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Chapter 1

Introduction

Climate variability in the North Atlantic Ocean is primarily forced by the atmospheric
variability related to the state of the North Atlantic Oscillation (NAOQ) or the latitudinal
displacement of the Gulf Stream North Wall (GSNW). Recently, some authors provided
evidence for an anthropogenic influence related to global warming (Levitus ef al.,
2005). These changes are expected to affect the state, the structure and the functioning
of ecosystems of the North Atlantic Ocean and its adjacent seas.



Chapter 1: Introduction

1.A. The North Atlantic Ocean

The Atlantic Ocean is the second largest ocean in the world (Tomczak & Godfrey,
2003). When all adjacent seas are included, the Atlantic Ocean covers 107 x 10° km?
(about a fifth of the Earth’s surface) with a total meridional extent of more than 21,000
km from the Arctic to the Antarctic (Tomczak & Godfrey, 2003). The North Atlantic
Meridional Overturning Circulation (MOC) transfers warm upper waters from the
tropical region to the polar region and returns cold deep waters southward (Garrison,
2004). This feature has a special role in the regulation of weather and climate over the
North Atlantic Ocean and a capital function in the global ocean circulation (Stenseth er
al., 2004). As part of the MOC, the Gulf Stream (composed by the Florida Current, the
Gulf Stream extension and the Gulf Stream proper) plays an important role in the
transfer of heat in the North Atlantic Ocean (Tomczak & Godfrey, 2003). The Gulf
Stream proper is a western-intensified current, largely driven by wind stress, which
flows across the open ocean. It separates in the regton cast of S0°W (referred as the Gulf
Stream extension) near the Newfoundland Rise (also called Grand Banks) into two
branches giving the North Atlantic Current (NAC) flowing towards Scotland and the
Azores Current, which 1s part of the subtropical gyre, streaming to the west (Tomczak &
Godfrey, 2003). The NAC is mostly driven by thermohaline circulation carrying warm
water northeast across the Atlantic Ocean along the boundary between the Subpolar and
the Subtropical gyre (Stenseth ef a/., 2004). The inflows reach the Nordic scas
(Greenland, Iceland and Norwegian Seas) and the Labrador Sea, where they are subject
to deep convection and vigorous mixing (Fig. 1.1; Stenseth ef al., 2004). Through these
processes, the North Atlantic Deep Water (NADW) is formed, constituting the lower
southward-flowing part of the MOC (Talley et al., 2003). There is evidence for a link

between the MOC and abrupt changes in surface climate during the Earth history even if
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1.B. The North Atlantic climate variability

The climate of the North Atlantic Ocean displays a high variability which occurs at a
large range of timescales (Stenseth ef al., 2004). Multidecadal variations in sea surface
temperature in the North Atlantic have been identified (Schlesinger & Ramankutty,
1994). It has also been shown that global climate models dealing with external factors
such as greenhouse gases and solar variations cannot explain entirely the multidecadal
Atlantic variability (Andronova & Schlesinger, 2000), suggesting that this variability is
more likely to arise from internal actions of the climate system. The Atlantic
Multidecadal Osctllation (AMO) identified by Kerr (2000) has been linked with several
climatic features such as the multidecadal variations in the summertime climate of both
North America and Western Europe (Sutton & Hodson, 2005), and the Westen
Hemisphere rainfall and hurricanes in the United States (Goldenberg et al., 2001;
Mccabe ef al., 2004). However, the evidence for an Atlantic link is derived from
observations showing correlation rather than causality (Sutton & Hodson, 2005).
Therefore, understanding whether AMO-related changes are responsible for the
observed variations in the North Atlantic climate is still an ongoing debate with

climatologists.

The major driving climatic force in the north Atlantic has been identified as the North
Atlantic Oscillation (NAO) discovered by Walker (1924) at the same time as the El
Nino Southern Oscillation (ENSO; Van Loon & Rogers, 1978; Rogers, 1984; Hurrell ef
al., 2001). An index of its activity has been defined and is generally measured as the
difference in normalised Sea Level Pressures (SLP) between Ponta Delgadas (Azores)
and Akureyri (Iceland) in the winter season (December to February) (Rogers, 1984). A
high and positive value in the winter NAO index reflects a higher than usual pressure
difference between the subpolar and subtropical Atlantic (Fig. 1.2.a). This augments the
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influence of westerly winds, which increase temperature in the western part of Europe
while an inverse pattern occurs on the eastern coast of Canada. When the NAO index is
negative, this pressure difference is reduced and wind circulation changes over Europe
(Northerly wind increases) which decreases winter temperature in Western Europe (Fig.
1.2.b). The oscillation presents a cyclic vanability with different periods of 2.1, 8 and
24 years and a multi-decadal signal (Fig. 1.3; Cook et al., 1998). Changes in the NAO
index may affect the characteristics of the North Atlantic current system and the
horizontal flow of the upper ocean through the alteration of the oceanic heat transport

and therefore influence marine ecosystems (Dickson & Turrell, 2000).

The cyclic variability of the NAO exerts a dominant influence on winter-time
temperatures across the North hemisphere and therefore on the North Atlantic Ocean
Sea Surface Temperatures (SST). In the same way, the Gulf Stream undergoes long-
term changes of latitude. The latitudinal position of the north wall of the Gulf Stream
(GSNW) has been used as an indicator of climatic fluctuations over the North Atlantic
(Taylor, 1995). The NAO and the GSNW displacement, as two strong signals of large-
scale hydro-climatic variations, are probably connected through atmosphere-ocean
interaction (e.g. Ottersen & Stenseth, 2001). As stated by Planque (1996), they probably
play an important role but at different time-scales, since both interannual and
interdecadal fluctuations in surface ocean conditions in the North Atlantic are largely
governed by wind-induced changes in the sea-air energy fluxes. They can be considered
as a major source of hydro-climatologic variability in the North Atlantic Ocean and may
therefore have a profound influence on a large vanety of biological processes (Stenseth
et al., 2004). Small but persistent changes in climate can have an impact on ecosystems.

These changes occur naturally like, for example, in the case of ice ages and interglacial






1.C. Anthropogenic climate change

The climate system can be defined as the interactions between the atmosphere, land
surface, cryosphere, hydrosphere and biosphere (Intergovernmental Panel on Climate
Change, 2007b). The climate systemn evolves through time due to its own internal
dynamics and due to changes in external factors (also called forcings). The global mean
surface temperatures have risen by 0.74°C + 0.18°C when estimated by a linear trend
over the last 100 years (1906-2005) and one part of this increase has been linked to a
rise in the concentration of some greenhouse gases (GHGs) such as carbon dioxide and
methane (Intergovernmental Panel on Climate Change, 2007a). By 2100, most
projections of human-induced climate change fall into ranges of about 1.3 to almost
4.5°C increase in annual global mean surface temperature compared to the period 1961-
1990 (Intergovernmental Panel on Climate Change, 2001). Levitus er al. (2001) suggest
that the ocean heat content constitutes the major component of the variability of the total
heat balance of the Earth. Both structure and functioning of ocean ecosystems are linked
to climatic conditions which are expected to change with a changing climate. The
potential response of ocean ecosystems to climatic variability has become more

documented (Intergovernmental Panel on Chimate Change, 2007b).

1.D. Copepods as climate change indicators in the North Atlantic

Ocean

There are many cycles existing among most of the chemical elements present within an
ecosystem. Some of them are cycling back and forth between organisms and their
physical environment and are therefore called biogeochemical cycles (Nybakken, 2001).
The large-scale patterns of biogeochemical process in pelagic oceanic environments
results from ocean climate, mostly from the seasonal cycles of vertical stability of the

water column, nutrient supply, and intensity of illumination (Longhurst, 1995). Based
7






Copepods constitute a key trophic group, having a central role in the trophodynamics of
pelagic ecosystems. These zooplankton organisms transfer energy from phytoplankton
to higher trophic levels (Mauchline, 1998) and are often important in the diet of at least
one developmental stage of some economically important fish species such as cod
(Gadus morhua), herring (Clupea harengus) or mackerel (Scomber scombrus) (Sundby,
2000; Beaugrand et al., 2003a; Orlova, 2005, Skreslet et al., 2005). They also represent
a high proportion of the carbon biomass in the mesozooplankton, generally increasing
with latitude (e.g. 33% in the Atlantic Trade Wind Biome, 53% for the Atlantic
Westerlies Wind Biome and 69% in the Arctic Ocean, (Longhurst, 1998)). In the North
Atlantic, the mesozooplankton are largely dominated by copepods and among them by
the genus Calanus which constitutes a major resource to higher trophic levels and a
potential important grazer for phytoplankton. Members of this genus are among the
largest copepods and can contribute as much as 90% of the dry weight of the
mesozooplankton in some regions such as the North Sea and the Celtic Sea (Bonnet,
2005 and references therein). The copepod genus Calanus 1s widely distributed over the
global ocean and, consequently, is found in almost all marine environments, from
tropical to arctic regions. Among other things, the life cycle of some Calanus species in
the North Atlantic Ocean is characterised by periods of dormancy called overwintering
(Marshall & Orr, 1955) during the winter at a particular depth, this depth varies
geographically (Heath er al, 1999a). Despite a number of studies focused on
overwintering, it remains unclear whether this phenomenon is motivated to reduce
predation risk and/or to diminish the respiration costs (e.g. Hirche, 1991; Miller er al.,

1991; Hirche, 1996, Kaartvedt, 1996).

Due to Calanus finmarchicus’ place in the food web (e.g. Aksnes & Blindheim, 1996)

and its importance as a prey for a large range of exploited fish (e.g. such as cod (Lynch



et al., 2001)), its wide distribution (e.g. Conover, 1988) together with high abundance
often dominating the mesoplanktonic biomass (Heath er al., 2000), it constitutes a key
structural species. C. finmarchicus is a mainly omnivorous calanoid copepod
(Mauchline, 1998) which, before becoming adult (CVI), will develop through six
naupliar (NI to NVI) and five copepodite stages (CI to CV; Fig. 1.5). This species
produces at least one generation per year in spring, most often followed by one or two
more before the autumn (Conover, 1988) with a development time mainly linked with
temperature (Campbell, 2001). Biogeographical studies necessitate dealing with the
climate complexity, and associated biogeochemical cycles, as well as with the
complexity of organisms’ life cycles. This constrains most modelling studies to choose
a strategic simplification (Speirs et al., 2006) by, for instance, ignoring the horizontal
transport of the studied organisms (Carlotti & Radach, 1996). In this work, the
ecological niche concepts were used to integrate all those sources of complexity in a

common framework.
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1.E. Overview of the ecological niche concepts

By controlling the quantity of nutrients available (e.g. vertical mixing, upwelling),
keeping individuals constituting a population together in the suitable place (e.g. Ekman
convergence cells, lack of turbulences for the dispersion) or by driving the capability for
an organism to colonise new environments (e.g. larvaec dispersal), climate variability
greatly influences the dynamics of both spatial and temporal patterns of species
distribution (Stenseth er al., 2004). Many external forces occurring at different scales
(from micro- to mega-scale} influence the variability of marine ecosystems. Therefore,
identifying the main variables that drives the temporal variability of biological

processes is complex (Aratjo & Guisan, 2006).

Species Distribution Models (SDMs) are models that relate observations of species over
a period of time to various attributes of the environment (Guisan & Zimmermann, 2000;
Guisan & Thuiller, 2005). SDMs are characterised by their reliance on the ecological
niche concept (Guisan & Zimmermann, 2000). Many definitions of the ecological niche
have been proposed (Grinnell, 1917; Elton, 1927; Hutchinson, 1957; Macarthur, 1958;
Levin, 1970; Odum, 1971). Consequently, two different ways to conceptualise the
ecological niche are often made. The first one 1s based on “functional” criteria while the

second one is related to the concept of “habitat”.

Many definitions of habitat exist in the literature. The simplest is probably proposed by
Morrison ef al. (1998) which states that the habitat is “a place where an animal lives”.
Here the habitat is defined as a physical description of area where species lives. A
habitat is usually described using abiotic and biotic features known to be important for
an organism but it is not necessary to take into account the mechanistic links occurring
between the parameters and the organism’s fitness (Kearmey, 2006). A habitat can exist

12



without reference to a species. For example, it is possible to define a typical Martian

habitat without taking into account any Martian species.

For Odum (1971) “the ecological niche of an organism depends on where it lives and on
what it does”. By extension, the habitat becomes the organism's address and the niche
its profession. This definition is close to Elton (1927) ecological niche concept. This
author compared the niche to the function of an organism in the community. This
concept is therefore related to the location of the species within the food web and

includes how the biomass and energy are distributed among the different trophic levels.

Grinnell (1917) defined the niche as all the areas where an individual species can live if
conditions are suitable for life. Grinnell’s original explanation of the niche is aligned
with the first ecological definition based on the ecological requirements and have
therefore the same roots as the Hutchinson's (1957) definition. Hutchinson defined the
niche of a species as the field of tolerance of the species to the principal factors of the
environment. The niche can be represented in Euclidean space, with as many
dimensions as there are factors, like a ‘“‘n-dimensional hypervolume”. When a few
numbers of parameters are used, the niche of two species can still overlap. Adding the
number of factors allows the relative importance of the overlapping to be reduced,
leading possibly to the complete separation of the niche of two species (i.e. Gause’s
competitive exclusion principle (Gause, 1934)). A niche is not a place but more like a
summary of the organism requirements and tolerance. Therefore, each habitat might
provide many potential niches but according to Hutchinson’s definition, only species

have niches, not environments.
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For the last 40 years, the niche concept has been refined. The distinction between
fundamental and realised niche can be made in the Hutchinsonian framework. First,
according to Gause’s competitive exclusion priciple (Gause, 1934), a species will not
utilise its entire fundamental niche, but rather the realised niche actually occupied by the
species which will be smaller, only consisting of parts of the fundamental niche where
the species is competitively dominant. But species not only respond to variation in the
environment, they also change the environment in which they occur. Then the
distinction between two cases can be made. The first case is when species interact
directly with each other (e.g. predator-prey interactions or inter-specific territorial
interactions) and the second case is for species interacting indirectly by jointly
influencing the environments. Second, Pulliam (2000) propose to differentiate source
habitats, where tocal reproduction exceeds local mortality from sink habitats where
local mortality exceeds local reproduction. A habitat could be qualified as “sink-habitat”
when the conditions (biotic or abiotic) are not suitable or sufficient for a species to
complete its own life history. In a source-sink situation, a species can be expected to
frequently occur outside the boundaries of its fundamental niche if the frequency of the
immigration (dispersal) permits to maintain a large number of individuals in place
despite the environmental factors. The result is that the realised niche can be larger than

the fundamental one.

