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Abstract

The Continuous Plankton Recorder (CPR) survey has been deployed since 1931 to describe
and analyze plankton variability in the North Atlantic and North Sea. This survey measures
the presence and abundance of 437 phytoplankton and zooplankton taxa and provides an
assessment of phytoplankton biomass, the Phytoplankton Colour Index (PCI). The diatoms
and dinoflagellates are the two main phytoplankton groups identified by the CPR survey. The
first part of this work provides insights into the space-time dynamics of phytoplankton
communities through an analysis of diatom and dinoflagellate populations in the whole North
Atlantic basin. Because the North Atlantic Ocean includes many difterent biotopes, the
second part focuses on the mesoscale vanability of phytoplankton species. The long-term
fluctuations of the phytoplankton species are studied in the NW and in the NIL Atlantic, the
two best sampled areas of the CPR survey. In the NE Atlantic, the aim is to determine the
contribution of the diatoms and dinoflagellates to the PCIL, their fluctuations over 45 years of
sampling and their geographical variations. Because local variability in environmental
conditions 1s thought to play a domunant role in temporal Huctuations of phytoplankton
biomass, the next part takes advantage to define small areas around the Bntish Isles. This
allowed me to study more precisely the processes intluencing the long-term variation of
phytoplankton assemblages. The North Atlantic Current transports water across the Northern
basin of the Atlantic Ocean, along the shelt of Ireland and form the Nonwvegran current which
corresponds to the intlow of oceanic waters into the Norwegian Sea and the North Sea. In
this highly hydrodynamic region attention is focused on the Huctuations of plankton species in
relation to the currents. The am of this part is theretore to investigate the fuctuations of
phytoplankton biomass, diatoms and dinotlagellates, their geographical distribution and
abundance within the area and their relationship with physical processes. The intense
hydrodynamic activity observed in the Northwestern Atlantic Shelves Province (NWCS)
makes this region especially intriguing trom the point of view of physical-biological
interactions. The relatonship between spattal and temporal structures of eddies (via Sca
Surtace Hesghts) and chlorophyll # (from the Sea-viewing Wide Field-of-view Sensor,
SeaWiFS) was assessed along the Gulf Stream axis. In particular, the physical structures
identified were followed and compared with phytoplankton distnbution. In addition, the
impact of the J.SW changing flow along the Scotian Shelf and the influence of Gulf Stream
rings along the George Bank s determined. This work demonstrated that changes are
occurning in pelagic ecosystems at difterent temporal and spatial scales. These changes have
been illustrated by the spatial variability induced by eddies and/or currents but also by the
regional vanability of the hydro-climatic processes, influencing in difterent ways Sea Surface
Temperature, wind-regimes and mixing of local environments. Several ditterent aspects ot the
North Adantic Oscillations impact on pelagic ecosystems have been highlighted. In the
northeast Atlanne, NAO tlucwations imply changes in (1) SST in northern Europe, (i) wind
regimes, (i) Atlante Water inflow into the North Sea. In contrast, in the northwest Atlantic,
the variations of NAQO imply changes in (1) SST on the Scotian Shelt, (i) coastal currents, and
() intflow ot Labrador Sea Slope Water (LSSW) towards the Scotian Shelf and Georges Bank.
These changes in environmental process impact phytoplankton production, abundance, spanal
distribution, community structure phenology and ultimately would impact trophodynamics
processes. It is, however, stll difficult to explain unambiguously all the mechanisms that are
involved in the control of the observed patterns.
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(Stations 6 and 7), Sable Island (stations 8 and 9) and St Pierre Bank (stations 13 and 14); see
Table 6.C.2.

Figure 6.16. Mean seasonal cycles of PCI (black triangles) and SeaWiFS chlorophyll 4 (mg.m™
Chl & ; open dots) over the penod 1997-1998 along the CPR route. The error bars are the
standard deviation.

Figure 6.17. Hovmoller diagram of original data (), seasonal cycle (B) and anomalies after
removing the seasonal cycle (C) of Phytoplankton Cotour Index (PCI) for the |5 stations
sampled on the CPR route between January 1995 and December 1998. Cumulative sum
analysis was performed on PCI anomalies tor all the srations (D), over the period 1995-1998.

Figure 6.18. Hovmoller diagram of original data (A), seasonal cycle (B) and anomalies after
removing the seasonal cycle (C) of Sea Surface Temperature (SST) tor the 15 stations sampled
on the CPR route between January 1995 and December 1998. Cumulative sum analysis was
performed on SST anomalies for all the stanons (D), over the penod 1995-1998.

Figure 6.19. Hovmoller diagram of original data (A), seasonal cycle (B) and anomalies after
removing the seasonal cycle (C) of Sea Surtace Heights (SSH) for the 15 stations sampled on
the CPR route between January 1995 and December 1998. Cumulative sum analysis was
pertormed on the residuals ot Sea Level Anomalies (SLA) for all the stations (D), over the

period 1995-1998.

Figure 6.20. Cumulative NAO (index month; black triangles) and cumulative geostrophic
current (white triangles) derived from alameter sea level anomaly (km) over the period 1995-
1998.

Figure 7.1. Mechanisms linking the positive (A) and negative (B) phases of the North
Atlantic Oscillation (NAQ) to the variability in physical processes and planktonic ecology.
Red/green arrows imply an increase/decrease in the parameter. The dashed arrows illustrate
the relationship between NAO and Sea Surface Temperature (SST) via the currents in
Northeast and Northwest Atlantic.

Figure 7.2. Schematisaton of eddy tormation from the Gulf Stream meanders and

mechamsm of plankton and nutrient exchange across the fronml boundaty between
Subtropical Waters (light blue) and both Slope and Subpolar origin waters (dark blue).
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Chapter 1

INTRODUCTION




All marine organisms are attected to some extent by the movement of ocean currents, but
plankton, because of its minute size and short growth rates, is most directly coupled to the
physical environment. Being at the base of the marine food-web, information on
phytoplankton 1s an absolute prerequisite to the understanding of biclogical responses to
natural vanability within this environment. Small fluctuations in plankton biomass at short
time and space scales may have equal or greater importance in determining ecosystem
structure and function than larger tluctuations, such as climatic cycles (Haury e a/ 1978). In
addition, interactions between physical (Fig. 1.1} and biological (Fig. 1.2) processes result in
varmability over a wide range of temporal and spanal scales (Kaiser ef a/ 2005). Physical
processes are the basis of many perturbations that are critical tor the ecology of organisms
(Hatris 1986). The spatial and temporal patchiness in the physical environment arises from the
interaction ot solar heating and wind mixing in all bodies of water. As the wind induces
motion in surtace waters, both horizontal and vertical water motions are obsetved (fe
processes called turbulent advection and diftusion), and dissolved and suspended matenals
(e plankton) are then camed around by the water masses. Small to large scale events can
then be observed from 107 to 10° meters, from microscale vortices to regional scale horizonral
motions like the Gulf Stream. Those events then create patchiness in the ocean at the
corresponding scale. In temperate chmates, it 1s believed that the primary mechanmism imitiating
the spring phytoplankton bloom 1s the alteration between vertical mixing and stratfication ot
the water column and the availability of light: the penetration of light being mainly hmited by

the turbidity of the water (Edwards 2001).

Consistent patterns of ecological succession in the phytoplankton have been observed as a
result of the degree of vertcal stability ot the water column, consequently influencing nutrient
ratios and lite history strategies adopted by specitic groups of phytoplankton (Holligan 1987).
The increase in the intensity of stratification and nutrient depletion/loading impacts the
community composition and leads to a shift trom diatoms to dinotlagellates, as dinoflagellates
prefer these conditions (Margalet 1975). Due to the intrinsic nature of pelagic ecosystems,
there are two types of abiotic component which influence phytoplankton community
structure: (1) geographically-dependent component, including solar energy flux, bottom
topography and current direction, and (i1) geographically-independent compoenents assocrated
with the hydrodynamics ot the system (e.g. eddy structure), including temperature, salinity and
nutrients (van der Spoel 1994). As Tomczak and Godtrey (1994) pointed out, the Atlantic

basin 1s by far the longest latitudinally-extended ocean basin {7.e. 21,000 km trom the Bering

(28]






Straits over the pole and down to Antarctica) and regroups ditferent provinces that can be
considered individually due to their physical and biological charactenstics. Here, | focus on the
North Atlantic basin, within which the seasonal chlorophyll anomaly has the greatest spatial
coverage of any region of the World Ocean (Longhurst 1998). The only plankton monitoring
programme that comes close to this scale 1s the Continuous Plankton Recorder (CPR) survey,
which is the only long-term biological monitoring program providing a systematic coverage of
the Northeast Atlantic and the North Sea in both space and time. The survey measures the
presence and abundance of ca. 500 phytoplankton and zooplankton taxa and provides a visual
assessment of phytoplankton biomass: the Phytoplankton Colour Index (PCI, Colebrook &
Robinson 1965). The PCI has been extensively used to describe the seasonal and long-term
patterns of phytoplankton abundance in various regions of the North Atlantic (eg. Reid 1978,
Edwards e al 2001, Johns ef al. 2003, Batten ef 4/ 2003a). Each region of the North Atlantic
basin accommodates a characteristic seasonal production within its boundaries; seasonality 15
not, however, identical from year to year. The amplitudes of these year-to-year fluctuations
may appear to be minor, but are associated with changes in weather patterns that are very
signiticant (Longhurst 1998). 'The temporal and spatal scales that are particularly examined in
this study range trom years fo decades and cover environmental processes such as currents
(eg. the European Continental Slope Current and the Gulf Stream), advection (e.g. eddies) and

climatic oscillations (Ze. the North Atlanfic Oscillation).

At large scales, atmospheric forcing (ie. North Atlantic Oscillation) s the dominant
environmentil factor driving fluctuations of phytoplankton populations (Drinkwater e al.
2003). The North Atlantic Osallaion (NAO) refers to a redistribution of atmospheric mass
between the Arctic and the subtropical Atlantic. Switches from one NAO phase to another
produce large changes in the mean wind speed and direction over the Atlantic, the heat and
moisture transport between the Atlantic and the neighbouring continents, and the intensity
and number of storms, their paths, and their weather (Flurrell ef 4/ 2003). Walker and Bliss
(1932) constructed the first index of the NAO using a linear combination of surface pressure
and femperature measurements from weather stations on both sides of the Atlantic basin.
Most modermn NAO indices are denived trom the simple ditference in surtace pressure
anomalies between various northern and southern locations (Flurrell e «/ 2003). Several
indices have been developed to quantify the state of the NAQO, but the most widely used 1s
Hurrell’s NAQO index (Hurrell 1995a). Hurrell (19954) analysed the wintertime variability in

Sea Level Pressure and surtace temperature over the North Atlantic basin, between Lishon
P s s




Portugal and Stykkisholmur, Iceland. It is thought that the recent increasing number of studies
related to the NAO has been motivated by a trend toward a more positive phase over the past
30 years. The magnitude of this recent trend appears to be unprecedented n the observational
record (Hurrell 1995h), and probably over the past several centunies as shown by paleoclimate
data (Stockton & Glueck 1999). The most pronounced anomalies have occurred since the
winter of 1989 (Hurrell 1995a, Walsh ¢ @/ 1996, Thompson & Wallace 1998) when record
positive values of an index ot the NAQO have been recorded. Moreover, the trend in the NAO
accounts for several remarkable changes recently in the climate and weather over the middle
and high latitudes of the Northern Hemisphere, in both marine and terrestrial ecosystems.
The atmospheric shifts assoctated with the NAO have been linked to (1) changes in sea-ice
cover in both the Labrador and Greenland Seas as well as over the Arctic (Chapman & Walsh
1993), (i) transport by the Labrador Current (Marshall e7 aZ 1997) and the iceberg tlux past
Newfoundland (Drinkwater ef aZ 1999), (iii) pronounced decreases in mean sea level pressure
over the Arctic (Walsh ef @/ 1996) and changes in the physical properties ot Arctic sea water
(Sy et al. 1997), (iv) changes in North Atlantic surtace wave heights (Kushnir ¢/ 4/ 1997), (v)
evaporation and precipitation patterns (Hurrell 1995a), (vi) changes in the paths of Atlannc
storms and their intensity (Rogers 1990, Hurrell 1995a), and (vit) the latitude ot the Guit
Stream (Taylot & Stephens 1998). Part of the response trom the pelagic environment is local
and rapid {eg. Sea Surtace Temperature (S51), mixed-layer depth or surtace Zkman transport).
However, the geostrophically balanced large-scale horizontal and overturning circulation can

take several years to adjust to changes in the NAQ forcing (Visbeck et al. 2003).

Major long-term changes in pelagic ecosystems have been apparent in the North Sea
(Aebischer ef a/ 1990, Reid & Edwards 2001) and across the North Atlantc Ocean as a whole
(Planque & Taylor 1998, Greene & Pershing 2000, Beaugrand ef a/ 2003). At the regional to
oceanic scale (and at the sampling scale of the CPR survey), climate variability and regional
climate warming appear to play a dominant role in the long-term changes in phytoplankton
assemblages and biomass (Reid er /. 1998, Edwards ef 4/ 2002, Richardson & Schoeman
2004). Barton et af. (2003) showed that the positive PCI trends observed in many areas are
similar to the long-term trend in the NAO index and they provided hypotheses about the
NAO-dependent physical tactors underlying the long-term pattern of phytoplankton
vartability. In addition, zooplankton species from warmer waters have been observed recently
in the North Sea (Beaugrand ef 4/ 2002), the changes observed being related to variations at

higher levels in the food chain or by bottom-up control via phyvtoplankton.
phytog



The CPR survey has been used to descnbe and analyse plankton vanability in the North
Atlantic and North Sea and to interpret this variability in relation to fishenies and atmospheric
climate events (Robinson & Hiby 1978, Batten et 4/ 2003a). Recent studies have shown an
increase 1n phytoplankton biomass in the North Atlantic via the analysis of the PCI (Barton ¢/
al 2003). In the same way, an increasing trend in phytoplankton biomass has been shown in
the North Sea (Reid & Edwards 2001, Lancelot ef a/ 1997, Cadée & Hegeman 1993, Hickel ef
al. 1995) and in the area west of the Bntish Isles (Edwards ef «/ 2001). Different explanations
have been suggested to explain those increase, eg. hydro-chimatic processes (Edwards ef al
2001) and/or eutrophication (Lancelot e a/ 1997, Cloern 2001). Furthermore, non-
indigeneous phytoplankton species (7.e. Coscinodiscus wailesn, Edwards ez 2/ 2001) have been

observed in the North Sea.

This work will focuses on the changes that are occurring in pelagic ecosystems art ditferent
temporal and spatial scales. These changes will be illustrated by the spatial variability induced
by eddies and/or currents but also by the regional variability of the hydro-climatic processes,
influencing Sea Surtace Temperature, wind-regimes and mixing of local environments. In
particular, attention will be focused on the impact of the North Atlantic Oscillation on
phytoplankton via the changes in the physical and hydrological properties of the pelagic
environment. The structure of the present work tollows a progression from the macroscale
(r.e. North Atlantic basin) to the mesoscale (Ze. eddies), and from phytoplankton biomass to

the phytoplankton community.

Chapter 2 provides an overview of the sampling strategy and sample analysis of the CPR
survey. The analysis of phytoplankton biomass and indicator species (Ze. species most regularly
identified during the survey) is subsequently introduced in relation to hydro-climatic and

physical parameters, at different spatial and temporal scales, across the North Atlantic basin.

In Chapter 3, phytoplankton biomass is analysed from the CPR samples using the
Phytoplankton Colour Index (PCI), together with the total count of diatoms and
dinotlagellates (important groups ol primary producers of the North Atlantic Ocean (lalli &
Parsons 1997) and the two main groups of phytoplankton raxa identified by the CPR survey)
across the whole North Atlannic basin. Diatom and dinotlagellate species with a frequency of
occurrence greater than 1% in the samples were used as indicator taxa to provide more

information on the processes linking climate to changes in the phytoplankton community.




This chapter investigates (i) long-term fluctuations of phytoplankton biomass, total diatoms,
and total dinotlagellates, (i) geographical variation of patterns, (iii) the relative contribution of
diatoms and dinotlagellates to the PCI, and (iv) the fluctuations of the dominant species over
the period of the survey to provide more information on the processes linking climate to
changes in the phytoplankton community. Five dinoflagellate species (Ceratinm furca, C. fusus,
C. honidum, C. lneatnm, and C. tipos) and six diatom taxa (Proboscia alata alata, Rhizesolenia
hebetata semispina, K. styliforniis, Thalassionema nitgschioides, Thalussiosiva spp., and Thalassiothrix
longissima) have thus been investigated further. Due to the differences in microscopic analyucal
methods prior to 1958, the analyses have been conducted only over the period 1958-2002,
with the North Atlantic basin divided into six sub-regions identified through bathymetric

criteria and separated along a North-South axis.

However, because local variability in environmental conditions has been shown to play a
critical role in temporal fluctuations of phytoplankton biomass (Hasegawa ef o/ 2004), the
subsequent chapters are based on the consideration of smaller areas inside these sub-regions
in order to study more precsely the processes influencing the long-term variation ot
phytoplankton assemblages. These chapters will focus on the variability ot the phytoplankton
species at the mesoscale in the Northeast (NI chapter 4) and Northwest (NW,; chapter 6)

Atlantie Ocean as well as in the North Sea (Chapter 5).

As outlined above, sampling by the CPR survey over the North Atlannc and the North Sea
has enabled long-term studies of phytoplankton biomass. Analysis of an index of
phytoplankton biomass, the PCI, has previously shown an increase in phytoplankton biomass
in the NE Atlantic. In Chapter 4, further invesugations are conducted to determine the
contribution of diatoms and dinoflagellates cell counts to the PCI, their tfluctuations over the
last 45 years and their geographical variations in the eastern North Atlantic and the North Sea.
The relative contributions ot diatom and dinoflagellate to the PCI could lead to the
identification of difterent regimes in the di:lrom/dinoﬂﬂgellzltc dynamics of the NE Atlantic

and the North Sea.

Within the North Sea, intricate relationships arc apparent between physical conditions (ie.
waves, tides, currents), water chemistry (Ze. nutrients, oxygen, trace metals), sediment (ie. in
suspenston and on the bottom), living organisms and human activities (isma 1987). The
circulation of Atlantuc waters along the Furopean continental slope, and more precisely the

inflow of Atlantic waters into the North Sea, highly influences North Sea water characteristics,




with any changes in temperature, salimty and nutrient concentration aftecting the biology and
ecology of plankton organisms (Reid 1978, Eisma 1987, Reid ef o/ 1992, Reid er al 2003).
Changes in temperature, salinity and nutrient concentration in North Sea waters are then likely
to have a strong impact on the space-time dynamics of planktonic organisms. Anomalous high
salinity (Otto ¢f a/ 1990) and Atlantic plankton mdicator species (Corten 1999} observed in the
North Sea are particularly indicative of Atlantic inflow. The variability in the soutce and
volume of oceanic water inflow has been shown by Corten (1986, 1990), with a reduction of
Atantic inflow into the northwestern North Sea in the 1960s and 1970s, and an increased
inflow after 1980. Because temporal fluctuations of phytoplankton biomass might also be
critically influenced by local variabihty (Hasegawa ef 4/ 2004), Chapter 5 defines a set of
smaller regions around the British Isles and assesses the tong-term (1958-2003) impact of
changing oceanographic conditions on the North Sea planktonic ecosystem, with a particular
focus on (1) fluctuations in Atlantic inflow to the North Sea trom two sources ovér the 45-yr
study period, (i) the intluence of changes in inflow on North Sea salimty, temperatre and
nutrient levels between 1958 and 2003, (i) the idenufication of long-term changes in the
North Sea plankton assemblage (copepod abundance, phytoplankton biomass, diatom and
dinoflagellate abundances) in ditterent regions of the North Sea and (iv) the potential causal

relationships between the observed environmental fluctuations and changes i inflow rate.

As previously stressed, physical parameters, such as currents, have a strong influence on the
dynamics of plankton species. As a consequence, in Chapter 6, the etfect ot eddies and
currents on the dynamics and distribution ot phytoplankton are specitically investigated. The
intense hydrodynamic acovity observed in the NW Atlantic Shelves Province makes this
region espectally intriguing from the point of view ot physical-biological interactions
(Longhurst 1998). This zone 1s under the intluence of the cold southward inflow ot Labrador
Sea Water (LSW) and the warm northward intflow of the Gulf Stream. The Gulf Stream is the
largest current in the western North Atlantic, it tlows from the continental slope off Cape
Hatteras and travels eastward meandening until the tail of the Grand Banks (Stommel 1958).
The NW Atlantic includes contrasted, well-studied regions like the Grand Banks, the Scotian
shelf and the Georges Bank (Petrie & Yeats 2000, Campbell er al 2001, Greene ¢f al. 2003,
Thomas et 4. 2003}, In this hydrodynamically driven region, a specific artention has been given
to the influence of the physical processes on the distribunon and fluctuations of

phytoplankton biomass.




Firsdy, the intluence of the Gult Stream and its rings (generated from the cut-off of Gulf
Strcam meanders) on phytoplankton biomass distribution 1s investigated. No CPR data are
used 1n this part, as there is no continuous sampling done by the CPR survey in this area.
Instead, Sea-viewing Wide Field-ot-view Sensor (SeaWiFS) Chlorophyll 4 images are used as a
proxy ot phytoplankton biomass. Gult Stream warm and cold core rings have been shown to
influence surtace phytoplankton distributions via the entrainment of the surrounding water
masses around and into the rings (Kennelly ¢f 22 1985, Garcia-Moliner & Yoder 1994, Ryan ¢
al. 1999, Ryan et a/. 2001). In order to determine the relationship between spatial and temporal
structures of phytoplankton and eddies along the Gulf Stream axis, the first part of the
chapter 6 examunes and compares: (i) the spatial and seasonal structure of SeaWhFS
chlorophyll # along the spring bloom boundary in the North Atlantic near 35°N in relation to
eddy structure, (1) the seasonal cycles of SeaWiFS Chl # along a mean Gulf Stream path, (i)
the speed and propagation of Gult Stream rings and (iv) eddy and SeaWil’S Chl 4 spatial
structures along the Gulf Stream route.

Secondly, Gult Stream rings have been observed as being partially responsible for the warm
SST in slope water (Fox e a/ 2005). In particular, a Gulf Stream warm-core ring has been
shown as strongly influencing water mass and chlorophyll distributions along the southern
flank of Georges Bank (Ryan ¢/ 4/ 2001). This area, as well as the Scotian Shelf and the Grand
Banks, is also under the influence of the North Atlantic Oscillation through the moditication
ot the inflow of Labrador Sea Water (ILSW). More specifically, fluctuations m the intlow of
LSW along the Scotian shelf have been associated with changes in coastal water characteristics
(e. SST, salinity and nutrient concentration) and in zooplankton (Greene & Pershing 2000).
In this context, the second part of this chapter assesses the impact of the LSW changing tlow
along the Scotian Shelt and the influence of Gulf Stream rings along the George Bank. A
specitic CPR route (E-route; between Norfolk (Virginia, USA; 39°N, 71°W) and Argentia
(Newtoundland; 47°N, 54°W) has then be used to investigate over the period 1995-1998 (1)
the consistency between PCl and SeaWiFS Chl 4 measurements in this area, (i) the
fluctuations of phytoplankton biomass and their geographical distribution, (i) the possible
links between PCI, SST and NAQ, and (iv) the relation between phytoplankton and alametry

(i.e. Sea Level Anomalies and eddies).

