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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 if 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. 

All 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 if 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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Weakened ecosystem resilience due to eutrophication and the effects of overfishing left 

the Black Sea ecosystem vulnerable to uivasive species. In the mid 1980s, the Black Sea 

was invaded by the gelatinous ctenophore Mnemiopsis leidyi, probably transported m 

ballast water from eastern North America. Lacking predators and finding favovuable prey 

and envfronmental condhions, its biomass grew rapidly, effectively dominating the food 

cham and precipitating a collapse m small pelagic fish stocks within 5 years of its arrival 

(Kideys, 2002b). In 1989 the live biomass of Mnemiopsis reached an astonishing 800 

million tons in the Black Sea (Vinogradov, 1990). Because Mnemiopsis preys on anchovy 

(Engraulis encrasicolus) larvae and eggs and competes with anchovy for food (Kideys, 

2002a), the amount of non-gelatuious zooplankton available as fish fodder decreased 

drastically after its establishment (Kideys, 2002b; Shiganova and Bulgakova, 2000). As a 

resuh, catches of anchovy decreased sharply, economically damaging this important 

fishery (Kideys, 2002b). In 1997, the Black Sea was invaded by another ctenophore, 

Beroe ovata, which, as a natural predator of Mnemiopsis, significantly reduced its 

population (Shiganova et al., 2001), resuhmg in the increase of non-gelatmous 

zooplankton, anchovy larvae, and eggs, and increased biomass of native gelatinous 

plankton (Aurelia aurita, Rhizostoma pulmo) (Kideys, 2002b). 

Due to economic decline in the 1990s of all Black Sea coastal countries except Turkey, 

and the consequent lack of support for centrally administered agricuhure, the marine 

ecosystem has recently shown signs of recovery (Mee et al., 2005). The late 1990s saw 

fewer phytoplankton blooms than previous decades and the community structure has 

returned to a diatom-dominated state (Bodeanu, 2002). No hypoxic events were recorded 

on the shelf between 1993 and 2001 (Mee, 2006) and Phyllophora has once again been 

found on the northwestem shelf, ahhough species associated with the habitat are different 

than those common prior to eutrophication (Mee et al., 2005). 

Ahhough possible, recovery of the Black Sea is far from certam. During the exceptionally 

warm years of 2001 and 2002, 15 monospecific blooms occurred m Romanian waters and 

the phytoplankton commumty was again dominated by non-diatoms (Bodeanu et al., 

2004). Additionally, the clunatic conditions of 2001 triggered a large scale hypoxic event 

(Mee et al., 2005) which resuhed m fish mortaUties in shelf waters (Boicenco, personal 

communication). These signs indicate that nutrient concentrations m shelf waters remain 

sufficiently elevated to support eutrophic events, particularly m combination with 
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anomalous climatic conditions. Additionally, overfishing continues, with fiuther depletion 

of remammg stocks likely (Mee et al., in prep.). 

However, the Black Sea's fiitxue remains uncertain. Because of expected rapid recovery 

of ferming m Eastern Eiuope and additional pressures from shipping, poorly regulated 

fisheries, and sewage treatment without nutrient removal, the Black Sea may potentially 

revert back to hs eutrophic state (Mee et al., in prep.). Ahematively, this period of 

newfound regional prosperhy, particularly with the expansion of the EU to mclude 

Bulgaria, Romania, and possibly Tiukey, may be used as an opportunity for remediation 

of the Black Sea ecosystem. Even if eutrophication and overfishmg are mitigated, there is 

no guarantee that the ecosystem will return to its pre-eutrophic state (Mee et al., 2005). 

3.2 Sources of nutrient enrichment 

Riverine input is the primary source of land-based nutrients to the Black Sea (Black Sea 

Commission, 2002), contributmg approxunately 63% of nitrogen and 76% of phosphorus 

(Fig. 3.3a,b). The Danube is responsible for 75% of the fresh water reaching the Black 

Sea (Cociasu and Popa, 2004) and is thus the most important soiuce of nutrients, 

contributmg 52% of nitrogen and 50% of phosphorus (Black Sea Envu-omnental 

Progranune, 1996). Ahhough the amount of fertilizer consumed m the Danube catchment 

has decreased significantly (Mee, 2006) (Fig. 3.4b), the amount of nitrogen ui Danube 

waters has decreased only slightly due to retention of the nutrient in catchment soils and 

groimdwater (daNUbs, 2005). The decreased load suice 1990 (Fig. 3.4a) may be 

attributed to implementation of the Nitrates Directive m EU countries (Black Sea 

Conunission, 2002; European Union, 1991a), reduced fertilizer usage after the collapse of 

the cormnunist bloc (Black Sea Cormnission, 2002), and greater waste water treatment 

(Black Sea Commission, 2002). Conversely, the Danube's phosphorus load has shrunk 

considerably smce 1990 due to pohcy inhiatives such as the Urban Waste Water 

Treatment Duective (Eiu-opean Union, 1991b). As a resuh of decreasing nutrient loads in 

the Danube, the concentrations of phosphorus and nitrogen on the Black Sea shelf have 

also begun to decrease (Cociasu and Popa, 2004), whh phosphorus responding more 

quickly than nitrogen. 
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Figure 3.3. Nutrient inputs to the Black Sea (a) by source (after Black Sea Envuonmental 
Programme, 1996) and (b) by anthropogenic sector. Atmospheric contribution applies to 
northwestem shelf exclusively (data fi-om Black Sea Commission, 2002; Langmead et al., 
2007). 
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Figure 3.4. (a) Sources of nutrients to the Danube (daNUbs, 2005; Mee et al., 2005). (b) 
Consumption of fertilizer in the Danube catchment (after Mee, 2006). 
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Industry is the second greatest contributor of land-based nitrogen (30%) du-ectly to the 

Black Sea, ahhough the amount of phosphorus uiput is relatively low (<5%) (Black Sea 

Commission, 2002). The Black Sea Transboundary Diagnostic Analysis (TDA) 

completed m 1996 fovmd that most industrial nitrogen entering the Black Sea comes from 

Ukrame (49%), Russia (30%) and Bulgaria (18%), while Ukrame contributes 84% of 

industrial phosphorus (Fig. 3.5a) (Black Sea Envfronmental Programme, 1996). Domestic 

waste water is a mmor contributor of nitrogen (<5%) and a modest contributor of 

phosphorus (18%) to the Black Sea (Fig. 3.5b). Bulgaria is the leadmg contributor of 

domestic nitrogen (47%), followed by Georgia (27%) and Ukrauie (12%) while Ukrame 

(38%) and Turkey (33%) are the most unportant contributors of domestic phosphorus to 

the Black Sea (Fig. 3.5b) (Black Sea Environmental Programme, 1996). The majority of 

uidustries in all Black Sea coastal states are cormected to municipal wastewater treatment 

systems. Therefore, with implementation of the Urban Waste Water Treatment Directive 

in the accession states and recovering economies in other Black Sea nations enablmg 

more efficient sewage treatment, the amount of untreated domestic and industrial waste 

enteruig the Black Sea directly is expected to decrease (Black Sea Commission, 2002). 

Atmospheric deposhion contributes approxunate 10% of the nitrogen load to the Black 

Sea (Fig. 3.3b), a minor amount compared to the riverine and industrial contributions. 
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Figiu-e 3.5. (a) Industrial and (b) domestic sources of nutrients to the Black Sea (from 
Black Sea Envurorunental Programme, 1996). 

3.3 Policies and institutions 

3.3.1 Regional initiatives 

The Bucharest Convention for the Protection of the Black Sea, signed ui 1992 and ratified 

m 1994, was the fust step toward protection of the Black Sea ecosystem (Mee, 2005b). 

The Bucharest Convention (Black Sea Commission, 1992) was signed by the six Black 

Sea coastal countries and called for the establishment of the Black Sea Commission, to be 

based in Istanbul (see Table 3.1). However, the Commission did not estabUsh its 

Secretariat until 2000. Due to budget constramts, the Commission Secretariat has 

undergone fmancial difficulties, but has managed to unplement its workplan and develop 

new legal instruments such as the Protocol on Biodiversity and Landscape Conservation, 

signed in 2003 (Mee, 2005b). The Convention Secretariat relies on information on 

compliance volunteered from the coastal countries and has no independent means of 

verifying whether or not the Bucharest Convention is being successfully implemented. 

Fortunately, the Global Environmental FaciUty (GEF) has continued to support the 

Secretariat m specific areas, particularly the control of eutrophication which was signalled 

as a clear priorhy in the BS-SAP (see below). Finance for this work is now guaranteed 

until 2008. 
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The Odessa Muiisterial Declaration (Black Sea Ministers of Envkonment, 1993), signed 

ui 1993, was a response to the UN Conference on Environment and Development (the Rio 

Summit) held in 1992. The Rio Svunmit's Agenda 21 encouraged a new comprehensive 

approach to policy. The Odessa Declaration was signed by environmental ministers in the 

Black Sea for the purpose of implementing jomt policy regarding the protection of the 

Black Sea. The Declaration features nineteen specific actions designed to faciUtate the 

rapid development of practical measures for controlling pollution from land-based and 

marme sources (uicludmg the harmonization of environmental standards); restore, 

conserve and manage natural resources; respond to envfronmental emergencies; improve 

the assessment of contaminants and theu- sources; introduce mtegrated coastal zone 

management policies and compulsory envu-onmental impact assessments; and to create a 

transparent and balanced mechanism for reviewing and updatmg the Declaration on a 

triennial basis (Mee, 2005b). 

Because the Odessa Declaration came at a time of political tension in the Black Sea basin, 

its enactment was mterpreted as a gesture of willingness to cooperate between the Black 

Sea countries. The GEF and European Commission provided US$11 million to estabUsh 

the Black Sea Envkonmental Programme (BSEP) in order to faciUtate capachy buildmg 

for assessing and controUmg pollution in the Black Sea, to create a long-term 'Black Sea 

Sfrategic Action Plan (BS-SAP)' and to faciUtate fiirther investment m envfronmental 

protection (Black Sea Commission, 1996; Mee, 2005b). In 1996 the BS-SAP was adopted 

with the purpose of defining a long-term poUcy agenda and establishing an mstitutional 

framework for achieving it (Mee, 2005b, see also Adaptive management section). 

Ahhough the BS-SAP's Project Implementation Unit is formally part of the Istanbul 

Commission Secretariat, it is supported financially by the EU and GEF. 

Because eutrophication m the Black Sea is fiindamentally linked whh nutrient loads in the 

Danube, the river has also been subjected to a number of conventions and plans. The 

Danube River Protection Convention was ratified m 1998 with the purpose of preventing, 

controlling and reducing significant adverse transboundary unpacts from the release of 

hazardous substances and of nutrients mto the aquatic environment within the Danube 

Basin (International Commission for the Protection of the Danube River, 1994). The 

Convention established a Secretariat, known as the International Commission for the 

Protection of the Danube River (ICPDR). The Danube River Basin also has its own 

Strategic Action Plan, also under the auspices of the ICPDR, which was adopted in 1995 
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with the support of the Eiuopean Commission, UNDP, and GEF (International 

Commission for the Protection of the Danube River, 1999). Both the Convention and the 

SAP name the protection of the Black Sea as a priority (Mee, 2005b). 

3.3.2 European Union initiatives 

In addhion to poUtical and legal mstruments affecting the Black Sea and Danube Basins, 

several EU policies now affect the Black Sea. In 1991 the Urban Waste Water Treatment 

Duective (also referred to as the 'Phosphates Directive') was adopted by the EU 

(European Union, 1991b). The Duective mandates the secondary treatment of waste 

water (a key source of phosphate) in tovras whh a population >2000 and hs establishment 

has effectively reduced the amount of phosphorus in Danube and Black Sea waters 

(Cociasu and Popa, 2004). The Nitrates Dhective was also established in 1991, and 

promotes the use of sound agricultural practices, the most important sovirce of nitrate 

pollution, m EU countries (European Union, 1991a). The Urban Waste Water Treatment 

and Nitrates Du-ectives were superseded in 2000 by the Water Framework Du-ective 

(WFD), a key piece of legislation that requires all European waters to achieve 'good 

ecological status' for waters withm 1 nm of the coast by 2015 (European Union, 2000). 

The WFD promotes the sustamable use of water and a transboimdary system of water 

management which will be achieved through the establishment of river basm-scale 

monitoring networks; ui most cases, regulations unposed by the WFD are more rigorous 

than those imposed by the Nitrates and Urban Waste Water Treatment Duectives. The 

ICPDR is the coordmating body responsible for the development of WFD compliance 

plan m the Danube catchment. As an EU state, Bulgaria has also established a River 

Basm Duectorate to ensure national compliance with the WFD m the Bulgarian Black 

Sea catchment (Pratt et al., 2005). The unplementation approach differs m Romania, 

where two river basms, the Somes and the Arges, were used as pilot shes, with the resuhs 

and methodologies to be disseminated for application elsewhere in Romania (Romanian 

Mmistry of Envu-omnent and Sustainable Development, 2007). In Turkey, a potential EU 

Member State, a sunilar process is underway, with the designation of the Buyuk 

Menderes river basm as a pilot she from which to establish a river basm management plan 

that will then be replicated in other Turkish basins (de Brum et al., 2005). The process is 

proving difficuh m Turkey, however, due to a lack of (but unproving) mtegrated 

management and the need for unprovements m inter-insthutional coordmation and 

cooperation (de Bruui et al., 2005). 
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In addition to the Directives mentioned above, the EU's Conmion Agricuhural Policy 

(CAP) mfluences nutrient loads to the Black Sea and Danube. The CAP uses monetary 

incentives (such as direct uicome support) to encourage 'good farming practices' 

(Eiuopean Union, reformed 1999, 2003). Measures beyond 'good farming practices' 

(such as organic farmmg, extensification, landscape preservation, etc) are further 

rewarded. New Member States may receive subsidies to aid theu- populations ui the 

transhion from semi-subsistence farms to commercially viable farms which will likely 

resuh in the uitensification of farming practices and creation of larger farms m new 

Member States (European Union, reformed 1999,2003). 

3.3.3 Adaptive management in the Black Sea 

In 2001, a Memorandum of Understandmg (MOU) was issued between the Black Sea 

Commission and the ICPDR, establishmg the Danube-Black Sea Task Force (DABLAS) 

whose mission is to secure financing for the implementation of mvestment projects for 

pollution reduction and the rehabilitation of ecosystems m the Black Sea region 

(International Conunission for the Protection of the Danube River, ; Mee, 2005b). These 

objectives are bzised on the 'adaptive management' technique (Fig. 3.6), which recognizes 

that long-term management decisions based upon conceptual modelling or knowledge of 

only a limited part of the system are not practical due to high levels of scientific 

imcertainty in natiual systems (Rolling, 1978; Mee et al., 2005). Adaptive management 

offers the opportunity for takuig a flexible and pragmatic approach to restormg and 

protecting the Black Sea - h actually treats a system as a management 'experunent', 

adaptmg management policies and goals based upon knowledge gamed. It is strongly 

rooted in the 'Ecosystem Approach' a concept that regards humans as an integral part of 

the ecosystem and envuonmental management as more a matter of managmg humans 

than managmg the environment (Mee, 2005b). Adaptive management can accommodate 

xmexpected events by encouraging approaches that build system resilience (the capacity 

of a system to absorb change whhout losing its basic functionaUty) (Mee et al., 2005). To 

do this, h integrates social, economic and ecological knowledge, all essential for 

development of realistic targets for ecosystem unprovement. Thus, good scientific 

knowledge of the system is crucial m order to reduce management uncertamties and 

cooperation of all key actors ui the region is necessary in order to achieve the success of 

an adaptive management plan (Mee, 2005b). 

Adaptive management sets both a long-term vision (supported by measurable Ecosystem 

QuaUty Objectives - EcoQOs) as well as short-term goals (operational targets) for 
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ecosystem improvement. The formulation of the long-term vision and EcoQOs is often 

contentious as the desued outcomes are not always possible (Mee et al., 2005). Unlike 

top-down management schemes, EcoQOs must be understandable by both the general 

public and stakeholders and stakeholders are integral m the development of EcoQOs and 

the operational targets needed to meet them (Mee et al., 2005). Progress towards 

operational targets and the responses of the socio-ecological system are contmually 

monitored; this mformation reduces uncertainty about management outcomes and helps 

policymakers to define the next step (Mee et al., 2005). 

Baseline 
studies 

Periodic Assessment (TDA, joint fact-finding) 
•System txxindaries (space and time) 
•Scoping of environmental & social impacts 
•Research on causality 
•Review of institutions, laws, policies, economic instruments 

1 
EcoQOs 

(typically valid for 1 
docade) 

Slow 
feedback 
loop 

Robust quantitative 
system state Indicators 
to measure levels of impact 

Operational 
targets 

^ (typically valid 3-5 yrs) ^ 

Regular monitoring (all indicators) 

status and trends 
I E 

Operational Indicators: 
process, stress 
i^uction, societal (& 
project performance) 

Fast feedback 
loop 

Regulations and compliance 

Figvue 3.6. General scheme for implementing adaptive management currently applied in 
the Black Sea (from Mee, 2005b). 

Before EcoQOs and operation targets can be set, the state of the marine system must be 

assessed. This is achieved through a Transboundary Diagnostic Analysis (an overall 

assessment of the state of the marme environment and the social and economic reasons 

for its decline which is now applied m most GEF international waters projects) (Mee, 

2005b). The Black Sea TDA (Black Sea Envhonmental Programme, 1996) was 

completed m 1996, and integrated information from existing research and momtoring. 

The TDA highlighted knowledge gaps m the understanding of the Black Sea socio-

ecological system, but provided a sufficient factual base to allow the agreement of an 

overall vision of the Black Sea's ftiture and the prelimmary steps (EcoQOs and 

operational targets) needed to accomplish it (Mee et al., 2005). 
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The Black Sea vision statement expresses the deske for: 
a biologically diverse Black Sea ecosystem with viable natural 
populations of higher organisms, including marine mammals and 
sturgeons, and which will support livelihoods based on 
sustainable activities such as fishing, aquaculture and tourism in 
all Black Sea countries (Black Sea Commission, 1996; Mee et 
a/., 2005). 

Achievement of the vision statement is the goal of the Black Sea Strategic Action Plan 

(BS-SAP). Eutrophication is named as a priority issue in the BS-SAP and the first 

milestones to hs abatement were clarified in the 2001 Memorandum of Understanding 

issued by the Black Sea and Danube Commissions: 

Long-term objective (EcoQO): "to take measures to reduce the loads of nutrients and 
hazardous substances discharged to such levels necessary to permit Black Sea ecosystems to 
recover to conditions similar to those observed in the 1960s" 

First operational target: "urgent measures should be taken in the wider Black Sea Basin 
in order to avoid that the loads of nutrients and hazardous substances discharged into the Seas 
exceed those that existed in the mid 1990s (these discharges are only incompletely known)" 
(fi-omMee era/., 2005) 

The GEF and the European Union, working closely whh the Secretariat to the Black Sea 

Commission, have fimded a number of activhies that will help to achieve and monhor the 

attainment of the first operational target (from Mee, 2005b): 

• > US$100 Million of large demonstration projects ui nutrient reduction. The projects 

are being conducted m the framework of a Black Sea Strategic Partnership mvolvuig 

the GEF, the World Bank and governments. They target key activhies m agricultm-e, 

urban waste-water treatment and wetland restoration. Though these will not by 

themselves make a significant difference to nutrient discharges, they are highly 

replicable and generate a number of other benefits that should make replication highly 

attractive. The EU's DABLAS programme has similar aims and objectives. 

•An International Study Group on the Black Sea with a programme of active research to 

reduce some of the scientific uncertainties impedmg the refinement of the operational 

targets for adaptive management. 

•Technical support for specific aspects of the work of the Black Sea Commission to help 

meet national and international obligations for momtoring and assessment. This has 

lead to a new 'State of the Black Sea' TDA report to be published at the end of 2007. 
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Table 3.1. International legal and policy instruments addressing eutrophication and nutrient control in the Black Sea and Danube basins (adapted from Mee, 
2005b). 

Instrument Secretariat Observations/Objectives Further Information 
The Bucharest Convention 
for the Protection of the 
Black Sea Against Pollution. 
Signed 1992, Ratified, 1994 

The Black S e a 
Commission with a 
Secretariat in Istanbul 
(in place since 2000) 

Protocols for Land base source 
pollution, dumping, accidental releases 
and biodiversity and landscape 
conservation are in force. 

http://www. blacksea-
commission.ora/OfficialDocuments/Convention ifr 
ame.htm 

The Odessa Declaration for 
the Protection of the Black 
Sea. Signed, April 1993 

Black Sea Environmental 
Programme, Programme 
Co-ordination Unit 
(became PIU in 1998, see 
below) 

A pragmatic 3-year policy agreement 
largely implemented with financial and 
technical support from the G E F and 
E C . 

http://www. blacksea-
commission.ora/OfficialDocuments/OdessaDeclar 
ation iframe.htm 

The Danube River Protection 
Convention. Signed 1994, 
Ratified, 1998 

The International 
Commission for the 
Protection of the Danube 
River (ICPDR), Vienna, 
operational since 1999) 

The ICPDR's role is rapidly developing 
following entry into force of the 
Convention. 

httD://www.icDdr.ora/ 

Strategic Action Plan for the 
Danube River Basin. 
Adopted in 1995 

Originally managed by the 
Environmental 
Programme for the 
Danube River Basin with 
a co-ordinating unit in 
Vienna, Austria. Now a 
responsibility of the 
ICPDR. 

A wide-ranging basin-wide plan 
developed with the support of the 
European Commission. 

httD://www.icDdr.ora/ 

The Black Sea Strategic 
Action Plan. Signed and 
adopted in October 1996. 

Currently managed by a 
Project Implementation 
Unit (PIU) in Istanbul, now 
formally part of the 
Istanbul Black Sea 
Commission Secretariat 
but supported financially 
by the G E F and the E C . 

A wide ranging decadal plan covering 
many aspects of environmental 
protection in the Black Sea. Sets goals 
and milestones. Revision anticipated in 
2002. 

httD://www. blacksea-
commission.ora/OfficialDocuments/BSSAP ifram 
e.htm 

o 
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Danube Pollution Prevention 
Programme. Agreed in 1999 

Its implementation is the 
responsibility of the 
ICPDR. Practical 
management is through 
the Programme 
Management Task Force. 
The G E F has provided 
new (2002) funding for a 
project to support its 
implementation. 

Developed through a project funded by 
the G E F , it includes detailed studies of 
actions to reduce transboundary 
pollution in the Danube River. 

httoV/www.icDdr.ora/ 

Memorandum of 
Understanding (MOU) 
between the Black Sea 
Commission and the ICPDR 
on common strategic goals 
(Nov. 2001) 

DABLAS Task Force for 
co-operation on water 
protection in the wider 
Black Sea Region (formed 
Nov. 2001), Secretariat: 
E C DG-Environment to 
arrange. 

DABLAS has 'effective implementation 
of the MOU' as its first objective. 
DABLAS itself was established on the 
principles of the E C Water Framework 
Directive and the E C Communication 
615 (Oct 2001). Sets targets for 
protecting Black Sea from 
eutrophication. 

httD://ec.euroDa.eu/environment/enlara/Ddf/danub 
e memorandum.Ddf 

http://www.icpdr.ora/icpdr-paaes/dablas.htm 

E U - U r b a n Waste Water 
Treatment Directive (also 
referred to as the 
'Phosphates Directive"), 
adopted 1991 

Applicable to EU 
countries (Bulgaria, 
Romania, most countries 
in the Danube catchment) 
and potential E U Member 
States (Turkey). 

Objective: to protect the environment 
from the adverse effects of urban 
waste water discharges and 
discharges from certain industrial 
sectors Applicable to EU countries 
(Bulgaria, Romania, most countries in 
the Danube catchment) and potential 
EU Member States (Turkey). 

http://ec.europa.eu/environment/water/water-
urbanwaste/index en.html 

EU - Nitrates Directive, 
adopted 1991 

Applicable to E U 
countries (Bulgaria, 
Romania, most countries 
in the Danube catchment) 
and potential E U Member 
States (Turkey). 

Objective: designation of nitrate 
vulnerable zones (NVZs), 
establishment of code of good 
agricultural practice, but limited 
monitoring requirements. 

htto://ec.europa.eu/environment/water/water-
nitrates/index en.html 

http://www.icDdr.ora/
http://www.icpdr.ora/icpdr-paaes/dablas.htm
http://ec.europa.eu/environment/water/water-


EU - Common Agricultural 
Policy (CAP), adopted 1962. 
1999 and 2003 refonns 
integrated environmental 
requirements into CAP 

Applicable to EU 
countries (Bulgaria, 
Romania, most countries 
in the Danube catchment) 
and potential E U Member 
States (Turkey). 