1.F. Goals of the study

Understanding the influence of climate on oceanic species distribution is crucial to
fundamental and applied research in biogeography, ecology and wildlife management
(Araujo & Guisan, 2006). Plankton play an important role in biogeochemical cycles and
in the functioming of marine ecosystems. Because of their ability to integrate a wide
range of hydrometeorological forcing it has been stressed that changes in the
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composition and abundance of plankton species may act as indicators of climate change.
The main aim of this work is to use information provided by the Continuous Plankton
Recorder (CPR) survey combined with environmental databases to understand, assess
and predict the potential impact of climate change in the pelagic ecosystems of the

North Atlantic Ocean, focusing on the subarctic species Calanus finmarchicus.

All the ecological questions addressed in this work necessitate long-term information on
both the physics and the biology of the North Atlantic Ocean. While physical data are
generally widely available, biological information on the spatial, scasonal and decadal
distribution of species are extremely rare. The Sir Alister Hardy Foundation for Ocean
Science (SAHFOS) have been collecting plankton samples in the North Atlantic Ocean
for more than 60 years using Continuous Plankton Recorders (CPR) which provides one

of the biggest and most useful database of the world.

The first chapter constitutes a general introduction to this work. The objectives were:
(1) To present the North Atlantic Ocean and its climate variability.
(2) To describe the role of Copepods in this Ocean.

(3) To introduce the concept of ecological niches.

The second chapter is focused on the Continuous Plankton Recorder survey conducted
by the Sir ALister Hardy Foundation for Ocean Science. The objectives were:

(1) To present the origin of the CPR concept.

(2) To describe the sampling method and thereby to highlight both strength and
weakness of the method.

(3) To present some statistical analyses applicable on the CPR database.
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The third chapter is focused on the determination of the environmental optimum leve! of
both Calanus finmarchicus and C. helgolandicus regarding 11 environmental
parameters selected regarding their potential influence on the spatial distribution of both
species (Helaouét & Beaugrand, 2007; Beaugrand & Helaouét, 2008). The objectives
were:

(I) To quantify the influence of each parameter on the spatial distribution of both
Calanus species at a decadal scale.

(2) To identify and to calculate the breadth of realised niches of both Calanus
JSinmarchicus and C. helgolandicus.

(3) To provide a baseline to forecast the potential modifications in the abundance and

spatial distributions of the two species expected with global climate change.

The fourth chapter is focused on the relationship between both fundamental and realised
niche of C. finmarchicus at a macroecological level (Helaouét & Beaugrand, 2009). The
objectives were:

(1) To provide a new method to assess the fundamental niche and to compare it with the
realised one.

(2) To combine results from the niches comparison with IPCC scenarios of temperature
to assess the potential changes in the spatial distribution of the species that might occur
during the 21* century.

(3) To investigate the potential implications of those changes for lower and upper

trophic levels and some biogeochemical cycles.

The fifth and last chapter is focused on the impact of climate on C. finmarchicus
abundance and egg production rate at a seasonal scale (Helaouét ef al., submitted). The

objectives were:
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(1) To refine at a macroecological scale the main abiotic factors impacting the spatial
distribution of Calanus finmarchicus in the North Atlantic Ocean.

(2) To assess changes in the explicative power of those drivers at a seasonal scale.

(3) To investigate the potential changes in the abundance of C. finmarchicus in some
key regions by using a joint macroecological and ecophysiological methods based on

the concept of the niche of Hutchinson (1957).
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Chapter 2

The continuous Plankton Recorder (CPR) survey

If the biogeochemical processes are altered by climate changes, major shifts in the
planktonic population structure can be expected (Angel et al., 2007). The CPR survey
account for the world’s largest dataset to address major hypotheses on the structure and
functioning of the North Atlantic plankton ecosystem related to climate changes.
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Chapter2: The continuous Plankton Recorder (CPR) survey

2.A. Concepts and history

The Continuous Plankton Recorder survey (CPRs) 1s a large-scale plankton monitoring
program. The CPR (the recorder) was towed for the first time duning the “Discovery”
expedition in the Antarctic in 1925-1927 over 1300 miles (Hardy, 1926). Since 1931 the
CPR has been used on regular routes in the North Sea (Hardy, 1939). Since 1991, the
CPR survey and the dataset have been managed by the Sir Alister Hardy Foundation for
Ocean Science (SAHFOS). Now the CPR survey is the largest multi-decadal plankton
monitoring programme in the world. The data on the near-surface abundance of phyto-
and zooplankton are available monthly from 1946 and at the end of 2006, this dataset
amounts to 2,542,580 positives entries, counted for 519 phyto- and zooplankton taxa,
many of which are identified to the species level. The list of the species is consultable

on the SAHFOS website (http://www.sahfos.org/). CPR data have become increasingly

important as a baseline to assess impacts of global change on pelagic ecosystems. This
is an important set of tools for all those concermned with biodiversity loss, climate
change, eutrophication, pollution, harmful algal blooms and sustainable fisheries

(Brander et al., 2003).

After the prototype device, two new kinds of recorder have been deployed (Fig. 2.6).
The first one 1s called the “diving plane” which was used until 1975-1980 then it was
replaced by a new version, “box-tail”, within a greater stability at higher speed (Fig.
2.7). It has been shown that all the different changes have not affected the time-series
(Hays & Warner, 1993; Hays, 1994; Warner & Hays, 1994; Batten ef al., 2003; Reid ef

al., 2003a; Jonas et al., 2004).
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2.B. Sampling and sub-sampling

The CPR is towed behind ships of opportunity on their normal trading routes at their
conventional operating speeds (15-20 knots) without any scientists on board. A fixed
sub-surface depth (a standard depth of 7 m) was chosen to give the most consistent
results in the relatively shallow North Sea (Hays & Warner, 1993). Water enters the
CPR through a square aperture 1.27 cm 1.27 cm (1.61 em?) (Fig. 2.8) down an
expanding tunnel, which effectively reduces the water pressure to minimise damage to
the captured plankton, and exits through the rear of the device (Fig. 2.8). The movement
of the water past the CPR turns an external propeller at the rear of the device that
operates a drive shaft and gear system, which advances the silk filtering mesh. Plankton
in the water are filtered onto this constantly moving band of silk. The filtering silk
meets a second band of covering silk, effectively sandwiching the plankton, and is then
wound onto a spool in a storage tank containing formalin. The mesh size of the silk is
270 pm in order to give an adequate representation of copepods, cladocera, pteropods,
and chaetognaths, but also to give an indication of blooms of large phytoplankton, while
reducing clogging by small phytoplankton cells (Hardy, 1939). Despite the relatively

large size of the mesh, small phytoplankton are still retained on the silk.

After towing, the CPR is returned to the laboratory and the silk is removed from the
storage tank. The silk is divided into samples corresponding to 10 nautical miles (18.5
km) of towing (equivalent to about 3 m> of sea water filtered assuming 100% filtration
efficiency; Jonas et al., 2004). Positions and times of each sample are estimated with the
knowledge of the start and the end of each tow as well as possible changes in the
direction and the speed of the ship. The identification and plankton counting is realised

in four steps:
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2.B.1. Step 1. 1t consists of an estimation of the colour of the silk in order to give an

index (called greenness index) of concentration of chlorophyll in the environment.
There are four different categories of colour (no colour, very pale green, pale green and

green).

These four levels of the phytoplankton colour index (PCI) represent the amount of
phytoplankton pigment on the silk and have been assigned numerical values on a ratio
scale based on acetone extracts using spectrophotometric methods (Colebrook &

Robinson, 1965).

2.B.2. Step 2. Phytoplankton are identified and counted to species level when it is
possible. More than 200 phytoplanktonic species or taxa are identified. Subsampling of
the silk is processed by selected 20 fields under a x400 magnification (295um diameter
view) on one of the diagonals of the silk. These 20 fields amount to 1/10,000 of the area
of the filtering silk. Abundance of each phytoplankton taxonomic category is
determined by counting the number of fields in which each taxon is detected. This has

been derived from the Poisson distribution, which assumes organisms are randomly

distributed on the silk (Colebrook, 1960).

The methodology of the step 1 and step 2 have been unchanged since 1958.
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2.B.3. Step 3. This consists of an examination of zooplankton that are generally

smaller than 2 mm. Over 70 species or taxa are identified at this stage. Five fields (2.06
mm diameter view) on one of the diagonals of both filtering and covering silks are
studied under a x45 magnification. It assumes retained organisms are uniformly

distributed on the silk. This procedure examines 1/50 of the silk.

2.B.4. Step 4. This consists of an identification of the zooplankton greater than

Metridia lucens stage V in size (>2 mm total length: (Rae, 1952)). More than 150
species or taxa are identified at this step. A category system is used to count the
zooplankton in order to reduce the time of the analysis. The method is described in

details in Colebrook (1960), Colebrook & Robinson (1965) and Warner & Hays (1994).

Quality control checks are carried out at all stages of the analysis and the data
processing. If high variations are detected between two samples related in space or time,

an analyst is asked to re-analyse the sample.

2.C. Overview of statistical methods applied to CPR data

2.C.1. Descriptive methods applied to CPR data

Until the middle of the 70’s, investigations of CPR data were carried out using graphs,
contour diagrams and maps while most statistical analyses were restricted to one
dimension. This led rapidly to good progress in describing the biogeography of species
around United Kingdom (Lucas, 1940; Colebrook ef al., 1961a; Robinson, 1961) such
as the coastal distribution of Centropages hamatus and Ceratium fusus (Colebrook et
al., 1961b). This way of investigating CPR results is still used nowadays, although the

multivariate statistics have increased drastically the quantity of information extracted
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from CPR dataset (Beaugrand et al., 2003b). The aim of this section is not to provide a
thorough description of all statistics methods used in ecology with CPR data but rather

to show the range of applications the use of modern statistics provides.

2.C.2. Multivariate analyses

After this descriptive period, it appeared that the huge quantity of multidimensional
information provided by the survey had to be sorted and reduced. Methods of ordination
in reduced space have been applied extensively to CPR data. Their aim being to
represent the relationships between objects and observations by reducing the number of
dimension (Legendre & Legendre, 1998). Standardised Principal Component analysis
(PCA) was applied for the first time by Colebrook (1964) to investigate patterns of
variability of 22 taxa around United Kingdom using eigenvectors. The author showed
the separation of the 22 taxa into 5 species associations (northern and southern oceanic,
northern and southern intermediate, and neretic) and specified that their location were
partially explained by the synergistic effects of temperature, seasonal variability of the
temperature and salinity. PCA (e.g. Colebrook, 1964; Colebrook, 1978; Colebrook,
1982; Reid et al., 1998; Reid & Beaugrand, 2002), three-mode PCA (e.g. Jolliffe, 1986;
Beaugrand ef al., 2000; Edwards, 2000) and non-metric multidimensional scaling (e.g.
Kruskal, 1964; Lindley, 1987; Lindley & Williams, 1994) are perfect examples of

ordination 1n reduced space applied to the data set.

Another way to describe relationships between objects or descriptors was to investigate
rearrangement of an association matrix. For example Colebrook (1969) used the method
“senation” to examine geographical similarities in the interannual variability of Temora

longicornis in the North Sea. This opened the way to cluster analyses which are new
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powerful multivariate too! using almost any distance or similarity matrix between
objects or descriptors. This method can fit with the type of data (e.g. quantitative, semi-
quantitative or qualitative data) and nature (abundance or presence/absence) by

changing the coefficient of association.

Over the years, the CPR data have been used in many biogeographical studies
(Beaugrand er al. 2003b and references therein), generating the deployment of
numerous statistical analyses (Beaugrand er al. 2003b). In this work, the standardised
principal component analysis has been used to extract the relevant information in many
tables derived from the CPR dataset. PCAs are unconstrained ordination using Euclidian
distance and are mostly used to visualise multidimensional dataset (by reducing the
number of dimensions). PCAs are also a good way to remove correlations (in the new
table, constituted by two axes, points have a null correlation), to reduce the inherent
variability that occurs in most biological dataset (considering that removed axis are
noisy) and to classify data in clusters. All those features make together the PCA an

accurate tool to investigate the macroecology using CPR data.
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Chapter 3

Macro-ecological study of the niche of Calanus finmarchicus
and C. helgolandicus in the North Atlantic Ocean and

adjacent seas

The present chapter is constituted by the following two papers:

Helaouét, P., Beaugrand, G., 2007. Macroecology of Calanus finmarchicus and C.
helgolandicus in the North Atlantic Ocean and adjacent seas. Marine Ecology Progress
Series. 345, 147-165.

Beaugrand, G., Helaouét, P., 2008. Simple procedures to assess and compare the
ecological niche of species. Marine Ecology Progress Series 363, 29-37.

Global climate change is expected to modify the spatial distribution of marine
organisms. However, projections of future changes should be based on robust
information on the ecological niche of species. This paper presents a macroecological
study of the environmental tolerance and ecological niche (sense Hutchinson, i.e. the
field of tolerance of a species to the principal factors of its environment) of Calanus
Jinmarchicus and C. helgolandicus in the North Atlantic Ocean and adjacent seas.
Biological data were collected by the Continuous Plankton Recorder (CPR) survey,
which samples plankton in the North Atlantic and adjacent seas at a standard depth of 7
m. 11 parameters were chosen including bathymetry, temperature, salinity, nutrients,
mixed-layer depth and an index of turbulence compiled from wind data and chlorophyll
a concentrations (used herein as an index of available food). The environmental window
and the optimum level were determined for both species and for each abiotic factor and
chlorophyll a concentration. The most important parameters that influenced abundance
and spatial distribution were temperature and its correlates such as oxygen and
nutrients. Bathymetry and other water-column-related factors also played an important
role. The ecological niche of C. finmarchicus was larger than that of C. helgolandicus
and both niches were significantly separated. Our results have important implications in
the context of global climate change. As temperature (and to some extent stratification)
is predicted to continue to rise in the North Atlantic sector, changes in the spatial
distribution of these 2 Calanus species can be expected. Application of this approach to
the 1980s North Sea regime shift provides evidence that changes in sea temperature
alone could have triggered the substantial and rapid changes identified in the dynamic
regimes of these ecosystems. C. finmarchicus appears to be a good indicator of the
Atlantic Polar Biome (mainly the Atlantic Subarctic and Arctic provinces) while C.
helgolandicus is an indicator of more temperate waters (Atlantic Westerly Winds
Biome) in regions characterised by more pronounced spatial changes in bathymetry.
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Chapter 3: Macro-ecological study of the niche of Calanus
finmarchicus and C. helgolandicus in the North Atlantic

Ocean and adjacent seas

3.A. Introduction

Understanding the consequences of variability in climate on pelagic ecosystems requires
a clear identification of the factors driving vanability in the abundance of each species
and the parameters or processes that control their geographical distribution.
Biogeographical studies are essential and provide a baseline for evaluation of the impact

of chimate on ecosystems (Longhurst, 1998; Beaugrand, 2003).