The final chapter (Chapter 7) critically assesses the potental limitation of the CPR survey in
monitoring large scale changes in phytoplankton communities and discusses the main
processes that have been observed as influencing the variations ot phytoplankton in the North

Atlantic basin at different temporal and spanal scales duning this project.
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points for each sample are calculated trom the exact length of the filtering silk, the speed of
the silk advance through the mechanmism, and from information on a log sheet completed by
the officers of the towing vessel. The log sheet records the exact ime and position of CPR
deployment and recovery, in addibon to intermediate times and positions of alterations in the
course. Calculations assume the vessel does not alter course or speed between successive
points on the log sheet. Position {(Jafitude and longitude) and local time tor each sample are
also calculated, corresponding to the geographical position of the CPR when the mid-point ot
the sample 1s in the muddle of the filtering wnnel (Richardson e a/ 2006). Comparison

between the calculated position and data from vessels where a GPS record was available

suggests the position assigned to CPR samples is accurate to within 10-20 nautical miles.

2.4.3. Sample analysis

Colebrook (1975), Warner & Hays (1994) and Richardson e aZ (2006) have described methods
of counting and data processing. Despite the near-surface sampling, studies have shown that
the CPR gives a satisfactory representation of plankton dynamics in the epipelagic zone
(Lindley & Williams 1980, Williams & Lindley 1980, Batten e/ 4/ 1999). There are four steps in
the analysis:
® 'The first step 1s a visual estimation of the total phytoplankton biomass, known as

the Phytoplankton Colour Index (PCl), determined for cach sample prior to the cutting of the
silk (Robinson & Hiby 1978). This index has tour levels of colour trom 'nil' to ‘green':

- 'Nil’: no phytoplankton.

- 'Very pale green”: low biomass of phytoplankton.

- "Pale green': medium biomass ot phytoplankton.

- 'Green’: high biomass of phytoplankton.

These ordinal values have been assigned numerical values (0, 1, 2 and 6.5) based on the work

ot Colebrook and Robinson (1965).

e ‘The second step involves the identification of phytoplankton species following a
well-established protocol (Colebrook 1960). Following the assessment ot PCI, the silk 1s cut
into sections (samples), representing 10 nautical mules ot tow (Fig. 2.6). Each sample 1s then
laid out on a purposc-built stage (Fig. 2.7) and 10 tields on cach ot two diagonals of the
filtering silk are counted at 450x magnification tor phytoplankton (using the Watson Bactil

microscopes), consisting of 20 microscope fields of 0.295 mm diameter (INig. 2.8). These 20







fields amount to 1/10,000 of the area of the filtering silk. The analyst centres the field of view
on a grid square of the mesh and records the taxa present and the total number of individuals
of cach species per field. This is repeated for 20 fields, giving the total number of fields (20
abundance “categories”) in which each taxon has been seen. Each of these 20 categories has
an associated accepted value, representing the total number of individuals of a species that are
likely in the fields examined (Richardson et 4/. 2006). This has been denved trom the Poisson
distribution, which assumes organisms are randomly distributed on the silk (Colebrook, 1960).
The statistic #=—In(¥4,) is used as an estimate of the mean number of cells per field, where
£ equals the number of empty fields observed (Robinson & Hiby 1978). If no empty fields are

observed the value 4.5 1s used for h. If a species is randomly distributed over the silk with a

-
1

mean density of m cells per tield, the probability that a species 1s absent from a field is e
independently for each field, so k has a binomial distribution B(20,e™). Then for k not equal
to 0, h 1s the maximum likelihood estimator for m (Robtnson & Hiby 1978). Th-ese accepted
values are then multiplied by 10,000 to estimate the phytoplankton abundance on the filtering
silk. Untortunately, because ot historical data storage limitations before computers were used,
these 20 abundance values are compressed into 10 by averaging (Table 2.1). Phytoplankton
abundance values are thus restricted to 10 discrete values and can be considered semi-

quantitative estimates. Different groups of phytoplankton taxa are identified, many to the level

of species, eg. diatoms, dinotlagellates, coccolithophores and silicotlagellates.

The third step is the analysis of zooplankton taxa and/or species with a size up to 2 mm called
'zooplankton traverse'. The microscopic analysis is a stepped traverse of the CPR fltering silk
and covering silk at 54x magnification using the Watson Bactil microscopes. The field of view
18 206 £ 0.05 mm and all zooplankton orgamisms <2 mim total length are counted. Although
it 1s assumed that retained organisms are unitormly distributed on the silk, the design of the
phytoplankton analysis and zooplankton traverse procedures ensures all areas of the silk
receive equal weighting. The zooplankton traverse procedure examines 1/50 of the silk. The

main types of zooplankton encountered in this traverse are small copepods and decapods.
P

The final step of the CPR analysis procedure counts all zooplankton greater than Menidia lucens
stage V' in size (>2 mm total length: Rae, 1952). Individuals are removed trom the hltering silk
and covering silk for identification. Generally all individuals are counted, but tor particularly

dense samples a sub-sample may be counted.




Plankton identification at the Survey 15 a trade-off between providing the highest taxonomic
identification possible and the time taken to analyse the large number ot CPR samples each
year {currently totalling >5000). Copepods, diatoms and dinoflagellates arc the groups most
commonly recorded in the database because their members are common 1n the plankfon and
are robust, remaining relatively intact during CPR sampling. Within these groups, specimens
are usually identified to species or at least to genus. Other common and robust crustaceans
such as decapods and euphausiids are not speciated. This is partly because of factors such as
the high diversity, but also because of the susceptibility to damage of the prominent spines of
many larval decapods and the damage to larger adult euphausiids and post-larval decapods

(Richardson ¢f al. 2006).

Table 2.1. Phytoplankton analysis: calculating abundance of a particular taxonomic entity in a CPR
sample. The total number of tields cut of 20 in which the taxon was present is converted to 4 value
representing the rotal number of cells of that taxon present in those 20 fields. This is then multiplied
by 10,000 to give the abundance per sample and compressed mto 10 values to give the recorded
abundance per sample in the database. (from Richardson ef af 2006).

Recorded abundance

Total number of ficlds Accepied value Abundance per sample
per sample
I 1 10,000 15,000
2 2 20,000 15.000
3 3 30.000 35.000
4 4 40,000 35.000
5 6 60,000 65,000
6 7 70,000 63,000
7 9 90,000 95,000
8 10 100,000 95,000
9 12 120.000 130.000
10 14 140.000 130.000
1 16 160,000 170,000
12 18 180,000 170,000
13 21 210,000 225.000
14 24 240.000 225,000
15 28 280,000 300,000
16 32 320,000 300,000
17 a8 380,000 420,000
18 46 460,000 420,000
19 60 600,000 750,000
20 90 900,000 750.000

The size and compact morphology ot most copepods usually makes identitication reasonably
straightforward  despite specimens being partially tlattened (Richardson et 4/ 2006). By

contrast, many gelatinous and delicate taxa are damaged trrevocably and are not easly
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identifiable in CPR samples. These include “Coclenterata tissue”, “Doliohdae”, “Salpidae”,
“Siphonophores” and to a lesser extent “Chaetognatha” (Richardson ef al 2006). The nature
ot CPR sampling therefore unfortunately reinforces the traditional bias towards copepods and

away from gelatinous taxa in zooplankton ecological research (Richardson ef a/ 2000).

Al taxa in the CPR database are counted numencally except for two that are only ever
recorded as present: Le. Phaeogystis ponchetii and  “Coelenterata  tissue”. The colonl
Prymnesiophyte Phaeocystis ponchetii appears as a dense mass of nondescript cells under the
microscope, making abundance estimates very ditficult. Unusually, Phaeocysiis 1s most easily
identified on CPR samples by its shimy, mucilaginous teel when gently brushing a finger across
the silk. Coelenterates are delicate and extremely damaged dunng CPR sampling and
consequently cannot be speciated or given a numerical abundance other than percentage of
occurence. They are only recorded as present under “Coelenterata tissue”. Coelenterates are
identified by a combination of their appearance as acellular tissue strewn over the silk in
zooplankton eyecount, and the presence of nematocysts during phytoplankton analysis and

zooplankton traverse.

2.B. Phytoplankton

2.B.1. The Phytoplankton Colonr lndex

The visual estimation ot the total phytoplankton biomass, known as the Phytoplankton
Colour Index (PCI), 1s determined for each sample prior to the cutting of the silk (Robinson
& Hiby 1978). The green coloration of the silk mesh has been used as an index ot chlorophyll
concentration (Reid 1975, 1978) to describe seasonal and long-term patterns of phytoplankton
abundance. A number of studies have examined relationships between the PCI and other
types of estimates of phytoplankton abundance. The tirst comparison between PCI and
fluorometncally measured chlorophyll was undertaken by Hays & Lindley (1994). ‘Their results
showed 2 good relationship between PCI and chlorophyll, but only when the number of cells
retained by the CPR mesh was small. Batten e/ «/ (2003b) compared simultaneous
fluorometric measurements ot chlorophyll 4, phytoplankton cell abundance and PCI trom the
Iberian margin, western Furope. The relationships between fluorometrically determined
chlorophyll, cell abundance and PCI were all positive and significant, with PCI showing a

better relationship to chiorophyll than cell abundance. This tends to support the hypothesis



(Reid 1978) that small phytoplankton cells that are not well preserved in tormaldehyde, or are
too small to be enumerated under the microscope, contribute to the green coloration of the
sampling mesh. The study also compared PCI and tluorometer data with chlorophyll values
obtained from satellite imagery (SeaW1FS) tor the Iberian margin. Significant correlations exist
between these three estimates of phytoplankton concentration. This  estimation of
phytoplankton biomass can be used to study bloom dynamics between 1936 and now. The
last comparison of the PCI with another estimate of phytoplankton abundance was achieved
by Raitsos ef @/ (2003) using Sea-viewing Wide Ficld-of-view Sensor (SEAWIFS) data. They
found a significant relationship between PCI and SeaWiFS data and made available data on
the monthly variation of plant biomass (Chl-a) in the NE Atlantic and the North Sea since

1948.

2.B.2. Phytoplankton species

Cells are identified to species where practicable or to other taxonomic groups. The
phytoplankton species 1dentified by the plankton analysts of SAHFOS are listed below by
systematic order. The two main groups of phytoplankton taxa sampled by the CPR are the

diatoms and the dinotlagellates.

Division Chromophyta Dinophyceae (dinoflagellates)
Prymnesiophyceae/Haptophyta {(coccolithophonds)
Dictyochophyceae (silicoflagellates)

Bacillariophyceae (diatoms)

2.B.2.a. Diatoms

The diatoms belong to a class of algae called the Bacillariophyceae. They are among the best
studied of the planktonic algae and are often the dominant phytoplankton in temperate and
high latitudes. Diatoms are unicellular, with cell sizes ranging trom about 2 ym to over 1000
um (Lalli & Parsons 1997). Some specics form large chains or aggregates in which individual
cells are held together by mucilaginous threads or spines. All species have an external skeleton,
or frustule, made of silica and are fundamentally composed of two valves. Diatoms may be

divided into fwo main classes, the centric diatoms, or Centrobacillanophyceae, which are



Table 2.2. Diatom taxa identified since 1958 by the CPR survey (Thomas 1997)

Aclinogyelus oclonarins ralfsi
Actingptychus spp.
Ampbidoma candata
Amphiprora hyperborea
Astertonella bleakeley
Asterionella glacialis
Asterionella katiana
Asteroniphalus spp.
Aunlacodiscus argns
Bacllaria paxallifera
Bacterzasirum spp.
Bacteriosira fragilis
Bellerochea mallens
Bidduiphia alternans
Biddwlphia bidduiphiana
Campylosiva cymbelliformis
Ceratanling pelagica
Chaetoceros (Hyalochuaele) spp
Chacetoceros (Phaeoceros) spp
Climacodinm frauenfeldianum
Corethron crgphilnm
Cosdanodiscus concinnus
Coscnodiscus watlesti
Cylindrotheca closterium
Dactyliosolen antarctions
Dactyliosolen mieditervanens
Detonnla conferrucea
Diploneis spp.

Ditylum brightwellii
Encanpia groentlandica

Encampia godiacis
Fragilariu spp.
Gossleriella tropica
Guinardia flaccida
Gyrosigma spp.
Hennianlus spp.
Hewmidisens cuneformis
Hexusterias problematica
Landeria borealis
Leptocylindrus danicus
Lithodesminm undudatim
Melosira arctica
Melosira Eneata
Navicula planamenbranacea
Naricula spp.
Neodenticnla seminae
Nitzschia delicatissima
Nitzschia longissima
Nitysehia seniata
Nitzschia sigma ngida
Odontella anrita
Odontella mobiliensis
Odontella obtusa
Odentella regia
Odontetla rhombis
Odontella sinensis
Paralia silcata
Planktoniellu sof
Podosira stelliger
Rbaphoneis amphiceros

Rbizosolenia acuminata
Rbizosolenia alata aluta
Rhigosolenia alata crrvirosiis
Rbizosolenia alata indica
Rhbizosolenia atata inermis
Rhbizosolenia bergonti
Rbigosolenia calear-s
Rhbizosolenia cylindrus
Rbizosolenia delicalilu
Rbigosolenia fragilissinm
Rbizosolenia hebetata semispina
Rbizosolenia imbiica shrmbsolei
Rhbizosolenia robustu
Rhigosolenta sefigera
Rbizosolenia stolterfothii
Rbizesolenia styliformis
Schroederellu delicatila

S keletonenta costatum
Stanroneis membranacea
Stephanopyis spp.
Streptotheca tamesis
Thatassionenma nitZschioides
Thalassiosiva spp.
Thulassiothiix: longissima

Triceratinm favis

Unidentified sub-species
Nirzschia spp.
Coscinadisons spp.

(8
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Table 2.3. Dinoflagellate taxi identified since 1958 by the CPR survey (I'homas 1997).

Aclinisens peniasienias
Amphisolenia spp.
Blepharacysta panisenit
Centrodininm spp.
Ceratium arcticum
Ceratinm artetinim
Ceratinm agoricunt
Ceratinm belone
Ceratinm breve
Ceratinm bicephalnm
Ceratinm bucervs
Ceratinm candelabrim
Ceratinm carriense
Ceratinm compressium
Ceratinm contorinm
Ceratinm declinatum
Cerulinn falcatiforme
Ceratium extensunt
Ceratinn falcatim
Cerutinm furca
Ceratitm fitsns
Ceratinm genicilatini
Ceratinm gibbern
Ceratinm hexacantbum
Ceratiim borvidum
Ceratinm inflatim

Ceralinm karstenti
Ceratitum lamellicorne
Cenatinm bnnlns
Cerafinm bneatnn
Ceratinm longpes
Ceratinm longtrostrm
Ceratinm binila
Ceralinm placraceros
Ceratinm masstliense
Cerativm piinutnm
Ceratinm pentagonion
Ceratinm platycorne
Ceratinm pulchellum
Ceratinn ranpes
Ceratinm setucenim
Ceralinm symmelricun:
Ceratinm {eres
Ceratinm trichoceros
Ceratinn: tripos
Ceratinm vnltnr
Ceratocorys spp.
Cladopyxits spp.
Corythodininm spp.
Dinoflagellate cysts

Dinophysis spp.

Dissodiniinm psendolinnla

Exnriaella spp.
Glenodinitm spp.
Gontodoma polyedricim
Gonyaitlex spp.
Gyrosigna spp.
Henrianlns spp.
Histionels spp.
Katodininm spp.
Murrayella spp.
Noctiluca scintillans
Ornithocercus spp.
Oxytoxtm spp.
Parabistioners spp.
Phatacronta spp.
Podolampas spp.
Polykrikos schwarizii cysts
Pronoctilnea pelagica
Prorocentinm spp.
Protoceratinm reticitlatum
Proteperidininm spp.
Prychodiscus noctiluca
Pyrocystis spp.
Pyrophacus spp.
Scrppsiella spp.

(28]
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generally  radially  symmetrical and  the pennate diatoms, members of the
Pennatibacillariophyceae, showing a typical bilateral symmetry. Members of both classes may
be found in either fresh or salt water, although centric forms tend to predominate in marine
habitats, while pennate diatoms are associated with benthic sediments or typical of treshwater
environments. The main diatom taxa observed during the CPR survey are listed below in

alphabetic order (Table 2.1).

2.B.1.b. Dinoflagellates

The dinotlagellates are the second most important group of prnimary producers identified in
CPR samples, following the diatoms (Table 2.2). Dinoflagellates are unicellular protuists that
exhibit a great diversity of form. Only some dinoflagellates are strictly autotrophic, building
organic materials and obtaining all their energy from photosynthesis. Other species carry out
heterotrophic production; they meet their energy needs by teeding on phytoplankton and
small zooplankton. The genus Noctilnca, tor example, is large enough to eat fish eggs and 1s
able to swallow protists larger than itselt. Finally, some dinoflagellates are mixotrophic, and
are capable of both autotrophic and heterotrophic production (Lalh & Parsons 1997). A
number of photosynthetic dinotlagellates take up residence within other organisms as
symbiotic partners (Lalli & Parsons 1997). These zooxanthellae may be found in many marine
invertebrates, including sponges, corals, jellytish, as well as within protists, such as ciliates or
foraminifera. The majority of planktonic dinoflagellate species form the Dinophyceae, and the
majority ot them are thecate. Common thecate genera include Ceratinm, Protoperidininm,

Gonyandax and Dingphysis.

2.B.1.c. Other taxa

Others taxa identified by the CPR survey are listed below.

» Coccolithophorids:  they Dbelong to a class  of algae  called the
Prymnesiophyceae/Hlaptophyta, and have been recorded as present or absent in the CPR
database between 1965 and 1993. Since 1993, they are counted in the CPR samples.
Records are weighted toward larger species such as Caccolithus pelagicus, but 7 other species,

including Emiliania huxteyi, and holococcolithophonds have been recorded (Hays e¢f al,
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1995). Hays e al (1995) suggested that these small species are present on CPR samples
due to plankton clogging up the silk.

Oscillatoria spp.: this species are now called Trickodesminm spp., belong to the class of
Cyanophyceae and has been identified and counted in the CPR samples since 1958.
Pachysphaera spp.: this species belong to the division Chlorophyta and the class of
Prasinophyceae and has been identified and counted in the CPR samples since 1958.
Phaeocystis  pouchetr. this  species belong to  the «class  of
Prymnesiophyceae/Haptophyta. Its presence recorded since 1958. This species has been
found to be toxic to cod larvae in Norway (Moestrup 2004).

Pterosperma spp.: this species belong to the division Chlorophyta and the class of
Prasinophyceae and has been counted in the CPR samples since 1958.

Silicoflagellates: they belong to a class of algae called the Dictyochophyceae and have
been recorded as present or absent between 1965 and 1993 and have been counted in the

CPR samples since 1993.
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Chapter 3

DECADAL BASIN-SCALE CHANGES IN
DIATOMS, DINOFLAGELLATES, AND
PHYTOPLANKTON COLOUR ACROSS THE
NORTH ATLANTIC

Part of this chapter has been included in the tollowing:

] eterme S.C., Edwards M., Seuront L., Attrill M., Reid P.C. & John A.W.G. (2005) Decadal
basin-scale changes in diatoms, dinoflagellates, and phytoplankron colour across the North
Atlantic. Limnology & Oceanography 50(4): 1244-1253.

Leterme S.C., Edwards M., Scuront L., Attrill M.J. & Reid P.C. (2004) Decadal changes in
phytoplankton biomass in the North Atlantic. Postgraduare Marine Biology Workshop, April
2004, University ot Wales, Bangor, United Kingdom.




3.A. Introduction

The Phytoplankton Colour Index (PCI) and phytoplankton species determined by the CPR
survey gives estimates of phytoplankton populations over large areas of the North Atantic
Ocean. 'This chapter will focus on the determination of long-term changes in phytoplankton at
a basin-scale. In this context, a recent study based on CPR samples showed that much of the
North Atantic exhibited an increase in the Phytoplankton Colour Index during the peniod
1948-2000 (Barton er 4/ 2003). Barton ¢/ al (2003) showed that the posiive PCl trends
observed in many areas are similar to the long-term trend in the North Atlantic Oscillation
(NAO) index and provided hypotheses about the NAO-dependent physical tacters underlying
the long-term pattern of phytoplankton varability. Recent studies in fjords reported positive
correlations between the NAO and both phytoplankfon biomass and the abundance of three
species of toxic dinotlagellates (Belgrano ef al. 1999). A similar relationship has been shown in
the English Channel tor diatoms (Irigoten ¢/ @/, 2000) and Phacocystss sp. abundnﬁm (Seuront &
Souissi 2002). Barton ef @/ (2003), however, based their analysis only on yearly mean PCl
anomalics and whilst the PCI has been shown to be a relevant index of /n situ chlorophyll
concentration (Batten ¢/ a/. 2003b), it has several limitations. First, it does not provide relevant
information on the structural changes occurring in phytoplankton communities that are likely
to intluence phytoplankton biomass. A first step that would provide turther insights into the
space-time dynamics of phytoplankton communities is an analysis of diatom and dinoflagellaic
populations. These data can be used as corollary variables ot phytoplankton biomass, allowing
comparison of potential difterences in the space-time dynamics ot the PCI, diatom and
dinoflagellate abundance. Finally, 1t 1s also critical to determine how the PCI compares to cell
counts and to understand what 1s causing the observed large mcrease in phytoplankton

bromass with time.

The aim of this chapter is thus to investigate over the period 1958-2002 (i) the long-term
fluctuations of phytoplankton biomass, diatoms and dinoflagellates, (i) their geographical
variation within the North Atlantic basin, (1) their relationship with climate forcing, (iv) the
contribution of hoth diatoms and dinotlagellates to the PCI and (v) the flucruations ot the
dominant species over the period ot survey fo provide more information on the processes

linking climate to changes n the phytoplankton community.




3.B. Materials and methods
3.B.1. The data

Most of the diatom and dinoflagellate species have been identitied and counted in the same
way since 1958. Two taxa — coccolithophores and silicoflagellates — have only been counted
since 1993; previously they were merely recorded as present or absent. Consequently, only
diatoms and dinoflagellates are taken into account in the present work as they have complete
time series. First, all species identified by the CPR survey (Warmer & Hays 1994), and
belonging to diatoms or dinoflagellates, were grouped by summing the number of cells
identified to determine the overall trends of these two groups. Second, diatom and
dinoflagellate species with a frequency of occurrence greater than 1% of the samples were
used as indicator species to provide more information on the processes linking chmate to
changes in the phytoplankton community. Five dinoflagellate species (i.e. Ceratinm furca, C.
Sfusus, C. borridum, C. Lneatum, and C. t3pos) and six diatom taxa (re. P. alata alata, Rbhigosolenia
hebetata semispina, R. styliformiis, Thalassionema nitzschioides, Thalassiosiva spp., and Thalassiothiix

longissimd) have thus been investigated further.

The analysis 1s based on monthly time series to take into account the effect of seasonal
variability. The area of study was divided into six regions, identihed on bathymetric criteria (¢.e.
continental shelt boundaries) and divided according to a north-south axis. The six sub-regions
of the North Atlantic Ocean considered here are as follows (Fig. 3.1): Northwest (51.5-
74.5°N, 79.5-45°W), Southwest (29.5-51.5°N, 79.5-45°W), North Central (51.5-74.5°N, 45-
20°W9), South Central (29.5-51.5°N, 45-20°W), Northeast (51.5-74.5°N, 20°W-15°L), and
Southeast (29.5-51.5°N, 20°W-15°E). In each area, the data obtained tor the estimates of
phytoplankton biomass (.e. PCI) and phytoplankton abundance (ie total diatoms, total
dinoflagellates and indicator species), have been averaged every month over the period 1958-

2002; this peniod was chosen because analytical methodology has been consistent since 1958.