Objective: self sufficiency for food in 
Europe, efficient and sustainable 
farming practices, aid for rural 
development, establishment of food 
quality standards. 

httD://ec.euroDa.eu/aariculture/index en.htm 

EU - Water Framework 
Directive, adopted 2000 

Applicable to E U 
countries (Bulgaria, 
Romania, most countries 
in the Danube catchment) 
and potential E U Member 
States (Turkey). 

Objective: requires achievement of 
•good ecological status' for all 
European waters by 2015. More 
stringent than Urban Waste Water and 
Nitrates Directive. Only applies to Inm 
from coast. 

http://ec.euroDa.eu/environment/Water/water-
framework/index en.html 
For the Danube: 
http://www.icDdr.ora/icDdr-
paaes/river basin manaaement.htm 

http://ec.euroDa.eu/environment/Water/water-
http://www.icDdr.ora/icDdr-


3.4 Successes and failures 

The poUtical and msthutional mstruments in Table 3.1 demonstrate that a clear 

willingness to protect and rehabilhate the Black Sea exists, ahhough adequate ftinding 

often does not. When the Soviet Union coUapsed, many ex-communist countries 

restructured theh social welfare institutions, resuhmg m considerable financial and 

influential down-scaluig of envu-onmental mmistries (Mee, 2005b). Fortiuiately, funding 

bodies such as the GEF and the EC have supported the Black Sea Commission when local 

financial support was vmavailable. The Black Sea Commission plays a key role in our 

understandmg of eutrophication and the identification of nutrient sources in the Black 

Sea. Outside support of organizations such as the Black Sea Commission and the Danube 

Pollution Prevention Programme is crucial as although the region is recovering 

economically, envu-omnental protection is not a priority m many non-EU Black Sea 

states. 

Compliance with the regulations, plans and duectives in Table 3.1 is key to determining 

their effectiveness. National environment sectors, particularly in the non-EU states, may 

not have the means to enforce compliance or to monitor unplementation (Mee, 2005b). 

Stakeholder involvement in the development of many regional policies, plans, and 

insthutions was limited, which may resuh m low compliance. For example, top-down 

management strategies are still dominant in the Black Sea region and environmental 

education is limited (Mee, 2005b). 

In a region undergomg economic, poUtical and social transhion, adaptive management 

provides a flexible approach to ecosystem restoration in the Black Sea. However, 

although the BS-SAP's EcoQOs and operational targets were developed whh stakeholder 

involvement, the BS-SAP was not distributed in local languages to regional stakeholders 

(Mee, 2005b). The support of local stakeholders is crhical for the success of an adaptive 

management scheme. 

European accession can be a 'double edged sword' as h wiU improve enviromnental 

regulations but has the potential to damage the recovering Black Sea ecosystem. Eastern 

Evuopean countries are working to strengthen their economies (mcludmg the agricultural 

sector) and environmental protection may not be a priorhy. The Common Agricuhural 

Policy may actually resuh in increased fertUizer application in Eastern Evuope as h is 
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likely to accelerate changing farming practices m the new Member States, thereby 

mcreasmg nutrient loads to the Black Sea and heightening the risk of eutrophication (Mee 

et ai, 2005). The Urban Waste Water Treatment Directive will improve sanitation m the 

region, but i f waste is not sufficiently treated (i.e. tertiary treatment which removes 

nutrients as opposed to primary or secondary treatment which does not), nutrient loads 

may increase as more people are cormected to sewage treatment (Mee, 2005b). 

It is too early to determine if the Water Framework Dhective will be a success or a failure 

for the Black Sea. The WFD is only applicable to 1 nm from the coast, an arbitrary 

distance that resuhs m limhed authorhy over the coastal zone (de Bruin et al., 2005). 

Furthermore, the 'good ecological status' requhed by the duective is never explichly 

defined in the WFD and refers more to rivers, lakes and estuaries than marme receivmg 

waters, a clear mismatch hi scale. In this way although eutrophication may be a problem 

in coastal waters into which a river drains, the river basm management body may not 

consider the reduction of nutrient loadmg a priority (de Brum et al., 2005). However, the 

establishment of a river basm-scale level of management is generally poshive as are the 

requirements for monitormg, particularly in countries that aspire to joui the EU, such as 

Turkey, and, eventually, Georgia and Ukraine. The European Marme Strategy (EMS), 

ciurently under negotiation in the EU, will reinforce the work of the Black Sea 

Commission and aid m the implementation of the WFD and fiiture European Duectives. 

The EMS will requue countries to agree on common envnonmental targets in order to 

achieve 'good envuonmental status' for each regional sea. For the Black Sea, settmg 

these targets will be a complex issue as the sea is shared between EU and non-EU 

countries. A strong Black Sea Commission will be essential for this. 

An hivestigation into the fiiture of the Black Sea ecosystem has recently been completed 

as part of the EU-fiinded Framework Programme 6 European Lifestyles and Marme 

Ecosystems (ELME) project (Langmead et al., 2007; Mee et al., m prep.). ELME 

integrated relevant information concerning current major ecosystem state changes, the 

pressures on the marme envuonment causmg these changes, and the socio-economic 

drivers leadmg to these pressures. These data were used to model plausible scenarios of 

socio-economic change m Europe during the next 25 years and the resuhant eflfects on the 

marme envu-onment (Langmead et al., 2007). Resuhs mdicate that under current poHtical 

and socio-economic condhions m Europe the explohation of envuonmental resources is 

likely to mcrease due to the continued economic development of post-Soviet counfries. 
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However, increased infrastructure development is likely to include increased urban waste 

water treatment, although the expansion of infrastructure may resuh m a loss of wetland 

habhat (essential for fihering nutrients). Due to the CAP livestock production may 

mtensify, resuhing m increase nitrogen input to the Black Sea and a subsequent increase 

in phytoplankton biomass, decrease in water clarity, declme in seagrass and macroalgal 

heahh, and increased hypoxic events. ELME models also indicate that i f nutrient levels 

can be controlled though regulation of farming practices, wetland destruction is reduced, 

and fishuig pressure eased eutrophication may still be ameliorated (Langmead et al., 

2007; Mee et al., m prep.). 

3.5 Data availability and knowledge gaps 

ELME identified existing datasets and usefiil proxies and compiled new datasets through 

extensive metadata analyses, resuhmg in a comprehensive database containing 

information about nutrient concentrations and loads; agricultural activhies; waste 

disposal; mvasive species; fishing effort, catch and stocks; turbidhy; extent and frequency 

of hypoxia; phytoplankton biomass and composhion; seagrass and macroalgal habitat 

status; and changes in areal coverage of wetland habhats (Langmead et al., 2007; Mee et 

al., ui prep.). The ELME database focused on the western Black Sea as it is the region 

most extensively impacted by eutrophication and also contains the most comprehensive 

data, although these data vary in quality, ease of access and frequency of sampling. 

Limhed data exist for the open and eastern Black Sea, but data are often difficuh to access 

(unpubHshed or published m non-English languages) and regular monitoring progranunes 

are few. Data for non-coastal Black Sea regions comes from research cruises, primarily 

carried out during the summer months, and so are Umhed in temporal and spatial 

coverage. A usefiil method of assessing long-term change due to eutrophication is through 

the establishment of nutrient budgets for different tune periods usmg historical and 

modelled data (Artioli et al., in prep.; Langmead et al., 2007). However, ahhough a 

'contemporary' nutrient budget exists for the Black Sea (Artioli et al., in prep.), there is a 

fiindamental gap m our knowledge concerning likely 'baselme' and 'peak eutrophication' 

nutrient budgets. The lack of historic data, particularly whh respect to nutrient budgets, 

makes it diflficuh to separate natural variabiUty from anthropogenically-induced changes 

(Jackson, 2001). However, this may be achieved through mterpretation of sediment core 

records, a technique that has aheady been applied m the Bahic Sea. 
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Like other socio-ecological systems, the Black Sea region suffers from mismatches in 

scale. For example, socio-economic data is often collected at a country-scale as opposed 

to a catchment-scale. This creates difficuhies in determining likely drivers of ecosystem 

change. Addhionally, some sectoral drivers of ecosystem change relatuig to coastal land 

use and resource exploitation, such as coastal urbanization, coastal development, coastal 

defence, and aggregate dredghig, are difficuh to quantify. These activhies are expected to 

increase m the future but whhout a good understanding of past trends and their effects on 

the Black Sea's ecosystem, oiu- ability to forecast fiitvue change is Umhed (Langmead et 

al., 2007). 

Modellmg exercises may fill some of these gaps mentioned above, but no amount of 

model refinement can counter poor or absent data (Langmead et al., 2007). These gaps m 

the basic knowledge of the Black Sea's ecosystem states and processes resuhing in 

ecosystem change lead to difficuhies in management caused by high levels of uncertamty. 

A coherent monitormg programme is crucial to understanding changes occurring in the 

Black Sea. For example, the Black Sea lacks a long-term spatially comprehensive 

plankton monitormg system. The Contuiuous Plankton Recorder (CPR), a long-term 

monitormg programme run by the Sir Alister Hardy Foundation for Ocean Science, has 

been in operation for more than 60 years hi the North-East Atlantic and has been used 

extensively to assess climatic and anthropogenic ecosystem changes (Batten et al., 2003a; 

McQuatters-Gollop et al., 2007; Reid et al., 1998). The extension of the CPR or a 

comparable monitoring system uito the Black Sea could provide invaluable data on the 

pelagic system, aid our uiterpretation of observed ecosystem changes, and could even 

provide an early warning signal for future change. 

In addhion to establishing new monitoring programmes, scope also exists for the 

reanalysis of existing datasets to make them more applicable to the Black Sea. For 

example, NASA's SeaWiFS satelUte system has been recording world-wide estunates of 

chlorophyU (as a measure of phytoplankton biomass) suice 1997. This remote sensmg 

dataset offers excellent spatial and temporal coverage of the Black Sea, however, the 

algorithm used to mterpret the satelUte measurements is maccurate m the turbid, shallow 

Black Sea waters (Nezlm, 2001). The development of a regionally-specific algorithm 

would aid the re-mterpretation of existmg and future SeaWiFS data, creatmg a decade-

long dataset of spatially comprehensive mformation about changes in Black Sea 

phytoplankton biomass. 
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3.6 Recommendations 

The Black Sea is a complex socio-economic system and further research into nutrient 

dynamics is needed in order to fully understand the impact of nutrient loads on the Black 

Sea ecosystem. Research priorities uiclude the creation of historical nutrient budgets 

which would allow valuable insight mto the relationship between anthropogenic pressiues 

and ecosystem effects. Addhionally, further data on ecosystem responses are needed, 

particularly in non-coastal areas. Most knowledge gained recently has been through 

modelling (Mee et al., 2005); while this information is useful, h does not replace field 

measurements. Field surveys, mcludmg video surveys which uniquely illustrate the state 

of the Black Sea, would be especially usefiil. For example, a long-term comprehensive 

plankton monitoring programme, such as an extension of the Contmuous Plankton 

Recorder survey to mclude routes in the Black Sea, would be particularly valuable in the 

region. Time-series data concerning phytoplankton biomass and community dynamics 

could provide insight into eutrophication-induced changes m the Black Sea food web. 

The eutrophication problem in the Black Sea carmot be effectively addressed without 

stakeholder involvement and education. While adaptive management offers the flexibilhy 

appropriate to a region undergomg rapid socio-economic change, no form of management 

is truly effective whhout good compliance. Because environmental education is not a 

priorhy in regional schools, the importance of the envhonment and the services h 

provides is severely underestimated. A school ciuxiculum stressing the value of the Black 

Sea's resoiuces and encouraging children to value thek local envhomnent from a young 

age could encoiuage envu-orunental protection. At the same time, the mvolvement of 

stakeholders in the management decision making process and the distribution of 

educational materials and mformation regarduig best use practices to stakeholders and 

members of the public would encourage compliance. 

The Black Sea Commission has the potential to provide an effective msthution through 

which to implement eutrophication-related policies and management strategies but is 

currently poorly funded and understaffed. Whhout adequate fiindmg the Commission is 

imable to operate at the level required to mitigate nutrient-related problems m the Black 

Sea. The Commission should be reinforced but this must be matched agauist a 

conunhment from governments to support h and carry forward hs recommendations into 

national policies and legislation. 
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Chapter 4 

Non-linearities, regime shifts and recovery: The recent 
influence of climate on Black Sea chlorophyll 

The Black Sea ecosystem experienced severe eutrophication-related degradation during 
the 1970s and 1980s. However, in recent years the Black Sea has shown some signs of 
recovery which are often attributed to a reduction in nutrient loading. Here, SeaWiFS 
chlorophyll, a proxy for phytoplankton biomass, is used to mvestigate spatio-temporal 
patterns m Black Sea phytoplankton dynamics and to explore the potential role of climate 
in the Black Sea's recovery. Maps of chlorophyll anomalies, calculated relative to the 9 
year mean, emphasise temporal variabilhy of phytoplankton biomass m the Black Sea, 
particularly between the riverme-mfluenced Northwest shelf and the open Black Sea. 
Evolution of phytoplankton biomass has shown significant spatial variabilhy of the 
'system memory' between three major regions of the Black Sea. Whh the exception of 
2001, chlorophyll has generally decreased diu-ing this 9 year tune-series. However, the 
winter of 2000-2001 was anomalously warm with low wind stress, resultuig in reduced 
vertical mixmg of the water column and retention of nutrients m the photic zone. These 
condhions were associated whh anomalously high levels of chlorophyll throughout much 
of the open Black Sea diu-ing the following sprhig and summer. The imusual climatic 
condhions occurring in 2001 may have caused a shift in the Black Sea's chlorophyll 
regune; however, the significance of this shift is still uncertain due to hs recent 
occurrence. Nevertheless, climate appears to have played an important role m the 
recovery of the pelagic Black Sea ecosystem, although further ecosystem change may be 
difficuh to predict due to the complex relationship between climate and chlorophyll. 

Aspects of this chapter are included in the following: 

McQuatters-Gollop, A., L.D. Mee, D.E. Raitsos, G. I . Shapuo (submitted). Non-
linearhies, regime shifts and recovery: The recent influence of climate on Black Sea 
chlorophyll. Journal of Marine Systems. 
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Chapter 4: Non-linearities, regime shifts and recovery: The 
recent influence of climate on Black Sea chlorophyll 

4.1 Introduction 

The pelagic Black Sea ecosystem has undergone significant changes during the last 30 

years uicludmg habitat loss (Zahsev and Mamaev, 1997), collapse of predatory fish 

stocks (Daskalov, 2002), wdde-spread establishment of the invasive ctenophore 

Mnemiopsis leidyi (Kideys, 2002b), and massive phytoplankton blooms resuhmg in 

hypoxia and loss of benthic communities (Cociasu et al., 1996). It is widely accepted that 

these changes are at least partially attributable to mtense eutrophication, particularly hi 

coastal waters (Mee, 1992; Mee, 2006; Niermann, 1999; Yunev et al., 2002; Zahsev and 

Mamaev, 1997). In recent years, the Black Sea has shown some signs of unprovement 

such as an increase m the proportion of diatoms m the phytoplankton communhy 

(Bodeanu et al., 2004), a decrease in the number of monospecific algal blooms (Bodeanu 

et al., 2004), a decrease m phytoplankton biomass (Yunev et al., 2002), and decreased 

area of hypoxia (Mee, 2006). This system recovery appears to be linked to a reduction in 

intensive farming practices after the collapse of the Soviet Union (Mee et al., 2005). 

However, the role of climate in the Black Sea's recovery is unclear. 

The aforementioned alterations to the Black Sea's ecosystem are all directly or mduectly 

connected to changes that occurred in the phytoplankton community. As phytoplankton 

comprise the base of the maruie food web, aherations m phytoplankton production and 

community composhion may have profoimd consequences for higher trophic levels 

(Edwards and Richardson, 2004). Due to theh short life cycles and quick response to 

changes m theu envhonment phytoplankton are senshive to ecosystem change (Hays et 

al., 2005). However, most of the historical ecological data available regarding plankton in 

the Black Sea are the resuh of near-shore monitoring programmes or occasional research 

cruises and are therefore Umhed in temporal and spatial extent and, consequently, the 

amount of uiformation the data can provide. The SeaWiFS sateUhe, however, provides 

daily remotely-sensed spatially-comprehensive estunates of chlorophyll concentration, a 

proxy for phytoplankton biomass. Ahhough SeaWiFS is not without lunitations (see 

Oguz and Ediger, 2006 for more hiformation on calibration issues), the comprehensive 

spatio-temporal nature of this dataset enables the exploration of changes m and the 

possible recovery of the pelagic Black Sea system. 
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The auns of the work are 1) to mvestigate variabilhy m recent inter- and intra-annual 

chlorophyll dynamics in the Black Sea through the use of SeaWiFS satellhe data, 2) to 

explam spatial patterns hi phytoplankton biomass, and 3) to explore the role of climate m 

the recovery of the Black Sea. 

4.2 Materials and methods 

4.2.1 Study area 
The Black Sea drams a catchment area containing large parts of 12 countries, covering a 

land area of 2 million km^, and receivmg waste water from more than 100 million people 

(Mee, 1992). The Black Sea is a nearly enclosed body of water, with only a narrow mlet 

to the Mediterranean through the Bosporus Strait. In hs northwestem region, the Black 

Sea has a wide and biologically active contmental shelf while the open sea is permanently 

anoxic below 100-150 m (Sorokin, 2002). Hydrographically, the Black Sea is divided mto 

two distinct regions: the shallow (< 200 m) Northwest Shelf and the deep (> 1000 m) 

central sea (Fig. 4.1). The Northwest Shelf receives most of the nutrient load to the Black 

Sea through riverme inputs from the Dniester, Dnieper and Danube rivers and is therefore 

the region most severely impacted by eutrophication (Cociasu and Popa, 2004). A large 

part of the terrestrial nutrients entering the Black Sea origuiate m central and western 

Europe, particularly those transported by the Danube, which alone is responsible for 75% 

of total nutrient input to the Black Sea (Mee, 1992; Zahsev and Mamaev, 1997). A rim 

current creates a fluid boimdary at the edge of the shelf, separatmg shallow shelf and deep 

open waters (Simonov and Ahman, 1991). This liquid boundary is uitermittently crossed 

by mesoscale eddies and filaments providing an efficient exchange mechanism between 

nutrient-rich shelf waters and the less productive waters of the central basin (Enriquez et 

al., 2005; Zatsepm et al., 2003). 

For the purpose of this study, the Black Sea is separated hito three regions: (1) the 

shallow Northwest shelf, (2) the deeper western gyre and (3) the eastern open Black Sea 

(Fig. 4.1). The far eastern open sea, ahhough deep, was excluded from this study due to 

the complex nature of the relatively poorly studied Batumi gyre. Polygons representuig 

the open and coastal Black Sea study areas were used to regionally parthion each 

geographically referenced data set used m the analysis (SeaWiFS chlorophyll, wmd 

stress, sea surface temperature (SST)). 
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Figure 4.1. Black Sea regions used in this study. The Ime svuroundmg the open Black Sea 
is also the 200m isobath. 

4.2.2 Data 

Wind speed and sea surface temperatiue (SST) data were obtained from the NCEP/NCAR 

Reanalysis Project at the NOAA-CIRES Clunate Diagnostics Center (NOAA-CIRES 

Climate Diagnostics Center, 2006). Wmd speed was converted hito wmd stress, which is 

a ftinction of wind speed, non-dimensional drag coefficient and boimdary layer au density 

(Pond and Pickard, 1978). Wind stress regulates the dynamics of the boundary layer and 

is connected to the production of wmd-driven surface currents, the generation of surface 

waves and upper-ocean mixing (Pond and Pickard, 1978). Therefore, low wind stress 

contributes to formation of highly stratified waters. Monthly wind stress and SST 

anomalies were calculated by subtractmg from each monthly value the corresponduig 

long-term monthly mean of the 100 month tune-series. Danube river discharge data were 

obtamed from the Global Runoff Data Centre, a digital worldwide reposhory of discharge 

data and associated metadata (Global Runoff Data Centre, 2005). 
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SeaWiFS current reprocessed version (v5.1) data produced by Ocean Biology Processing 

Group were acquired from the NASA Ocean Color webshe (NASA Ocean Biology 

Processing Group, 2006). The data were Level 3, 8-day products (9 km x 9 km square 

resolution) of the near-surface Chl a concentration (mg m'^), estimated usmg the ocean 

Chlorophyll 4 - version 4 (OC4-v4) algorithm (O'Reilly et al., 1998): 

Chl a =1 o^"-^^^-"*^""^'-'^"^• '-ŝ zx̂ ) 

where x=logio((Rrs443>Rrs490>Rrs510)/Rrs555) and R̂ s is the satellhe 

calculated remote sensuig reflectance. The first (x) equation takes the highest reflectance 

value from a waveband at 443, 490, or 510 run and divides h by the reflectance at 555 

run; reflectance maximum moves towards higher wavebands as the Chl a concentration 

increases. This x value then goes into an equation that resuhs from a statistical fit of this 

empirical algorithm to a large in situ database. NASA processed these data using a series 

of radiometric corrections (e.g., atmospheric) to eliminate the presence of clouds, haze, 

and water vapoiu (Mueller and Austin, 1995). The 8-day products were aggregated into 

monthly means from September 1997 through December 2005. 

Standardized chlorophyll anomalies (z) were calculated as: 

Z — 

cr 
hi order to remove the long-term mean, to emphasize subtle temporal patterns in 

productivhy, and to allow for the relative comparison of chlorophyll dynamics. This was 

done for each SeaWiFS measurement ( « = 6 6 8 3 ) at three temporal scales: 1) the ultra-

annual (monthly composhe) anomaly was calculated based on the long-term mean of each 

calendar month relative to the composhe annual mean; 2) the inter-annual chlorophyll 

anomaly was calculated from the yearly mean of each complete calendar year available 

(1998-2005) relative to the composhe annual mean; and 3) the individual monthly 

chlorophyll anomalies were calculated for each month (September 1997 — December 

2005, « = 1 0 0 ) relative to the long-term monthly means. 

Interpolated maps illustrating standardized chlorophyll anomalies m the Black Sea were 

created for each month using the inverse distance weightmg (IDW) method of 

mterpolation on a 9 x 9 km data grid (Caruso and Quarta, 1998) thereby creatmg a 

continuous distribution of chlorophyll concentration across the Black Sea. IDW assumes 

that mterpolated pomts are more influenced by nearby data than data that is fiirther away 
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(Caruso and Quarta, 1998), and like all geostatistical methods, assumes that spatial 

structvires are stable m time for the duration of the samplmg period. 

The Black Sea includes both Case I (open ocean) and Case I I (optically complex coastal) 

waters (lOCCG, 2000). In Case I I waters, chlorophyll is difficult to distinguish from 

particulate matter and/or yellow substances (dissolved organic matter) and so global 

chlorophyll algorithms (such as OC4-v4) are less reliable (lOCCG, 2000). SeaWiFS has 

also been found to overestimate chlorophyll concentrations by a factor of 4 m the Black 

Sea (Oguz and Ediger, 2006). Nevertheless, the observation of near-coastal chlorophyll 

with remote sensmg satellhes has been found to provide important mformation on 

potential relationships with climate and nutrient enrichment m the Black Sea (Barale et 

fl/., 2002; NezUn, 2001). 

Pearson correlation analysis was used to calculate 'system memory' effects m each region 

of the Black Sea (see 'Resuhs' section for more information). Each monthly chlorophyll 

anomaly was correlated with the anomalies of each of the previous 4 months. Two 

methods were used to assess changes in monthly anomalies of each variable. Fust, the 

relatively simple and well known cumulative sums method was appUed m order to 

surrunarize major changes by smoothing high frequency variabilhy and highlighting 

changes in local mean values along the time-series. Successive positive anomalies 

produce an increasmg slope, while successive negative anomalies produce a decreasing 

slope. The occurrence of shifts was then confirmed and theh significance evaluated usmg 

an automatic sequential algorhhm, which detects regime shifts by accoimting for 

statistically significant differences between the means m consecutive segments of a time-

series (Rodionov, 2004). This method is based on a regime shift mdex (RSI) combined 

with a sequential / test (Rodionov, 2004). Absolute value of RSI mdicates magnitude of 

shift while hs sign mdicates change m duection of mean between reghnes. More 

mformation on the RSI may be found in Rodionov (2004; 2007). An 18 month minimum 

regime length was chosen m order to increase the likelihood of selectmg real shifts as 

opposed to small variations hi the mean; however, any shift detected must be considered 

m context of the relatively short (100 months) length of the tune-series evaluated here. 

