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Abstract

Pelagic ecosystems are inherently complex in coastal inlets where they are controlled by

physical processes and influenced by biogeochemical and foodweb interactions. Meteo-

rological events are important drivers of this ecological variability. This thesis investigates

their effect on the plankton dynamics of Lunenburg Bay, an inlet on the Atlantic coast of

Nova Scotia (Canada). In this region, meteorological events are dominated by upwelling

in summer, which are a dominant source of flushing and nutrient variability for the inlets.

Despite these events, which induce phytoplankton blooms in other regions, the concen-

tration of phytoplankton as chlorophyll remains relatively low throughout the summer in

Lunenburg Bay. To reveal the underlying processes limiting the development of phyto-

plankton biomass, and therefore to improve our understanding of the factors regulating

plankton dynamics in this inlet, the objectives of this thesis are to determine the main

drivers of variability in phytoplankton biomass and plankton community structure, and

to identify the factors limiting the development of phytoplankton biomass in Lunenburg

Bay. For that, I use a dataset collected at a coastal observatory located in Lunenburg Bay

that covers the years 2003–2006, complemented by a series of transects carried out in

summer 2006. The dataset covers physical, chemical and biological properties of the bay,

including plankton taxonomy. Two types of physical-biological coupled models are devel-

oped: a low-resolution box model of Lunenburg Bay with steady-state wind forcing, and

a high-resolution nested model of Lunenburg Bay using the Regional Ocean Modelling

System (ROMS) to hindcast a series of upwelling events in 2006. The results reveal

that four factors regulate the phytoplankton response to upwelling events in Lunenburg

Bay, namely (1) the duration of an upwelling event, (2) the low nitrate concentration in

source waters, (3) the flushing rate of the inlet (hence transport), and (4) the bathymetry

along the inshore-offshore axis of the bay. In addition, (5) the occurrence of upwelling

and (6) the inshore-offshore gradient of increasing depth influence the structure of re-

spectively phytoplankton and zooplankton communities, indicating a dissimilarity in the

processes structuring plankton communities in the lower food web. A conceptual model is

then developed to describe the role of transport and nitrate concentration in source waters

in controlling plankton dynamics in an inlet.
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Chapter 1

General Introduction

This thesis investigates the effects of local and remote meteorological forcing on the plank-

ton communities of a nearshore tidal system located on the Atlantic coast of Nova Scotia,

Canada. Data collection, data analysis and modelling experiments are carried out to de-

scribe and explain the observed variability in plankton biomass and community structure

during the summer. The following sections discuss the general principles of plankton

variability and its environmental control in nearshore tidal systems that are relevant to the

present research. This discussion leads to the development of a set of hypotheses that

establish a framework for this study.

1.1 Preliminary Considerations

1.1.1 The Global Context

Phytoplankton can be compared to primary producers in terrestrial systems (e.g.,Margalef ,

1997). They are the foundation of the marine food web and a key biological element of

the earth system. Terrestrial and marine primary producers contribute roughly equally

to the global primary production of the biosphere (Longhurst et al., 1995; Field et al.,

1998). However, phytoplankton represent only 0.2% of the photosynthetically active car-

bon biomass in the biosphere (Field et al., 1998) and have consequently a much faster

turnover time (2–6 days, Behrenfeld and Falkowski, 1997). Fast growth is balanced by

consumption by herbivores, which induces a rapid cycling of biogeochemical elements

in the surface ocean. Consequently, marine phytoplankton are a major component of the
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global carbon cycle (Falkowski et al., 1998, 2000) and contribute significantly to biogeo-

chemical cycles in the ocean (Arrigo, 2005).

Within the ocean system, continental margins have a significant role in the marine bio-

geochemical cycles of carbon and nitrogen (Walsh, 1991), although this role is still poorly

understood (Siefert and Plattner, 2004; Liu et al., 2010). Continental margins represent

a modest 7% of the total surface area of the global ocean but, being at the confluence

of the terrestrial, oceanic and atmospheric biogeochemical systems, are regions of high

biogeochemical activity, amongst the most active of the biosphere (Gattuso et al., 1998).

In these areas, the interactions between topography, oceanic circulation, coastal wind

regimes and tides result in a set of very diverse coastal biomes in comparison to the open

ocean (Longhurst, 1998). It is therefore not surprising that the coastal ocean represents

29% of the annual net primary production in the global ocean (Ducklow and McCallister,

2005), accounts for 40% of the carbon sequestration in marine sediments (Muller-Karger

et al., 2005) and is a significant component of the carbon and nutrient cycling of the

biosphere (Liu et al., 2010).

As a consequence, coastal areas are a valuable biome for ecosystem services (Costanza

et al., 1997), supporting a large amount of the human population and activities which in

turn modify these systems over a range of spatial and temporal scales. Continental mar-

gins are greatly affected by human activities (Walsh, 1988; Chen, 2010; Talaue-McManus,

2010). Given the particularities of these areas, the effect of perturbations on the supply

of nutrients to primary producers may be amplified (Muller-Karger et al., 2005). This

anthropogenic pressure and the fact that most of the continental margins are undersam-

pled with respect to the carbon cycle (Hales et al., 2008), led to the recent development

of international research programs on the coastal zone (e.g., LOICZ, Kremer et al., 2004).

Such programs aim to study the anthropogenic impacts on ecosystems and biogeochemi-

cal cycles of the coastal ocean. Studies are however difficult to carry out because of the

complex physical interactions characteristic of the coastal areas and their strong influence

on marine ecosystems (Denman and Powell, 1984).
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The importance of physical processes for phytoplankton lies in their requirement for

both light for photosynthesis, and nutrients for survival and growth. The spatial separa-

tion between light (at the surface) and nutrients (increasing below the pycnocline) limits

primary production in the ocean (Yentsch, 1981). Consequently, phytoplankton are highly

dependent on physical processes to generate their optimum supporting environment, no-

tably to maximize light and nutrient conditions (optimal stability window, Gargett and

Marra, 2002). Phytoplankton dynamics are thus strongly coupled with physical processes

in the surface ocean (e.g., Legendre and Demers, 1984; Dickey, 1991). Synoptic meteoro-

logical events are particularly important in this interplay (e.g., Kiørboe and Nielsen, 1990;

Marra et al., 1990).

1.1.2 General Characteristics of Continental Margins

The origin and fate of organic matter in the ocean is estimated with the f ratio, the ra-

tio between new—i.e., from sources of nitrogen external to the euphotic zone (e.g., from

the injection of deep nutrients)—and total (new + regenerated) phytoplankton production

(Eppley and Peterson, 1979). The f ratio, hence new production, is higher in the continen-

tal margins in comparison to the open ocean (Walsh, 1991). However, this characteristic

is not spatially uniform and large variations occur. Continental margins are typically re-

ferred to as either ‘exporting’ or ‘recycling’ (Chen et al., 2003), which relates to their

f ratio. This terminology was recently updated and continental margins reclassified as

slope-dominated and shelf-dominated margins for clarity (Jahnke, 2010). The distinction

between the two categories is important for the biogeochemistry of continental margins.

Slope-dominated continental margins usually have narrow continental shelves with

short water residence time and high nutrient inputs at the shelf break, in particular from

wind driven coastal upwelling, which sustain high rates of primary production and export

of organic matter to the open ocean. In these systems, located notably along the western

coast of the Americas and Africa, nutrient fluxes from benthic regeneration are generally

limited and new production, supported by nutrient transport from the deep sea, dominates.
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Shelf-dominated continental margins are relatively wide and shallow with longer water

residence time which allows for an efficient use of nutrients and their recycling through

benthic-pelagic coupling. In these environments, which can be found along the western

boundary of ocean basins and in particular along the northeast coast of North America,

most of the production is recycled locally with limited export of organic material; in

these systems, recycled production then dominates. This is the case of the Scotian Shelf,

off Nova Scotia’s Atlantic coast (Canada), where 80% of phytoplankton production has

been attributed to recycled nitrogen (Fournier et al., 1977), although this value has been

challenged recently (Petrie and Yeats, 2000). Denitrification in the sediments can be a

significant process for the nitrogen cycle and an important factor limiting primary produc-

tion (Fennel et al., 2006). In the Mid-Atlantic Bight for instance, 90% of the nitrogen

entering the system is lost through this process, resulting in a net sink of nitrogen (ibid).

In coastal embayments, where the variability arises in part from processes occurring

on the shelf, nitrate concentration in source waters (i.e., the distribution of nitrate on

the shelf), hence the biogeochemistry of the continental margin can have an essential

influence on biological processes well inshore.

1.1.3 Ekman Transport at the Coast

At the ocean surface, wind stress is the main source of turbulent kinetic energy. It gen-

erates small and large scale circulation patterns and controls vertical mixing, which sets

the conditions necessary for primary production through the trade-off between light and

nutrient supply (Yentsch, 1981). The frictional drag of the wind and its interaction with

the Earth’s rotation induces Ekman transport in the surface ocean (Ekman, 1905). In the

northern (southern) hemisphere, this process moves the momentum transferred from the

wind to the water increasingly to the right (left) as depth increases, generating a net trans-

port at 90° to the right (left) of the wind over the Ekman layer. Detailed explanations

of Ekman transport are found in theoretical analysis (Pond and Pickard, 1983) and from

in-situ observations and modelling of the Ekman spiral (Price et al., 1987; Wijffels et al.,

1994; Chereskin, 1995). An important deviation from the classical Ekman model can

result from the diurnal and seasonal surface stratification typical of mid-latitudes in sum-

mer, which induce a surface-trapped Ekman layer of reduced thickness oriented more in
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the downwind direction (Price and Sundermeyer, 1999). At the coast, the offshore trans-

port of the Ekman layer is compensated with the upwelling of generally cooler, saltier

and nutrient-rich deeper waters; simultaneously, the resulting cross-shore surface pres-

sure gradient induces a downwind surface alongshore current. A brief description and

discussion of the Ekman phenomenon is given in Appendix A.

Ekman transport is essential to nutrient dynamics in the surface ocean. At the global

scale, Ekman transport has a prominent role in biogeochemical processes because it cre-

ates upwelling in divergence zones and downwelling in convergence zones, hence con-

trolling the supply of nutrients to the upper ocean (Sarmiento and Gruber, 2006). Along

the coast, offshore Ekman transport generates the upwelling of deep water to the surface,

leading to the input of nutrients to the euphotic layer where it stimulates primary produc-

tion. This phenomenon is well documented along eastern boundary regions (e.g.,Wooster

et al., 1976; Boje and Tomczak, 1978; Richards, 1981, and references therein) where it

is the dominant process for the supply of nutrients to the surface of the coastal ocean.

Upwelling is often a seasonal process due to the seasonality of atmospheric forcing, but

variability can also occur on the time-scale of several days, associated with the period-

icity of atmospheric depressions (Andrews and Hutchings, 1980). The alternation of up-

welling/relaxation cycles associated with this periodicity is typical of upwelling environ-

ments and is an important process for the local accumulation of phytoplankton biomass

along the coast (Maclsaac et al., 1985; Dugdale and Wilkerson, 1989). Because of their

dependency on atmospheric processes, coastal upwellings are susceptible to the variation

in atmospheric forcing resulting from climate change (Bakun, 1990; Snyder et al., 2003;

Wang et al., 2010). Changing atmospheric conditions due to global warming, may there-

fore have a significant effect on coastal and nearshore phytoplankton production and on

the coastal food web (Barth et al., 2007; Bakun et al., 2010).

Similarly, episodic coastal upwelling generated by the prevailing seasonal wind condi-

tions or by storm events can develop along the western boundary of ocean basins. This

type of upwelling event is biologically less important than in the eastern boundary up-

welling regions (Mann and Lazier, 1992) and has therefore received less attention. This

is the case of the northeast coast of North America, a shelf-dominated continental margin.

In this region, the development of coastal upwelling conditions has a significant effect
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locally. For instance on the Scotian Shelf, upwelling events contribute to the transport of

nutrients onto the shelf at the shelf break (Petrie et al., 1987) and are associated with the

onset of annual phytoplankton blooms (Greenan et al., 2004). On the New Jersey Shelf,

upwelling events contribute to the variability in phytoplankton biomass and phytoplank-

ton community structure and favour the development of hypoxia along the coast due to

the local accumulation of particulate organic matter (Glenn et al., 2004).

Upwelling-favourable winds periodically relax or reverse in coastal upwelling systems,

resulting in the onshore movement of water and the development of downwelling condi-

tions along the coast and nearshore. As opposed to upwelling, downwelling or relaxation

events are not associated with the supply of nutrients to the euphotic zone, but rather

with a deepening of the pycnocline nearshore. Consequently, these events don’t stimu-

late primary production. Rather, they promote cross-shelf transport and the retention of

surface water nearshore, which can be an important process controlling larval transport

(Miller and Emlet, 1997; Shanks and Brink, 2005) and phytoplankton community struc-

ture (Moline et al., 2004), especially when associated with preceding upwelling condi-

tions (upwelling–downwelling sequence). In this case, episodic downwelling conditions

can promote the retention of primary production (Tilstone et al., 2000) or lead to the de-

velopment of harmful algal blooms in the nearshore area (Tilstone et al., 1994; Figueiras

and Rios, 1993).

1.2 Biophysical Interactions in Nearshore Pelagic Environments

1.2.1 Overview

Biological–physical interactions are particularly important in temperate bays in summer

when nutrients are limiting in the euphotic layer. During this period, the background phy-

toplankton populations can be described as in a quasi–equilibrium (Evans and Parslow,

1985; see Cloern, 1996), where primary production and phytoplankton losses through

mortality and transport compensate each other. Physical variability in the environment is

then essential for phytoplankton communities because it creates episodic sources of nutri-

ents that generate transient departures from this equilibrium (Cloern, 1996). In turn, this
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variability determines the structure of phytoplankton communities (Margalef , 1978a) and

therefore ultimately controls the amount of energy transferred to higher trophic levels.

Among these physical processes, reviewed by Cloern (1996), two are dominant contrib-

utors to the coupling between inlets and their adjacent coastal ocean, therefore regulating

the transport of nutrients and particulate organic matter (plankton, detritus) across the

bay–ocean interface: tides and Ekman transport at the coast.

Tides are a dominant, most predictable physical process controlling nearshore circu-

lation. At the diurnal and semi-diurnal frequencies, the tidal circulation determines ex-

changes locally as well as between the inlet and the coastal ocean. These exchanges,

and the effect of tides on pelagic-benthic coupling through a stratification-destratification

process, influence the spatial patterns of phytoplankton biomass (Lucas et al., 1999b),

phytoplankton communities (Cloern and Dufford, 2005) and the rates of pelagic ecosys-

tem process (e.g., primary production, grazing) along the inshore-offshore axis of the inlet

(Dowd, 2003). Changes in zooplankton species composition can occur along this axis in

association with the change in habitat related to the variation in transport patterns (Jouffre

et al., 1991). However, tidal exchanges are restricted to the tidal excursion distance, which

is often limited to a small fraction of the length of the inlet (Geyer and Signell, 1992).

At the subtidal frequency, Ekman transport at the coast promotes exchanges at the land-

sea interface. Coastal upwelling is a particularly significant process because it promotes

the flushing of bays and estuaries (Heath, 1973; Duxbury, 1979) and contributes to their

seasonal variability in nutrient concentration (Platt et al., 1972), phytoplankton biomass

(e.g. Bode and Varela, 1998; Hickey and Banas, 2003) and phytoplankton community

structure (see Section 1.2.2 below). Alongshore transport of phytoplankton blooms (e.g.,

Franks and Anderson, 1992a,b) also interacts with Ekman transport at the coast (Figueiras

et al., 2006). Despite this positive relationship between Ekman transport and phytoplank-

ton biomass, uncoupling between primary and secondary production nearshore have been

reported in coastal upwelling systems (Peterson et al., 1988). Overall at the subtidal time-

scale, upwelling-induced coupling between bays, estuaries and the adjacent inner shelf

has a significant effect on nearshore biological processes and can be the dominant source

of biological variability in systems where nutrient sources are limited.
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1.2.2 Nova Scotian Inlets Versus Eastern Boundary Systems

Along the Atlantic coast of Nova Scotia, the prevailing wind orientation in summer—

associated with the position of the Bermuda High—and the orientation of the coast (Smith

and Schwing, 1991) leads to the development of upwelling conditions on the Scotian Shelf

(Hachey, 1937; Petrie et al., 1987). It induces the flushing of coastal inlets (Heath, 1973),

which influences the local supply of nutrients (Platt et al., 1972), as well as the transport

and physiology of phytoplankton populations (Côté and Platt, 1983). The variability of

inshore pelagic systems in this region is tightly coupled with the wind-induced exchanges

at the inlet-shelf interface and therefore inshore biological systems are dominated by re-

mote (i.e., occurring on the shelf) rather than local processes (Lewis and Platt, 1982).

Overall, we understand the dominant source of phytoplankton variability in the inlets

along the Nova Scotian Atlantic coast. However, despite the series of seminal studies

mentioned above, the processes of biophysical coupling at the inlet-shelf interface re-

main unclear and the specific processes controlling the spatial and temporal variability

of inshore plankton populations remain to be analyzed. Understanding these processes is

essential to apprehend inshore plankton dynamics and biogeochemistry, and subsequently

to improve the understanding of biogeochemical cycling in the coastal zone (Siefert and

Plattner, 2004). These processes have been investigated in the better documented eastern

boundary inlets, where upwelling events are seasonal and their biological effect generally

important. For instance in the Galician rias (northwest Spain), which are located at the

northern boundary of the productive Northwest African upwelling system (Joint et al.,

2001), relationships between alongshore wind events (upwelling, downwelling), phyto-

plankton biomass and phytoplankton community composition were demonstrated (Fraga

et al., 1988; Figueiras and Rios, 1993; Tilstone et al., 1994, 2000; Bode and Varela, 1998;

Figueiras et al., 2006). As in typical coastal upwelling areas (e.g., Estrada and Blasco,

1985), diatoms are favoured during upwelling conditions and dinoflagellates during up-

welling relaxation and downwelling conditions.

In the rias, the intensity of upwelling events (Figueiras and Rios, 1993), as well as

preceding stratification conditions (Álvarez-Salgado et al., 1996b) are important factors

influencing the phytoplankton during the events. Weak upwelling induces stratification
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and the retention of nutrients (nutrient trap) and phytoplankton due to the local accumula-

tion of nutrients and their utilization by the phytoplankton (Álvarez-Salgado et al., 1996b;

Piedracoba et al., 2008a). On the contrary, strong upwelling leads to a rapid flushing

of the inlets that promotes the export of primary production to the shelf area (Álvarez-

Salgado et al., 1996b; Crespo et al., 2006). This export of diatom species is considered

to benefit higher trophic levels on the shelf (Tilstone et al., 2000). The subsequent reten-

tion during the relaxation phase benefits inshore secondary producers (Figueiras et al.,

2002), as evidenced by the location of an intense shellfish mariculture in the rias (Blanton

et al., 1987). Altogether, in the rias, atmospheric forcing controls the seasonal variability

in phytoplankton production and community structure during the summer and fall. The

biological response of the rias to the upwelling events is nonetheless complex. It depends

on meteorological conditions, but also on morphometry (Tilstone et al., 1994) and local

or remote hydrographic conditions (Bode and Varela, 1998; Prego et al., 2007), resulting

in high variability in response.

Similar investigations need to be carried out along the Atlantic coast of Nova Scotia,

to fully appreciate the importance of coastal upwelling events occurring on the Scotian

Shelf for the pelagic ecosystem of coastal inlets. However, Spanish rias differ signifi-

cantly from Nova Scotian inlets given the atmospheric forcing, the buoyancy-driven cir-

culation and the biochemical processes occurring on their adjacent coastal ocean (i.e.,

slope- versus shelf-dominated continental margins). The contrast is even greater when

Nova Scotian inlets are compared with the inlets along the west coast of North America

(Oregon, California), which are located on upwelling systems where nitrate concentra-

tion typically reach 10 mmol m−3 at the surface during the upwelling season (Hickey and

Banas, 2003), reflecting the slope-dominated shelf system.

The coastal ocean is the main source of nitrate for most inlets along the Atlantic coast

of Nova Scotia (Strain and Yeats, 1999). However, nitrate is depleted in the euphotic layer

of the Scotian Shelf in summer (Petrie et al., 1999) and therefore, nitrate concentration

is typically low in the inlets during this period. For example, preliminary observations

from a nearshore coastal observatory located in Lunenburg Bay (Marine Environmental

Prediction System Lunenburg Bay, hereafter MEPS-Bay, see Section 1.6) indicate an

average nitrate concentration of 0.3 ± 0.4 mmol m−3 SD (n = 715) between June and
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August (weekly samples from the observing system dataset, i.e., Cullen et al., 2008). In

this system, the subtidal variability in hydrography is dominated by the occurrence of

alongshore wind events such as upwelling or downwelling (Zhai et al., 2007). Upwelling

events are particularly important because they are a source of nitrate in summer (e.g.,

Platt et al., 1972). Phytoplankton blooms are a typical response to such an episodic

nitrate injection, as observed in the eastern boundary inlets (e.g., Hickey and Banas, 2003;

Álvarez-Salgado et al., 2010). However, large variations in chlorophyll biomass have not

been observed at the observatory in summer, where the average chlorophyll biomass is

low (1.1±0.6 mg m−3 SD, n = 690). These observations indicate an apparent discrepancy
between a dominant process controlling the hydrography of the bay (upwelling), which

should induce phytoplankton blooms, and the low chlorophyll biomass measured at the

observatory. Several factors can lead to this apparent discrepancy: (1) an inappropriate

sampling frequency to observe the phytoplankton response to the upwelling events (water

samples are collected weekly), (2) the occurrence of processes limiting the delivery of

nitrate, or (3) the occurrence of processes limiting the development and/or accumulation

of phytoplankton.

