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Abstract

The patchy distribution of planktonic organisms has been known for over 100 years and ever
since then attempts have been made to model this variability over a hierarchy of scales.
Forcing mechanisms that act on plankton distributions are scal e dependent and without
consideration to the scale in question the model results become meaningless from being
without reference. | attempted to address this issue by establishing a procedure to divide the
Irish coastal and offshore waters in an ecologically meaningful way. In Chapter 2 eco regions
(which are at scales below that of the Longhurst biomes or Large Marine Ecosystems) were
defined using chl-a data derived from satellite observations. Chl-a, acting as a proxy for
phytoplankton production, were used as “ passive tracers’ for defining ecosystem boundaries.
K means clustering revealed 10 cohesive regions which agreed with the known
hydrodynamics of the area. Data from the Continuous Plankton Recorder were extracted for
three trophically important species (Calanus helgolandicus, C. finmarchicus and Para-
Pseudocalanus spp.) and their phenology (seasonal timing) and interannual variability was
modelled and compared against sea surface temperature. The phenology of each speciesin
almost all regions was found to correlate with SST however the responses varied considerably
interannually which is thought to be due to broad scale climatic forcing interacting with the
local environment. In Chapter 3 the regional comparison was extended to include trophic
communities to see whether the variability is species specific or representative of the whole
community. Using control charts (which is an intuitive way of measuring whether an
ecosystem isin a state of control) as anovel method for assessing ecosystem stability, similar
inter regional and trophic variability was found to occur particular those regions at the shelf
interface. In Chapter 4 the local-regional dependencies of conspecific zooplankton speciesin
acoastal inlet and the adjoining waters were examined for Galway Bay. Bays and estuaries
aretreated as an insular system but alarge degree of variability usually remains unexplained
which may be due to external effects (population connections). Strong interannual

rel ationships were found for most species with adjoining eco regions with the majority of
species related to the Celtic Stratified region. All eco regions were examined against Galway
Bay populations revealing only one dominant relationship for all species. Finally an
examination on one of the regional boundaries (Celtic-Irish Sed) using a high frequency
sampling grid in order to examine the structure of zooplankton assemblages at these boundary
points. Distinct assemblages occurred on either side of the front with no transitional group
found. SIMPER analysis revealed all assemblages to be equally stable suggesting that clusters
were persistent during summer months. Acartia clausii dominated the communities averaging
~50% of total biomass. It’s believed that this is not an opportunistic response but an active
response where species behaviour facilitates retention and transport across the front.
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Chapter 1

General Introduction
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I ntroduction

Many areas of ecology have properties that are scale-dependent. This means that the
perceived influence of different processes will change with the spatial extent or length of a
study. One example, found in both the marine and terrestrial environments, is a hierarchy of
scales where the influence of biological interactions on organism abundanceis felt to be
superseded by large scale climatic events at large spatial and temporal scales increasing scales
(Edwards et al., 2010). With many ecological variables, such as population size, the spectrum
of variability isthought to be ‘red-shifted’ such that the largest variations are only apparent

once the system is examined over a sufficient length of time.

Perhaps one of the best ways to visualise spatio-temporal variability in marine ecological
processes is through the use of Stommell diagrams (Stommell, 1963). These diagrams were
developed as away to plot the spectral distribution of oceanographic processes on a
logarithmic scale of both time and space. Initially developed to highlight the spatial and
temporal scale of oceanographic processes and the concerns in devel oping adequate sampling
strategies to detect the spectral variability of those processes, it has since been adopted to
highlight similar problems in plankton ecology. The first attempt to devel op a conceptual
model for space-time variability in biological oceanography was realised by Haury et al.
(1978) and reproduced here in Fig 1. Although not strictly a spectral graph in the traditional
sense due to many of the assumptions of spectral analysis not met, it does succeed in
highlighting the relative importance of the different spatial scale processesin the distribution
of biomass in the world’s oceans. Placing the level of spatio/temporal scale addressed by each
of the chapters we see that the work covers processes ranging from the decadal (50 years) and
regional (~100-1000 km) scales asis the case with the eco regions on our study areaFig 2, to
the weekly / local (10 km) scale of the boundary front Fig 2.