4.3 Results and discussion 

Changes in climate affect productivhy in the Black Sea through changes hi temperature, 

wind patterns, and riverine inputs, but the spatial variation of impact, extent of change to 
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the pelagic system and the exact mechanisms through which change will occur are not 

fully understood. The open and shelf regions of the Black Sea are distmct systems, whose 

productivhy is regulated by different drivers. Production in the shelf system is Imked to 

both freshwater inflow and climatic processes (Bodeanu, 2002; Bodeanu et al., 2004) 

while the open Black Sea is predominantly mfluenced by climatic forces, prunarily wind 

and temperature, aspects of which regulate stratification, upwelling, and pattern and 

magnhude of circulation (Mikaelyan, 1995; Sorokin, 2002). Inter- and intra-annual 

chlorophyll concentrations throughout the Black Sea are patchy, whh an obvious 

difference between the chlorophyll-rich shelf and comparatively less productive open 

regions (Fig. 4.2,4.3, A1-A19 m Appendix) (Sorokm, 2002). 
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Figure 4.2. Time-series of chlorophyll (standardized) and climatic anomaUes m the open and Northwest Shelf of the Black Sea. Shaded areas highlight 
season of CIL formation and nutrient subduction. 



The chlorophyll seasonal cycle can be used to provide a baseline of 'typical' relative 

chlorophyll condhions m the Black Sea throughout the year (Fig. 4.3a). It is immediately 

clear that the seasonal cycle of chlorophyll is not spatially uniform across the Black Sea. 

The open Black Sea experiences its chlorophyll maximum during autumn and winter with 

minimum levels found duruig the summer months (as first described by Vinogradov et 

al., 1999). The bloom begms near the shelf slope m the northwestem region durmg 

September and progresses eastward across the open Black Sea, covering the enthe basin 

dxu-mg October and November. The blooming cycle m the open Black Sea is primarily a 

response to the erosion of the seasonal pyconoclme m autumn which replenishes the 

photic zone whh nutrients from the mixed layer (Vhiogradov et al., 1999). The bloom 

ends as stratification occurs, nutrients are depleted and grazer biomass increases 

(Vinogradov et al., 1999). The eastern Black Sea is the last region m which the 

phytoplankton bloom disperses m early sprmg. Unlike the open Black Sea, the seasonal 

cycle of the Northwest Shelf undergoes two blooms, an annual pattern typical of 

temperate waters (Sorokin, 2002). The sprmg bloom is dependent upon Danube River 

flow, and commences during April and May, the months of maximum Danube discharge, 

when nutrient-rich shelf waters are sufficiently warm for phytoplankton growth (Fig. 

4.3a) (Cociasu and Popa, 2004; Yunev et al., 2007). The decline of the spring bloom on 

the shelf is most likely a combination of nutrient depletion and increased zooplankton 

grazing pressure (Chu et al., 2005). A late suimner/autumn bloom also occius in shelf 

waters as zooplankton grazing pressure is reduced, but is not as intense as the spring 

bloom. The chlorophyll minimum occurs during autumn and whiter m the shelf region, 

when Danube discharge is lowest and shelf waters well-mixed and cool. 
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a) Standardized seasonal chlorophyll cycle 

b) Annual standardized chlorophyll anomalies 

c) Standardized chlorophyll anomalies for 2001 

- 3 - 2 - - I O 1 2 3 

Standard deviations from mean 

Figiue 4.3. Standardized anomaly maps illustratuig (a) the mean intra-annual seasonal 
chlorophyll cycle, standardized across the year; (b) interannual chlorophyll, standardized 
across all years; and (c) a detail of 2001, an exceptionally productive year in the Black 
Sea. 
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Differences between the three regions may be partially described by variabilhy in 

regional 'system memory', or the persistence of a bloom-sustainmg state from one month 

to the next (Table 4.1). Such condhions are reflected m chlorophyll anomalies; i.e., a 

poshive chlorophyll anomaly mdicates that the condhions conducive to phytoplankton 

growth are also present. The relationship (quantified as a correlation) between chlorophyll 

anomalies in consecutive months provides an mdication of the time h takes for 

envu-onmental condhions (e.g., nutrients, stratification, horizontal exchanges, etc) to 

change in a particular region. The system memory is defined as a length of tune over 

which the correlation remains above a certain level (m this case above r^=0.50). Thus, 

strength of system memory is a function of the rate of change of flux of chlorophyll into 

and out of a region (through large scale chculation or mesoscale eddies) as well as local 

condhions (e.g., weather condhions, nutrients, local mixing) which regulate 

phytoplankton growth and death. Strength of system memory is variable between regions; 

m other words, the temporal pattern at which bloom condhions develop and the length of 

time for which they are sustained is not consistent across the whole Black Sea. Memory is 

longest in the western open Black Sea, whh a correlation of r^>0.50 at a 4 month lag 

period. System memory is considerably shorter in the eastern open Black Sea and 

Northwest Shelf with memory hi both regions decreasmg rapidly after only one month. 

The shallow shelf is a physically dynamic system that is strongly mfluenced by sharp 

variations in riverme hiput as well as short term weather changes and active 

hydrodynamic processes (Zatsepin et al., 2003), resuhuig m limhed system memory in 

that region. The memory of the eastern open Black Sea is shorter than that of the open 

western Black Sea. The reasons for the difference between system memory m the two 

open regions are not enthely clear but may be attributed to regional differences in gyres, 

eddies, and variabilhy m the run current (Enriquez et al., 2005; Zatsepin et al., 2003). 

This variabilhy m system memory indicates that the westem open Black Sea appears to 

be the most stable region, with bloom events, and the imderlymg hydrodynamic 

condhions that enable them, likely to persist for longer m that region than m ehher the 

shelf or eastern open regions. Further hivestigation is needed to determine the relative 

importance of chlorophyll flux and local processes to the system memory of each region. 
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Table 4.1: Correlation matrix illustrating variability in chlorophyll system memory length between Black Sea regions. Italicized values denote significant 
relationships (p<0.05). 

Northwest Shelf Westem Open Black Sea Eastern Open Black Sea 
month 

0 
month 

1 
month 

2 
month 

3 
month 

4 
month 

5 
month 

0 
month 

1 
month 

2 
month 

3 
month 

4 
month 

5 
month 

0 
month 

1 
month 

2 
month 

3 
month 

4 
month 

5 
month 

0 0.56 0.35 038 038 0.37 0.75 067 060 052 044 0.56 029 0.27 0.21 0.15 
month 

1 0.56 0.55 035 0.38 0.39 0.75 075 067 060 052 056 055 0.29 0.27 027 
month 

2 0.35 0.55 055 0.35 0.39 067 0.75 076 067 060 029 055 0.56 0.28 026 
month 

3 0.38 035 0.55 0.55 0.35 
• 

060 0.67 076 076 0.67 027 029 056 0.56 028 
month 

4 0.38 038 0.35 055 0.55 0.52 0.60 067 076 0.77 0.21 0.27 028 056 0.56 
month 

5 0.37 039 0.39 035 0.55 0.44 0.52 060 067 077 0.15 0.21 026 028 056 



Due to the differences hi the shelf and open water systems, the response of the Black Sea 

to changes in climate is not spatially homogeneous. A clear example of the decoupled 

nature of the two systems occurred in 2001 when an extensive bloom encompassed most 

of the open Black Sea from March through November, whh chlorophyll levels reaching > 

2 sd above the long-term mean (Fig. 4.2, 4.3b, 4.3c, A l , A6). The cause of the 2001 

bloom was almost certamly climate-related. The wmter of 2000-2001 was exceptionally 

warm with very low wuid stress in the central Black Sea. The warm, stable winter 

resuhed in stratification throughout the season and constrained the formation of the Cold 

Intermediate Layer (CIL), an mtrusion of cold water between the pycnocline and 

thermoclme at approxunate 50-150 m depth (Oguz and Ediger, 2006). The CIL normally 

traps nutrients below surface waters, locking them out of the photic zone, until mixing 

energy caused by wmter storms or upwellmg retiuns them to the photic zone (Yunev et 

al., 2005). However, m the absence of subduction, nutrients may have remamed in the 

surface waters, available for uptake by plankton. 

The bloom of 2001 was decoupled from condhions m shelf waters. The shelf, though 

quanthatively richer in chlorophyll than the open Black Sea, contained anomalously low 

levels of chlorophyll during most of the year. Phytoplankton biomass on the Northwest 

Shelf is mthnately related to riverme outflow, and Danube discharge is correlated with 

chlorophyll (r^=0.30,/7=0.015, «=64). Danube outflow was imcommonly low during the 

wmter of 2000-01, causing the front between high chlorophyll Danube-influenced and 

low chlorophyll open sea waters to be close to the coastlme (the boundary is clearly 

observable in Figure 3.3c, particularly durmg February and April). During winter, 

nutrient-rich waters are usually subducted and during cold wmters, the contribution of 

nutrient-rich water from the northwestem continental slope and Northwest Shelf may 

consthute 60% of the CIL water mass (Stanev et al., 2003). Smce this process did not 

occur hi 2001, the nutrient rich waters stayed on the surface of the shelf where they were 

later mixed uito the open Black Sea. The mtmsion of low chlorophyll waters from the 

open Black Sea and the out-mixing of the nutrient rich shelf waters resulted in 

anomalously low chlorophyll levels m the shelf region diu-ing most of 2001. 

Concurrently, close inshore, where blooms were still fed by river discharge, high 

temperatures and low wind stress encouraged stratification and resuhed m severe hypoxia 

in bottom waters (Kondratiev and Lemeshko, 2003). 
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The warm, stratified condhions occurring throughout the wmter of 2000-2001 lengthened 

the phytoplankton growhig season and caused alterations to phytoplankton commumty 

composhion across the Black Sea. Dinoflagellates, which are well-suhed to stratified 

condhions (Margalef, 1978), occiured in very high numbers (91% of biomass) m both 

open (Soydenur et al., 2003) and shelf (Bodeanu et al., 2004) waters. Although the 

chlorophyll concentration m the shelf region was relatively low durmg most of 2001, nine 

algal blooms occurred during summer, with 13 species reaching bloom concentrations, 

condhions similar to those seen in shelf waters during the eutrophic 1980s (Bodeanu et 

al., 2004). Addhionally, there was no coccolhhophore bloom in the open Black Sea 

durmg the summer of 2001 (Soydemir et al., 2003). This shift m communhy composhion 

was hidkectly visible through remotely-sensed chlorophyll, which shows a distinct sprmg 

bloom in the open sea hi addhion to the usual high chlorophyll level that occurs during 

late autumn (Fig. 4.4). The double bloom structure was previously common in the Black 

Sea during periods of non-diatom dominance in both open and shelf waters and is visible 

m Coastal Zone Color Scanner data fi-om the late 1970s and early 1980s (Bodeanu et al., 

2004; Oguz era/., 2003). 

0 J . , , , , , , , , , , r -
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Figure 4.4. Seasonal chlorophyll cycles for the Northwest Shelf 1997-2005 ( A ) , the open 
Black Sea durmg 2001 (o), and the open Black Sea excludhig 2001 (•). The 2001 
seasonal cycle for the open Black Sea resembles that of the Northwest Shelf whh a spring 
and an autumn bloom. 

Changes in the phytoplankton community such as those observed durmg 2001 may have 

profoimd consequences for higher trophic levels. It is aheady known that warming seas 

are detrimental to diatoms due to mcreased stratification and consequent nutrient 

depletion of surface waters (Bopp et al., 2005). A shift to a non-diatom dominated 

phytoplankton community may result in an increased number of 'trophic dead-ends' 

61 



(Verity and Smetacek, 1996). This was the case durmg the hot summer of 2001 when 

blooms of jellyfish and Noctiluca scintillans occurred m shelf waters (Velikova and 

Mihneva, 2005). Abundance of Noctiluca, a heterotrophic dmoflagellate used as an 

indicator of water qualhy m the Black Sea, had previously been found to be decreasing 

(daNUbs, 2005) and hs resurgence m 2001 has been Imked to the unusual climatic 

condhions (Velikova and Mihneva, 2005). Additionally, a hypoxic event on the shelf 

resuhing in mass fish mortalhies took place m 2001 (Boicenco, personal conununication; 

Kondratiev and Lemeshko, 2003). High numbers of algal blooms, hypoxic events, faunal 

mortalhies, and a non-diatom dominated phytoplankton community are all condhions 

reminiscent of those regularly found in the Black Sea durmg the period of peak 

eutrophication hi the 1970s and 1980s. Such trophic changes and theu related 

consequences may become increashigly common i f they are also a symptom of a warming 

climate, and could have serious impacts for higher trophic levels, including commercially 

important fish species. 

The response of phytoplankton production to warming SST is geographically variable on 

a global scale: increases hi chlorophyll have been observed in temperate seas as rismg 

SST extends the growmg season and prolonged periods of stratification reduce Ught 

limhation (e.g. North Sea (McQuatters-Gollop et al., 2007)), but, conversely, warmuig 

SST has resuhed m decreased productivhy hi much of the tropical to mid-lathude World 

Ocean as stratification prevents nutrient upwelluig (Behrenfeld et al., 2006). In general, 

the second scenario is true of the open Black Sea; apart from 2001, the open Black Sea 

experienced a statistically significant decrease m annual mean (westem open: r^=0.75, 

/7=0.012; eastem open: r^=0.89,/7=0.001; 2001 excluded) and wmter (November-March, 

7^=0.49-0.73, /><0.05) chlorophyU concentrations between 1998 and 2005. Durmg all 

years except 2001, the open Black Sea also underwent a bloom cycle similar to that of the 

nearby oligotrophic Medherranean (Bricaud et al., 2002) with an autumn chlorophyll 

peak and summer muiimum, but no spring bloom. However, the wmter of 2000-01 was 

exceptionally warm and stiU and the water remamed stratified throughout autumn and 

whiter thereby extendmg the growmg season. That year the Black Sea responded as a 

temperate system with a double bloom pattern characteristic of mid-latitude oceans. The 

chlorophyU anomalies observed after 2001 were nearly the opposhe of those observed 

before, whh most of the Black Sea comparatively low m chlorophyll (Fig. 4.3b, see also 

Fig. A l ) . 
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It is now clear that the role played by wmter weather in the production of phytoplankton 

biomass is non-linear in the Black Sea. It has previously been believed that windy, cold 

winters lead to bigger spring/summer blooms due to enhanced vertical mixing and 

stronger upwellmg and that the effects of eutrophication are magnified during years with 

severe winters (such as diumg the late 1980s and early 1990s) and depressed dvuuig warm 

wmters (Oguz, 2005; Oguz and Gilbert, 2007). The trend toward milder winters in recent 

years has also been ched as the reason for the disappearance of the spring bloom in the 

open Black Sea (Oguz, 2005). Yet the warmest winter of the last 50 years resuhed m an 

extensive bloom encompassmg nearly the entke Black Sea as well as the return to the 

previously-observed double bloom structure. Furthermore, the wmter of 2003 was 

comparatively windy and cool, which, according to the previously postulated relationship 

between winter weather and phytoplankton production, should have resulted m higher 

chlorophyll, yet 2003 had the lowest chlorophyll anomaly of the time-series (Fig. 4.2, 

4.3b, see also Fig. A l ) . 

The non-linear relationship between winter weather and phytoplankton biomass may be 

explained by the degree of subduction of water below the photic zone, most noticeably in 

the CIL. Durmg years when subduction occurs, nutrient rich water is stored below the 

photic zone where nutrients remain unavailable throughout spring and svunmer; however, 

the disappearance or severe erosion of the CIL m 2001 kept nutrients available in siuface 

waters, resuhing m high levels of chlorophyll. The degree of subduction of nutrient rich 

water depends on the regeneration of the CIL, which in turn depends on the severhy of 

winter weather, particularly from January through March when CIL replenishment is at hs 

strongest (Sorokin, 2002). For formation of the CIL to be prevented it may be necessary 

for SST to be warmer than some 'threshold' temperature durmg those key months; m 

other words, the warming of the open Black Sea may mdeed resuh in decreased 

chlorophyll, but only i f wmter temperature remains below a certain threshold level and 

nutrients are subducted and stored below the photic zone. The gradual erosion of the CIL 

due to warmer wmters has afready been documented (Oguz et al., 2003) and the lack of 

its formation as observed during 2001 could become a regular feature as warm winters 

become more corrunon. 

The anomalous climatic condhions that occurred durhig 2001 may have triggered a shift 

in the Black Sea chlorophyll regime. A distmct swdtch to a predominantly negative 

chlorophyll anomaly post-2001 is clearly observable m the open Black Sea and, to a 
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lesser extent, on the shelf (Fig. 4.2, 4.3b). A clear downward trend m the chlorophyll 

anomaly beginnmg m January 2002 was observed for the open Black Sea and m March 

2002 for the Northwest Shelf (Fig. 4.5). A second, poshive trend also began in shelf 

waters m October 2004. These three shifts are all statistically significant (open region: 

January 2002 (RSI: -0.67; /KO.Ol); shelf region: March 2002 (RSI: -0.88; p<0.01), 

October 2004 (RSI: 0.66; /?<0.01)) (Fig. 4.5). None of these shifts corresponded with a 

shift in wind stress but the October 2004 shift m the Northwest Shelf region comcided 

with a shift m SST (RSI: 0.10, p<0.05). The lack of duect relationship between climate 

and chlorophyll is a factor of the synergistic and interactive impacts of climate on 

phytoplankton biomass. Thresholds and non-lmearhies make h difficuh to model the 

climate-chlorophyll relationship and accurately predict the consequences of changes in 

climate. 
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Figure 4.5. Shifts m chlorophyll anomaly revealed by (a) cumulative sums method and (b, 
c) automatic sequential algorithm. A major shift m the Black Sea's chlorophyll regune 
occiured after 2001 (a; Northwest Shelf (o), Open Black Sea (•)). Statistically significant 
shifts were identified m the shelf region (b) in March 2002 and October 2004 and in the 
open region (c; west and east combmed for brevhy) m January 2002. 

Due to the Umhed length of the SeaWiFS dataset, h is difficuh to assess the full 

significance of these shifts on the Black Sea ecosystem. As more data, particularly those 

from other ecological tune-series, become available, an increashigly thorough 

examination of the hnportance of the detected shifts can be made. I f the shifts m 

chlorophyU coincide whh changes in other trophic levels, they may be part of an 

ecological regime shift, a stepwise alteration in the composhion and productivity of the 
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whole ecosystem at a regional scale that reflects major hydrographic change (Beaugrand, 

2004c). Ahemately, the shifts described here could be caused by natural variabilhy or 

might be part of an oscillatory cycle. Regardless of their cause, these changes m the 

chlorophyll regune cannot be underestunated. Non-lmear responses in biological 

conununities have been foimd to amplify subtle envirorunental changes; in other words, 

envh-onmental shifts may be detectable m the phytoplankton before they are detectable in 

the envhorunental variables themselves (Taylor et al., 2002). 

The relationship between climate and chlorophyll in the Black Sea is complex; however h 

is highly likely that climate has played a significant role hi the recovery of the Black Sea. 

A decreasmg trend hi chlorophyll and primary production has been observed world wide 

as SST mcreases (Behrenfeld et al., 2006), suggestmg that reduced phytoplankton 

biomass in the Black Sea ecosystem is not solely a factor of diminished nutrient loading. 

The Black Sea nutrient regime is also dependent on degree of nutrient subduction, a 

fimction of CIL formation and winter temperature; however, the relationship between 

chlorophyll and these aspects of climate appears to be non-lmear, with a possible 

temperature threshold constraming subduction. A fiirther non-linearity was evidenced in a 

shift in the chlorophyll regime which coincided with the anomalous climatic condhions 

occurring in 2001. Ahhough the significance of the chlorophyll shift has yet to be 

determined, h may be a precursor of fiuther ecosystem change. These impredictable 

responses to cUmatic variabilhy emphasize the uncertam fiiture the Black Sea faces as our 

cUmate changes. 
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Chapter 5 

Spatial patterns of diatom and dinoflagellate seasonal cycles in 
the North - East Atlantic Ocean 

Within the phytoplankton community, diatoms and dinoflagellates have diverse roles, 
different spatial patterns and contrastmg trophic value: diatoms are the foundation of the 
copepod-fish food web while dinoflagellates appear less valuable. Changes m relative 
abundance of these two phytoplankton groups have been linked to pressures such as 
cUmate change and eutrophication. Spatially comprehensive data on the seasonal 
distribution of diatoms and dmoflagellates m non-coastal waters is limhed; thus, 
information concernmg thek distribution m the open ocean is particularly useful. Here 
spatial and temporal patterns of diatom and dmoflagellate seasonal cycles m the coastal 
and open North-East Atlantic Ocean based on > 100,000 Contmuous Plankton Recorder 
(CPR) samples are presented. This analysis is presented m the form of monthly composhe 
maps of the spatial distribution of diatoms and dhioflagellates and theu relative 
abundances from 1958 - 2003, whose monthly tune scale allows the biogeographical. 
exploration of seasonal cycle patterns for each group. The diatom bloom peaks first 
during May, with a smaller peak in late summer, while dinoflagellate abundance reaches 
hs peak in August. Spatially, the blooms of both groups begui m the North Sea and spread 
outward across the North-East Atlantic region. Throughout the year, dmoflagellates and 
diatoms are generally most abundant m the central and southern North Sea, while the 
minunum abundances of both groups occur to the south of Iceland. These spatially 
detailed seasonal data are not yet available from remote sensing sovuces and may be used 
for the validation of current models and research as well as coastal and resource 
management. 

Aspects of this chapter are included m the following: 

McQuatters-Gollop, A., D.E. Raitsos, M. Edwards, and M.J. Attrill. (2007). Spatial 
patterns of diatom and dinoflagellate seasonal cycles in the North - East Atlantic Ocean. 
Marine Ecology Progress Series 339: 301-306. 
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Chapter 5: Spatial patterns of diatom and dinoflagellate 
seasonal cycles in the North - East Atlantic Ocean 

5.1 Introduction 

Variations in phytoplankton community composhion impact the pelagic ecosystem 

through changes in trophic transfer efficiency (Nagata et al., 1996), food web structxtfe 

and nutrhional content provided to higher trophic levels (Pedersen et al., 1999). Diatoms 

and dinoflagellates play unique roles in ecosystem processes. Within the phytoplankton, 

diatoms form the base of the copepod-fish food web while the smaller, unpalatable, and 

less nutritious dinoflagellates are often considered trophic dead ends and can result in 

food webs culminating in non-fodder gelatinous organisms to the detriment of fish 

(Verity and Smetacek, 1996). Thus the spatial distributions of diatoms and dmoflagellates 

throughout the year may mfluence the seasonal distributions of higher trophic organisms. 

Addhionally, such shifts hi phytoplankton commxmity composhion have been attributed 

to eutrophication (MicheU, 1999) and climate change (Edwards et al., 2006; Richardson 

and Schoeman, 2004). In order for these links to be confirmed and for these 

envuonmental changes to be assessed and monitored, some indication of 'typical' 

community composhion throughout the year is first needed; however, for most of the 

North-East Atlantic, particularly open waters, a spatially detailed description of the 

seasonal patterns of diatom and dinoflagellate abundances is unavailable. 

Desphe the significant roles of phytoplankton functional groups in our world oceans, 

information about theu distribution and comparative seasonal cycles m the open oceanic 

areas is limhed due to the lack of comprehensive datasets (Edwards et al., 2001b). The 

Contuiuous Plankton Recorder (CPR) survey, an upper layer plankton monitoring 

programme, is unique hi providmg comprehensive data on the spatial and temporal 

distributions of diatoms and dmofiagellates in the North-East Atlantic Ocean and North 

Sea. Because h is not yet possible to differentiate diatoms and duioflagellates based on 

current remote sensing algorithms, the CPR survey is able to provide large scale 

information not available through remote sensing (Sathyendranath et al., 2004). 

Recently, Beaugrand et al (2004a) pubhshed a comprehensive CPR plankton atlas 

detailing the abundance and presence of various phytoplankton species in the North-East 

Atlantic. Whilst the atlas is an mvaluable reference illustratmg the spatial distribution of 

individual phytoplankton taxa, h does not explore the distribution of diatoms and 
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dinoflagellates at the functional group scale. However, temporal variation of major 

phytoplankton groups across large areas of the North-East Atlantic has recently been 

mvestigated (Leterme et al., 2005; Leterme et al., 2006), but this was done at a large scale 

and seasonal cycles were not examined. 