To identify the relationship between phytoplankton and climate forcing, two climatic indices
have been used, the Sea Surtace Temperature (SST) and the North Atlantic Oscillation
(NAQ). Several indices have been developed to quantity the state of the North Atlantic
Oscillation, but the most widely used i1s Hurrell’s NAO index (Hurrell 1995a). This index
computes the pressure ditference based on measurements from Lisbon, Portugal and

Stykkisholmur, Iceland. In particular, NAO index values averaged trom December to March



inclusive have been used as a climatic index (Hurrell 19952). This index corresponds to the
NAQO winter index (see www.cdg.ucar.edu/~jhurrell/nao.html) which is used in this chapter.
The Sea Surface Temperature (SST1; see The Bntish Atmospheric Data Centre,
http://badc.nerc.ac.uk/home) data were used to provide additional chmatic information likely

to influence phytoplankton growth and abundance.

3.B.2, Statistical analysis

The normality of the data was assessed using a Kolmogorov-Smirnov statistical test. Where
data did not correspond to a normal distribution, non-parametric statistics were used for
turther analysis. The stationarity of time series obtained in each ot the six sub-regions was
tested by calculating Kendall's coefficient of rank cotrelation, 1, between the series and the x-
axis values in order to detect the presence of a linear trend. We thus eventually detrended the
time series by fitting regressions to the orginal data by least squares and used the regression
residuals in further analysis. As our samples are independent, Bonferroni’s correction was not

pertormed.

To detect changes, intensity and duration of any changes in the value of a given parameter, the
cumulative sums method (Ibafiez ef @/ 1993) has been used. The calculanon consists of
subtracting a reference value (here the mean of the seties) trom the data; these residuals are
then successively added, forming a cumulative function. Successive positive residuals produce
an increasing slope, whereas successive negative residuals produce a decreasing slope. A
succession of values similar to the mean shows no slope. This method has only been applied
on the NE and SE phytoplankton time series (i.e. PCI, total diatoms and total dinoflagellates)

due to mussing values in the other regions.

Autocorrelation was tested on each time series using ARIMA (AutoRegressive Integrated
Moving Average); absence of any signiticant autocorrelation in the hydroclimatic indices
ensures the relevance of further statistical analysis between these series and other data
(Legendre & Legendre 1998). The relationship between phytoplankton and climate torcing
was tested through Spearman correlation analysis performed between the phytoplankton
estimators (/.. abundance of the indicator species, total diatoms, total dinoflagellates, and
PCI), the NAO winter index and SST. This test was conducted between 45 twelve-month

senies of 8ST, PCI, toral diatom, total dinoflagellate and indicator species abundance over the






3.C. Results

Positive long-term trends have been observed for PCl within the tive sub-regions of the
North Atlantic (Fig. 3.2, Table 3.1}, these trends are significant in the NE, SW and SC for the
PCI. Total dinoflagellates and Cenatnan fiira have shown significant positive trend tn the SW.
Apart from the SW North Atlantic, where there is significant positive correlation between SST
and both PCI and total dinoflagellates, there is no significant relationship between
phytoplankton estimators and the SST. The cumulative sums obtained in the Eastern North
Atlantic have shown different phases to the long-term trends (Fig. 3.3). For the PCI, there 1s
an initial decreasing phase until 1979 and 1987 in the SE and in the NE, respectively.
Subsequent increases in PCI have been observed. In the SE, the increasing trend 1s stronger
than in the NI (Fig. 3.3). For diatoms (Fig. 3.3) there is an imtial increasing trend until 1968 1n
the NE and 1970 in the SE, then a succession of decreasing trends has been observed.
Thalassionema nitgschioides, Thalassiosira spp. and Thalassiothrix longissima exhibit the same patterns
as the one observed for total diatoms. Dinotlagellates (Fig. 3.3) exhibit a combination of
small-scale fluctuations around a succession of positive and negative phases. The same pattern
has been observed with Ceratium fusus, C. horvidwm and C. tripes, which were also the most

abundant species in the samples.

Table 3.1. Results of Kendall’s stansucal test for the whele time series of PCI, roral diatoms and rotal
dinoflagellates over the period 1958-2002. Significant (p<0.05) resuits are n bold.

Northeast Southeast Northcentral ~ South central Southwest
PCl 0.229 0.183 0.097 0.196 0.282
Total diroflagellates -0.035 0.040 0.016 0.046 0.240
Total diatoms -0.080 0.071 0.049 0.003 0.107

Correlation analyses conducted between the 453-year time semes of SST, PCl and
phytoplankton species have shown positive relationships across the whole North Atlantic (Fig,
3.4). However, most significant correlations between SST, PCI and dinotlagellates (/.e. total
dinoflagellates and indicator species) have been observed in the eastern, rather than in the
western part of the North Atlantic Ocean (Table 3.2). The relationship between SST and
diatoms showed a ditterent pattern, as more significant correlations have been observed in the
western than in the eastern part of the North Atlantic Ocean for total diatoms as well as for 7.

nitzschioides, Thalassiosira spp. and T. longissima (Iable 3.2). Conversely, two of the indicator

species {t.e. P. alata alata and R. stybformis) have shown the same pattern as the one observed




tor dinoflagellates in the NE and NC Atlantic. The indicator species that have shown the
same pattern as their taxonomic group (i.e. total diatoms) are the species that are the most

abundantn the samples: T. wirgschioides, Thalassiosira spp. and T. longissima.

Table 3.2. Proportion (%) of sigmficant correlations (Spearman correlation analysis) over the period
1958-2002 berween 45 rwelve-month time series of PCI, total dinoflagellates and total diatoms and
SST across the North Atlantic.

Norctheast Southeast North ceniral  South central Southwest
PCI 64 29 53 18 18
Total dinoflagellates 100 89 69 31 22
Ceratitm furca 100 64 47 20 4
Ceratittm fusns 100 80 60 16 31
Ceratinm horridum 98 4 29 0 9
Ceratistm Kneatum 100 47 44 2 7
Ceratinm Irjpos 100 91 33 13 9
Total diatoms 4 It 53 16 33
Proboscia aluia alata 926 71 31 2 7
Rhigosolenia hebetata semispina 4 24 13 0 4
Rbizpsolenia styliformis 76 24 51 0 9
‘Thalassionema nitgschioides 18 13 38 2 31
Thalassiosira spp. 0 2 33 9 27
Thalassiothrix: longissima 36 22 49 4 38

More detailed analyses ot the 12 monthly ime series have highlighted that the significance of
trends observed for the PC1 depends on the month and the geographical area (Table 3.3).
Similar results have been found for dinoflagellates and diatoms. In the NE and NC,
dinotlagellates have shown negative trends (Table 3.3), while positive trends have been
observed in the other regions. On the other hand, positive trends have been observed for total
diatoms in the SW, but trends are negative in the other regions of the North Atlantic (Iable
3.3). Alternatively, in the NC, tor toral diatoms, significant negative trends have been observed
in July and September. Correlation analyses conducted between the monthly time series and
the NAO winter index (Hurrell 1993a) have also shown different results related to the time
period and the study area. Positive relationships have been observed between the NAO and
dinoflagellates during April (i.e. total dinotlagellates, C. fira and C. boridum) and May (i.e. total
dinotlagellates and all the indicator species) and between NAQ and PCI during Apnl, May and

June in the NE (Table 3.4).
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is more variable over the whole ycar. The main contribution of diatoms to the PCI thus
occurred from February to July and in November and from August to October and in
December tor the dinotlagellates (Fig. 3.5). No significant contribution of diatoms and

dinoflagellates to the PCI has been identified in January.

3.D. Discussion

In the North Atlantic Ocean, between 1958 and 2002 there are evident overall trends of
imncreasing Phytoplankton Colour and dinotlagellates and a decrease ot diatoms (Fig. 3.4). This
increasing trend of the PCI has already been shown in the North Sea (Reid & Edwards 2001),
in the area west of the British Isles (Edwards ef @/ 2001), over the Scotian Shelt and Georges
Bank in the NW Atlantic (Sameoto 2001) and recently over all the North Atlantic basin (Barton
ef af. 2003). In the framework of this chapter, the use of diatoms and dinotlagellates allowed a

better understanding of the processes leading to the long-term trends observed for the PCL

3.D.1. Phytoplankton rariability in the Eastern Atlantic: towards sea surface temperature and
nutrient control

In the Southern North Sea, the increase in phytoplankton biomass has been attributed to an
increase in nutrient inputs from the major European rivers during the past decades (Richardson
1997). However, eutrophication has mainly an effect on phytoplankton biomass in the coastal
margins and, in particular, those areas that have limited water exchange (Fdwards er o/ 2001).
In the offshore waters of the North Sea, variability 1n environmental conditions 1s thought to
play a dominant role in temporal fluctuations of phytoplankton biomass (Fdwards ef 4/ 2001).
In this chapter, the NI North Atlantic area brings together difterent types of environment like
the North Sea, the English Channel, the Celtic Sea, the Irish Sea and the area west ot the
British lsles (which corresponds to oceanic waters). In such open waters, eutrophication s

highly unlikely to explain the fluctuations in phytoplankton biomass.

[t is possible, however, to relate phytoplankton fluctuations to hydrometcorological processes
characterizing the Northern hemisphere. These processes are thus likely to control physical
parameters that aftect phytoplankton growth (eg temperature and turbulence). Temperature
determines the rate at which phytoplankton cells divide; nutrient supply and wind-induced
turbulent mixing control the onset of the spring phytoplankton bloom (Sverdrup 1933). All

these parameters have also been shown to be influenced by the NAQO, the atmospheric
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variables exerting strong forcing on the ocean leading to changes in sea surtace temperature,

seawater salinity, vertical mixing, circulaton patterns and, in northern areas, ice tormation

(Visbeck ef af 2003).

More specitically, the present work showed that the relationship between PCI, dinotlagellates,
diatoms and the SST varies depending on the area, there being a stronger relationship between
SST and PCI or dinoflagellates in the eastern part of the ocean (see Table 3.2). The inverse has
been observed tor diatoms (i.e. T. nitgschioides, Thalassiosira spp. and T. longissima), with a stronger
correlation in the Western North Adantic. These observations can be linked to the influence ot
the NAO through the North Adantic basin, as Drinkwater ¢/ 4/ (2003) have shown that the
physical response to NAO forcing varies spatially across the North Atlantic. Furthermore, the
main factors likely to affect phytoplankton dynamics and community structure (besides light,

temperature and salinity) are turbulence and the related nutrient supply (L1 2002, Rodrigucz ef
al. 2001).

Ditterent adaptive strategies are required to deal with difterent combinations of these tacrors,
embodied mainly in the ditferences between diatoms and dinotlagellates (Margalet 1975).
Dinotlagellates possess an undulating flagellum that keeps the cell wrning and accclerates the
flow of water over the cell body that improves the chances tor nutrient absorption (Margalet
1997). In stratitied and low turbulence water, it pays to invest energy in swimming and so to be
able to position the cell in the most tavourable environment. This optimisation can be useless
in turbulent water where the nutrients are more easily redistributed in the water column and
where non-motile diatoms trequently flounsh. Warmer surface temperatures related to the
increasing NAO winter index promote eatlier, or more intense, stratification ot the upper
water-column (Drinkwater e 4/ 2003). According to Margalef’s (1975) hypothests, all these
factors would create an environment favouring the growth of dinoflagellates (eg. C. /rpos, a
typical species of mixed Atlantic waters) over the growth of diatoms (e.g. R. stybformis) in both

parts of the eastern North Atlantic. This is fully congruent with our observations regarding the

differential relationships found between dinoflagellates, diatoms and the NAO (see Table 3.3,

4).




3.D.2. Phytoplankton fluctnations in the Western .Atlantic: basin-scale civculation control

Bathymetry, coupled with the differences in the relative strength and/or seasonality of
advection, tidal mixing and stratfication lead to a strong spatial heterogeneity in the
oceanographic environment that phytoplankton encounter in the Gulf of Maine (Thomas ef 4.
2003). Georges Bank, on the other hand, remains relatively well vertically mixed throughout the
year, ehminating much of the influence of stranfication on the timing ot phytoplankton
seasonality (Thomas ef a/ 2003). In this chapter, PCI, dinotlagellates and diatoms have all
shown signiftcant increasing trends in this area, but during different periods. Diatoms have
shown an increase between January and March and dinotlagellates increased in spring. These
observations correspond to an increase in the occurrence of these two taxa during the first
months of the penod in which they are usually present, leading to an earlier presence of these
taxa during the year. Similar conclusions have been drawn for the dinotlagellates in the NE.
Furthermore, positive relationships have been observed between the winter NAO and spring
values for both dinoflagellates (i.e. C. dneatum and C. #17pos) and the PCI and on the other hand

with diatoms (e, P. alata alata, R. hebetata semispina and T, nitgschioides) dunng August.

Thomas e «f. (2003) suggest that basin-scale torcing associated with the NAO, through irs
influence on hydrographic structure, has also the potential to induce interannual variabihty in
phytoplankton dynamics in the Gulf of Mane. During posiive NAQO phases, this area is
subjected to wartiner, drier and milder conditions (Hurrell 1995a, Visbeck ef /. 2003). The
NAO also attects the shallow and deepwater circulation patterns of the North Atlantic. During
positive phases ot the NAQ, convection is deeper and more intense in the Labrador Sea and a
relatively cool, tresh and thick layer of Labrador Sea Water (LSW) is tormed (Dickson e al.
1996). This results in higher salinity and temperature on the Scotan Shelf and in the Gulf of
Mame (Petriec & Duonkwater 1993) and in higher nutrient concentration (Gatien 1976). The
observed increase of the PCI can then be linked to the increase in nutrients in the Gulf of
Maine and the Scotian Shelt. Higher salinity and temperature associated with higher nutrient
concentration can also create favourable conditions for the growth of dinotlagellates such as C.
neatum and C. tipos, typical of mixed Atlantic waters, in spring. Diatom species typical of
oligotrophic waters, such as Rhigosolenia spp., thus encounter favourable conditions at the end

of the summer when low nutnent conditions prevail.
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3.D.3. Phytoplankion changes in the Central -Atlantic: meteorological control

Few studies have focused on the central part of the North Atlantic Ocean (Kushnir et 2/ 1997,
Hucrell er af. 2003). Here, long-term increasing trends in PCI have been observed over the
whole area and only in the SC for the dinotlagellates. In contrast, positive then negative trends
have been observed tor diatoms in the NC (Table 3.3). These observations correspond to a
decrease in the occurtence of these two taxa for the last months of their bloom period, leading
to a shortening of their presence during the year and/or to an earier bloom. The same situation
has been observed for the dinoflagellates in the SC area. Their abundance at the beginning ot
the bloom significantly increased, suggesting an earlier presence of dinoflagellates during the
year. In addition, the relationship between NAQO and phytoplankton is clearly ditterent,
whether it relates to different taxonomic groups or to PCI. A positive relationship has been
observed between both PCI and diatoms (.e. R hebetata semispina, Thalassiosira spp. and T,
longissima) and NAO i the North and South of the central area. In the _opposite sense, a
negative relationship has been identtied in the NC between diatoms (7e. T, witgschiondes, a typical
species in the Central North Atlantic Ocean) and NAO in August and between dinoflagellates

(t.e. C fusus and C. Lneatrms) and NAQO n June in the SC (see Table 3.4).

While 1t 1s sull difficult to clearly identity the processes driving the patterns discussed above, it
should be noted that changes in the mean circulation patterns over the North Atlantic
assoctated with the NAO are also associated with changes in the intensity and number of
storms. Durning winter, a well-defined storm track connects the North Pacitic and North
Atlantic basins, with maximum storm activity over the oceans (Hurrell ef @/ 2003). As the ocean
integrates the effects of storms 1n the form ot surtace waves, the recent upward trend towards
more posiive NAQO index winters could be associated with increased wave heights over the
northeast Atlantic and decreased wave heights south of 40°N (Kushnir ¢f /. 1997). As the
increase in storms will lead to an increase in wind-induced vertical mixing, during positive
NAO phases a larger area in the centre ot the North Atlantic 1s expected to be less stratified
and cooler than normal. As these parameters strongly intluence phytoplankton growth and
species succession, it 1s believed that their complex interactions might play a role in the tming
and temporal patterns of diatom and dinotlagellate occurrence, abundance and succession.
Further information relating to the specitic hydrometeorological conditions characterizing our

sampling would nevertheless be necessary to infer the previous hypothesis.
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3.DA. Differential contribution of phytoplankton taxonomic groups lo the Phytoplankton
Colonr Index

In the NE Atlantic, the main contributors to the Phytoplankton Colour Index are diatoms (Z.e.
Thalassiosira spp. and T. longissima) between January and May and dinotlagellates (i.e. C. fura and
C. fusns) between June and October. These periods correspond to the characteristic bloom
periods of these groups. However, whilst trom March to September and in November, 52 to
82% of the PCl can be explained respectively by the contributon of diatoms and
dinoflagellates, during other months they explain only up to 40% ot the PCI (Fig. 3.5). The
same pattern occurs in the SE area, where 39 to 64% of the PCI is explained by diatoms and
dinoflagellates between February and December. Diatoms (ie. P. alata alata, T. nitzsehioides and
Thalassiosira spp.) and dinoflagellates (f.e. C. fiurca and C. #1pos) are the main contnbutors to the
PCI between February and July and between August and December respectively in the SE.
During January, only 1% of the PCI 1s explained by these groups (FFig. 3.3). Other categories ot
phytoplankton must also be involved in the fluctuations of the PCI. Other taxa identified by
the CPR survey have not been taken into account in this chapter and some taxa are too small to
be counted and identified by the CPR survey. Microtlagellates, for instance, would not be
identifiable in the CPR samples, as they disintegrate in formatin, but their chloroplasts would
survive to add to the coloration ot the silks. Future studies would then benefit from more in
depth investigations of the relative contribution of other taxonomic groups identified by the

CPR survey to the PCI, in order to improve the ecological relevance of this index.




Chapter 4

DIFFERENTIAL CONTRIBUTION OF
DIATOMS AND DINOFLAGELLATES TO
PHYTOPLANKTON BIOMASS IN THE NE
ATLANTIC AND THE NORTH SEA

Part of this chapter has been included in the following:

leterme S.C., Seuront, L. & FEdwards M. (2006) Ditferential contribution ot diatoms and
dinoflagellates to phytoplankton biomass in the NE Atlantic and the North Sea. Marine
Ecology Progress Series 312: 57-65.
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4.A. Introduction

Interannual fluctuations in phytoplankton species composition and abundance have received
less attention in the NE Atlantic than those of higher trophic groups such as zooplankton
(Planque & Taylor 1998, Hays et a/ 2001, Lindley & Batten 2002) and fish (Fromentn ef 4.
1998, Sims & Reid 2002, Lindley ef /. 2003). Since 1958, several studies have shown an increase
in phytoplankton biomass in the North Atlantic (Barton e @/ 2003, Leterme ef 4/, 2005), the
NE Atlantic (Reid ef @/ 1987) and the North Sea (Reid 1978, Reid & Edwards 2001). The
overall phytoplankton abundance in the NE Atlantic has been shown to be drniven mainly by

vartations in sea surface temperature (Richardson & Schoeman 2004).

Changes in phytoplankton abundance and/or community composition may impact
zooplankton population structure and their predator abundance. This 1s especially true in a
complex marine ecosystems including different types of environments from open oceanic
waters to epicontinental basins and neritic coastal regions such as the NI Atantic and the
North Sea. In particular, the North Sea i1s hydrographically divided into difterent regions, from
seasonally stratified waters in the north to tidally mixed waters in the south. Edwards and
Richardson (2004) have shown that the response of the marine pelagic community to climate
changes in the central North Sea, leading to 1 mismatch between trophic levels and raxonomic

groups.

The Continuous Plankton Recorder (CPR) survey provides records of the abundance of 500
phytoplankton and zooplankton taxa and provides a visual assessment of phytoplankton
biomass, e the Phytoplankton Colour index (PCI, Colebrook & Robinson 1965). Within the
phytoplankton, diatoms and dinoflagellates are the main taxonomic groups identified by the
survey, consisting of 178 species or taxa. Most phytoplankton taxa have been enumerated and
identificd following a procedure that has remained consistent since 1958. The PCI has been
extensively used to descrnbe the seasonal and long-term patterns of phytoplankton abundance
(Reid 1978, Edwards e¢f /. 2001, Batten ¢f /. 20034, Johns ¢f 4/ 2003) in various regions of the
North Atlantic. An increasing trend in phytoplankton biomass has been shown in the North
Sea (Lancelot ef a/. 1997, Cadée & Hegeman 1993, Hickel ef 4l 1995, Reid & Edwards 2001),
and n the area west of the British Isles (Fdwards ef a/. 2001). Such increases have been lately
observed in different region of the globe. Different explanations have been formulated to
explain this increase, eg hydro-climanc processes (Edwards e/ «/ 2001, Richardson &

Schoeman 2004) and eutrophication (Lancelot ¢ a4/ 1997, Cloern 2001). However, to our
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knowledge, this increase has not been invesugated in relation to the two most abundant

taxonomic groups within the phytoplankton assemblage, the diatoms and dinoflagellates.

The aim of this chapter 1s thus to determine: (i) the long-term trends of PCI and diatom and
dinotlagellate abundance, (ii) the contribution of the diatoms and dinotlagellates to the PCI, (i)
their fluctuatons over 45 yr of sampling, (iv) their geographical variations in the NE Atlantic
and (v) how they may be linked to hydro-climatic variables such as the North Atantc

Oscillation (NAQ) and sea surtace temperature (SST).

4. B. Materials and methods

Ditferent groups of phytoplankton taxa have been identified by the CPR survey (eg. diatoms,
dinotlagellates, coccolithophores and silicotlagellates), many to the species level. Diatom and
dinotlagellate species have been identified and counted in the same way since 1958, while
coccolithophores and silicotlagellates have only been enumerated since 1993. It is thus
impossible to conduct the same analyses on those taxa. Consequently, only diatoms and
dinoflagellates (/¢ a total of 131 species) were taken into account in the present chapter, to
consistently investigate the period from 1938 to 2002. The abundance ot all diatom and
dinotlagellate species (75 and 56, respectively) identitied in the NE Atlantic (Warner & Hays
199:4) was derived by summing the number of cells identitied to determine the overall trends ot

these 2 groups (Leterme ¢f a/. 2005).

The potential intluence of hydro-chimatic variables on phytoplankton fluctuations was
investgated using the NAO winter index and the SST. Hurrell’s NAO winter index (Hurrell
1995a) computes the pressure ditference based on measurements trom Lisbon, Portugal, and
Stykkisholmur, Iceland, from December to March. The SST (Hadley Centre Sea Ice and SST

data set (HadISST) Version 1.1) data were provided by the Hadley Centre, UK Met Oftice.