Longhurst’ s defined two different biogeographical zonation techniques for the world' s oceans.
Biogeochemical provinces groups the entire ocean into distinct province based on propertiesincluding
mixed layer depth, mixed layer temperature, phytoplankton production characteristics (Longhurst,
2001). These regions were largely defined using remote sensing techniques. This extends the reach of
the oceam classification from the prior method of Large Marine Ecosystems, which is restricted to the
seas adjacent to continental 1and masses and largely based on topographical features (Longhurst,
1998). In Fig 2 we see that our study area (red box) crosses two principal biogeographical provinces
and one LME. Part of the concern with these fixed regions is that oceanographic studies do not benefit

from having pre defined boundaries that are considered as part of a global mosaic. Our aimisto
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develop a procedure for selecting regions that have a certain level of plasticity, can be used to define
regions over a hierarchy of scales and can be tuned to suit the particular hypothesisthat isin
question.There are some genera differencesin the scaling processes observed in terrestrial and
marine environments. Terrestrial changes at aregiona (~100-1000km) scale may take severa
millennia before the flora and fauna for that area become distinct from the preceding
assemblage (Willis and Whittaker, 2002), however within the marine environment,
particularly in pelagic ecosystems, such changes have been observed within the last 60 years
(Beaugrand et al., 2009). The speed of broad scale oceanic change may reflect the relatively
weak environmental heterogeneity compared to terrestrial systems and the intermittency or

leakiness of marine boundaries such as fronts, upwelling zones or current systems..

The possible role of biological and environmental heterogeneity in the response of a system to
large scale forcing suggests a requirement for characterising the grain and extent of patches
within that system. Haeckel (1891) displaced the ideathat plankton were uniformly
distributed, leading to the view that pelagic organisms are patchy in their distribution with
dense local accumulations and often with distinct boundaries. The literature relating to
plankton patchiness is quite extensive but some examples of significant developmentsin
quantifying plankton patchiness have been through work by (Hardy, 1935; Wiebe, 1970;
Mackas et a., 1985; Levin, 1992; Martin, 2003). Wiebe (1970) found patch sizes varied
between night and day tows and that plankton densities within these patches were 2-5 times
background densities while Martin (2003) reviewed a number of possible mechanisms
involved in generating patchiness and suggested new lines of approach that could stimulate

further research in this area

Descriptions of patchiness in marine plankton are meaningless without an explicit link to
scale. Aggregations of plankton patchiness can occur over arange of centimetres (Seuront,
2001) to hundreds of kilometres (Rombouts et al., 2010) and the physical and biological
constraints differ depending on the scale in question. Smaller scale aggregations are related to
predator prey relationships and local hydrographic processes including the relationship
between accumulation through growth and loss through diffusion (the KISS theory)
(Kirsthead, 1953), and aggregation at features such as sub surface chlorophyll maxima
(McManus et al., 2005; Menden-Deuer and Fredrickson, 2010). As the spatial scale increases
towards the ocean basin scale, biological interactions become less important and instead the
oceanic and atmospheric climate become the dominant factor in explaining the variation in

plankton distribution (Helouet and Beaugrand, 2007). Dense aggregations of planktonin
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certain areas can create food sources for higher trophic level organisms creating biodiversity
hotspots in an otherwise relatively low productivity environment. For example large
phytoplankton blooms are regularly seen by satellite imagery along continental shelf regions
in the summer months with patches in excess of a 1000 km? (e.g.- Garcia Sota and Pingree,
2009) associated with increased vertical mixing along the shelf break.

Scal e concepts in plankton dynamics are a central theme of thisthesis. The scale concept
relates both to the understanding of how plankton abundance and distribution vary and to the
implications of scale for management, particularly with reference to the EU Marine strategy
Framework Directive. It is not feasible to consider entire ocean basins or shelf seasfor
management but rather divide the ocean into regions which are ecologically meaningful and
not arbitrary divisions based on political boundaries. Determining suitable regional
ecosystems is important for the devel oping of an Ecosystem Based Fisheries Management
(EBFM) (Garciaet a., 2002) as well and this work will hopefully serve as a valuable resource

to its development.