This information suggests two directions of research necessary to improve the under-

standing of summer plankton dynamics and their relationship with atmospheric forcing

in Nova Scotian inlets: first, diagnose the variability of nutrients and plankton in sum-

mer, principally in relation to meteorological events; and then investigate the processes

controlling and limiting this variability.

1.3 Observing, Hindcasting and Forecasting Coastal Ecosystems

Understanding the variability within coastal marine ecosystems and its underlying bio-

logical-physical processes requires the capability to separate the signals resulting from

intrinsic ecosystem processes from the specific effects of physical forcing (Rothschild,

2005). Coupled biogeochemical-physical numerical models provide a tool to examine—

with testable hypotheses—the specific processes underlying a set of observations (Franks,

1995). These tools are commonly used to study plankton dynamics in aquatic systems

(Franks, 1995, 2002). They provide the means to quantify and ultimately to forecast
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the effects of specific physical processes on nearshore plankton ecosystems (Fennel and

Neumann, 2004; Oschlies, 2006). The objective is often best realized by using a hierar-

chy of models (Griffies, 2004), which reduce the spatial and structural resolution to an

optimum level of complexity that best describes the key processes of interest (Håkanson,

1995; Fulton et al., 2003).

The so-called “box models” are on the low end of this spectrum. In the case of biogeo-

chemical-physical coupled models, they have a coarse spatial resolution that reduces the

hydrodynamics to its most important spatial patterns allowing to focus on the biogeo-

chemical processes under consideration. In bays for example, the system can be reduced

to several boxes in the horizontal and one or two in the vertical depending on the dominant

hydrography (i.e. stratified or mixed water column). This type of model has been used suc-

cessfully to describe some key aspects of coastal pelagic processes, with respect to mar-

iculture (Raillard and Ménesguen, 1994; Dowd, 1997, 2005), eutrophication (Chapelle

et al., 1994; Bujan et al., 2000; Guillaud et al., 2000), benthic-pelagic coupling (Le Pape

et al., 1999), nutrient cycling (Murray and Parslow, 1999) and harmful algal blooms

(Yamamoto and Okai, 2000; Yamamoto et al., 2002). It was also used extensively to de-

scribe the patterns and time-scales of circulation and hydrography in Spanish rias (Rosón

et al., 1997; Álvarez-Salgado et al., 2000; Pardo et al., 2001; Gilcoto et al., 2001, 2007),

as well as to investigate biological-physical interactions during periods of upwelling con-

ditions (Álvarez-Salgado et al., 1996a,b; Tilstone et al., 2000; Piedracoba et al., 2008b).

Given their coarse resolution, box models underestimate the local variance, acting as a

low pass filter. Moreover, spatial or temporal averaging used in box models can induce

errors resulting from simplifying assumptions (Webster et al., 2000). Fine-grid, fully ex-

plicit biological-physical models provide the potential for better resolved results (tempo-

rally and spatially) over a wide range of time and space scales (Ménesguen et al., 2007).

The Regional Ocean Modelling System (ROMS, http://www.myroms.org)(Shchepetkin

and McWilliams, 1998, 2003, 2005; Haidvogel et al., 2008) is arguably the state-of-the-

art of these ocean models; regardless, it is an open-source development and widely used.

It is particularly suited for coastal and nearshore applications including biogeochemistry

or ecosystem dynamics and can be used for both the hindcast or forecast of biological

processes in the coastal ocean.
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In-situ observations are necessary to force and constrain ocean models, as well as to

verify their results. This motivated the development of coastal ocean observing systems in

the last decade for observing, hindcasting and forecasting coastal physical and biological

processes. This was the aim of the MEPS-Bay coastal observatory (http://www.cmep.ca,

Cullen et al., 2008) located in Lunenburg Bay on the Atlantic coast of Nova Scotia (see

Section 1.6). The observatory has provided a framework for the study of nearshore bio-

physical ocean dynamics, using Lunenburg Bay as a test case. Recent hydrodynamic

studies have emphasized the role of meteorological events in structuring the physical vari-

ability of Lunenburg Bay and neighbouring systems during the summer and fall (Wang

et al., 2007; Zhai et al., 2007, 2008b; Sheng et al., 2009). The observatory dataset, comple-

mented by specific sampling, provides the opportunity to investigate a series of hypothe-

ses on the effects of meteorological events on the plankton dynamics and biogeochemistry

of Lunenburg Bay (see Section 1.5 below).

1.4 Research Objectives

The influence of summer meteorological events on nutrient dynamics and on phytoplank-

ton production and variability has been established in several Nova Scotian inlets (Platt

et al., 1972; Lewis and Platt, 1982; Côté and Platt, 1983). However, the specific mech-

anisms that control these dynamics, or that influence the structure of nearshore plankton

communities, are still unresolved for these systems. The preliminary observations of a

discrepancy between the occurrence of upwelling events and the relatively low phyto-

plankton concentration and variability inside Lunenburg Bay during summer suggests

limiting processes, associated with local ecosystem processes (primary production, graz-

ing), biological transport at the bay-shelf interface (patterns and intensity) or processes

controlling plankton and nutrient concentrations on the shelf. Resolving the importance

of these influences is important locally, but also with regards to the general understand-

ing of biological dynamics in western boundary inlets. It is also important to understand

the possible consequences of expected changes in global climate, such as changes in

the frequency of storm and coastal upwelling events that will influence the coastal and

nearshore pelagic ecosystems (Snyder et al., 2003; Diffenbaugh et al., 2004;Harley et al.,
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2006). Characterizing the current processes structuring plankton communities nearshore

and their response to transient meteorological events is therefore essential to anticipate

the response of these communities to global warming. Therefore, in order to improve

the understanding of the processes controlling plankton dynamics in Lunenburg Bay, this

thesis has two objectives:

(1) to determine the main drivers of variability in phytoplankton biomass and plankton

community structure; and

(2) to identify the factors limiting the development of phytoplankton biomass.

1.5 Hypotheses

Specific hypotheses have been developed to reach the two objectives. They are focused on

Lunenburg Bay where the research will be conducted. The hypotheses include alternate

hypotheses, which are not mutually exclusive but rather can represent multiple interacting

processes. The hypotheses are described below.

1.5.1 Variability in Phytoplankton Biomass

Hypothesis 1.0: The variations in phytoplankton biomass in summer are independent of

meteorological events.

Alternate hypothesis:

(1.1) The effects of meteorological events account for significant amounts of variability

in phytoplankton biomass in summer.

1.5.2 Upwelling Effect on Phytoplankton Biomass

Hypothesis 2.0: The input of nutrient-rich inner shelf waters during upwelling events

leads to significant increases in primary production and phytoplankton biomass inside

Lunenburg Bay.
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Alternate hypotheses:

(2.1) Phytoplankton biomass has no detectable response to upwelling events inside

Lunenburg Bay.

(2.2) Low nitrate concentration in the source waters limits the magnitude of variability

in phytoplankton biomass in Lunenburg Bay.

(2.3) The short duration of upwelling events limits the development of phytoplankton

biomass in Lunenburg Bay because it limits the periods for which nitrate is available

to primary producers.

(2.4) The bathymetry constrains the exchanges between inshore areas and the shelf,

limiting the nitrate available for primary production in shallow inshore areas.

1.5.3 Role of Transport in Limiting Phytoplankton Niomass

Hypothesis 3.0: The rapid flushing of Lunenburg Bay limits the magnitude of variability

in phytoplankton biomass to that observed on the inner Scotian Shelf.

1.5.4 Seasonal Variability in Plankton Communities

Hypothesis 4.0: Dominant phytoplankton groups (diatom or dinoflagellate) are deter-

mined by the occurrence of upwelling events.

Hypothesis 5.0: The taxonomic structure of zooplankton communities is determined by

the occurrence of upwelling events.

Alternate hypothesis:

(5.1) Zooplankton communities are structured spatially along a depth gradient repre-

senting a change in habitat between the inshore and offshore areas of the bay.

1.6 Research Framework

The study takes place in Lunenburg Bay, the site of the MEPS-Bay coastal observatory

for the period 2002–2007. Lunenburg Bay has a 40 km2 surface area, with a mean depth

of about 15 m, increasing to 40 m towards the southwest where the bay connects with the

14
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Scotian Shelf (Figure 1.1). The circulation in the bay is dominated by the semi-diurnal

tide (M2) and is sensitive to meteorological events and wind direction (Sheng and Wang,

2004; Zhai et al., 2007, 2008b), which are recurrent phenomena in summer and fall.

The MEPS-Bay coastal observatory was a state-of-the-art nearshore network of three

moorings and other sensors that provided high-frequency observations (hydrography, op-

tical properties, meteorological data), complemented by weekly in situ measurements to

collect variables that were not measured automatically (nutrients, chlorophyll, plankton

composition). Research components of the MEPS-Bay project focused on multiple as-

pects of the bay oceanographic processes such as tidal and wind–driven circulation (Zhai

et al., 2008b; Sheng et al., 2009), wave-induced circulation (Mulligan et al., 2008), biolog-

ical variability (Huot et al., 2007), as well as atmospheric processes, to improve weather

prediction models. The MEPS-Bay project developed a multi-component modelling tool

using real-time data to study and to reach a forecast capability of coastal marine condi-

tions (Cullen et al., 2008). The current work has taken place within this project and uses

the data collected at the observatory during its six years of operation, with an emphasis

on the year 2006 when specific data were collected for this work.

1.7 Outline of the Thesis

The thesis is divided into six chapters. The first chapter (Chapter 1) is the introduction of

the project. The next three chapters (Chapter 2–4) each investigate specific components of

the influence of meteorological events on the dynamics of nearshore plankton populations,

using a different set of techniques and analysis. Chapter 5 discusses some insights gained

during the study on the MEPS-Bay coastal observatory. Chapter 6 is a synthesis of the

results and a generalization of the processes examined in Chapters 2 to 4, followed by

the conclusions of the thesis. Chapters 2 to 4, which will be the subjects of specific

publications, are summarized below.

Chapter 2 addresses the first objective of the thesis (i.e., drivers of variability) and lays

out several explanatory factors for the observed phytoplankton dynamics in Lunenburg

Bay. The chapter evaluates if and how upwelling-favourable summer meteorological
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events influence the dynamics of inshore planktonic communities in a Nova Scotian in-

let. The study combines weekly transects conducted between June and August 2006

in Lunenburg Bay, with biophysical data collected by the MEPS-Bay coastal observa-

tory. The dataset covers physical, chemical and biological properties of the bay, includ-

ing plankton taxonomy. Results from the analysis of the dataset show the succession of

upwelling events during summer 2006 in Lunenburg Bay and reveal two types of meteo-

rological events with contrasting effects on inshore plankton communities in summer. It

demonstrates the effects of sustained upwelling events on (1) the structure of phytoplank-

ton communities and (2) the phytoplankton biomass, which is estimated and predicted

from density measurements collected at the observatory. The chapter also reveals a strong

spatial structuring of zooplankton communities inside Lunenburg Bay that appears to be

decoupled from the occurrence of upwelling events.

Chapter 3 addresses the second objective of the thesis (i.e., limiting factors) in steady

state (or pseudo steady state) conditions using two levels of analysis. First, the influ-

ence of wind-driven circulation on nearshore biogeochemical processes is assessed with a

spatially-explicit box model developed to simulate planktonic ecosystem processes under

tidal, downwelling and upwelling circulation regimes in Lunenburg Bay. Model results

indicate that wind driven circulation affects plankton dynamics along an inshore-offshore

axis, but the effects are small and depend on the wind regime. Overall, the analysis estab-

lishes that in Lunenburg Bay, wind-induced accelerated flushing controls the dynamics of

nutrients and limits the accumulation of plankton biomass. Second, a spatially-averaged

sensitivity analysis is carried out with the ecosystem model to explore the role of flushing

rate and nutrient concentrations in source waters in a more general context. This analysis

results in a dimensionless framework (S ∗ vs. F∗) that explains the magnitude of plankton

and nutrient concentrations in an inlet given the scaled nutrient concentration available at

the inlet-coastal ocean interface (S ∗) and flushing rate (F∗).

Chapter 4 addresses both objectives of the thesis, although more specifically the sec-

ond objective (i.e., limiting factors), by exploring the factors controlling the spatial and

temporal variability of phytoplankton biomass in Lunenburg Bay. A biophysical ocean

model (ROMS) is used to simulate the sequence of summer upwelling events observed

in 2006 (Chapter 2). The results demonstrate that the dynamics of inshore phytoplankton
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biomass are controlled by three factors during this period of upwelling: (1) the inter-

mittent and short duration of upwelling conditions that limits the retention of nitrate for

subsequent use by primary producers, (2) the rapid transport and the outwelling of phy-

toplankton from the bay that limits the accumulation of phytoplankton in the bay and (3)

the nitrate concentration in upwelled water that limits—in association with the nearshore

bathymetry—the development of phytoplankton biomass during the relaxation phase of

the upwelling.
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Chapter 2

Influence of Summer Wind Events on
Phytoplankton Biomass and Planktonic
Community Structure in Lunenburg
Bay, Canada

2.1 Introduction

In the coastal upwelling systems on the eastern boundary of major ocean basins, phyto-

plankton variability is associated with the spatial and temporal variations in hydrography

and nutrient concentrations (Boje and Tomczak, 1978; Richards, 1981). This determines

phytoplankton biomass (Small and Menzies, 1981) and a sequence of phytoplankton as-

semblages, often dominated by diatoms (Margalef , 1978b; Estrada and Blasco, 1985).

This variability extends to adjacent coastal inlets where the enhanced coupling with the

coastal ocean during periods of upwelling generates flushing (Duxbury, 1979). This is

an important process for inshore biological systems since it concurrently promotes the

exchange of biota and nutrients between inlets and the inner shelf (Hickey and Banas,

2003; Piedracoba et al., 2008a,b). This contributes to local nutrient cycling (Álvarez-

Salgado et al., 1996a,b) and influences the development and transport of phytoplankton

blooms (Roegner and Shanks, 2001; Roegner et al., 2002), including harmful blooms

(Fraga et al., 1988; Figueiras et al., 2006). Furthermore, it promotes changes in phyto-

plankton composition (Garrison, 1979; Figueiras and Rios, 1993) and stimulates local

and remote secondary production (Tilstone et al., 2000). In the eastern boundary regions,

wind-induced coastal upwelling has a significant influence on the biology of inlets (Hickey

and Banas, 2003; Álvarez-Salgado et al., 2010).
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Although of lower intensity, similar dynamics occur in summer on the Scotian Shelf

along the Atlantic coast of Nova Scotia, Canada (Hachey, 1937; Petrie et al., 1987;

Andrade, 1991). These events contribute to the flushing (Heath, 1973) and to the vari-

ability in nutrient concentration of Nova Scotian inlets (Platt et al., 1972). Upwelling-

induced changes in phytoplankton physiology and species composition have previously

been observed at a subsurface sampling station located in a small semi-enclosed eutrophic

estuarine basin (Bedford Basin, see Figure 1.1 in Chapter 1) connected to the Scotian

Shelf (Côté and Platt, 1983). The transport of deeper dark-adapted shelf phytoplankton

populations (Ceratium longipes) was associated with the upwelling event. The study of

Côté and Platt (1983) has been an important step towards understanding the relationship

between meteorological events and phytoplankton dynamics in Nova Scotian inlets and

has placed emphasis on the difficulty to predict the short-term variations in the rate of phy-

toplankton production in this type of environment due to the high-frequency variability

induced by atmospheric events. However, this predictability was not assessed nor was the

spatial variability in biochemical and hydrographic conditions (horizontal and vertical)

resolved in this study. Therefore, the mechanisms of biochemical-physical coupling be-

tween inlets and the coastal ocean, as well as the relationship between upwelling-induced

nutrient inputs, phytoplankton biomass and plankton assemblages, remain unclear.

In order to resolve these mechanisms, it is then important to diagnose the spatial and

temporal impacts of upwelling events on nearshore plankton communities, especially in

oligotrophic inlets since the Scotian Shelf is their dominant source of nitrate (Strain and

Yeats, 1999), a major limiting nutrient in marine systems (Dugdale and Goering, 1967;

Ryther and Dunstan, 1971; Parsons et al., 1984). This is critical to understand the dynam-

ics of inshore biological systems along the Atlantic coast of Nova Scotia, and ultimately

to enable their prediction, a prerequisite to the management of coastal environments.

Recently, at the coastal observatory located in Lunenburg Bay (Figure 2.1), an olig-

otrophic inlet on the Atlantic shore of Nova Scotia, investigations on the succession of up-

welling and downwelling conditions during summer and fall 2003 have demonstrated the

importance of atmospheric events in driving the local subtidal circulation and hydrogra-

phy (Zhai et al., 2008b). The study revealed a meteorological control over high-frequency

salinity and temperature variations dominated by the alongshore component of the wind
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stress, especially around the head of the bay (Zhai et al., 2007). The biological responses

to upwelling have not been studied in Lunenburg Bay however, nor in similar systems

in the area, despite the need to expand the findings from Côté and Platt (1983). Such

responses may be limited given the small nitrate (0.3 ± 0.4 mmol m−3 SD, n = 715) and
chlorophyll (1.1 ± 0.6 mg m−3 SD, n = 690) concentrations observed inside the bay in
summer (observing system dataset, i.e. Cullen et al. 2008).

The objective of this chapter is to evaluate if and how upwelling events influence the

dynamics of plankton communities in Lunenburg Bay. It is hypothesized that upwelling

events are the main driver of plankton variability inside Lunenburg Bay in summer be-

cause they result in the input of nitrate from the inner shelf, which (1) induces a sig-

nificant increase in the phytoplankton biomass in Lunenburg Bay (> 5 mgChl m−3, as

typically observed in the spanish rias, Tilstone et al., 2000; Cermeño et al., 2006), (2) de-

termines the group of species dominating phytoplankton and zooplankton communities

and (3) regulates the spatial patterns in plankton biomass and community structure along

the inshore-offshore axis of the bay (see Section 1.5).

To achieve this objective, a study was conducted at the coastal observatory in Lunenburg

Bay from May 31 to August 15, 2006. During this time, sustained periods of upwelling

favourable northeastward winds were selected for analysis. In order to address the time-

scale issue and therefore to better understand the dynamics of the meteorological forc-

ing resulting in the development of coastal upwelling conditions, an additional adaptive

sampling campaign was conducted during a high-frequency storm event (roughly 1 day

duration) characterized by upwelling favourable northeastward wind conditions.

2.2 Materials&Methods

2.2.1 Study Site

The study takes place in Lunenburg Bay (Figure 2.1), a 5x8 km inlet that was the site of

the MEPS-Bay observatory between 2002 and 2007 (http://www.cmep.ca, Cullen et al.,

2008).
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2.2.2 Observatory Dataset

2.2.2.1 Meteorological Data

Wind speed and direction were recorded hourly at the Battery Point meteorological station

(BatPt, Figure 2.1); wind speed was decomposed into cross-shore (Ux, 150◦) and along-

shore (Uy, 60◦) components to compute wind stress using the bulk formula from Large

and Pond (1981).

2.2.2.2 Chlorophyll Time Series

High frequency time series of estimated chlorophyll biomass were collected at the buoys.

The series are data products from the observing system and are computed from measure-

ments of the apparent optical properties collected at the moorings, using the inverse model

developed by Huot et al. (2007). Details on the data collection and the methodology are

available in Huot et al. (2007). Phytoplankton absorption time series from the model (aφ

at 490 nm; m−1) were subsequently transformed into chlorophyll biomass (mg m−3) using

an algorithm developed with 2004 water samples (n = 132, r2 = 0.575, p < 0.01). The

semi-continuous data were subsequently median-averaged for each day.

2.2.2.3 Hydrographic Conditions

Water column physical characteristics (temperature, salinity) were recorded at the moor-

ing station SB3 (mid-bay station, Figure 2.1), with a frequency of 1 or 2 h−1. Surface

(1 m, except in 2003: 3 m) and bottom (9 m) sensors were used to infer changes in phys-

ical conditions of the water column in relation to upwelling events. Temperature and

salinity data were not available from the bottom sensor after August 3 (day 215). Finally,

conditions on the inner Scotian Shelf during the sustained and storm-induced upwelling

events were assessed using MODIS Sea Surface Temperature measurements (SST; °C),

post-processed to fill in for missing pixels (C. Jones, pers comm 2007).