The high nutrient supply in the temperate and subpolar part of the North Atlantic Ocean
results in high planktonic production (Ducklow & Harris, 1993; Longhurst, 1998). This
region 1s influenced by the North Atlantic Current which transfers energy and heat from
the SW oceanic region of Newfoundland to the NE part of the North Atlantic Ocean
(Krauss, 1986). This current also has a profound impact on plankton diversity
(Beaugrand ef al., 2001). The North Atlantic Ocean is divided into 3 biomes: called the
Atlantic Polar Biome, the Atlantic Westerly Winds Biome and the Atlantic Coastal
Biome, each divided into a number of provinces (Fig. 1.4; Longhurst, 1998). Their
ecological characteristics have been recently reviewed by Longhurst (1998) and some
complementary descriptions have been added by Beaugrand et al. (2001) and
Beaugrand er al. (2002b) for the northern part of the North Atlantic Ocean and its

adjacent seas.
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Copepods constitute a key trophic group, with a central role in the trophodynamics of
pelagic ecosystems. These planktonic organisms transfer energy from the phytoplankton
to higher trophic levels (Mauchline, 1998) and are often important in the diet of at least
1 developmental stage of economically important fish species such as cod, herring or
mackerel (Sundby, 2000; Orlova, 2005; Skreslet er al,, 2005). Copepods represent a
high proportion of the carbon biomass in the mesozooplankton, generally increasing
with higher latitude (e.g. 33% for the Atlantic Trade Wind Biome, 53% for the Atlantic
Westerly Winds Biome and 69% for the Arctic Qcean, (Longhurst, 1998)). Members of
the genus Calanus are amongst the largest copepods and can comprise as much as 90%
of the dry weight of the mesozooplankton in regions such as the North Sea and the
Celtic Sea (Bonnet (2005) and references therein). The congeneric calanoid copepod
species C. finmarchicus and C. helgolandicus have been well studied (e.g. Planque &
Fromentin, 1996; Bonnet, 2005). They are morphologically so similar that they were not
distinguished until 1958 in the Continuous Plankton Recorder (CPR) survey (Planque &
Fromentin, 1996). However, their spatial distribution differs significantly (Beaugrand,
2004a). C. finmarchicus is mainly located in the Atlantic Polar Biome north of the
Oceanic Polar Front (Dietrich, 1964; Beaugrand, 2004a; Fig. 1.4) while the pseudo-
oceanic species C. helgolandicus occurs in more temperate waters south of the Oceanic
Polar Front, mostly located above European shelf-edge in the Atlantic between 40° and
60°N (Beaugrand, 2004a; Bonnet, 2005). In regions (e.g. the North Sea) where they
occur together, the 2 species generally have different seasonal timing (Beaugrand,
2003). Some studies have also reported different depth of occurrence at the same

location (Bonnet (2005) and references therein).

Differences in the spatial or/and temporal patterns of variability in both species of

Calanus suggest different responses to environmental variability. It is thercfore
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important to identify their environmental preference (window or tolerance interval) and
their environmental optimum level. When the preference of more than one factor has
been determined, the ecological niche (sense Hutchinson (1957)) can be calculated (1.e.
the field of tolerance of a species to the principal factors characteristics of its
environment). The niche can be represented in a Euclidean space with as many
dimensions as factors considered. When a few numbers of parameters are used, the
niche of 2 species may overlap. Increasing the number of factors reduces the relative
importance of such overlap and often enables the complete niche separation (Gause
competitive exclusion hypothesis (Gause, 1934)). Abiotic parameters are related to both
geographical (e.g. topography) and water-column factors (e.g. nutrient concentration)
which influence directly the physiology (e.g. growth, development and mortality rates
(Carlotti et al., 1993) or reproduction of a species (Hall, 2002; Halsband-Lenk, 2002)).
This study investigated abiotic environment and chlorophyll @ concentration (as an
index of available food), which makes the Hutchinson ecological niche a more suitable
concept, often preferred in this type of work (e.g. Pulliam, 2000; Guisan & Thuiller,

2005).

Despite the large number of studies on the biology and ecology of both C. finmarchicus
and C. helgolandicus (e.g. Carlotti et al.,, 1993; Hirst & Batten, 1998; Heath et al.,
1999a; Bonnet, 2005) many gaps in our knowledge remain. Herein we employ a
macroecological approach using large data sets of 11 abiotic parameters and data from
the CPR survey to (1) determine the envirenmental preference and optimum level of
both species for each environmental parameter, (2) quantify the influence of each
parameter on both species, (3) identify and (4) calculate the breadth of their ecological
niches. The temporal stability of the temperature profiles of both species is also

investigated. A baseline is provided for use in forecasting modifications in the
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:change.

abundance ‘and' spatial. distributions ‘of the 2. species: expected with global climate:
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3.B. Materials and methods

3.B.1. Biological data

Data on the abundance of Calanus finmarchicus and C. helgolandicus were provided by
CPR survey, a large-scale plankton monitoring programme initiated by Sir Alister
Hardy in 1931. The CPR is a robust instrument designed for use by seamen on
commercial ships. Management and maintenance of the survey have been carried out by
the Sir Alister Hardy Foundation for Ocean Science (SAHFOS) since 1991. CPR
instruments are towed at a depth of 7 m (Reid et al,, 2003a) and the survey has
monitored plankton ecosystems at this depth only (Batten er a/., 2003). Therefore, it
might be dangerous to infer the Hutchinson ecological niche from a single depth.
However, calanoid copepods migrate vertically (Daro, 1985) and because CPR
sampling is carried out during day and night, it is unlikely that this process influenced

too much the measurement of the Hutchinson ecological niche in this study.

Water enters through an inlet aperture of 1.61 em’ and passes through a 270 pm silk
filtering mesh (Batten et al. 2003). Individuals greater than 2 mm such as copepodite
stages CV and CVI of C. finmarchicus and C. helgolandicus are then removed from
both the filtening and covering silk. Generally, all individuals are counted, but for
particularly dense samples a sub-sample 1s taken (Batten et al. 2003). Data used in this
study correspond to copepodite stages CV and CVI. Despite the near surface sampling,
studies have shown that sampling gives a satisfactory picture of the epipelagic zone
(Batten et al. 2003). This programme has made it possible to obtain one of the greatest
databases on marine plankton. Currently, about 200,000 samples have been analyzed,

each giving information on the presence and/or the abundance of more than 400

32



plankton species every month since 1946 in both the temperate and subpolar region of

the North Atlantic Ocean.

3.B.2. Environmental data

The zone investigated in this study extended from 99.5°W to 19.5°E of longitude and
29.5°N to 69.5°N of latitude. Eleven environmental factors were chosen (Table 3.1).
Sea Surface Temperature (SST) was essential to take into account because of its
recognized influence on plankton (e.g. Reid & Edwards, 2001). An indicator of the
water turbulence (induced by wind) was used because it has been shown that the effect
of wind, by its impact on the water column stability, influences plankton populations
(Heath er al., 1999a). The index of turbulence and SST originated from the
Comprehensive Ocean-Atmosphere Dataset (COADS) and was downloaded from the
internet site of the National Oceanographic Data Center (NODC) (Woodruff er al,
1987). This centre manages acquisition, controls quality and ensures the long-term

safeguarding of the data.

Salinity also constitutes an important limiting factor for many species. This parameter,

as well as silicates, phosphates, nitrates and dissolved oxygen were downloaded from

the World Ocean Atlas 2001 (WOA ) database. Values corresponded to a depth of 10m.
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Table 3.1. Origin and characteristics of the environmental data used in this study.

Data Number

Data Source Spatial Resolution Type Units (in million)
. Sir Alister Hardy Foundation for Ocean . Each month for Individual 0.2 per
Biotic Science (no grid) 1946-2002 number species
Sea Surface National Oceanographic Dala Center 223.5;'\'5{?3209.55;45 Menthly mean °C 335
Temperature {COADS) § oo 1960-2002 :
each 1° degre
Wind-induced National Oceanographic Data Center thg).gNE‘?;? :NE Monthfy mean 3 3 335
turbulence index (COADS) ) o 1960-2002 m-.s :
each 1° degre
99.5°W to 19.5E Manthly mean
Salinity World Ocean Atlas 2001 89.5°N to 10.5°N (c“mazﬂ ea) psu 2.8
each 1° degre ogy
99.5°W to 19.5€ Monthly mean
Silicate World Ocean Atlas 2001 82.5°N to 10.5°N iy me pm()l.l'1 28
- (climatology)
each 1° degre
99.5°W to 19.5E Monthly mean
Phosphate World Ocean Atlas 2001 89.5°N lo 10.5°N s pmc;l_l'1 28
. (climatology)
each 1° degre
99 5°W {o 19.5E Monthly mean
Nitrate World Ocean Aflas 2001 89.5°N to 10.5°N iy |_1mo|_|‘1 2.8
. (climatology)
gach 1° degre
99.5°W lo 19.5E Monthly mean
Oxygene dissolved World Ocean Allas 2001 89.5°N to 10.5°N niy mi? 2.8
. (climatology)
each 1° degre
B0°W lo 20°E Monthly mean
Bathymetry General Bathymetric Chart of the Oceans 90°N to 10°N nnly m 274
N (climatclogy)
each 0.4° degre
I o 99.5°W to 19.5°E
Spatial variability in General Bathymelric Chart of the Oceans  69.5°N fo 29.5°N Mo.nth1y mean m 0.058
the bathymelry . (climatology)
each 1° degre
_— . . . 100°W to 30°E
Sea-viewing Wide Field-of-view Sensor o o Monthly mean 3
Chilarophyll {SeaWIFs) 70°N ton40 N 19972002 mg.m 18.8
each 0.5° degre
179.5°W to 179.5°E Monthly mean
Mixed Layer Depth  World Ocean Circulation Experiment 89.5°N to 89.5°S Y m 08

each 1° degre 1941-2002

Bathymetry was selected because it has been suggested that this parameter influences
the distribution of some copepod species (Beaugrand ef al., 2001). Bathymetry data
originate from the database General Bathymetric Chart of the Oceans (GEBCO). The
spatial variability in the bathymetry was assessed over the studied area. In a

geographical cell of 1° latitude and 1° longitude, the average and standard deviation of
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bathymetry data were first calculated (225 data per geographical cell). Then, the

coefficient of variation (CVB) was calculated as follows:
CV,=—=- ()

with mp being the average and sp the standard deviation of the bathymetry in each
geographical cell. A high variability in the bathymetry occurred generally over

continental slope regions.

Chlorophyll a is a potentially influential parameter because the two selected species are
mainly herbivorous (Mauchline, 1998). However as Kleppel (1993) showed and
Mauchline (1998) stressed, the dietary requirements of copepods change from the first
nauplii stage to the adult stage and are likely to vary at both diel and seasonal scales.
Furthermore, it is likely that both Calanus species also feed on the microzooplankton
{Mauchline, 1998). Therefore, the chlorophy!l a value should only be considered as an
index of food availability. Chlorophyll a values originated from the programme and
satellite Sea-viewing Wide Field-of-view Sensor (SeaWIFS) from the National

Aeronautics and Space Administration (NASA).

The Mixed Layer Depth (MLD) is another indicator of water column stability. Contrary
to the index of turbulence, this parameter i1s built from vertical profiles of temperature
and salinity. Mixed layer depth data come from a compilation of about 4.5 million
profiles gathered by National Oceanographic Data Center (NODC) and World Ocean
Circulation Experiment (WOCE). These profiles are the result of the analysis of data
from 1941 to 2002 and originate from various measuring instruments like conductivity-
temperature-depth  (CTD), mechanical bathythermograph (MBT) or expendable

bathythermograph (XBT).
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3.B.3. Pre-processing of the data

The first stage of the analysis consisted of the homogenisation both environmental and
biological variables. The abiotic databases were different by their dimension, grid or
organisation (see Table 3.1). All original data tables were converted into three types of
matrix: (1) matrices (2.48 millions data points) with data for each month and year for
the period 1960-2002 (temperature, wind stress); (2) matrices (57600 data points) with
data for each month (nutrients, oxygen, chlorophyll a, mixed layer depth) based on the
average of time periods ranging from 5 to 43 years; (3) matrices (4800 data points)
without information on time (bathymetry and spatial variability in the bathymetry). The
three types of environmental grids were used to regularise biological data so that no
spatial interpolation was made. An arithmetic mean was calculated when the number of

data for a given location and time period was greater than 1.

3.B.4. Statistical analyses

Figure 3.9 summarises the different statistical analyses performed in this study.
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3.B.4.A. Analysis 1: Characterisation of the environmental preference and optimum
of both Calanus species at a seasonal scale

The preference of each Calanus species was identified for every environmental variable
(a total of 22 environmental profiles, 2 species x 11 environmental parameters). A
profile was a contour diagram of a matrix 12 months x n environmental categories. To
determine the number of environmental categories, the minimum and maximum values
were first calculated. Then, intervals were chosen by trial and error, being a compromise
between the resolution of the profile and the number of missing data that rose when the
resolution increased. The profile matrix was assessed by averaging abundance data for
each month and environmental category. Abundance data were log-transformed

(logip(x+1)) to limit the influence of extreme values.

3.8B.4.B. Analysis 2: Quantification of the importance of each environmental
parameter at a seasonal scale

A Principal Components Analysis (PCA) was used to quantify the influence of each
abiotic factor and chlorophyll a concentration (used here as an index of available food)
on the spatial and seasonal changes in Calanus abundance at the scale of North Atlantic
Ocean (Fig. 3.9). An algorithm that took into consideration missing data was utilised for
the calculation of the eigenvectors (Bouvier, 1977). This method of ordination made
possible to summarise multivariate information in a reduced number of dimensions: the
principal components (Jolliffe, 1986). The normalised cigenvectors allowed the
identification of the variables that contribute the most to the principal components. The
PCA was calculated on the table (120 longitudes x 40 latitudes x 12 months) x 11
environmental variables. The spatial grid had a resolution of 1° longitude and 1°
latitude. This table was centred and reduced prior to the application of the analysis to

remove any effect of scale between environmental variables.
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3.B.4.C. Analysis 3: Identification of the ecological niche of both Calanus species at a
seasonal scale

To identify the ecological niche of both species, we used the first three principal
components. The concept of ecological niche utilised in this study was the one of
Hutchinson (1957) which states that the niche is the field of tolerance of a species to the
principal factors of the environment. The concept is refined here while holding of the
recent improvements discussed by Frontier et al. (2004). In particular, our analysis takes
into account that some factors are not independent but covary either positively or
negatively. The use of principal components decreases the effect of multicollineanty in
the data (Legendre & Legendre, 1998). We repeated the procedure used in Analysis 1 to
map the ecological niche of both Calanus species as a function of principal components

(linear combination of environmental factors).