The Continuous Plankton Recorder (CPR): The cornerstone of plankton research

A universal point of reference for any work on plankton in coastal and oceanic watersisthe
CPR. The CPR time series and spatia extent enable questions of scale to be addressed from
the basin scale down wards and encompassing temporal change over decades. The data that
form the CPR survey are generated using a self-contained plankton sampler that captures
zooplankton and phytoplankton on a 250 um silk mesh, calibrated to move so that a sample
cast corresponds to a distance of 15 km. The plankton recorder islow volume, (3 m™),
collecting samples at afixed depth of ~10 m behind merchant ships (Warner and Hays, 1994).
Regular plankton tows have been made across the North Sea since 1939, which have since
been expanded with a programme to cover to cover much of the North Atlantic complemented
by severa sister surveysin other oceans (e.g. - Batten and Freeland, 2007). The CPR is
currently the largest on-going plankton survey, spanning over 50 years and including
identification of up to 450 taxa.

Theinitial goals set out by the CPR survey at itsinception were to create an atlas of plankton
distributions for the North Sea and wider Atlantic region for specific usage for the fisheries
industry. Analyses for many other purposes have been developed. Since the mid 1990’ s the
CPR dataset has been central to investigations of long term change in the oceans, with many

investigations of the link between the pelagic ecosystem and climate.
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Some of the interpretations of change in pelagic systems are disputed, possibly reflecting the
different scales at which analyses and conclusions have been drawn. Phytoplankton is
believed to be tightly coupled to environmental and climatic change due to rapid turnover
rates and short generation times. Significant changes in the Phytoplankton Colour Index
(PCl), a semi-quantitative measure of chlorophyll concentration derived from CPR silk
colour, have been found in areas across the N. Atlantic and linked to the rising sea surface
temperatures (SST; Reid et al., 1998; Edwards et a.; 2001, Leterme et al.; 2005). Areas north
of 60° N have shown a negative relationship with SST while south of 60° N there has been a
strong positive relationship with SST (Reid et al., 1998). In addition to anthropogenic
warming, long term changes in SST reflect the Atlantic Multidecadal Oscillation (AMO) ()
and may be linked to the North Atlantic Oscillation (NAO): the most dominant mode of
atmospheric variation in the N. Atlantic (Hurrell, 1995). Attempts to associate phytoplankton
abundance directly with the NAO have produced mixed results (Edwards et al., 2001; Barton
et a., 2003). Attempts to distinguish between the two primary functional groupsin the CPR
phytoplankton (Dinoflagellates and Diatoms) by Leterme et a. (2005) found evidence of a
Dinoflagellate increase/Diatom decrease across the N. Atlantic thought to be linked to SST.
This change in phytoplankton composition can be interpreted as a reflection of increased
stratification in warmer seas, benefitting motile dinoflagellates able to access nutrientsin
deeper waters and also able to maintain position in the water column in contrast to passively
sinking diatoms. It may also be responsible for restricting the upwelling of important nutrients
necessary for a diatom dominated community (e.g. — silicates) (Egge and Asknes, 1992).
Recently Boyce et a. (2010) reported a decrease in the global median of phytoplankton
concentrations at arate of 1% year*. However subsequent rebuttals (Mackas, 2011;
McQuatters Gallop et a., 2011; Rykaczewski and Dunne, 2011) questioned the Boyce et al.
(2010) methodol ogy, attributing the perceived change as a bias between the datasets used and
a consensus that time series ( often collated in different ways) have shown consistent

increases in phytoplankton in the last 50 years.

In most cases attempts to derive estimates of phytoplankton biomass for an areainvolve using
univariate measures, either a concentration (pigment or some other currency such as carbon)
inmg 1™ or asummed cell count of all species. In chapter 3, biomass estimates are derived for
the most abundant phytoplankton taxa per area and develop a multivariate index of

phytoplankton change. This provides a more detailed representation of the long and short term
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trends for phytoplankton abundance in the N. Atlantic than is possible on the basis of a

univariate measure.