2.2.3 Sampling Campaigns

Weekly sampling campaigns were conducted along a cross-shore transect line from May

31 to August 15, 2006 (13 transects), as part of the routine sampling at the observatory
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(see Figure 2.1). CTD and fluorescence profiles were carried out at each station with the

Free-falling Optical Profiler (Satlantic Inc.) whereas water samples were collected with a

Niskin bottle at four depths representative of the water column. Chlorophyll biomass was

measured using theWelschmeyer fluorometric method (Welschmeyer, 1994) with samples

collected on GF/F filters. Fluorescence profiles were calibrated for each sampling date by

fitting the in-situ chlorophyll measurements (mg m−3) from the water samples collected

at all stations on that date to their corresponding fluorescence (volts) measured with the

optical profiler (linear fit, n ∼ 26 on each date). Nitrate concentration (nitrate + nitrite,
hereafter referred as NO−3 ) was measured with an automated nutrient analyzer following

the technique described by Grasshoff et al. (1999).

Integrated water column samples were collected weekly as part of the routine sam-

pling at the mooring stations MB1 (0–13 m, entrance of the bay) and SB2 (0–10 m, in-

shore) with a PVC pipe and then sub-sampled and preserved into 250 ml bottles (1%

paraformaldehyde). Phytoplankton species larger than 10 μm were identified and enumer-

ated using the filter-transfer-freeze technique (Hewes and Holm-Hansen, 1983; Cembella

and Rafuse, 2010). Phytoplankton was sampled during most of the enhanced sampling

campaigns, except on day 191 at MB1 and days 150 and 179 at SB2.

Vertical net tows (253 μm mesh size) were carried out at SB2, N3 and X6 along the

transect line (Figure 2.1). Samples were stored in 500 ml bottles with a 4% buffered

formaldehyde solution and zooplankton species were subsequently identified following

the Atlantic Zonal Monitoring Program (AZMP) sampling protocol (Mitchell et al., 2002).

A three-days intensive sampling campaign along the same transect line was carried

out following a storm event over the period August 8 to 10, 2006 (days 220–222, see

Section 2.3.1). The same dataset was collected (including in-situ nitrate and chlorophyll),

twice a day during daylight (ebb and flood tide transects), except for phytoplankton tax-

onomy that were not collected. Therefore, phytoplankton community composition cannot

be analyzed during this event. Altogether, a total of six transects were carried out over

the three days (water samples were not collected at the mooring stations SB3 and MB1).

Adverse weather conditions prevented sampling at the outer deep end station during some

of the transects.
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2.2.4 Data processing and Analysis

2.2.4.1 Nitrate-Density Relationship

The water samples and CTD profiles were used to calculate a nitrate-density relationship

(Figure 2.2) by matching nitrate concentrations in the water samples (NO−3 ; mmol m
−3)

to the density measured with the CTD profiler (ρ; kg m−3). The relationship indicates

that nitrate estimated from density (N̂O−3 ; mmol m
−3) is N̂O−3 = 2.763 ρ− 2830.565 when

ρ > 1024.43 kg m−3 (n = 69, r2 = 0.66, p < 0.01) and otherwise N̂O−3 = 0.22 ± 0.15 SD
(n = 297). Mid-water samples (4–25 m, n = 16) from days 187 and 191 were excluded

from the relationship due to apparent nitrate utilization during the upwelling events. This

nearshore relationship differs from the relationship observed at Station 2 (see location

in Figure 1.1) on the Scotian Shelf (AZMP data, Therriault et al., 1998, see Chapter 4).

Deep nitrate concentrations are higher at lower density in Lunenburg Bay (lower cut-off

value, see Figure 2.2). A shallower euphotic zone (Zentara and Kamykowski, 1977), a

higher grazing control nearshore (Minas et al., 1986) or different water masses could

explain this difference.

This relationship does not account for the increase in nitrate at low density due to a

terrestrial source of nitrate from surface runoff. The absence of river in Lunenburg Bay,

the low nitrate concentration in the water samples inside the bay, in particular at the

surface and the lack of relationship with nitrate at low density (Figure 2.2) indicate that

runoff is not a significant source of nitrate in Lunenburg Bay. Some nitrate may however

originate from a local source such as sewage from the Lunenburg Harbour. Given the data

collected in 2006, in particular at station B7 (Lunenburg Harbour), this source of nitrate

appear to be negligible in comparison to the oceanic source of nitrate. The assumption of

the absence of a terrestrial source of nitrate is therefore valid for Lunenburg Bay.

The nitrate-density relationship is used to generate proxies for a nitrate concentration

time series at the mooring station SB3 using the CTD sensors and for water column

profiles of nitrate concentration at the transect stations using the CTD profiler. At the SB3

mooring station, the deep nitrate time series stops after day 215 due to the lack of CTD

data. The 1024.43 kg m−3 cut-off value from the nitrate-density relationship, hereafter

referred as the reference isopycnal, will be used as a proxy for the nitracline.
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2.2.4.2 Upwelling Effect on Chlorophyll Biomass

The local contributions of short-term accumulation of phytoplankton biomass to the change

in nitrate concentration and chlorophyll biomass during an upwelling event was assessed

by calculating chlorophyll anomalies (see Yentsch, 1974) in the upper 20 m (estimated

depth to the 1% light level) at each station between days 179 and 187 (hereafter referred

as the Ĉhl analysis). Chlorophyll anomalies (ΔĈhl, mg m−3) are estimated from the dif-

ference between the change in concentration of nitrate expected from the change in den-

sity over days 179 to 187 and the measured change in nitrate (i.e., change in nitrate due

to source water, minus uptake) multiplied by a typical ratio of chlorophyll to nitrogen

(Eq. 2.1). Chlorophyll anomalies are then compared with the observed change in chloro-

phyll biomass (ΔChl, mgm−3) over the same period (Eq. 2.2). The following relationships

were used:

ΔĈhl =
( [
N̂O−3

∣∣∣∣187
σt
− N̂O−3

∣∣∣∣179
σt

]
−

[
NO−3

∣∣∣∣187
obs
− NO−3

∣∣∣∣179
obs

] )
· 12
θ
· C:N (2.1)

ΔChl =
(
Chl

∣∣∣∣187
obs
− Chl

∣∣∣∣179
obs

)
(2.2)

where θ is the carbon to chlorophyll ratio (50 gC gChl−1), C:N is the Redfield carbon to

nitrogen ratio of 6.625 molC molN−1 and 12 is the atomic weight of carbon (g mol−1).

The vertical bar on the right of each variable indicates the day number (top) and the type

of variable (bottom)(obs: observed, σt: inferred from density).

Nitrate concentration in the absence of local net primary production (N̂O−3 ; mmol m
−3)

was estimated from density using the CTD profiles (Section 2.2.4.1), observed chloro-

phyll biomass (Chl; mgm−3) was determined from the fluorescence profiles (Section 2.2.3),

and observed nitrate concentration (NO−3 ; mmol m
−3) was determined from water samples.

All values were averaged over the upper 20 m at each station.

2.2.4.3 Phytoplankton Biomass Prediction Model

In order to determine if the magnitude and variability of phytoplankton biomass can be ac-

counted for by hydrography and upwelled nutrients, a phytoplankton biomass prediction

model is developed at the mooring station SB3 (mid-bay) using a relationship between
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chlorophyll biomass estimated from the optical data ((Chl)aφ ; mg m
−3) and three explana-

tory variables: water density at the surface (ρs; kg m−3), water density near the bottom

(ρb; kg m−3) and estimated bottom nitrate ((N̂O−3 )b; mmol m
−3). Water density both at sur-

face and bottom was selected to represent the hydrographic conditions in Lunenburg Bay,

which reflect a range of dynamic processes including mixing, stratification, upwelling

(onset, relaxation) or downwelling. Bottom nitrate (estimated from density) was selected

to account for the change in phytoplankton biomass resulting from the input of nitrate

during upwelling events. It is important to include this predictor independently of density

since nitrate concentration is not linearly related to density but rather depends on a density

threshold that represents the nitracline (bilinear relationship, Figure 2.2).

The relationship is determined using a multiple linear regression model formulated as

follows:

Chl(t) = a · ρb(t) + b · ρs(t) + c · (N̂O−3 )b(t − Δt) + d + ε(t) (2.3)

where a and b (mgChl kg−1), c (mgChl mmolN−1) and d (mgChl m−3) are the model

coefficients, ε(t) represents the model residuals (uncorrelated to the other terms) and Δt

is a time lag introduced to account for the time between the onset of the upwelling and

the subsequent increase in phytoplankton biomass. Δt was chosen to maximize the fit of

the linear regression to the dataset through an incremental procedure. The multiple linear

regression coefficients are also estimated using standardized variables in order to retrieve

standardized coefficients (beta coefficients), which are an indication of the contribution of

each predictor to the model.

In the study, the multiple regression model is estimated with the first half of the dataset

(days 150–189) and the rest of the dataset used to predict chlorophyll biomass. To test its

overall ability to predict chlorophyll biomass, the model is also used for prediction (period

June-August) for all the years covered by the observing system (2003–2006, required data

not available for 2002 and 2007). In 2006, the lack of bottom salinity and temperature

data at SB3 after day 215 prevents the prediction of chlorophyll biomass after that date.
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2.2.4.4 Multivariate Analysis of Plankton Community Structure

Changes in plankton community structure between sites were assessed with the Bray-

Curtis dissimilarity index (Bray and Curtis, 1957) which was used as an input for Non

Metric Multidimensional Scaling (NMDSp for phytoplankton and NMDSz for zooplank-

ton). This statistical method, which maximizes the correlations between community dis-

similarity and ordination distance, is used to visualize the similarities and dissimilari-

ties in community composition in a multi-dimensional space (Legendre and Legendre,

1998). The analysis was carried out using the statistical program R with the vegan pack-

age (Dixon, 2003).

2.3 Results

2.3.1 Wind Events Selected for the Study

Typical of the summer, the dominant winds were oriented northeastward during the study

(i.e., positive alongshore wind stress in Figure 2.3A). Two distinct types of alongshore

upwelling favourable wind events (i.e. wind oriented 60◦, see Petrie et al., 1987) were

analyzed during the study: sustained and storm-induced upwelling events.

A sustained upwelling is defined as a prolonged period of synoptic intermittent north-

eastward winds (� 4 day), typical for the development of offshore Ekman transport along

the coast of Nova Scotia. A minimum threshold of 0.1 N m−2 for the maximum (posi-

tive) alongshore wind stress is used to discriminate these events. In early summer 2006,

two successive periods of sustained upwelling, June 28–July 3 (day 179–184, hereafter

Sustained 1) and July 9–July 12 (day 190–193, hereafter Sustained 2), were selected us-

ing these criteria (Figure 2.3). The average alongshore wind stress during the overall time

interval including the two events (June 28–July 12) is 0.03 N m−2, which coincides with

the value reported by Petrie et al. (1987) over 31 days during a time period of sustained

upwelling in July 1984.

A storm-induced upwelling event is defined as a short period of strong northeastward
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Figure 2.3: Time series from the observatory for the period May 30 - August 18, 2006.
A. Wind stress and wind speed vectors from BatPt station. Top circles indicate the
dates of the transects and filled circles the transects presented in the analysis. The black
thin line is the cut-off wind stress (0.1 N m−2) for selecting sustained upwelling periods.
Shaded areas indicate the meteorological events selected for analysis (see Section 2.3.1).
B-C. Temperature and salinity from the SB3 mooring surface (1 m) and bottom (9 m)
sensors. D. Daily estimates of chlorophyll concentration at the three moorings (see
Section 2.2.2.2). E. Proxy for bottom nitrate (9 m) at SB3 (see Section 2.2.4.1 and more
details in Figure 2.7B).
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winds (∼1 day duration) generated by the transit of a storm. The timescale differs sig-
nificantly from a sustained upwelling. The same minimum threshold of 0.1 N m−2 for

the maximum (positive) alongshore wind stress is used to select such an event. A storm-

induced upwelling event (hereafter Storm Event, Figure 2.3) was detected in mid-summer

2006 using localized weather forecast. An intensive adaptive sampling was conducted fol-

lowing the Storm Event (see Section 2.2.3 for details).

2.3.2 Variability Associated with Sustained Upwelling

The development of the first sustained upwelling event (Sustained 1) is observed on the

SST images of the inner Scotian Shelf (Figure 2.4). Coastal bands of cold water appear

during the event, reaching a maximum area on day 184 (July 3) with surface water down

to 8°C outside Lunenburg Bay. Inside the bay, a peak of 1025.3 kg m−3 bottom density

is recorded (T = 4.8°C, S = 31.9, Figure 2.3 & 2.5), which corresponds to water found

at a maximum of 33 m depth on the Scotian Shelf in July (1999–2005 Station 2 data,

Therriault et al., 1998). A coastal band of cold water is also observed on the SST images

at the end of the second sustained upwelling event (sustained 2) (limited spatial coverage,

Figure 2.4), with a similar increase in density inside Lunenburg Bay.

The biological effects inside Lunenburg Bay appear on the enhanced sampling transects

(Figure 2.5). Chlorophyll biomass is low prior to Sustained 1 event during a period of

weak wind conditions (Figure 2.3 & 2.5). Low chlorophyll biomass is also characteristic

of the onset of the event, an indication of the transport inshore of phytoplankton-poor

deep water from the shelf. The event then leads to an increase in chlorophyll biomass,

mainly in the deep area around the entrance of the bay (stations N3, T5 and X6) where

the maximum in-situ chlorophyll biomass occurs at 11 m at station T5 (4.5 mg m−3). A

comparison with the pre-upwelling transect reveals an upward movement of the reference

isopycnal from 21 m to 7 m, indicating the shoaling of the nitracline and consequently the

input of nitrate in the photic layer during the event. Deep and subsurface nitrate samples

collected during the two dates confirm this process (Figure 2.6A). Similar hydrographic

conditions are found on day 191 during Sustained 2 event, associated with a decrease in

chlorophyll biomass (Figure 2.3 & 2.5), followed on day 199 by stratified conditions with

a deepening of the reference isopycnal, the consequence of upwelling relaxation. Thin
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layers of phytoplankton were detected at this date on the deep end side (Figure 2.5) with

a maximum biomass at 12 m at station X6 in the water samples (2.8 mg m−3) and at 9 m

at station N3 in the fluorescence profiles (3.0 mg m−3).

The estimated nitrate time series at SB3 (mid-bay) indicates an increase of nitrate con-

centration to about 2 mmol m−3 during Sustained 1 and Sustained 2 events (Figure 2.7B).

This is significant compared to the low-nitrate background concentration observed through-

out the summer on the climatology, and confirms that sustained upwelling events are a

source of nitrate to Lunenburg Bay. On the time series, some discrepancy occurs between

observed and estimated nitrate concentration during Sustained 2 event (Figure 2.7B),

which suggests the utilization of nitrate for primary production during the sustained up-

welling events, not taken into account by the nitrate proxy.

This process is evaluated with the Ĉhl analysis during Sustained 1 event, when pre and

post-event transects are available (Figure 2.8). The comparison between the chlorophyll

anomalies calculated from density and the observed variation in chlorophyll during the

event indicates a good agreement at stations N3, T5 and X6, which are located in the

deep end side near the entrance or outside of Lunenburg Bay. This agreement indicates

an increase in chlorophyll biomass due to local primary production in this area, induced

by the input of upwelled nitrate inside Lunenburg Bay during Sustained 1 event. At the

inshore stations (B7, SB2 and H5), chlorophyll anomalies are small, indicating a weak

or no expected effect of the event on the local accumulation of chlorophyll biomass. The

disagreement with the observed chlorophyll biomass at SB2 suggests other processes of

phytoplankton accumulation at this station.

To summarize, the two sustained upwelling events were a source of nitrate from the

inner Scotian Shelf to Lunenburg Bay and resulted in enhanced phytoplankton biomass in

the deep end side of the bay. These changes in chlorophyll concentration were relatively

small compared to the variability in other well studied upwelling systems (Hickey and

Banas, 2003; Álvarez-Salgado et al., 2010), however; lower than the > 5 mgChl m−3

typically observed in the spanish rias and used as a threshold to validate our hypothesis.
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2.3.3 Variability Associated with Storm-Induced Upwelling

Conditions on the inner Scotian Shelf after the Storm Event (day 221, second day of the

intensive adaptive sampling) indicate warm surface temperatures, about 15°C at the coast,

which corresponds to the surface water temperature concurrently observed in Lunenburg

Bay (Figure 2.3B,C & 2.9A). Pre-event conditions are available a week before the storm

(day 213), indicating stratified conditions throughout Lunenburg Bay (Figure 2.9A). Imme-

diately following the Storm Event (day 220), estuarine conditions are observed inshore.

Local storm-induced surface circulation combined with heavy rainfall during the storm

can explain this pattern. A tilt in the isopycnals appears along the transect line the next

day (day 221). The reference isopycnal propagates inshore to mid-depth where shallower

isopycnals reach the surface and deepen shelfward (from 10 to 20 m at X6). Stratified con-

ditions are observed the third day (day 222) throughout the bay indicating the relaxation

of the event. This high-frequency variability can be explained by the wind-induced local

movement of surface water towards the mouth and then the head of the bay, which results

in the local inclination of subsurface isopycnals and leads to the transient upwelling of

local shallow subsurface waters at the inshore locations SB2 and B7. This local process

can be contrasted with the sustained upwelling events that result in the shoaling of deep

isopycnals on the inner shelf which translate to Lunenburg Bay. On the contrary, deepen-

ing of subsurface isopycnals shelfward during the Storm Event resulted in lower nitrate

concentration in the surface layer (deeper nitracline, Figure 2.6B), whereas inshore, the

upwelling of local shallow water with low nitrate concentrations (< 0.5 mmol m−3, day

221 on Figure 2.6B) did not influence nitrate concentration in the surface layer. This rapid

decrease in nitrate concentration in the upper 20 m did not result in a subsequent increase

in chlorophyll biomass (Figure 2.6 & 2.9). This suggests an advective process rather than

nitrate utilization by primary producers.

The maximum chlorophyll values following the event (2–3 mg m−3) were found in

the surface samples at the inner stations (B7 and SB2) during the first day of sampling

reflecting either previous local production, transport, or resuspension of benthic diatoms

by mixing during the Storm Event (Figure 2.9B). Similar observations were made during

the sustained upwelling events (i.e., mismatch between measured and estimated ΔChl,

Figure 2.8), as well as after a downwelling event (day 159, data not included) indicating an
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analogous local effect inshore. A subsurface peak of chlorophyll is also present at X6 the

day following the storm. The rest of the samples indicate low chlorophyll concentrations

in the bay (1 mg m−3).

To summarize, the storm-induced upwelling event, despite the strong northeastward

wind conditions, was not a source of nitrate to Lunenburg Bay and did not induce a local

phytoplankton response.

2.3.4 Drivers of Variability in Phytoplankton Biomass

The results denote that during the time period investigated, the dominant variability in

phytoplankton biomass arises around the period of sustained upwelling. Two periods rep-

resenting a month-long time interval can be isolated in the time series (Figure 2.3 & 2.7A).

Before the two sustained upwelling events, a long period of low nitrate concentration

(proxy times series, Figure 2.7B) corresponds to an overall decline in phytoplankton

biomass over the two-week period preceding Sustained 1 event (June 15–28, Figure 2.7A).

This is followed by a three-week period of increasing phytoplankton biomass (June 29–

July 19) associated with the input of nitrate from the shelf during the period of sustained

upwelling.

The phytoplankton biomass prediction model is used to determine the contribution of

hydrographic conditions to the variability in phytoplankton, including the nitrate input

associated with upwelling conditions. The multiple regression for Eq. 2.3 yields a predic-

tion model with the form:

Chl(t) = −0.256 · ρb(t) − 0.309 · ρs(t) + 0.210 · (N̂O−3 )b(t − 2.75) + 579.792 (2.4)

A summary of the regression model statistics is presented in Table 2.1. A significant

part of the variability in chlorophyll biomass is explained by the model (days 152–188,

R2 = 0.64), which has also some predictive skill, in particular during Sustained 2 event.

The second part of the 2006 dataset (days 189–215) indicates however that the prediction

skill of the model is limited for that time period (R2 = 0.26). Considering the whole

2003–2006 period, the model demonstrates the ability to predict chlorophyll biomass in

the bay (R2 = 0.49, see Figure 2.10). This ability is relatively similar in 2004 (R2 = 0.48)
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Table 2.1: Summary of statistics for the phytoplankton biomass prediction model
(Regression model, i.e. Eq. 2.4, left) and for the prediction from the model for each
year and for the entire 2003–2006 period (Predictive skill). In 2006, the regression model
is estimated from the dataset for the days 152 to 188 and the prediction is calculated for
the days 189 to 215. R2 is the coefficient of determination, F is the F-statistic, n is the
number of observations and p indicates the level of significance.