Here spatial and temporal patterns of diatom and dmoflagellate seasonal cycles in the 

coastal and open North-East Atlantic Ocean based on >100,000 CPR samples are 

presented. This analysis is presented in the form of monthly composhe maps of the spatial 

distribution of both major taxonomic groups from 1958 - 2003, as well as maps of theu 

relative abundances throughout the calendar year. These are the first maps of this kind to 

be developed in the North-East Atlantic and the monthly time scale allows the 

biogeographical exploration of seasonal cycle patterns for each group. 

5.2 Methods and materials 

The CPR has been operatmg m the North-East Atlantic and North Sea smce 1931 (figvue 

1 in Edwards et al., 2001b) and measures the abundance of approximately 200 

phytoplankton taxa (Warner and Hays, 1994). Full details of the operation of the CPR 

have been published extensively elsewhere (e.g. Batten et al., 2003a; Warner and Hays, 

1994) but are svunmarized here. The CPR collects samples using a high-speed plankton 

recorder that is towed behind 'ships of opportunity' in the surface layer of the ocean (~10 

m depth). Water passes through the recorder, and plankton are fihered by a slow moving 

silk (mesh size of 270 pm). A second layer of silk covers the first and both are reeled mto 

a tank contaming 4% formaldehyde. Because phytoplankton cells are recorded as either 

present or absent across 20 microscopic fields spanning each section of silk, CPR 

phytoplankton abundance is a semiquanthative estimate (i.e. the species is recorded once 

per field independent of the number of cells in a field). However, the proportion of cells 

captured by the silk reflects the major changes m abundance, distribution, and coimnunity 

composhion of the phytoplankton (Robinson, 1970), and is consistent and comparable 

over tune. For more information on CPR samplmg methods see Batten et al. (2003a). The 

collection and analysis of CPR samples have been carried out using a consistent 

methodological approach smce 1958, makmg the CPR siuvey the longest contmuous 

dataset of hs kmd m the world (Edwards and Richardson, 2004). 

The total diatom and duioflagellate abundances were calculated for each CPR sample; 

because unarmoured dmoflagellates are often destroyed by the CPR collection process. 
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only armoured flagellates were considered in the group's total abundance. Abundance 

data were logio(x-i-l) transformed to ensure the data approximate a normal distribution. 

Monthly composite maps of diatoms and dmoflagellates were produced using the kriging 

method of interpolation on a l°xl° data grid (Caruso and Quarta, 1998) thereby creatmg a 

continuous distribution of phytoplankton group abundances. Kriging, like all 

geostatistical methods, assumes that spatial structures are stable in tune, at least for the 

duration of the samplmg period (Shnard et al., 1992). However, this carmot be assumed 

of CPR data due to hs 45 year samplmg period. This problem has been resolved by 

portioning the data into shorter temporal periods and treating each temporally-partitioned 

dataset mdividually (Edwards, 2000). Thus, the period of study was refined into nine 

shorter tune periods of generally five years each (1958-1962, 1963-1967, 1968-1972, 

1973-1977, 1978-1982,1983-1987,1988-1992, 1993-1997, and 1998-2003). Next, twelve 

monthly-averaged maps were created for each of the five-year mtervals usmg the kriging 

method described above. For each calendar month, all nine of the five-year maps of that 

month were then averaged at each grid node and krighig was used to create monthly 

composite maps showmg the mean spatial distribution for each month over the entue 

study period. This process was performed separately for diatoms and dinoflagellates. 

Each monthly composhe map is made up of approxunately 8,000 in situ CPR samples 

taken between 1958 and 2003. In order to explore phytoplankton community 

composhion, the monthly composite maps of diatoms and dmoflagellates were then used 

to calculate the relative abundance (measured as percent diatoms) for each calendar 

month. 

5.3 Results 

To explore the seasonal patterns of diatoms and dinoflagellates, the monthly means of 

both datasets were plotted (Fig. 5.1). The seasonal cycles show dissimilar bloom patterns. 

The diatom sprmg bloom peaks during May, abundance then gradually declmes through 

summer before a weaker peak occurs in late siunmer. Dmoflagellates bloom durmg late 

summer, peaking in August, then progressively declme throughout autumn. Both groups 

mamtahi only a mhiimum abundance durmg winter months. The 95% confidence mterval 

calculated for each month is very small, indicating that the measured abundances are 

consistent (Zar, 1984). The spatial patterns of abimdance during the seasonal cycle and 

the relative percent composhion of the fimctional groups were fiirther exammed usmg the 

monthly abundance and monthly relative community composhion (Fig. 5.2) composhe 

maps. 
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Figure 5.1. Averaged seasonal cycles of diatoms and dinoflagellates between 1958 and 
2003 in the North-East Atlantic and North Sea (nmety-five percent confidence mtervals 
are uidicated but are very small). Diatoms bloom strongly in spring and more weakly in 
late summer while dmoflagellates reach maximum abundance hi late summer. 

Across the survey tune period, the spring diatom bloom, defined here as the annual rapid 

increase in phytoplankton growth and abundance, commences in the shallow areas of the 

North Sea in March (Fig. 5.2a, Fig. 5.3). Its tuning is predominantly controlled by light 

penetration, the amoimt of light available m the euphotic zone bemg determined by day 

length, strength of solar radiation, cloudmess (most notably m winter), degree of mixmg 

and amount of suspended matter in the water column (Edwards, 2000). Therefore, hi 

March the shallow areas of the North Sea are the first to show an hicrease in diatom 

abundance as light penetration uicreases. The diatom bloom also began m March in the 

Skagerrak, but here as a resuh of halme stratification due to Bahic inflow rather than 

because of shallow depth and low suspended matter (Richardson and Christoffersen, 

1991). 
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Figure 5.2. The mean monthly spatial patterns of (a) diatoms, (b) dinoflagellates, and (c) 
theh- relative communhy abundances (measured in percentage diatoms) in the North-East 
Atlantic durmg the period 1958 - 2003. 
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During April, diatom abundance increases outwards from shallow to deeper waters, 

encompassmg nearly the enthe mahi shelf area; the diatom bloom was most intense m the 

North Sea and the shelf area west of Scotland. At this tune, diatom abundance to the 

south of Iceland remained somewhat lower, probably due to the colder water and deep 

vertical mixing in that region which delays the onset of stratification, and consequently 

the sprmg bloom, at higher lathudes (Edwards, 2000). 

By May, the diatom bloom was at hs peak, covermg nearly the entke North-East Atlantic, 

although a reduction m abundance in the Skagerrak and Norwegian Trench mdicated the 

end of the diatom sprmg bloom hi those areas. Durmg May, the dmoflagellate bloom 

began m the Skagerrak, the Rockall Trough and the Porcupme Bank (Fig. 5.2b). In late 

sprmg and summer, the phytoplankton community composhion across most of the North-

East Atlantic consists of a greater number of dinoflagellates than diatoms (Fig. 5.2c). 

Because the water column is stratified, phytoplankton deplete upper layer nutrients and 

diatoms (opportunists) give way to flagellates (compethors) and eventually 

dmoflagellates (stress-tolerators), both of which are adapted to survival in low nutrient, 

stable waters (HoUigan, 1987; Margalef, 1978). 

During June, the spring diatom bloom gradually continued to recede across the region, 

while the dinoflagellate bloom spread throughout most of the North-East Atlantic, except 

for the coastal area around the southern Unhed Kingdom and Ireland, which remahis well 

mixed and unstratified due to tidal turbulence (Pingree and Griffiths, 1978). Diatom 

abundance agam increased across the enthe region hi July, and by August was especially 

high m the Skagerrak, the German Bight, and the waters north of Norway as well as those 

to the northwest of Ireland. The dmoflagellate bloom peaked durhig July and August, 

with particularly high abundances persisting in the productive areas of the Skagerrak, 

German Bight and the Shetland and Orkney Island areas of Scotland. After August, the 

blooms of both taxonomic groups began to decrease in abundance, starting in the Cehic 

Sea and continumg northwards throughout the autumn months. 

During autumn, cooler water temperatures and increased storms cause the thermocline to 

start to erode, allowing the mixmg of cold, nutrient rich bottom waters whh warm, 

nutrient depleted surface waters (HoUigan, 1987). Thus, as stratification decreased, 

autumn diatom and duio flagellate blooms occurred m parts of the North Sea, Norwegian 
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Trench and deeper shelf waters. During September, the diatom bloom continued to 

gradually recede in the Cehic Sea, Irish Sea, the Norwegian Trench and south of Iceland, 

although h remauied strongest around the Faroe Islands and Rockall Trough. The 

dmoflagellate bloom also still covered much of the North-East Atlantic, though 

abundance continued to decline when compared to previous months, especially around 

the British Isles and to the south of Iceland. 

By October, diatom and dinoflagellates only remamed abimdant m the Rockall Trough, 

shallow areas of the North Sea, the Porcupine Bank and north of Norway. Strengthenmg 

wmd and wave action resuh m increased turbidity, which along whh decreashig solar 

radiation cause the abundance of both phytoplankton groups to declhie during November. 

Because North-East Atlantic waters are light limited m wmter, and remahi cool, turbulent, 

and well-mixed throughout the wmter months (OSPAR, 2000) the abundance of both 

phytoplankton groups decreases throughout wmter, wdth diatoms reaching a minimum in 

January and dmoflagellates reaching a minimum in February. However, even during the 

wmter, the abundance of both groups was highest hi the shallow areas of the Dogger 

Bank and southern areas of the North Sea. These areas are the first to bloom m March 

when the seasonal cycle begms agam. 

Like the monthly abundances of diatoms and dinoflagellates, the relative communhy 

composhion of each functional group (measured as percent diatoms) is patchy across both 

space and time (Fig. 5.2c). However, some definhe seasonal patterns can be observed. 

Durmg whiter and sprmg diatoms are generally more abundant than dmoflagellates across 

the North-East Atlantic region, while the phytoplankton communhy is richer hi 

dmoflagellates than diatoms m summer and autumn. The North Sea, Norwegian Trench, 

Skagerrak and Rockall regions show the lowest percentage of diatoms during summer 

months (< 45%), while relative diatom abundance remains higher (~ 55%) throughout the 

summer m the English Channel, the Cehic Sea and to the south and east of Iceland. 

During wmter months, the phytoplankton in most of the North-East Atlantic may consist 

of up to 90% diatoms; however, this is not the case whh the North Sea where 

phytoplankton is rarely composed of more than 70% diatoms. Hydrographic explanations 

for the variations hi diatom and dinoflagellate abimdance have been provided above, but 

addhional research is required to rule out influence by anthropogenic factors, particularly 

in coastal areas. 
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Figure 5.3. Bathymetric map whh detailed location names of the North-East Atlantic and 
North Sea regions mentioned m the text: 1) Rockall Plateau, 2) Rockall Trough, 3) 
Porcupme Bank, 4) Faroe Islands, 5) Irish Sea, 6) EngUsh Channel, 7) North Sea, 8) 
Dogger Bank, 9) Southern Bight, 10) German Bight, 11) Skagerrak, 12) Norwegian 
Trench. Contour Imes denote 50 m, 100 m, 200 m, and 2000 m of depth. 

5.4 Discussion 

The analysis presented here provides a description of phytoplankton seasonal cycles 

across the North-East Atlantic and North Sea and their relationships to the hydrographical 

characteristics of the region based on > 50 years of data. These maps contribute 

mformation mtended to help us better imderstand how the spatial distribution of 

phytoplankton groups can influence ecosystem structure and functioning as well as to 

illustrate the patchy nature of phytoplankton distribution m the North-East Atlantic. 

In summary, the two phytoplankton groups display dissimilar bloom patterns with the 

diatom spring bloom peakmg duruig May before gradually declming through mid­

summer and then weakly peakmg agam in late summer. Dinoflagellates bloom most 

mtensely during late summer, peakmg in August, before progressively declinmg 

throughout autumn. Both groups mamtain only a minimum abundance during winter 

months. Spatially, dhioflagellates and diatoms both exhibh highest abundances m the 

central and southern North Sea, while dhioflagellates also display particularly high 

abundance m the Skagerrak and diatoms are highly abundant m waters to the west of 

Scotland. The minimum abundances of both groups occur to the south of Iceland. These 

general patterns provide the framework for more detailed exploration of spatial and 

temporal trends hi smaller geographic areas and across more refmed time periods in order 

to explore finer scale changes. Addhional knowledge regardhig trends m long-term 
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spatial and temporal variation in phytoplankton functional group distribution can provide 

msights mto the effects of climate change and anthropogenic pressures on prhnary 

productivhy m the North-East Atlantic. 
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Chapter 6 

Separatmg the long-term influences of climate 
variability and eutrophication on North-East 

Atlantic phytoplankton communities 

Alterations in phytoplankton community composkion have been associated whh both 
hydroclimatic change and anthropogenic eutrophication. However, because of the sunilar 
(or synergistic) effects of these drivers, h is diflficuh to ascertain i f changes observed in 
North-East Atlantic phytoplankton are responses to mcreased nutrients, natviral 
variabilhy, or a combhiation of both factors. Because comprehensive long-term nutrient 
data are lackmg, phytoplankton dynamics carmot be related to nutrient concentrations on 
a large spatio-temporal scale and an alternative method is needed to separate the 
eutrophication and climate signals. Changes due to climatic variabiUty are likely to be 
observed in both open and coastal phytoplankton conununities while changes resulting 
from increased nutrients will prhnarily affect coastal areas. A comparison between open 
sea and coastal phytoplankton dynamics reveals similar patterns of change m diatom and 
dinoflagellate abundance in open and coastal regions of the North-East Atlantic. These 
resuhs indicate that the same factors drive abundance of phytoplankton populations in 
both regions, suggesting that changes in diatom and dinoflagellate abundances in the 
North-East Atlantic are prhnarily a resuh of climatic variabilhy and that eutrophication 
remains a localized problem m the North-East Atlantic, rather than a large scale driver of 
phytoplankton community dynamics. 

Aspects of this chapter are included in the foUowmg: 

McQuatters-Gollop, A., D.E Raitsos, M.J. Attrill, and M. Edwards (submitted). 
Separatmg the long-term mfluences of clhnate and eutrophication on North-East Atlantic 
phytoplankton communities. Marine Ecology Progress Series. 
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Chapter 6: Separating the long-term influences of climate 
variabUity and eutrophication on North-East Atlantic 
phytoplankton communities 

6.1 Introduction 

Phytoplankton community composhion is a senshive mdicator widely used to momtor 

envh-onmental change in European coastal regions (Bodeanu, 2002; Hickel, 1998; 

Marasovic et al., 2005; Philippart et al., 2000). Because of the artificial supplementation 

of N and P without the addhion of Si, eutrophic condhions tend to favour dinoflagellates 

rather than the silicon-limited diatoms, causing a shift m community composhion (Officer 

and Ryther, 1980a; Smayda, 1990; Tumer, 2002). In addhion to fimctional group 

abundances, the relative community composhion of diatoms and dmoflagellates 

(measured as the ratio of diatoms to dmoflagellates) may be used as an mdicator of 

eutrophication; the abundance of diatoms is likely to decrease in eutrophic waters while 

the relative abundance of duio flagellates mcreases (Smayda, 1990; Sommer et al., 2002). 

Such a shuation has been observed, for example, hi the eutrophic Black Sea (Zahsev, 

1992) and regions of the Northem Adriatic (Marasovic et al., 2005). These changes in 

phytoplankton community composhion have, however, also been linked to hydro-clunatic 

change making h difficuh to clearly identify the eutrophication signal (Bopp et al., 2005; 

Edwards and Richardson, 2004; Leterme et al., 2005; Leterme et al., 2006; Richardson 

and Schoeman, 2004). 

Some areas of the North-East Atlantic are commonly considered to be impacted by 

eutrophication (Allen et al., 1998; Dederen, 1992; Fock, 2003; Hickel et al., 1993), 

ahhough, because of the similar (or even synergistic) effects of climate change and 

eutrophication, h is difficuh to ascertaui i f changes observed m North-East Atlantic 

phytoplankton are responses to mcreased nutrients, natural variabilhy, or a combination 

of both factors (Cloem, 2001; Niemi et al., 2004). The Contmuous Plankton Recorder 

(CPR), although limited in collecting small and unarmoured flagellates, provides a 

spatially extensive dataset with which to observe long-term changes in diatom and 

dinoflagellate dynamics. However, because comprehensive long-term nutrient data are 

not available for much of the North-East Atlantic, relating biological and nutrient time-

series is not feasible on a broad spatial scale. Therefore, an alternative method of 

eutrophication assessment is needed. Because regions further from the coast are less 

likely to be hnpacted by land-based nutrient inputs, phytoplankton composhion data from 
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open sea areas may be compared to that of near-shore areas. Changes in diatom and 

dinoflagellate abimdances occurrmg due to climatic variabilhy are likely to be observed 

m both open and coastal waters while changes resuhuig from hicreased nutrients will 

mostly affect coastal areas. Comparison of long-term trends hi phytoplankton 

composhion over a large spatial area, mcluding both coastal regions affected by 

anthropogenic eutrophication and open water areas with little human impact, may 

therefore assist m separatmg the signals of eutrophication from those of natural ecosystem 

variability and global climate change (Edwards et al., 2001b; Hickel et al., 1993). Similar 

methods have been applied to the North Sea (McQuatters-Gollop et al., 2007), the 

Adriatic (Marasovic et al., 2005) and the Aegean (Tsutsis and Karydis, 1998). 

The objectives of this research are: (1) to explore and compare changes in diatom and 

dmoflagellate abundance m coastal and open sea regions of the North-East Atlantic; (2) to 

assess the relationship between diatom and dinoflagellate abimdance; and (3) to determine 

i f phytoplankton dynamics in coastal areas are the resuh of climatic variability or 

anthropogenically-mduced change. 

6.2 Methods and materials 

6.2.1 Study area 

The North-East Atlantic Ocean is increasingly unpacted by anthropogenic activhies 

mcluding fishing, eutrophication, shippmg activhy and habhat destruction. These impacts 

are much more severe hi coEistal areas than in the open sea. For the purpose of this study, 

the North-East Atlantic was origmally separated mto 'coastal' (<50 nm (93 km) from 

shore) and 'open' (>125 nm (231 km) from shore) regions, which were fiirther divided 

into eight coastal and four open subregions. GIS was used to select the corresponding data 

for each subregion. Analysis of variance (ANOVA) was performed on the subregional 

diatom and dmoflagellate tune-series and significantly different subregions were 

identified. Adjoming subregions whose diatom and duioflagellate tune-series were not 

significantly different were combined, resuhmg in a final study area consistmg of three 

open areas (Southern North-East Atlantic, Northem & Central North-East Atlantic, Open 

North Sea) and five coastal areas (Coastal North Sea, English Channel, Shelf Sea, Irish 

Sea, Coastal Iceland). However, the Irish Sea and coast of Iceland were later excluded 

due to insufficient phytoplankton abundance data (Fig. 6.1), leavmg three sub areas in 

each region. 
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Figure 6.1. Map of the study area and subregions used hi the analysis. Gray shaded areas 
hidicate open sea regions (>125 nm from land) and hatched areas indicate coastal regions 
(<50 nm from land). 

6.2.2 Data 

Phytoplankton abundance data were obtained from the Contmuous Plankton Recorder 

(CPR) database. The CPR is towed behind ships of opportunhy in the surface layer of the 

ocean (~10 m depth). Plankton are filtered onto a 270 pm silk. The collection and analysis 

of CPR samples have been carried out usmg a consistent methodological approach shice 

1958, makmg the CPR svuvey the longest continuous dataset of hs kind m the world 

(Edwards and Richardson, 2004). The CPR svuvey measiues the abundance of 

approxunately 200 phytoplankton taxa (and species) and has been used to describe the 

seasonal and long-term variations of phytoplankton abundance m the North Atlantic since 

1958 (Warner and Hays, 1994). Because phytoplankton cells are recorded as ehher 

present or absent across 20 microscopic fields spannmg each section of silk, CPR 

phytoplankton abundance is a semiquantitative estimate {i.e. the species is recorded once 

per field mdependent of the number of cells in a field). The total diatom and 

dmoflagellate abundances were calculated for each CPR sample in the study area; 

because unarmoured dmoflagellates are often destroyed by the CPR collection process. 
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only armoured flagellates were considered in the group's total abundance. Addhionally, 

due to hs large mesh size the CPR underestunates small flagellate taxa and primarily 

counts large dinoflagellates such as Ceratium spp. (Dickson et al., 1992). However, the 

proportion of cells captured by the silk reflects the major changes in abundance, 

distribution, and commumty composhion of the phytoplankton (Robmson, 1970), and, 

most unportantly, is consistent and comparable over thne. For more information on CPR 

sampluig methods see Batten et al. (2003a). 

A total of 69,324 samples fell whhin the areas of study (32,135 of these fell whhin open 

sea areas, the remamder whhm designated coastal areas) during the 1958 - 2003 period. 

Only years whh 8 or more months of data available (per subregion) were included hi the 

analysis. For mappmg and tune-series analysis, abundance data were logio(x+l) 

transformed to ensure the data approximated a normal distribution. The Southern North-

East Atlantic area has data for 39 years, the EngUsh Channel for 42 years and aU other 

subregions have 46 years of data. The whhe areas visible in Figure 5.2 signify areas with 

too few samples for effective interpolation to occur; the waters m the centre of the study 

area are the most highly sampled with samplmg frequency declming toward the far outer 

limhs of the study area, particularly the northem region. 

6.2.3 Analysis 
Decadal composite maps of diatoms and dinoflagellates were produced usmg the inverse 

distance weightmg (IDW) method of interpolation on a l°xl° data grid (Camso and 

Quarta, 1998) thereby creatmg a continuous distribution of phytoplankton group 

abundances; IDW assumes that mterpolated points are more influenced by nearby data 

than data that are ftuther away (Caruso and Quarta, 1998). IDW, like all geostatistical 

methods, assumes that spatial stmctures are stable m tune for the duration of the sampling 

period (Shnard 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 the data mto shorter 

temporal periods and treating each temporally-parthioned dataset mdividually (Edwards, 

2000). Thus, the period of study was refined uito 4 decadal and one half-decadal time 

periods (1958-1962, 1963-1972, 1973-1982, 1983-1992, and 1993-2003). Next, twelve 

monthly-averaged maps were created for each of the decadal intervals usmg the 

interpolation method described above; these twelve maps were then averaged mto one 

composhe map per time period. This process was performed separately for diatoms and 
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dinoflagellates. The subregional time-series of abundance mdicates comparable spatial 

and temporal patterns to those illustrated m the decadal maps. This method of cross 

validation confirms the accuracy of the hiterpolation methods employed to create the 

decadal maps. 

Simple correlation analysis (Pearson) and Imear regression were used to determine the 

existence and strength of possible relationships between armual abundances of diatoms 

and dinoflagellates whhin and between regions. Abundances were formally compared 

usmg a 3-factor ANOVA design (1: open/coastal region [fixed], 2: subregion [nested, 

random], 3: decade [orthogonal, fixed]) and analysed with the prograirune 'GMAV 5' 

(Underwood and Chapman, 1998). Cochran's C-test was used to test for homogeneity of 

variances, and m cases of significance {p < 0.05), data were loge(x-i-l) transformed. 

Where significant (p < 0.05) differences between open and coastal regions, subregions, or 

tune were identified, the Student-Newman-Keuls (SNK) post hoc test was used to 

determine which pairs of levels differed significantly. 

6.3 Results 

ANOVA revealed no statistically significant differences m diatom or dinoflagellate 

abundance or relative community composhion between open and coastal regions (Table 

6.1). Furthermore, areas of high phytoplankton abundance are not confined to near shore 

waters but exist m both open and coastal regions (Fig. 6.2). Although some significant 

differences between subregions were identified, no smgle subregion displayed changes 

that were clearly different from those m other subregions and which would indicate that 

eutrophication was driving phytoplankton dynamics. Decadal differences hi dmoflagellate 

abundance and the diatom:dinoflagellate ratio were also identified; however, due to the 

non-normal distribution of the diatom:dinoflagellate ratio, these differences must be 

considered tentative. 
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Table 6.1. 3-factor ANOVA showing differences between diatom and dinoflagellate 
abundances and relative abundances between open and coastal regions, subregions and 
over thne. Diatom data are natvual log (x+l) transformed. Ahhough relative abundance 
data are not normally distributed, transformation of a ratio is not appropriate; therefore 
differences in the diatom:dinoflagellate ratio over time must be considered tentative. 
Values denoted by ** are significant at the p < 0.01 level. 