Zooplankton species, in particular the Calanoid copepods, have also been found to be closely
linked to changes in both phytoplankton (Beaugrand and Reid, 2003) and climate, potentially
with alagged response (Hays et al., 2005). While phytoplankton biomass signals are
equivocal with respect to links to atmospheric tel econnection patterns, the two Calanus
species C. helgolandicus and C. finmarchicus have been found to be strongly correlated with
the NAO, with opposing species-specific signals (positive and negative respectively;
(Fromentin and Planque, 1996). While further attempts to predict C. finmarchicus abundance
based on the NAO failed (Planque and Reid, 1998), the presence of an NAO signal has been
found in many measures of diversity and abundance used on CPR data (Beaugrand and Reid,
2003). Despite these potential links to the NAO, and hence storm tracks and other elements of
the weather ‘ package’ represented by the NAO (Stenseth and Mysterud, 2005), the variability
of both phytoplankton and zooplankton generally also associate with changesin SST (e.g. -
Richardson and Schoeman, 2004) where positive correlations between primary producers and
grazers imply bottom-up regulation of the zooplankton community.

Perhaps one the most novel uses of the copepod taxa within the CPR dataset was to generate
multiple assemblages across the N. Atlantic with known hydrodynamic associations
(Beaugrand, 2004) which saw a move from the traditional method of using individual species
as climate indicators. These species assemblages have been used quite successfully to
highlight the extreme poleward movement of groups in response to the rapidly rising SSTs
(Beaugrand et al., 2002; Beaugrand and Ibanez, 2004; Beaugrand, 2005). The time series was
extended to include all copepod taxa up until 2005 and found that the northward shift isin the
order of 23.16km year™ (Beaugrand et al., 2009). Similarly there have been changes to the
timing of their seasonal maxima (phenology) and these changes to the species life history are
also attributed to the changing SST and environmental conditions (Edwards and Richardson,
2004; Edwards et al, 2006). The changes in the timing vary between the different zooplankton
taxa but on average copepods peak 10 days earlier compared to the 1960’s, while severa
meroplankton taxa peak almost a month earlier.

Many of the processes affecting plankton, such as feeding rates, |oss rates and reproduction
are non-linear and as a result the pelagic system can change rather abruptly once across an
environmental threshold (Beaugrand et al., 2008) leading to a “regime shift”: a change from
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one stable ecosystem community to another (Reid et a., 2001; Beaugrand, 2004; Alheit et al.,
2005). Thereis still debate on whether the CPR data and the available techniques are capable
of detecting accurately such shiftsin community structure (Burrows et al., 2009;
Mieszkowskaet al., 2011) but broad scale summaries tend to emphasize that quite large
changes in pelagic ecosystems occur on the N. Atlantic and other ocean basins once
sufficiently large temporal scales are used (e.g. McGowan et a., 2003).

While the CPR dataset has been used successfully to further the scientific understanding of
the large scale spatial and temporal dynamics of plankton in the oceans there are many
alternative analyses that can be made. These relate to the scales chosen for analyses, the
dependent variable or variables and the reference points for comparison. A number of
potential goals from further research on the CPR goals are set out by Mackas and Beaugrand,

(2010) and several of these are taken up in this thesis and are elaborated upon below.
Broad scale oceanography of the N. E. Atlantic

Transporting up to 20 Sv of water, the North Atlantic Current (NAC) represents the north-
eastern extension of the Gulf Stream and is the primary source in which warm waters are
transported into the higher latitudes (Bower and von Appen, 2007). Once across the Mid
Atlantic Ridge it forms two main branches, one which travels northwards towards the Nordic
seas, while the other forms alarge counter clockwise rotating body of cold/saline sub arctic
water known as the Sub Polar Gyre (SPG) (Hatun et a., 2005). The SPG forms strong
boundary currents and is important for the wider ocean circulation as the deep ocean
convection cells (~2500 m) formed there means that it contributes gresatly to the origins of the
North Atlantic Deep water (NADW) (Hakkinen and Rhines, 2004 ). The strength of the SPG
can greatly influence the direction of the NAC and the flow of the East North Atlantic Waters
(ENAW) north (Harvey, 1982). The ENAW originates from the sub tropical gyre and alows
the penetration of warmer and more saline waters north (Hatun et a., 2005). Studies of the
SPG have revealed that there is a strong coupling between the atmospheric forcing and the
ocean currents as reflected by the NAO (Hakkinen and Rhines, 2004; Boning et al., 2006).
Over the last 40 years the transport flow of the NAC weakens during negative NAO phases
(e.g. 1960’ s) but has gradually intensified up until the early 1990’ s in concordance with
relatively high NAO conditions (Curry and McCartney, 2001). Since then we have seen a
progressive weakening of the SPG which has been attributed again to the negative NAO