The study area (Fig. 4.1) corresponds to 2 regions identified along a north—south axis: the
North NE Atlantic (51 to 64°N, 20°W to 15°E) and the South NE Atantic (37 to 51°N, 20°W
to 15°E). Even if the North NE Atlantic includes the epicontinental North Sea, the latter was
considered separately for the purposes of this study and divided into 3 regions along a north—

south axis following the limits of the CPR ‘Standard Areas’ (Colebrook 1975) to take into

45






The residuals of the diatom/dinoflagellate contribution were analysed in order to infer the
contribution of other groups to the PCL Long-term trends in abundance and in the
contribution of diatoms and dinoflagellates to the PCI were examined in each region by
calculating Kendall's coetficient of rank correlation, 1, between the sertes and the time in years
in order to detect the presence of a linear trend (Kendall & Stuart 1966). Kendall's coetficient
of correlation is used in preference to Spearman's coefficient of correlation, g, although the
latter was recommended in Kendall (1976), because Spearman's g gives greater weight to pairs
of ranks that are further apart, while Kendall's 1 weights each disagreement in rank equaily (see

Sokal & Rohlf 1995 for turther developments).

To detect changes and the intensity and duration of any changes in the value ot a given
parameter, the cumulative sums method (Ibariez ef a/ 1993) has been used. The calculation
consists of subtracting a reference value (here the mean of the series) ‘from the data; the
anomalies are then successively added, torming a cumulative tunction. Successive positive
anomalies produce an increasing slope, whereas successive negative anomalies produce a
decreasing slope. Succession of values with little ditference trom the mean show no slope. This
analysis was performed on the time series of annual means in all the areas, but it was performed
on the time series of contributions only in the NE Atlantic, due to the excess of missing data

for the North Sea.

The relationship between phytoplankton and climate indices was tested through Spearman
correlation analysis performed for the NE and SE North Atlantic between the abundance and
contribution of diatoms and dinoflagellates and (1) the NAO winter index and (i) the SST. As
stated above, these tests were not performed for the North Sea, due to the excess of missing

data.

4.C. Results

4.C.1. The Northeast Atlantic

4.C.1.a. The North Northeast Atlantic

In the North NE Atlantic, there is a significant increase in PCI and a significant decrease in
diatom and dinoflagellate abundances (Fig. 4.2.A, Table 4.1). The cumulative sums revealed

different short-term trends in PCI and diatom abundance, but none for dinoflagellate
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abundance (Fig. 4.2.C). The cumulative sums of PCI decreased and increased, respectively,
before and after 1986, while it increased and decreased, respectively, before and after 1967 for
diatoms. This suggests a shift in phytoplankton biomass and diatom abundance before and

atter 1986 and 1967, respectively.

Over the period of study, the contribution ot diatoms significantly decreased (Table 4.2) from
66 to 37%. In contrast, the contribution of dinotlagellates did not exhibit any significant trend.
The residuals of the diatom/dinotlagellate contribution significantly increased (Table 4.2) from
22 to 36%. In addition, a shift was observed in the phytoplankton community between 1986
and 1996, when dinoflagellates become more dominant than diatoms 1n the community Fig,
(4.3.A). This is specified by the cumulative sums, which suggests a period of relative stability in
diatom and dinoflagellate contributions from 1958 to 1985, followed by antisymmetric short-
term trends from 1985 to 2002 (Fig. 4.3.C). This suggests a stability of the phytoplankton

community composition betore 1985.

PCT and diatom abundance have shown a signiticant positive correlation with NAO and SST,
respectively, but no relationships were observed between the climatic parameters and
dinotlagellate abundance (Table 4.3). No relationship was observed between the NAO winter
index and the diatom/dinotlagellate contribution to the PCl (Table 4.4). Conversely, the
contribution of dinotlagellates resulted 1n a significant negative relationship with SST (Table
4.4). No signiticant long-term trend was observed for the SST over the period of study

(Kendall’s 1 = 0.034, p < 0.05).

However, no signiticant decadal trend was identified for dinoflagellate abundance (Table 4.1).
The cumulative sums revealed ditferent short-term trends in PCI, with a decrease and increase,
respectively, before and after 1984 (Fig. 4.2.D). As observed in the North NE Atlantc, the
cumulative sums of diatom abundance increased before 1967 and globally decreased after 1967,
with a short-term increase between 1979 and 1985 (Fig. 4.2.D). In contrast, the cumulative
sums of dinoflagellate abundance were relatively constant from 1958 to 1979, tollowed by an

increase until 1985 and a decrease untl 2002 (Fig. 4.2.D).
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4.C.1.b. The South Northeast Atlantic

As previously seen in the North NE Atlantic, there was a significant increase in PCI and a
significant decrease in diatom abundance (Fig. 4.2.B, Table 4.1). Only the contribution of
dinoflagellates to the PCI significantly varied over the period of study (Table 4.2, Fig. 4.3.13),
with an increase from 7 to 19%. The residuals of the diatom/dinoftlagellate contrbution did not
exhibit any significant trend (Table 4.2). In addition, cumulative sum analysis did not show any
significant short-term trend over the period of study (Fig. 4.3.D). In contrast to what was
observed for the NE Atlannic, this suggests that the ecosystem is still in evolution, with a

constant contribution of diatoms to the PCI and an increasing contribution of dinoflagellates.

No relationship was observed between PCI and diatom and dinotlagellate abundance and the
NAQO winter index (Table 4.3). The same observation was true of the SST. There was no
significant relationship between diatom and dinoflagellate contrnibutions and the NAO winter
index (Table 4.4). On the contrary, there was a significant positive correlation between the
contribution of diatoms and SST (Table 4.4). As observed in the North NE Atlantic, no
significant long-term trend was observed tor the SST over the period of study in this area

(Kendall’s = 0.188, p < 0.05).

+.C.2. The North Sea

In the northem North Sea, PCI and dinoflagellate abundance increased signiticantly (Fig. 4.4.A,
Table 4.1) and exhibited short-term trends (Fig. 4.4.D}. Diatom abundance did not exhibit any
long-term trend. More specitically, the PCI cumulative sums decreased until 1985 and increased
afterwards. Dinotlagellate cumulative sums decreased before 1984 and subsequently increased,
while diatom cumulative sums remained roughly steady (Fig. 4.4.D). The contribution of
diatoms and dinotlagellates significantly decreased trom 71 to 50% and ncreased from 10 to
24%, respectively (Lable 4.4, Fig. 4.5). The residuals of diatom/dinoflagellate contributions did
not significantly vary over the period ot study. These results suggest an cvolution of the
ccosystem towards a balance between diatoms and dinotlagellates over the last 45 yr, with the
overall diatom/dinoflagellate contnbution decreasing from 97 to 72% trom 1958 to 2002. In
the central and southern North Sea, PCI significantly increased, while dinotlagellate abundance
signiticantly decreased in the southern North Sea, and diatom abundance did not show any
long-term trend in either area (Fig. 4.4.B, C, Table 4.1). In addition, PCI and diatom abundance

revealed short-term trends in both areas
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(Fig. 4.4.E, F). Diatom cumulative sums increased until 1968 and decreased atterwards, and
PCI cumulative sums decreased until 1985 and subsequently increased. In the central North
Sea, dinoflagellate cumulative sums were roughly steady over the period of study, with a drop
between 1974 and 1989, while in the southern North Sea dinoflagellate cumulative sums

increased until 1979 and decreased attenwards.

The contnbutions of diatoms and dinoflagellates as the residuals did not vary over the penod
of study in the central and southem North Sea (T'able 4.4). In these areas, the ecosystem can
thus be regarded as being in a stable state, in which diatoms dominate the phytoplankton
community. The mean diatom and dinoflagellate contributions were 41.4 and 37.8% and 27.7
and 21.6% in the central and southern North Sea, respectvely (Fig. 4.5). The mean
diatom/dinoflagellate contribution residuals were 30.92 and 40.60% in the central and southem

North Sea, respectively.

There was a significant relationship between the NAO winter index and PCI in the northern
North Sea (Table 4.3), but no relationship was observed between the NAO and diatom and
dinotlagellate abundance in this area. Moreover, no significant relationship was observed
between PCI, diatom and dinotlagellate abundance and NAO winter index in the central and
southern North Sea (Table 4.3). SST and PCI were significantly correlated in the central and
southern North Sea (Table 4.3), but no relationship was observed benween SST and diatom and
dinoflagellate abundance in these areas. In addition, no significant refationship was observed
between PCI, diatom and dinotlagellate abundance and SST 1n the northern North Sea (Table
4.3). There was a significant, positive, long-term trend for the SST over the period of study 1n
the central and southern North Sea (Kendall’s 1 = 0.267 and 1 = 0.380, respectively, p< 0.05).
By contrast, no significant long-term trend was observed for the SST in the northern North Sea

(Kendall's T = 0.137, p< 0.05).

4.D. Discussion

£.D.1. Multiple ecosystem states in the NE Atlantic and the North Sea
Three states of the phytoplanktonic ecosystem have been identified throughout the NE
Atlantic, suggesting differential temporal and spatial dynamics of the phytoplankton

communities in geographically adjacent oceanic domains.
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Firstly, a stable ecosystem was observed in the southern and central North Sea, where diatoms
dominated the phytoplankton community. These areas belong to an epicontinental basin, where
the influence of the North Atlantic water intflow is much weaker than in the northern North
Sea {eg. Turrell er a£ 1992, Corten 1999). The southeen area is also characterised by strong tidal
mixing and is increasingly impacted by eutrophication (Lancelot e /. 1997), two factors more
favourable for diatoms than for dinoflagellates (e.g. Margalef 1975) and thus fully compatible

with our observations.

Secondly, an evolving ecosystem was determined in the South NE Atlantic and the northern
North Sea, with an increasing contnibution ot dinotlagellates contrasting, respectively, with a
stable dratom population in the former region and a decreasing contribution ot diatoms in the
latter. These patterns can be related to the specitic circulation patterns characterising these
areas. The South NE Atlantic and the northern North Sea are indeed both highly influenced by
the North Atlanoc water inflow (Reid ef @/ 1992, Corten 1999). During the late 1980s, the
NAO index was strongly positive and the strength of the westetly winds increased 1n the NE
Atlantic, leading to an crease in the oceanic inflow mto the North Sea (Dnnkwater ef al
2003). Turrell ¢f 4/ (1992) suggested that the Atantic inflow makes a major contribution to the
mput of generally warmer, nutrient-rich water into the northern North Sea. The resuliing
relatively warmer surface temperatures promote eatlier, or morte intense, stratification of the
upper water column (Drinkwater ez o/ 2003), which, according to Margalet’s (1975) hypothesis,
would create an environment favouring the growth of dinotlagellates over the growth of

diatoms.

Finally, the north NE Atlantic i1s an ecosystem that has moved trom one state to another, to
reach a balanced state over the last decade. More specifically, our results suggest evolution from
a diatom-dominated ecosystem to a4 more even distribution between diatoms and dinoflagellates
and an increase in the proportion of othet taxonomic groups such as phytoflagellates, as

recently observed in coastal ecosystems (Cloern 2001).

+.D.2. Phytoplankton communities and regime shift in the Nowth Sea

The ditterent ecosystem states discussed in the above section are clearly related to a shift in the
abundance and/or composition of phytoplankton communities. However, in our analyses, only

the PCI provided evidence for the regime shitt (defined as an abrupt shitt from one dynamic
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regime to another, sexsw Schetter ef a/ 2001) observed in the North Sea during the period 1982
to 1988 (Reid e a/ 2001, Beaugrand 2004). Dinotlagellates showed a shutt in 1985, but only in
the northern North Sea, and diatoms did not exhibit any evidence of a regime shift over this
period. The observed discrepancy then suggests that the changes seen in PCI do not retlect

changes in the community structure.

In addition, the features suggested to explain the regime shift in the North Sea by Beaugrand
(2004) are acknowledged to influence the whole North Sea. shown here, however, that the
dynamics of the northern North Sea clearly differ from those of the central and southern
North Sea. This suggests that different driving processes might control the dynamics ot the
phytoplankton community. While this question needs to be addressed through in-depth
mvesfigations of the temporal tluctuations in the phytoplankton taxonomic composition, 1t is
(i) beyond the scope of the present work and (i) still unteasible, considering that the different
taxonomic groups have not been surveyed over the same period. Thus, pico- and nanoplankton
that contribute to the PCI cannot be identified in the samples (Reid 1978). As a consequence,
their potential contribution to the PCI space—time patterns is intrinsically not determinable, and
might ultimately drive PCI varmability and/or obtuscate the variability of the contributions of

idennfiable groups.

Finally, the decreasing contribution of diatoms/dinoflagellates along a north—south gradient
could possibly be related to the increasing contribution of other taxonomic groups or smaller
size fractions of phytoplankton, such as naked tlagellates, which either break up when they
impact the silk or disintegrate in formaldehyde (Batten ef «/ 2003b), and thus contribute to PCI

without being identifiable.

+.D.3. Phytoplankton composition and ecosysiem structure and function

The fuctuations in the two phytoplankton taxonomic groups studied here are likely to impact
the dynamics of the whole tood web. The space—time differences in taxonomic group
contributions could, for mnstance, have an etfect on zooplankton populations through their
trophodynamics. Richardson & Schoeman (2004) have thus shown a dominant bottom-up
control within the plankton community in the NE Atdantic over time and space as the resulr ot
sea surtace warming. However, this study shows that: (1) the SST only exhibited a significant

long-term trend in the central and southern North Sea from 1958 to 2002, (2) the PCI, the
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abundance of diatoms and dinotlagellates and the contribution of diatoms and dinoflagellates
to the PCI were barely correlated to the NAO and SST (ct. Tables 4.3 & 4.4), and (3) the
significant correlations did not exhibit any distinct spatial pattern (ct. Tables 4.3 & 4.4). As a
consequence, it is suggested that: (i) the so-called hydro-meteorological forcing is likely to have
short-term rather than long-term effects on phytoplankton communities in the eastern North
Atdantc and the northem North Sea, (i) SST is likely to have long-term effects on
phytoplankton communities in the central and southern North Sea and (i11) the potential causal
relationships between hydro-meteorological vanables and phytoplankton abundance and

community composition are strongly affected by the spatial location.

More detailed investigatons of the relationships between changes in  phytoplankton
composition and their potential eftects on zooplankton communities are needed to achieve a
deeper understanding of the mechanisms driving the observed patterns. Phytoplankton
composition and thus zooplankton diet have indeed already been shown to influence hatching
success (Laabir e/ a/. 2001, Irgoien ef al. 2002), growth and development (Koski ef a/. 1999) of
calanoid copepods. As the production of copepods supports most food webs, directly atfecting
higher trophic levels and the biological pump ot carbon (Ohman & Hirche 2001), elucidation
of the interplay between phytoplankton and zooplankton communities is vital for the tuture.
The global relevance of this inter-relationship is clear, considering the mmportance ot these
organisms in the context of climate change, anthropogenic impacts on ecosystems and the

consequences on management of aquatic living resources.
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Chapter 5

DECADAL FLUCTUATIONS OF THE INFLOW
OF NORTH ATLANTIC WATER INTO THE
NORTH SEA BETWEEN 1958-2003 AND ITS
IMPACT ON PLANKTON ASSEMBLAGES

Part of this chapter has been included in the following:

Leterme S.C., Pingree R.D., Artrill M.)., John AW.G, Rerd P.C. & Skogen M.D. (submitted)
Decadal fluctuations of plankton species in the North Sea: relanon with physical and
hydrological parameters. Limnology and Oceanography.

Leterme S.C., Pingree R.D., Attrill MJ., John AW.G & Skogen M.D. (2006) Decadal
fluctuations of plankton species in the North Sea: relation with physical and hydrological
parameters. AGU-ASLO-TOS Ocean Sciences Meeting, February 2006, Honolulu, Hawaii,
USA.
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5.A.Introduction

As a semi-enclosed basin, the North Sea is characterized by complex interactions between
phystcal conditions (i.e. waves, ndes, currents), water chemistry, suspended sediments, living
organisms, and human activities (Eisma 1987). In particular, the circulation of Atlantic waters
along the European continental slope, and more precisely the inflow of Atlantic waters into the
North Sea, highly influences its water characteristics, with consequent changes in temperature,
salinity, and nutrient concentration affecting the biology and ecology of plankton organisms.
Atlantic waters tlow into the North Sea along two pathways: the continental slope flow enters
the northern North Sea through the IFair Isle Channel and along the east side ot the Shetland
Islands (Turrell e a/ 1990), while a smaller flow enters from the south through the Straits of
Dover, with warmer and saltier properties that influence the temperature and salnity
distributions of the Southern Bight ot the North Sea (Pingree 2005). The resulting outflow of
North Sea water, called the Norwegian coastal current (NCC), is concentrated along the
western coast of Norway. This current 1s 4 combination of wind-driven coastal water from the
southern North Sea, saline water from the western North Sea, treshwater Baltic outtlow (Lee

1970).

The possibility that large-scale ecological changes in the North Sea are related to varations in
the Atlannc inflow has been mentioned by several authors (e.g. Fraser 1952, Turrell ¢f 4 1996,
Withaard ef al. 1997, Reid ef al. 2003). High salinity water masses (Otto & o 1990) and Atlantic
plankton ‘indicator species’ (Fraser 1969, Reid ¢ af 1992, Corten 1999, Edwards e 4/ 1999,
Lindley & Batten 2002) observed in the North Sea are particularly indicative of Atlantic inflow.
The composition of copepod species undertaking ontogenic migration (e.g. Calunuy finmanhicis)
in shelt seas is also largely dependent upon the input of inter-annually varying pulses of oceanic

water (Corten 1999, Heath ef a/. 1997).

The intlow of Atlantic waters to the North Sea i1s highly varable in both source and volume
(Corten 1986, 1990), and is strongly linked to climate variability mainly through the North
Atlantic Oscillanon (Corten 1990). A decrease and an increase in the Atlantic inflow into the
northwestern North Sea has been identified in the 1960s and 1970s, and in the 1980s,
respectively. In this context, the objective of this chapter s to assess the long-term (1958-2003)
impact of inflow fluctuations in North Atlantic water on the North Sea plankton ecosystem.
Special attention will be given to (1) the relative fluctuations in the nwo sources of Atlantic

waters intlow (Ze. through the northern North Sea and English Channel) over a 45-year period,
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(1) the impact of these fluctuations on salinity, temperature, and nutrient levels between 1958
and 2003, (i) the related long-term changes in North Sea plankton, including copepod
abundance, phytoplankton biomass, and diatom and dinoflagellates abundances, in different
regions of the North Sea (Fig. 5.1), and (iv) the assessment of the contribution of Atlantic

inflow fluctuations to the observed changes.

5.B. Data and methods

5.B.1. Phytoplankion data

Only diatoms and dinoflagellates are taken into account in the present work, as they are the
most regularly identified phytoplankton groups in the CPR survey. Firstly, the abundance ot
every species identfied as belonging to the diatoms or dinotlagellates were grouped by
summing the number of cells identified to determine the overall trends in these two groups.
Secondly, diatom and dinotlagellate species with a trequency of occurrence greater than 1% in
the samples were used as indicator species to provide more information on the processes
linking climate to changes in the phytoplankton commumty (Leterme ef o/ 2005). Five
dinotlagellate species (ie. Ceratinm finva, C. fusus, C. horidum, C. bneatns, and C fpes) and six
diatom taxa (e Probosda alata alata, Rhisosolenta bebetata semispina, R. styliformis, Thalassionema

nitsschioides, Thalassiosira spp., and Thalassiothrix longissimd) have thus been considered.

3.B.2. Zooplankion data

The most frequently recorded zooplankton organisms within the CPR survey are calanoid
copepods. Here the most common species 1dentfied in the North Seca are taken into account:
Acartia spp., (mainly A. dansi and some A. longiremss, Colebrook (1982)), Calanns finmarchicns, C.
helgolandicus, Para-Psendocalanus spp. (includes all stages ot Paracalanns spp. and ot Prendocalanis
spp- and any unidentifiable small (Ze. <2 mm) copepods), and Temora longicornis. Acartia spp.,
Para-Psendocalanns spp. and T. longicornis have been identified as representative of the North Sea
neritic community (Oceanographic Laboratory Edinburgh 1973, Fransz ef a/. 1991). Abundance
estimates from individual plankton samples are inherently imprecise because of vanable
zooplankton behaviour such as dial vertical migration and local weather conditions that can
concentrate or disperse fine-scale patches (Robertson 1968). The potential brases related to this
fine-scale vanability have been discarded through spatial and temporal averaging of CPR data

over areas and periods of interest (Richardson ef o/ 2006).
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3.B.3. Plankion species indicative of the inflow of oceanic water

Some of the plankton species identified by the CPR survey have previcusly been associated
with the inflow of oceanic water into the North Sea. These include calanoid copepods such as:
Aetidens armatus, Subencalans crassns, Paraenchaeta hebes, Menidia licens, Rhincalanns nasuius, and
Candaca armata (Lindley et al 1990, Corten 1999, Edwards ef 2/ 1999). These species were
included in the analyses. C. armata and M. lucens have already been identified as indicator species
for Atlantic waters in the northwestern North Sea in several studies (Farran 1910, Rae & Fraser
1941, Rae & Rees 1947, Corten 2001). A tew other species that appear occasionally i the
northwestern North Sea, and are also likely to be related to the Atlantic inflow (A.W.G. John,
personnal communication), fe the dinoflagellate Cematinm  bexacantbum and the calanoid

copepods Clansocalanis spp. and Plenromamma spp., have also been taken into account.

5.B.4. Hydrological and climatic data

ICES have provided data ob hydrological parameters such as salinity and nutrient
concentration (g nitrate and phosphate) on a monthly basis over the period 1958-2003. These
data were collected for all years trom 1958 to 2003 to obtain yearly time series and averaged tor
the top 20 meters of the water column to be consistent with the CPR sampling conducted at
~10 meters. The climatic indices used in this study are the North Atantic Oscillation (NAO)
winter index and Sea Surtace Temperature (SST). Several indices have been developed to
quantify the state of the NAQO, but the most widely used 15 Hurrell's NAO Index (Hurrell
1995a). This index computes the pressure ditference based on measurements from Lisbon,
Portugal and Stykkisholmur, Iceland. In particular, the NAO winter index (NAQO) values
averaged trom December to March inclusive have been used as a chimatic index (Hurrell
1995a). Sea Surface Temperature (SST; see The British Atmospheric Data Centre,
http:/ /badc.nerc.ac.uk /home) data were used to provide additonal climatic information that is

likely to impact phytoplankton growth and abundance.

3.B.5. North Atlantic Waters inflow into the North Sea

‘The NORWegian ECOlogical Model System (NORWECOM) is a coupled physical, chemical,
and biological model designed to study primary production, nutrient budgets, and dispersion of
particies such as fish larvae and pollution (Skogen e 4. 1995, Skogen & Setland 1998). The

forcing vanables are six-hourly hindcast atmospheric pressure fields and wind stress from the
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Norwegian Meteorological Tnstitute (DNMI), four udal constituents at the lateral boundaries,
and freshwater runoff. Due to a lack ot data on the surface heat fluxes, evaporation, and
precipitation, a climatology method is used for the surface layer (Cox & Bryan 1984). Validation
ot the model system has been achieved by comparison with field data in the North Sea and the
Skagerrak (Svendsen ef al 1995, Skogen ¢f al. 1997, Seiland & Skogen 2000). The circulation
module is based on the wind and density dnven primitive equation Princeton Ocean Model
(Blumberg & Mellor 1980). A 20-km horizontal grid covering the whole shelf area from
Portugal to Norway, including the North Sea has been used. Each simulation was started on
December 15™ and, after a 2-weeks spin-up time, model results were stored from January 1% to
December 317, The model was then re-iitialized and run tor the next year.