Regression model Predictive skill

(estimate) 2003 2004 2005 2006 All years

R2 0.64 0.14 0.48 0.40 0.26 0.49

F 62.4 13.5 80.6 10.0 0.26 244.1

n 37 88 90 17 27 259

p < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

and in 2005 (R2 = 0.40), but not in 2003 when the model yields poor predictive skills

(R2 = 0.14). Optical estimates of chlorophyll biomass are significantly lower in 2003

compared to the other years (t = −13.6, n = 305, p < 0.01), which could explain the poor
predictive skills during that year. The poor fit in 2003 may also indicate a different regime

during that year, which the regression fails to represent.

Overall, about half of the variability observed in optically estimated phytoplankton

biomass at SB3 is associated with the changes in water column density and the time

lag for the phytoplankton response to changes in nitrate inferred from bottom sea water

density (Table 2.1). The sign of the model coefficients reveals that phytoplankton biomass

is negatively correlated with bottom and surface density (a, b respectively), suggesting a

negative effect of the onset phase of sustained upwelling events on phytoplankton biomass

whereas the effect is positive during the relaxation phase of the events. The same patterns

were revealed in an empirical orthogonal functions analysis of the SB2 (inshore) and SB3

(mid-bay) mooring dataset over the same time range (see Appendix B).

As expected, the lagged nitrate term (c) has a positive effect on phytoplankton biomass

in the prediction model, indicating the positive response of phytoplankton biomass to the
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Figure 2.10: Comparison between chlorophyll biomass at station SB3, estimated from
observed optical data with the inverse optical model (Huot et al., 2007), and predicted
primarily from density measurements using the phytoplankton biomass prediction model
during the period June-August from 2003 to 2006.

input of nitrate during sustained upwelling events. The time lag found in the analysis

(Δt = 2.75 days) is an indication of the time scale of this response and corresponds to a

typical growth rate for phytoplankton (0.4 d−1). The regression model is therefore able

to estimate the growth rate of phytoplankton during the periods of upwelling events in

Lunenburg Bay.

The prediction skill of the model for the period 2004–2006 indicates that the underlying

processes in the regression model are recurrent drivers of phytoplankton variability during

the summer in Lunenburg Bay. The standardized regression coefficients for Eq. 2.3, re-

spectively a = −0.42 (bottom density); b = −0.55 (surface density); and c = 0.36 (lagged
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Table 2.2: Summary of plankton species composition in 2006. N is the total abundance
of phytoplankton (×1000, ind m−3) and zooplankton (×1000, ind m−2), S is the total
species number and H′ is the Shannon diversity index. Phytoplankton < 10 μm were
not enumerated. The percentage of diatoms (Diat), dinoflagellates (Dino) and copepods
is indicated for each sample as well as the two dominant species and their relative occur-
rence. The species are: Diatom species: ske: Skeletonema spp., chs: Chaetoceros (small),
stu: Striatella unicata, pen: pennate diatoms, pse: Pseudo-nitzschia delicatissima, nil:
Nitzschia longissima, par: Paralia, rhi: Rhizosolenia. Dinoflagellate species: cel:
Ceratium longipes, hen: Heterocapsa niei. Zooplankton species: ois: Oithona similis,
tel: Temora longicornis, con: copepoda nauplii, acc: Acartia clausi, pol: polychaeta, bil:
bivalvia larvae, evs: Evadne sp, pse: Pseudocalanus sp, fri: Fritillaria sp.

A. PHYTOPLANKTON

N S H′ % Diat/Dino Main species % Total

Day SB2 MB1 SB2 MB1 SB2 MB1 SB2 MB1 SB2 MB1 SB2 MB1

151 – 8.85 – 7 – 0.52 – 90/10 – ske,hen – 90,4
160 103.15 84.13 22 8 0.44 0.30 98/2 99/1 ske,chs ske,stu 92,2 94,2
164 53.07 60.41 20 10 1.00 0.29 95/4 97/2 ske,chs ske,cel 77,9 95,1
172 2.85 2.97 13 10 1.94 1.85 27/69 55/42 cel,stu ske,cel 48,14 34,30
179 – 0.79 – 8 – 2.35 – 34/61 – ske,stu – 28,22
187 35.33 20.11 26 25 2.43 2.46 88/12 71/25 pen,chs chs,nil 23,14 29,13
191 23.55 – 22 – 1.93 – 85/14 – ske,chs – 43,13 –
199 66.68 216.58 24 25 0.74 1.16 90/10 98/2 ske,psd ske,psd 86,3 70,12
207 23.77 35.31 25 17 1.98 1.52 85/15 91/6 ske,psd par,ske 42,17 43,31
213 14.68 73.31 18 21 1.52 0.87 71/28 98/2 ske,hen ske,chs 61,15 70,25
227 305.72 64.52 20 7 0.76 0.63 99/1 100/0 ske,chs ske,rhi 80,11 83,11

B. ZOOPLANKTON

N S % Copepod Main species % Total

Day SB2 N3 X6 SB2 N3 X6 SB2 N3 X6 SB2 N3 X6 SB2 N3 X6

151 269 – 246 19 – 23 88 – 85 con,acc – ois,tel 21,20 – 28,21
160 192 – – 12 – – 75 – – con,pol – – 48,22 – –
164 501 324 653 19 23 18 69 88 91 acc,pol ois,con ois,pse 28,26 37,21 34,22
172 213 677 470 19 24 21 71 77 73 ois,pol ois,tel ois,bil 29,15 21,20 31,18
179 180 458 426 23 20 22 68 78 56 con,acc tel,ois ois,bil 13,12 30,12 29,19
187 48 131 198 17 23 21 86 76 74 con,acc con,acc ois,pse 38,18 20,14 20,19
191 260 642 889 21 20 28 78 81 71 con,acc con,acc ois,tel 27,23 20,20 24,18
199 265 490 266 19 22 27 78 72 81 acc,con acc,con ois,pse 35,13 21,20 25,14
203 296 453 340 20 20 25 67 73 79 acc,con acc,ois ois,tel 21,11 21,14 26,18
207 361 – 370 22 24 29 75 – 44 acc,ois – par,ois 18,13 – 36,18
213 237 337 233 18 25 26 75 69 60 ois,acc tel,evs ois,evs 19,16 17,14 28,15
220.35 358 517 – 21 23 – 60 72 – acc,bil tel,ois – 19,16 26,15 –
220.65 427 274 47 17 19 25 81 61 71 acc,con tel,fri ois,con 41,12 31,13 36,11
221.35 523 504 105 19 24 18 82 77 75 acc,ois tel,acc ois,con 41,12 25,14 30,20
221.65 526 531 134 19 21 22 73 77 79 acc,bil tel,acc ois,con 39,16 26,14 38,15
222.35 539 405 – 19 22 – 85 62 – acc,tel tel,ois – 46,16 16,15 –
222.65 304 685 – 20 21 – 88 69 – acc,con tel,acc – 44,11 23,15 –
227 609 761 102 18 25 22 79 81 69 acc,tel tel,acc ois,con 49,7 30,12 25,23
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bottom nitrate), indicate a larger contribution of surface density to the relationship. This

dissimilarity between the contribution of surface and bottom density suggests that surface

density stratification also contributes to the variability of phytoplankton biomass at SB3.

The remainder of the variability, which is not accounted for by the three predictors in

the phytoplankton biomass model, can result from uncertainties in the optical model (see

Huot et al., 2007) that induce a mismatch with the predictions and an error in the regres-

sion model, and from other processes not included in the regression model, that contribute

to the control of phytoplankton biomass in Lunenburg Bay during the summer.

2.3.5 Effects on Plankton Assemblages

2.3.5.1 Phytoplankton

A total of 69 phytoplankton taxa (> 10 μm) were identified during the study, among which

most species were diatoms and dinoflagellates. Phytoplankton abundance (ind m−3) was

dominated by the coastal and opportunistic diatom Skeletonema spp. in 2006 (Table 2.2A),

except for the period preceding and during Sustained 1 and Sustained 2 events. On the

date preceding Sustained 1 event (day 179), Skeletonema spp. is absent from the phy-

toplankton assemblage. This date corresponds to the end of the 2–3 week time period

without nitrate input from the Scotian Shelf and the concurrent decline in phytoplankton

biomass (see Section 2.3.4). The decrease in phytoplankton abundance over the same pe-

riod, and its seasonal minimum observed inside Lunenburg Bay on day 179, corroborate

the decline observed in phytoplankton biomass.

The multivariate analysis presented in Figure 2.11 (r2 = 0.94, stress = 0.243) seg-

regates the scores of the species weighted average (i.e., centroid of the species on the

NMDS axes) along the first dimension of the NMDSp into two distinct groups represent-

ing diatoms and dinoflagellates (p < 0.01, n = 37, see Table 2.3). Therefore along this

dimension, temporal changes of the sample scores (i.e. location of a community at particu-

lar time and location in the multidimensional space) represent a shift in the phytoplankton

community structure (dinoflagellates/diatoms). This shift is also associated with a change

in phytoplankton abundance since dinoflagellates dominate the community when phyto-

plankton abundance is low, whereas diatoms (predominantly Skeletonema spp.) dominate
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Table 2.3: Spearman rank correlations of environmental and temporal variables with the
NMDS sample scores of phytoplankton (n = 19) and zooplankton (n = 47), as well
as phytoplankton group types (diatom, dinoflagellate, flagellate) with the phytoplankton
species scores (n = 37) along the two dimensions of the NMDSp and NMDSz; bold
values indicate a significant correlation with ∗p < 0.05 and ∗∗p < 0.01.

Phytoplankton Zooplankton

Variables NMDSp 1 NMDSp 2 NMDSz 1 NMDSz 2

Day of year 0.14 −0.49∗ −0.18 0.14
Algal group −0.80∗∗ −0.19 – –
Temperature (surface) −0.24 −0.40 0.02 −0.25
Temperature (bottom) 0.17 0.24 −0.08 0.02
Salinity (surface) 0.05 −0.45 −0.19 0.23
Salinity (bottom) −0.12 −0.52∗ −0.20 0.21
Density (surface) 0.18 −0.17 −0.14 0.28
Density (bottom) −0.23 −0.40 −0.03 0.11
Stratification index −0.30 −0.08 0.06 −0.15
Depth −0.15 −0.08 0.90∗∗ 0.04
Distance to shore 0.15 0.08 0.90∗∗ 0.03

the community during periods of high phytoplankton abundance (see Table 2.2A). These

two dominant phytoplankton groups are similar throughout the summer 2006 at the moor-

ing stations SB2 and MB1 where the data were collected. Among the two stations, SB2 is

located at the head of Lunenburg Bay, whereas MB1 is near the entrance (Figure 2.1), sug-

gesting that phytoplankton assemblages were similar throughout Lunenburg Bay during

the period investigated. More spatially resolved data are necessary to support this pattern

however. The rest of the analysis focuses on the patterns in phytoplankton community

structure observed at MB1.

The temporal patterns of the sample scores along the first dimension of the NMDSp

(Figure 2.11A), indicate that at MB1 the phytoplankton shifts towards a dinoflagellate

dominated assemblage prior to Sustained 1 event (days 172 and 179). This period corre-

sponds to the decline in phytoplankton biomass and abundance during the period without

nitrate input from the Scotian Shelf (Section 2.3.4). Sustained 1 event leads to a rapid shift

towards a mixed assemblage dominated by diatoms, but where dinoflagellates reach their
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Figure 2.11: Species weighted average scores along the two dimensions of the NMDSp
analysis. The name of each species is indicated for each symbol. Rare and low abundance
species are not represented on the figure.
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Figure 2.12: Changes in phytoplankton community composition as represented by sample
scores along the dimensions of the NMDSp. A. Time series of the sample scores along
the first dimension at stations SB2 (�) and MB1 (�). Shaded areas represent the sustained
and storm-induced wind events. B. Sample scores (labelled by day number) along the
two dimensions for station MB1. Variations along Dimension 1 represent changes in the
dominant group of species (see Figure 2.11 & Table 2.3).
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seasonal maximum in abundance. At that time, dinoflagellate species are dominated by

Ceratium longipes, typical of deep phytoplankton populations on the Scotian Shelf. This

is an indication of the inshore transport of phytoplankton species during the upwelling

event (cf Côté and Platt, 1983). This response to Sustained 1 event corresponds to a

3-fold increase in the number of species that reaches a seasonal maximum (Table 2.2A).

A mixed phytoplankton assemblage largely dominated by the diatom Skeletonema spp.

is present after Sustained 2 event (day 199) when phytoplankton abundance reaches a

seasonal maximum at the mooring station MB1 (Table 2.2A). The increase in phytoplank-

ton abundance during this relaxation phase is more pronounced at MB1, which reveals a

spatial pattern of phytoplankton abundance resulting from the relaxation of the upwelling

conditions. This agrees with the observations of chlorophyll biomass (Section 2.3.2). The

variations of the sample scores are not as clear along the second axis (Figure 2.11B), but

suggest temporal patterns of phytoplankton assemblages that are not related to the occur-

rence of the sustained upwelling events.

Given the short time-scale of the storm-induced upwelling event, the low nitrate con-

centrations and low chlorophyll biomass observed throughout the event (Section 2.3.3),

neither changes in phytoplankton community structure nor in abundance were expected

during this event. Nevertheless, since phytoplankton taxonomy data were not available

during the event, the short-term variability in phytoplankton species composition associ-

ated with the storm-induced upwelling event cannot be examined.

2.3.5.2 Zooplankton

The dominant species recorded in the zooplankton samples are listed in Table 2.2B. On av-

erage, copepods represent 75% of the total zooplankton abundance, the dominant species

being the small copepods Acartia clausi, Oithona similis, Temora longicornis, as well

as Pseudocalanus sp. (Table 2.2B). In contrast to the temporal patterns observed in the

phytoplankton, the multivariate analysis reveals that zooplankton sample scores along

the first dimension of the NMDSz (r2 = 0.96, stress = 0.190, Figure 2.13) are signif-

icantly grouped by sampling location along an inshore-offshore gradient of increasing

depth (p < 0.01, n = 47, see Table 2.3). This correlation is statistically significant and

appears to be the only correlation with the environmental and temporal variables tested in
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Figure 2.13: Changes in zooplankton community composition as represented by sample
scores along the dimensions of the NMDSz analysis. The samples are grouped by station.
A. Scatter plot of the sample scores along the two dimensions of the NMDSz. B. Time
series of sample scores along the first dimension of the NMDSz. Shaded areas represent
the sustained and storm-induced wind events.
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Table 2.4: Main species in the zooplankton samples and their scores on the two dimen-
sions of the NMDSz. The species are ordered from their position along the first dimension
of the NMDSz (NMDSz 1).

Species/taxon NMDSz 1 NMDSz 2

Harpacticoida −1.07 −0.02
Podon sp. −0.42 0.32
Eurytemora herdmani −0.38 0.00
Acartia clausi −0.33 −0.13
Bryozoans −0.16 −0.07
Acartia sp. (copepodite) −0.12 −0.01
Podon leuckartii −0.09 −0.15
Paracalanus sp. −0.09 −0.41
Polychaetes (larvae) −0.08 −0.01
Euphausiids (calyptopsis) −0.06 0.35
Copepods (nauplii) −0.05 0.01
Centropages typicus −0.04 −0.62
Gastropods (larvae) −0.04 −0.03
Copepods (copepodite) −0.02 −0.03
Evadne sp. −0.01 0.04
Temora longicornis −0.01 −0.02
Acartia longiremis 0.00 −0.04
Oithona similis 0.00 0.03
Bivalves (larvae) 0.00 −0.01
Limacina helicina 0.04 −0.08
Centropages sp. (copepodite) 0.06 0.06
Oithona sp. 0.06 −0.02
Pseudocalanus sp. 0.09 0.02
Obelia sp. 0.14 −0.25
Euphausiids (nauplii) 0.16 0.43
Calanus finmarchicus 0.19 0.03
Echinoderms (larvae) 0.26 −0.20
Mysidacaea (larvae) 0.30 0.16
Oithona atlantica 0.31 0.06
Limacina sp. 0.32 0.22
Euphausiids (egg) 0.38 0.75
Metridia lucens 0.50 −0.08
Cnidarians 0.62 0.26
Metridia longa 0.63 0.40
Aglantha digitale 0.66 −0.13
Parasagitta sp. 0.93 −0.10
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the analysis for the two axes of NMDSz. The second dimension of the NMDSz also con-

tributes to discriminate the groups and despite some overlapping along the first dimension,

the groups remain distinct throughout the study (Figure 2.13A). High frequency variabil-

ity appears within each group during the intensive adaptive sampling (Storm Event), when

the sampling frequency is higher, which illustrates the importance of high-frequency data

collection. Despite this variability the overall spatial patterns remain, which confirms the

pattern observed during the weekly sampling.

Along this inshore-offshore gradient of increasing depth, at the inshore mooring sta-

tion SB2, the zooplankton community is dominated by the nearshore copepod Acartia

clausi, whereas offshore at X6, the abundant and ubiquitous copepod species Oithona

spp., in particular Oithona similis, are dominant. Station N3 is at an intermediate position

along the spatial gradient and a mix of SB2 and X6 communities occurs (Figure 2.13,

Table 2.2B & 2.4). Zooplankton abundance at the three locations varies throughout the

summer (Table 2.2B). However, it is related to the occurrence of neither sustained nor

storm-induced upwelling events, apart from a lower abundance following Sustained 1

event, which do not influence the spatial variability in community structure. There is there-

fore no evidence of a temporal structure in the zooplankton assemblages, which are de-

coupled from the occurrence of the northeastward wind events (Figure 2.13B). Opposing

the temporal patterns in phytoplankton community structure, zooplankton communities

are therefore structured spatially by a depth-distance gradient representing a change in

habitat.

2.4 Discussion

Despite the occurrence of coastal upwelling over the inner Scotian Shelf in summer

(Petrie et al., 1987) and the resulting effects on the hydrography and nutrient variability

in adjacent inlets (Platt et al., 1972; Heath, 1973), the biological effects of upwelling con-

ditions on the lower pelagic food web and the productivity of an oligotrophic inlet has not

previously been investigated, either in this region or in similar inlets across the northeast

coast of North America where similar nearshore conditions occur (e.g. Clemente-Colón
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and Yan, 1999). The observations made in Lunenburg Bay in summer 2006, and the pre-

dictions covering the time period 2003–2006, are therefore important for the region and

confirm the effect of atmospheric forcing in driving the variability of nitrate and phyto-

plankton in Nova Scotian inlets, as demonstrated by previous studies (Platt et al., 1972;

Lewis and Platt, 1982; Côté and Platt, 1983). Adding on these studies, this work demon-

strates that sustained upwelling events have a significant influence on the variability of

phytoplankton biomass inside Lunenburg Bay, which has been associated with and pre-

dicted from the changes in water density and the input of nitrate from the Scotian Shelf.

It reveals that at the seasonal scale, sustained upwelling events play a role in determining

the mean state of productivity in this type of oligotrophic system. At shorter time scales,

the study indicates that these events influence phytoplankton assemblages and regulate

the spatial patterns of phytoplankton biomass inside Lunenburg Bay.

2.4.1 Biological Variability Associated with Upwelling Events

In early summer 2006, the development of coastal upwelling conditions associated with

two successive periods of sustained upwelling was typical of nearshore areas in coastal

upwelling systems. Sustained northeastward winds induced the development of coastal

upwelling conditions that resulted in the intrusion of the nitracline in the euphotic layer

inside Lunenburg Bay, inducing a transient increase in nitrate concentration. Given the

otherwise low background nitrate concentrations in the bay, this is a prominent process

for the local nitrate dynamics in summer. This result verifies the hypothesis of an input

of nitrate from the inner Scotian Shelf into Lunenburg Bay during periods of sustained

upwelling.

These events influenced the temporal patterns of phytoplankton biomass in two ways

in 2006. First, the onset phase of the upwelling was characterized by low phytoplank-

ton biomass, indicating the Ekman transport of phytoplankton-poor waters into the bay.

This was represented by the occurrence of the dinoflagellate Ceratium longipes, as pre-

viously observed in a neighbouring inlet (Côté and Platt, 1983). In general, this process

contributes to the seasonal variability in phytoplankton biomass and productivity (Brown

and Hutchings, 1985; Crespo et al., 2006). In Lunenburg Bay, it contributed to the sea-

sonal dynamics in phytoplankton biomass during 2006. The negative contributions of
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density to chlorophyll biomass in the phytoplankton biomass prediction model confirm

that it is a general process influencing the local phytoplankton biomass. Despite this

process, and the relatively short duration of each pulse of upwelling, the shoaling of the

nitracline inside the bay stimulated the local accumulation of phytoplankton during the

sustained upwelling events in 2006. The peak in phytoplankton (abundance and biomass)

was reached during the relaxation phase of the upwelling, with a two-fold increase in

chlorophyll biomass. This was confirmed by the phytoplankton biomass prediction model

(Section 2.3.4). The relaxation phase of the upwelling, as seen in other systems (e.g.,

Fraga et al., 1988; Tilstone et al., 2000), is therefore important for the development of

phytoplankton biomass in Lunenburg Bay.