forcing (Hakkinen and Rhines, 2004) which has allowed an increase in volume transport of
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the ENAW to penetrate as far as the Nordic Seas in 2002 (Hakkinen and Rhines, 2009). The
interface between the SPG/ENAW is more commonly known as the Modified North Atlantic
Water (Hansen and Osterhaus, 2000) and is situated to the N.W of Ireland. Subsurface
currents off shelf may hold an equal importance in facilitating plankton transport and
distribution particularly for those species with deep searesting stages. The Subarctic
intermediate water (SAIW) strongly influences intermediate waters north of 51° N, near the
entrance to the Rockall Channel. The SAIW undergoes strong seasonal variation and during
periods of strong SAIW influence Mohn et a., (2007) has shown that it can inhibit the
northward progression of Mediterranean water (MW). This highly dynamic region lies within
our study area and is considered a mgor underlying factor that effects the distribution of

planktonic organismsin this region.

The Shelf Edge Current (SEC) is a polewards moving near seafloor current that is driven by
an along-shelf pressure gradien from the Iberian margin to the Norwegian Sea (Hutchnance
and Gould, 1989). Mean northward velocities increase as it progresses into higher latitudes
although thereis a periodic reversal of flow caused by the presence of slope waves west of the
Porcupine Bank (Thorpe et a., 1991). The SEC isresponsible for transporting alarge
proportion of the warmer, saline waters of the ENAW northwards into the higher |atitudes
(Mohn et a., 2007). The SEC isaso pivotal initsrole in the physical exchange processes at
the continental shelf edge (White and Bowyer, 1997). The interannual to decadal variability
of these currents has important implications for the plankton communities within our study
area. In fact, we alude to these large scale ocean dynamics as possible mechanisms for
explaining the interannual variability of plankton abundance in the offshore regionsin
Chapter 2.

Much of the recent observational evidence for the circulation patterns within the Celtic Sea
allude to the importance of the dense bottom water baroclinic flows which are isolated from
the upper reaches of the water column after the summer stratification (Brown et al., 2003; Hill
et al., 2008). Much of the transport in the currents within the Celtic Sea can be explained by a
means of a density driven process. These density gradients form fast flowing jet currents
which travel in counter clockwise and subsequently move northward around the west coast of
Ireland (Fernand et al., 2006). Within much of the Irish Seathe level of tidal mixing means
that the water column fails to stabilise and remains permanently mixed year round. However a
small baroclinic circulation does form (known as the Western Irish Sea gyre) through a
similar process seen in the Celtic Sea (Hill et a., 1998). The resulting thermally stratified
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front formed across the Celtic Deep creates a strong barrier where we see little in the way of
cross frontal exchange (Brown et al., 2003). The implications for much of the seasonal
variation in the continental shelf circulation are also elaborated upon in the next research
chapters. With this section and the associated figure it is hoped that readers will be able to
return to this section as an aid in following how the changes in plankton dynamics may have
been brought about through oceanographic variation.