Source DF MS F P 
Open/Coastal Region (Re) 1 0.01 0.01 0.94 
Subregion (Su) 4 1.99 10.01 <0.01** 

1 Decade (De) 3 1.33 7.95 <0.01** 
5 RexDe 3 0.12 0.69 0.57 

DexSu 12 0.17 0.84 0.61 
Open/Coastal Region (Re) 1 5055459.66 0.15 0.72 

1 Subregion (Su) 4 134201.57 15.18 <0.01** 
Decade (De) 3 2050759.67 2.57 0.10 

o RexDe 3 4442944.05 0.35 0.79 
Q DexSu 12 6522039.46 1.19 0.30 

Open/Coastal Region (Re) 1 0.05 0.96 0.38 
u Subregion (Su) 4 0.05 10.80 <0.01** 

Decade (De) 3 0.03 5.71 0.01** 
H o RexDe 3 0.01 1.96 0.17 
.2 .S "I Q Q 2 DexSu 12 0.01 1.08 0.38 

ANOVA indicated some significant differences in phytoplankton dynamics between 

coastal subregions. The English Channel contamed significantly fewer diatoms than the 

other coastal subregions (Table 6.1) but, like the coastal North Sea, showed no temporal 

trend in abundance (Fig. 6.3). In the Shelf Sea subregion, however, diatom abundance 

decreased significantly (/^ = 0.23, p < 0.001, n = 39) (Fig. 6.2, 6.3). Despite these 

differences, diatom abundances m all coastal regions were significantly correlated, 

suggestmg that large scale processes are drivmg coastal diatom dynamics (Table 6.2). 

Dmoflagellate abundance m the coastal North Sea was significantly different from that hi 

the EngHsh Channel and Shelf Sea subregions (Table 6.1), with a slight but significant 

decrease occurrmg during the study period (r^ = 0.15, p < 0.01, n = 46) (Fig. 6.3). The 

English Channel was the only coastal region demonstratuig an mcrease hi dinoflagellate 

abundance (r^ = 0.29, p < 0.001, n = 42) (Fig. 6.4) and, unlike coastal diatoms, 

abundances of coastal dinoflagellate populations were not significantly correlated (Table 

6.2). The relative community composhion (measured by the ratio of 

diatomsrdmoflagellates) was significantly different between all coastal subregions (Table 

6.1). A declme in the proportion of the phytoplankton community occupied by diatoms 
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occurred in both the English Channel (r^ = 0 . 3 1 , < 0.001, n = 42) and Shelf Sea (r^ = 

0.09, p = 0.043, n = 46) while analysis of the coastal North Sea revealed no significant 

trend (Fig. 6.4). 
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Figure 6.2. Decadal maps illustrating the spatial distribution of diatoms and 
dmoflagellates in the North-East Atlantic for five time periods smce 1958. 
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Figure 6.3. Standardized time-series of diatom and dinoflagellate abundances in the 
North-East Atlantic subregions (diatoms: O; dmoflagellates: • ) 



Coastal Open 

1960 1970 1980 1990 2000 1960 1970 1980 1990 2000 

Figure 6.4. Time-series of standardized diatom:dinoflagellate ratio for each North-East 
Atlantic subregion. 
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Table 6.2. Correlations between annual diatom and dinoflagellate abundances in coastal and open North-East Atlantic regions. Values denoted by ** are 
significant at the p < 0.01 level, * at the p < 0.05 level. 

Diatoms Dinoflagellates 

English 
Channel 
(Coastal) 

Shelf 
Sea 
(Coastal) 

North 
Sea 
(Coastal) 

SNEA 
(Open) 

NCNEA 
(Open) 

North 
Sea 
(Open) 

English 
Channel 
(Coastal) 

Shelf 
Sea 
(Coastal) 

North 
Sea 
(Coastal) 

SNEA 
(Open) 

NCNEA 
(Open) 

Shelf Sea 
(Coastal) 0.37* 
North Sea 
(Coastal) 0.31* 0.53** 

E 
1 

SNEA 
(Open) -0.06 0.47** 0.38* 

a 
NCNEA 
(Open) 0.20 0.53** 0.49** 0.27 
North Sea 
(Open) 0.23 0.25 0.60** 0.25 0.52** 

English 
Channel 
(Coastal) 0.42** -0.23 -0.21 -0.25 -0.29 0.00 

1 
o a> ra 

Shelf Sea 
(Coastal) 0.36* 0.25 0.21 0.33* 0.13 0.29** 0.24 1 

o a> ra 
North Sea 
(Coastal) -0.08 0.30* 0.42** 0.21 0.28 0.39** -0.12 0.22 

•§ c 
Q 

SNEA 
(Open) -0.04 0.01 0.07 0.49** -0.07 0.07 0.01 0.05 0.27 
NCNEA 
(Open) 0.15 0.27 0.29 0.25 0.56** 0.24 -0.07 0.35* 0.36* 0.35* 
North Sea 
(Open) 0.09 0.05 0.43** 0.03 0.33* 0.68** 0.01 0.28 0.70** 0.17 0.26 

00 
00 



The only significant difference between open subregions occurred in the Southern North-

East Atlantic (SNEA) which contained fewer diatoms than the remaining open 

subregions. The Northem and Central North-East Atlantic (NCNEA) was the only region 

in which ehher functional group showed a (slight) trend in abundance; both diatoms (r^ = 

0.10, /7 < 0.05, n = 46) and dmoflagellates (r^ = 0.14, ;? = 0.01, n = 46) decreased, a 

pattem that can clearly be seen in Figiue 5.2. However, all three open subregions had 

comparable levels of dinoflagellates and the relative conununity compositions were also 

similar, with no significant trends m relative cormnunity composhion (Fig. 6.4). Armual 

diatom abundances in the open North Sea and NCNEA subregions were significantly 

correlated, as were dhioflagellate abundances m the open NCNEA and SNEA (Table 6.2). 

6.4 Discussion 

Eutrophication and climate change are two issues of concern in the North-East Atlantic 

Ocean; both are thought to impact phytoplankton composhion, yet h has been difficuh to 

determine i f changes m diatom and dmoflagellate abundances are driven by increased 

nutrients, climatic variabilhy, or the synergistic effects of both. Separating the effects of 

climate change and eutrophication is especially challenging because ahhough long-term 

spatially and temporally comprehensive data exist regardmg phytoplankton abundance 

and cUmate in the region, no equivalent nutrient data set is available. Thus, tradhional 

deductive methods of directly relatmg changes m plankton abundance to nutrient 

enrichment (i.e. statistical analysis) are not possible and an alternative mductive method 

of assessment must be employed. Because anthropogenic eutrophication prunarily affects 

coastal waters, changes observed in open sea phytoplankton abundance are most likely in 

response to changes in climate rather than to nutrient enhancement, while changes 

observed m coastal phytoplankton may be a response to ehher (or both) driver. Therefore, 

comparmg long-term phytoplankton dynamics between coastal and open waters may 

serve to separate the signals of eutrophication and climate change. 

No statistically significant differences in the abundances of diatoms or dmoflagellates or 

m the relative community composhion of the two groups were found between coastal and 

open regions. Instead coastal and open,regions shared many similarhies in phytoplankton 

dynamics despite inter-subregional differences in anthropogenic pressure and therefore 

are likely a resuh of larger scale, such as hydroclimatic, processes, as opposed to 

anthropogenic mfluences. Diatom and dinoflagellate abundances in open and coastal 
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subregions were often correlated, indicating that common factors are driving 

phytoplankton dynamics in both near-shore and offshore areas (Table 6.2). 

Addhionally, throughout the study period, open and coastal phytoplankton communities 

underwent near-concurrent periods and patterns of change. In the late 1970s all open and 

coastal subregions (apart fi-om the English Channel and open SNEA) experienced a 

period of low diatom and dmoflagellate abundance that comcided whh a period of 

exceptionally low temperatiue and salhiity across the North-East Atlantic, as well as 

reduced inflow fi-om the Atlantic Ocean to the North Sea, resulting in a region-wide low 

temperature/low salmity hydroclhnatic anomaly (Edwards et al., 2001b). This anomaly 

affected much of the pelagic communhy, mcludmg decreased zooplankton abundance and 

biomass, decreased phytoplankton biomass and divershy and anomalous seasonal bloom 

patterns, decreased meroplankton abimdance, and a crash in the population of Ceratium 

macroceros, one of the most dommant dmoflagellates found m the North-East Atlantic 

(Edwards et al., 2002; Edwards et al., 2001a). 

Duruig the 1980s, diatom and dinoflagellate abundances increased throughout the study 

area (again, whh the exception of the English Channel) and cuhninated in peak 

abundances m the late 1980s (Fig. 6.3). These changes reflect the North-East Atlantic 

regime shift, a stepwise alteration in the composition and productivity of an ecosystem at 

a regional scale that reflects major hydrographic change, which occurred during the 1980s 

(Beaugrand, 2004c; Reid et al., 2001a). Like the hydroclunatic anomaly of the late 1970s, 

the reghne shift manifested as a change m many biological and ecosystem processes and 

mdividual species throughout the North Atlantic includhig changes m phenology, 

resulting in trophic mismatch (Edwards and Richardson, 2004), an uiflux of oceanic 

species to the North Sea (Lindley et al., 1990), uicreased phytoplankton biomass (Reid et 

al., 1998) and changes m zooplankton community structure and salmon abundance 

(Beaugrand and Reid, 2003). Additionally, the relative abundance of diatoms decreased in 

the open and coastal North Sea, from 2 s.d. above the long-term mean in the early 1980s 

to 2 s.d. below m the late 1980s (Fig. 6.4). While these mter-subregional changes 

occurred at slightly different magnhudes and during slightly different tunes, they suggest 

that similar large scale drivers influence coastal and open sea diatom and dinoflagellate 

abundances throughout the North-East Atlantic. 
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Although open and coastal phytoplankton dynamics were not significantly different, some 

differences were observed between subregions within the coastal and open regions. The 

coastal English Channel m particular exhibited different abundance patterns from other 

coastal subregions. For example, ahhough phytoplankton abundances were high m most 

of the North-East Atlantic (up to 2 s.d. above the long-term mean m some subregions) 

durhig the 1980s, abimdance of both groups clearly decreased hi the English Charmel at 

that time. Addhionally, the English Charmel was the only region m which dmoflagellate 

abundance significantly rose, leading to an increase in theu relative community 

abundance. Spatially, the English Channel is the smallest coastal subregion of this study, 

and therefore may be particularly susceptible to the affects of anthropogenic and climatic 

pressures (Hoch and Garreau, 1998). 

Dmoflagellate abundance m the coastal North Sea was significantly different from that in 

other coastal regions, and although areas of the coastal North Sea are commonly 

considered to be eutrophic, abundance decreased durmg the period of study. However, an 

increase in nanoflagellate (< 20 pm) biomass has been recorded at Helgoland research 

station m the southern North Sea smce the end of the 1970s (Hickel, 1998). Because 

nanoflagellates are too small to be counted by the CPR, this hicrease is not reflected m the 

abundance data presented here, but is consistent whh a recorded uicrease m 

phytoplankton biomass hi North Sea waters (McQuatters-Gollop et al., 2007). Since 

eutrophication is thought to select for flagellates and other small phytoplankton groups, h 

is possible that the mcrease in nanoplankton observed at Helgoland may be a result of 

elevated nutrient levels (Margalef, 1978; Selhier et al., 2001; Smayda and Reynolds, 

2001; Zahsev, 1992); however modellmg resuhs also suggest that the warming climate 

may favour smaller plankton such as dinoflagellates at the expense of diatoms (Bopp et 

al., 2005; Edwards et al, 2006). 

Because of hs remoteness from land, the NCNEA is the subregion least likely to be 

affected by anthropogenic nutrients and the decreases m diatom and dmoflagellate 

abundances observed there are almost certainly climatically driven. The NCNEA is the 

only subregion m which both diatoms and dmoflagellates decreased significantly 

(ahhough slightly) durmg the study period (Fig. 6.2, 6.3); this decrease has previously 

been observed for phytoplankton colour m part of the region and may be related to a 

negative relationship between the North Atlantic Oscillation (a natural mode of climatic 

variabilhy affecting SST and wmd magnhude and dhection) and phytoplankton dynamics 
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in that area (Edwards et al., 2001b). Perhaps most siuprising is the fact that the open 

NCNEA supported the highest abundances of any subregion (Fig. 6.2). It is interesting to 

note that the coastal North Sea (probably the most heavily anthropogenically impacted 

subregion) and the open NCNEA (the least impacted subregion) both imderwent 

decreases in dinoflagellate abundance during the period of study; this remforces the 

suggestion that climate is the overridmg regulator of phytoplankton dynamics throughout 

the North-East Atlantic. 

The resuhs of this study show no clear differences between diatom and dinoflagellate 

dynamics m open and coastal North-East Atlantic waters. Two typical symptoms of 

eutrophication, a decrease hi diatom abundance and an increase in dinoflagellate 

abundance, were observable only m the coastal Shelf Sea and coastal English Channel 

subregions, respectively. Nehher of these symptoms presented hi the coastal North Sea, 

an area commonly considered eutrophic; mstead the coastal North Sea experienced a 

declme m dmoflagellate abundance during the study period. 

Overall, variations m diatom and dmoflagellate abundance m open and coastal areas of 

the North-East Atlantic are at tunes significantly correlated and display many 

shnuhaneous hiter-subregional trends, mdicating that the same agents generally regulate 

abundance of both coastal and open sea phytoplankton populations. It is unlikely that 

coastal and open phytoplankton would follow such shnilar trends m abundance and be so 

closely correlated i f coastal diatom and dinoflagellate populations were respondhig to 

nutrient enrichment. Therefore, at this scale, the changes observed in North-East Atlantic 

diatom and dinoflagellate dynamics are most likely a resuh of climatic variability and are 

not dhrectly induced through anthropogenic eutrophication. This work suggests that 

eutrophication remams a localized problem in the North-East Atlantic and is not a large 

scale driver of phytoplankton dynamics. 
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Chapter 7 

A long-term chlorophyll dataset reveals regime shift in North 
Sea phytoplankton biomass unconnected to nutrient trends 

During the 1980s, a rapid increase in the Phytoplankton Colour Index (PCI), a 
semiquantitative visual estunate of algal biomass, was observed m the North Sea as part 
of a region-wide regime shift. Two new datasets created fi-om the relationship between 
the PCI and SeaWiFS Chlorophyll a (Chl a) quantify differences m the previous and 
current regimes for both the anthropogenically affected coastal North Sea and the 
comparatively unaffected open North Sea. The new regune maintams a 13% higher Chl a 
concentration in the open North Sea and a 21% higher concentration in coastal North Sea 
waters. However, the cvurent regime has lower total nitrogen and total phosphorus 
concentrations than the previous regune, ahhough the molar N:P ratio hi coastal waters is 
now well above the Redfield ratio and contmually mcreasuig. Besides becoming warmer. 
North Sea waters are also becoming clearer (i.e., less turbid), thereby allowing the 
normally light-limited coastal phytoplankton to more effectively utilize lower 
concentrations of nutrients. Linear regression analyses indicate that winter Secchi depth 
and sea surface temperature (SST) are the most important predictors of coastal Chl a 
while Atlantic uiflow is the best predictor of open Chi a; nutrient concentrations are not a 
significant predictor in either model. Thus, despite decreasmg nutrient concentrations, Chl 
a continues to increase, suggesting that climatic variability and water transparency may 
be more important than nutrient concentrations to phytoplankton production at the scale 
of this study. 

Aspects of this chapter are mcluded in the foUowmg: 

McQuatters-Gollop, A., D. E. Rahsos, M. Edwards, Y. Pradhan, L. D. Mee, S. J. 
Lavender, and M. J. Attrill. 2007. A long-term chlorophyll dataset reveals reghne shift in 
North Sea phytoplankton biomass unconnected to nutrient levels. Limnology and 
Oceanography 52: 635-648. 

McQuatters-Gollop, A., D.E. Rahsos, M. Edwards, Y. Pradhan, L.D. Mee, S.J. 
Lavender, and M.J. Attrill (2007). Climate exacerbates eutrophication m the North Sea. 
IMBER Update 7: 3-4. 

McQuatters-Gollop, A. (2007). The synergistic effects of climate and eutrophication m 
the North Sea. GLOBEC International Newsletter 13: 10-11. 

Langmead, O., A. McQuatters-Gollop and L.D. Mee (Eds.). (2007). European Lifestyles 
and Marine Ecosystems: Explormg challenges for managing Europe's seas. 43pp. 
Univershy of Plymouth Marme Institute, Plymouth, UK. 
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Chapter 7: A long-term chlorophyll dataset reveals regime shift 
in North Sea phytoplankton biomass unconnected to nutrient 
trends 

7.1 Introduction 

Phytoplankton are the prhnary producers of pelagic marme waters, the base of the marine 

food web and thus an mtegral part of the ecosystem, affecting trophic dynamics, nutrient 

cyclmg, habhat condhion, and fishery resources (Paerl et al., 2003b). Addhionally, 

plankton are closely coupled to envhonmental change (Hays et al., 2005), makmg them 

senshive mdicators of envh-onmental disturbance. 

Between 1983 and 1988 a rapid change occurred m many biological and ecosystem 

processes and individual species in the North Atlantic region (Beaugrand, 2004c). A shift 

in the proportion of cold and warm water species of Calanus (Reid et al., 2003a), 

phenological changes in production resuhing m trophic mismatch (Edwards and 

Richardson, 2004), an hiflux of oceanic species (Lindley et al., 1990) and changes m 

zooplankton communhy structure and sahnon abundance (Beaugrand and Reid, 2003) 

occurred hi the North Sea during the mid to late 1980s. Addhionally, phytoplankton 

production demonstrated a marked mcrease across the North Atlantic and North Sea 

regions during that period (Edwards et al., 2001b; Reid et al., 1998). These changes, 

observable across multiple trophic levels, are linked to what has been described as a 

reghne shift, a stepwise alteration m the composhion and productivity of the whole 

ecosystem at a regional scale that reflects major hydrographic change (Beaugrand, 2004c; 

Reid a/., 2001a). 

In part, the cause of the late 1980s North Sea regime shift may have been a response to a 

swhch hi the behaviour of the winter North Atlantic Oscillation (NAO) fi-om a negative 

phase to hs longest ever positive phase (Alheh et al, 2005; Beaugrand, 2004c; 

Weijerman et al, 2005). A poshive phase NAO influences the North Sea ecosystem 

through regional climate effects including increased sea surface temperature, strong 

westerly winds (Alheh et al, 2005; Beaugrand, 2004c; Weijerman et al, 2005), and 

increased mflow of warm, sahy water from the Atlantic Ocean (Beaugrand, 2004c; 

Edwards et al, 2001b; Reid et al, 2003a). 
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Although oceanic algal production is an important component of the marine system, few 

long-term biological datasets exist for European waters. The lack of tune-series data has 

made h difficuh to identify trends in phytoplankton production dynamics and establish 

Imkages to natural variabilhy or anthropogenic change (Edwards et al., 2001b). The 

Continuous Plankton Recorder (CPR) survey, an upper-layer plankton monitoring 

programme operated smce 1931, provides the only long-term biological plankton dataset 

with spatial coverage across coastal and open North Sea waters (Edwards et al., 2001b). 

The first level of analysis the CPR offers is the Phytoplankton Colour Index (PCI), a 

semiquanthative in situ measiuement of phytoplankton biomass (see Methods section). 

The PCI was recently used m conjunction whh phytoplankton Chlorophyll-a data 

esthnated by the Sea-viewhig Wide Field-of-view Sensor (SeaWiFS) satellhe to 

extrapolate a new 50 year Chl a dataset for the Northeast Atlantic and North Sea (Rahsos 

etal., 2005). 

As an area rich in natiual resources, much of the North Sea has been affected by 

anthropogenic impacts including fishing, nutrient nmofif and oil, gas and aggregate 

extraction (Clark and Frid, 2001). Because of hs proxunity to land, the degree of impact 

on the coastal area is likely to be greater than that affecting the open North Sea. The aim 

of this paper is to separately extrapolate the SeaWtFS dataset back 50 years for the open 

and coastal North Sea in order to assess the long-term variability of Chi a within and 

between these two regions and to relate the Chl a tune-series to envkonmental and 

climatic variation. In this paper an attempt is made to explain trends observed hi 

phytoplankton biomass based on envh-onmental, climatic and nutrient related factors and 

processes. The biological, envhonmental, and climatic differences between the pre- and 

post- regune shift North Sea system were also exammed and factors generathig change 

mvestigated, including nutrient concentrations, water transparency, sea surface 

temperature (SST), sea level pressure (SLP), preciphation, whid stress, and climatic 

variabilhy. 

7.2 Methods and materials 

7.2.1 Area of study 
The North Sea is bordered by some of the most densely populated and highly 

industrialized Westem European coimtries; hs catchment covers an area of 850,000 km^ 

and contams 184 million people (OSPAR, 2000). The North Sea has been a productive 

fishing ground and is heavily explohed for oil, gas, and aggregates. Addhionally, the 
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North Sea is extensively used for transport as well as for the dumping of dredged 

material. From an envirormiental perspective, the North Sea is an ecologically rich and . 

diverse environment; a number of endangered species and important habhats, some of 

which are now protected, are found whhm the North Sea ecosystem (OSPAR, 2000). 

For the purpose of this study, the limh of the coastal North Sea was defined as a standard 

30 nm (56 km) distance fi-om land (Fig. 7.1). In order to minimize the impact of land-

based activhies, the open North Sea was designated as the area greater than 125 nm (231 

km) from the shore. Polygons representing the open and coastal North Sea study areas 

were constructed whh ESRI ArcMap 9.0. These polygons were used to select the 

correspondmg data points for each geographically referenced dataset used in this analysis 

(PCI, SeaWiFS, PCI - SeaWiFS match-ups, SST, sea level pressure, wind stress, 

preciphation, nutrient concentrations, and transparency measurements). 

4*5 W W 10*30 W E 

Figure 7.1. Location of coastal and open North Sea areas used in study overlain by CPR 
samples temporally corresponduig whh SeaWiFS Chlorophyll measurements (n=3,695). 

7.2.2 Data extraction 

7.2.2.1 Environmental data 

Annual surface (top 10 m of water column) nutrient concentration data for the North Sea 

and Elbe and Rhine rivers were obtained from the European Envhonment Agency's 
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Waterbase (EEA) via their website (http://dataservice.eea.eu.int/dataservice/). Waterbase 

contams reliable and validated data collected from the national monitormg programmes of 

the member countries of the EEA and therefore comprehensively covers a large 

geographical area, a requuement which is paramount to this study. To assess variabilhy of 

nutrient mput, Elbe and Rhine River discharge data were obtained from the Global 

Runoff Data Centre, a digital world-wide repository of discharge data and associated 

metadata (Global Runoff Data Centre, 2005). 

Coastal water transparency data were extracted from the Secchi Disk Data Collection for 

the North Sea and Bahic Sea (available at http://www.ices.dk/ocean/project/secchi/) 

compiled by Thorkild Aarup (Aarup, 2002). While the transparency dataset contains a 

considerable number of samples (n = 5,057) with a wide spatial and temporal resolution, 

they are not vmiformly distributed hi thne or space. Temporally, the runeties were the 

most heavily sampled decade (« = 3,056) followed by the eighties (n = 1,188) and the 

seventies (n = 758); thus, the accuracy of trend m Secchi depth uicreases with tune. The 

majorhy of samples were taken in the Dutch, German, Danish and Norwegian waters of 

the southern North Sea (« = 2,730) and Skagerrak (n = 2,116). The remainmg samples are 

from the coastal areas of the UK and westem Norway. Water transparency is dependent 

on phytoplankton biomass, dissolved particulate organic matter (POM), suspended 

sediments, and yellow substances m the water column (Sanden and Hakansson, 1996) as 

well as water colunm stabilhy. 

The North Atlantic Oscillation (NAO) is an important mdex of climatic variabilhy 

affecting the North Sea and uifluences hs ecology through SST, wind dhection and 

magnitude, and preciphation (Ottersen et al., 2001) and is strongly Imked to oceanic 

inflow mto the North Sea (Reid et al., 2003a). The wmter (December through March) 

NAO mdex (NAOI) was acquired from the webshe of Jim Hurrell at the National Center 

for Atmospheric Research. The NAOI is based on the difference hi normalized sea level 

pressure between Lisbon, Portugal, and Stykkishohnur, Iceland (Hurrell, 1995). Mean 

annual SST data were obtamed from the Hadley Centre, UK Met Office (HadlSST v l . l ) . 