3.B.4.D. Analysis 4: Quantification and comparison of the species Hutchinson’s
niches

Quantification and comparison of the Hutchinson’s niches for both Calanus were
performed for 4 difterent categories of abundance. The first category was based on all
presence data. The value of the 11 environmental variables was retained when an
individual (of C. finmarchicus or C. helgolandicus) was recorded in a geographical cell
that belongs to the environmental grid of 1° x 1° (from 99.5°W to 19.5°E of longitude
and 29.5°N to 69.5°N of latitude). A total of 24 subsets was determined (12 months x 2
species). A similar procedure was applied for three other categories. The second
category gathered Calanus data greater than the first quartile, the third category was for
Calanus data greater than the median and the fourth category contained Calanus data

superior to the third quartile. The breadth of the niche becomes lower from category 1 to
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category 4. Indeed, this latter category goes towards the centre of the niche. The
quartiles and the median were assessed from the biological data table (see Fig. 3.9).
Therefore, the quantification and the comparison of the Hutchinson’s niche for both

Calanus were made for 24 x 4 = 96 subsets.

To assess and compare the Hutchinson’s niche of both Calanus species, a numerical
analysis based on Multiple Response Permutation Procedures (MRPP) was utilised
(Mielke, 1981; Zimmerman, 1985). MRPP has been often applied with Split Moving
Window Boundary analysis (Webster, 1973) to detect discontinuities in time series
(Cornelius & Reynolds, 1991). For example, this method was applied to detect the
substantial and rapid changes called regime shift (Reid & Edwards, 2001) that occurred
in North Sea plankton ecosystems (Beaugrand, 2004a). The method quantifies the
breadth of the niche of the two species of Calanus and tests if theirs niches are
statistically different. First, the quantification of the niche was made by calculating the
mean Euclidean distance for each subset based on the 11 environmental parameters. The
higher the mean Euclidean value, the greater the Hutchinson’s niche. Second for a given
month and category, a weighted mean of the Euclidean distance of both species niche is
calculated (for a given month and category). Then, the weighted distance is tested by
permutations of one of the original subset. A number of 10,000 permutations was
selected. For each simulation, the weighted distance was recalculated and the
probability that the separation of the niche of C. finmarchicus and C. helgolandicus be
significant was given by the number of times the recalculated weighted distance was
inferior to the observed one. A full description of the method is performed below with a

simple fictive example.

3.B.4.D.1. Rationale of the technique
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Let X (m,p) be the matrix of p environmental variables with the m environmental
categories. Each cell of X represents the centre of the interval of an environmental
variable (Fig. 3.10). Let C(p,1) be the vector that contains the total number of category

for each of the p variables. The number of rows m in X is given by:

P
m=]]e )
i=l

Let Y(m,s) be the vector with m abundance or presence/absence values corresponding
to the m environmental categories for the s species (Fig. 3.10). Missing data are often
present in the matrix and correspond to an environmental category that was not
sampled. The amount of missing data increases with the number of environmental
variables (and therefore m). Only rows of X for which the species was detected (or
belong to a certain category of abundance) are considered in the calculation. Therefore,
the number of rows n to be tested often varies between species (and n < m, Fig. 3.10).

The analyses were used based on occurrence data (all environmental data for which
species are >0, case 1, Fig. 3.10). For example, the data point for a temperature class
centred on 10°C, a salinity class of 34.75 and a spatial bathymetry variability class of -
45 was considered as abundance data for C. finmarchicus was superior to 0 in these
environmental intervals. This was not so for C. helgolandicus. The procedures were also
used for abundance data > first quartile (case 2), data > median (case 3), data > third
quartile {case 4). The first quartile, the median and third quartile were assessed for each
species from matrix Y. Figure 3.10 illustrates reshaping and building of the matrices

used in the analyses.
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3.B.4.D.2. Assessment of the niche breadth

For each species and case (Fig. 3.10.), the breadth of the ecological niche is assessed by
calculating the Euclidean distance between all possible pairs of points. The Euclidean
distance between the rows and in the matrix j x k X X (i.e. n rows that represent the
environmental categories in which the species is either >0, or >first quartile, or
>median, or >third quartile according to the different cases and p columns representing

the number of environmental variables) is calculated as follows:

d(xj’xk)= Zp:(xj.r_xk,i)z 2

i=]

With p the number of environmental variables. The total number of Euclidean distances

g to be calculated for a species (and a case) is:

g=nln-1)/2 (3)
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With gl and g2 the total number of Euclidean distances calculated for species 1 (matrix
X1) and species 2 (matrix X2), respectively (see Fig. 3.10). €; and €; are the mean

Euclidean distances for species | and 2, respectively.

The probability value of the MRPP statistics is assessed by permutations (Zimmerman,
1985). For comparison of the ecological niche of two species (e.g. species | and 2), the

number of possible permutations PE1,2 is:

+g.)!
PEI,Z — (gl ' gz') (6)
8°-87°

In the example, PE, ;=35 permutations, PE; ;=35 permutations, PE; 1=70 permutations.

The probability p; ; (e.g. species | and 2) is assessed by calculating the following ratio:

p — K5ls.2< 5].2 (7)
1,2 PEl'z
With Ka“ being the number of recalculated or simulated 6, ; (e.g. species 1 and 2),

called , found to be inferior to the observed 9, , after permutation.

In the fictive example (Table 3.2, Fig. 3.11), values of 6, ;= 2.3260 and p,; = 0.0286.
Therefore, the ecological niche of species 1 and 2 are significantly different. 3, 3=
3.4342 and p,3 = 0.2857 and &;3= 3.4221; p,3 = 0.6286 so that the niches do not
significantly differ between species 1 and 3 and species 2 and 3. The number of possible

permutations is important tc have an idea on the robustness of the probability. In the
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example, it is relatively low. When the number of occurrence point starts to be
moderately high, the test becomes rapidly robust. For example, a species with 10
occurrences and another with 15 lead to 2.85 million possible permutations. When the
number of possible permutations is too high, it is not possible to do all calculations and
Berry & Mielke (1983) proposed to use the Pearson type 1l distribution. However in
that case, only the Euclidean distance can be applied. We propose to use a finite number
of permutations. A minimum number of 10,000 permutations is generally recommended
to stabilise the probability for tests based on random permutations such as the Mantel’s
test (Jackson & Somers, 1989). This way of assessing the probability enables the use of
any distance or similarity measures. This assumption works as long as there is no
substantial difference in the number of occurrence (or abundance values > first quartile,
median or third quartiles) for each species. Environmental data were standardized prior
to the calculation of Euclidean distances so that each environmental vanable had the

same weight in the analysis.

3.B.4.E. Analysis 5. Thermal profiles of both Calanus as a function of the state of the
North Atlantic Oscillation (NAQO) and the 1987’s climatological regime shift

One important issue was to know whether the Hutchinson's niche was constant at a
decadal scale and whether it was influenced by climate variability during the period of
investigation (1958-2002). In such case, the species could be able to acclimatise quickly
with climate change. To test this issue, we calculated the thermal profile of both
Calanus for negative NAO (NAO index < -1), medium NAO (-1 £ NAO index < 1) and
positive NAO (NAO index > 1). Thermal profiles were calculated according to a
procedure identical to Analysis 1. To examine the potential impact of the regime shift in
the North Sea (Beaugrand, 2004b), thermal profiles were also assessed for years prior

and after 1987.
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3.B.4.F. Analysis 6. Thermal profile of both Calanus as a function of CPR data for
daylight and dark period

Changes in the depth distribution of Calanus through time could bias our assessment of
the Hutchinson’s niche as the CPR survey samples at a standard depth of about 7 m. To
evaluate if this process could have significantly affected our results, we assessed the
thermal profile (see analysis 1) of both Calanus for CPR samples collected during
daylight (CPR samples collected between 10.00 and 16.00) and dark periods (CPR

samples collected between 22.00 and 4.00) (Beaugrand et al., 2001; see their Fig. 1)
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3.C. Results

3.C.1. Spatial distribution of biological and environmental data

Figure 3.12 shows the mean spatial distribution of C. finmarchicus and C. helgolandicus
for the period 1958-2002. The spatial distribution of C. finmarchicus (Fig. 3.12a) was
located north of the Oceanic Polar Front (Dietrich, 1964) with two main centres of
distribution south of the Labrador Sea and in oceanic regions south and west of Norway
(Fig. 3.12a). The figure suggests that the species is an indicator of the Atlantic Polar
Biome and especially the Atlantic Arctic Province and the Atlantic Subarctic Province
as defined by (Longhurst, 1998). The spatial distribution of C. helgolandicus was
different (Fig. 3.12b), being mainly centred along the shelf-edge in temperate regions.
Figure 3.13 presents the mean values of the environmental parameters in the North
Atlantic Ocean. Temperature i1s an important driver for C. finmarchicus while 1t has

probably a more limited role for C. helgolandicus (Fig. 3.13a).
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3.C.2. Environmental profiles

3.C.2.1. Monthly thermal profile

Figure 3.14 shows both the thermal profile of C. finmarchicus (Fig. 3.14a) and C.
helgolandicus (Fig. 3.14b) for each month. C. finmarchicus had its maximal abundance
between April and September for temperature ranging from 6 to 10°C. The species C.
helgolandicus had a tolerance range between 11°C and 16°C especially in spring (Fig.
3.14b). A remarkable feature was that for both Calanus species the optimum varied
secasonally. The two species had a clear distinct thermal preference. The interval of
tolerance of C. finmarchicus was greater than the one of its congeneric species. Figure
3.14c shows the mean abundance of C. finmarchicus and C. helgolandicus by categories
of temperature. The complementarity in the distribution of the two species was speaking
fluently. These results show that a temperature change in a region with an annual
thermal regime of about 10°C could trigger a shift from a system dominated by C.

JSinmarchicus to a system dominated by C. helgolandicus.
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3.C.2.2, Others monthly profile

Figure 3.15 presents other environmental profiles. Salinity profiles separated well the
two Calanus (Fig. 3.15a). C. finmarchicus had its maximal abundance for salimity
values between 33.8 and 35 for spring and summer months. The salinity optimum was
higher for C. helgolandicus (35-35.5). Dissolved oxygen also distinguished the 2
Calanus (Fig. 3.15b). Abundance of C. finmarchicus was maximal for values ranging
from 6.4 mLI" to 7.3 mLI". C. helgolandicus was found in water with less oxygen (5.9
ml.I" to 6.6 mLI""). The chlorophyll a concentration did not allow a complete distinction
between the species (Fig. 3.15¢). Nutrients were also examined. Figure 3.15d shows an
example of profile for phosphate. Higher abundance of C. finmarchicus corresponded to
values of phosphate concentration between 0.2 pmoll" and 0.8 pmol.I'. For C.
helgolandicus, the optimum was found between 0.1 umol.I" and 0.3 pmol.I". As in the
case of salinity and temperature, high abundance of C. helgolandicus was located in a
more restricted tolerance range and time interval. Other nutrient profiles (not shown;
nitrate and silicate) showed that C. finmarchicus was found in waters with more
nutrients than its congeneric species. C. finmarchicus was located in waters with a
higher index of turbulence than C. helgolandicus (not shown). Similar results were

found with mixed layer depth (not shown).
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The species C. finmarchicus was mainly abundant at depth ranging from 269 m to 3513
m but can be found in regions with low bathymetry (Fig. 3.16a). The species was
primanily found in regions with low to medium spatial variability in bathymetry. C.
helgolandicus was more often found in regions characterised by a bathymetry between
82 m and 1216 m despite the fact that a second mode was detected at depth > 4000 m
(Fig. 3.16b). This last mode was probably related to expatriate individuals in the region
near to the Bay of Biscay (see Fig. 3.12b). The species was identified in regions
characterised by a higher spatial variability in bathymetry, which reinforces the fact that
C. helgolandicus 1s often called pseudo-oceanic (i.e. can be found in both neritic and

oceanic regions but is mainly abundant above the shelf-edge).
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3.C.3. Quantification of the factors that influences spatial distribution of

Calanus

A PCA was applied on the table 12 months-4800 geographical squares x 11 variables.

The first axis explained 43.6% of the total variance, the second 21.4%, the third 8.9%

and the fourth 7.2%. The calculation of the equiprobability (noted £ £ =(%)X100

with N the number of variables) indicated that all axes with a variance of more than
9.1% can be considered to be significant. Therefore, only the first three normalised
eigenvectors and principal components (representing 73.9% of the total variance) were
retained. Figure 3.17 shows the scatter plot of the first two normalised eigenvectors and
mapping of the first principal component. Variables such as temperature (Relative
Contribution RC = 82%); phosphate (RC = 75.1%), oxygen (RC = 73.8%), silicate (RC
= 62.9%) and nitrate (RC = 54.7%) contributed greatly to the first component.
Temperature was correlated negatively with the above factors (Fig. 3.17a). Mapping of
the first principal component identified a northward change from March to August and
then an opposite movement from September to December (Fig. 3.17b). The Oceanic
Polar Front (Dietrich 1964) was clearly identified (for the location of the Oceanic Polar
Front, see Fig. 1.4 and Fig. 3.13a). An asymmetry in the seasonal changes of the
physical-chemical parameters was detected. The northern limit of the western part of the
Atlantic basin remained relatively constant at a monthly scale while in the eastern part
the seasonal northward movement was much more pronounced. The influence of

bathymetry on this first principal component was not detected.

58






Figure 3.18 shows the scatter plot of the second and third normalised eigenvectors and
maps of the seasonal changes in the second principal component at a seasonal scale.
Vanables that contributed mostly to the second principal component was mixed layer
depth (RC = 51.1%), the index of turbulence (RC = 43.7%), and to a lesser extent
chlorophyll a concentration (RC = 27.1%), the index of spatial variability in bathymetry
(RC = 23.2%) and average bathymetry (RC = 22.9%). Mapping of seasonal changes in
the second principal component (Fig. 3.18b} shows the importance of parameters related
to structure of the water column and the stable-biotope component (geographically
stable, e.g. variables related to bathymetry). The effect of the structure of the water

column was especially strong in the Atlantic Arctic Biome.

Figure 3.19a shows that the main parameter related to the third principal component was

primarily the index of spatial variability in bathymetry (RC = 42.4%) so that the third

principal component (Fig 3.19b) highlighted directly the bathymetry of the region.
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distinction of two concepts, the realised and the fundamental niche that symbolise the

two different ways of defining the entire ecological properties of a species.