Based on the modelled current tields, average monthly intlows through an east-west section
from Utsira (Norway) to the Orkney Islands along 59°17’N (/¢ northern inflow) in the
northemn North Sea and a longitudinal section through the English-Channel in the Dover
Straits along 0°L2 (Z.e. southern inflow), were computed for all years trom 1958 to 2003 and
averaged for the whole water column. The outflow and net tlow (/.. the sum of Baltic outtlow,
tiver runotf, and fluxes through the Channel via the Dover Straits) were also computed over
the same period. Data from the NORWECOM model were provided by Dr. M.D. Skogen

{Institute of Marine Research, Bergen, Norway).

5.B.6. Statistical analysis

In each region, the data obtained for the estimates ot phytoplankton biomass (ie. PCI),
phytoplankton abundance (/e total diatoms, total dinotlagellates, and phytoplankton indicator
species), zooplankton species, plankton species indicative of oceanic water intlow, salinity, and
nutrients have been averaged every year over the period 1958-2003. The climatic index (e
SST), as well as the estimated northern and southern intlows from the Atlantic, were also

computed as yeatly means.

Any temporal trends within the time series obtained for each ot the 13 regions delimited within
the North Sea (Fig. 5.1) were tested by calculating Kendall's cocefficient of rank correlation, 1,
between the yearly time series of the physical and biological parameters and the x-axis values in

order to detect the presence of an underlying linear trend.






analysis. The analysis was performed between residual monthly time senes (i.e. seasonal cycle
removed) of both northern and southern intlows of Adantic waters and residual monthly time
series SST in order to test the long-term etfect ot oceanic inflow. Because of the scarcity ot
values other than zero in some plankton time sentes, the tradiional methods of correlation were
not appropriate (Scherrer 1984). In order to have homogeneity in the statistical methods
applied, the relationship between the oceanic inflow and plankton species has been investigated
by applying Spearman’s correlation to cumulative sums of the variables. The same method was
applied to chmate forang data such as SST and NAO. However, as the cumulative sum
method could not be performed on the hydrological parameters, Spearman’s correlation
analysis was not conducted between inflow of Atlantic waters and salinity and nutrient

concentration.

To inveshgate changes i the whole assemblage composition of the plankton, a suite of
multivanate analyses were employed utihzing the PRIMER 5 (Plymouth Routines in
Multivanate Ecologtcal Research version 5) software. These are similanty-based analyses
designed to visualize, and test the significance of, changes in community composition in fime
and space and they have been particularly widely utilized in the marine environment (see Clarke

& Warwick 2001). Three procedures were employed in this analysis:

. NOn-metnc multi-Dimensional Scaling (NODS), producing a 2-dimensional ordination to
visualize differences n commumty composition, supplemented by creating second-stage
MDS ordinations of regions to assess similarity of temporal trends (Somerfield & Clarke
1993);

2. ANOSIM (Analysis of Similarities, Clarke 1993), a formal significance test of difterences in
composition between a prior defined groupings

3. BIOENV (Clarke & Ainsworth 1983), correlation-based procedures that define the
environmental variables that best explain patterns in the underlying biotic matrix.

Separate analyses were underfaken on zooplankton and phytoplankton species matrices, plus

2" _stage MDS on environmental variables, in order to identify significant differences between

decades (i.e. trom 1960 to 2000) and/or presence of regime shitts. The term ‘regime shitt’ has

been used to describe large, decadal-scale switches in the abundance and composition of
plankton and fish (Reid e @/ 2001). First, Bray-Curtis similanity indices were calculated between
each pair of samples, to form a similarity matrix, using Log (X+1) transtormations to smooth
out the influence of abundant plankton species. Multi-Dimensional Scaling (MDS; 10 runs) was

then underraken on the similanity matrix for each region, resulting in 2-dimension ordination
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plots. Using the similarity matrices produced for all North Sea regions, a 2"-stage MDS was
computed for copepods, phytoplankton and environmental variables. This method calculates a
similarity value between all pairs of matrices, using rank correlation (here, Kendall). The results
give a graphical indication of the similarity of change within the regions on a second stage MDS
ordination plots. To formally test differences in assemblage composition between decades (to
investigate major changes in the plankton) and pre- and post-regime shift, analysis of
similarities (ANOSIM, a multivariate randomisation procedure broadly analogous to ANOVA)
was applied to similarity matrices for each region. Finally, n order to determine which
environmental and hydrological variables (i.e., SST, NAO, salinity, phosphate, nitrate, and
inflows  of  Atlantic  waters)  best  explained the changes observed in
zooplankton/phytoplankton, the BIOENYV algorithm was applied on a joint matrix of
copepods, environmental and hydrological vanables, and on a plankton similarity matrix from
the same region. Combinations of the environmental variables were considered at steadily
increasing levels of complexity, i.e., £ variables at a time (£ =1, 2, 3), to yield the best matches
of biotic and abiotic similarity matrices for each £, as measured by Spearman rank correlation

P, . This method then selects the variables that best explain the phytoplankton community

pattern by maximizing a Spearman rank correlahon between their respective similanty matrices.
Here, BIOENV analysis selects the vamable that best explains the tluctuations of plankton
species. The best three explanatory variables are also taken into account to determine which
combination of environmental factors induces the changes observed (or not) in plankton

species.

5.C. Results

5.C.1. Long-term changes in the environment

Between 1958 and 2003, based on modelled data, the southern inflow of Atlantic Waters into
the North Sea significantly increased (7=0.22, p<0.05). However, no significant long-term
trend in the northern intlow was identified (p>0.05). A signiticant relationship was observed

between NAO and the northern intlow (p, =0.581, p<0.05). The cumulative sums revealed

short-term trends within the long-term changes identified above (Fig. 5.2). The northern intlow
decreased until 1988, then increased until 1995, and finally decreased unul 2003. A decreasing
trend was observed in the southern inflow until 1982, followed by an increase until 2003. This

suggests ditferential shifts in the inflow ot Atlantic Waters through the northern and southern









Across most of the North Sea, long-term changes have been observed in SST (Table 5.1, Fig.
5.3). Apart from regions 1 and 4, the cumulative sums of SST increased until 1962, then slowly
decreased until 1987 (Fig. 5.4), and finally increased until 2003. This suggests that regions 1 and
4 have not been constrained by the same forcings as the other regions of the North Sea. In the
same way, the relationship between SST and the intlow of Atlantic Waters diftered depending
on the origin of the flow. In regions 5 to 10, there was a sigmficant positive relationship
between annual time series of SST and northern inflow (0.36 < p, <0.44, <0.05). However,
signiticant posinve relationships between annual time series of SS1 and the southermn intlow
were only observed in region 10 (p, =0.30, p<0.05). This suggests a long-term eftfect of
oceanic intlow on the SST of the North Sea, supported by a significant correlation observed
between cumulative sums of SST and cumulative sums ot northern intlow in region |
(p, =-0.38, p<0.05) and in regions 7 to 13 (0.32< p < 0.43, p<0.05). For areas 8 to 12,
significant correlations were also apparent between cumulative sums. of SST and cumulative
sums of southern inflow (0.47< p £0.79, p<0.05). In addition, except in region |, 4 and 13,
signiticant positive correlations were observed between annual time series of S5'T and NAO

(0.31< p, £0.62, p<0.05). However, signficant correlations between cumulative sums of SST
and cumulative sums of NAO were only observed in region | (p, =—0.57, p<0.05), 7 to 10

(0.29< p, £0.33, p<0.05), and 13 (p, =0.30, p<0.05).

Table 5.1, Results of Kendall’s statistical test for the yearly tune series of Sea Surface Temperature,
salinity, nutrients, P]wroplznkton Colour Index (PCI), dinoflagellates, diatoms, phytoplankfon indicator
species and copepod species over the period 1958-2003. # 5% confidence level. Due to missing data,
nutrients time series have not been analysed for regions 11 to 13 (-).

Arcas 1 2 3 4 5 6 7 8 9 10 11 12 13
SST 002 023 0205 047 0.30% 0.26* 0367 0.327 036+ 0330 0.23¢ 0.22¢ 0.23¢
Salinity 018 014 014 029 -006 -007 014 -0.14 -0.17 018 -021 010 Q.21
Nitrate 0.25 022 002 005 -008 05317 007 0327 0365002 - - -
Phosphate 0.14 0351008 002 -007 034 007 018 023 011 - - -
PCI 0.03 004 015 020+ 013 0.22° 013 008 011 -002 019 0.22% 001

Dmoflagellates  .0.27¢ 0.05 041+ 028 -0.04 023 -0.19 017 0.26' 002 003 026 0.2
Diatoms 042t 003 033 033 -0.18 024 -0.25* 007 017 000 024 007 010




3.C.2. Decadal fluctuations of phyteplankton in the North Sea

Between 1958 and 2003, decadal-scale changes have been observed in the phytoplankton
community. These trends, however, were not consistent across the whole North Sea, indicating
the importance of smaller spatial scale processes. Hereafter the name of the diatom and
dinotlagellates indicator species exhibiting the same trends as their taxa are given in parenthesis.
The Phytoplankton Colour Index (PCI) significantly increased in regions 4, 6, and 12 (Table
5.1). Significant increases have also been observed tor diatoms (T. Jongissimd) in region 3, and
for dinoflagellates (Cerafirm spp.) in regions 3 and 12. However, significant decreases have been
observed in tegions 1, 4, 6, 7, and 11 tor diatoms (P. alata alata) and n regions 1, 4, 6, and 9 for
dinotlagellates (C. fisus, C. lineatum, and C. tnpos). Some indicator species, however, did not
follow the same trend as their major taxonomic group. Rhigesolenia spp., Thalassiesira spp., T
nitgsehioides, and P. aluta alata significantly increased in region 8, but Réigosolenia spp. and P. alata
alata significantly decreased in region 5 (Fig. 5.5). In addiwon, T. #ifgsehioides signbicantly
decreased 1n region 1 and increased in region 10, whilst significant increases were observed tor

Thalassiosira spp. in regions 2, 3, 8,9, 12, and 13.

Signiticant correlations were also observed between cumulative sums of phytoplankton and
cumulative sums of both Atlantic Water intlows. For the northern inflow, there were signiticant
negative correlations with diatoms (P. alata alata and 't nitsehioides) in regions | and 4 to 8
(Table 5.2) and with dinotlagellates (C. funs, C. Gneatum, and C. tpos) n regions 1, 4, and 6
(Table 5.2). Conversely, positive correlations were appartent between northern mnflow and
diatoms (1. longisiima and  Thalassiosira spp.) in regions 2 and 3 (lable 5.2) and with
dinoflagellates (C. furca and C. trjpos) 1n regions 2, 3, and 8 (Table 5.2). For the southern intlow,
there was a significant negative correlation with datoms (P. alata atata, R. hebetata semispina, and
T. longissima) in regions 8 to 11 (Table 5.3), and with dinotlagellates (e.g. C. fisus, C. horidum, C.

Lneatnm, and C. f1pos) in region 9 (Table 5.3).

The relationship between phytoplankton indicator species and Atlantic inflow ditfered between
regions and did not always reflect the relationship observed as a whole for their taxa. In
conftrast ro most other diatom indicators, significant positive correlations were mostly recorded
between Vhalussiosira spp. and northern intlow (Table 2), similarly observed tor three
dinoflagellate indicator species: C. funa, C. fisus, and C. horridum (Table 5.2). The relaton

observed between R. stylformis and the southern inflow was highly polanized with positive

correlation in regions 8, 12, and 13, and neganve correlation in region 9 (l'able 5.3). In










addition, the relationship between T. longissima and the southern inflow was variable, with
positive correlation in region 8, and negative correlation in regions 9 to 12. Ceratium horridum
and the southern inflow also showed opposite relationships, with positive correlation in regions
11 and 12, and negative correlation in regions 8 to 10. Moreover, the relaton between C. fira
and the southern inflow was mainly positive in the southern North Sea and English Channel
regions, (Table 5.3). On the contrary, the relation between R. hebetuta semispina and the southern

inflow was negative in the southern regions of the North Sea (Table 5.3).

5.C.3. Decadal fluctuations of zoaplankton in the North Sea

As observed with phytoplankton indicator species, differential long-term trends have been
identitied for copepod species dependent on the region. Acartia spp. showed a marked split in
response within the North Sea, significantly increasing 1n regions 2, 3, 5, and 6 (Fig. 5.6) yet
decreasing in regions 4, 7, and 8. Similarly, T. longicornis significantly increased in regions 3, 6,
and 11 and decreased in regions 4 and 7 (Fig. 5.6). Significant decreases ot C. finmarchicns and
Para-Psendocalanus spp. populations occurred in most regions, except in regions 1 (far NW) and
12 (far S\W) respectively, where they significanty increased (Fig. 5.6). Finally, C. hefpolandicus

significantly mcreased in most regions.

‘The relationship between oceanic inflows and copepod species vaned geographically.
Significant negative relationships were identified between copepod species (Awnrtia spp., C.
Jinmarchicus, Para-Psendocalanus spp., and T. longicornis) and southern inflow in the southern North
Sea (T'able 5.3). Some of these copepods (Acartia spp., Para-Psendocalanus spp., and T. longicornis),
however, were also positively correlated to the northern intlow (Table 5.3) in the northern and
central North Sea. In contrast, the relationship observed between C. befgolandicns and northern
(Table 5.2) and southern (Table 5.3) inflows was mainly positive over all the regions of the

North Sea.

5.C.4 Fluctuations in plankton species indicators of oceanic inflow

The decadal changes in the inflow reported earlier are expected to be related to the occurrence
of plankton species indicative ot oceanic waters. "T'wo such species ot calanoid copepods (Z.e.
Metridia lucens and Canducia darmata) usually associated with the inflow trom the northern North

Sea (Lindley ef 4/ 1990) demeonstrated long-term wends benween 1958 and 2003. Whilst both
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increased in other regions of the North Sea: P, hebes increased in regions 1 to 8 and Cluwsocalanns
spp- and . cussis increased in the English Channel (Table 5.4). However, only Plnromamma
spp- singularly showed a different relation with the inflows, i.e. negadive correlation with the

southern and northermn inflow (Table 5.4).

5.C.5. Decadal changes in the North Sea pelagic community composition

Within the North Sea, decadal-scale trends in community composition varied depending on the
region of study and between phytoplankton and zooplankton. Using ANQOSIM, the existence
of signiticant ditference between decades in the assemblage of key copepod and phytoplankton
species was determined. On the assumption of a regime shift in the 1986-1988 (Reid et al. 2001;
Beaugrand 2004), the difference in phytoplankton between the two regimes (i.e. 1958-1987 and
1988-2004) was tested; a signiticant ditference was only evident in régions 1 (r=0.32, p<0.01)
and 9 (»=0.27, p<0.02). In contrast to the phytoplankton, significant differences between the
pre- and post-regime shitt assemblages (1958-1987 and 1988-2004) was apparent in regions 2
(r=026, p<0.01), 3 (r=0.30, p<0.01), 4 (»r=0.27, p<0.02), 6 (r=0.27, p<0.01), and 7
(r=10.39, p<0.01).

The variables (4e. SST, NAQ, salinity, phosphate, nitrate, and inflows ot Atlantic waters) are
likely to explain the tluctuations obsetrved in phytoplankton and zooplankton species in the
North Sea. However, their contnbution to the plankton fluctuations was not consistent across
regions (lable 5.5), atthough tor phytoplankton species, northern intlow, NAQO, and SST are
included in the combination ot varables in most ot the regions. In regions 1, 5, 6, and 7 the
fluctuations in phytoplankton were explained by the northern inflow as a single variable. In
addition, SST, alone, best explains as a single variable the phytoplankton variations of regions 2
and 4, and 1s included in the combination of vartables explaining the changes in regions 3, 6,
and 7 (Table 5.5). Finally, phosphate and NAO best explain as single vanables the variations
observed in coastal regions 3 and 9, and 8 and 10, respectively. Different results were obtained
tor copepod species, with SST best explaining the changes as a single variable in regions 2, 4 to
7, and 9. In contrast, in regions 3 and 10 (northeastern and southernmost North Sea) the
southern intlow best explained, as a single vartable, the vadability observed. In additon,

phosphate and northern inflow best explained, as single variables, the Huctuations observed in

regions 8 and 1, respectively.










The second stage MDS enabled a grouping of regions by similanty in order to assess
conststency of patterns of change over time within multivanate data matrices. Irom the analysis
using environmental varables (fe. SST, NAO, salinity, phosphate, mtrate, and inflows of
Atlantic waters), three groupings can be identified (Fig. 5.72). The first group corresponds to
regions 2 and 4, the second gathers regions 3 and 5 to 8 and the third group assembles regions
9 and 10. The same analysis was conducted using key phytoplankton species (C. furca, C. fusus,
C. hortdum, C. bneatum, C. tripos, P. alata alata, R. hebetata semispina, R. styliformis, T. nitzschioides,
Thalassiosira spp., and T. longissima) and four groups were wdenntied (Fig. 5.7b). The hrst group
gather regions 3 and 10, the second brings together regions 4 and 5 to 7, the third group
gathers regions 2 and 8, and the tourth group corresponds to regions 1 and 9. Using copepod
species (Acartia spp., C. finmarchicus, C. belpolandicus, Para-Psendocalanns spp., and T. longicornis),
only two groups of regions were identified (Fig. 5.7¢). The first group brings together regions 2
and 4, and the second group gathers regions 5, 7 and 8. The group of regions identified using
the different variables (.e. phytoplankton, copepods, or environmental variables) were rarely the
same, implying that the underlying patterns of environmental change do not result i similar
plankton assemblages. However, the groups identified in the environmental variable analysis
(Fig. 5.7a) were most similar to those for copepod species (Fig. 5.7¢), suggesting that copepods
are retlecting more closely than phytoplankton species the physico-chemical changes within the

pelagic environment.

5.D. Discussion

5.D.1. Long-term fluctuations of Atlantic Waters inflow into the North Sea

Between 1938 and 2003, the inflow of Atlantic Waters into the North Sea has significantly
increased through the lZnglish Channel, but no signiticant trend was observed tor the northern
nflow. Modelled tlows indicate higher intlow into the northern North Sea trom the west in the
region of the Fair Isle Channel, between the Orkney and Shetland Isles, in the late 1980s and
early 1990s, but decreased inflow from the Norwegian Sea, east of Shetland (Stephens ef al.
1998). As the northem inflow used in our study combined the inflows via the east of the
Shetland Islands and the Fair Isle Channel, this would explain why no long-term tluctuations
were observed in overall northern inflow. The regime shifts observed in northern and southern
intlows during the 80s have already been suggested by Corten (1999) and Reid ef a/ (2003). This

is also consistent with previous statements that the inflow of species assoctated to the oceanic
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inflow into the North Sea appears to have been greater in the late 1980s and 1990s than
previously (Lindley & Batten 2002). Their biological observations have been supported by
hydrographic data, such as the anomalously high salimty in the late 1980s and early 1990s
recorded in the Skagerrak (Danielssen ef a/ 1996), the Southern Bight (Laane ef 4/ 1996) and in
the northern North Sea (Heath e «/. 1991). In our study, salinity revealed a long-term increase
only in the northwestern North Sea and a significant relationship was observed between salinity
and the northern and southern inflows in regions 2 and 11, respectively. Decadal changes have
also been observed in nutrients, with positive long-term trends in nitrate in regions 1, 6, 8, and
9 and in phosphate in regions 2, 6, and 9. In the Southern Bight of the North Sea (/.. region 8
and 9), the increase in nutrients reflects the eutrophication (/e the increase in the rate of supply
of organic matter (Nixon 1995) of the area (Lancelot ¢/ a/. 1997, Druon ef a/. 2004). In region 6,
the increase in nutrients might retlect changes i the circulation of the North Sea. Dunng
positive phases of NAQ, the increase in westerly winds results in an intensification of the
cyclonic circulation in the North Sea (Schrum 2001). The transport of water masses along the
Southern Bight is then enhanced, as well as the sweep of rich nutrient water towards the east of

the North Sea.

A significant relationship was observed between the NAO and both northern and southern
inflows, but the relationship between the NAQO and the southern inflow was weaker than with
the northern inflow. The inflow via the Fair Isle Channel is mainly wind-driven and
significantly positively correlated to the NAO dunng the winter (Planque & Taylor 1998). In
addition, a smaller wind-driven flow enters through the Strait of Dover, with warmer saltier
properties that are significant tor the temperature and salinity distributions in the Southern
Bight of the North Sea (Pingree 2005). However, the east Shetland inflow current seems to be

more density-driven (Svendsen ¢/ @/ 1991), at least during summer months, with a tendency for

topographic surring of tlow trom far tield forcing (Pingree & Le Cann 1989). The wind-driven
component of the oceanic intlow 1s associated with the ditterent phases of the NAQ. Positive
phase NAQ is associated with southwesterly winds that increase wind-driven intlow through
the northern North Sea (Fig. 5.8). Greater intlow of oceanic water tollowing southwest or
northwest winds has already been observed (Furnes 1992, Svendsen & Magnusson 1992). In
addition, Schrum (2001) showed that the inflow of saltier North Atlantic water increased
strongly with increasing westerly winds. On the other hand, a negative phase of NAO is

associated with southeasterly winds (Ifig. 5.8), resulting i less inflow for the same wind stress
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5.D.2. Decadal changes in species indicative of Atlantic inflow

As decadal changes have been observed in the intflow of Atlantic Waters into the North Sea,
the occurrence of plankton species considered as the best indicators of oceanic waters (Corten
1999) would be expected to show the same tluctuations. This is indeed the case tor Mefridia
Incens and Candacia armata that demonstrated long-term increases between 1958 and 2003 (Fig.
5.6). Both species usually appear in the North Sea in the second half of the year, and survive for
several months before they decline (Corten 1999). They are associated with the inflow ot
oceantc/mixed warm waters into the central and southern North Sea and have shown an
increase in the western and southern North Sea (Table 5.4). Moreover, C. armaia increased n
the northeastern North Sea. As plankton species are highly influenced by the flux of water

masses, C. armmatais dependent on oceanic inflows and circulation within the North Sea. As

the abundance of C. armata increased in western and southern North Sea regions, the currents
towards the northeastern North Sea might have entrained more individuals than usual and

caused the increase of C. armata in the northeastern North Sea.

In addition, the relationship of M. Jucens and C. armata with the oceanic inflow varied according
to the region and the source of the inflow considered, but they were mainly positively
correlated to both southern and northem inflow in the North Sea. However, AL /ucens was
negatively correlated with the southern inflow in the English Channel and eastern Atlantic, and
with the northermn inflow in the northeastern North Sea. Some environmental parameters
mherent to those areas might have had a negative impact on M. Jweens. In particular, SST and
NAO have been observed influencing copepods Huctuations in the northeastern North Sea. A
few other species, including phytoplankton (i.e. C. hexacantbum) and zooplankton (i.e. A. armatus,
Clansocalonns spp., S. cassus, P. bebes, Plenromanma spp., and R. nasutns) species, have also been
described as indicative of Atlantic inflow (Lindley e a/ 1990, Corten 1999). However, in
contrast to M. Jucens and C. armata, those species (eg. P. hebes) have only significantly increased in
the regions directly influenced by the northern intlow (eg regions 1, 2, 4, and 7). In addition,
they have been reported as showing up in the North Sea only during episodes of exceptional
input of Atlantic water (Corten 1999). Tt these species were not observed in the central and
southern North Sea, it might be because they cannot adjust to North Sea conditions and
disappear soon after entering the North Sea. An exceptional event i1s then needed tor those

species to be observed in the North Sea by the CPR survey.
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5.D.3. Long-term fluctuations in the plankion community
Between 1958 and 2003, decadal-scale changes have been observed within phytoplankton and
zooplankton communities, but these trends were not consistent across the whole sea, indicating

the importance of processes acting at the below-sea scale.