Spatial variability is associated with the sustained upwelling events and appears on the

longitudinal axis of the bay. Along this axis, nitrate concentrations are enhanced towards

the mouth and the outside of the bay where upwelling source water originates. During

the upwelling relaxation phase, it promotes the development of a phytoplankton gradient

(abundance and biomass increasing outward) along the same axis of enhanced coupling

with the inner shelf (Figure 2.8). It confirms that sustained upwelling events regulate

the spatial patterns of phytoplankton biomass (and abundance) in Lunenburg Bay. Such

a horizontal gradient is inherent to upwelling systems and can be related to circulation

and bathymetry patterns (Álvarez-Salgado et al., 1996b), but also to the intensity of the

events (Tilstone et al., 1994). Variations in residence time along this axis of increasing

coupling with the inner shelf may influence this gradient. This aspect will be investigated

in Chapter 3.

The extended time period without nitrate input from the shelf in 2006, the concurrent

decrease in phytoplankton biomass and abundance and their subsequent increase during

the upwelling pulses suggest that sustained upwelling events have a positive effect on the

overall productivity of Lunenburg Bay in summer. This is supported by the nitrate term in

the prediction model that increases the magnitude of chlorophyll biomass in the relation-

ship. It is then suggested that the periodic nitrate inputs driven by sustained upwelling

events, enhance the mean state of productivity inside Lunenburg Bay in summer.

Despite the significant effects of sustained upwelling events on the spatial and temporal
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patterns of phytoplankton biomass, the magnitude of phytoplankton variability is rather

small and therefore sustained upwelling events do not induce the large increase in phyto-

plankton biomass hypothesized (chlorophyll biomass > 5 mg m−3). This contrasts with

other inlets in the vicinity of major upwelling regions (Hickey and Banas, 2003; Álvarez-

Salgado et al., 2010). However, the chlorophyll anomalies in the Ĉhl analysis (i.e., nitrate

proxy vs. observed variation in chlorophyll, Figure 2.8) and the phytoplankton biomass

prediction model (Section 2.3.4) revealed that the magnitude of the phytoplankton re-

sponse in Lunenburg Bay corresponds to the magnitude of nitrate variations induced by

the upwelling event. Both of these analyses were based exclusively on density and its

relationship with nitrate to estimate or predict chlorophyll biomass. This dependency on

the nitrate-density relationship emphasizes the importance of nitrate distribution on the

Scotian Shelf for the biological dynamics in Lunenburg Bay. It suggests a limitation in

the magnitude of the inshore phytoplankton biomass response to the sustained upwelling

events resulting from low nitrate concentrations in upwelling source waters.

Overall, the sequences of sustained upwelling in 2006 and the relationship between

density and phytoplankton variability reveal the role of wind-induced coastal upwelling

events in controlling the short-term temporal variability of phytoplankton during the sum-

mer in Lunenburg Bay (i.e. period > 1 day). These dynamics support the concept of a

dominant control by wind-induced offshore processes over inshore biological systems in

the region (Lewis and Platt, 1982). The analysis of a storm-induced upwelling event has

demonstrated that the effects of upwelling events depend on the characteristic time-scale

of the wind forcing, which controls the development of coastal upwelling conditions on

the Scotian Shelf (Petrie et al., 1987). The Storm Event was characterized by a dynamic

response of Lunenburg Bay to the wind forcing, without the shoaling and the propagation

of the nitracline into Lunenburg Bay. Rather, it resulted in the upwelling of local, nitrate

depleted, subsurface shallow waters at the head of the bay that did not influence local

primary production.
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2.4.2 Implications for Plankton Communities

The upwelling induced inshore-offshore gradient revealed for phytoplankton biomass and

abundance during the periods of sustained upwelling, is not apparent in the phytoplank-

ton assemblages, despite some spatial variability in the dominant species. Therefore, sus-

tained upwelling events do not appear to regulate the spatial patterns of community struc-

ture in phytoplankton assemblages. The temporal variability in phytoplankton biomass

and abundance induced by the upwelling events is nonetheless associated with a mod-

ification in the structure of the phytoplankton community inside Lunenburg Bay. The

phytoplankton community was generally dominated by diatoms in summer 2006, as of-

ten seen in inlets (Cloern and Dufford, 2005; Varela et al., 2008). Weak wind conditions

and a prolonged period of low nitrate concentration in early summer promoted a structural

shift in the phytoplankton community with the development of a dinoflagellate-dominated

phytoplankton assemblage, interrupting the dominance over the phytoplankton commu-

nity by diatoms. The sequence of sustained upwelling events promoted a subsequent

shift in the phytoplankton community with the development of a mixed phytoplankton

assemblage dominated numerically by diatom species. This period was characterized

by an increase in the number of co-existing phytoplankton species in the bay, which is

promoted by transport and habitat heterogeneity in open coastal ecosystems (Cloern and

Dufford, 2005). At the seasonal scale, shifts in phytoplankton community structure inside

Lunenburg Bay are therefore associated with meteorological conditions. Accordingly,

sustained upwelling events do not control directly the variability in phytoplankton com-

munity structure, but by modifying the local hydrography and periodically the nutrient

conditions, influence the local succession of phytoplankton assemblages. Pre-existing

conditions and thus the frequency of these events are then important factors for the effects

of upwelling events on phytoplankton assemblages (Tilstone et al., 1994; Marañon and

Fernández, 1995). Similar temporal patterns are observed in other upwelling areas, where

the occurrence of upwelling pulses interrupts the seasonal succession of phytoplankton

communities nearshore (Garrison, 1979).

The composition of the plankton community is tied to the structure of the food web

and has therefore a key role in the transfer of energy to higher trophic levels (Legendre

and Le Fèvre, 1989; Kiørboe, 1991; Cullen et al., 2002). In Lunenburg Bay the changes
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in zooplankton community were not associated with the occurrence of either sustained or

storm-induced upwelling events in 2006; hence it did not follow the structural change in

the phytoplankton assemblage. Instead, the zooplankton community is structured along

an inshore-offshore gradient of increasing water depth that represents a change in habitat.

Inshore, zooplankton assemblages are dominated by the neritic copepod Acartia spp.,

characteristic of inlets (Paranjape and Conover, 1973; Sullivan and McManus, 1986;

Ueda, 1991), whereas outside in the deep water region, the small ubiquitous copepod

Oithona spp. dominates.

The contrast between the spatial structure in zooplankton assemblages and the temporal

shift in phytoplankton community structure associated with upwelling suggests different

processes controlling the phytoplankton and zooplankton communities and implies that

top-down spatial structuring of phytoplankton communities did not dominate during the

study. The short duration of upwelling pulses and the low phytoplankton biomass in

the bay can explain the lack of response in the zooplankton community. However, food

level is not necessarily a structuring mechanism for inshore zooplankton communities

(Kimmerer, 1993). Hydrodynamic patterns (Jouffre et al., 1991), reduced habitat diver-

sity due to shallow depth (Kimmerer, 1991) or size selective predation (Kimmerer, 1991,

1993) are important structuring mechanisms inshore. Also, the depth-habitat gradient

in Lunenburg Bay may be a selective pressure for species with restricted migratory be-

haviour such as Acartia spp. (Tiselius, 1998), since migration behaviour interacts with

water depth (Bollens and Frost, 1989). Diel vertical migrations are primarily a predator

avoidance mechanism, not directly related to resource distribution when the food level

is sufficient (Zaret and Suffern, 1976; Ohman, 1990; Pearre, 2003). The role of these

factors in structuring zooplankton communities in Lunenburg Bay cannot be addressed in

this study. Specific investigations should be conducted to identify which of these mecha-

nisms controls the spatial structure of zooplankton communities observed in Lunenburg

Bay.
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2.5 Summary and Conclusions

The present work revealed the dominance of bottom-up processes controlling the magni-

tude and variability of phytoplankton biomass in Lunenburg Bay, which are associated

with the development of coastal upwelling conditions on the inner Scotian Shelf dur-

ing sustained periods of northeastward wind. Sustained upwelling events represent an

intermittent source of nitrate to Lunenburg Bay in summer. They result in enhanced phy-

toplankton biomass towards the interface between the bay and the inner Scotian Shelf

where upwelling source waters originate. The magnitude of this variability is limited in

comparison to other upwelling systems where the upwelling source waters are richer in

nutrients, but given the low background level of phytoplankton this intermittent source of

nitrate is important for the mean state of productivity of the bay. The duration of north-

eastward wind events and consequently the type of meteorological forcing, represented by

the sustained and storm-induced upwelling events, is important because only the former

type is associated with the input of nitrate into the bay. Given the broad-scale develop-

ment of upwelling conditions along the Atlantic shore of Nova Scotia and their effect on

nearshore hydrography, similar processes may control phytoplankton dynamics in other

inlets along the Atlantic coast of Nova Scotia.

The study also revealed that shifts in phytoplankton community structure are deter-

mined by meteorological conditions and are influenced by the occurrence of sustained

upwelling events, but they do not propagate to higher trophic levels. Rather, zooplankton

communities are organized along an inshore-offshore axis following a depth-habitat gra-

dient. This implies the presence of a spatial component in the local foodweb structure,

but also that top-down spatial structuring of phytoplankton communities does not domi-

nate in this system. Functions describing ecosystem interactions in current ocean models

do not have a spatial component reflecting consistent differences between nearshore and

shelf plankton. More complex ecosystem models including size specific grazing or mi-

grating/non migrating behaviour may provide a more accurate representation of spatially

dynamic processes in a nearshore ecosystem (e.g., Morozov and Arashkevich, 2010). It

is also recommended to collect higher frequency data on plankton assemblages to infer

plankton species variability at the time-scale of upwelling events, and in particular the

effect of advective processes on plankton distributions. The tools to collect such data
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are still in development but are becoming available as technology for coastal observa-

tories progresses and metrics for phytoplankton communities and techniques for in situ

zooplankton species identification are being developed (Wiebe and Benfield, 2003; Babin

et al., 2005, 2008).

Finally, the development of a phytoplankton biomass prediction model and its use for

prediction at a multiannual time scale has demonstrated some predictability of phytoplank-

ton biomass in Lunenburg Bay based on water density and the nitrate-density relationship.

The model captures about half of the variability in summer phytoplankton biomass in

Lunenburg Bay and represents a simple tool that can be used to assess the variability in

phytoplankton biomass in other oligotrophic inlets of the region. In combination with

other tools accounting for unresolved regulating processes, the model could be useful to

predict this variability.

58



Chapter 3

Summer Plankton Dynamics Under
Different Wind Regimes in Lunenburg
Bay, Canada: A Box Model Experiment

3.1 Introduction

The coastal ocean constitutes a highly dynamic system with tight coupling between phys-

ical and biogeochemical processes, influencing phytoplankton growth and food web pro-

cesses, which ultimately determine coastal ecosystem dynamics over a multitude of scales

(Denman and Powell, 1984). In temperate inlets (bays, fjords), wind-driven circulation

from local and remote meteorological forcing is an important source of physical variabil-

ity at a subtidal frequency (Weisberg, 1976; Kjerfve et al., 1978; Carter et al., 1979). The

development of upwelling and downwelling events is particularly important because it

enhances the coupling between inlets and their adjacent inner shelf (Dyer, 1973, 1979;

Garvine, 1985; Wong and Valle-Levinson, 2002), otherwise controlled by tides but lim-

ited to the scale of the tidal excursion (Geyer and Signell, 1992). Upwelling generates the

flushing of bays and estuaries (Heath, 1973;Duxbury, 1979) with nutrient-rich subsurface

waters (Platt et al., 1972), whereas downwelling conditions promote the shoreward trans-

port and the retention of nutrient-depleted—but sometimes phytoplankton rich—surface

waters nearshore (Álvarez-Salgado et al., 1996a). This can be a mechanism of phytoplank-

ton biomass accumulation, particularly when following periods of upwelling conditions

(Crespo et al., 2006).

In Lunenburg bay, the subtidal variability in circulation and hydrography is generated

by the wind forcing in summer and fall (Sheng and Wang, 2004; Wang et al., 2007; Zhai

59



et al., 2007; Yang and Sheng, 2008), which enhances the hydrodynamic connectivity

with the inner Scotian Shelf (Sheng et al., 2009). During this period, the variations in

temperature and salinity inside the bay are induced by the occurrence of upwelling and

downwelling events (Zhai et al., 2007). Concerning the upwelling, their development is

associated with the seasonal synoptic wind field in summer (Smith and Schwing, 1991),

which affects concurrently the hydrography of the Scotian Shelf (Hachey, 1937; Petrie

et al., 1987; Andrade, 1991) and the local inlets (Heath, 1973). It influences inshore

nitrate concentration, phytoplankton biomass, as well as phytoplankton species composi-

tion (Platt et al., 1972; Côté and Platt, 1983, see Chapter 2). Downwelling conditions on

the other hand, which are associated with summer and fall storm events, were found to

affect the patterns of circulation in Lunenburg Bay and to generate the coupling with the

inner Scotian Shelf and the adjacent inlets (Zhai et al., 2008a; Sheng et al., 2009).

Despite the occurrence of upwelling and downwelling conditions, the magnitude of

phytoplankton variability recorded in Lunenburg Bay is relatively modest throughout the

summer (average chlorophyll is 1.1 ± 0.6 mg m−3 SD, n = 690, observing system dataset,
i.e. Cullen et al. 2008). This can be contrasted with other inlets in different coastal

areas where large variations in chlorophyll biomass (> 5 mgChl m−3) are associated with

upwelling, and even downwelling conditions during the summer and fall (Roegner et al.,

2002; Prego et al., 2007; Brown and Ozretich, 2009). Several controlling processes can

be suggested to explain the limited biological variability observed in Lunenburg Bay: the

top-down control of inshore phytoplankton by grazing; the bottom-up control of inshore

phytoplankton due to moderate inputs of nitrate from the Scotian Shelf during periods of

upwelling; and the control of inshore phytoplankton by horizontal transport (and therefore

the flushing rate of Lunenburg Bay).

Early work has been carried out on bivalves in the South Cove, a semi-enclosed shal-

low site connected to Lunenburg Bay (Grant et al., 1993, 1995; Hatcher et al., 1994;

Dowd, 1997). However, no aquaculture occurs in the bay and a substantial grazing pres-

sure from bivalves, as emphasized for other systems (Cloern, 1982; Dowd, 2005; Banas

et al., 2007), is unlikely. Zooplankton grazing is more likely, although a decoupling be-

tween phytoplankton and zooplankton response to upwelling events has been reported in

Chapter 2 and therefore the top-down spatial structuring of phytoplankton communities
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does not seem to dominate in the bay. On the contrary, the results from Chapter 2 support

the hypothesis of a biological system limited by nitrate concentration in upwelling source

waters. Also, the transport patterns and the accelerated flushing rate associated with local

and remote meteorological forcing, which were not investigated in Chapter 2, may con-

trol the local accumulation of phytoplankton biomass, as observed elsewhere (Tilstone

et al., 2000). It seems thus probable that in Lunenburg Bay the local accumulation of

phytoplankton biomass during the summer is controlled by:

(1) the intensity of the flushing (associated with the wind forcing); and

(2) the low nitrate concentration in source waters (on the Scotian Shelf).

The present study will investigate the two hypotheses in order to identify which key pro-

cess determines the variability in phytoplankton biomass in Lunenburg Bay under the

dominant summer hydrodynamic conditions, i.e. when circulation is forced by tides and

alongshore winds. For that, a coupled physical-biogeochemical box model is developed

for Lunenburg Bay that simulates planktonic ecosystem processes under three experimen-

tal meteorological regimes: no wind (M2 tides only), downwelling wind and upwelling

wind regimes. Results from the three regimes are compared and discussed, and a series

of sensitivity studies conducted to build a a conceptual model describing phytoplankton

variability in Lunenburg Bay and other comparable inlets, considering flushing and nitrate

concentration in source waters.

3.2 Materials&Methods

3.2.1 Study Site

Lunenburg Bay is a 40 km2 inlet with a mean depth of about 15 m, increasing to a max-

imum of 40 m on its eastern side where the Rose Bay-Lunenburg Bay system (hereafter

referred to as Lunenburg Bay) connects with the Scotian Shelf (Figure 3.1A,B). Recent

studies have pointed out the influence of the semi-diurnal tide (M2) and of meteorologi-

cal events and wind direction on the local circulation and hydrography (Sheng and Wang,

2004; Zhai et al., 2008a). The MEPS-Bay coastal observatory, operated in Lunenburg
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Bay between 2002 and 2007, resulted in the development of a multi-component mod-

elling tool with forecast capability for coastal marine conditions (Cullen et al., 2008).

The circulation component of the model is used to simulate the wind-driven circulation

during the study. Data from the observatory corresponding to the simulated wind regimes

were used to compare the model results with observations.

3.2.2 Circulation Model

The circulation in Lunenburg Bay is modelled with a nested-grid ocean circulation model

(Sheng and Wang, 2004; Zhai et al., 2008a). The model was developed from the free-

surface version of the CANDIE circulation model (Lu et al., 2001; Sheng and Wang,

2004) using a finite difference formulation of the primitive equation with 24 z-levels in the

vertical and about 200 m horizontal grid resolution (Zhai et al., 2008a). This model was

used in a recent series of hydrodynamic studies of Lunenburg Bay (Yang and Sheng, 2008;

Zhai et al., 2008a,b; Sheng et al., 2009). In the present study, the baroclinic version of the

model has been initialized with horizontally uniform and vertically stratified temperature

and salinity.

For this study, three experiments have been carried out with the circulation model to

simulate the circulation in Lunenburg Bay forced by the M2 tides only (tidal regime),

the M2 tides and northeastward wind (0.1 Pa, upwelling regime) and the M2 tides and

southwestward wind (0.1 Pa, downwelling regime). The circulation model is run for

10 days for each experiment with output every 10 minutes. The last tidal cycle of the

simulation is then used to calculate times series of exchange rates in a box model (see

Appendix C.1 & C.2).

3.2.3 Box Model

The model divides the bay into 8 boxes (Figure 3.1). Their locations were chosen to

represent the areas with comparable bathymetry, the main circulation patterns and to in-

clude the various observing stations. The lateral division of the bay is important given

the three circulation patterns compared in this study. Four zones are enclosed in the box

model: South Cove (box 8) is a semi-enclosed shallow area connected to Lunenburg Bay
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Figure 3.2: Time series of the advective fluxes in the surface layer of the box model
across six of the boundaries, for each circulation regime. Each flux represents the volume
of water crossing the entire area of a boundary per unit time. The legend indicates the
direction of a positive advective flux. The negative values indicate an opposite direction.
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(box 4–7 and part of box 1) through a tidal jet. Rose Bay (box 3) is a small inlet isolated

from the main Lunenburg Bay with extended shallow areas. The mouth of Lunenburg

Bay (box 1 and 2) is a deeper area that connects to the Scotian Shelf along the northern

and southeastern sides of Cross Island. Each box has the same vertical structure, divided

vertically into a 5 m deep upper layer and a lower layer extending down to the bottom

(Figure 3.1C). The depth of the surface layer was chosen to represent the average depth

of the pycnocline in summer (CTD profiles, data not included).

The box model boundaries are aligned with the grid of the circulation model and the

nearest grid points used for the calculation of horizontal and vertical exchanges between

boxes (see computation in Appendix C.1 & C.2). The tidal cycle of advection and diffu-

sion rates at the box model boundaries has been applied to create a time series of boundary

fluxes for each circulation regime. An example of advective fluxes time series in the up-

per layer of the box model is given in Figure 3.2. Tidally-averaged advective transports

are calculated from these times series, by averaging advection values over the entire tidal

cycle for each boundary in the box model (horizontal and vertical, see Figure 3.3).

The flushing time (FT; d) of a given box is defined as the e-folding flushing time-scale

of the box. It is calculated from the exponential decay of a tracer (X; mmol m−3) with time

(t; d), given the volumetric flow rate (Qadv; m
3 d−1) and the volume of the box (V; m3),

using the following formulation (e.g.,Monsen et al., 2002):

X(t) = X(0) · exp
⎛⎜⎜⎜⎜⎝−Qadv

V
· t

⎞⎟⎟⎟⎟⎠ , (3.1)

where FT = V/Qadv. The volumetric flow rate (Qadv) corresponds to the sum of the outgo-

ing tidally averaged advective transports across the boundaries of the box as presented in

Figure 3.3 (outgoing arrows only). The flushing rate (FR; d−1) is the inverse of FT.

3.2.4 Ecosystem Model

3.2.4.1 Model Formulation

A biological model is coupled to the transport framework to simulate the nitrogen cycle

in the water column. The model represents a PZND-type ecosystem of the lower trophic
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lation regimes. Each flux represents the average volume of water crossing the entire area
of a boundary per unit time. The arrows indicate the direction of the flux.

66



levels with units of mmolNm−3. The model includes phytoplankton (P), zooplankton (Z),

nutrients (N) and detrital particulate organic matter (D). A schematic of the ecosystem

model is given in Figure 3.4. The rate of change of ecosystem variables resulting from

biological processes (mmolN m−3 d−1) are formulated as follows:

dP
dt
= μP − rP − gPZ − S P (3.2)

dZ
dt
= βgPZ − gZZ (3.3)

dN
dt
= −μP + rP + ξgZZ + λD (3.4)

dD
dt
= −λD + (1 − β)gPZ + (1 − ξ)gZZ − S D (3.5)

The parameter values used in the model have been selected from the literature (Table 3.1).