Plankton represent an important functional unit of marine pelagic ecosystems. This
group provides half of global primary production (Falkowski et al., 1998) and exerts a
central role in some biogeochemical cycles (Roemmich & Mcgowan, 1995; Beaugrand,
2009). Both plankton composition and abundance are strongly influenced by hydro-
climatic change often originating from natural variability. Much covariation between
climate variations and the plankton abundance and composition have been identified
(Beaugrand et al., 2003a). Climate change alters the phenology of organisms, modifies
the distribution of species and changes the composition of assemblages (Edwards &
Richardson, 2004; Beaugrand et al., 2009). By impacting plankton, climate variations
drive the quantity of energy available in the marine system as well as its transfer

through the food chain (Kirby et a/., 2009).

Calanus finmarchicus is one of the most studied copepods. The species is found
preferentially in the Atlantic Arctic biome north of the Oceanic Polar Front (Longhurst,
1998), one of the most productive areas of the world (Sarmiento er al., 2004). As a key
player of the secondary production, the species has an important role in the
trophodynamics of subarctic Atlantic ecosystems (Beaugrand ef al., 2003a), entering for
example in the diet of some exploited species (e.g. the larval stage of the Atlantic cod
(Beaugrand et al., 2003a)). Thereby, a drastic decrease in the abundance of C.
Jfinmarchicus could have strong impact on both the structure and functioning of the

ecosystems of the region (Reid ef al., 2003b).
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The investigation of the relationship between both realised and fundamental niches of
C. finmarchicus is a prerequisite for a better understanding of the spatial distributien of
the species 1n the North Atlantic Ocean and adjacent seas. The aim of the study was (1)
to quantify at a macroecological scale the main abiotic factors impacting the spatial
distribution of Calanus finmarchicus in the North Atlantic Ocean, (2) to assess changes
in the explicative power of those drivers at a seasonal scale and (3) to investigate
potential changes in the abundance of C. finmarchicus in some key regions by using
Joint macroecological and ecophysiological methods based on the niche concept of

Hutchinson (1957).
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5.B.2. Biological data

Data on the abundance of both Calanus finmarchicus and total diatoms were provided
by the CPR survey (Batten et al., 2003). Only data for adult C. finmarchicus were used
to build a monthly climatology based on the average of data from 1960 to 2002.

“Diatoms” represent the aggregation of 59 genera.

5.B.3. Environmental Data

All environmental data had a spatial resolution of 1° longitude and 1° latitude and were
used because of their recognised influence, either direct or indirect, on the spatial
distribution of C. finmarchicus (Helaouét & Beaugrand (2007) and references therein).
Wc obtained a monthly climatology for each parameter (matrix 120 x 40 x 12

geographical cells for the North Atlantic).

5.B.3.A. Sea Surface Temperature (SST)

Sea surface temperature originated from the Comprehensive Ocean-Atmosphere Data
Set (COADS) and was downloaded from the National Oceanographic Data Centre
(NODC) (Woodruff et al., 1987). A climatology was built using monthly means from
1960 to 2002. The potential impact of changes in SST on spatial distribution was
evaluated using data from the ECHAM 4 (EC for European Centre and HAM for
Hamburg) model for three time periods (2010-2019; 2050-2059; 2090-2099). Data used
here are modelled data based on scenario A2 (concentration of carbon dioxide of 856
ppm by 2100). Data based on [PCC scenario B2 (concentration of carbon dioxide of 621
ppm by 2100) were also used but are not presented due to the similarity of the results

with A2.
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5.B.3.B. Chilorophyll a

Chlorophyll a values came from the programme and satellite Sea-viewing Wide Field-
of-view Sensor (ScaWIFS) from the National Aeronautics and Space Administration
(NASA). A climatology based on monthly means from 1997 to 2002 was used.
Chlorophyll « is used here as an index of food availability and can be therefore

considered as an environmental factor.

5.B.3.C. Bathymetry

Bathymetry data originated from the database General Bathymetric Chart of the Oceans
(GEBCQ). The spatial variability in the bathymetry was from (Helaouét & Beaugrand,
2007). A high variability in bathymetry is generally characteristic of continental slope

regions.

5.B.3.D. Chemical data

Salinity constitutes an important limiting factor for many marine species (Kinne, 1964).
Climatology of this parameter as well as those for silicate, phosphate, nitrate and
dissolved oxygen were downloaded from the World Ocean Atlas 2001 (WOAI)
database. Values were selected at 10m depth to fit with the characteristics of the CPR

sampling method.

5.B.3.E. Water column stability

Most of the abrupt ecological changes occur across a few ten-metre depth constituting
the epipelagic zone (Longhurst, 1998). Both mixed layer depth (MLD) and wind
induced turbulence have been used as indicators of water column stability. The wind-

induced turbulence index originated from the Comprehensive Ocean-Atmosphere Data
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Set (COADS) and was downloaded from the internet site of the National Oceanographic

Data Center (NODC) (Woodruff ef al., 1987).

5.B.4. Statistical analyses

5.B.4.A Quantification of the influence of each parameter on the spatial distribution

A total of 13 Principal Component Analyses (PCAs) were carmied out. First PCA was
applied on the annual climatology of the 11 environmental parameters to determine the
correlation between all environmental parameters and C. finmarchicus, added in the
analysis as a supplementary variable. Twelve separate PCAs were applied to evaluate
the monthly changes in the contribution of the environmental parameters to the first 3
principal components (adding again C. finmarchicus as a supplementary variable).
These analyses were conducted to help characterise the realised niche. An important
assumption when using a PCA is the multinormality of the data. This assumption was
checked using a test of normality for every parameter and when needed, the normalising
procedure called “Omnibus” was used on the data (Legendre & Legendre, 1998). This
macroecological approach allows the influence of abiotic parameters to be identified

and quantified.

5.B.4.B. Determination of the optimal part of the fundamental niche

An ecophystological approach based on an assessment of the Potential Egg Production
Rate (PEPR) of C. finmarchicus was used to estimate the central part of its fundamental
niche (Helaouét & Beaugrand, 2009). Assuming that reproduction is maxtmal when the
species is within the optimal part of its fundamental niche (Helaouét & Beaugrand,

2009), PEPR at time t and location s (P, in Eggs.femﬂle".d") was calculated from an
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adaptation of the equation of Heath ef al. (2000) to calculate this information based only

on SST (Helaouét & Beaugrand, 2009).

)

P =3.06x10 100 )

With T, the sea surface temperature (in °C) at time t (ranging from 1960 to 2002 for
each month) and location s. Ty is the temperature optimum (6°C). Parameters A and B

are respectively equal to 60 and 1.9 (Heath et al., 2000).

5.B.4.C. Spatial distribution and the fundamental niche

The realised niche represents the fundamental niche modified by factors such as
dispersal that increase the breadth of the niche or factors such as competition that, on
the contrary, tighten it (Hutchinson, 1957; Pulliam, 2000). A Pearson coefficient of
correlation was calculated to examine relationships between the spatial distribution of
C. finmarchicus (i.e. the realised niche) and the potential egg production rate (optimal
part of the fundamental niche) for each month as well as for the entire year. The
minimum degree of freedom needed to have a significant correlation (p = 0.01) and
corresponding to the observed correlation value was asscssed to cvaluate the potential
impact of spatial autocorrelation when correlation was calculated between maps
(Beaugrand et al., 2008). A conservative probability threshold was chosen (p = 0.01) to

again consider that the data are spatially autocorrelated.

5.B.4.D. Determination of the realised niche

We consider that the observed spatial distribution of a species is constrained by both
abiotic and biotic factors, which include interspecific relationships and dispersal. The
entire distribution of C. finmarchicus represents the synergistic outcome of all factors

and may be considered as a spatial representation of the realised niche (Helaouét &
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Beaugrand, 2009). As results from the PCAs indicated that temperature and chlorophyll
a were important parameters, we projected the n-dimensional realised niche on a 2-
dimensional diagram using monthly sea surface temperature and an index of the
monthly abundance of total diatoms inferred from the CPR survey (see Fig. 5.35). To
determine the number of environmental categories, the minimum and maximum values
were first calculated and intervals were chosen by trial and error. We used categories
instead of information on abundance to take into account the specificity of
phytoplankton counting by the CPR survey (Colebrook, 1960} that limits the number of
small values. The abundance of diatoms was converted into 5 categories: | (absence); 2
(1 -10%; 3 (10" - 10%); 4 (10° - 10%); 5 (10° - 107). SST was categorised using a step of
1°C between -2°C and 25°C. The coldest and warmest years of the time period (1960 —
2002) were determined in both the North Sea (coldest year = 1963 and warmest year =
2002) and the Subarctic Gyre (coldest year = 1972 and warmest year = 2001). The
abundance and PEPR of C. finmarchicus were calculated for these two years and these
two regions for each category of diatoms and SST on a monthly basis and projected on

the realised niche.

5.B.4.E. Projections of changes in the abundance of C. finmarchicus

First, a reduction of the two-dimensional (diatoms and SST) realised niche based on
data of the period 1960-2002 was performed to keep only intervals of annual SST as
information on future abundance in diatoms was obviously not available. The resulting
data had information on abundance of C. finmarchicus for each degree of annual SST
between -2°C and 22°C. To assess the thermal limits of the realised niche, two
percentiles were then calculated on the cumulated abundance (e.g. the 95™ and 99"
percentiles) of C. finmarchicus and the associated SST was identified by linear

interpolation. Therefore, the two temperatures indicated the annual SST from which the
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abundance of the species became inferior to 5% and 1%, respectively. Second, projected
annual SSTs using Scenario A2 were superimposed for three decades in both the
Subarctic Gyre and the North Sea. For each region, the coldest and warmest years were
identified for each of the three decades 2010-2019, 2050-2059 and 2090-2099. Third,
the standardised values of PEPR were also calculated in the Subarctic Gyre and in the

North Sea using Equation 2 and the calculated average SST for the three time periods.
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5.C. Results
5.C.1. Influence of environmental parameters on the spatial distribution

of C. finmarchicus

All of the 11 environmental parameters were normalised by using the “Omnibus”
transformation. A graphical control of a subset of 4 variables showed the normality of
the data after applying the method (Fig. 5.32). A first PCA was applied on the two-way
table with a total of 57,600 rows (120 longitudes x 40 latitudes x 12 months) and 11
columns corresponding to the environmental variables. The examination of the first two
normalised eigenvectors (69.8 % of the total variance) showed that variables such as
SST and salinity were positively related to the first principal component, while
nutrients, chlorophyll a, bathymetry and dissolved oxygen contributed negatively. The
mixcd layer depth and the wind-induced turbulence were positively linked to the second
principal component (Fig. 5.33a-b) and the coefficient of variation in the bathymetry
was positively related to axis 3 (Fig. 5.33b; 7.5 % of the total variance). The analysis
showed negative relationships between the mean spatial distribution of C. finmarchicus
and the spatial pattern in SST and salinity, a positive link with nutrients, chlorophyll a,
bathymetry and oxygen. No clear link was found between bathymetry, the structure of

the water column and C. finmarchicus.

A standardised PCA was applied on the table (120 longitudes x 40 latitudes) x 11
environmental variables for each month to evaluate the seasonal changes in the relative
contribution of the main drivers to the spatial distribution of C. finmarchicus. The first
five most important contributors of the first principal component are summarised for
each month (Table 5.5). Calanus finmarchicus, added to each analysis as a

supplementary variable, was only related (negatively) to the first principal component
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(Table 5.5) showing a range of correlations between -0.46 in December and -0.70 in
June. Resuits showed that the first principal component was generally dominated by
SST (first contributor) and oxygen concentration (second contributor). The contribution
of the concentration of chlorophyll @ was more important between May and October
with a maximum in September (Table 5.5). Parameters that contributed most to the first
principal component and thus the spatial distribution were temperature (and its
correlates dissolved oxygen and nutrients) and chlorophyil a. The second principal
component was mainly dominated by parameters representing the structure of the water
column: MLD, the wind-induced turbulence and occasionally the spatial variation in the

bathymetry.

Table 5.5: First five contributors (C1 to C5) for the first principal component (PC1) for
each month. SST: sea surface temperature; SAL: salinity; NIT: nitrate; PHO: phosphate;
TUR: turbulence rating; CHL: chlorophyll a; MLD: mixed layer depth; SIL: silicate;
BAT: bathymetry; CVB: variation of bathymetry; OXY: oxygen dissolved. The sign of
the relationship between each descriptor and the principal component is also given.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

r -050 053 -062 065 -069 -070 -065 -057 -058 -059 -0.56 -046

C1 +SST -OXY +SST +8S8T +S5ST +SST -OXY +SST +S8ST +SST +SST +SS8T

PC1 C2 -OXY +S8T -OXY -OXY -OXY -OXY +8ST -OXY -CHL -OXY -OXY -OXY
€3 -PHO +SAL +SAL +SAL -CHL -CHL -CHL -CHL -OXY -CHL -PHO +SAL

€4 +SAL -PHO -PHO -PHO +SAL +SAL -PHO +SAL +SAL -PHC +SAL -PHO

cs5 -SIL -8SIL -SIL  -8IL -PHO -PHO +SAL -PHO -PHO +SAL -CHL -CHL
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5.C.2. Spatial distribution of C. finmarchicus and the fundamental niche

The assessment of the optimal part of the fundamental niche was based on the
calculation of PEPR (see Materials and Methods). On an annual basis, the spatial
distribution of PEPR closely matched the spatial distribution of the abundance of C.
Sinmarchicus (r = 0.78, Table 5.6). This result highlights the close correspondence
between the physiological constraints and the geographical pattern in the abundance of

this species.

The seasonal changes in the spatial distribution of both abundance and PEPR of C.
finmarchicus were examined for four selected months (January, April, July and
October) (Fig. 5.34). In January, C. finmarchicus was mainly located in the western part
of the North Atlantic Ocean along the American shelves between 70°W and 40°W of
longitude and 40°N and 50°N of latitude. The species was almost absent at the surface
in the eastern part (Fig. 5.34a). On the contrary, the physiological model forecasted a
high PEPR in the entire area located north of the Oceanic Polar Front (Fig. 5.34b)
leading to a significant but small correlation between the maps (r = 0.25, Table 5.6). In
April, the spattal distribution of the abundance covered almost all regions north of the
Oceanic Polar Front (Fig. 5.34c). The figure also showed a rise in the abundance level
of the species off the Norwegian coasts and in the northern part of the North Sea. The
relationship between abundances and PEPR increased (r = 0.69, Table 5.6). In July,
abundances continued to increase in the western and castern parts of the area and
especially in the Subarctic Gyre, corresponding to the main core of the spatial
distribution of the species (Fig. 5.34e). There was a pronounced decrease in PEPR
values in the south-western and the north-eastern regions of the North Atlantic Ocean.