Monthly mean preciphable water content (as a measure of preciphation) and sea level 

pressure data were obtamed from the NCEP/NCAR Reanalysis Project at the NOAA-

CIRES Climate Diagnostics Center (http://www.cdc.noaa.gov/cdc/reanalysis/). Wmd 

speed data, also obtained from the NCEP/NCAR Reanalysis Project, were converted into 

wmd stress data. Wind stress is a function of wind speed, non-dunensional drag 
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coefficient and boundary layer air density (Pond and Pickard, 1978). Wind stress 

regulates the dynamics of the boundary layer and is connected to the production of wind-

driven siu-face ciurents, the generation of siuface waves and upper-ocean mixmg (Pond 

and Pickard, 1978). Therefore, low whid stress is associated with highly stratified waters. 

Data on the influx of Atlantic waters entering the North Sea between the Orkney Islands 

and Utsha were obtained from the NORWECOM 3-D hydrodynamic model (Iversen et 

al., 2002). Model generated data were used as no long-term measured thne-series exist. 

7.2.2.2 Primary production data 

PCI data were extracted from the CPR database for the North Sea. Diuing the period 

1948-2003, the CPR survey collected approxhnately 52,000 samples. Ahhough the CPR 

has been sampling m the North Sea smce 1931, data from 1948 onwards were used as the 

methodology of sampling and measurement of PCI has remained consistent since 1948 

(Batten et al., 2003a). Samples are collected by a high-speed plankton recorder (-15-20 

knots (28 - 37 km h'')) that is towed behind 'ships of opportunity' in the surface layer of 

the ocean (~10 m depth); one sample represents 18 km of tow. Accumulation of 

phytoplankton cells on the silk gives h a greenish colour (Batten et al., 2003b); the 

Phytoplankton Coloiu Index (PCI) is based on a relative scale of greenness and 

detemuned on the silk by reference to a standard colour chart. There are four different 

'greermess' values: 0 (no greenness), 1 (very pale green), 2 (pale green) or 6.5 (green). 

Categories of PCI are assigned numerical values based on acetone extracts (Colebrook 

and Robinson, 1965). PCI is a unique measurement of phytoplankton biomass, as small 

phytoplankton cells that carmot be counted under the microscope contribute to the 

.coloiuation of the filtering silk (Batten et al., 2003b). 

SeaWiFS current reprocessed version (v5.1) data produced by Ocean Biology Processmg 

Group (OBPG) were acquhed from the NASA Ocean Color website 

(http://oceancolor.gsfc.nasa.gov/). The data were Level 3, 8-day products (9 km x 9 km 

square resolution) of the near-surface Chl a concentration (mg m'^), estimated usmg the 

ocean Chlorophyll 4 - version 4 (OC4-v4) algorithm (O'Reilly et al., 1998): 

, _ 1 fi(0.366-3.067x+1.930x^ +0.649x' - I,532x'') 
Chl a , 
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where x=logio((Rrs443>R,s490>Rrs510)/Rrs555) and Rrs is the satellite calculated 

remote sensmg reflectance. The first (x) equation takes the highest reflectance value from 

a waveband at 443, 490, or 510 nm and divides h by the reflectance at 555 nm; 

reflectance maximum moves towards higher wavebands as the Chl a concentration 

increases. This x value then goes into an equation that resuhs from a statistical fit of this 

empirical algorhhm to a large in situ database. 

NASA processed these data usmg a series of radiometric corrections {e.g., atmospheric) 

to eliminate the presence of clouds, haze, and water vapour (Mueller and Austin, 1995). 

The 8-day data products were used hi order to mcrease the number of CPR - SeaWiFS 

match-ups, as the daily data were highly obscured by cloud cover. 

7.2.3 Data analysis 

7.2.3.1 Matching SeaWiFS and PCI data 

Seventy-six months (September 1997 - December 2003) of in situ measiu-ements of PCI 

and satellite Chl a values were compared for the North Sea. Concurrent SeaWiFS and 

CPR measurements were collated for the same spatial and temporal coverage. Then, 

refining the technique developed and used on a larger scale by Rahsos et al. (2005), 

coastal and open North Sea samples were selected based on the areas shown m Fig 6.1. 

The finer geographical scale helped us to estabhsh more accurate relationships between 

the PCI and SeaWiFS Chl a for the open and coastal North Sea study areas. In the North 

Sea, the CPR survey collected 6,294 different samples for the 6-year period; 2,311 of 

which fell within 30 run (56 km) of the coast and 723 of which were located m the 

defined open North Sea area. After screening the SeaWiFS dataset for CPR match-ups, 

1,272 samples could be used for comparison hi the coastal North Sea (44.96 % of coastal 

data did not have a SeaWiFS match-up, primarily due to cloud coverage) and only 412 

could be used m the open North Sea. As 412 is too small a sample size to establish a 

reliable relationship, all available non-coastal North Sea match-ups (3,695) were used to 

construct the relationship to be applied to the open North Sea (Fig. 7.1). PCI data are on a 

ratio scale (i.e., not only can PCI categories be ranked but differences are quantified). 

Thus, Pearson correlation (or Imear regression) is appropriate to assess the strength of the 

relationship between SeaWiFS and PCI data (Rahsos et al., 2005; Zar, 1984). SeaWiFS 

data were log-transformed to improve homogeneity of variance and normality (Zar, 

1984). 
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The PCI and SeaWiFS datasets demonstrate an overall mcrease in Chlorophyll dm-ing the 

study period. Highly significant poshive relationships exist between PCI and SeaWiFS 

data for the enthe North Sea (r = 0.26, p < 0.001) and for the coastal area (r = 0.30, p 

<0.001). As these relationships are non-lmear, the mean SeaWiFS Chl a value was 

calculated for each PCI category hi each North Sea region (Fig. 7.2). Usmg the significant 

relationships between PCI and SeaWiFS Chl a for each region (Fig. 7.2) and the total 

number of CPR samples analyzed (approximately 52,000) for the period 1948 - 2003, 

retrospective calculations of Chi a for the coastal and open North Sea could be produced. 

Figure 7.2. Equivalent SeaWiFS - PCI values for whole and coastal North Sea areas whh 
95% confident limhs. This relationship was applied to the PCI dataset to extrapolate the 
new Chl a time-series. The PCI is a ratio scale of Phytoplankton Colour with foiu-
'greenness' values: 0 (NG - no greenness), 1 (VPG - very pale green), 2 (PG - pale green), 
and 6.5 (G - green). Note there is no overlap between confidence mtervals for each PCI 
category. 

Simple correlation analysis (Pearson) and multiple Imear regression were used to 

determine the existence and strength of possible relationships between envuonmental and 

biological variables. For muhiple regression modelling, data were first assessed for 

normality (Kohnogorov-Smirnov test) and transformed i f necessary. Models were 

esthnated using forward selection stepwise regression procedures with Chi a (coastal or 

open) as the dependent variable and a suhe of envhonmental parameters as candidate 

independent variables. Robustness of resuhmg models (a set at 0.05) was assessed by 

testmg the residuals for normalhy (K-S test) and homoscedastichy (scrutmizmg plots of 

standardized residuals). All significant analyses conformed to these regression 

assumptions. Standardized regression coefficients were used to infer the relative 

importance of model variables for explammg variations m Chl a data. 
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7.2.3.2 Potential biases 

Consistency and comparability of the methodology used m the CPR survey has been 

studied in depth (Batten et al., 2003a). Although standard methods have been used for 

more than 50 years in the svirvey, the PCI has been measured by a number of different 

analysts dvuing this time. However, evaluating greenness is a sunple task that is typically 

imdertaken by 2 to 3 people hi a year, many of whom have done this work for more than a 

decade. As well as referrhig to a standard colour chart, apprentices are trained in 

assessmg PCI for a year before performing the task on theu own (Rahsos et al., 2005). 

The study area includes both Case I (open ocean) and Case II (optically complex coastal) 

waters (lOCCG, 2000). In Case I I waters, Chl a is difficuh to distmguish from particulate 

matter and/or yellow substances (dissolved organic matter) and so global Chlorophyll 

algorithms (such as OC4-v4) are less reHable (lOCCG, 2000). Previous work applying the 

PCI/Sea WiFS Chl a relationship has occurred primarily in Case I waters (Rahsos et al., 

2005). This is the first time the relationship has been used to create a Chl a time-series for 

a substantial geographic area featuring optically complex Case I I waters; this analysis is 

possible due to the couplmg between remotely-sensed (SeaWiFS) and in situ (PCI) 

measurements. 

7.3 Results 

7.3.1 Environmental measures 

Smce 1958, armual mean SST m the North Sea has demonstrated an increasmg trend 

which was most pronounced durhig the late 1980s, and contmues through to the present 

(Fig. 7.3) (Edwards et al., 2002). Across the North Sea, mean SST mcreased by 0.48 °C 

between the 1960s and 1990s; locally, the mcrease was greatest m the southern North Sea 

waters (0.75°C) and least m the northem North Sea (0.18°C). The mcreasmg trend m SST 

is related to changes hi the NAO (Ottersen et al., 2001) and is also highly correlated with 

Northem Hemisphere temperature (Beaugrand and Reid, 2003). During the 1950s and 

1960s the NAO was hi a negative phase, but from 1972 to 2002 was in hs longest ever 

poshive phase, reaching hs highest recorded value m 1989. The phytoplankton growing 

season has been lengthened by the resuhmg warmer SST in the North Sea (Reid et al., 

1998). 
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Figure 7.3. Time-series of (a) SST, (b) summer Secchi depth, (c) NAO, (d) wmter Secchi 
depth, (e) Atlantic mflow, (f) preciphation, (g) wmd stress, and (h) SLP whh 5-year 
running means. Whh the exception of preciphation (panel f) and sea level pressure (panel 
h), all of the envuonmental variables considered in this study demonstrated a rapidly 
mcreasing trend durmg the 1980s. SST (panel a) and summer (panel b) and winter Secchi 
depth (panel d) continue to show uicreasing trends. 
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Secchi depth data (« = 5057) showed that, after a major declhie dm'ing the early 1970s, 

water transparency in coastal North Sea waters has been increasmg (Fig. 7.3). 

Improvement dm-mg both summer and winter has been greatest since the mid seventies, 

with a mean surmner Secchi depth of 2.6 m and a mean winter depth of 1.8 m durmg the 

1975-1979 period in contrast to a summer mean of 6.1 m and a winter mean of 5.7 m 

between 1991 and 1995. 

Inflow of oceanic waters to the North Sea fi-om the Atlantic Ocean displayed an increase 

throughout the 1960s and early 1970s before decreasmg from 1976 through 1980 (Fig. 

7.3). Diu-hig the early and mid 1980s inflow contmued to mcrease, reaching a maximum 

volume of more than 2.5 standard deviations above the long-term mean in 1989. From 

1988 to 1995, hiflux of Atlantic waters remamed consistently above the long-term mean, 

ahhough volume of hiflow began to decline in 1990. Inflow is significantly poshively 

conrelated with the NAOI (r - 0.63, p < 0.001) and SST (r = 0.32, p = 0.035) as well as 

significantly negatively correlated with Rhine {r = -0.32, p = 0.03) and Elbe (r = -0.42, p 

< 0.001) river discharge (Table 7.1 displays fiill details of correlation resuhs). 
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Table 7.1. Results of correlation analysis 
results are in bold. 

between the coastal and open Chl a thne-series and clunatic and envhonmental variables. Significant {p < 0.05) 

Chl 
a 
open 

Chl a 
coast 

TN 
coast 

TP 
coast 

N:P 
coast 

TN 
open 

TP 
open 

N:P 
open 

Elbe 
flow 

Rhine 
flow 

Elbe 
T N 

Elbe 
TP 

Elbe 
N:P 

Rhine 
T N 

Rhine 
TP 

Rhine 
N:P 

Winter 
NAO SST Inflow Summer 

Secchi 
Winter 
Secchi 

Preeip 
itation 

Wind 
stress 

Chl a coast 0.74 

T N coast -0.25 -0.65 

TP coast -0.08 -0.45 0.80 

N:P coast 0.07 0.27 -0.63 -0.65 

TNopen -0.16 -0.18 0.51 -0.01 -0.42 

TP open -0.09 0.38 -0.22 -0.34 0.03 0.10 

N:P open 0.00 -0.03 •0.21 0.06 0.34 -0.55 0.05 

Elbe flow -0.06 -0.12 0.43 0.59 -0.33 0.12 0.24 0.48 

Rhine flow 0.15 0.12 0.34 0.23 0.06 0.33 0.05 0.35 0.71 

ElbeTN -0.22 -0.69 0.76 0.73 -0.58 0.22 -0.26 -0.34 0.10 -0.02 

Elbe TP -0.75 -0.84 0.63 0.56 -0.44 0.12 -0.37 -0.32 -0.21 -0.15 0.93 

ElbeN:P 0.70 0.77 -0.50 -0.41 0.37 -0.18 0.46 0.35 0.43 0.27 -0.79 -0.93 

Rhine TN 0.36 -0.36 0.67 0.68 -0.39 0.19 •0.16 -0.37 •0.14 -0.47 0.90 0.71 -0.46 

Rhine TP -0.30 -0.77 0.76 0.64 -0.52 0.28 -0.31 -0.28 0.08 0.01 0.97 0.94 -0.82 0.88 

Rhine N:P -0,29 0.07 -0.55 -0.61 0.27 -0.34 -0.01 0.38 0.26 0.47 -0.72 -0.62 0.48 -0.56 -0.87 

Winter 
NAO 0.28 0.15 0.13 0.01 0.04 0.00 -0.17 -0.19 -0.16 -0.03 0.11 0.07 -0.11 0.54 0.11 -0.52 

SST 0.32 0.42 -0.59 -0.53 0.61 -0.25 -0.10 -0.08 -0J2 -0.18 -0.62 -0.62 0.54 -0.21 -0.64 0.16 0.50 

Inflow 036 0.22 -0.01 -0.12 0.14 0.02 -0.19 -0.34 -0.42 -0J2 0.15 0.13 •0,28 0.80 0.13 -0.73 0.63 031 

Summer 
Secchi 0.19 0.35 -0.60 -0.44 -0.09 -0.10 0.11 •0.11 -0.04 -0.06 -0.63 -0.63 0.59 -0.42 -0.66 0.47 -0.03 0.24 -0.16 

Winter 
Secchi 0.27 0.63 -0.55 •0.48 -0.11 -0.10 0.36 •0.15 -0.17 -0.15 -0.64 -0.58 0.45 -0.72 -0.54 0.19 0.06 0.17 0.02 0 i i3 

Precipi 
tation -0.05 -0.09 •0.01 -0.04 0.17 -0.17 -0.49 -0.26 -0.19 -0.21 -0.05 -0.05 0.08 -0.15 -0.10 0.24 0.24 0.48 0.01 0.43 -0.08 

Wind 
stress DJO 0.26 0.20 0.05 •0.12 0.28 0.03 -0.38 -0.11 -0.01 0.14 0.09 •0.13 0.67 0.09 •0.57 0.64 0.23 0.70 •0.18 •0.14 -0.02 

SLP -0.11 0.12 0.07 0.18 •0.29 -0.06 0.32 -0.19 -0.21 -0.40 0.18 0.17 -0.19 0.16 0.14 -0.18 -0.15 0.01 •0.04 0.02 0.47 -0.08 •0.19 
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Until 1974, wind stress in the North Sea was predominantly below average for the study 

period (Fig. 7.3). After 1974, wind stress began to show an mcreasmg trend, and reached 

hs highest value m 1990. Ahhough, like Secchi depth, wmd stress displays an overall 

increasing trend throughout the late 1970s and 1980s, only a weak negative relationship 

exists between the two variables (see Table 7.1). Wind stress is however strongly 

correlated with Atlantic mflow (r = 0.70, p < 0.001) and NAOI (r = 0.64, p < 0.001) but 

not with SST or precipitation. 

Unlike SST, NAO, wind stress, Atlantic mflow, and Secchi depth, preciphation did not 

show an increasmg trend during the 1980s but instead showed considerable variabilhy 

diumg that period (Fig. 7.3). Overall, preciphation was variable durmg the period of study 

whh the 1970s bemg the driest decade and the 1950s the wettest, and showed poshive 

relationships with SST (r = 0.48, p < 0.001) and summer Secchi depth (r = 0.43, p = 

0.02), but no other environmental variables considered hi this study. 

Sea level pressiue (SLP) is variable throughout the entue tune-series (Fig. 7.3) and is 

correlated only whh winter Secchi depth {r = 0.47, p = 0.03). There is a more pronounced 

low pressure signal at the beghming and end of the series. 

7.3.2 Nutrient measures 

When examining nutrient data fi"om the North Sea regions, it is clear that the coastal zone 

was much richer than the open North Sea in total nitrogen (TN) and total phosphorus (TP) 

(Fig. 7.4a). Significantly decreasing trends m annual mean TN (r^ = 0.65, p <0.001, n = 

23) and TP (r^ = 0.57, p < 0.001, n = 23) were observed m coastal North Sea waters, TN 

and TP foUowmg very similar patterns (but note the difference hi scales), with visible 

peaks in the late-eighties followed by dramatic decreases m TN and TP from 1988 - 2002. 

These are general trends, observable for nutrients m the coastal North Sea as a whole, and 

may not reflect local variabilhy. For example, when examined at a finer scale, nutrient 

concentrations showed a significantly decreasing trend hi the Southern Bight area since 

1980 (TN: = 0.57,;? < 0.001, n = 23; TP: = 0.74,p< 0.001, n = 23), but although TP 

has been decreasmg in Norwegian coastal waters (r^ = 0.33, p < 0.01, n = 20), TN 

displays an hicreasing trend in that area (r^ = 0.38, /? = 0.01, « = 17). However, because 

the concentrations of both TN and TP m the Southern Bight are up to 10 times richer than 

those in Norwegian coastal waters (Fig. 7.5), the general decreasing nutrient trends 
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observable for the coastal North Sea as a whole are heavily weighted by nutrient 

dynamics occurring in the Southern Bight. 

Figiu-e 7.4. (a) Armual total nitrogen (TN) and total phosphorus (TP) concentrations m 
coastal and open North Sea waters and (b) Elbe and Rhme rivers during the period 1980 -
2002. Both datasets show similar decreasmg trends in TN and TP in coastal North Sea 
and riverine waters, desphe the differences m scale. As TN and TP concentrations 
decrease, the molar ratio of N to P is increasing m both (c) coastal North Sea and (d) Elbe 
and Rhme waters. 

1980 1985 1990 1995 2000 1980 1985 1990 1995 2000 

Year Year 

Figiu-e 7.5. Aimual total nitrogen (a) and total phosphorus (b) concentrations m regional 
areas of the coastal North Sea. Nutrient trends in coastal North Sea waters are dominated 
by the nutrient-rich waters of the Southern Bight, where both TN and TP have 
significantly decreased. 
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The open North Sea thne-series of both nutrients have a much narrower range than their 

coastal counterparts; ahhough the open North Sea lacks adequate data to distinguish any 

significant trend, there is no indication at all of a temporal change in nutrient levels. As 

the concentrations of TN and TP decreased hi coastal North Sea waters, the molar ratio of 

N:P rose far above the Redfield ratio of 16:1, the molecular ratio at which diatoms requure 

the two elements (Redfield et al., 1963). The N:P ratio continued to mcrease in coastal 

waters (Fig. 7.4c) with a substantial jump m -1988, while m the open North Sea N:P 

remamed below the Redfield ratio. Nutrient concentrations in coastal waters are 

negatively correlated to SST (TN coast: r = -0.59, p < 0.001; TP coast: r = -0.53, p = 

0.01) while N:P m coastal waters is poshively correlated to SST (r = 0.6\, p < 0.001). 

Possibly due to a lack of sufficient nutrient data, open North Sea nutrients and N:P show 

no significant relationship whh SST or any other environmental variable. 

Since the start of the thne-series m 1982 aimual mean nutrient concentrations have 

decreased m both the Elbe (TN: r^=0.94,p < 0.001, n = 21; TP: 0.71,/? < 0.001, n = 

21) and Rhme rivers (TN: r^ = OM,p < 0.001, n = 14; TP: = 0.91,;? < 0.001, n = 21) 

(Fig. 7.4b). Data from the International Commission on the Protection of the Rhine 

indicate that Rhme TP has displayed a decreasing trend since 1973 and Rhme NO3 (pre-

1982 data on Rhhie TN was not available) mcreased steadily from 1954 before peaking in 

1989 and declmhig thereafter (ICPR - International Commission for the Protection of the 

Rhine, 2006). Shnilarly to coastal North Sea waters, the difference in scale between the 

concentration of TN and that of TP in the Elbe and Rhine rivers has caused an increase in 

the riverine N:P (Fig. 7.4d). Concentrations of TN and TP hi Elbe and Rhine waters are 

strongly correlated wdth coastal North Sea TN (Elbe TN: r = 0.76, p < 0.001; Rhme TN: r 

= 0.67, p = 0.009) and coastal North Sea TP (Elbe TP: r = 0.56, p = 0.012; Rhme TP: r = 

0.64, p = 0.002) concentrations. Nutrient concentrations m both rivers demonstrate 

negative relationships with wmter Secchi depth (Elbe TN: r = -0.64, p = 0.01; Elbe TP: r 

= -0.58, p = 0.04; Rhme TN: r = -0.72, p = 0.02; Rhme TP: r = -0.54, p = 0.04) and 

summer Secchi depth (Elbe TN: r = -0.63, p = 0.01; Elbe TP: r = -0.63, p = 0.02; Rhme 

TN: r - -0.42, p= 0.23; Rhme TP: r = -0.66, p - 0.01). SST is also negatively related to 

Elbe TN (r - -0.62, p < 0.001), Elbe TP (r = -0.62, p < 0.001), Rhme TN (r = -0.21, = 

0.47), and Rhme TP (r = -0.64, p < 0.001). Note that the correlations between Rhme TN 

and summer Secchi depth and SST are not statistically significant (Table 7.1); this may be 

due to the short time-series of Rhine TN (Fig. 7.4b). Furthermore, data for the Elbe river 
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indicated no significant change m annual quanthy of water discharged mto the North Sea 

between 1948 and 2001, while output from the Rhme mcreased slightly (r^ = 0.09, p < 

0.05, n = 54) (Fig. 7.6). Addhional analysis also revealed that there has been no seasonal 

change in discharge pattem for ehher river. Thus, the absence of change m quantity of 

river discharge hi conjunction whh the decline in riverme nutrients indicate that the Elbe 

and Rhine rivers have reduced theu input of these nutrients to North Sea waters. 

1 30000 

20000 

10000 

——— Rhine River 
Elbe River 

0 
1950 1960 1970 1980 1990 2000 

Year 
Figure 7.6. Aimual mean discharge (1948 - 2001) of Elbe and Rhme rivers. There is no 
trend m Elbe discharge and a slight increase in Rhine discharge, mdicatmg that the 
decrease hi coastal nutrients can most likely be attributed to the decline in nutrient 
concentrations in both rivers rather than decreased discharge. 

In general, coastal North Sea and riverine nutrient concentrations, have been decreasing 

since the early 1980s, while open North Sea nutrient concentrations show no clear trend. 

However, since the early 1980s, SST, Secchi depth, wmd stress, and Atlantic mflow have 

displayed mcreasing trends, while preciphation and SLP remain variable. 

7.3.3 Phytoplankton production measures 

The newly created Chl a time-series shows considerable variabilhy hi both the open and 

coastal North Sea until the mid-1980s when a rapid increase in Chl a began to occur (Fig. 

7.7). This increase resulted m a Chlorophyll peak in 1989, observable in both the coastal 

(3.92 mg m'̂ ) and open (3.15 mg m"̂ ) North Sea. After 1990, the coastal and open North 

Sea have both sustained Chl a concentrations well above those maintained before the 

1980s rather than returning to pre-phase shift levels (Fig. 7.7). As mentioned earlier, this 

pattem of change for the North Sea as a whole has been observed and described as a 

reghne shift (Reid et al., 1998). 
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Figure 7.7. Time-series of the new Chl a data set (annual means) for the period 1948 to 
2003 m the coastal and open North Sea. The regune shift is evident as a rapid mcrease in 
Chl a between 1982 and 1989 followed by mean annual Chl a concentration that is 
consistently higher than that observed prior to the reghne shift. Both open and coastal 
North Sea tune-series show a higher level of Chl a in the period after the regune shift than 
in the period before. 