Firstly, diatoms significantly increased in southeastern (ie. P. alafa alata, R. hebetala semispina, R.
styliformis, T. longissina, and Thalasiiosira spp.) and northeastern (ie. T. fongissimd) North Sea
regions. 1. longissima and Thalassiosiva spp. were posinvely correlated to both southern and
northern inflow in this area. T. Jongisiima 1s a typical Atlantic diatom which usually declines
rapidly after entering the North Sea (Reid ef 4/ 1992, Corten 1999). However, due to the
increase in the cyclonic circulation of the North Sea associated to the increase in westerly winds
(Schrum 2001), T. longissima might have dnfted turther, rowards the eastern North Sea

causing the increase in abundance of that species not usually observed in this part of the basin
(Reid et 4l 1992). On the opposite, Thalassiosira spp. are typical species of the NE Atlantic and
the North Sea (Continuous Plankton Recorder ‘Team 2004). The increases in Thalassiosiva spp.
in the southeastern North Sea then does not scem to be related to changes in the intflows or in
the circulation of the North Sea, but to local processes inherent to this region. In particular,
during positive phases of the NAQ, the increase in precipitation over Northern Furope 1s
associated with an increase in river runoft (Drnnkwater ef @/ 2003). In the south North Sea,
Belgium, Dutch and German nvers discharge lots of nutrients (MHickel e/ 4/ 1995). The
increased nutrient stocks n the southeastern North Sea might then be responsible for the

increase in Thalassiosira spp.

Secondly, dinotlagellates (Ze. Ceratinm spp.) significantly increased in the northeastern North
Sea; Ceratinm spp. was positively correlated to the northern intflow in this area. Edwards ef @/
(2000) suggested that the increase in the abundance of the genera Ceratinm spp. ott the coast of
Norway was related to hydrochimatic changes. Schrum (2001) showed that the outtlow of the
tresher North Sea water along the Norwegian coast increased. The long-term decreasing trend

in salinity 1s probably caused by the increase in precipitation and substantial increase in runof|
associated with positive values of the NAO (Swetre ef 4/ 2003). As the NCC flow has increased
between 1958-2003 (Kendall correfation test, 7 =0.26, p<0.05), low-salinity water input trom
the Baltic, as well as transport of freshwater discharged by rivers dramning the continental areas,

might have increased, causing more trequent stratification along the western Norwegian coasts.

Beare ¢f al (2002) indeed observed a treshening ot the North Sea waters west of 5°E between



1958 and 1998 and an increase tn stratification. According to MargalePs (1975) hypothesis, the
growth ot dinotlagellate species should be enhanced during stratification, which 1s congruent

with our observations.

However, significant decreases have also been observed in diatoms (eg P alata alatd) and
dinoflagellates (eg. Ceratiwm spp.) in the northwestern and central North Sea. As the
northwestern area (Ve regions 1 and 4) is directly under the influence of the northern intlow,
this area is most representative of North Atlantic conditions. Moreover, some indicator species
did not follow the same trend as their main taxa: the diatom Rhigesolenia spp., for example,
signiticantly increased in the southeastern North Sea and the English Channel, but significantly
decreased in the central and southwestern North Sea (Fig. 5.5). However, it was not possible to

determine the mechanisms underlying those changes.

Finally, significant decadal changes have been observed in copepods (ie. C finmarchicus, C.
beloolundicres, and Para-Prendocalanns spp.). C. belgolandicns signiticantly increased in most regions
of the North Sea and was positively related to both inflows. C. helgolandicns 1s characteristic of
warmer shelf-edge Atlantic water (Continuous Plankton Recorder Team 2004) advected into
the North Sea via the English Channel and Fair Isle current. Positive phases of NAO are
associated with southwesterly winds that increase the wind-driven inflow through northern
North Sea (i.e. Fair Isle current) and then induce an increase in C. hefgolandicns in the North Sea.
Even if that species has Atlantic water origins, it can now efttecnvely reproduce in the North
Sea, spread over large parts of it and behave like indigenous North Sea species (Corten 1999).
By contrast, signiticant decreases of Para-Pseudocalanus spp. and C. finmarchicus populations have
occurred in most regions; they significantly increased, however, in the northwestern North Sea
and in the western English Channel, respectively. C finmarchions and Para-Psendocalanns spp. were
negatively related to northern and southern intlows in most of the regions of the North Sea.
On the opposite, they were positively related to the southern inflow in the English Channel. C.
Sinmarchicus 1s mainly advected through the east Shetland inflow current (Beare et al. 2002)
which seems to be predominantly density-driven (Svendsen et al. 1991). The fluctuations in
wind-regimes associated with the NAO phases should only have a minor influence on this
current. However, dunng positive NAO phases in the late 1980s and early 1990s, the inflow
through the east of Shetland decreased (Stephens et al. 1998). A reduction in Atlantic intlow via
the Fast Shetland 1s one scenanio that might explain the long-term changes observed in C.

Srumearchicns Beare et al. 2002). In addition, the fluctuations of C. finmarchicus have been linked
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to the increase in SST in the North Sea associated to the increasing trend in Northern
Hemusphere Temperature (Beaugrand e/ o/ 2002). However, the fluctuations ot SST are also
highly influenced by the oceanic intflows. The abundance of C. finmarchicns in the North Sea
seems then to be driven by (1) a decrease in the inflow through the east Shetland inflow current,
(i) changes in temperature related to the fluctuatons of the inflow and (iit) the increasing trend

in Northern Hemisphere temperature (Beaugrand ef /. 2002).

Other species, like Aantia spp. and I longicornis, signiticantly increased in the northemn and
central North Sea and decreased in the western and southern North Sea regions. 1. longicornis
was negatively correlated to the northemn inflow in the western and southern North Sea
regions, but positively related to southern intlow in the central North Sea and the linglish
Channel. Conversely, Awrtia spp. was positively correlated to the southern inflow in the
English Channel and negatively correlated in the Straits of Dover, whilst its relationship with
the northern inflow was essentally positive, except in the northwestern North Sea. Acariza spp.
enters the northern North Sea mainly with the mixed oceanic and coastal waters which flow
around the Scottish north coast (i.e. through the Fair Isle Channel), and also into the southern
North Sea through the English Channel. This taxa theretore decreases in the regions directly
influenced by the northern inflow, whereas T. longicornis increases when the Atlantic influence
becomes mimimal. T. Jongseornis 1s a coastal species usually encountered at maximum abundance
in the southern and western North Sea, whereas Acartia spp. is an oceanic species (Continuous
Plankton Recorder Team 2004), predominantly found offshore that drift trom southern
latitudes into the North Sea along with temperate waters of the NE Atlantic Current (Krause ef
al 1995). Being a coastal species, typical ot the North Sea (Confinuous Plankron Recorder
Team 2004), T. longicornis can may be not adapt to the changes in water charactenstics
associated to the northern intlow. 1n contrast, Acartiu spp. might not be able to adapt to North

Sea water conditions and disappear soon after entering in the North Sea.

3.DA. Decadal changes and regime shifts in the North Sea pelagic community composition

Within the North Sea, decadal-scale trends in community composition varied depending on the
region of study and between phytoplankton and zooplankton components, Under the
assumption of a regime shift in 1986-1988 (Reid e a/ 2001, Beaugrand 2004), a regime shift in
phytoplankton (1958-1987 and 1988-2004) was only evident in northwestern and southwestern

North Sea regions. Edwards et a/ (2006) showed that regime shifts were less evident in
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phytoplankton species than for the PCL In contrast to the phytoplankton, significant
differences between the pre- and post-regime shitt copepod assemblages (1958-1987 and 1988-
2004) were apparent in northern, western, and eastern North Sea regions. The regime shilts
identitied i the phytoplankton and zooplankton do not theretore seem to be related. We did
not 1dentify regime shifts in every region of the North Sea, but only in specific areas, directly
intluenced by the oceamc inflows or by the NCC. In addition, difterential regime shifts were
also 1dentified in the northern nflow in 1988 and in the southem inflow in 1982; however, the
regimes identified had similar phases, with a low and high inflow characterised respectively by
the decrease and increase in cumulative sums. This suggests that the regime shift identitied in
phytoplankton and zooplankton species is related to a shift in the oceanic inflow towards the

North Sea. These observations are in agreement with the work of Reid ef a/ (2001).

However, other environmental or hydrological variables (/e. SST, NAQ, salinity, phosphate,
nitrate, and inflows of Atlantic waters) might also be involved in the changes observed in
plankton. ‘The best explanatory variables were not consistent across regions, although for
phytoplankton species, northern intlow, NAQO, and SST are included in the combination of
variables in most ot the regions (lable 5.5). We obtained difterent results for copepod species,
with SST best expliuning the changes as 2 single variable in most of the regions ot the North
Sea. In conclusion, zooplankton seems to be under the intluence of one major single variable
(f.e. SS1) while phytoplankton appears to be under the intluence of ditterent environmental
variables according to the region of study. This 1s congruent with the results of Beaugrand e a/
(2002) that demonstrated the major influence of the Northern Hemisphere temperature on

copepod assemblages.



Chapter 6

IMPACT OF CLIMATE AND MESOSCALE
PHYSICAL PROCESSES ON
PHYTOPLANKTON DISTRIBUTION IN THE
NORTHWEST ATLANTIC OCEAN

Part of this chapter has been included in the tollowing:

Leterme S.C. & Pingree R.D. (in press) The Gulf Strecam, Rings and North Atlantic Eddy
structure from remote sensing (Altimeter and SeaWiFS). Journal of marine Systems.

Leterme S.C. & Pingree R.D. (2005) Impact of mesoscale physical processes on phytoplankton
distribution in the Northwest Atlantic Ocean. ASLO Summer Meeting, June 2005, Santiago de
Compostela, Spain.

Leterme S.C. & Pingree R.D. (submitted) Structure of phytoplankton (Continuous Plankton

Recorder and SeaWiFS) and impact of climate in the Northwest Atlantic Shelves. Ocean
Science.
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6.A. Introduction

The intense hydrodynamic actvity observed in the Northwestern Atlantic Shelves Province
(Longhurst 1998) makes this region especially intriguing from the point of view of physical-
biotogical interactions. This area 1s under the influence of the cold southward intlow of
Labrador Sea Water (LSW) and the warm northward flow of the Gulf Stream. The Gult Stream
flows from the continental slope oft Cape Hatteras and travels eastward, meandering until the
tail of the Grand Banks (Stommel 1958). Meanders which separate northward of the stream
develops into anticyclonic (warm core) eddies and those separating southward produce cyclonic
(cold core) eddies (Richardson 1983, Tomczak & Stuart 2003). Those rings usually move
westward when they are not touching the Gulf Stream meanders and eastward when they are
attached to them (Fuglister 1972, Richardson 1980). Because of its highly dynamic nature, this
environment is a pertect candidate to assess the role on physical-biological interachions in the

control of the biological processes by their physical environment.

Frontal and upwelling regions, and their related enrichment processes, are widely acknowledged
to be tavourable tor the rapid growth of phytoplankton (e.g. Wyatt & Horwood 1973) as they
represent areas where ‘ausiliary energy” (Margalet 1978) fluctuates rapidly in space and time
(Legendre & Demers 1984, Legendre ¢f 4l 1986). Pingree ef al (1979) also established that
eddies have an intluence on the transter and growth of the phytoplankton. More recently,
Gonzalez ef al. (2001) have shown that mesoscale teatures are important sources of organic
carbon to the pelagic ccosystems in oligotrophic areas and thus greatly influence the plankton
community. More specifically, Gult Stream warm core and cold core rings have been shown to
influence surtace phytoplankton distributions via the entrainment ot the surrounding water
masses around and into the rings (Kennelly e 4/ 1985, Garcia-Moliner & Yoder 1994, Ryan e
al. 1999, Ryan ¢t al. 2001). Gult Stream warm-core rings have also been shown as strongly
ntluencing water mass and chlorophyll distributions along the southern tlank of Georges Bank
(Ryan e o/ 2001, Bisagni ef ¢/ 2001). This area 1s also under the influence of the North Atlantic
Osaillation through modification of the surface and deepwater circulation patterns of the North
Atlantic, and more specifically the transport of Labrador Current (Marshall e7 a/. 1997). The
related fluctuations in the inflow of 1.SW along the Scotian shelf have been associated with
changes n coastal water charactenstics (.e. SST, salinity and nutrient concentration) and

zooplankton abundance (Greene & Pershing 2000).
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In this context, the first part ot this chapter will investigate the relationship between spatial and
temporal structures of eddies (via Sea Surface Heights) and chlorophyll a (from the Sea-viewing
Wide Field-ot-view Sensor, SeaWiFS) along the Gulf Stream axis. In particular, identfied
physical structures are followed and compared with phytoplankton distribution. Then, on the
basis of a route continuously sampled by the CPR between Norfolk (Virginia, USA; 39°N,
71°W) and Argenda (Newtoundland; 47°N, 54°W) over the period 1995-1998, the second part
of this chapter specifically assesses the relation between phytoplankton and altimetry data on
the Georges Bank, with a special focus on the fluctuations in PCI and SeaWil'S data in relation

with hydroclimatic vanability.

6.B. The Gulf Stream, Rings and North Atlantic Eddy structures from

remote sensing (Altimeter and SeaWiFS)

G.B.1. Introduction

In order to determine the relationship between spatial and temporal structures of
phytoplankton and eddies along the Gulf Stream axis, the tirst part of the chapter 6 examines
and compares: (1) the spatial and seasonal structure of SeaWiFS chlorophyll @ along the spring
bloom boundary in the North Atlantic near 35°N in relation to eddy structure, (it) the seasonal
cycles of SeaWiFS Chl 4 along a mean Gult Stream path, (i) the speed and propagation of Gulf

Stream nings and (iv) eddy and Sea\Wil'S Chl 4 spatial structures along the Gult Stream route.

6.B.2. Methods and data
6.B.2.a. Sea level anomaly

The purpose of Topex/Poseidon i1s to measure the sea surface height (SSH), with an
exceptional accuracy of less than 5cm precision. Sea level anomaly (SLA) heights have been
measured by the ERS 1/2 and Topex Poseidon satellites since the 22 October 1992 at 10 day
intervals. Radar altimeters on hoard the satellite continually transmut signals at lugh trequency
to Farth and receive reflected signals from the sea surface. The data have been processed
according to Le Traon ef 4/ (1998) with SLA data spatially interpolated to 0.25° in both latitude

and longitude.
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Maps of SLA were denved tor the North Atlantic to compare with monthly SeaWilFFS
chlorophyll 4 concentration. The SLA 1s composed of mesoscale structures imposed on
seasonal changes with eddy or Rossby wave structures usually dominant. The annual or
seasonal signal corresponds, in part, to the rise and fall of the sea surface that anses from the
expansion and contraction of the ocean due to its seasonal heating up and cooling down. In
addition, the SLA 1s influenced by an annual cycle due to ocean circulation. The regon of
maximum variance of sea surtace height in the North Atlantic will be along a mean Gult
Stream route (Pingree, pers. comm.). Along the Gulf Stream route, annual buoyancy and
circulation changes can result in a maximum annual elevation signal change of * 20 cm. Since I
am interested in elevation structure that matches or correlates with non-seasonal Sea\WiFS
structure, the annual component and any residual mean elevation was removed trom the SLA
data using Fourier analysis. Although relatively small in this context, ndal aliasing due to the

semi-diumnal tide was also removed. I refer to the resulting data as SLA residuals.

The Gulf Stream route selected tollows closely the maximum annual amplitude of Sea Level
Anomalies (Fig. 6.1). The chosen path (Fig. 6.2) 1s in concordance with tormer Guif Stream
studies (Watts 1983, Brown e a/ 1986, Lee & Cornillon 1996, Schoellart er o/ 2004). The
downstream path was also followed closcly by an ALACE (25976) subsurtace float at ~ 600m
depth (Pingree & Sinha 2001) moving with the Gulf Stream in 2002 and an ALACE subsurtace
float (25972, at ~150m depth) moving from the Florida Strait (~25.9°N, 79.7°W, near Miami)
in 2005 which gave a consistent upstream position (~ 37.1°N, 70.6°W)} off Cape Hatteras 20

days later (a mean speed of 1.2 ms"' between the positions).

Alnmeter and SeaWiFS Chl « data were extracted every 0.25° along the Gulf Stream route
(corresponding to 92 stations sampled over a distance of 2080 km: Fig. 6.2). SeaWiFS
chlorophyll (Chl ) data have been processed and analysed along this route tfrom September
1997 to August 2002 (5 years peniod). Sea Level Anomalies (SLA) were denved along the same
route from January 1993 to December 2000 (8 years period) and time changes of sea surftace
elevation residuals along the Gult Stream route are plotted on a Hovméller diagram. An
ovetlapptng time window of SeaWil'S Chl # and altimeter anomalies is compared between

September 1997 and December 2000.
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6.B.2.b. SeaWiFS Chlorophyll a

SeaWIFS is a spectroradiometer that measures radiance in specitic bands ot the visible hght
spectrum (Mueller & Austin 1995). The satellite spectroradiometer otters the possibility of
observing and investigating the oceans from a global point of view and provides information
on chlorophyll 4 on a daily, weekly, monthly and annual basis. As species of phytoplankton
contain dissimilar concentrations of chlorophyll, they can be detected by SeaWiFS as they
appear as different colours to this sensitive instrument. SeaWil'S data produced by the SeaWiFS
project were obtained from the Goddard Distributed Active Archive Centre under the auspices
of NASA. Use of these data is in accord with the SeaWil'S Research Data Use Terms and
Conditions Agreement. Processing of SeaWil'S data to final chlorophyll 4 concentration (Ca)
uscd the ScaDAS (SeaWil'S Data Analysis System) sottware, and Ca was also estmated from
the ratio of radiances measured in band 3 (480-300 nm) and band 5 (543-565 nm) according to

the following NASA algorithm:
C, = exp[0.464 — 1 .989LH(L,W490/1,,,7“555)] (D

Monthly composite SeaWil'S maps tor the North Atlantic were denved. For deriving the 3 year
mean seasonal cycles, the SeaWil'S Chl 4 data were spatially averaged over £ 25 km in both

latitude and longitude, and missing data due to cloud coverage interpolated.

SeaWiFS Chl a structure along the spring bloom boundary near 35°N in Apnl 1999 was
matched with the SLA map of elevation (or eddy structure) tor Aprnl 1999 to determine the
influence of eddies on the spatial scale. iddy orbital velocites were determined using the
geostrophic relation. Direct measurements were obtained trom the track of ARGOS (Airborne
Remote Geographic/Oceanographic System) buoy 1811 moving westward in a cyclonic eddy

on the chlorophyll trontal boundary in April 1999.

To examine the chlorophyll structure along the Gult Stream route, seasonal cycles ot SeaWiFS
Chl @ were derived and a mean cycle (based on 5 years of data) was removed trom the data to
produce SeaWiF'S anomalies or residuals between September 1997 and December 2000 and for

comparison with SLA residuals.
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6.B.3. Results

6.B.3.a. Structure of Chl ¢ and SI.A m the Subtropical Atlantic Ocean near 35°N

In Apnl 1999, the spring bloom boundary stretches across the North Atlantic from Cape
Hatteras to Western Europe at ~ 35°N (Fig. 6.3). The monthly composites show that during
April the spring bloom boundary in the central North Atlantic near 35°N is northward at a

speed of about 250 km per month (see also Campbell and Aarup (1992) using CZCS data). The

boundary 1s not regular but has perturbations due to eddy structures.

The North Atantic altimeter SLA map for Apnl 1999 shows the corresponding mesoscale eddy
freld (Fig. 6.4.a-¢). By matching the altimeter spatal structure with the SeaWiFS boundary
spatal structure, 1t reveals that the SeaWiEFS Chl 4 protrusions (a, b, ¢, d, e, Fig. 6.3) result from
the southern components of eddy motions which draw elevated Chl « values from the north to
the south. Hence, although eddy spatial structure s evident in the SeaWiFS Chl « spatial
structure, the main influence of eddies in the open ocean is one of advection or redistribution
of the Chl a held as the spong bloom boundary propagates (by growth) northward. The
SeaWiF'S Chl 4 perturbation structure has a scale that is about two times the eddy scale. Based
on the SeaWiFS Chl # protrusions (Fig. 6.3.a-¢), a scale, | ~ 430 km,was estimated for the
perturbation wavelength or about two times the eddy scale, L (c.f. L ~ 220 km at 34°N for the

NE Atlantce, given in Pingree (2002)).

The track of ARGOS buoy 1811 in March and Apnl 1999 is superimposed on the SeaWiFS Chl
aand SLA felds for April (Fig. 6.3 and 4). The buoy made 11 loops in the same eddy between
January and June 1999 near 35°N. The westward speed of the eddy was 5 km.d-1. The buoy
movement in the cyclonic eddy centred near 34.7°N, 53°W in April gives some direct

I
measurements of the flow component between eddies (see section 6.B.3.¢).

The region near 35°N can be considered as northern subtropical water and the seasonal cycle
of SeaW1FFS Chl a4 concentration for this region (Fig. 6.5) shows a spring bloom peak in March
with 2 mean maximum SeaWiFS Chl  concentration of ~ 0.3 mg.m™. This cycle contrasts with
those representative of NIE Atlantic temperate regions (~ 43°N — 50°N), since Chl « levels start
to increase 1n the autumn-winter period (atter September) as the mixed layer deepens due to
winter mixing, (with nutrient renewal). The Sea Surface Temperature (S8ST) from ARGOS buoy
1811 showed that the bloom maximum occurred near the winter minimum temperature of

18°C  (in March). SeaWil's Chl 4 concentrations are elevated above a
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eddies moving upstream in the path of the Gulf Stream have tespectively an average speed
between 3.3 — 5.2 km.day' and 2.4 — 4.8 km.day". Cyclonic (E) and anticyclonic (F) eddies
moving downstream along the axis of the Gulf Stream have an average speed of 3.5 km.day”
and 2.6 km.day™ respectively. Some eddies (G and H) do not move over time. Other eddies
leave the path of the Gult Streamy; anticyclonic eddies were observed to have a westward speed

of 3.8 km.day™ and cyclonic eddies had westward speed of 4.5 km.day™.

A scale (L) for eddies or rings on the Gult Stream axis was estimated by measuring the
separation distance between positive or negative anomalies along the eastern half of the route
where the anomaly structures were more marked. A separation, or anomaly wavelength, was

determined as 2L = 440£65 km trom [igure 6.8, but extended for an 8 year penod.

6.B.3.d. Comparison of SLA and SeaWil'S Chl 4 structures along the Gulf Stream route

SeaWiFS structure in space and time may be masked by a dominant seasonal cycle so the
SeaWil'5 anomalies or residuals are defined as difterences from the mean seasonal cycle.
Theseasonal cycles obtained for stations 1 to 17 and stations 18 to 92 are shown in Figure 6.9.
For stations 1 to 17 the bloom occurs from November until April, reflecting nutrient limitation
in Subtropical Water, with a masimum value in March (0.31 mg.m” Chl &) and a minimum
value in August (0.12 mg.m” Chl ). These results are typical of the Mid-Atlantic Bight water
masses that have a simple annual cycle in chlorophyll concentration consisting ot a broad peak
during winter and minimum concentrations during summer (Yoder ef a/ 2001). For stations 18
to 92, two blooms can be obsetved, the first in April (0.70 mg.m™ Chl 4) and the second in
November (0.41 mg.m™ Chl 4); the minimum occurs in August with a value of 0.16 mg.m” Chl
a. The spring bloom might results trom increased light levels and the autumn bloom might be a
response to nutrnient availability due to increased vertical mixing and seasonal thermocline

crosion.