This diminution in PEPR, associated with a rise in the abundance of the species,
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produced a low correlation with abundance in comparison to the previous month (r =
0.52, Table 5.6). In October, abundances diminished over the whole area (Fig. 5.34g)
while estimated PEPR remained stable (Fig. 5.34h). This contributed to an increase in

the correlation between the spatial distribution of C. finmarchicus and its fundamental

niche (r = 0.74, Table 5.6)

Table 5.6, Annual and monthly relationships between abundance and egg production
rate of C. finmarchicus. Pearson correlation coefficients calculated between maps of
abundance and egg production rate (Eggs.female".d'l) for the period 1960-2005.
Abundance data were transformed (logo(Ab+1)) prior to the calculation of the
coefficient of correlation. “nf” denotes the degree of freedom needed to have a
significant correlation at p = 0.01. This was calculated to evaluate the strength of the
correlation as data are spatially autocorrelated. For example, when n = 3000 and nf =
10, this indicates that the correlation remains significant even when 0.33% of
geographical pixels are retained (Beaugrand et al., 2008).

minimum
degree of degree of
freedom freedom

Month correlation probability (n) (nf,p=0.01)

January 0.25 < 0.001 1144 171
February 0.20 < 0.001 1050 268
March 0.40 < 0.001 1144 65
April 0.69 < 0.001 1131 20
May 0.69 < 0.001 1094 20
June 0.57 < 0.001 1164 30
July 0.52 < 0.001 1090 38
August 0.43 < 0.001 1166 56
September  0.55 < 0.001 1176 34
October 0.74 < 0.001 1156 17
November 0.60 < 0.001 1150 27
December 0.32 < 0.001 1112 101
Annual 0.78 < 0.001 1698 14
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5.C.3. Determination of the realised niche

Results from both the annual and monthly PCAs suggested that temperature and food
concentration (chlorophyll a) were important limiting factors of the spatial distribution
of C. finmarchicus. The realised niche was mapped by projecting the abundance of C.
Sinmarchicus on a two-dimensional diagram as a function of SST and the abundance of
total diatoms (Fig. 5.35). The seasonal trajectories in both the abundance of C.
finmarchicus and PEPR of the coldest and warmest years in the Subarctic Gyre and the

North Sea were superimposed on the realised niche.

In the Subarctic Gyre, seasonal changes in the abundance and PEPR of C. finmarchicus
were similar and appeared to be confined to the optimal part of the realised niche (Fig.
5.35a-b). Both the abundance and PEPR of the species were elevated, corroborating the
assumption that the area was located in the central part of the realised niche. During the
period 1960-2002, the environmental conditions (temperature and food conditions) in
the Subarctic Gyre remained inside the realised niche. Indeed, vanations in SST
between the coldest (1973) and the warmest (2001) year had a little impact on the

capacity of the species to produce eggs and to be abundant.

Results were different in the North Sea (Fig. 5.35¢c-d). The species was not located in
the centre of its realised niche and its abundance was generally less than in the Subarctic
Gyre. During the coldest year (1964), the species remained inside its niche with its
maximum abundance in July, reaching only temporarily its edge in August. During the
warmest year (2002), the species reached its seasonal maximum in May and was outside

its niche during four months between June and September (Fig. 5.35¢). The examination

119






5.C.4. Projections of changes in the abundance of C. finmarchicus

The thermal limits of the realised niche were 12.1°C (95" percentile) and 15.4°C (99™
percentile; Fig. 5.36a-b). In the Subarctic Gyre, the coldest years for the three time
periods were respectively 2012, 2057 and 2090 whereas the warmest years were 2019,
2054 and 2099 (Fig. 5.36a). Projections for the next decade suggest that the area will
meet the species requirements. By the middle and the end of this century, the species
might start to experience some degree of physiological stress in summer during warm
years. However, if annual SST follows Scenario A2, the species will never reach the

limit of its niche (Fig. 5.36a).

In the North Sea, the coldest years for the three time periods were respectively 2014,
2057 and 2092 while the warmest years were 2011, 2050 and 2098 (Fig. 5.36b). In this
region for the next few decades, the species is likely to experience a high degree of
physiological stress in both cold and warm years during the summer months of the year
(Fig. 5.36b). By the middle of this century in a warm year, the spectes may reach the
limit of its thermal niche. By the end of the century, the species might for most of the
time be in a state of physiological stress and might even cross the edge of its niche for

several months a year (Fig. 5.36b).

Based on projected SST (Scenario A2), the estimation of PEPR in the Subarctic Gyre
for the 2010s, 2050s and 2090s suggests a modest reduction in the potential production
of eggs (Fig. 5.36¢). This might not have an effect on the persistence of populations of
C. finmarchicus in this region but might reduce the size of the populations. In the North

Sea, the decrease in PEPR is likely to be pronounced. By the end of the century, the
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5.D. Discussion

The concept of Hutchinson's (1957) n-dimensional hypervolume constitutes an essential
tool in macroecology to help understand the way a species experiences its environment.
The fundamental niche represents the range of tolerance of a species when several
environmental factors are simultaneously taken into account (Hutchinson, 1957).
Successful reproduction occurs at the centre of the fundamental niche (i.e. when
environmental conditions are optimal, (Helaouét & Beaugrand, 2009)). The
fundamental niche is genetically and physioclogically determined whereas the realised
niche is additionally constrained by interspecific relationships (Pulliam, 2000). Here,
the realised niche was evaluated by projecting the spatial distribution of the species in
an Euclidean space as a function of a few key environmental parameters. A prerequisite
was to identify and quantify the main environmental drivers of the spatial distribution of
the species and these were identified by applying a standardised Principal Component

Analysis (PCA).

The original equation used to calculate EPR took into account the quantity of food
available using chlorophyll @ as an index (Heath e a/., 2000). We chose however, to
remove the effect of food in the model for several reasons. First, correlations found
between the spatial distribution of abundance and PEPR on a monthly basis were lower
than when temperature was exclusively considered (Table 2). Second, the influence of
temperature was much more pronounced than our indicator of food abundance when the
realised niche of C. finmarchicus was mapped as a function of these two parameters
(Fig. 5.35). Third, temperature and chlorophyll a covaried negatively and are therefore
not independent (r = -0.63; p < 0.001; n = 30711). Fourth, the equation that enables the

calculation of EPR from both temperature and chlorophyll a can sometimes be
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undetermined mathematically when the concentration of chlorophyll « is low (Helaouét
& Beaugrand, 2009). Finally, information on chlorophyll a is likely to be projected by
biogeochemical models with a higher degree of uncertainty than temperature

(Buttenhuis et al., 2006).

Sea surface temperature and to a lesser extent its correlates oxygen and nutrients
appeared to be the most conspicuous factors driving the spatial distribution of C.
finmarchicus in the North Atlantic Ocean at both annual (Fig. 5.33) and monthly scales
(Table 5.5). It is well known that temperature exerts an influence on most physiological
processes and biological rates (Cossins & Bowler, 1987; Brown ef al., 2004) and some
studies have shown that this parameter affects growth (Huntley, 1992), development
(Carlotti et al, 1993) and the egg production rate of C. finmarchicus (Hirche et al,
1997; Heath et al., 2000)). While the choice to select SST as the first dimension to
assess the realised niche was therefore straightforward, the selection of the second
dimension was more complicated. Indeed, our study indicates that other factors also
influence C. finmarchicus. Correlates of temperature (e.g. nutrients, oxygen) were other
important controlling factors. Furthermore, bathymetry and salinity emerged more
clearly than in our previous studies (Helaouét & Beaugrand, 2007; Beaugrand &
Helaouét, 2008). The concentration of chlorophyll @ was highly positively correlated
with the abundance of C. finmarchicus. However, its relationship was more evident
during the reproductive season. Hirche & Kwasniewski (1997) suggested that egg
production of C. finmarchicus was significantly affected by low food concentration and
low phytoplankton quality. Feeding conditions do indeed have a severe effect on the
oocyte maturation process and therefore on reproduction (Niehoff, 2004). Chlorophyl! a
is however, not the best proxy to characterise the spatial distribution of C. firmarchicus.

Many studies have reported that the species is a major grazer of diatoms (e.g. Castellani
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et al., 2008). Koski & Riser (2006) showed that late copepodite stages of C.
JSinmarchicus constantly selected for diatoms since ingestion and faecal pellet
production rates were higher feeding on diatoms. Therefore, we chose to characterise

the realised niche by using SST and an index reflecting the concentration of diatoms in

the field.

The joint approach, based on both the realised and the fundamental niches together, was
complementary. Correlations between thc spatial distribution of abundance
(representative of the realised niche) and PEPR (representative of the fundamental
niche) were remarkably high from spring to autumn, but decreased during the winter
months (Table 5.6, Fig. 5.34). This decrease was mostly related to the fact that the
ecophysiological model did not consider the overwintering stage of C. finmarchicus at
depths ranging from 500m to 2500m (Hirche, 1996). The examination of the seasonal
pattern exhibited by the species in the North Sea (Fig. 5.35) showed that regions or time
periods with a high level of abundance were characterised by high reproduction
(Helaouét & Beaugrand, 2009). The niches were characterised by a well-defined
optimum separated from the rest of the niche by a pronounced gradient between 8°C
and 12°C within which abundance and PEPR decreased rapidly to a level inferior to 5%
of the total abundance of the species (see Fig. 5.35). Beaugrand ef a/. (2008) found a
high local biological variance in areas characterised by annual SST ranging from 9°C to
12°C with a peak of variability between 9°C and 10°C. It is important to note that the
boundary observed by these authors on the basis of the examination of three trophic
levels, coincided with that of C. finmarchicus at the physiological (i.c. PEPR) and the
macroecological level (i.e. abundance). At these scales, the species was mostly
associated with lower temperature and salinity, deeper bathymetry and higher

chlorophyll a concentration, values that are characteristic of the Subarctic Gyre
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(Longhurst, 1998). This explains why the species is often considered as an indicator of

this ecological province (Beaugrand ef al., 2003a).

The joint macroecological and macrophysiological approaches used here represent a
tool against which long-term decadal and future changes in C. finmarchicus can be
better assessed and anticipated. The impact of climate change on marine ecosystems is
now well documented (Intergovernmental Panel on Chmate Change, 2007b). Recent
studies have emphasised that these systems will potentially respond rapidly to climate
warming (Weijerman ef al., 2005; Beaugrand et al., 2009). However, recent studies
indicate that the sensitivity of marine ccosystems to climate change is not constant
spatially (Beaugrand et al, 2008). Some regions, called vulnerability hotspots (i.e.
regional discontinuities characterized by high biological variance), may react quickly to
climate change while others will remain virtually unchanged. Our approach will help to
develop a better understanding of this phenomenon. In the subarctic gyre, climate
change and its effect on SST will have only a limited impact on C. finmarchicus (Fig.
5.35 and 5.36). The modest variations in both abundance and PEPR of C. finmarchicus
between a cold and a warm year suggest that the species will not be affected by climate
until the end of this century when some degree of physiological stress may be evident.
As an important component of the trophodynamics (Longhurst, 1998), it is therefore
unlikely that the North Atlantic Drift Province (sensu Longhurst, 1998) will be severely
affected this century. The position of C. finmarchicus at the optimum of its ecological
niche may temper the effect of vartation in SST on the trophodynamics of the

ecosystem.

The North Sea has recently experienced substantial changes in ecosystem state (Reid ef

al., 2001; Weijerman et al., 2005). One of the major changes that has been documented
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has been a pronounced decline in the abundance of C. finmarchicus. In 1962, the
species represented 80% of the total Calanus whereas it represented only 20% of the
genus by the beginning of the 2000s (Reid et a/., 2003b). Our approach explains well
the pattern of change and indicates that the phenomenon is unlikely to reverse in the
next few decades. The pattern of change might, in contrast, be reinforced. At the end of
the century, C. finmarchicus could be outside its thermal preference for 8 months in a
warm year and 5 months during a cold year (Fig. 5.36). The physiological stress
induced by rising temperature 1s expected to affect consecutively: reproduction, growth,
feeding and ultimately the survival of the individuals (Schmidt-Nielsen, 1990; Helaouét

& Beaugrand, 2009).

Our approach does not consider explicitly {(mathematically) some characteristics of the
life cycle of the species. Although C. finmarchicus is ecologically important in shelf
regions such as the North Sea (Beaugrand et al., 2003a; Skreslet et al., 2005), it does
not overwinter there in substantial numbers (Hirche, 1996), but 1s believed to re-invade
in spring after overwintering in deeper water (Heath ef al., 1999a). The north-eastern
part of the North Sea, including the western side of the Norwegian Trench, is the only
part of this area where the majority of copepodite survives from the overwintering
rather than the first generation of offspring (Heath er al., 1999a). A deep reduction of
the volume of the Norwegian Sea Deep Water has been reported (Heath et al., 1999a).
The reduction of this cold water mass may have also contributed to reduce the
abundance of this species (Reid er al/, 2003b). Another phenomenon could also
reinforce the reduction of C. finmarchicus. Hatin et al. (2009) have recently
documented major ecosystem changes, seen from phytoplankton to blue whiting to pilot
whales in the north-east Atlantic and the North Sea. The changes that have been

correlated with a contraction of the Subarctic Gyre, that modulates the amount of warm-
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water advected in the North East Atlantic and the North Sea (Hatin et a/., 2009). Such
large-scale influences may strongly impact the abundance of the species. They often

manifest themselves by affecting SST, which is included in our model.