Research aims

In keeping with the management aims of the Marine Strategy Framework Directive and the
Ecosystem Approach to Fisheries (an element of which is concerned with ensuring that
management has an appropriate spatial scale), this thesis seeks to define regional scales and to
examine the interrel ationships within and between regions. The regional scaleis smaller than
the ocean basin scale of many existing studies and may not reflect the existing
biogeographical and administrative boundaries (e.g., ICES statistical areas). Spatial variability
for calanoid copepods in the N.E. Atlantic can be found at small scales < 400km (Beaugrand
and Ibanez, 2002), below the level of Longhurst’s biogeographic provinces or Large Marine
Ecosystems (LME’s; Longhurst, 1998). Without careful consideration of potential regional
limits, time series may aggregate species abundances across important boundaries potentially
losing important dynamic signals. In chapter 2 the issue of identifying regional boundaries
followsthe logic of Longhurst (1998) in using the best available spatially resolved data:
satellite-derived chlorophyll estimates. By grouping regions showing similar evolution
through time, important boundaries in the offshore and shelf regions were potentially
identified. The work will look to resolve an area of ocean below the scale of the LME to
investigate climatic forcing on plankton communities at finer scales and at spatial resolution
that better matches the spatial variability in this area. The box outlined in Fig 2 represents the
study areafor much of the research in this thesis and within it we will look to divide the ocean
in an ecologically meaningful way. The two Calanus spp. of Calanus helgolandicus and
Calanus finmar chicus and the small copepods primarily of the Pseudocalanus and
Paracalanus genera were used to assess the differences between regions and the differential
responses of species or generato climatic forcing in separate regions of the North Atlantic.
These taxa were used, in thisthesis and by other researchers, as model organisms due to
ubiquity in temperate oceans and important roles in the trophic ecology of these areas (Napp
et al., 2005; Bonnet et al., 2005).
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As mentioned earlier, single species analyses have tended to dominate in the literature,
potentially confounding changes at the assemblage level. These are addressed in Chapter 3,
along with an alternative approach to looking at the potential state of the community (as
suggested under proposed regime shifts). Specificaly, the regional patterns observed within
the Calanus spp. and the Pseudocal anus/Paracalanus group may be species-specific or may
manifest at the community level. A trophic approach was taken, using the literature in order to
divide species or taxa into three trophic groups (Phytoplankton, Herbivorous copepods or
Carnivorous zooplankton) and to also compare the stability of different trophic groups over
the last 50 years. Ecosystem stability follows the definition of “the ability for an ecosystem to
remain within or return to a dynamic equilibrium when an external forceis applied to that
system” (Connel and Sousa, 1982). The number of times a community deviates significantly
from abaseline which is set a priori determines the level of long term stability for a particular

community.

Whiletheinitial two research chapters will have dealt with community differences of
zooplankton in the N.E. Atlantic at aregional level, chapter 4 attempts to relate popul ations of
severa important copepod taxain arelatively small coastal setting with their populations at
broader scales. This chapter involves assembling atime series from archive material for
Galway Bay on the west coast of Ireland (between 1973 and 1987). Freshwater influx from
the Corrib river leads to a salinity gradient through the Bay from ~24 (Inner Bay) to ~35
(Outer Bay). Gaway Bay lies within a sampling shadow of the CPR and so the construction
of atime series represents a direct addition to data gaps in the CPR. Use of Galway Bay
samples required some modelling of abundances to allow interpolation. Reconstructed time
series were modelled using CPR derived time series as predictors in order to find possible
connections with or advection routes for zooplankton into the Galway Bay area.

The early chapters of the thesis are concerned with the process and implications of defining
regionsin the North East Atlantic. Regions are, by necessity, separated by a boundary, which
may also be a hydrographic feature. Chapter 5 is a closer examination of the nature of a
boundary: the zooplankton distribution across the front which separates the seasonally
stratified Celtic Seafrom the mixed water column of the Irish Sea. Of interest is the pattern of
change in the pelagic assemblage: do two distinct assemblages meet at the front, is the zone of
contact a sharp boundary or a gradual diffusion of one assemblage to the next, aternatively,
does an intermediate community arise at the boundary, distinct from wider region. To test
these alternatives, samples were collected in June 2009 aong a high frequency sampling grid
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across the frontal boundary. This work complements previous research. Although there have
been over 40 years of research into the physical development of the Celtic Boundary Front
(CBF; Hill et al., 2008) and the nutrient and chlorophyll fluxes acrossit (Pingree et a., 1976;
Savidge, 1976), there have been few descriptions of the mesozooplankton community within
the frontal zone. This contrasts with the study of zooplankton communities across many of the
other prominent fronts along the European Continental Shelf.

Each of these chapters devel ops patterns of contrasting spatial extents: ranging from
(1000km"*: Ocean Basin), regional (100-1000km: eco regions) and local (100km: Galway Bay
and CBF). Novel waysin which to analyse a well-established plankton dataset (CPR) are

developed in addition to a new time series for zooplankton populations in Galway Bay.

The context and significance of the findings made in Chapters 2-5 are discussed in a genera
discussion in Chapter 6. Thisincludes the impact of a multiscale approach to the
understanding of plankton dynamics and the implications for aregional approach to marine

environmental monitoring.
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