The definition and value of each parameter is given in Table 3.1 and the formulation for

biological processes are discussed below.

Phytoplankton growth rate (μ; d−1) is limited simultaneously by nutrient uptake h(N)

and light f (E) such as:

μ = μmax(T ) · h(N) · f (E) , (3.6)

where μmax(T ) (d−1) is the maximum growth rate of phytoplankton which depends on the

temperature (T ; °C) following the formulation of Eppley (1972):

μmax(T ) = ln(2) · 0.851 · 1.066T (3.7)

The nutrient uptake limitation follows a Michaelis-Menten functional form:

h(N) =
N

kN + N
, (3.8)
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where kN (mmolN m−3) is the nutrient uptake half-saturation concentration. The photo-

synthetically available radiation at the sea surface (E0; W m−2) follows a daily cycle ac-

cording to the classical astronomical formula (Brock, 1981) for the latitude of Lunenburg

Bay (44.34◦N) at mid-summer (day 210) and is attenuated with water depth according to

the Lambert-Beer law using an attenuation coefficient for all constituents of seawater (Kd;

m−1). The average light in a box (E; W m−2) is calculated for each layer as:

E = Etop · 1 − e
−Kd z

Kd z
, (3.9)

where Etop (W m−2) is the photosynthetically available radiation at the top of the layer (E0
for the surface box) and z (m) is the thickness of the layer. The light limitation function

for phytoplankton growth depends on an exponential formulation of the instantaneous

growth rate vs. light curve (similar to the photosynthesis-light formulation inWebb et al.,

1974;McBride, 1992), such as:

f (E) = 1 − exp(− αE
μmax(T )

) , (3.10)

where α (d−1 (W m−2)−1) is the initial slope of the instantaneous growth rate vs. light

curve. The zooplankton grazing on phytoplankton (gP; d−1) and the zooplankton death

rate (gZ; d−1) are represented by a sigmoidal functional form (Holling Type III):

gX = IX
X2

k2X + X2
, (3.11)

where X stands for either phytoplankton or zooplankton and their concentration, IX (d−1) is

the maximum ingestion rate and kX (mmolN m−3) the half saturation constant for grazing.

This commonly used functional form allows a saturating response at high prey concentra-

tion and a refuge from grazing at low concentration, which is important for the stability of

the model (see Gentleman et al., 2003 for a discussion on functional types) and is a real-

istic representation of grazing in natural zooplankton populations (Steele and Henderson,

1981; Morozov and Arashkevich, 2008; Morozov, 2010). The choice of grazing and zoo-

plankton mortality terms is important for the behaviour of the ecosystem (e.g., Franks

et al., 1986; Franks, 2002).
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Phytoplankton and detritus sedimentation (S X; mmolN m−3 d−1) in the upper and lower

layers is formulated such as:

S X = wX

(
X
z
− Xup
zup

)
, (3.12)

where X stands for either phytoplankton or detritus and their concentration, zup is the

thickness of the box above, and wX (m d−1) is the sinking velocity of phytoplankton or

detritus. Xup/zup is equal to zero in the surface layer. The model has a reflective bound-

ary. Therefore, when phytoplankton or detritus sink to the bottom they are immediately

resuspended. Due to the bathymetry of the bay, some parts of the upper boxes reach

the bottom. Those are treated as sediment areas, where sinking material is reflected (i.e.

resuspension). In the rest of the boxes, sedimenting materials go to the lower layer.

The rate of change of ecosystem variables resulting from physical processes is then

formulated as follows:

dX(k)
dt
=

n∑
i=1

(
radv(i) · X0(i) + rdi f f (i) · (XOUT(i) − X(k))

)
, (3.13)

where X(k) represents the concentration of the ecosystem state variable in box k, XOUT(i) is

the concentration in the box adjacent to open boundary i and X0(i) is the concentration in

the box upstream the advective flow for boundary i (X(k) or XOUT(i)). The calculation of the

advective and diffusive exchange rates (radv, rdi f f ) is detailed in Appendix C.1 & C.2. The

system of equations is integrated in time using an implicit ordinary differential equations

solver in Matlab. The spatially averaged results of the biological model presented in

Section 3.3 are calculated over the last 20 tidal cycles of the model output for the outer

bay (OUT, box 1 and 2), the mid-bay (MID, box 4 and 5) and the inner bay (IN, box 6,

7 and 8).

3.2.4.2 Boundary Conditions

Boundary conditions are set at the outer boundaries (i.e., open boundaries) of box 1 (north-

east) and box 2 (southeast) which are in contact with the coastal ocean (Figure 3.1). There

are four open boundaries in total: upper and lower open boundaries of box 1, and upper
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Figure 3.5: Set of data collected at station X6 in 2005 and 2006 used to compute boundary
conditions for phytoplankton (upper panel) and nutrient (lower panel) at the open bound-
aries of box 1 and box 2. Zu indicates the depth of the upper layer whereas Zl1 and Zl2
indicate the depth of the lower layers at the open boundary of boxes 1 and box 2 respec-
tively. Black dots (chlorophyll) and black squares (nitrate) represent the mean values for
(top to bottom) the upper open boundaries, and box 1 and box 2 lower open boundaries.
Black lines indicate the standard deviations.
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Table 3.2: Boundary conditions at the upper and lower open boundaries of box 1 and
box 2 and initial values in each box (upper and lower layers), for each state variables in
the ecosystem model. Values are indicated for the standard run (upper half) and for the
sensitivity analyses (lower half). Values are expressed in mmolN m−3. Percentages refer
to deviation from the standard run.

Type Location P N Z D

Standard run

Initial values all boxes 0.599 0.217 0.212 1.488

Boundary conditions upper box 1 & 2 0.599 0.217 0.212 1.488
lower box 1 0.546 0.123 0.212 1.488
lower box 2 0.846 0.439 0.212 1.488

Sensitivity to parameterization

Boundary conditions box 1 & 2 ±75% ±75% ±75% ±75%
Ecosystem response to flushing rate and boundary nutrients

Initial values - 0.664 0.260 0.212 1.488

Boundary conditions - 0.664 0–4 0.212 1.488
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and lower open boundaries of box 2. The boundary conditions are set constant in time for

the state variables (Table 3.2). It is therefore assumed that nutrients are never depleted

at the open boundaries of the box model. For zooplankton and detritus, a single value is

used for all four open boundaries (Table 3.2). The value is estimated from data collected

at Station 2 (Figure 3.1A) and from local time series retrieved in the BIOCHEM database

(Gregory and Narayanan, 2003). Zooplankton biomass (mmolN m−3) is calculated from

wet weight using the empirical relationship of Banse (1962). Detritus (mmolN m−3) is

retrieved from the particulate organic nitrogen (PON) data available in the database. It is

assumed that all PON is detritus. For phytoplankton and nutrients, boundary conditions

vary in space. At the upper open boundaries (box 1 and 2), the boundary conditions are

set with the same value (Table 3.2), whereas at the lower open boundaries the value dif-

fers in box 1 and box 2 due to the difference in average depth (shallow for box 1 and

deep for box 2). These boundary conditions are calculated using values from a set of data

collected in 2005 and 2006 at station X6 outside the model domain which are averaged

over the depth range of each boundary: 0–5 m in the upper layer and 5 m to bottom in the

lower layer (Zl1 = 10.4 m and Zl2 = 19.9 m for box 1 and box 2 respectively) (Figure 3.5).

Given the biological and physical constraint in the model, the ecosystem response to

the three circulation regimes represents the quasi-equilibrium cycle that the system would

reach under a stable forcing (e.g. Evans and Parslow, 1985). Although this differs signif-

icantly from a natural system under a dynamic forcing, this experimental design enables

one to study and compare the specific effect of circulation patterns and to explore the

processes that influence the accumulation of phytoplankton biomass inshore.

3.2.5 Sensitivity Studies

3.2.5.1 Model Parameterization

An analysis of sensitivity to model parameterization is carried out for each circulation

regime. The sensitivity of the model results to the variation in parameter values and

boundary conditions are investigated using the Plackett-Burman technique (Plackett and

Burman, 1946; Beres and Hawkins, 2001). This method enables the test of an extensive

set of parameters using a limited number of scenarios (about twice the number of param-

eters tested). The implementation of this sensitivity analysis is described in Beres and
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Hawkins (2001). In this analysis, a set of 17 parameters is used which gives a Plackett-

Burman table of 40 scenarios. The model is therefore run 40 times for each circulation

regime, changing the value of each parameter simultaneously to its maximum or mini-

mum value (see Table 3.1) according to the Plackett-Burman scenario. The results of

the analysis are displayed using a sensitivity index calculated as follows (Jørgensen and

Bendoricchio, 2001):

SENSX =
ΔX
X

/
Δp
p
, (3.14)

where X is a state variable and ΔX the change in the state variable X due to the variation

Δp in the parameter p.

3.2.5.2 Ecosystem Response to Flushing Rate and Boundary Nutrients

To determine the combined effect of flushing rate and nutrient concentration in source

waters (i.e., open boundary conditions) on the ecosystem, a series of steady state sensitiv-

ity studies is carried out considering the entire model domain (i.e., sum of all boxes). In

this configuration, everything remains the same (i.e., Section 3.2.4) except for (1) trans-

port and (2) nutrient boundary condition, which are the two variables of interest. The

initial and boundary conditions for phytoplankton and initial conditions for nutrients are

changed slightly from the standard run due to the spatial averaging. They are set to the

average boundary conditions in box 1 and box 2 of the standard run (Table 3.2).

Transport is reduced to the exchange rate between the bay and the inner shelf. This

exchange is specified by a constant volumetric flow rate (i.e., Qadv, see Eq. 3.1) that rep-

resents the tidally averaged advective flux across the outer boundaries of the model (i.e.,

mean inflow equals mean outflow). In the case of the three wind regimes, it corresponds to

665.6 m3 s−1 for the tidal regime, 7887.8 m3 s−1 for the upwelling regime, and 7039.7 m3

s−1 for the downwelling regime (Figure 3.3). The transport rate is varied over a large range

of values to account for all types of circulation regimes, including the tidal, upwelling and

downwelling regimes described in Section 3.2.2. The corresponding flushing rates are cal-

culated using Eq. 3.1 (Section 3.2.3). For each transport rate, nutrient boundary condition

is varied over a realistic range of values (0–4 mmol m−3) to account for various types of

nutrient concentration in source waters. For each combination of transport and nutrient,
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the model is run for 40 days to let the ecosystem model reach a steady state solution.

Flushing rate, boundary nutrient concentration and ecosystem variables are scaled to

the appropriate biological scaling factors in order to present a non-dimensional solution

of the sensitivity analysis (e.g., O’Brien and Wroblewski, 1973; Wroblewski et al., 1975;

Lewis et al., 1984). The dimensionless variables are:

F∗ =
FR

μ(E, T )
(3.15)

S ∗ =
NOUT

kN
(3.16)

X∗i =
XiIN
XiOUT

(3.17)

In this dimensionless framework, the flushing rate (FR; d−1) is scaled by the light and

temperature limited growth rate (μ(E, T ); d−1) to represent the specific transport relevant

to primary producers (F∗); a small value of F∗ indicates a system where internal dynam-

ics dominate, whereas a large value indicates a system where transport dominates. The

boundary nutrient concentration (NOUT; mmol m−3) is scaled to the half saturation for nu-

trient uptake (kN; mmol m−3) to represent the nutrient concentration available to primary

production in source waters (S ∗); a small value of S ∗ indicates a lack of nutrient, whereas

a large value indicates the availability of nutrient in source waters. For each state variable

Xi (i = P, Z, N, D), the concentration inside the bay (XiIN), which is the model solution,

is scaled by its boundary concentration (XiOUT) to represent the internal accumulation (or

loss) of a state variable with respect to its concentration at the boundary (X∗i ). When

X∗i > 1 there is an accumulation, whereas when X
∗
i < 1 there is a loss of the state variable

in the inlet.

3.2.6 Data Collection

The data used for comparison with the model results were collected in 2006 at the five sta-

tions in Lunenburg Bay and three moorings indicated in Figure 3.1B. The dataset and the

sampling campaigns are discussed in Chapter 2. Three dates have been chosen amongst

the sampling dates, corresponding to tidal, upwelling or downwelling regimes depending

76



W
in

d
 s

p
ee

d
(m

 s
−1

)

Day of year (2006)

150 160 170 180 190 200 210
−10

−5

0

5

10

−0.1

0

0.1

W
in

d
 s

tr
es

s
(N

 m
−2

)

DOWN TIDAL UPW

Along−shore
Cross−shore

Figure 3.6: Wind stress and wind speed vectors from Battery Point meteorological station.
Wind stress is calculated using the bulk formula from Large and Pond (1981). Positive
cross-shore values indicate southeastward wind (i.e., oriented offshore) and positive along-
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dates of data collection available. Filled circles correspond to the sampling dates selected
to compare with model results. The type of wind regime is indicated on the top of the
figure (DOWN: downwelling, UPW: upwelling) and shaded areas indicate the period of
interest prior to the data collection.

on the wind direction and intensity prior to the data collection (Figure 3.6). Each category

of data was subsequently used to compare with the circulation regimes: the downwelling

sampling date follows a period of strong downwelling wind, the date selected for the tidal

case follow a week of weak wind and the upwelling date is included during the devel-

opment of upwelling conditions in Lunenburg Bay (see Chapter 2 for details). The data,

which include usually 4 samples per station (4 depths), are depth- and station-averaged (if

more than one station per area) to retrieve a mean value for the inner (IN), middle (MID)

and outer (OUT) areas (see Section 3.3.2).
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3.3 Results

3.3.1 Residual Circulation Patterns

The tidally averaged circulation patterns are presented in Figure 3.3. In the tidal regime,

fluxes have a general inward direction (toward the head of the bay) in the bottom layer

and an outward direction (toward the mouth of the bay) in the upper layer, an indication

of shear in the tidal transport. A sub-circulation is also apparent, with water entering

along the southern side of Lunenburg Bay, through the deep layer of the southeast box 2

and leaving along the northern side through the northeast box 1. Tidal residual vertical

fluxes are oriented upward in most of the model domain except for the open boundary

boxes 1 and 2.

The influence of the wind regimes is important on the residual circulation for both

the patterns and the magnitude of the water fluxes which are increased by an order of

magnitude at the interface between the bay and the inner shelf (outer boundaries). The

flushing time of the bay is therefore greatly reduced with the wind forcing, in the outer bay

for the downwelling regime and throughout the bay for the upwelling regime (Figure 3.7).

Circulation patterns are also modified. In the upwelling case, water enters Lunenburg Bay

through the southeast box 2, mainly in the deep layer, and leaves through the northeast

box 1. Fluxes in the upper and lower layers are in general unidirectional in this configu-

ration, with fluxes inward (entering the bay) on the southern side of Lunenburg Bay and

outward (leaving the bay) on the northern side. All the fluxes are enhanced (except in the

inshore box 7 and 8), including vertical fluxes which are mainly oriented upward. On the

contrary, the pattern of residual circulation under the downwelling regime indicates an in-

flow through the northeast box 1 (mostly in the surface layer) and an outflow through the

southeast box 2, with inward fluxes along the northern side of the bay and a recirculation

in the mid-bay. The recirculation increases the flushing time in the middle of the bay and

limits the exchanges between the inner bay and the open boundaries.

The wind-driven circulation patterns are especially important at the outside boundaries

where nutrient and phytoplankton concentrations are different in the lower layer of the

outer box 1 and box 2 due to varying mean depth. Also, most of the water entering the bay

under the wind circulation regimes leaves directly on the other side of Cross Island, which
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has implications for biological transport (see section 3.3.2.3). The wind-driven patterns

of circulation at the bay-inner shelf interface, and hence the biological conditions in this

area, are therefore critical to the delivery and export of nutrients and plankton to/from

Lunenburg Bay.

3.3.2 Biological Dynamics

The magnitude of the biological response to wind circulation regimes is rather small

(Figure 3.7 & 3.8), especially in comparison to the changes in circulation associated with

the wind regimes (magnitude and direction). The boundary conditions are fixed in the

model and therefore the variations in state variables result from changes in the circula-

tion at the boundary and in the bay and not from changes in boundary conditions. The

upwelling induced increase in nutrient resulting from the shoaling of the nutricline (as

observed in Chapter 2) is therefore not modelled, which explains the small increase in ni-

trate concentration near the open boundary under the upwelling regime. The comparison

between the circulation experiments reveals nonetheless interesting patterns; the biologi-

cal response to the wind-induced circulations varies in space and magnitude. The results

under the three circulation regimes and the underlying patterns are discussed below.

3.3.2.1 Spatial Patterns

Nutrient concentrations are low and spatially homogeneous throughout the bay when cir-

culation is forced by tides only (Table 3.2). Phytoplankton biomass decreases in the

inshore area, opposing the zooplankton concentration, which increases in the middle and

inner areas. The model state variables have a weak response to the wind-induced circula-

tion. Nutrient concentrations remain low throughout Lunenburg Bay with the exception of

a small increase near the open boundary under the upwelling regime. The spatial patterns

of zooplankton are maintained under the wind regimes but with reduced biomass. The re-

sults concerning the detritus are not presented on Figure 3.7 for clarity. However the time

series presented in Figure 3.8 indicates detritus concentrations similar to boundary condi-

tions under a tidal regime and a small decrease under the wind regimes. The decrease is

maximal in the case of the downwelling. The main response to wind-induced circulation

occurs in the phytoplankton for which the two wind regimes have an opposing effect. A
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each horizontal boundary of the box model (mmol s−1) under the A. tidal, B. upwelling
and C. downwelling circulation regimes. Each arrow represents the sum of the transports
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downwelling circulation induces a decrease of phytoplankton biomass throughout the bay

(matching the decline in the other state variables) whereas an upwelling circulation leads

to a moderate increase in phytoplankton biomass inward, with a maximum at mid-bay

(Figure 3.7A).

3.3.2.2 Ecosystem Processes

When circulation is forced by tides, nutrient limitation constrains phytoplankton growth

at the same level throughout the bay (Figure 3.7B). This constraint is somewhat released

at the open boundaries under the upwelling regime, leading to a higher rate of primary

production that partly explains the observed spatial pattern in phytoplankton biomass.

Despite enhanced primary production and higher phytoplankton biomass, grazing de-

creases in the bay under the upwelling circulation regime due to the decrease in zoo-

plankton biomass, except inshore where grazing is sustained at its tidal regime level.

Conversely, the downwelling regime induces a significant decrease in primary produc-

tion and grazing everywhere in Lunenburg Bay in comparison to the other circulation

regimes. Overall, it leads to a reduction of all biological processes throughout the bay.

3.3.2.3 Biological Fluxes

The patterns and magnitude of biological transports are critical to explain the model re-

sults. Transport is accelerated in the outer bay (downwelling) and the whole bay (up-

welling) under the wind regimes in comparison to the tidal case (Figure 3.7D). Fast trans-

port, relative to the rate of biological processes such as primary production or grazing,

imposes a strong constraint over the development of internal biological dynamics inside

Lunenburg Bay.

Under a tidal regime, the prolonged flushing time leads to the decrease in nutrient

transport shoreward, away from the source of nutrient (Figure 3.7C). Simultaneously, it

favours the development of zooplankton biomass inshore, which explains the decrease in

phytoplankton biomass in the inshore area. A characteristic of the model is the export of

zooplankton from the model domain (Figures 3.7C & 3.9A). All transports are negative

indicating that local zooplankton production is exported. This occurs in all circulation
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regimes. Some phytoplankton is exported as well from the outer bay, balancing the input

of nutrients from the southeastern boundary in the tidal regime.

The wind regimes result in very different biological transports. With a downwelling cir-

culation the net biological transports are reduced (Figure 3.7C). Transports are however

large across the open boundaries and between the outer box 1 and box 2, due to the en-

hanced water fluxes and plankton concentrations are reduced to their boundary conditions

in this area. In this configuration, water enters Lunenburg Bay through the shallow north-

eastern boundary (box 1) where deep nutrient concentrations are low and leave through

the southeastern boundary (box 2, Figure 3.3C). A similar amount of nutrients enters and

leaves the bay (Figure 3.9C), resulting in little net transport of nutrients or net increase in

phytoplankton inside the bay (Figure 3.7C).

Conversely, upwelling circulation results in enhanced biological transport. Nutrient

transport increases significantly, in particular in the outer and mid bay (Figure 3.7C).

The transport rate of nutrients entering Lunenburg Bay from the outside is 2.4 times

higher under the upwelling in comparison to the downwelling circulation (Figure 3.9B).