Consequences of rising temperature extend from phenological to biogeographical
changes to modifications in dominance of key-structural species (Edwards &
Richardson, 2004; Intergovernmental Panel on Climate Change, 2007b). Changes in
abundance of C. finmarchicus may affect ecosystems (Reid ef al., 2003b; Helaouét &
Beaugrand, 2007), altering the diet of exploited fish (e.g. the Atlantic Cod (Beaugrand
et al., 2003a)), modifying the flow of energy in ecosystems and the strength of the
biological carbon pump (Beaugrand, 2009). Qur approach based on the Hutchinson
concept of the ecological niche has enabled patterns of changes observed for this key-
structural species to be better understood and may allow future changes to be better

anticipated.
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Chapter 6

General conclusions

Overall, the results of this macroecological study suggest that the distribution of species
of the genus Calanus might be deeply impacted by climate change and consequently
might lead to major changes in the trophodynamics of the North Atlantic ecosystems.
Both dynamic and spatial variability of a species result from the synergistic response, at
different temporal and spatial scales of a large quantity of biological processes, to the
dynamic of the environment. To understand and assess the potential impact of climate
change on species, communities, and ecosystems, it is necessary to break up the overall
biological responses to climate following different categories of time and space. By
focusing on macroecological patterns of key-structural species, the approach used in this
study allows investigating separately some features characteristic of a species (e.g.
thermal windows, egg production rate) but also to integrate their synergistic effects in a
common framework: the ecological niche. More precisely, this study gives some
clarifications on the relationship existing between a species and its environment which
has led to the definition of new methods to understand and assess the potential impact of
climate change on key-structural species of the North Atlantic Ocean.
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Chapter 6: General conclusions

Changes in the abundance, diversity and composition of plankton in marine pelagic
ecosystems may have pronounced consequences for higher trophic levels and therefore
have to be investigated. Interpretation of both temporal and spatial variability of a
planktonic species’ abundance is complex; mainly because of the difficulty to identify
the main variables that drive species’ dynamics. The climatic envelope approach is
designed to determine the range of environmental conditions able to sustain species
development. This statistical method constitutes a key tool in identifying a potential
limiting factor dnving the chorology of a species which can explain its presence or
absence from an area (e.g. Green ef al., 2008; Duncan ef al., 2009). Nevertheless, the
description of the variability of a species feature (e.g. the variability of its abundance)
regarding an environmental parameter only becomes functional when the influence of
this parameter has been previously quantified. Both qualification and quantification of
the importance of environmental parameters on the spatial distribution of a species can
be investigated by coupling Principal Component Analyses (PCAs) and bioclimatic
envelopes within a macroecological approach (Chapter 3; Helaouét & Beaugrand,

2007).

Despite the similanty of their morphology, C. finmarchicus and C. helgolandicus
present differences in their spatial variability suggesting some differential responses to
environmental variability (Bucklin, 1995). The macroecological approach shows that
both environmental window and optimum level, calculated as a function of important
environmental parameters, allow the two species to be distinguished (Chapter 3;
Helaouét & Beaugrand, 2007). It also specifies that the main parameter explaining the

spatial distribution of both C. finmarchicus and C. helgolandicus is SST. Even more
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interesting, is the fact that this result holds true through a broad range of time scales
(from the seasonal to the annual to the decadal) (Chapter 4; Helaouét & Beaugrand,
2009; Chapter 5; Helaouét et a/., submitted). This stability of the thermal profile over a
large period of time, and the predominance of SST in the structure of Calanus species

constitute a major conclusion of this study.

Thermal profiles of both species show clearly how a raise of SST will alter differently
these two species. By favouring a warm temperate species such as C. helgolandicus at
the expense of a polar key-structural species like C. finmarchicus, changes in SST can
unbalance the dynamic of an ecosystem and therefore trigger major changes in key
components of the food web such as the seasonal successions of dominant species
(Beaugrand er al., 2002b), predator-prey relationships (Beaugrand & Reid, 2003), and
recruitment of exploited species, eventually leading to negative socio-economic impacts
(e.g. fisheries). For instance, the macroecological approach suggests that the regime
shift that occurred in the late 1980s in the North Sea (e.g. Reid et al., 2003b; Beaugrand,
2004b) can be explained by a change of dominance in the zooplankton community

triggered solely by a raise of SST.

Living organisms integrate and amplify the temperature signal through their btological
processes which explains why looking at changes in the biology can allow an early
detection of changes in an hydro-climatic forcing signal such as a raise of SST (Taylor
et al., 2002). The main reason in explaining the structuring power of the temperature is
that most of the physiological processes, and therefore associated biclogical rates, are
dependent on temperature (Cossins & Bowler, 1987) and are most often described in
terms of Q10. However, temperature has many covariates (concentration of oxygen

dissolved, quantity of nutrients) (Legendre, 1995) and has therefore some indirect
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effects that cannot be investigated using environmental windows only. While climatic
envelopes inform on the behaviour of a species regarding one parameter, the calculation
of the niche of a species allows taking into account the synergistic aspect of the

environment impact (Chapter 3; Helaouét & Beaugrand, 2007).

Hutchison made a distinction within his theory between the realised and the
fundamental niche (Hutchinson, 1957). In summary, the realised niche represents the
outcome of the combined effects of the environment (both biotic and abiotic) on the
spatial distribution of a species while the fundamental niche can be defined as the
response of all physiological processes of a species to the synergistic effects of
environmental factors. By definition, the realised niche is representative of the
requirements of a species regarding its environment and is therefore crucial in
developing our understanding in biogeographical research (Hutchinson, 1957).
Performed on a large dataset, the principal component analysis constitutes a powerful
tool to identify the realised niche since it allows the reduction of all parameters that are
available in a reduced number of dimensions. The synthesis of n-parameters in two or
three dimensions constitutes a simple way to assess, compare and represent the realised
niches of several species. Applied on both C. finmarchicus and C. helgolandicus the
method provides a new set of information and opens a new field of investigation. For
instance the method indicates that both realised niches are completely separated;
confirming that the potential response of both species to climate change might be
different. The method also highlights that C. finmarchicus 1s able to support larger
environmental variations than C. helgolandicus since the realised niche breadth of C.

finmarchicus is overall larger than the one of its congeneric species.
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Theoretically, the spatial distribution of a species should be linked to its physiology.
Indeed, the capacity of an organism to fulfil its biological functions, and therefore to
sustain itself within a given habitat, is mainly dictated by its physiology. Using complex
equations, a number of models have tried to recreate the spatial dynamic of the
distribution of species. This usually leads to the definition of accurate but complex
models which need a large amount of time to be set up and are rarely able to be applied
at different time- and space scales. SST appears to be not only the main parameter able
to act on the spatial distribution and the dynamic of key-structural species such as C.
finmarchicus and C. helgolandicus, but it also appears to drive the reproductive rate
(Heath et al., 2000). Based on an equation calculating the Potential Egg Production Rate
(PEPR) using SST only, an ecophysiological model provides clear evidence of a strong
link between the fundamental and the realised niche. This link is an integral part of the
theory since the ecological niche concept as defined by Hutchison precisely states that
the realised niche is nothing more than the fundamental niche for which factors such as
dispersal and competition are integrated. The concomitant spatial changes seen in
physiology (fundamental niche) and biogeography (realised niche) are constant at a
monthly, annual and decadal scales allowing us to propose projections of the spatial
distribution of the copepod as a function of different scenarios of changes in
temperature established by the Intergovernmental Panel on Climate Change (2007b).
This study provides for the first time evidence of the link between physiology,
ecological niches and species distribution. The method is applicable to a diverse number
of species since it requests only, besides some data on the spatial distribution, an
equation linking the production of offspring to temperature. The comparison of both
niches gives the rare opportunity to glimpse phenomenon such as competition at a

macroecological scale.
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Despite its usefulness, the realised niche concept of Hutchison has been poorly utilised
by ecologists; mainly because of some conceptual, biotic and algorithmic uncertainties
(Aranjo & Guisan, 2006). However, the last decade has shown a renewal of interest for
applied biogeography using niche concepts improving the sampling methods, model
definition and model evaluation (e.g. Chase & Leibold, 2003; Soberon & Peterson,
2005; Kearney, 2006; Bahn & Mcgill, 2007).The aim of this study was to provide some
new tools to investigate the relationship between species and the environment within an
ecosystem by integrating different fields such as physiology, biology and ecology into a
common conceptual framework. The domain of application of this method appears to be
large and this study highlights only a part of its potential extent. For instance, Gause’s
competitive exclusion hypothesis states that in competition between species that seek
the same ecological niche, one species survives while the other expires under a given set
of environmental parameters (Gause, 1934). The method can, therefore, be used to
better understand the potential consequences of the arrival of an invasive species by

comparing its realised niche with the one of a native species.

In this work the niche-based approach has been specifically designed on CPR data but it
can also be performed on any kind of datasets (the quality of results being linked with
the quantity of observations). Both the assessment and comparison of a large number of
ecological niches may provide a new insight into ecosystems functioning. The next step
will be to apply the macroecological approach on a larger number of species using CPR
database and other sources of data: for instance in the Pacific Ocean (using the Pacific
CPR survey) and in the southern Ocean (using the Southern Ocean PCR Survey). At the
same time, the physiology of some copepod species will be investigated to develop the
ecophysiological approach. Afterwards, this interdisciplinary approach (macroecology

and ecophysiology) will also be widen by adding the genetic information which seeks to
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understand the process of inheritance. Recently, studies combining genetic,
oceanographic, behavioural and modelling approaches have provided new insights into
the spatial ecology of marine populations (e.g. Selkoe er al., 2008). 1t appears from
results obtained that molecular tools perform at their best when integrated with other
data and approaches, in particular regarding larval migrations, dispersal and “source-
sink™ population dynamics (Neigel, 2002; Jones et al., 2005). However, data analyses
compiling different kinds of data are complex and the necessity of using preliminary
exploratory analyses to visualise all the different datasets appears clear. The aim of this
kind of analysis (e.g. GUESS: The Graph Exploration System (Raymond & Hosie,
2009)) is to recognise and explore the structure in data in order to identify some patterns
(Raymond & Hosie, 2009). They are especially useful to examine network structures
and processes across a number of different disciplines and therefore can facilitate the
analytical integration of an overall ecosystem with the dynamics of its individual
elements (e.g. hydrodynamic, ecological niches, inter- and intra-specific relationships,

genetic markers).
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at both seasonal and year-to-year scales remains poor at the scale of the North Atlantic Ocean (Halsband
and Hirche, 2001).

The Continuous Plankton Recorder (CPR) survey provides a unique source of information to improve
understanding of spatial and temporal changes in the abundance of many planktonic species and the factors
that control them (Reid et al., 2003; Beaugrand et al., 2001). Haury and McGowan (1998) stated “most time
series studies are spatially restricted and tell little about biogeography, while spatially extensive, temporally
restricted studies describe a static biogeography with few hints about the dynamic factors regulating species
patterns’’. This problem, that is common 10 many monitoring programmes, is not found with the CPR survey
at the scale of the North Atlantic basin. Indeed, this survey allows many temporal and spatial scales to be
examined, ranging from diel to decadal variability (Hays, 1995; Fromentin and Planque, 1996; Lindley and
Batten, 2002) and extending from a small region in the sea to the whole northern part of the North Atlantic
Ocean (Planque and Ibanez, 1997; Beaugrand et al., 2002).

This invaluable information has been laken into consideration throughout this study to draw a more
dynamic picture of the spatial and temporal changes in the abundance of Centropages typicus. Specifically,
the objectives of this study are (1) to describe the spatial distribution of Centropages typicus, (2) to examine
temporal changes in its spatial distribution at both seasonal and year-to-year scales and (3) to evaluate the
impact of temperature on the spatial distribution of the species. Comparison will be made with the congeneric,
more continental species Centropages hamatus.

2. Materials and methods
2.1. Biological data

Data on the abundance of genus Cenrropages come from the CPR survey. The Continuous Plankton
Recorder (CPR) survey is an upper layer, plankton monitoring programme that has regularly collected
samples, at monthly intervals, in the North Atlantic and the North Sea since 1946 (Warner and Hays,
1994). Despite the near surface sumpling (6.5 m; Hays and Warner, 1993), studies have shown that this
machine gives a satisfactory picture of the cpipelagic zone (Williams and Lindley, 1980; Lindley and Wil-
liams, 1980; Batten et al., 1999). The CPR was first used during the ‘Discovery’ expedition to the Antarctic
Ocean in 1925-1927. Then, from 1931, it was regularly deployed along certain routes in the North Sea. The
original idea was to use a similar methodology to that of meteorology to investigate causes and cffects of
changes in the abundance of marine plankton and to relate them to varying hydro-climatic conditions and
catches of pelagic fishes such as herring (Hardy, 1939). As the number of sampled ycars has increased, it
has become possible to study changes in the abundance and composition of species through time. Since the
start of the programme, the survey has accumulated a large amount of data. Information about the abun-
dance of mere than 450 species or taxa has been gathered from about 200,000 CPR samples collected up to
2004, which represents 90 million data-points. More details about methods and contents this data set were
described by Reid et al. (2003), Batten et al. (2003) and Jonas ct al. (2004). In the present study, data on
Centropages and the phytoplankton colour index (a CPR-derived index of chlorophyll concentration in the
marine environment) were utilised. Centropages is a genus that has generally a vertical position in the water
column above 50 m (Fragopoulu and Lykakis, 1990; Alcaraz et al, this issue; Irigoien et al., 2004) and diel
vertical migration may be observed (Hays et al., 1996) or not (Visser et al, 2001), but see Alcaraz et al,
(this issue). Therefore, monitoring of the genus Cenirapages is not strongly affected by the constant depth
of sampling used by the CPR survey.

2.2. Sea surface temperature (SST) data

Sea surface temperature (SST) data were taken from the British Atmospheric Data Centre (http://badc.ner-
c.ac.uk/home/index . html; HadISST1, Hadley Cenire, Met Oflice). This dataset based on in situ historical marine
observations and satellite data (advanced very high resolution radiometer) represents one of the most extensive
collections of surface marine data available that covers most regions of the world (Rayner et al., 2003). Data are
organised in [° longitude and 1° latitude boxes and are available for every month of the period 1958-2002.
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carliest (late winter-early spring). Then, the increase in abundance spreads to the Celtic Sea (2) at a time when
the level of phytoplankton is high (see Fig. 7). In the North Sea (3), C. fypicus is detected for all months of the
year but has a scasonal maximum in late summer and early autumn. A similar result was found by Halsband
and Hirche (2001) who investigated the scasonal variability of this species at Helgoland (southern North Sea).
They identify the seasonal maximum in September—October. In the western side of the Atlantic south of Nova
Scotia and Newfoundland (4), the seasonal maximum in the abundancc of the species starts in autumn and
remains high in early winter. In addition to this seasonal south to north movement, an inshore-offshore gra-
dient from coast to offshore regions is also observed.