Removing the mean SeaWiFS seasonal cycle tor stations 1-17 from these stations and, similarly,
mean SeaWiFS seasonal cycle tor stations 18-92 from this set of stations gives the anomaly time

series, or SeaWiFS residuals, along the Gulf Stream route (Fig. 6.10).

There is a signiticant overall inverse relationship hetween SeaWilS Chl « (Fig. 6.10) and SLA

residuals (Fig. 6.8) (p, =—0.34, p<0.001). Warm core (anticyclonic) nings generally correspond

101












6.B.4. Discussion

In open ocean conditions of the North Atlantic (32°N-40°N, 30°W-60°W), SeaWiFS
chlorophyll (Chl 4) concentration is redistributed at the eddy scale by the eddy surface swirl
currents. Estimates of eddy surface currents dernived from altimeter sea level anomalies (SLA),
and direct measurement from an ARGOS buoy, show that chlorophyll structure may be
introduced between eddies of opposite sign. The zonal scale for chlorophyll perturbatons was
determined at ~ 430 km (Fig. 6.3) in April near 35°N. The mixing effect of eddies
redistnbuting chlorophyll concentrations will be most marked where there is a gradient in
concentration, as tor example tor the zonal structure of the spring bloom in the North Adannc
in April. Structure with a similar scale (~ 480140 km) was observed for the productive period

(November to May) when levels ot chlorophyll are elevated.

The Gulf Stream represents the boundary between Subtropical Water (f.e. with high dynamic
heights and lower Chl 4 levels) and Slope and Subpolar Waters (.. with low dynamic heights
and elevated Chl « levels) and sea elevation changes or SL.A variance levels are 4 maximum as
cddies and meanders cross the mean route. Gulf Stream meanders and rings carry different
water types across the mean Gulf Stream position. Bower and Rossby (1989) related meander
circulation to cross-frontal exchange with rings providing a mechanism for exchange of both
nutrients and biota among Slope and Sargasso Sea Water (Gould & Fryxell 1988). In this study,
a wavelength scale trom one cold ring to another along the axis of the Gult Stream was

determined as ~ 440265 km, giving a ring scale ot ~ 220 km.

The rnings have shown two distinct types ot movement. Firstly, both anticyclonic and cyclonic
rings have been observed moving upstream. Ring-population studies by Bisagni (1976), 1.ai and
Richardson (1977), Haliwell and Mooers (1979), Richardson (1983) and Brown er «/ (1986)
have shown that several warm-core rings can be found moving westward in the Slope Water
with speeds between 2 and 15 em.s™. Cold core rings well separated from the Gulf Stream
generally move westward at about 5 cm.s™ (The Ring Group 1981). Speeds measured in this
study for warm-core and cold-core nngs are included within the range ot speeds recorded in
former studies. Secondly, both anticyclonic and cyclonic rings have been observed moving
downstream. Rings can be partially reattached to and interacts with the Gulf Stream, their

movement ts then parallel to, and with, the Gult Stream (The Ring Group 1981).
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chlorophyll concentration (labelled A-G, Fig. 6.3). Anticyclonic eddies are associated with
depressed 1sotherms and low levels of inorganic nutnents. On the Gulf Stream axis, lower
chlorophyll concentration (marked with — sign, Fig. 6.3) 1s associated with positive SLA or
anticylonic structure (marked with + sign, Fig. 6.4). Cyclonic eddies have higher levels of
inorganic nutrients, the isotherms are domed upwards and localised upwelling may introduce
new nutrients into the euphotic zone, which could cause higher primary production in their
core (Hitchcock er a/. 1993, Aristegui ¢f a/ 1997). The cold core rings are thus generally higher
in Chl # and cyclonic rings marked 1, 2, 3 along the Gulf Stream route (Fig. 6.4) have elevated

chlorophyll concentrations (FFig. 6.3).

The eddy currents may also redistribute surface Chl # levels, drawing out plumes of locally
increased Chl 4 trom regions ot higher Chl 4. This ettect can be seen in some SLA maps and
SeaWiFS monthly composites: August 2001 (Fig. 6.13) for example, where the eddy current
structure draws out plumes (Fig. 6.13, near anticyclonic ring D, or around cyclone F, for
example) and in the Hovmoéller diagrams (Ifigs. 6.8 and 10). Between November and October
1999, from stations 33 to 41 there is a marked negative anomaly (marked H, Fig. 6.8). Near the
same area and for the same period, a SeaWil'S positive anomaly can be observed in Figure 6.10
(labelled h). However, the SeaWiFS positive anomaly is displaced to the west ot the negative
SLA anomaly and not centred on it with a maximum near station 31 and as such will tend to
reduce the correlation between anomalies. Other decorrelating structures, like the more marked
spring bloom conditions extending to the Gulf Stream from the shelt and slope regions in May
2000 (Fig. 6.10), are independent of Gult Stream conditions. Overall, the correlation coetticient
between SeaWiFS Chl ¢ structure and SLA residuals along the selected Gult Stream axis was

p. =-0.34 and the SeaWiFS Chl a spatial vanation, or meander wavelength, was ~ 460£50 km,

or equal to the altimeter SLA separation determined between cold core or warm core rings.
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6.C. Impact of climate and mesoscale physical processes on
phytoplankton (Continuous Plankton Recorder and SeaWi1FS) along the

E-route

6.C. 1. Introduction

This section assesses the impact ot the LSW changing tlow along the Scotian Shelt and the
influence of Gulf Stream rings along Georges Bank. A specific CPR route (E-route; between
Norfolk (Virginia, USA; 39°N, 71°W) and Argentia (Newfoundland; 47°N, 54°W)) has then be
used to investigate (i) the consistency between PCI and SeaWil'S Chl & measurements in this
area, (11) the fluctuations of phytoplankton biomass and its geographical distribution, (i) the
potential links between PCI, SST and NAQ, and (iv) the relation between phytoplankton and

altimetry (r.e. Sca Level Anomalies (SLA) and eddices) over the period 1995-1998.

6.C.2. Methods and data

The visual esumation of the total phytoplankton biomass, known as the Phytoplankton Colour
Index (PCI), was determined tor each of 15 srations along the E-route, corresponding to the
stations most continuously sampled over the period of study (Fig. 6.14). Hovméller diagrams
of PCI were used to compare PCl space-time structure with those observed trom space (/.e. Sea

Level Anomaly and Sea Surtace Temperature (SS1)).

6.C.2.a. Sea level anomaly

Fourier analysis and tiltenng of SLA in time has been used (1) to determine the periods of
domtnant structure (f.e. annual signal) along the CPR route and (i) to remove the annual signal
and any residual mean elevation (which should be zero). Being in a shelt break arca, tidal
aliasing due to the semi-diurnal tide was also removed through Fourier filtering. SLA has
already been shown to allow the tracking of propagating teatures (Sinha ef a/. 2004, Leterme &
Pingree, in press). These data have then been used to estimate the presence and nature of
anomalies in the area of study between January 1995 and December 1998. Elevaton and
depression of the sea surtace are plotted on a Hovméller diagram (i.e. changes of property in

space and time).
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6.C.2.b. SeaWiFS Chlorophyll ¢

SeaWil'S Chl # data were spatially averaged over £ 25 km in both latitude and longitude.
Missing data due to cloud coverage have been interpolated (see chap. 6.B3.2). The SeaWiFS
chlorophyll @ concentration data allow the comparison of the structure and seasonality of
phytoplankton along the E-route in the overlapping PCI time window between September

1997 and December 1998.

6.C.2.c. Climatic indices

Several indices have been developed to quantity the state of the North Atlantic Oscillation, but
the most widely used 1s Hurrell’s NAO index (Hurrell 19952). Monthly indices of the NAO,
based on the ditference of normalised sea level pressures between Ponta Delgada, Azores and
Stykkisholmur/Reykjavik, Iceland, are available since 1865. In order to take into account the
monthly variability, monthly-time series of NAQ have been used as a climatic index. The Sea
Surface Temperature (SST; HadISST 1.1 from the British Atmospheric Data Centred, data
were used to provide additional climatic information likely to influence phytoplankton growth

and abundance.

6.C.2.c. Data analyses

Trends in monthly ime senes ot PCI were examined at each station by calculating Kendall's
coefticient of rank correlation, 1, between the series and the time in months in order to detect
the presence of a linear trend (Kendall & Stuart 1966). The relationship between phytoplankton
and chimate indices was tested through Spearman rank cotrelation analysis performed at each
station between monthly time series of PCI and (i) the NAO and (i) the Sea Surface
Temperature. As the environmental changes induced by the NAO do not occur
instantancously, the possibility of a lagged response from the phytoplankton has been taken
into account and conducted the correlations between PCIL and NAO with a lag of zero to 3

months. However, as the response of phytoplankton to SST fluctuations s quick, the

correlation between SST and PCI was not performed at ditterent lags.

To detect changes, intensity and duration of any changes in the value of PCl, the cumulative

sums method (Ibancz ef 4/. 1993) was used. It consists of subtracting a reference value (here the
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mean of the PCI anomalies time series at each station) tfrom the data; these anomalies are then
successively added, forming a cumulative function. This analysis was performed on the time
series of monthly anomalies ot PCI at each station along the route. The cumulative sum
method was also used on the altimetry and SST anomaly data. This method is usetul for data
where high frequency vanance may obscure longer-term trends. The relationship between PCI
and SeaWiFS was also tested through Spearman rank correlation analysis performed at each
station between (1} original data (4 years time series) and (i) mean seasonal cycles (12 months
time series) of PCI and SeaWiFS Chl 4. The structure (i.e. mean, amplitude and phase) of PCI

and SeaWiFS Chl g seasonal cycles (12 month time series) was compared.

6.C.3. Results

6.C.3.a. Companison of temporal structures of two phytoplankton estimators

Seasonal cycles of SeaWiFS and PCI (Fig. 6.15) identified distinct regimes for Georges Bank
(staions 2 and 3), Shelt Break and Sable Island (stations 6, 7, 8 and 9) and St Pierre Bank
(stations 13 and 14). A decrease (non-significant at 3% significance level) in SeaWiFS Chl « 1s
observed along the E-route towards Newfoundland. Along the CPR route, monthly time-series
ot PCI and SeaWiF'S chlorophyll  showed significant correlation in only 20% of the stations,
with a maximum positive correlation ot. 0.69 (Table 6.1). In contrast, significant relationships
between seasonal cycles ot PCI and SeaWil'S Chl ¢ were observed in 53% of the stations along
the CPR route (Table 6.1, Fig. 6.15), with a maximum positive correlation of .92 (Table 6.1).

There s, finally, a significant correlation (p, =0.65, p<0.05) between the averaged seasonal

cycles of these two estimators of phytoplankton (Fig. 6.16).

No significant trends were observed in PCI time series along the CPR route. Mostly significant
inverse relationships occur along the route between the PCI data and SST' (Table 6.2). This is
consistent with the shift occurring between their seasonal cycles, with a minimum SST in
March occurring near the maximum of PCI (i.e. Spring Bloom period). However, no significant
relationships were found between PCI residuals and SST residuals. Finally, no correlations were
found between PCI and NAO (Table 6.2). However, positive signitficant correlations were

observed between PCl and monthly NAO (with a lag of 2 months) (Table 6.2).
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and a dampening of the spring and autumn blooms, respectively. In contrast, this results in a
magnification of both spring and autumn blooms tor SeaWiFS data (Fig. 6.16). In addition, the
phases of the PCI and SeaWiFS dominant annual and semi-annual cycles similarly ditfer by ca.
45° (Table 6.3), indicating a ca. 1.5 months lag between the maximum values of each blooms
(Le. spring and autumn) of the two data sets. This reveals another difference between PCI and
SeaW1FS measurements, a discrepancy in the timing of phytoplankton spring and autumn
blooms. Finally, the difference between the ratio of the mean to the annual component
(SeaWiFS ~ 5, PCl ~ ) suggests a clear divergence in the two methods tor assessing
chlorophyll 4 levels. According to these arguments, further examination of the seasonal cycle
observed along the E-route suggests a more significant contribution of the semi-annual
component to both PCI and SeaWi1FS signals on Georges Bank (Fig. 6.15a, d) when compared
to Shelf Break and Sable Island (Fig. 6.15b, €) and St Pierre Bank (Fig. 6.15 ¢, f). The
differences in amplitude between PCI and SeaWiFS signals-is a consistent feature along the E-
route (see [lig. 6.15). The comparison of PCI and SeaWiFS seasonal cycles thus leads to the

conclusion that :
* the global picture given for a mean seasonal cycle is the same;

* the correlation between these parameters depends on the observation scale (i.e. spatial
and temporal). As marine ecosystems are highly heterogeneous in space and time over a
wide range of scales (Legendre & Demers 1984, Mackas et al. 1985), it 1s cntical to use
plankton estimators that will reflect the most closely the variability of the environment
at scales the most relevant of the population dynamics. In particular, tor phytoplankton

as it represents the first level of the food web.
" the detailed structure of PCI and SeaWiFS mean seasonal cycles completely ditfers.

In order to determine which estimator is the most accurate, 1t would be necessary to conduct a
comparison between those estimators and Chl & concentration estimated trom bulk phase

seawater.

6.C.4.b. Influence of the climate

Along the CPR route, phytoplankton was significantly correlated with monthly NAO (with a
lag of 2 months). PCI anomaly cumulative sums analysis revealed changes in trends of the time
series, with a change in slope between December 1996 and March 1997 tor stations 2 to 13. In

addition, thete was no spring bloom on Georges Bank in 1997 (Fig. 6.17a). Finally, a decrease
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i SST was observed between June 1996 and June 1997 on the Scotian Shelf (Fig. 6.20). This
period (winter 1995-96) corresponds to the most negative value observed in NAO winter index
since 1970s (Hurrell 1995a). After the NAO index’s large drop in 1996, the Labrador Subarctic
Slope Water (ILSSW, Ze. cool, tresh water poor in nutrients; Petrie & Yeats (2000)) advanced
along the shelf break, displacing the Atlantic Temperate Slope Water (ATSW, e relatively
warmn and salty) oftshore and penetrating to the southwest as far as the Middle Atlantic Bight
(Mercina 2001). Between October 1992 and July 1998, the geostrophic tlow was observed
moving northeast (Z.e. corresponding to ATSW flowing along the continental shelf). This flow
towards Newfoundland increased by ~ | km day™ until July 1995, then decreased by about 3
km day” until June 1998. It is then suggested that the ATSW was progressively replaced along
the shelf by LSSW from September 1997 to February 1998, in accordance with previous
observations (Greene & Pershing 2003). These water masses movement are also associated to
decrease in surtace salinity on Georges Bank between 1995 and 1997 (Smith &7 o/ 2001). The
movement of water masses along the Scotian Shelf is then strongly intluenced by the ditferent

phases ot NAO.

There 15 strong evidence that production rates of the copepod Calanns finmarchicns were limited
by the fack of food on the southem tlank of Georges Bank during Apnl 1997 (Campbell ef 4.
2001). This observation is consistent with the absence of phytoplankton spring bloom i 1997
on the Georges Bank (Fig. 6.174). The uming and development of density stratification on
Southern Georges Bank have, however, also been shown to influence the growth and
recruitment of copepods (Bisagm 2000). The changes in seawater characteristics (/e
temperature and salinity) tollowing the intlow ot LSSW nught then have modified the timing
and development of density stratification on Georges Bank and consequently the development
of the spring bloom early 1997. It is finally suggested that such modifications in the ecosystem

might have a strong impact on the higher levels of the food web. This 1s espectally critical in a

region like Georges Bank that is a large retention area for Atlantic herring, cod, haddock, hake

and flounder (Backus 1987).

The annual component of Sea Level Anomalies (SILA) has shown two structures along the CPR

route:
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- a lag of two months in the rise and fall of the water level between stations 1 and 15

(Fig. 6.19b);

- a decrease in the amplitude of the annual component northward along the route (Fig.

6.19b), where the surface water is cooler.

The expansion and contraction of the water column, represented by the annual component, is
associated to the seasonal changes in atmospheric temperature. Moving northward along the E-
route, the mean temperature of the seawater 1s cooler, and the heat necessary to expand the
water column as much as in the southward stations is greater. So, for a same temperature the
expansion and contraction of the water column will be much smaller towards Newtoundtand

than near Georges Bank.

More specifically, positive and negative values have been identified in SLA on the Hovméller
diagram (Fig. 6.19c). Specific structures have also been identified in PCIL. Negative anomalies
visually correspond to areas of high chlorophyll ¢ concentration and positive anomalies are
associated with low SeaWilS chlorophyll « concentrations. Negative SLA anomalies,
corresponding to cyclonic eddies, are associated with high levels of inorganic nutrients
reintroduced in the water column by localised upwellings (Hitchcock ¢ @/ 1993, Aristegut ef al.
1997). In contrast, positive anomalies corresponding to anticyclonic eddies are associated with
depressed isotherms and low levels of inorganic nutrients. These processes are thus likely to
modity the development of localised phytoplankton blooms and then intluence the
concentration in SeaWiFS chlorophyll # observed at the same location. However, there was no
significant overall correlation between residuals of PCI and SLA. On the Shelf, SLA may not be
related to eddies, but result trom different causes (e wind set-up, circulation, tidal aliasing,
surges) that may not correlate directly with Chl a. Moreover, Chl ¢ anomalies are likely to have
a maximum signal in the productive season due to variations in the timing of the spring bloom
whereas SLA anomalies are not seasonally constrained. Those observations lead to the
conclusion that except in the open ocean, it is difficult to state unambiguously that there is a

relation between eddy structures and phytoplankton structures.

Even if Gult Stream rings have been identified as moving towards the Scotian shelf between
September 1997 and December 2000 (see section 6.B.3.c), none of them (based on looking at
the centre of the eddy) was actually observed crossing the shelf break. As a consequence, the
positive and negative anomalies identitied in SLA between 1995 and 1998 do not scem to be

related to Gulf Stream nings. However, a positive SLA observed on the southern flank of the




Georges Bank (i.e. our stations 2 and 3) in May-June 1997 (Fig. 6.20) has been identified by
Ryan et af. (2001) as a warm-core ring (anticyclone). Low SeaWiFS Chl a4 fteatures related to
anticyclonic eddies were obscrved near Georges Bank in February and March 1999, but could
only influence the stations 1 and 4 ot the E-route. In addition, two such anticyclonic eddies
were also observed at Station 4 in 1995 near Georges Bank (see hgure 6.19c). These
observations corroborate the possible observation of anticyclonic rings on the southern flank
of the Georges Bank. A more extended analysis of sea level anomalies showed that a few of
these relatively smaller anticyclonic eddies could move cyclonically around a larger cold core
negative anomaly or Gulf Stream Ring in the ocean region and reached the continental slope
region near Station 6 (> 200m depth). From here they tended to move southward along the
slope region around Georges Bank as tar as Station 1. Corresponding SeaWikS Chl a structures
showed thar the centre of the anticyclonic structure was low in chlorophyll & and two such
anticyclonic features intluencing the Georges Bank region in August 2001 are shown in the first
part of this chapter (eg. marked B on Fig. 6.13). The shelt Chl @ was thus entrained to the ocean
by the ocean eddies from outer regions (see Figs. 6.3 and 6.13). The interactions of anticyclonic
rings with shelf water masses, via eddy swirl currents, then likely modify the distributions of
phytoplankton and zooplankton species, as well as the retention of tish larvae on the southern

flank of the Georges Bank and might have critical implications for tisheries (Ryan ef 4/ 2001).

6.D. Conclusion

The aim of this chapter was to investigate the relationship between spatial and temporal
structures of eddies (using SLA) and chlorophyll 4 (i.e. PCI and SeaWil'S Chl 4) in the
Northwest Atlantic. In particular, the impact of the Gulf Stream rings on phytoplankton
distributions and the fluctuations of physical processes and phytoplankton distribution were

compared to climate indices (i.e. monthly time series of S5T and NAQ) along the F-route.

In the North Atlantic open ocean conditions, SeaWiFS Chl 4 15 redistributed ar the eddy scale
by the eddy surface swirl currents. This led to a significant overall inverse relationship between
SeaWiFS Chl 4 and SLA residuals. More spectfically, Gult Stream anticyclonic and cyclonic
rings have been observed moving upstream at speed ranging between 2.4 and 5.2 km day™. In
contrast, anticyclonic and cyclonic rings moved downstream respectively at 3.5 km day™ and 2.6

km day'. Those eddies were identified on the Hovméller diagrams and anticyclonic and
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cyclonic nngs generally corresponded respectively to areas of low and high Chl 4 concentration
(see Figs. 6.8 and 6.10). Anticyclonic rings are associated with depressed isotherms and low
levels of inorganic nutrients. On the Gulf Stream axis, those nngs are associated to low
chlorophyll concentration (marked with “~ sign in Fig. 6.3). In contrast, cyclonic nings are
associated to high chlorophyll concentration (marked with ‘+ sign in Fig. 6.3). Cyclonic rings
have domed isotherms and the related localised upwellings may bring nutrients into the
euphotic zone, which could tuel primary production in their core (Hitchcock ef al 1993,
Aristegui e/ al 1997). These mesoscale teatures can then modity the spaual distnbuton of
phytoplankton in the open ocean by causing localised bloom in the core of an eddy or

redistribute the phytoplankton around the eddy via eddy swirl currents.

Along the [E-route, the phytoplankton structures were not significantly influenced by the
mesoscale features of the Gulf Stream, but were mainly impacted by the changes m surtace
flow along the Scotian Shelf:

- Firstly, no signiticant relationship was found berween the S1.A and PCI structures along
the E-route. On the Shelf, SLA may not be related to eddies, but instead result trom
different causes (eg. wind set-up, circulation, ndal aliasing, surges) that may not
correlate directly with Chl «. It is therefore difficult to aftirm if there is a relation
between eddy structures and phytoplankton structures.

- Sccondly, although positive anomalies were observed on Georges Bank could be related
to the warm-core ring identified by Ryan ¢ a/ (2001) in spnng 1997 on the southem
flank of the Georges Bank (stations 2 and 3), no eddies were observed actually crossing
the Shelt Break. Over their lifespan, the shape of the eddies is moditicd by the
movement of the surrounding water masses. As some eddies get to a diameter of ~200-
250 km (see Chapter 6), it 1s suggested that their edge could easily be on the shelf break
but not their centre. The current associated to the edge ot the eddy (.e. eddy swirl
current) would then modity the distribution of phytoplankton and zooplankton species,
as well as the retention of fish larvae on the southern flank of the Georges Bank and
have important implications tor fisheries oceanography and shelf carbon budgets (Ryan
ef al. 2001).

- Finally, changes werc idenfified in the flow of Atlantic Temperate Slope Water along
the Scotian Shelf. This change in water mass circulation caused a drop in temperature
and salinity along the Scotian Shelf and then induced changes in phytoplankton and

zooplankton abundance. In particular, these changes in phytoplankton and zooplankron
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might have an impact on the recruitment of fish larvae, such as cod and haddock that

use Georges Bank as a spawning ground (Campbell ¢f o/ 2001).