In this configuration, the main boundary flow is into the deep layer of the southeast

box 2 (Figure 3.3B), which results in higher nitrate input into the bay due to higher deep

nutrient concentration at this location. The negative net transport of phytoplankton un-

der the upwelling circulation indicates the export of phytoplankton produced in the bay

(Figure 3.7C). It explains the discrepancy between the observed rates of primary produc-

tion and the limited increase in phytoplankton biomass. The amount of phytoplankton

produced in the outer part of the bay is compensated by an export of similar magnitude

through the northeastern boundary (box 1) and therefore phytoplankton biomass does not

accumulate in the bay. The overall effect of the upwelling circulation on the different

areas of Lunenburg Bay is therefore the result of a balance between transport and produc-

tion: in the outer part, production is balanced by transport and there is no net increase

in local phytoplankton biomass; in the mid-bay primary production exceeds phytoplank-

ton transport (export) which allows for a moderate increase in phytoplankton biomass; in

the inner bay primary production is lower but compensated by a shoreward transport of

phytoplankton that also results in a moderate increase of phytoplankton biomass.
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Figure 3.10: Comparison between model results (phytoplankton, nutrient) and observa-
tions (chlorophyll, nitrate) for each wind regime. The grey bars indicate the standard
deviations in the observations and the dashed line represents the 1:1 relationship.

3.3.3 Comparison with Observations

The results from the experiments cannot be compared with specific observations since

constant boundary conditions or sustained wind circulation are idealistic conditions, far

from the dynamic conditions encountered in a coastal system. Nonetheless, contrasting

modelled and measured data can help to interpret the modelling results and gain insight

into the processes controlling biological variability in Lunenburg Bay. This comparison

is not meant to assess the model performance with a quantitative measure of skill.

The comparison indicates that observed and modelled phytoplankton biomass compare

well for the tidal circulation case, but the model underestimates the observations in the

case of the wind-induced circulations (Figure 3.10). For the upwelling circulation, the

discrepancy between modelled nutrients and observed nitrate suggests that the underesti-

mation in phytoplankton biomass is likely the result of the fixed nutrient boundary con-

ditions in the model. For the downwelling circulation the discrepancy between modelled

phytoplankton and measured chlorophyll cannot be explained by a difference between

modelled nutrients and measured nitrate which fall within the same range. This discrep-

ancy is especially large in the inner part of the bay.
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The variability and the magnitude of phytoplankton biomass measured in Lunenburg

Bay is very low compared to other inlets adjacent to upwelling systems (see Chapter 2).

The model captures the dominant processes regulating this variability. However, the

model is unable to simulate the processes inducing phytoplankton variability inshore

under downwelling conditions. Steady state boundary conditions for phytoplankton are

probably not a reasonable assumption during a downwelling event.

3.3.4 Sensitivity Studies

3.3.4.1 Model Parameterization

The sensitivity analysis to the variation in boundary conditions and parameter values

(Figure 3.11) reveals three general patterns:

(1) the model is more sensitive to these variations under a tidal circulation regime;

(2) nutrients (i.e., nitrate) is the most sensitive state variable in the model; and

(3) sensitivity is higher in the inner bay.

This is in agreement with the results discussed so far. The flushing time is longer when

the circulation is forced by tides only and the inner bay is less influenced by transport

than the boundaries of the model domain. This leads to the development of ecosystem in-

teractions that influence the concentration of the local state variables, resulting in a higher

sensitivity to parameter changes. In addition, nutrient concentrations are low in all wind

configurations. It is then not surprising to find that they are sensitive to parameters that

control their uptake through primary production, and their production through recycling

such as grazing, mortality or remineralization.

A noticeable result of the sensitivity analysis is that modelled phytoplankton and nu-

trients are sensitive to parameters related to phytoplankton grazing and zooplankton mor-

tality, with a sensitivity increasing inward where zooplankton biomass is higher, whereas

phytoplankton biomass is not sensitive to the variation in growth parameters. These sen-

sitivity patterns can be related to the low background level of nutrients throughout the

bay which limits the effects of growth processes on phytoplankton biomass. Nutrient
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concentrations are also sensitive to zooplankton, nutrients and detritus boundary condi-

tions suggesting the importance of nutrients sources in the model, either from the open

boundaries (i.e., to the processes occurring on the shelf), or from recycling. Zooplankton

concentration is however not very sensitive to parameterization, except to boundary con-

ditions under wind-induced circulations. Finally, pelagic detritus is only sensitive to its

boundary conditions, except under a tidal regime, when remineralization and maximum

growth rate become more important. Overall, sensitivity patterns are relatively similar for

each circulation regime but the magnitude decreases under wind-induced circulations.

3.3.4.2 Ecosystem Response to Flushing Rate and Remote Nutrients

In ocean-dominated inlets, the delivery of nutrients depends on the concentration of nu-

trients at the open boundaries of the inlet (i.e., in source waters) and on the transport

rate at the inlet-ocean interface. The combination of the two processes has then a key

role in the dynamics of inshore ecosystems. This role is described for inshore plankton,

nutrient and detritus concentrations with the non-dimensional solution of the sensitivity

analysis (Figure 3.12). Because of the scaled variables, this analysis can be used to de-

scribe the dynamics of inlets more generally. It is thus not limited to Lunenburg Bay and

can help to synthesize the results from the box model and to discuss them in a larger con-

text. The analysis is designed to represent ocean-dominated inlets (e.g., Lunenburg Bay).

Therefore, the relationship between nitrate availability in source waters (S ∗) and specific

transport (F∗) represents the effects of the inlet-ocean coupling on the internal dynamics

of an inlet (i.e., on X∗P, X
∗
Z , X

∗
N or X

∗
D, see Section 3.2.5.2). However, this analysis is not

limited to these systems. The main assumption of the analysis is that nutrient delivery

and flushing are coupled, which is similar to a chemostat system; the plankton dynamics

described hereafter can then be generalized to systems approaching these conditions, such

as a section of a river, a lake, the river-inlet coupling in systems dominated by runoff, or

the mixed layer in the surface ocean.

Overall, five types of dynamics emerge from the analysis (hereafter the S ∗ vs. F∗ frame-

work) that result from particular dynamical range of S ∗ and F∗. Each type has been delin-

eated on Figure 3.12D:
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Figure 3.12: Effect of flushing (F∗) and nutrient boundary conditions (S ∗) on the relative
concentration of A. nutrient (X∗N), B. zooplankton (X

∗
Z), C. detritus (X

∗
D) and D. phyto-

plankton (X∗P) inside an inlet. The relative concentration (X
∗) is the ratio between concen-

trations inside the inlet (XIN; mmol m−3) and at the boundary (XOUT; mmol m−3). Flushing
(F∗) is the ratio between the flushing rate (FR; d−1) and the light (E; W m−2) and tempera-
ture (T ; ◦C) limited growth rate of phytoplankton (μ(E, T ); d−1). Nutrient boundary con-
ditions (S ∗) is the ratio between nitrate concentration at the boundary (NOUT; mmol m−3)
and the half-saturation constant for nutrient uptake by phytoplankton (kN; mmol m−3).
The three wind regimes are represented on the figure (TIDE: tidal, UPW: upwelling and
DOWN: downwelling) and five zones of specific dynamics are suggested (details in text).
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(1) Low to intermediate flushing-Low nutrients in source waters, where phytoplankton

biomass is low due to nutrient limitation;

(2) Low flushing-High nutrients in source waters, where internal biological processes

dominate and phytoplankton biomass is limited by both nutrients and grazing;

(3) High flushing-Low nutrients in source waters, where primary production is limited

by nutrients and the concentration of biological variables dominated by transport;

(4) High flushing-High nutrients in source waters, where phytoplankton export prevails

and the concentration of the other biological variables dominated by transport; and

(5) Intermediate flushing-High nutrients in source waters, where phytoplankton accumu-

lates inshore.

These dynamics can be explained by the relative time scale between nutrient delivery into

the inlet, biological processes (i.e., growth vs. loss processes) and transport of biological

variables (plankton and detritus). When F∗ is small (low specific transport), the time scale

of nutrient utilization by primary producers is rapid in comparison to the transport time

scale (which sets the rate of nutrient delivery into the inlet) and therefore inshore nutri-

ent concentration is limited, even when a significant concentration is available offshore

(Figure 3.12A). The accumulation of phytoplankton is then limited by the availability

of nutrients (Figure 3.12D). At F∗ < 0.2, the time scale of phytoplankton loss to graz-

ers is short in comparison to growth (because nitrate delivery is limited) and transport.

Secondary producers accumulate (X∗Z > 1, Figure 3.12B) and control the accumulation

of phytoplankton (Figure 3.12D). Detritus, the production of which is dominated by sec-

ondary producers, accumulates similarly (X∗D > 1, Figure 3.12C). At large F
∗ (rapid spe-

cific transport), the time scale of transport is short in comparison to the biological time

scales and therefore phytoplankton biomass is controlled by transport (Figure 3.12D).

Despite the simplifications, the analysis reveals the existence of an optimum ‘window’

for the accumulation of phytoplankton biomass inside an inlet (X∗P � 1) at intermedi-

ate transport time scales (0.2 < F∗ < 0.8) when boundary nutrient is sufficient (S ∗ > 3.5)

(Figure 3.12D). Within this range, the balance between the rates of nutrient delivery,

losses to secondary producers and phytoplankton export, is optimal for the local accu-

mulation of phytoplankton. The specific values of nutrient concentration in source waters
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and flushing rate at which these dynamics occur depend on phytoplankton physiology,

represented by the scaling factors μ(E, T ) and kN. These values depend on the underlying

taxonomic and environmental conditions (e.g., phytoplankton species, light fields, temper-

ature, nutrient status), which can vary over various time scales in a natural environment.

The location of the Lunenburg Bay circulation regimes on the S ∗ vs. F∗ framework

(Figure 3.12D) reflects the limitations previously described for each regime. The tidal

regime is located in the low flushing-low nutrients region where nutrient limitation is

important and secondary production develops. Increasing the boundary nutrient concen-

tration (or lowering kN, e.g., smaller phytoplankton cell size) would induce a shift towards

a system dominated by internal biological dynamics where secondary production is im-

portant but the phytoplankton biomass limited. The upwelling and downwelling regimes

are both in the high flushing-low nutrients region where transport dominates the biolog-

ical system. Nutrient limitation is particularly important under the downwelling regime.

The position of the upwelling regime on the figure indicates that at higher nutrient con-

centration in source waters than the one tested with the box model, the local accumulation

of phytoplankton biomass would be limited by export. Overall, the analysis shows that

dynamics in Lunenburg Bay are limited by low nutrient concentration in source waters.

3.4 Discussion

Fluctuations in the local and remote wind forcing have a substantial role in nearshore

areas because they control the local circulation and the flushing of inlets, promoting the

coupling with the coastal ocean (Garvine, 1985). In Lunenburg Bay, this coupling has a

dominant role in the variability of nitrate and phytoplankton in summer (Chapter 2). To

assess the underlying factors associated with this coupling, two levels of analysis were

presented, which demonstrate that wind induced accelerated flushing and low nitrate con-

centration in source waters are important factors controlling phytoplankton biomass in

Lunenburg Bay. The spatially explicit Box model analysis has revealed a significant effect

of wind-induced circulation on nutrient transport and on the rate of ecosystem processes

in Lunenburg Bay, but also on the rapid transport of phytoplankton which limits its ac-

cumulation in the bay, whereas a spatial pattern of zooplankton appeared with reduced

91



flushing under a tidal circulation. The spatially-averaged sensitivity analysis provides a

generalization of these results on a dimensionless framework, which represents a concep-

tual model of the interaction between nitrate availability in source waters and specific

transport (S ∗ vs. F∗). This interaction determines the accumulation of phytoplankton

biomass (and other biological properties) inside an inlet. The role of the two processes is

discussed in the context of Lunenburg Bay and then generalized based on the dimension-

less framework.

3.4.1 Factors Controlling Phytoplankton Biomass in Lunenburg Bay

The three meteorological forcing regimes (tidal, upwelling and downwelling) generate

contrasting circulation patterns in Lunenburg Bay (Figure 3.3). They have distinct effects

on nutrient transport and local ecosystem processes, but result in a limited change in local

concentrations. The S ∗ vs. F∗ framework provides an explanation to this narrow range of

concentrations.

When circulation is controlled by the semi-diurnal tide, the flushing time of the bay

(estimated to 15 days) is significantly greater than the biological time scales, hence bio-

logical processes dominate. The delivery of nutrient from the shelf is limited due to both

the low concentration on the Scotian Shelf and the limited flow at the bay-ocean interface

(Figure 3.3). In this configuration (low flushing, low nutrient), the S ∗ vs. F∗ framework

indicates that in an inlet the local accumulation of phytoplankton biomass is limited but

also that the long flushing time allows for the development of secondary producers, which

accumulate in the bay (Figure 3.12). This accumulation occurs along the inshore-offshore

axis of increasing coupling between Lunenburg Bay and the Scotian Shelf, zooplankton

reaching a maximum biomass at the head of the bay (Figure 3.7A). This spatial pattern

is characteristic of semi-enclosed inlets, where water circulation has a dominant role in

structuring plankton spatial variability along the longitudinal axis (Jouffre et al., 1991;

Dowd, 2003). At the mouth of the inlet, inner shelf conditions are prevalent due to the

increased intensity of transport, whereas inshore, reduced transport allows for a control

by grazers over phytoplankton biomass (Dowd, 2003), resulting in the local accumulation

of zooplankton (Pinel-Alloul, 1995). Spatial variability is then characteristic of the tidal

circulation.

92



The wind regimes induce the accelerated flushing of the bay, which imposes a hydro-

dynamic control over the biological system due to the rapid transport in comparison to

the biological time scales (Figure 3.7). Despite this control, specific differences have

arisen from the comparison between the upwelling and the downwelling circulations.

Under both regimes, the biophysical coupling is accelerated at the interface between

Lunenburg Bay and the inner shelf. In this area, the rapid transverse flow (north-south

axis) is controlled by the intensity and the orientation of the wind (Yang and Sheng, 2008),

water entering in the southeastern (northeastern) side and leaving through the northeast-

ern (southeastern) side of Lunenburg Bay in the upwelling (downwelling) wind regime

(Figure 3.3B,C). This change in the orientation of the flow at the inlet-ocean interface

has a significant effect on local biological processes because it influences the delivery of

nutrient into the bay (Figure 3.7C). Under persistent southeastward winds (downwelling),

residual nutrient fluxes are negligible due to the lack of nutrient in source waters (surface).

Plankton dynamics inside Lunenburg Bay are reduced and the phytoplankton limited to

the biomass occurring in source waters. The mismatch observed in the model-data com-

parison suggests however that other processes are regulating phytoplankton variability

under this wind regime. Shoreward transport of phytoplankton during period of down-

welling is a mechanism of phytoplankton accumulation inshore (Crespo et al., 2006).

This process is not represented in the box model which uses steady state boundary condi-

tions; hence the effect of allochtonous phytoplankton transport into Lunenburg Bay during

periods of downwelling cannot be investigated.

When the bay circulation is driven by northeastward winds (upwelling), enhanced

deep nutrient fluxes promote local primary production. Because of the wind-induced

accelerated flushing of the bay, the local phytoplankton production is exported to the

inner Scotian Shelf (Figure 3.7C). The wind induced accelerated flushing of upwelling

and downwelling conditions is represented by a shift toward the right-hand side of the

S ∗ vs. F∗ framework (Figure 3.12) where biological dynamics are limited by both rapid

transport and low nutrient concentrations. It confirms the role of accelerated flushing

and shows the dominant limiting effect of the low average nutrient concentration on the

biological system of Lunenburg Bay. The summer-averaged nitrate concentration used

in the box model analysis is representative of tidal and downwelling-driven circulations

but underestimates the concentration observed during a sustained upwelling event (i.e.
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2 mmolN m−3 inside the bay, see Chapter 2). Nonetheless, the S ∗ vs. F∗ framework

indicates that the rapid flushing characteristic of the upwelling circulation limits phy-

toplankton biomass in Lunenburg Bay at a more representative nutrient concentration

(Figure 3.12D).

In Lunenburg Bay, the hypothesis of a limitation of summer phytoplankton biomass by

the intensity of wind-induced flushing and by the low nitrate concentration in the source

waters is therefore well supported. The interaction between the two processes explains the

observed phytoplankton biomass over a range of wind-induced circulations. The distinct

dynamics under the three meteorological regimes demonstrates that the concept of source

waters, which relates to the origin of the water entering the bay, hence associated to

specific patterns of circulation—e.g., deep shelf water for an upwelling, surface water

for a downwelling—is more accurate than boundary conditions and the ordinate of the

S ∗ vs. F∗ framework (i.e., S ∗) should refer to this definition.

3.4.2 Generalization of Results Based on S ∗ vs. F∗

The relationship between growth, loss and transport time scales governs phytoplankton

dynamics in aquatic systems (Lucas et al., 2009). In coastal inlets, biological dynamics

are also determined by the balance between the processes occurring locally in the inlet

and the processes occuring in the adjacent coastal ocean (shelf biogeochemistry, physi-

cal processes), which are related through local and coastal transport (Dowd, 2005). The

S ∗ vs. F∗ framework demonstrates the importance of the balance between local and re-

mote processes and attempts to explain the general ecosystem dynamics of an inlet based

on offshore nutrient concentration and transport.

The importance of transport patterns and intensity was established for Lunenburg Bay

throughout this study (Figure 3.7C). The role of nutrients in source waters was illus-

trated by the transport patterns in the wind regimes. Although the variations in plank-

ton biomass and nutrient concentration were small, the study has illustrated the effect

of the interaction between nutrient in source waters and transport on plankton dynamics

in Lunenburg Bay (Figure 3.7). Because of the scaled variables in S ∗ vs. F∗, the dy-

namics in Lunenburg Bay can be compared to other inlets. For instance, a fundamental
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difference between Lunenburg Bay or other inlets located on the Atlantic coast of Nova

Scotia and the inlets located on the west coast of North America or the west coast of

the Iberian Peninsula arises from the nitrate concentrations available on their adjacent

shelves (i.e., shelf-dominated vs. slope-dominated continental margins, see Chapter 1). It

can be significant on the west coast during the upwelling season (Hickey and Banas, 2003;

Álvarez-Salgado et al., 2010), which influences nitrate concentration in the inlets source

waters (Hutchings et al., 1995). For example, on the Northwest coast of North America,

upwelling-induced transport provides high concentration of nitrate to the coastal inlets

(e.g., 10–30 mmol m−3 in Yaquina Bay, Brown and Ozretich, 2009), which is an order of

magnitude higher than the estimated value in Lunenburg Bay (see Chapter 2). At this

level of nitrate in source waters, an inlet is located at the top (and beyond) of the of the S ∗

axis (ordinate) on the S ∗ vs. F∗ framework (i.e., S ∗ > 6.6, assuming kN = 1.5 mmol m−3)

where plankton dynamics are controlled by the flushing time scale rather than the avail-

ability in nutrient. Similar dynamics are found in the rias on the west coast of the Iberian

Peninsula where nitrate concentration in source waters are in the range 5–9 mmol m−3

(i.e., 3.3 < S ∗ < 6, assuming kN = 1.5 mmol m−3) depending on the intensity of the up-

welling (Álvarez-Salgado et al., 1996a). In these systems, weak upwelling conditions

favour the retention of nutrients and the accumulation of primary producers in the in-

let (Álvarez-Salgado et al., 1996b; Piedracoba et al., 2008a), whereas strong upwelling

is associated with rapid flushing, which promotes the export of primary production to

the shelf (Álvarez-Salgado et al., 1996b; Crespo et al., 2006). Although the value of

F∗ remains to be calculated for these inlets, these dynamics agree qualitatively with the

dynamics described by the framework. In comparison, Nova Scotian inlets and similar

ocean-dominated systems along the western boundaries of ocean basins are located on

the lower part of the framework where nutrients in source waters is a dominant limiting

factor for the local development of phytoplankton biomass, as seen in Lunenburg Bay.

The S ∗ vs. F∗ framework also reveals the combined effect of transport and nutrient con-

centration in source waters on growth (phytoplankton) and loss (zooplankton) processes

in the ecosystem and therefore gives an insight on the structure of the plankton ecosys-

tem as a function of nutrient and transport. At rapid and intermediate flushing, transport

or growth processes dominate and therefore bottom-up factors regulate the ecosystem.

However, when the time-scale of transport is long and a significant population of grazers
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is present in an inlet, trophic interactions become a dominant factor regulating phytoplank-

ton biomass (Alpine and Cloern, 1992). The S ∗ vs. F∗ framework predicts the threshold

value for specific transport (F∗)—dependent on the nutrient source (S ∗)—at which the

change in ecosystem structure occur. Below this value, higher trophic levels are expected

to have a more important role on the regulation of the ecosystem. This was suggested for

Lunenburg Bay with the box model experiment that indicated an increasing sensitivity of

phytoplankton biomass to grazing parameters at low flushing rate (tidal circulation).

Nutrient dynamics of shelf systems and reduced or accelerated flushing associated with

meteorological conditions are therefore dominant factors controlling the biological dy-

namics of coastal inlets. The S ∗ vs. F∗ framework is an effective, first order assessment

tool that can be used to describe these dynamics given a limited set of data.