This study has revealed the impact of temperature on the seasonal variability of the species. A clear positive
relationship between temperature and change in the abundance of C. typicus has been detected at both sea-
sonal (Figs. 4 and 6} and year-to-year scales (Fig. 8). This has already been demonstrated at a large scale
by Lindley and Reid (2002). Using CPR data in the North Sca, they identified a clear positive relationship
between annual abundance of C. fypicus and temperature. At a smaller scale, some studies also identified a
close link between the reproduction cycle of the species and temperature (Halsband-Lenk et al,, 2001,
2002). Parameters such as the total mortality of adult females after five days incubation, egg production rates,
egg diameters and embryonic development time were all influenced by temperature (Halsband-Lenk et al.,
2001, 2002). However, the present study also shows that temperature alone cannot explain all characteristics
of the seasonal cycles of the species. The amount of food, investigated here by using the CPR phytoplankton
colour index as a proxy for the quantity and quality of phytoplankton, also seems important. Bonnet and Car-
lotti (2001) have shown the influence of food on the reproduction cycle of the species. In the southwest Euro-
pean basin, the seasonal increase in abundance starts at a time when temperature is lower than in the North
Sea. However, phytoplankton level is at its seasonal maximum (see Fig. 6). Phytoplankton level is less a lim-
iting factor in the North Sea, and the increase in abundance occurs at a time when the level of phytoplankton
is high but not the highest of the season (see Fig. 6). The strong increase in abundance occurs in late summer in
the North Sea. SST is high at that time, which ensures rapid development. However, it is intriguing is that the
seasonal maximum in C. fypicus occurs so late in the North Sea. If temperature alone is considered, a seasonal
maximum in summer should be expected. The first hypothesis 1o explain the delay is related to interspecific
competition of C. 7ypicus with its congeneric specics C. hamatus. The latter species has a scasonal maximum
in summer and could limit the development of C. 7ypicus. An alternative hypothesis can also be proposed. The
spatial distribution of the species suggests that it occurs when and where food is abundant (coastal region,
shelf-edge, early in spring in the southwest European basin). So this study and others in the literature (e.g.
Bonnet and Carlotti, 2001) suggest that in addition to temperature, food is an important parameter. Il we cal-
culate the abundance of the species as a function of temperature and lood, there is a clear environmental opti-
mum. When we plot the geographical squares in which the abundance of C. typicus is expected to be above 1.2
(in decimal logarithm) from the knowledge of both temperature and phytoplankton colour index (Fig. 10c),
the prediction fits well with what is observed (Fig. 10c and d). The overall match between the prediction and
the observation is 82.41%. Therefore, the analysis suggests that both temperature and food are important sea-
sonal characteristics for C. rypicus in the North Atlantic Ocean.

Examination of the long-term changes in the abundance of C. rypicus has revealed a strong relationship
with temperature. However, the link may be direct but also indirect through the food web. Indeed, the
long-term trends are also consistent with food supply being an important factor in the abundance of C. ryp-
icus. The downward trend in abundance until the end of the 1970s was part of a general pattern across trophic
levels (Aebischer et al., 1990), as was the reversal of that trend, first noted by Colebrook (1984). The signif-
icance of food was emphasised by Lindley and Reid {2002) who proposed that a significant deviation in the
early 1980s from the relationship between abundance and temperature was due to low phytoplankton levels in
winter. At that time of year food is most likely to be a limiting factor for the pelagic population of C. typicus
that can survive only for a few days without food (e.g. Dagg, 1977). Dormant cggs in sediments provide a
potential buffer to short-term fluctuation in conditions. However in contrast with C. fiamarus, which is known
to produce diapausing eggs (Marcus, 1989; Marcus and Lutz, 1998), C. rypicus has not been shown to do so,
and only comparatively small number of nauplii of the latter have been hatched from sediments (Lindley ct al.,
1990; Lindley and Reid, 2002). The otherwisc high correlation between interannual variations in abundance
and temperature in the areas analysed here can be understood by the closeness of the maximum temperatures
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in these areas to the optimum levels required by C. typicus (see Fig. 9). These results show that C. typicus does
not answer only to temperature increase in the region but also to changes in phytoplankton abundance, com-
position and timing of occurrence. Methods such as the simple decision tree used in Fig. 10 can help to fore-
cast expected changes in the distribution of this species with hydro-climatic forcing.
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ABSTRACT: Global climate change is expected to modify the spatial distribution of marine organ-
isms. However, projections of future changes should be based on robust information on the ecologi-
cal niche of species. This paper presents a macroecological study of the environmental tolerance and
ecological niche (sensu Hutchinson 1957, i.e. the field of tolerance of a species to the principal factors
of its environment) of Calanus finmarchicus and C. helgolandicus in the North Atlantic Ocean and
adjacent seas. Biological data were collected by the Continuous Plankton Recorder (CPR) Survey,
which samples plankton in the North Atlantic and adjacent seas at a standard depth of 7 m. Eleven
parameters were chosen including bathymetry, temperature, salinity, nutrients, mixed-layer depth
and an index of turbulence compiled from wind data and chlorophyll a concentrations (used herein
as an index of available food). The environmental window and the optimum level were determined
for both species and for each abiotic factor and chlorophyll concentration. The most important para-
meters that influenced abundance and spatial distribution were temperature and its correlates such
as oxygen and nutrienis. Bathymetry and other water-column-related parameters also played an
imporlant role. The ecological niche of C. finmarchicus was larger than that of C. helgolandicus and
both niches were significantly separated. Our results have important implications in the context of
global climate change. As temperature (and to some exienl stratification) is predicted to continue to
rise in the North Atlantic sector, changes in the spatial distribution of these 2 Calanus species can be
expected. Application of this approach to the 1980s North Sea regime shift provides evidence that
changes in sea temperature alone could have triggered the substantial and rapid changes identified
in the dynamic regimes of these ecosystems. C. finmarchicus appears to be a good indicator of the
Atlantic Polar Biome (mainly the Atlantic Subarctic and Arctic provinces) while C. helgolandicus is
an indicator of more temperate waters (Atlantic Westerly Winds Biome) in regions characterised by
more pronounced spatial changes in bathymetry.
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INTRODUCTION

Understanding the consequences of variability in cli-
mate on pelagic ecosystems requires a clear identifica-
tion of the factors driving variability in the abundance
of each species and the parameters or processes that
control their geographical distribution. Biogeographi-
cal studies are essential and provide a baseline for

*Email: pierrehelaouet@hotmail.com

evaluation of the impact of climate on ecosystems
{Longhurst 1898, Beaugrand 2003).

The high nutrient supply in the temperate and sub-
polar parl of the North Atlantic Ocean resulls in high
planktonic production (Ducklow & Harris 1993, Long-
hurst 1998). This region is influenced by the North
Atlantic Current which transfers energy and heat from
the SW oceanic region of Newfoundland to the NE
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ence of each parameter on both species, (3) identify
and (4) calculate the breadth of their ecological niches.
The temporal stability of the temperature profiles of
both species is also investigated. A baseline is pro-
vided for use in forecasting modifications in the abun-
dance and spatial distributions of the 2 species that can
be expected with global climate change.

MATERIALS AND METHODS

Biological data. Data on the abundance of Calanus
finmarchicus and C. helgolandicus were provided by
the CPR survey, a large-scale plankton monitoring pro-
gramme initiated by Sir Alister Hardy in 1931. The
CPR is a robusl instrument designed for use by seamen
on commercial ships. Management and maintenance
of the survey have heen carried out by the English lab-
oratory (Sir Alister Hardy Foundation for Ocean Sci-
ence [SAHFQOS]) since 1990. CPR instruments are
towed at a depth of 7 m (Reid et al. 2003a) and the sur-
vey has monitored plankton ecosystems al this depth
only (Batten et al. 2003). Therefore, it might be danger-
ous to infer Hutchinson's ecological niche from a single
depth. However, calanoid copepods migrate vertically
(Daro 1985) and because CPR sampling is carried out
both day and night, it is unlikely that this process
greatly influenced the measurement of the Hutchinson
ecological niche in this study.

Water enters the CPR through an inlet aperture of
1.61 cm? and passes through a 270 pm silk-covered
filtering mesh (Batten et al. 2003). Individuals >2 mm,
such as Copepodite Stages CV and CV1 of Calanus fin-
marchicus and C. helgolandicus are then removed
from the filter and covering silk. Generally, all individ-
uals are counted, but for particularly dense samples a
sub sample is taken (Batten et al. 2003). The data used
in this study correspond to Copepodite Stages CV and
CVI. Studies have shown that near surface sampling
provides a satisfactory representation of the epipelagic
zone (Batten et al. 2003). This programme has accumu-
late one of the greatest databases on marine plankton
worldwide. Currently, about 200000 samples have
been analysed, providing information on the presence
and/or abundance of more than 400 plankton species
every month since 1946 in both the temperate and sub-
polar region of the North Atlantic Ocean.

Environmental data. We investigated the area from
Longitude 99.5°W to 19.5°E and Latitude 29.5° to
69.5° N. Eleven paramelers were chosen (Table 1}. Sea
surlace temperature (SST) was essential as it has a
well-documented effect on plankton (e.g. Reid &
Edwards 2001). Wind-induced water turbulence was
used as an indicator because it has been shown that
wind, by its impact on water-column stability, affects

plankton populations (Heath et al. 1999). The index of
turbulence and SST was aquired from the Comprehen-
sive Ocean-Atmosphere Data Set (COADS) and was
downloaded from the internet site of the National
Oceanographic Data Center (NODC) (Woodruff et al.
1987), which manages acquisition, controls quality and
safeguards the data.

Salinity also constitutes an important limiting factor
for many species. Data on this parameter, and on sili-
cates, phosphates, nitrates and dissolved oxygen were
downloaded from the World Ocean Atlas 2001 (WOAT1}
database for a depth of 10 m.

Bathymetry was selected because it has been sug-
gested that this parameter influences the distribution
of some copepod species (Beaugrand et al. 2001).
Bathymetry data originate from the database ‘General
Bathymetric Chart of the Oceans’ (GEBCO). Spatial
varability in bathymetry was assessed over the study
area. First, the mean and SD of bathymetry data were
calculated in a geographical cell of 1° latitude and 1°
longitude, (225 data per geographical cell). Then, the
coefficient of variation of bathymetry (CVy) was calcu-

lated as:
CVp= S {1)
My
where my is the average and Sp the SD for bathymetry
in each geographical cell. There was generally high
variability in bathymetry over the continental slope
regions.

Chleorophyll is a potentially influential parameter
because the 2 selected species are mainly herbivorous
(Mauchline 1998). However as Kleppel (1993) showed
and Mauchline (1998) siressed, the dietary require-
ments of copepods change from lLhe first nauplii stage
to the adult stage and are likely o vary at both diel
and seasonal scales. Furthermore, it is likely that
both Calanus species also feed on microzooplankton
(Mauchline 1998). Therefore, chlorophyll content
should only be considered as an index of food avail-
ability. Chlorophyll values originated from the pro-
gramme ‘Sea-viewing Wide Field-of-view Sensor’
(SeaWIFS) from the National Aeronautics and Space
Administration (NASA).

The mixed-layer depth (MLD) is another indicator
of water column stability. In contrast t¢ the index of
turbulence, this parameter is obtained from verlical
profiles of temperature and salinity. MLD data come
from a compilation of about 4.5 million profiles gath-
ered by the NODC and World Ocean Circulation
Experiment (WOCE). These profiles are the result ol
the analysis of data from 1941 to 2002 and originale
frem various measuring instruments such as the
conduclivity-temperature-depth (CTD) monitor, mech-
anical bathythermograph (MBT) or expendable bathy-
thermograph (XBT).
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Table 1. Origin and characteristics of environmental data used in this study.

Data Units Spatial resolution Type N (x 109 Source
Biotic Individual {(no grid) Each month 0.2 per Sir Alister Hardy Foundation
number for 1946-2002 species for Ocean Science
Sea surface °C 260.5° to 29.5°E Monthly mean 33.5 National Oceanographic
temperature 69.5° to 30.5°N 1960-2002 Data Center (COADS)
(each 1°)
Wind-induced m3s? 260.5° 10 29.5°E Monthly mean 33.5 National Oceanographic
turbulence index 69.5° to 30.5°N 1960-2002 Data Center (COADS)
(each 19)
Salinity 99.5°W 10 19.5°E Monthly mean 28 World Ocean Atlas (2001)
89.5°t0 10.5°N (climatology)
{each 1°)
Silicate pmol 1! 99.5°W to 19.5°E Monthly mean 28 World Ocean Atlas (2001}
89.5"t0 10.5°N (climalology)
(each 1°)
Phosphate nmol 17! 99.5°W to 19.5°E Monthly mean 2.8 World Ocean Atlas (2001)
89.5°N to 10.5°N (climatology}
{each 1°)
Nitrate pmol 1! 99.5°W to 19.5°E Monthly mean 2.8 World Ocean Atlas (2001)
89.5° to 10.5°N {climatology)
(each 1°)
Dissolved oxygen mli! 99.5°W to 19.5°E Monthly mean 2.8 World Ocean Atlas {2001)
89.5°to 10.5°N {climatology)
{each 1°)
Bathymetry m 80°Wio 20°E Monthly mean 274 General Bathymetric Chart
90°to 10°N {climatology) of the Oceans
each 0.4°
Spatial variability m 99.5°W to 19.5°E Monthly mean 0.058 General Bathymetric Chart
in the bathymetry 69.5° to 29.5° N (climatology) of the Oceans
{each 1°)
Chlorophyll a mg m~3 160°W to 30°E Monthly mean 18.8 Sea-viewing Wide Field-ol-
70° 0 40°N 1997-2002 view Sensor (SeaWIFS)
each 0.5°
Mixed-layer depth m 179.5°W 1o 179.5°E  Monthly mean 0.8 World Ccean Circulation
B9.5° N to 89.5°S 1941-2002 Experiment
(each 1°)

Pre-processing of data. The first stage of the analy-
sis consisted of homogenising both environmental and
biological variables. All original data tables were
converted inlo 3 iypes of matrix: (1) matrices (2.48
million data points) with data for each month and
year for the period 1960 to 2002 {temperature, wind
stress); (2} matrices (57 600 data points) with data for
each month {(nutrients, oxygen, chlorophyll, MLD)
based on the average of time periods ranging from 5 to
43 yr; (3) matrices (4800 data points) with no infor-
mation on time (bathymetry and its spatial variability).
The 3 types of environmental grids were used to re-
gularise biological data, and no spatial interpolation
was made. An arithmetic mean was calculated when
the number of data for a given location and time period
was >1.

Statistical analyses. Fig. 2 summarises the different
statistical analyses performed in this study.

Analysis 1— Characlerisation of environmental
oplima at seasonal scale: The optimum of each species
was identified for each environmental variable (a total
of 22 environmental profiles: 2 species x 11 environ-
mental parameters). A profile was a contour diagram of
a matrix of 12 mo x n environmental categories. To
determine the number of environmental categories,
the minimum and maximum values were first calcu-
lated. Then, intervals were chosen by trial and error as
a compromise between the resolution of the profile and
the increasing number of missing data with increasing
resolution. The profile matrix was assessed by aver-
aging abundance data for each month and environ-
mental category. Abundance data were log-trans-















































































































