapidly from the late 1960s (Cociasu et al., 1998) 

while data suggest a six-fold mcrease in nitrogen between m 1960 and 1980, ahhough 

limited pre-1980 nitrogen data available exist, and this conclusion must therefore be 

considered tentative (Cociasu et al., 1996; Cociasu and Popa, 2004; Cociasu et al., 1998) 

(Fig. 3.2). From the 1950s to the early 1980s, the annual discharge of phosphates 

mcreased from 14,000 to 55,000 tons, nitrates increased from 155,000 to 340,000 tons, 

and organic matter increased from 2,350,000 to 10,700,000 tons (Zahsev and Mamaev, 

1997). As nitrogen and phosphorus increased in shelf waters, silicon concentrations 

decreased due to the construction of the Iron Gate dam in 1974 (Humborg et al., 1997) as 

well as intense consumption during the eutrophication-mduced algal blooms of the 1970s 

(Cociasu et al., 1998). Though concentrations have decreased, the Black Sea is not 

silicon-limited (Ragueneau et al., 2002). Overall, shelf waters of the Black Sea are 

phosphorus-limhed and open waters are nitrogen-limited (Cociasu et al., 1998; daNUbs, 

2005). More specifically, sprmg phytoplankton growth is limited by phosphorus while 

summer growth is regulated by both phosphorus and nitrogen. In winter, the open Black 
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Sea is nitrogen- and phosphorus-limited, and the Danube plume is phosphorus-limhed 

(Mee et al., 2005). The artificial supplementation of nitrogen and phosphorus without that 

of silicon causes a deviation from ideal relative nutrient ratios (Redfield et al., 1963), 

which favors the growth of dinoflagellates rather than the more trophically usefiil diatoms 

(Officer and Ryther, 1980a; Smayda, 1990; Turner, 2002). 
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Figure 3.2. Trends in nutrient concentrations measured at Constanta, Romania: (total 
nitrogen: O; phosphate: • ; silicate: A ) (from Cociasu and Popa, 2004). 

As these eutrophic condhions accelerated, the northwestem shelf experienced an mcrease 

in the magnitude, extent, and frequency of algal blooms (Bodeanu, 1993) as well as the 

occurrence of a number of harmful algal bloom (or red tide) events (Moncheva et al., 

2001) . The phytoplankton composition changed drastically between 1960 and 1990 - the 

number of non-diatom algal blooms increased and the proportion of diatoms in the 

phytoplankton community fell from 92% m the 1960s to 38% in the 1980s (Bodeanu, 

2002) . Diatoms were replaced with less trophically useful phytoplankton groups such as 

dinofiagellates, mixotrophs, and cyanophytes (Bodeanu et al., 2004). Diatoms are the 

basis of the heahhy copepod-fish food web and this change m community composition 

can affect higher trophic levels; dinoflagellate dommated communities may lead to food 

webs culminating in gelatinous 'trophic dead ends', while diatom dominated communities 

lead to 'muscular', trophically sound food webs culmmatmg in fish (Tumer, 2002; Verity 

and Smetacek, 1996). 

Aherations to the phytoplankton community precipitated changes in the zooplankton. A 

decrease m non-gelatinous zooplankton species, including trophically important 
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copepods, was recorded. Concurrently, edible zooplankton were replaced by gelatinous 

plankton, such as Noctiluca scintillans, Aurelia aurita, Rhizostoma pulmo and 

Mnemiopsis leidyi (Shiganova and Bulgakova, 2000). Species diversity and numbers of 

ichthyoplankton and eggs of several valuable fish species fbonito, Sarda sarda; bluefish, 

Pomatomus saltatrix; flounder, Platichthys flesus; turbot, Psetta maxima; sole, Solea 

lascaris) decreased (Shiganova and Bulgakova, 2000). These disruptions to the food web 

damaged area fisheries (Daskalov, 2002). 

The mcreased phytoplankton biomass caused accelerated sedunentation of organic matter 

from the water column to the seafloor, resuhmg in hypoxic conditions as bacteria 

consumed the dead plankton. The first recorded hypoxic event occurred in 1973, and 

caused a mass mortality of benthic biota and fish in a 3500 km^ area near the Danube 

deha (Zaitsev and Mamaev, 1997). Hypoxia mcreased in shelf waters throughout the 

1970s and 1980s, covermg areas of up to 40,000 km^ (Zaitsev and Mamaev, 1997). 

Hypoxia, along with increased water colunm turbidity resulting from increased 

phytoplankton biomass, Umited Ught and oxygen available to benthic plants, and resuhed 

in the decline of macroalgal species such as the red alga, Phyllophora, and the brown 

alga, Cystoseira. By 1991, only 5% of Phyllophora''s original area remained (Mee, 1992) 

and Cystoseira had nearly disappeared from the shelf by 1981 (Zaitsev and Mamaev, 

1997). Not only were Phyllophora and Cystoseira key benthic habitats for a large group 

of associated species, they are important oxygen generating species (Zaitsev and 

Mamaev, 1997). The increased hypoxic area also caused the loss of mussel beds. Because 

mussels are fiher feeders, they provide important water fihermg capacity in the Black 

Sea, and their decline, as with the loss of oxygen-producing macroalgae, fiulher 

exacerbated the effects of eutrophication. 

Increased phytoplankton biomass, changes in plankton community composition, hypoxic 

events, and the loss of benthic assemblages did not occur in isolation, but concurrently 

with the continued overexploitation of commercially important fish stocks (Daskalov, 

2002). During the 1950s and 1960s stocks of top predators, such as tuna (Thunnus 

thynnus) and swordfish {Xiphias gladius), were dramatically reduced through overfishing. 

As the number of top predators declined a trophic cascade occurred, resulting in an 

increase in small planktivorous fish, causing a consequent decrease in zooplankton 

grazers. The reduced abundance of zooplankton removed grazing pressure from the 

growing phytoplankton biomass (Daskalov, 2002). 
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