The changes m Chl a observed in coastal waters have occurred throughout the coastal 

North Sea. The regune shift and subsequent mcreased level of Chl a are visible in the 

northem (> 58° lathude), central (55° - 58° latitude), and southem (< 55° lathude) coastal 

regions of the North Sea (Figs. 6.8a-c). SST is significantly correlated whh both open Chl 

a (r = 0.32, p < 0.05) and coastal Chl a (r = 0.42, p < 0.01). Also, wmter NAO is 

significantly correlated with Chl a in the open North Sea (r = 0.28, p = 0.036) but not 

with coastal Chl a. Wind stress, however, is significantly poshively correlated with both 

open Chl a (r = 0.30, p = 0.03) and coastal Chl a (r = 0.26, p = 0.05). Coastal Chl a also 

has a strong significant relationship whh wmter Secchi depth (r = 0.63, p = 0.002) while 

open Chl a is poshively correlated whh Atlantic mflow (r = 0.36, p = 0.01). Most 

mterestingly, coastal Chl a was found to have a significant negative relationship whh both 

TN (r = -0.65, p = 0.001) and TP (r = -0.45, p = 0.029) in coastal waters but an 

insignificant relationship with molar N:P (r = 0.27, p = 0.216). In addhion to nutrients in 

coastal waters, coastal Chi a is negatively correlated whh riverme nutrients as well (Elbe 

TN: r = -0.69, p < 0.001; Elbe TP: r = -0.84,/? < 0.001; Rhme TN: r = -0.36, p < 0.21; 

and Rhine TP: r = -Oil, p < 0.001). Notice that the correlation between coastal Chl a and 

Rhine TN is not statistically significant; again this may be due to the short thne-series of 

Rhme TN. 
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Figure 7.8. Trends in Chl a in the (a) northem, (b) central, and (c) southem coastal 
regions of the North Sea. 

Separate multiple linear regression analyses were performed on the coastal and open Chl 

a datasets (Table 7.2). In the coastal North Sea model, winter Secchi depth (standardized 

regression coefficient, p, = 0.564, p = 0.017) and SST (p = 0.455, p = 0.045) were the 

most important predictors of Chl a(r^ = 0.5\,p = 0.015, n = 15) while in the open North 

Sea model no significant predictor was identified. Although no variable was significant 

when performing the muhiple linear regression on the open North Sea, the exclusion of 
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nutrients (due to their short tune-series, n= \2) showed that Atlantic mflow (P = 0.364, p 

= 0.14) is the best predictor of Chl a in the open North Sea, although the relationship is 

relatively weak (r^ = 0.112, /? = 0.014, n = 45). Neither model, therefore, featured 

nutrients (TN, TP, or N:P) as significant predictors of Chl a. 

Table 7.2. Resuhs of muhiple Imear regression analyses, including coefficient (b) and 
standardized regression coefficient (P) for each significant predictor. In the coastal model, 
wmter Secchi depth and SST were the most hnportant predictors of Chl a while m the 
open North Sea model no significant predictor of Chl a was identifiable unless nutrients 
were excluded from the model (due to theh short tune-series). A diagnostic K-S test was 
performed to ensvue normalhy of the residuals: both models conformed to the 
assumptions of linear regression. 

Significant 
Predictor b P P 

Model 
r2 

Model 
P 

Model 
n 

Model 
diagnostic 

Coastal Chl 
a 

Winter 
Secchi 0.085 0.017 0.564 

0.510 0.015 15 0.682 Coastal Chl 
a SST 0.318 0.045 0.455 0.510 0.015 15 0.682 Coastal Chl 
a 

constant 0.173 

0.510 0.015 15 0.682 

Open Chl a 
(nutrients 
excluded) 

Atlantic 
inflow 

0.883 0.014 0.364 
0.112 0.014 45 0.392 

Open Chl a 
(nutrients 
excluded) constant 1.382 

0.112 0.014 45 0.392 

In sununary, Chl a across the entire North Sea has displayed a rapid increase from the 

mid 1980s, cuhninating m the regime shift peak in 1989. After 1989, Chl a concentrations 

remained higher than in the pre-regime shift period m both the open and coastal North 

Sea. These resuhs indicate that coastal Chl a is negatively correlated with coastal nutrient 

concentrations, but poshively correlated with winter Secchi depth and SST. Open North 

Sea Chl a shows no significant relationship whh nutrients and is most closely correlated 

with Atlantic uiflow, wind stress, and SST. 

7.4 Discussion 

It is well documented that in 1989 the North Sea experienced a strong peak in 

phytoplankton abundance (Reid et al., 1998) that has been correlated with warmer than 

average SST, a poshive phase hi the NAO and mcreased oceanic inflow from the North 

Atlantic (Beaugrand, 2004c). This same peak, preceded by a rapid hicrease m Chl a, can 

be clearly observed m the new coastal and open North Sea Chi a time-series (Fig. 7.7). 

The rapid mcrease in Chi a beghmmg during the mid-1980s and peakmg in 1989 are part 

of what is now thought to be a regime shift, a stepwise modification in the composhion 

and productivity of an entire ecosystem at a regional scale, reflecting substantial 
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hydrographic change (Beaugrand, 2004c; Reid et al., 2001a; Reid and Edwards, 2001). At 

that pomt, the system converted to an ahemate resilient state. As this sequence of events 

is non-linear, a reduction of pressures on the system does not necessarily mean that the 

system will recover to a previous ahernate state (Scheffer et al., 2001), a clear example of 

hysteresis. 

Because riverine mput is the primary vector through which anthropogenic nutrients enter 

the North Sea, nutrient concentrations m coastal North Sea waters are fundamentally 

linked to riverine nutrient concentrations and discharge (de Vries et al., 1998; van 

Bermekom and Wetsteijn, 1990). Nutrient concentration data from the Elbe and Rhine 

rivers, hnportant sources of nutrients to coastal waters, demonstrated a significant 

decrease m TN and TP shice the early 1980s, while quanthy of water discharged changed 

little (Figs. 6.4b, d, 6.6). This suggests that the decreased anthropogenic nutrient loads to 

the North Sea have not occurred due to decreased river discharge but more likely due to 

declining riverine nutrient levels. This is further supported by the positive correlations 

between riverine nutrients and coastal nutrient concentrations and negative relationship 

between riverine nutrients and coastal Chl a as well as the lack of relationships between 

coastal Chl a and Elbe and Rhine discharge (Table 7.1). Surprisingly, Elbe and Rhine 

discharge do not appear to be related to preciphation. This could be because the 

precipitation data used hi this study are for the North Sea hself and not the river 

catchments. However, Elbe discharge is significantly negatively related to SST (r = -

0.32, p - 0.02), although Rhme discharge is not (r = -0.18,;? = 0.19). 

The declhiing riverme nutrient load is reflected in the decreasing nutrient concentrations 

observed m coastal waters and has caused the current reghne m the North Sea to be lower 

in coastal nutrient concentrations than the previous reghne. Decadal means of TP and TN 

m coastal waters were nearly 50% higher m the 1980s (TN = 110.48 pmol L ' ' , TP = 3.43 

pmol L ' ) compared to the post-regune shift 1990s (TN = 56.03 pmol L " ' , TP = 1.97 

pmol L ' ' ) . Other studies have also observed declinmg concentrations of phosphoms (de 

Vries et al., 1998; Nixon et al., 2003; OSPAR, 2000) and, to a lesser extent, nitrogen (de 

Vries et al., 1998; Nixon et al., 2003) m areas of the coastal North Sea m recent years. 

Agriculture is currently the main anthropogenic contributor of both N (63%) and P (45%) 

to North Sea waters (Anonymous, 2005; Nixon et al., 2003). Smce 1985, pollution from 

agricultural nitrates has been reduced by 21% (Nixon et al., 2003); part of this reduction 

can be attributed to the Nitrates Duective which was adopted by the EU in 1991 
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(European Union, 1991a). Since 1985, agricultural P has been reduced by just 5% (Nixon 

et al., 2003). In 1991 the EU also hnplemented the Urban Waster Water Treatment 

Dhective (European Union, 1991b). This duective has been partially responsible for the 

42% decrease of N and the 78% decrease of P from urban waste water treatment works 

smce 1980 (Nixon et al., 2003). Smce 1985 there have also been significant reductions in 

N and P loads from mdustry (81% P reduction, 79% N reduction) and other sectors (62% 

P reduction, 43% N reduction) (Nixon et al., 2003). 

As concentrations of TN and TP have decreased, the molar ratio between N and P has 

steadily mcreased to > 40:1 hi coastal (Fig. 7.4c) and to > 30:1 m riverine (Fig. 7.4d) 

waters; the change m N:P is potentially an artifact of the similar rate of declme m the two 

contrasting scales of concentrations. Smce 1983, N:P has remamed above the Redfield 

ratio of 16:1 m the coastal North Sea while in the open North Sea, the ratio has stayed 

consistently below Redfield. Throughout our time-series, both Elbe and Rhme waters 

have had an N:P greater than Redfield. Unlike the coastal North Sea, an increase in the 

N:P ratio is probably not observable for the open North Sea because a trend in nutrient 

concentrations cannot be found due to insufficient data (Fig. 7.4a). However, as nutrient 

concentrations m the open North Sea are predominantly influenced by natural variabilhy 

and not anthropogenic (riverine) sources (Lenhart et al., 1997), a rapid change in nutrient 

concentrations for open waters, as seen in coastal and riverhie waters, would not be 

expected. Therefore as open North Sea nutrient concentrations change little, so does the 

N:P ratio. This suggests that P is presently the limitmg nutrient in coastal North Sea 

waters while the open North Sea is N limited (Patsch and Radach, 1997). Studies hi the 

Marsdiep (Philippart et al., 2000) and Helgoland (Hickel et al., 1992; Radach et al., 1990) 

have shown that a strong relationship exists between N:P and phytoplankton community 

composition, while laboratory experiments have demonstrated that a high N:P creates 

favourable condhions for Phaeocystis, a harmful algal bloom (HAB) causing species 

(Riegman, 1991; Riegman et al., 1992). Thus, fiuther investigation is needed to determine 

the effects of change hi the N:P on the wider coastal phytoplankton community 

composition. 

As a consequence of the regime shift, biological changes to new alternate states are 

revealed in the new Chl a datasets. The datasets are in good agreement with changes 

observed previously for the PCI (Reid et al., 2001a) and then later confirmed and 

quantified based on the PCI/SeaWiFS relationship for the North Atlantic and North Sea as 
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a whole (Rahsos et al., 2005). As mentioned previously, the regune shift is evident as a 

rapid hicrease followed by a consistently high level of Chl a m both coastal and open 

North Sea waters, but these changes cannot be explained by nutrients alone as nutrient 

concentrations m the open North Sea have not changed significantly (Fig. 7.4a). The 

muhiple linear regression models confirm this as they too hidicate that nutrients are not 

the best predictors of Chl a m ehher region of the North Sea (Table 7.2). After the regime 

shift, nehher coastal nor open North Sea Chl a returned to hs pre-reghne shift level, but 

instead the time-series indicates that the current North Sea reghne mamtains an average 

Chl a level 21% higher in the coastal zone and 13% higher m the open zone than that of 

the pre-1980 regime. Addhionally, Chl a in coastal waters appears to be increasmg still 

further, particularly in the southem North Sea (Fig. 7.7). Post regime shift aherations to 

the North Sea ecology have also been observed, such as a change m the proportion of 

warm and cold water species of Calanus (Reid et al., 2003a), trophic mismatch due to 

changes in phenology (Edwards and Richardson, 2004), changes m distribution of horse 

mackerel (Reid et al., 2001a) and a collapse of cod stocks (Beaugrand et al., 2003). The 

current North Sea regime has fewer piscivorous top predators (Heath, 2005; Reid and 

Edwards, 2001), and a lower mean trophic level of fisheries landuigs (Pauly et al., 1998). 

Ahhough nutrient concentrations in the coastal North Sea have decreased significantly 

smce the regime shift, algal biomass has contmued to increase. The comcident decrease in 

nutrients and increase m Chi a is surprising as, tradhionally, mcreases in plankton 

production are triggered by mcreasmg nutrients and are a symptom of eutrophication 

(Cloem, 2001; Nixon, 1995). In fact, areas of the coastal North Sea are cormnonly 

considered to be eutrophic (Hickel et al., 1993; Philippart et al., 2000; van Beusekom and 

de Jonge, 2002) and eutrophication was identified as a key issue affecting the North Sea 

m the 1987 North Sea Qualhy Status Report (Reid and Edwards, 2001). 

While there is a strong relationship between algae and nutrients, h is considered to be 

non-lmear m coastal North Sea waters (i.e., a reduction m nutrient load does not lead to 

an equivalent reduction of phytoplankton biomass) (Lenhart, 2001). Furthermore, as 

North Sea nutrient concentrations have decreased, water transparency has improved (Fig. 

7.3), allowmg the light-limited coastal phytoplankton (Patsch and Radach, 1997) to make 

better use of available nutrients. A similar mcrease m phytoplankton biomass was also 

documented in the Scheldt estuary where the constmction of a storm surge barrier caused 

reduced river flow with a correspondmg mcrease m water transparency and decrease hi 
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nutrient concentrations (Westetyn and Kromkamp, 1994). Improvement in water 

transparency has also been observed m the Westem Wadden Sea (de Jonge et al., 1996) 

and Marsdiep (Bot and Colijn, 1996). Although the explanation behhid the mcrease in 

North Sea water transparency is still unclear, h may be Imked to the increased inflow of 

warm, clear, oceanic water enterhig the North Sea (Reid et al., 2003a). Addhionally, 

muhiple linear regression showed that Atlantic inflow is the best predictor of Chl a m the 

open North Sea when nutrient data are excluded from the analysis. The transparency 

mmimum (Fig. 7.3) occurring diumg the mid to late 1970s is coincident with a period of 

reduced Atlantic inflow (Corten, 1999) and low Chl a values m both the open and coastal 

North Sea datasets (Fig. 7.7). This is hi agreement with work by Edwards et al. (2001b) 

who also attributed low PCI values m the late 1970s and early 1980s to a period of 

reduced Atlantic inflow. Addhionally, the hicreasing water transparency that occurred 

throughout the 1980s and 1990s comcides with a proposed mcrease m Atlantic uiflow 

durmg that period (Corten, 1999; Edwards et al., 2002; Edwards et al., 2001b). The 

increase of indicator species with a southerly origin in the mid 1980s and sustained 

abundance thereafter m the North Sea (Corten, 1999; Edwards et al., 2001b), may 

mdicate a change in current patterns, thereby increasing the volume of warm, clear, 

southerly water entering the North Sea from the North Atlantic (Edwards et al., 2001b; 

Reid e/a/., 2001b). 

However, the reduction hi turbidity alone does not seem to be enough to explam the 

increase m Chl a, comcident with the decrease in nutrients. One possible explanation may 

be that after the regime shift, coastal waters have become more vulnerable to fluxes m 

nutrient concentrations. Because coastal phytoplankton are light limhed, the cooler, more 

turbid state of the previous regime may have acted as a buffer, preventmg algae from 

reaching the high biomass that is now possible. Muhiple Imear regression analysis 

supports this, mdicating that while wmter Secchi depth is the best smgle predictor of 

coastal Chl a, it only explams 30% (p = 0.035, « = 15) of the variability. Together SST 

and wmter Secchi depth form the best model, explaining 51% of the variation in coastal 

Chl a (Table 7.2). As mentioned previously, significant correlations exist between both 

open and coastal Chl a and mean armual SST. This resuh is m agreement with the 

previously established poskive relationship between PCI and SST (Beaugrand and Reid, 

2003). The low Chi a values occurring in the late 1970s (Fig. 7.7) and the exceptionally 

high Chl a values observed in the late 1980s correspond to two hydroclimatic anomalies: 

the previously mentioned cold-boreal event m the late 1970s, associated with lower than 
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average SST, and a warm-temperate event in the late 1990s associated with warmer than 

average SST (Edwards et al., 2002). Phytoplankton are closely linked to the temperatm-e 

of their enviroimient and respond to increased SST directly (physiologically), indirectly 

(enhanced or earlier stratification of the water colmnn resuhs hi changes in phytoplankton 

succession) and phenologically (certam species are now experiencmg earlier spring 

blooms) (Edwards and Richardson, 2004; Richardson and Schoeman, 2004). 

Addhionally, warmer SST in the North Sea has created a longer growhig season, thereby 

resulting in increased phytoplankton biomass, particularly durmg summer (Reid et al., 

1998; Reid et al., 2001b) and whiter (Rahsos et al., 2005; Reid et al., 2001b). The 

enhanced response by the algal community to changes m nutrients is a characteristic of 

the new alternate state of the North Sea and may have triggered the other documented 

changes to the pelagic system. If, due to increased SST and clearer water, coastal waters 

are mdeed more sensitive to changes in nutrients, it is more important than ever that the 

quantity of anthropogenic nutrients entering the North Sea is reduced. 

Ahernatively, or addhionally, to bottom-up (resource limhed) control, h is also unportant 

to consider the top-down (consiuner regulated) control of phytoplankton biomass. Fishing 

is an important industry m the North Sea and the last few decades have seen changes in 

the catch of the top predators such as cod, haddock, and mackerel (Heath, 2005; Reid and 

Edwards, 2001). The decrease hi piscivorous predators, and the subsequent dominance of 

planktivorous fishes (sprat, sandeel, herring, and Norway pout), m the North Sea indicate 

that we are fishmg dovm the food web (Heath, 2005; Pauly et al., 1998). In theory, the 

resuhing trophic cascade may have increased the consumption of zooplankton (Heath, 

2005) and therefore may also effect a subsequent lessening of grazing pressure on 

phytoplankton leadmg to an mcrease m algal biomass (Reid et al., 2000). However, data 

suggest that the top-down control of North Sea phytoplankton is only unportant diu-mg 

times of ecosystem stress (Reid et al., 2000; Riegman, 1995). Addhionally, Richardson 

and Schoeman (2004) suggest that bottom up control dominates the North Sea plankton 

community. More research is needed to fiuther quantify the importance of top down 

control on North Sea phytoplankton biomass. 

Therefore, h is suggested that changes m large-scale climatological forcmg (possibly 

exacerbated by anthropogenic pressures such as overfishing) have gradually eroded the 

resilience of the North Sea system until a critical threshold was reached in the mid 1980s. 

Smce then, the North Sea has been m an ahemate state whh hs own characteristic 
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ecological and environmental features. The present regime, though lower hi nutrient 

concentrations, mamtains a higher (and possibly still hicreasmg) Chl a level in both 

coastal and open North Sea waters; this level of phytoplankton biomass in North Sea 

waters is more closely related to climatic variabilhy via sea surface temperatiue and water 

transparency than nutrient concentrations. 

117 



Chapter 8 

General discussion 

Eutrophication is a growmg concern in Europe's regional seas and appropriate indicators 
are requued for hs monhormg and assessment. Phytoplankton biomass and community 
composhion comprise an important component of any possible suite of eutrophication 
mdicators. Spatial sampling extent and scale, time-series length, non-lhiear responses of 
phytoplankton and mdicator covariance all mcrease the difficulty of using phytoplankton 
as eutrophication mdicators. However, these limhations may be overcome through 
comparison of coastal and open sea phytoplankton dynamics. This method is a 
particularly useflil tool for isolatmg the impacts of eutrophication from those caused by 
cUmatic variabilhy. The comparison of open and coastal phytoplankton datasets is 
explored in two geographic regions (the Black Sea and North-East Atlantic/North Sea) 
using phytoplankton as mdicators at two scales (chlorophyll as an mdicator of biomass 
and fimctional group abundance as an indicator of community composhion). The 
successful implementation of phytoplankton as indicators of eutrophication m these two 
disparate sea regions at two different ecological scales suggests that this method could be 
applied to other Eiuopean seas as a means of assessing nutrient enrichment and 
distmguishing between the hnpacts of climate change and eutrophication. 
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Chapter 8: General discussion 

8.1 Introduction 

The recent expansion of the European Union has increased the EU's size and 

geographical coverage while extendmg hs coastal area eastward to the Black Sea coast. 

Each of Eiuope's seas ciurently experiences eutrophication to some extent. The two seas 

used as case studies in this thesis, the Black Sea and the North-East Atlantic/North Sea, 

have disparate ecological and anthropogenic histories. The majorhy of the countries m the 

North Sea catchment are EU member states and the North-East Atlantic/North Sea system 

is well studied and monitored. Nevertheless, eutrophication is an historical problem, 

particularly in certain areas of the North Sea. The Black Sea, though new to the EU, has a 

history of extensive eutrophication-mduced ecosystem degradation. Envh-onmental 

management of the Black Sea is fiirther complicated by the fact that 9 of the 16 coimtries 

comprising the majority of hs catchment are non-EU states. Desphe these differences 

between the North-East Atlantic/North Sea and Black Sea, the selection and monitoring 

of appropriate eutrophication mdicators is requued m both regions (and throughout 

Europe's seas) to prevent fiirther damage to marme ecosystems caused by excess 

nutrients. 

8.2 Eutrophication indicators 

Chapter 1 of this thesis justifies the selection of phytoplankton as suhable mdicators for 

eutrophication in Europe. At this point h seems appropriate to explore where 

phytoplankton fit into a larger suhe of eutrophication mdictors, particularly in reference to 

those representmg eutrophication-related pressures (such as nutrient loads or 

concentrations) or other ecosystem responses to eutrophication (Table 8.1). 
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Table 8.1. Some eutrophication indicators and a selection of references to their 
application. 

Eutrophication 
indicator 

References 

Nutrient discharge 
loads 

(Baan and van Buuren, 2003; Cociasu and Popa, 2004; Dederen, 
1992; Mee et al, 2005; OSPAR, 2005; Yunev et al., 2007) 

Nutrient 
concentrations or 
ratios 

(Aertebjerg et al., 2001; Baan and van Buuren, 2003; Cloern, 
2001; Cociasu and Popa, 2004; OSPAR, 2005; Philippart et al, 
2007; Philippart et al, 2000; Yunev et al, 2007) 

Phytoplankton 
biomass 

(Aertebjerg etal, 2001; Baan and van Buuren, 2003; Bodeanu et 
al, 2004; Cloem, 2001; Marasovic et al, 2005; OSPAR, 2005; 
Philippart e/o/., 2007) 

Phytoplankton species 
composkion 

(Bodeanu et al, 2004; Hickel, 1998; Marasovic et al, 2005; 
Officer and Ryther, 1980b; OSPAR, 2005; Philippart et al, 
2007; Philippart et al., 2000; Sommer et al, 2002; Yunev et al, 
2007; Zaitsev, 1992) 

Harmful algal bloom 
frequency 

(Bodeanu, 2002; OSPAR, 2005; Richardson and Jorgensen, 
1996; Smayda, 1990; Verity et al, 2002) 

Macrophyte biomass (Mee, 1992; OSPAR, 2005; Tett et al, 2007; Zaitsev, 1992) 
Macrophyte species 
composhion 

(Cloern, 2001; Grail and Chauvaud, 2002; Isaksson and Pihl, 
1992; OSPAR, 2005; Tett et al, 2007) 

Macrophyte depth 
distribution 

(Domin et al, 2004; Tett et al, 2007; Zaitsev, 1992) 

Macrozoobenthos 
biomass 

(de Jonge et al, 1996; OSPAR, 2005; Philippart et al, 2007) 

Macrozoobenthos 
species composition 

(Grail and Chauvaud, 2002; OSPAR, 2005; Philippart et al, 
2007; Zaitsev, 1992) 

Benthic hypoxia (area 
or frequency) 

(Baan and van Buuren, 2003; Mee, 2006; OSPAR, 2005; 
Richardson and Jorgensen, 1996; Zahsev, 1992) 

Benthic mass 
mortality 

(OSPAR, 2005; Richardson and Jorgensen, 1996; Tett et al, 
2007; Zaitsev, 1992) 

Because eutrophication is a response to nutrient enrichment, nutrient concentrations or 

loads can potentially provide an early warning signal of possible eutrophication 

ecosystem effects. However, nutrient enrichment is not a condhion which is actually 

harmful unless ecosystem change is produced as a resuh (Tett et al, 2007). Addhionally, 

the relationship between nutrients and eutrophication is complex as aherations in nutrients 

may not always correspond to ecosystem changes associated whh eutrophication. For 

example, m the coastal North Sea nutrient concentrations and loads have decreased 

ahhough chlorophyll has not (Chapter 7). The concentrations or loads at which nutrients 

may produce an effect in the ecosystem also vary between regions and are dependent on 

the hydrographical properties of a system. A well-flushed water body like the North Sea 

is likely to respond more slowly to mcreased anthropogenic nutrients than the Bahic or 

Black Seas, which have restricted exchanges and long residency tunes. 
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Unlike nutrient concentrations and loads which indicate pressure on an ecosystem, the 

remamder of the eutrophication indicators listed in Table 8.1 are hidicators providing 

mformation on ecosystem disturbance. Pressiue mdicators may have the abilhy to 

provide an early warning of ecosystem change, but as mentioned previously, are difficuh 

to duectly relate to eutrophication consequences. Disturbance mdicators, though often 

mfluenced by other pressiues such as climate, may also provide an early warning of 

eutrophication, particularly those mdicators measurmg biological responses to nutrient 

enrichment. 