The Western North Atlantic is then highly influenced by the hydrodynamic processes. In
particular, Gulf Stream mesoscale features modify the spatial distribution of phytoplankton in
the open ocean. In addition, the fluctations in flow along the Scotian Shelf influence the

characteristics of seawater (i.c. temperature and salinity) and then the plankton dynamics.



Chapter 7

(GENERAL DISCUSSION
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The Continuous Plankton Recorder (CPR) survey has measured the presence and abundance of
ca. 500 phytoplankton and zooplankton taxa since 1931 and has provided a visual assessment
ot total phytoplankton biomass through the Phytoplankton Colour Index (PCI, Colebrook &
Robinson 1963) since 1946. The aim of this estimator is to provide an estimation of total
phytoplankton biomass. However, some studies have shown that the relationship between PCI

and other estimators of phytoplankton abundance is variable.

The tirst comparison between PCI and fluorometrically measured chlorophyll was undertaken
by Hays & Lindley (1994). They showed a good relatonship between PCI and chlorophyll
concentration, but only when the number of cells retained by the CPR mesh was small. This
implies that the relationship, and thus the use of PCI, was significant only in oligotrophic and
non-bloom condihons. Batten ¢ o/ (2003b), however, compared simultancous fluorometric
measurements of Chl 4, phytoplankton cell abundance and PCI trom the Ibertan margin,
Western Europe. The relationships between fluorometrically determined chlorophyll, cell
abundance and PCI were alt significant, with PCI showing a better relationship to chlorophyll
than to cell abundance. This supports previous research (Colebrook & Robinson 1965, Hays &
Lindley 1994) suggesting that the PCl is a useful index of phytoplankton standing stock and,
furthermore, may be a measure of cells (like small naked tlagellates) that are not preserved or
counted in the routine microscopic processing ot CPR samples. The relationship between PCI
and chlorophyll nevertheless appeared to vary seasonally (Batten ¢ «/ 2003b), although more
extensive data are needed to quantify this varability. The Batten ef o/ (2003b) study also
compared the PCI and fluorometer data with chlorophyll values obtained from Sea-viewing
Wide Field-ot-view Sensor (SeaWilFS) for the Iberian margin. Significant correlations were
found during a 15-month time-series between these three estimates of phytoplankton
concentration. This result demonstrates that the ~50 year time-senies of PCI for the North
Atlantic can provide valuable mformation on changes in phytoplankton standing stock.
However, as the relation between PCI and chlorophyll varies seasonally, the interpretation of

any results based on PCI data only should be taken with great caution.

‘The most recent comparison of the PCI with another estimate of phytoplankton abundance
was achieved by Raitsos ¢f o/ (2005) using SeaWil'S data. They found a significant relationship
between PCI and SeaWiFS data in the Northeast Atlantic and the North Sea. In this thesis, PCI
was compared with SeaW1FS data along the E-route, in western North Atlantic, and thete was a
significant relattonship between the two estimators. Although the charactenstics of the seasonal
cycles (sec Table 6.3) of PCI and ScaWiFS are correlated at 53% of the stations along the [-

route, the structure of the seasonal cycle difters tor these measurements. For example, the



secondary late autumn peak observed in PCI has a much smaller amplitude relative to the
spring bloom, which is not the case in SeaWiFS data (see Fig. 6.17). In addition, the ratio of the
mean to the annual component (SeaWiFS ~ 5, PCI ~ 1) shows a large discrepancy in the two
methods for assessing Chl a levels, particularly for assigning a value of near zero Chl «
concentrations. It is thus suggested that the PCl is less reliable than the SeaWiFS data as it is
only a semi-quantitative index while SeaWiFS data are continuous. PCI must then be only
considered as ‘an esumation ot phytoplankton biomass’ that requires additional data in order to

quantify the fluctuations in phytoplankton communty.

As a conclusion, it can be stated that the PCI index has shown some limitations: (i) the relaton
between phytoplankton abundance and biomass is not constant (Hays & Lindley 1994), (i) the
relation between PCI and chlorophyll appears to vary seasonally (Batten ef 4/ 2003b), (i) Chl 2
is an imperfect measure of phytoplankton biomass (see ¢.g. Seuront ef 4/ 2006, Figs. 3 and 3)
and (iv) PCI does not provide relevant information on the structural changes occurring in

phytoplankton communities that are likely to influence phytoplankton biomass.

The study of space-time dynamics of phytoplankton communities theretore require further
analysis of the diatom and dinoflagellate assemblages. Diatoms and dinoflagellates are the two
most important groups ot primary producers in the Notth Atlantic Ocean (Raymont 1980, Lall
& Parsons 1997) and are the two most recorded taxonomic groups in the CPR survey. These
data have subsequently been used as corollary variables of PCI. A comparison of potential
difterences in the space-time dynamics of the PCI, diatom and dinotlagellate abundance was
thus undertaken (see Chapters 3 and 4). In parucular these three parameters respond in a
difterent way to the modifications of their environment caused by the fluctuations of the NAO.
There was a high vanability in the trends of PCI, diatom abundance and dinoflagellate
abundance observed in the same (or difterent) region(s) of the North Atlantic basin. PCI is
then not always an appropriate assessor of the tluctuations of phytoplankton biomass at the

different spatial and temporal scales considered in this work.

Barton ef al. (2003) reported positive long-term trends in PCI time series across the continental
shelt areas 1n the NE and NW Atlantic, as well as a narrow transition zone between the
subarctic and subpolar Central North Atantic over the period 1948-2000. This increasing trend
in the PCI had previously been shown in the North Sea (Reid & Edwards 2001), in the area
west of the British Isles (Edwards er 2/ 2001) and over the Scotian Shelt and Georges Bank in

the NW Atlantic (Sameoto 2001). In the present work, increasing trends of PCI are evident in
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the NE, SC and SW North Atlantic. However, dinotlagellates significantly increased only in the
SW and no long-term trends were observed in diatoms between 1958 and 2002 (see Chapter 3).
These observanons indicate that the PCI does not retlect fluctuations in the dinoflagellates and
diatoms found on the CPR silk. More detailed analyses have highlighted that the significance of
trends observed for the PCI depends on the month and the geographical area (see Table 3.3).
The trends observed in monthly time senes of dinoflagellates and diatoms also vary temporally

and spatially, but the PCI still does not reflect the changes in dinoflagellates and diatoms.

More specifically, the Hluctuations of PCI, diatoms and dinoflagellates were compared with the
SST across the North Atlantic basin (see Chapter 3). This showed that the reladonship between
phytoplankton and the SST varies depending on the area: a stronger relationship between SST
and PCI and dinoflagellates has been observed in the eastern part of the ocean (see Table 3.2).
The opposite has been observed for diatoms, with a stronger correlation in the NW Atlantic,
suggesting the potential influence of difterent forcing factors across the North Atlantic basin,
Drinkwater ¢ af (2003) showed that the physical response to NAO forcing varies spatially
across the North Atlantic basin. In particular, there 1s a regionally variable component to the
NAO-climate relattonship (Smayda e @/ 2004). In the north-western Atlantic trom the Gulf of
Maine southward, there 1s positive correlanon between NAQO and sea temperature anomalies
(Smayda er a/ 2004). By contrast, along the North European coastal zone there is a negative

correlatton benwveen NAO and the sea temperature anomalies.

Even if the PCI 1s increasing in NE and NW Atlantic, and shows higher correlation with SST in
the NE, the taxa leading to these correlations are not the same on both sides of the Atlantic.
Diatoms and dinotlagellates have shown ditterent trends, and correlations with SST, in the NE
and NW Atlantic, thus seemingly responding in ditferent ways to the same changes occurning in
their environment. In addition, the environmental tactors (i.e. currents, wind regime, SST and
precipitation) that are under the influence of the NAO can Huctuate differently according to
the location in the North Atlanuc basin. Different adaptive strategies are required to deal with
varying combinations of these factors, embodied manly in the physiological differences
between diatoms and dinoflagellates (Margalet 1973). Dinoflagellates possess an undulating
Hagellum that improves the chances tor nutrient uptake in nutrient depleted waters (Margalef
1997). In contrast, diatoms, with their relatively low surtace-to-volume ratios need nutrient-rich
conditions for growth (Chisholm 1992). In oligotrophic, stratitied and/or low turbulent waters,
it pays to invest cnergy in swimming to be able to position the cell in the most favourable
environment. This optimisation 1s however useless in eutrophic and/or turbulent waters, where

nutrients are homogeneously distributed and/or redistributed in the water column.
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As a consequence, in stratitied water (poor and rich in nutrients), dinotlagellates may be
dominang conversely, in turbulent and/or nutrient rich water, diatoms would be dominant. In
the NE Atlantic, warmer surface temperatures related to the increasing NAO winter index
promoted earlier, or more intense, stratification of the upper water-column (Drinkwater ef 4/
2003). According to Margalef’s (1975) hypothesis, all these factors would create an
environment favouring the growth of dinoflagellates over the growth of diatoms in both parts
ot the eastern North Atlantic. This is congruent with the observations regarding the differential

relationships found between dinotlagellates, diatoms and the NAO (see Table 3.3, 3.4).

In the NW Atlantic, phytoplankton measures (i.e. PCI, total diatoms and dinoflagellates) have
significantly increased between 1958-2003, but duning difterent periods of the year (see Chapter
3). These observations cotrespond to an increase in the occurrence of diatoms and
dinoflagellates during the first month of the period in which they are usually present, and/or an
carlier appearance of these taxa during the year. FEdwards and Richardson (2004) have
previously observed changes in the phenology of these taxa in the central North Sea. They
stated that diatoms showed the largest variations in phenology, with particular taxa occurring
both earlier and later during the spring and autumn respectively. This study suggests that
changes in the timing of the blooms of those taxa in the North Atlantic could be associated

with the vanations of physical processes along the Scottan Shelf associated to the NAO.

During positive phases of the NAO (Fig. 7.1a), convection is deeper and more intense in the
Labrador Sea and a relatively cool, tresh and thick layer of LSW 1s formed (Dickson ef /. 1996).
This results in higher salinity and temperature on the Scotian Shelf and in the Gultf of Maine
(Petrie & Drinkwater 1993) and in higher nutrient concentrations (Gatnen 1976). Higher salinity
and temperature associated with ligher nutrient concentrations can create favourable
conditions 1n spring tor the growth ot dinoflagellates such as C. Znearnm and C. #ipos, typical of
mixed Atlantic waters (see Chapter 3). In contrast, diatom species typical ot oligotrophic
waters, such as Rhigosolenia spp., encounter favourable conditions trom the end of the summer
when low nutrient conditions prevail. These large-sized diatoms adopt a strategy of buoyancy-
mediated vertical migration to access nutrient-enriched waters located below the nutricline and
then return to the surface to photosynthesise (Villareal 1992, Villareal ef @/ 1993, Villareal ¢ af.
1999). This behavioural adaptation prevents direct competition with the dominant
nanoplankton size classes (usually encountered in oligotrophic water conditions) for nutrients

and allows their survival despite the disadvantages of large size (Singler & Villareal 1995).
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During negative phases of the NAO (Fig. 7.1b), the Labrador Basin convection is weaker, the
LSW export is diminished and the transport of Labrador Subarctic Slope Water (LSSW, 1e.,
cool, fresh water poor in nutrients (Petrie & Yeats 2000)) along the continental shelf is
enhanced (Pickart ef 4/ 1999). During the winter ot 1995/1996, the NAO index became
strongly negative and LSSW moved southward along the Scotian Shelf (Thomas ef a/ 2003).
L.SSW advanced along the shelf break, displacing Atlantic Temperate Slope Water (ATSW)
offshore (Mercina 2001). Changes in surface tlow were estimated from the altimeter data
between the 2 stations located on the shelf and in the open ocean, respectively (see Chapter 6).
Between October 1992 and  July 1998, the geostrophic flow moving northeast (Ve
corresponding to ATSW flowing along the continental shelf) was determined. This flow
towards Newfoundland increased by ~ | km day™ until July 1995, then was reduced by about 3
km day” undl June 1998. ‘The ATSW was progressively replaced along the shelf by LSSW from
September 1997 to February 1998 (Greene & Pershing 2003). In this work, changes in the
environment of the Sconan Shelt have been observed, as the SST decreased between June 1996
and June 1997, as well as in phytoplankton as there was no spnng bloom in 1997 on Georges
Bank (see Chapter 6). The decrease in temperature and the changes in water characteristics (i.e.
salinity and nutnients) associated to the inflow of LSSW along the Scotian Shelt might have
moditied the growth of phytoplankton and subsequently the higher level ot the pelagic tood
web. For instance, there 1s strong evidence that production rates of the copepod C. finmarchicns
were limited by the lack of food on the southern flank of Georges Bank dunng Apnl 1997
(Campbell e a/. 2001). It phytoplankton hmitation on the southern flank is nterannually
vanable, as suggested above, then there i1s the potennal for interannual variation in C
JSinmarchions, with potentially significant consequences tor the growth and survival of fish larvae
on the Bank. Ulumately, these changes in phytoplankton and zooplankton might have an
impact on the recruitment of fish larvae, such as cod and haddock, that use Georges Bank as a

spawning ground (Campbell ef 2/ 2001).

Water masses and chlorophyll distribution of Georges Bank have been observed as being
influenced by mesoscale eddies with Gulf Siream origins (warm-core ring, WCR, Ryan ¢ u/.
2001). The Gult Stream represents the boundary between Subtropical Waters (i.e. with high
dynamuc heights and lower Chl 4 levels) and both Slope and Subpolar origin waters (Le. with
low dynamic heights and clevated Chl « levels). Fuglister and Worthington (1947) discovered
that rings are generated trom the cut-off of Gulf Stream meanders. These meanders, which
separate northward of the stream, develop into anticyclonic eddies and those separating

southward produce cyclonic eddies (Richardson 1983, Tomczak & Stuart 2003). Those eddies



usually move westward when they are not touching the Gulf Stream and eastward when they
are attached to it (Fuglister 1972, Richardson 1980). Even if these rings have been identified as
moving towards the shelf break (westward) between September 1997 and December 2000 (see
Chapter 6), none of them (based on looking at the centre of the eddy) has been observed
crossing the shelf break. Over their life duration, the shape of the eddies i1s modified by the
movement of water masses surrounding them. As some eddies get to a diameter of ~200-250
km (sec Chapter 6), it 1s suggested that their edge could easily be on the shelt break and not
their centre. In that case, the edge of the eddy can have an impact on the area it is entering on
the Shelf. In particular, along the E-route (mainly located on the Shelf break), a positive
anomaly that was observed on Georges Bank in May-June 1997 (see Fig. 6.21) could be related
to the warm-core nng (anticyclone) identified by Ryan ef @/ (2001) in spring 1997 on the
southern flank ot the Georges Bank. This confirms the above-mentioned hypothesis stating
that the centre of eddies might not cross the shelf break, while their edge might and thus

mfluence the water masses surrounding them.

The Gulf Stream rings redistribute the surface Chl ¢ and then modity the spatial patterns of Chl
a (see Chapter 6). Gulf Stream anticyclonic (warm core) and cyclonic (cold core) rings have
thus been shown to influence surface phytoplankton distributions via the entrainment of the
surrounding water masses around and into the nngs (Kennelly e/ a/ 1985, Garcia-Moliner &
Yoder 1994, Ryan ef a/. 1999, Ryan ef «/. 2001). Chlorophyll structure can be stirred between
eddies and then mixed from regions of higher concentration with area of lower concentrations,
moditying, for example, the boundaries ot a bloom. To show 2 significant redistribution of a
phytoplankton bloom, the eddy-swirled currents must be able to advect phytoplankton
concentrations at rates comparable to, or greater than, the propagation rates due to
phytoplankton growth dynamics. Moreover, rings provide a mechanism for exchange of both
nutrients and biota among Slope and Sargasso Sea waters (Gould & Fryxell 1988, McGillicudy
et al 1997) and cross-trontal exchange related to meander circulation has been demonstrated by
Bower and Rossby (1989). Two scenarios can be observed (Iig. 7.2). First, many plants and
animals that arc translocated by the rings die as the ring ages (The Ring Group 1981). Second,
some spectes mught successtully exploit these unusual environments and a successtul exchange
between slope and Sargasso Sea water species communities can be achieved (Fig. 7.2). Eddies
could then be seen as an individual microcosm within which plankton species would be
ditterent from the one observed in the ‘outside-eddy’ environment. Depending on the size and
persistence of the eddy, those species would survive and reproduce in this ‘independent’ water

mass.  According to  the location of the disappearance of the  eddy,
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those species would then be observed in regions from where they are usually absent. Ultimately,
if the translocated species manage to survive in their new environment, this could impact the

ecosystemn by introducing new competitive species and then modity the state of the ecosystem.

In the NE Atlantic, three states of the phytoplanktonic ecosystem have been identtied,
suggesting differential temporal and spatial dynamics of the phytoplankton communities in
geographically adjacent oceanic domains. These states have been related to the tluctuations in
the NAO (see Chapter 4). In particular, in the South NE Atlantic and northern North Sea, a
currently evolving ecosystem was determined, with an increasing contribution of
dinotlagellates. This increase is in contrast to a stable diatom population in the South NE
Atlantic and a decreasing contribution ot diatoms in the northern North Sea.

‘These patterns can be related to the specific circulation patrerns characterising these areas. The
South NE Atlantic and the northern North Sea are indeed both highly intluenced by the North
Atantic water intflow {Corten 1999). During the late 1980s, the NAO index was strongly
positive and the strength of the westerly winds increased in the NE Atlantic, leading to an
increase in the oceanic inflow into the North Sea (Drinkwater ¢f /. 2003). Turrell ¢f af (1992)
suggested that the Atlantic inflow makes a major contribution to the input ot generally warmer,
nutrient-rich water into the northem North Sea. The resulting relatively warmer surface
temperatures promote earlicr, or more intense, stratification ot the upper water column
(Drinkwater ef @/ 2003), which, according to MargalePs (1975) hypothesis, would create an
environment favouring the growth of dinotlagellates over the growth ot diatoms. The
fluctuations observed in these two phytoplankton raxonomic groups are likely to impact the
dynamics of the whole food web through herbivorous copepods and carmveorous zooplankton:
Richardson and Schoeman (2004) have shown a dommant bottom-up control within the
plankton community in the NE Atlantic over time and space as the result ot sca surface
warming. The space—time difterences in taxonomic group contributions could, tor nstance,
have an effect on zooplankton populations through their trophodynamics. Different
hypotheses have been tormulated on the eftect ot diatoms and dinoflagellates on copepod
growth and reproduction. In particular, copepods’ reproducrion has been shown to be
influenced by their diet. First, some diatom monodiets induce teratogenic effects (i.c. ‘birth
defects’) in newly hatched copepod nauplhi, which then have asymmetrical bodies and reduced
numbers of teeding appendages (Poulet ef 4/ 1993). Second, rather than showing that they were
toxic, Jones and Flynn (2005) showed that some diatoms have lower nutritional value than

dinoftlagellates. The presence of dinoflagellates or other phytoplankton taxa that would



supplement a purely diatom diet would then maximise copepod growth (Jones & Flynn 2005).
Finally, Ingoien et al. (2002) observed that under natural environmental conditions, there ts no
negative ettect of diatoms on copepod hatching success. The difterent results obtained in these
studies might be due to interspecitic vanability and be relevant in specific regions of the North
Atlantic basin. However, changes in the phytoplankton community structure like the one
observed in this work might induce dramatic changes in copepods and then strongly impact the
sustainability of higher levels of the food web. This cascade of reaction would then affect the

entire ecosystem via oxygen production, carbon sequestration, and biogeochemical cycling.

The observed difterent ecosystem states are clearly related to a regime shift in the abundance
and/or composition of phytoplankton communities. During the last two decades, “regime
shift” has been defined in many different ways. The term was first introduced to describe the
concurrent alternations between sardines and anchovies in several parts of the world (Lluch-
Belda e al 1989). Schefter ¢f w/ (2001) defined it as an abrupt shift from one dynamic regime to
another. Some oceanographers and ecologists choose, therefore, to define regime shitts on the
basis of changes in the ecosystem as a whole rather than simply on the basis of abrupt changes
in time senes. Laws (2004), for example, stated that regime shifts occur when 2 system
transiions from one stable configuration to another, specifying that such abrupt changes in
biological communities may retlect small changes in environmental conditions such as
temperature, oxygen concentration, or irradiance. In addition, Reid ef a/ (2001) used the term
“regime shift” to describe large, decadal-scale switches in the abundance and composition of
plankton and fish; this detinition will be used hereafter. In my analyses (see Chapter 4), only the
PCl provided evidence for the regime shift observed in the North Sea during the period 1982
to 1988 (Reid e a/ 2001, Beaugrand 2004). Dinoflagellates showed a shitt in 1983, but only in
the northern North Sea, and dratoms did not exhibit any evidence of a regime shitt over this
peniod. The observed discrepancy therefore suggests that the changes seen in PCI do not
reflect changes in the community structure ot major taxa. In addition, the features suggested to
explain the regime shitt in the North Sea by Beaugrand (2004) are acknowledged to influence
the whole North Sea. This study shows, however, that the dynamics of the northern North Sea
clearly ditter from those of the central and southern North Sea. To investigate this issue more
thoroughly, the presence and/or absence of a regime shift was tested in even smaller regions
within the North Sea (see Chapter 5). Under the assumption of the regime shift observed in
1986-1988 (Reid ef af. 2001, Beaugrand 2004), significant ditterences between the pre- and post-
regime shift copepod assemblages (1958-1987 and 1988-2004) were apparent in northern,

western, and eastern North Sea regions. Looking at phytoplankton in the same areas, this
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regime shift was only apparent in northwestern and southwestern North Sea regions. This
suggests that ditterent driving processes might control the dynamics of the phytoplankton and
zooplankton community at different locations within the North Sea. By looking at smaller
spatial scales, the explanatory mechanisms identitied to explain changes in pelagic ecosystems
are different than at larger scales. This implies that local and regional processes play an

important role in the control of the abundance and community structure of phytoplankton.

This work allowed to observe that changes are occurring in pelagic ecosystems at ditterent
temporal and spatial scales. These changes have been illustrated by the spatial variability
induced by eddies and/or currents but also by the regional vanability of the hydro-climatic
processes, influencing in different ways SST, wind-regimes and mixing of local environments.

Several different aspects of the NAO impact on pelagic ecosystems have been highhghted:

¢ In the northeast Atlantic, NAO fluctuations imply changes in (1) SST in northern
Europe (Chapter 3), (i) wind regimes, (i) Atlantic Water intflow into the North Sea

(Chapter 5).

® On the other hand, in the northwest Atlantic, the varrations of NAO imply changes in
(1) SST on the Scotran Shelf (Chapters 3 and 6), (i1) coastal currents (Chapter 6), and (i)
inflow of Labrador Sea Slope Water (LSSW) towards the Scotian Shelf and Georges
Bank (Chapter 6).

These changes in environmental processes impact phytoplankton production, abundance
(Chapters 3, 4 and 3), spatial distribution (Chapter 6), community structure (Chapter 4),
phenology (Chapter 3) and ulumately would impact trophodynamics processes. It is,
however, stll difficult to explain unambiguously all the mechanisms that are involved in the
control of the obscrved patterns. As most ot the processes atfecting the physiology, the
biology, and ultimately the ecology of phytoplankton commumities are typically occurring at
the scale of individual organisms, future work is still needed to reconcile micro- and
macroscale observations to critically assess the impact of environmental Huctuations on the

growth and sustainability of phytoplankton species, and in the end pelagic ecosystems.
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