The biological effects of increased nutrients inhially manifest through changes m 

phytoplankton. In other words, eutrophication-mduced changes in the plankton occur 

prior to changes in other ecosystem components, thereby providing an early warning 

signal for eutrophication. The aspects of phytoplankton Usted as mdicators m Table 1.7 

can provide information on the trophic effects of eutrophication, allowing a 

comprehensive picture of ecosystem change. However, the relationship between 

phytoplankton dynamics and nutrient-related pressure varies between regional seas and 

plankton response to nutrient-climate interactions is not fiilly understood, making h 

difficuh to separate the effects of eutrophication fi-om changes caused by climate 

variabilhy. 

Indicators regardhig the heahh of the zoobenthic and phytobenthic communities can also 

provide usefiil information on degree of eutrophication. However, nutrient etu-ichment 

usually affects the benthic system after the pelagic, through, for example, increased 

tiubidhy as a resuh of phytoplankton blooms or hypoxia due to the bacterial 

decomposition of elevated levels of phytoplankton detritus. Therefore, response of 

benthic communities to nutrient enrichment does not occur as early as the phytoplankton 

response. Like phytoplankton indicators, phytobenthos and zoobenthos may also be 

subject to multiple pressures such as harvesting, the effects of dredging and trawling, and 

climate variability, all of which can confoimd the eutrophication signal. 

Ahhough associated whh eutrophication, hypoxia and benthic mortalhies do not provide 

early warnings of ecosystem disturbance, as these are often catastrophic state changes that 

indicate a breakdown in ecosystem resilience (Mee, 2005a; Scheffer et al., 2001). This 

scenario is exemplified in the Black Sea which, prior to the agricuhural intensification of 

the 1960s and 1970s, was home to an extensive macroalgal habhat associated with the red 
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alga Phyllophora. As eutrophication mtensified and the area of hypoxia (and eventually 

anoxia) expanded, Phyllophora habhat -was lost. Although nutrient loads to the Black Sea 

have decreased smce the disintegration of the communist bloc, and Phyllophora habhat 

may be recovering, the species associated with this macroalgal community are different 

than those common prior to eutrophication (Mee et al., 2005). Thus, by the tune hypoxia 

and benthic mortalities occur, restoration of an ecosystem to its previous state may be 

impossible even with a reduction in nutrient enrichment. 

8.3 Phytopiankton as indicators 

Ahhough nutrient enrichment first manifests biologically through changes m the 

phytoplankton, phytoplankton have some limhations as indicators. A scarchy of historical 

baselme data, the confounding mfluence of climatic variabilhy, a lack of spatio-

temporally comprehensive datasets, and non-linear responses to envuonmental change 

complicate eutrophication assessment through phytoplankton monhormg. However, h is 

possible to overcome these challenges. 

8.3.1 Baselines 
Whhout historical knowledge of vmimpacted ecosystem states h is difficuh to identify and 

assess the severhy and magnitude of change. Furthermore, due to the prolonged impact of 

human existence on marine ecosystems, particularly those closest to shore, very few 

ecological datasets extend back the hundreds of years necessary to provide an mdication 

of the state of marme ecosystems before human impact (Jackson, 2001). Even the 

Continuous Plankton Recorder dataset, the longest marme ecological tune-series in the 

world, began only m 1931 (Batten et al., 2003a). Because unimpacted ecosystem state 

data is rare, other types of data may be used as substitute baselines. 

Before the effects of nutrient enrichment are mvestigated, h is helpful to understand 

'typical' phytoplankton dynamics in a region. Ahhough seasonal spatial change in 

phytoplankton biomass in the North-East Atlantic has previously been examined 

(Drmkwater et al., 2003; Edwards, 2000; Edwards et al., 2001b), the spatial mtra-annual 

dynamics of the major phytoplankton fimctional groups, diatoms and dmoflagellates, are 

presented for the first thne m map form m Chapter 5. This type of basic data is a vital tool 

to understanding ecosystem changes caused by climatic variability or anthropogenic 

pressures and provides a baselme of group abundance throughout the year. Diatoms and 
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dinoflagellates are two of the most important groups of primary producers in the marine 

ecosystem and their spatial and seasonal variability have direct consequences for upper 

trophic levels. For example, climatically-induced seasonal temporal mismatch in 

phytoplankton blooming and zooplankton spawning times has had direct consequences on 

North Sea cod stocks (Beaugrand et al, 2003; Edwards and Richardson, 2004). 

Unfortimately, the Black Sea does not possess the large amount of temporally and 

spatially extensive seasonal baseline data for which the CPR provides the North-East 

Atlantic; however, information gleaned from observations in the North-East Atlantic can 

be tentatively applied to the Black Sea and tested as ecological datasets in that region 

mcrease in scope and length. For example, we have seen changes in the Black Sea 

chlorophyll seasonal cycle as a resuh of a hydrocUmatic anomaly (Chapter 4). From this 

we could tentatively hypothesize that due to a change in seasonal blooming pattern, 

climate-driven phenologically-mduced trophic mismatches similar to those occurring m 

the North Sea could possibly manifest in the Black Sea, particularly if the hydroclimatic 

anomaly of 2001 was a resuh of global warming. However, more data are needed to test 

this or any other such hypotheses. 

Ahhough few ecological thne-series monhormg xmimpacted ecosystem states exist 

(Jackson, 2001), the long thne-series that are available provide valuable ecological 

information about temporal variability in the phytoplankton community. Chapter 6 

illustrates decadal-scale spatio-temporal changes m North-East Atlantic diatom and 

dmoflagellate abundances. However, this information alone is not sufficient to investigate 

impacts caused by eutrophication and the mfluence of climate must also be considered 

when interpreting observed changes in the abundance of fimctional groups. 

Hydroclimatically-mduced fluctuations in abundance of these two groups are immediately 

obvious from Figures 6.2 and 6.3: low abundances of both groups during the late 1970s 

were a response to a region-wide low temperature/low salinity anomaly m the North-East 

Atlantic while the high abundances observed in the 1980s were part of a region-wide 

regune shift. Taken out of context v^thout climatic (or, if possible, nutrient) data, the 

uicrease hi coastal diatom and dinoflagellate abundances (and chlorophyll concentration -

see Chapter 7) resuhing from the regune shift may be misinterpreted as eutrophication-

related. Mismterpretation of ecological thne-series due to a lack of reference data is 

particularly likely where only short thne-series exist or data are not spatially 

comprehensive. The Black Sea, for example, is thought to be recoveruig from 

eutrophication. Whether this 'recovery' is an actual response to decreased nutrient 
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loading or a result of climate changes (Chapter 4) is difficuh to determine because of the 

limited availabilhy of spatio-temporally comprehensive ecological datasets. 

8.3.2 Limitations in plankton datasets 

It is hnportant to consider temporal scales when drawing conclusions based on ecological 

mdicators. Long time-series of ecological data are most deshable for eutrophication 

assessment {e.g., CPR data for the North-East Atlantic, Chapters 6, 7); however h is 

possible to use shorter datasets, as in the Black Sea (Chapter 4). An advantage of 

remotely-sensed datasets, though shorter m length than data from the CPR, is theh regular 

temporal sampling. However, conclusions drawn from shorter datasets, even i f they are 

regularly sampled, must be considered more tentative due to natural ecosystem variabilhy 

which may be mismterpreted as anthropogenically-mduced change at short temporal 

scales. 

Spatial scale is also an issue when evaluating change in ecological indicators. In addition, 

hydrographic study regions must be selected carefully and, ahhough aggregating data 

geographically can increase hs reliabilhy (more samples, better temporal coverage), small 

scale local variation may be underestunated. This was demonstrated m Chapter 7, where 

although phytoplankton biomass is not increasing as a result of enhanced nutrient loading 

at the scale of the whole coastal North Sea, eutrophication may remain a problem in some 

local regions. 

Ahhough SeaWiFS and the CPR provide important contributions to phytoplankton 

monitoring, both datasets have some limhations. For example, SeaWiFS is less accurate 

hi Case I I (coastal, tiu-bid) waters where phytoplankton biomass is often overestimated by 

the satellite (lOCCG, 2000). The development of region-specific processing algorithms 

for SeaWiFS data may help to solve this problem (Nezlm, 2001). Due to the mesh size of 

hs silk, the CPR primarily covmts large, armoured flagellates and may underesthnate 

unarmoured flagellate species, as well as other small plankton (Dickson et al., 1992). 

However, the proportion of cells retamed by the CPR silk has been found to reflect major 

changes in abundance, distribution and composhion of the phytoplankton community 

(Robmson, 1970). Addhionally, the CPR is normally towed ftirther than 1 km offshore 

and therefore may miss the effects of eutrophication in localized areas very close to the 

shore (Edwards et al., 2006). These limhations hi SeaWiFS and CPR data must be 

accounted for when mterpreting ecological information from those two sources. 
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8.3.3 Non-linearities and regime shifts 

The relationship between phytoplankton, nutrients and climate is complex. In the North 

Sea, hydroclimatic change appears to exacerbate eutrophication through extension of the 

growing season and greater water transparency from uicreased Atlantic inflow (Chapter 

7). At the same time, nutrient loads to the North Sea have decreased while chlorophyll has 

mcreased; this is a departure from the common view that mcreasing nutrients lead to 

increasing chlorophyll. The excess nutrients added to the system, though declining, may 

now be more readily available for biological use due to changes m hydrocUmatic factors 

(such as rishig SST and mcreasing water transparency as a resuh of increased Atlantic 

mflow). This is a case of covariance maskmg causaUty and highlights the need for even 

stricter nutrient controls m the catchment. The cumulative influence of climate and 

nutrients on Black Sea phytoplankton also appears to be non-linear, with a warming 

climate leadmg to greater stratification and decreased chlorophyll. But this relationship 

may hold only until a threshold temperature is reached, preventing formation of the Cold 

Intermediate Layer and nutrient subduction, leading to favourable grovdng condhions for 

phytoplankton (Chapter 4). Addhionally, m both seas historical nutrients are stored m 

catchment soils as well as bottom sediment (Mee et al., in prep.). These nutrients are a 

'historical legacy' and supplement nutrients presently supplied by rivers and point 

sources, thereby contributmg to eutrophication many years after then mtroduction to the 

system. Nutrient input m the two catchments has decreased m recent years (Chapters 3, 7) 

but remams above natural levels and certam climatic condhions allow phytoplankton to 

take advantage of these excess nutrients. A similar scenario has also been observed m the 

Bahic Sea where the quantity of historical phosphorus retahied in and resuspended from 

the sediment dwarfs the amount of new phosphorus arriving from the North Sea and 

rivers (Mee et al., in prep.). 

In these ways, past anthropogenic pressure has resuhed in 'locked-m changes' to the 

pelagic ecosystem. In other words, regardless of current nutrient reduction measures, 

historical nutrient loads may remam biologically available for many years, locking us mto 

ecosystem changes as a resuh of past loads. The locked-in changes observed through 

nutrient legacies are similar to the locked-m changes resuhing from historical carbon 

emissions: because of our past use of fossU fuels, we will be unlikely to see an 

improvement in climate change for many years, even if carbon emissions are immediately 

significantly reduced (Mee et al., in prep.). Clearly, historical legacy and locked-in 

changes are a problem for policy makers who want to see hnmediate resuhs (Chapter 3). 
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The North-East Atlantic regime shift discussed m Chapter 7 occurred due to region-wide 

hydroclimatic change and, though the resuh was mcreased phytoplankton biomass, was 

not coimected with excess nutrient concentrations. The possible shift in the Black Sea 

chlorophyll regime which occiured hi 2002 and is identified m Chapter 4 also appears to 

be climate related. However, unlike the North-East Atlantic regune shift which is 

comparatively well studied, the significance of the shift in the Black Sea chlorophyll 

reghne must be considered whh great caution. The Black Sea shift is much more recent 

and therefore hs temporal extent cannot yet be known. In fact, h is not certahi that the 

change in chlorophyll observed after 2002 is a regune shift; h is possible that changes 

observed m chlorophyll are the resuh of natural system variabilhy and phytoplankton 

biomass may increase m coming years. Addhionally, because of hs recent occurrence, h 

is not yet known i f higher trophic levels underwent corresponding significant change, a 

characteristic trah of regime shifts (Beaugrand, 2004c). Conversely, h is possible that this 

is the first identification of a major regime shift in the Black Sea ecosystem, but clearly 

more information is needed before the significance of the shift hi chlorophyll can be 

determined and such a statement must remahi speculation for the tune bemg. Whhout the 

benefit of long-term ecological data h is extremely challengmg to identify and determine 

the unportance of such changes. 

8.3.4 Ambiguous indicators 

Two HAB-forming species, Noctiluca scintillans and Phaeocystis spp., are at times used 

as indicators of eutrophication and of climate change. The representativeness of either of 

these species as a eutrophication indicator is somewhat controversial. Although it has 

been used as a eutrophication indicator hi the North Sea (Zevenboom et al., 1991) and the 

Black Sea (Shiganova and Bulgakova, 2000), recent work by Edwards et al. (2006) found 

that the observed increase in abundance of Noctiluca in areas of the North Sea is the 

resuh of increasing wmter SST rather than elevated nutrient concentrations. The increase 

in Noctiluca abundance also comcided with a general hicrease in dmoflagellate 

abundance in the North Sea attributed to post-regune shift hydroclimatic changes 

(Edwards et al., 2006; Edwards and Richardson, 2004). However, as Noctiluca is a 

heterotrophic dmoflagellate, rather than a strict autotroph, it is also possible that an 

mcrease hi organic matter, such as that associated with eutrophication, may trigger 

uicreased abundance of the species (Vasas et al., 2007). The applicabilhy of Noctiluca as 

a eutrophication hidicator must therefore be determmed on a case-by-case basis. 
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Similarly to Noctiluca, Phaeocystis has also been used as an indicator for eutrophication 

m the North Sea (Zevenboom et al., 1991). However, recent work usmg CPR data has 

shown that Phaeocystis blooms were especially frequent in the North Sea durmg the 

1960s and after the 1980s, two periods with relatively low nutrient mputs, and that 

occiurence of Phaeocystis blooms is closely related to hydroclimatic factors such as 

Atlantic mflow through the Dover Strait (Gieskes et al., 2007). Addhionally, recent 

modelling work has also shown that Phaeocystis biomass hi Belgian coastal waters is 

attributable to both Atlantic mflow and riverme nutrient mput and that a reduction hi 

anthropogenic N could significantly reduce Phaeocystis biomass in that region (Lacroix et 

al., 2007; Lancelot et al., 2007). 

8.4 Open sea vs. coastal 

Even when spatially and temporally comprehensive ecological datasets are available, 

equivalent nutrient time-series are rare and a means of Imking phytoplankton dynamics to 

eutrophication is still needed. Because open sea ecosystems are less impacted by 

eutrophication than those near shore, they may be used as reference areas in comparison 

with coastal systems to investigate the effects of nutrient loadmg. Changes observed m 

coastal systems alone are most likely a resuh of local processes (such as eutrophication) 

while those observed in both open sea and coastal areas are probably a response to 

climatic drivers. By segregathig datasets mto open sea and coastal regions, the influence 

of anthropogenic nutrients can also be separated from that of natural background nutrient 

concentrations. For example, 90% of nutrients entering the North Sea do so through 

inflow from the Atlantic Ocean (OSPAR, 2000) hidicatmg that nutrient concentrations in 

the open North Sea are predominantly mfluenced by climatic variabilhy rather than 

anthropogenic sources. Therefore the comparison of synchronous coastal and open sea 

data may serve to reveal disparate (or shnilar) patterns of change hi ecological mdicators 

hi the two regions. 

A comparison of the composhion of open sea and coastal phytoplankton communities 

indicates that, at the North-East Atlantic scale, climate appears to override the mfluence 

of eutrophication, whh similar patterns of change in phytoplankton community 

composhion observable in both open and coastal waters (Chapter 6). Open sea and coastal 

phytoplankton communities were not found to be significantly different, although 

significant differences hi both diatom and dinofiagellate communities were observable 
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between coastal and open sea subregions. These results were confirmed when changes in 

coastal and open North Sea chlorophyll were investigated; although the coastal area was 

richer in chlorophyll than the open North Sea possibly due to elevated coastal nutrient 

levels, chlorophyll in the two regions was highly correlated and showed nearly identical 

patterns of change dvuing the last 55 years (Chapter 7). Furthermore, coastal chlorophyll 

was positively correlated with climatic factors (SST, wind stress, winter Secchi depth) but 

negatively correlated with coastal and riverine nutrient concentrations, emphasizing the 

importance of climatic drivers in coastal waters. Although at the North Sea scale climate 

may dommate change m chlorophyll, the increasmg trend m coastal North Sea 

chlorophyll observable since the reghne shift may be a resuh of the synergistic influences 

of climate and nutrient eiu-ichment. Addhionally, these resuhs don't rule out 

eutrophication as a real problem affecting localized areas of the North-East Atlantic/North 

Sea region. 

Resuhs from the Black Sea are less clear as the SeaWiFS tune-series is relatively short 

and no comprehensive nutrient data are available. However, as m the coastal North Sea, 

Black Sea shelf waters are richer m chlorophyll than open sea waters (Chapter 4). In 

general, chlorophyll levels m the Black Sea appear to be decreasmg (except for the 

anomalous 2001). However, this trend is also found throughout much of the World Ocean 

(Behrenfeld et al., 2006), which mdicates that the decreasing chlorophyll is at least partly 

attributable to climatic variability and is not solely a resuh of nutrient reduction. 

8.5 Recommendations 

The comparison of open sea and coastal phytoplankton dynamics is a usefiil tool for 

monhormg eutrophication. However, this technique must be used m conjunction whh 

addhional data regardmg climate and, i f possible, nutrients. Determming phytoplankton 

responses to changes in cUmate is especially problematic because of the various ways 

through which climate changes manifest in the marine ecosystem (such as alterations in 

temperatiue, stratification, preciphation, chculation). Further research mto the hnpacts of 

these (and other) aspects of climate variabilhy on phytoplankton biomass and coirununity 

composhion is requued in order to understand phytoplankton responses to changes in 

climate. 

Comprehensive monitoring programmes are crucial in order to assess the biological 

effects of eutrophication through comparison of open and coastal phytoplankton 
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dynamics. The North-East Atlantic/North Sea is well monhored by the CPR, yet 

addhional routes would provide even more information on plankton dynamics. An 

extension of CPR routes to the Black Sea would provide that region whh an important 

source of consistently analysed in situ ecological data, which is currently missmg. In 

addhion to in situ data, the refmement or development of regionally-specific algorithms 

for interpretmg remotely-sensed chlorophyll would mcrease the useflihiess of SeaWiFS 

satellhe data hi the coastal North Sea and Black Sea. While in situ monitoring 

programmes reveal valuable information about phytoplankton community composhion, 

satellhe data can provide an important source of hiformation on changes in phytoplankton 

biomass, particularly if acciuacy could be improved in Case II (coastal, tvubid) waters. 

Ahhough relating changes in nutrients to the biological effects of eutrophication is not 

straightforward, data on nutrient concentrations are highly desuable when interpretmg the 

causes of eutrophication-hiduced biological change. More research is requked to 

determine the exact responses of phytoplankton biomass and community composhion to 

increased nutrient concentrations and changes in nutrient ratios. Fiuthermore, the EU's 

Water Framework Dhective aims to achieve 'backgroimd' values of nutrient 

concentrations m the marine envuonment (Baan and van Buxu-en, 2003). However, 

nutrients are often hxegularly sampled in time and space, particularly in open sea waters, 

and most nutrient thne-series are short. While h may be impossible to recreate interaimual 

nutrient time-series where data are limhed, modelling exercises can help to fill some of 

these gaps. Modellmg is a particularly useful tool in the Black Sea where historical 

nutrient data are scare and historical nutrient budgets are lacking (Artioli et al., in prep.). 

Information about past nutrient dynamics could enable valuable msight into the 

relationship between anthropogenic nutrient pressures and ecosystem effects, particularly 

m the Black Sea, which is possibly undergomg a process of ecosystem recovery. 

8.6 General conclusions 

This thesis explored the complex responses of phytoplankton to changes in nutrient 

concentrations and the difficulty m separatmg the influence of cHmate fi-om that of 

eutrophication on phytoplankton dynamics. Comparing coastal phytoplankton dynamics 

to those in open sea waters is a useful tool m eutrophication assessment and allows the 

isolation of the eutrophication from the cUmate signal. This method of separatmg the 

influence of these two drivers has been demonstrated here in two geographic regions (the 

Black Sea (Chapter 4) and North-East Atlantic/North Sea (Chapters 6, 7)) usmg 

129 



phytoplankton as indicators at two scales (chlorophyll as an hidicator of biomass 

(Chapters 4, 7) and community composhion (Chapter 6)). Thanks to the CPR, the North-

East Atlantic/North Sea has a long, spatially comprehensive thne-series of plankton data 

(Chapters 5, 6, 7) allowmg the establishment of baselme, though not 'pristine', reference 

condhions. At the North-East Atlantic/North Sea scale cUmate appears to be more 

important than nutrients as a regulator of phytoplankton dynamics (Chapter 6), although 

the two drivers have been found to have synergistic effects resuhhig m increasmg 

chlorophyll levels in the coastal North Sea (Chapter 7). In the Black Sea, h seems that the 

observed decrease m chlorophyll is at least partially a resuh of changes in climate and is 

not solely attributable to the 'recovery' of the Black Sea ecosystem (Chapter 4). 

Addhionally, the North Sea reghne shift is clearly visible in coastal and open sea 

chlorophyll concentrations (Chapter 7) while Black Sea chlorophyll has also undergone a 

possible recent regime shift, although the significance of that shift is difficult to determine 

at this early stage (Chapter 4). However, spatial sampling extent and scale (Chapters 5, 6, 

7), tune-series length (Chapter 4), non-lhiear responses of phytoplankton (Chapters 4, 7) 

and mdicator covariance (Chapter 7) aU increase the difficuhy of separatmg the influence 

of eutrophication and cUmate. Lhnhations aside, the successfiil use of phytoplankton as 

hidicators of eutrophication m these two disparate sea regions at two different ecological 

scales suggests that this method could be applied to other European seas as a means of 

distinguishing between the effects of climate and eutrophication. 
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Appendix 

This appendix contains a series of maps depicting monthly and armual mean SeaWiFS 
chlorophyll concentrations and standardized monthly chlorophyll anomalies in the Black 
Sea for the time period spaiming September 1997 to December 2005. The methodology 
for creating these maps can be found in Chapter 4. 
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Figure A2. Mean monthly SeaWiFS-derived chlorophyll in the Black Sea during 1997. 



Figure A3. Mean monthly SeaWiFS-derived chlorophyll m the Black Sea durmg 1998. 
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Figure A4. Mean monthly SeaWiFS-derived chlorophyll in the Black Sea durmg 1999. 
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Figure A5. Mean monthly SeaWiFS-derived chlorophyll m the Black Sea diuing 2000. 
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Figure A7. Mean monthly SeaWiFS-derived chlorophyll in the Black Sea during 2002. 
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Figure A9. Mean monthly SeaWiFS-derived chlorophyll in the Black Sea during 2004. 
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Figure AlO. Mean monthly SeaWiFS-derived chlorophyll in the Black Sea during 2005. 
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Figure A l l . Black Sea standardized chlorophyll anomalies during 1997. 
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Figure A12. Black Sea standardized chlorophyll anomalies durmg 1998. 
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Figure A13. Black Sea standardized chlorophyll anomalies durmg 1999. 
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Figure A17. Black Sea standardized chlorophyll anomalies during 2003. 
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