3.4.3 Limitations

Several limitations to the use of the S ∗ vs. F∗ framework need to be noted. Boundary forc-

ing associated with meteorological events is generally a dynamical process. For instance,

wind-induced upwelling events are often a succession of particular conditions with spe-

cific effects on the ecosystem. The delivery of nitrate (onset phase) and the development

of a phytoplankton bloom (relaxation phase) can be dissociated in time, but both are essen-

tial to the local accumulation of phytoplankton (e.g., Edwards et al., 1996; Tilstone et al.,

2000). This temporal variability is absent of the framework, which represents steady state

conditions.

Another limitation of the framework is that it assumes the coupling between nutrient

input and flushing. This can represent both ocean and river dominated systems but only

if the dominant source of flushing for the inlet represents the dominant source of nutrient.

The framework therefore does not take into account internal sources of nutrient (sewage

discharge, benthic regeneration). Similarly, the framework does not take into account

benthic filter feeders or shellfish aquaculture which can influence or even control the mag-

nitude of phytoplankton accumulation in an inlet (Cloern, 1982; Cloern, 1996). This is

the case in Yaquina Bay (Brown and Ozretich, 2009) and in the Spanish rias (Figueiras

et al., 2002). Hence, the effect of internal processes will need to be assessed in further
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development of the S ∗ vs. F∗ framework. This can be carried out as sensitivity studies

of the framework to ecosystem structure (e.g. including benthic grazers), ecosystem pa-

rameter values and internal sources of nutrients. These sensitivity studies will provide

further insights into the role of local processes in comparison to the offshore processes

highlighted in this study.

3.5 Summary and Conclusions

Two factors were hypothesized to control the accumulation of phytoplankton biomass in

Lunenburg Bay: the intensity of wind-induced flushing and the low nutrient concentra-

tion in source waters. The analysis has validated both hypotheses by demonstrating that

both factors are essential to explain the dynamics observed in Lunenburg Bay. Under

the dominant meteorological conditions in summer, they limit the variability of phyto-

plankton biomass inside the bay. Nutrient concentration on the Scotian Shelf appears to

be a dominant factor controlling phytoplankton in Lunenburg Bay under the three mete-

orological regimes, in particular when the circulation is driven by southwestward winds

(downwelling) and/or the semi-diurnal tide. Despite this limitation, enhanced biological

dynamics (transport and production) were revealed under a circulation driven by north-

eastward winds (upwelling). Under these conditions, the accelerated flushing limits the

accumulation of local production and therefore becomes a dominant factor controlling the

biological system.

The S ∗ vs. F∗ framework (scaled external nutrient concentration vs. flushing rate) has

enabled the extension of these findings to other systems. This framework represents a

conceptual model of plankton dynamics in coastal inlets. Several limitations to both the

framework and the box model results have been discussed. The present work should

therefore be extended to more realistic dynamic conditions, in particular during summer

episodes of upwelling when the succession of onset and relaxation phases can have a

significant effect on the development of local phytoplankton biomass. This aspect will

be considered in the following chapter (Chapter 4). Future work should also evaluate

the framework with data from various inlets with different shelf dynamics such as Nova

Scotian and west coast inlets, for which flushing rates were not available.
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Chapter 4

Investigating the Factors Controlling
Phytoplankton Dynamics in a Coastal
Embayment During Summer Upwelling
Events

4.1 Introduction

The role of transport—and its interaction with source nutrients—in the regulation of phy-

toplankton biomass in Lunenburg Bay was explored in the previous chapter (Chapter 3).

In this inlet, rapid transport during meteorological events and low nitrate concentration

available on the Scotian Shelf, can explain the apparent discrepancy between the occur-

rence of upwelling events, and the rather small levels of phytoplankton biomass observed

in summer. The dominant factors regulating phytoplankton variability are therefore iden-

tified for this system. However, the processes modulating their effect during an upwelling

event remain unknown. This information is essential, first to comprehend the mecha-

nisms underlying the observations made in 2006 in Lunenburg Bay (Chapter 2), and then

to achieve a comprehensive understanding of the controls exerted on nearshore phyto-

plankton populations along the Atlantic coast of Nova Scotia in summer. The steady-

state assumption for nutrient and phytoplankton boundary conditions, and the spatial and

temporal averaging applied with the box modelling experiments did not allow for the

investigation of these processes.

Several processes modulate the effect of transport during an upwelling event. The

intensity and duration of upwelling pulses are associated with the synoptic wind forcing.
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The inshore biological response to an upwelling event depends on both processes. A

weak upwelling favours the development of a phytoplankton bloom inshore whereas a

strong upwelling induces the rapid flushing of the system (Álvarez-Salgado et al., 1996b;

Piedracoba et al., 2008a). The duration of an upwelling is important since short events

limit productivity due to the low concentration of phytoplankton biomass in upwelled

waters (Brown and Field, 1986). Both the intensity and the duration of an upwelling event

determine the efficiency of an inlet to trap the upwelled nitrate (Álvarez-Salgado et al.,

1996b; Piedracoba et al., 2008a) and to accumulate or export phytoplankton (Álvarez-

Salgado et al., 1996b; Tilstone et al., 2000; Crespo et al., 2006). Bathymetry modulates

the effect of transport locally.

The delivery of upwelled nitrate is modulated through transport and therefore depends

on the intensity of the upwelling and its duration (e.g., sustained vs. storm-induced

upwelling, Chapter 2). However, upwelled nitrate concentration also depends on the

vertical distribution of nitrate on the Scotian Shelf (i.e., nitracline depth) which is a

characteristic of the continental margin (i.e., shelf-dominated, Jahnke, 2010). A sec-

ond factor modulating the delivery of upwelled nitrate to Lunenburg Bay is suggested

hereafter. An inshore-offshore increase in the phytoplankton response to the Sustained 1

upwelling event—along a bathymetry gradient of increasing depth—was observed in the

2006 dataset (Figure 2.8). To explain this pattern, it is proposed that shallow depth in

the inshore areas limits the delivery of upwelled nitrate to the inshore areas of Lunenburg

Bay in comparison to the deep outer area. Shallow depth is not a limiting factor in eastern

boundary inlets since surface nitrate concentration on the inner shelf is usually elevated

(e.g., Brown and Ozretich, 2009). However, given the limited nitrate concentration in

upwelling source waters, this factor may be important for Nova Scotian inlets.

The objective of this chapter is to examine how these processes modulate the effects

of transport and nitrate concentration available to primary producers on the dynamics of

phytoplankton biomass in Lunenburg Bay during an upwelling event. For transport, it

is hypothesized that (1) the short duration of an upwelling event and (2) the rapid trans-

port limit the development of phytoplankton biomass due to the short period of time for

which nitrate is available to primary producers. For nitrate, it is hypothesized that dur-

ing an upwelling event, (3) the low nitrate concentration in upwelling source waters and
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(4) the inshore bathymetry patterns limit the development of phytoplankton biomass due

to the low nitrate concentration available to primary producers.

The method we choose to evaluate these hypotheses is to develop a high resolution

three dimensional hydrodynamic-biological coupled model of Lunenburg Bay and the in-

ner Scotian Shelf that simulates the 2006 period of sustained upwelling events analyzed

in Chapter 2. The fine resolution modelling framework was selected for several reasons.

We discussed the limitations and the need to upscale the box model framework used

in Chapter 3 in order to examine the processes modulating the effects of transport and

nitrate during an upwelling event. In a recent numerical study, Zhai et al. (2008b) demon-

strated the importance of baroclinic dynamics and realistic bottom topography to resolve

the circulation in Lunenburg Bay and the surrounding nearshore areas. In general, high

resolution 3D model are recommended to investigate processes finely resolved spatially

(Ménesguen et al., 2007). This type of model better represents the spatial structures and

is able to simulate the inshore-offshore continuum. These characteristics are necessary to

investigate the bathymetry hypothesis. Including the inner Scotian Shelf in the modelling

framework is also necessary to model the development of coastal upwelling events on

the Scotian Shelf and the resulting biophysical coupling between Lunenburg Bay and the

inner Scotian Shelf. This extension of the spatial domain enables the comparison of the

phytoplankton response to upwelling in Lunenburg Bay and the neighbouring areas.

4.2 Methods

4.2.1 Study Site

This work is mainly carried out in Lunenburg Bay. However, the modelling framework

also includes the inner Scotian Shelf and the neighbouring inlets Rose Bay, Mahone Bay

and Saint Margarets Bay (Figure 4.1). Lunenburg Bay is connected to Rose Bay on its

southeastern side and to Mahone Bay on its shallow northeastern side (connected further

north to Saint Margarets Bay). The MEPS-Bay coastal observatory (Cullen et al., 2008)

was located in Lunenburg Bay between 2002 and 2007. The data used in this study have

been collected at the observatory, except for the sea surface temperature (SST) on the
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Scotian Shelf which was collected from satellite imagery (MODIS). The methodology

and the dataset are described in Chapter 2.

4.2.2 Model Description

The upwelling simulation is carried out with the Regional Ocean Modelling System

(ROMS, http://www.myroms.org). ROMS is a free-surface primitive equations ocean

model with Boussinesq and hydrostatic approximations. The terrain following (or sigma)

vertical coordinates system stretches according to the bathymetry and the free surface,

which allows for a continuous representation of the bathymetry and a variable vertical

resolution, including a higher resolution in the euphotic and bottom layers. A detailed

description of the model can be found in Shchepetkin and McWilliams (1998, 2003, 2005)

and in Haidvogel et al. (2008). The model is implemented for the inner Scotian Shelf area

(ISS), including Saint Margarets Bay, Mahone Bay, Rose Bay and Lunenburg Bay with a

series of nested grids with increasing resolution.

4.2.2.1 Spatial Discretization and Nesting Procedure

The model is set up with four nested computational domains (grid name and horizontal

grid resolution provided in parenthesis): the Northeast North American shelf domain

(NENA, 8 km), which is used to provide initial and boundary conditions, and the three

ISS-LB domains (Figure 4.1) including a large coarse resolution domain of the inner

Scotian Shelf (ISS-LB.1, 2 km), the outer Lunenburg Bay domain (ISS-LB.2, 500 m)

and a high resolution domain representing Lunenburg Bay, Rose Bay and the deep area

connecting the two inlets (ISS-LB.3, 170 m). The grids are constructed with the SeaGrid

Orthogonal Grid Maker For Matlab (http://woodshole.er.usgs.gov/operations/modeling/

seagrid). The bathymetry data used for the ISS-LB domains are interpolated from local

data generated by D. Mercer and J. Sheng and from the NENA grid bathymetry data. A

maximum slope parameter r = 0.2 is used for bathymetry smoothing in order to limit

pressure gradient errors (Beckmann and Haidvogel, 1993). The number of vertical layers

are N = 30 in the two outer model grids and N = 20 in the high resolution ISS-LB.3 grid.

The vertical grid resolution is determined using stretch parameters (Song and Haidvogel,

1994), which are the same for all ISS-LB domains, such that θs = 5 (surface stretching
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parameter), θb = 0.4 (bottom stretching parameter) and Tcline = 50 m (width of stretching

layer).

Each grid provides boundary conditions to its child grid (next finest) through a one-

way offline nesting procedure. The output from the NENA model (Fennel et al., 2008) is

used to provide open boundary conditions for ISS-LB.1 including physical and biological

tracers, momentum and sea surface elevation. Physical and biological boundary condi-

tions for the two small grids (ISS-LB.2 and ISS-LB.3) are computed from the results of

their parent grid (next largest). The frequency of the time series used for boundary con-

ditions of the ISS-LB grids is 1 h−1 for all variables except for the biological variables

in ISS-LB.1 where the frequency is 1 d−1. The nesting procedure and the post process-

ing of the model results are carried out using ROMSTOOLS (Penven et al., 2008) and

the ROMS Numerical Toolbox for Matlab (RNT, http://www.o3d.org/RNT/). For each

ISS-LB grid, boundary sea-surface elevation and barotropic velocity are prescribed using

respectively Chapman (1985) and Flather (1976) radiation conditions at the boundaries

to allow for the radiation of tides and gravity waves. Baroclinic velocity and tracers ra-

diation are prescribed at the boundaries using a Dirichlet radiation condition (clamped),

which performed best after testing the several techniques available for radiation condition

in ROMS.

4.2.2.2 Circulation Model

The circulation model uses the default advection schemes: a third-order upstream-biased

(Shchepetkin and McWilliams, 1998) and a fourth-order centered for the horizontal and

vertical advection of momentum respectively. A third-order upstream advection scheme

is used for turbulent kinetic energy fields (Shchepetkin and McWilliams, 2005). As in

NENA, the advection of tracers is formulated with the recursive MPDATA 3D advection

scheme (Smolarkiewicz andMargolin, 1998), which reduces inaccuracies in the advection

of biological tracers. In addition, the model uses the parabolic splines density Jacobian

pressure gradient algorithm (Shchepetkin and McWilliams, 2003).

Vertical mixing is set using the Mellor-Yamada level 2.5 closure scheme (Mellor and

Yamada, 1982; Galperin et al., 1988) with the Kantha and Clayson stability function

(Kantha and Clayson, 1994). The velocity dependent Smagorinsky scheme (Smagorinsky,
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1963) is used to parametrize horizontal subgrid processes for momentum. Finally, the

bottom stress is approximated with a quadratic bottom friction formulation and a stress

coefficient set to 3 · 10−3 (see Haidvogel and Beckmann, 1999).

4.2.2.3 Biogeochemical Model

The circulation model is coupled to the biogeochemical model developed by Fennel et al.

(2006). The model is a modification of the commonly used Fasham model (Fasham et al.,

1990). The model divides the pelagic nitrogen cycle into seven compartments (Figure 4.2)

representing phytoplankton, chlorophyll (CHL) that acclimates to light and nutrient condi-

tions (Geider et al., 1996, 1997), zooplankton, dissolved inorganic nitrogen (DIN)—split

into nitrate (NO3) and ammonium (NH4) to represent respectively ‘new’ and ‘regener-

ated’ production (Dugdale and Goering, 1967; Eppley and Peterson, 1979)—as well as

a small detritus pool (particles size < 10 μm) that receives losses from phytoplankton

and zooplankton and a large detritus pool that represents aggregates of phytoplankton

and small detritus. The aggregation rate is related to the square of particle abundance to

account for increase particle encounter at high abundance. The nitrification rate is light

dependent and inhibited at high light intensity. A description of the model formulations

is presented in Appendix D with the value of each parameter used during the simulation.

The model was developed for the study of biogeochemistry of coastal systems and

therefore includes a sediment component with a denitrification pathway. The sediment is

modelled as a bottom boundary condition where deposited organic matter (phytoplankton

and detritus) undergo instant mineralization through both aerobic and anaerobic pathways,

assuming that a constant fraction of organic matter is mineralized through denitrification

(lost from the nutrient pool). The remaining fraction is returned to the overlying water

column as ammonia. The formulation of sediment processes is given in Appendix D.

The model parameters for ecosystem processes are the same for the four domains. More

details on the model and the rationale for the choice of formulations are available in

Fennel et al. (2006). The analysis of the simulation focuses on the nitrate and phytoplank-

ton components of the ecosystem.
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Figure 4.2: Schematic of the ecosystem model (redrawn from Fennel et al., 2006). Dark
arrows indicate ecosystem processes and downward grey arrows the sinking of tracers.
The upward grey arrow indicates the loss of molecular nitrogen (N2)—the end-product of
denitrification—from the nutrient pool. The sediment layer represents an instant mineral-
ization or denitrification of sedimenting particulate organic matter into the water column.
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4.2.2.4 Initialization and Boundary Conditions

Boundary and initial conditions for physical tracers, momentum and sea surface height

in the larger ISS-LB.1 domain are set from the output of the NENA model. Biological

tracers are set up similarly, except for nitrate which is not initialized from NENA but

prescribed using a nitrate-density relationship constructed with nitrate and density data

collected on the Scotian Shelf along the Halifax Line (1999-2005, see Petrie, 2004), such

that:

N̂O−3 =

⎧⎪⎪⎪⎨⎪⎪⎪⎩ 8.444 ρ − 8658.498 if ρ > 1025.5

0.316 otherwise,
(4.1)

where ρ (kg m−3) is the water density and N̂O−3 (mmol m
−3) the nitrate estimated from den-

sity (Figure 4.3D). Data with values greater than 3 standard deviations from the regression

estimate were considered outliers and excluded from each relationship. The modification

of the nitrate field is imposed to represent accurately the vertical distribution of nitrate

along the coast, which is essential to this study. It also enables to vary the nitracline depth

on the Scotian Shelf (see sensitivity analysis, Section 4.2.3.2). The model is run for a

month prior to the simulation to spin up the biological variables.

4.2.2.5 Atmospheric Forcing

Surface forcing is imposed on the circulation model for each domain using the NCEP

reanalysis dataset (Kalnay et al., 1996), which is also used for NENA. The dataset in-

cludes mean daily wind speed, short-wave and long-wave radiation, air temperature, air

pressure, air relative humidity, rainfall, as well as sensible, latent and net heat flux. The

dataset is interpolated from the NENA domain to each ISS-LB grid. The time series of

wind stress used for the simulation is given in Figure 4.4 (mid ISS-LB.1 grid). The model

configuration allows for net sea surface heat and freshwater flux corrections in ISS-LB.2

and ISS-LB.3 domains based on sea surface temperature and salinity observations at the

mid-bay station SB3 (see time series in Figure 2.3B,C).

The NCEP wind forcing time series can be divided into five periods (Figure 4.4).

(1) A period of moderate wind at the beginning of the simulation (day 175–178). (2) A pe-

riod of strong northeastward winds (day 179–186) that corresponds to sustain 1 event in
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Figure 4.3: Nitrate vs. density relationship. A-C Relationships used for the simulation
runs S+, S0 and S− respectively (see Section 4.2.3.2). D. Main relationship (Black line,
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Chapter 2, extended to include the period of increased wind intensity on day 186. This is

referred to as pulse 1; this period includes a day of moderate wind on day 185. (3) A pe-

riod of low wind (day 187–189), which corresponds to the relaxation of sustain 1 event in

Chapter 2 (shorter in the simulation). (4) A period of moderate to strong northeastward

winds (day 190–193) that corresponds to sustain 2 event in Chapter 2 and is referred to

as pulse 2. (5) A period of low winds (day 194–203) at the end of the simulation, re-

ferred to as the relaxation phase. This period is interrupted by strong wind conditions on

days 199 and 202. The analysis is focused on the main periods of upwelling: pulse 1,

pulse 2 and the relaxation phase after the two sustained upwelling events.

4.2.3 Simulation

4.2.3.1 Standard Run

The model simulates the whole time-period of sustained upwelling events that occurred

in early summer 2006 (see Chapter 2). The simulation is carried out for the duration

of the events from June 24 to July 22, which includes the two periods of sustained up-

welling as well as the pre- and post-upwelling time periods. The model is forced by

daily mean atmospheric variables and therefore is not designed to hindcast rigorously the

high-frequency variability in hydrographic conditions observed at the MEPS-Bay coastal

observatory during the time period of the simulation.

The analysis of the simulation results focuses particularly on the ISS-LB.3 domain to

assess the biological response to the upwelling in Lunenburg Bay. Particular locations

have been selected for the analysis (Figure 4.1). The mooring stations SB2 (inshore) and

SB3 (mid-bay) enable the comparison of model results with time series from the observ-

ing system. SB2 is also used as the inshore location of a transect line across the Lunenburg

Bay-Rose Bay domain (see Chapter 2), which also includes the stations N3 (mid-bay), T5

(deep-end side) and X6 (outside). The Lunenburg Bay-Rose Bay domain is referred to as

Lunenburg Bay hereafter. Three other stations from the ISS-LB.2 model domain are used:

MB (shallow) that represents Mahone Bay, SMB (deep) that represents Saint Margarets

Bay and OS that represents the deep outer part of this coastal area (Figure 4.1). Several

zones and boundaries have also been defined inside Lunenburg Bay (ISS-LB.3 domain) to
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Figure 4.5: Map of the ISS-LB.3 grid showing the areas (1–4) and boundary lines (A, B,
C and D) used during the analysis to calculate transport and spatial averages of nutrient
and phytoplankton. Each boundary line corresponds to the interface between two areas.
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study the biological transport and to compute spatial averages (Figure 4.5). Zones 1, 2, 3

and 4 represent respectively the areas characteristic of the outside, the deep-end side, the

mid-bay, and the inshore of the Lunenburg Bay. The boundaries A, B, C and D represent

the limits between these areas (Figure 4.5).

4.2.3.2 Sensitivity Runs

Two additional model runs (S+ and S−) are carried out to investigate the role of nitracline

depth (i.e., depth at which there is a sharp vertical gradient in nitrate concentration) on

the Scotian Shelf on the biological response to the upwelling. The two runs are carried

out with the same physical and biogeochemical settings as the standard run (S0), except

for the nitrate field. In the standard run, the nitrate initial and boundary conditions are

prescribed from density using the standard nitrate-density relationship (Figure 4.3B). In

the first sensitivity run (S+) a shallower nitracline is simulated by lowering the cut-off

value of the nutrient-density relationship to 1025 kg m−3 (Figure 4.3A). Below and above

this value, the same relationships as in the standard run are used (see Eq. 4.1). In the

second sensitivity run (S−) a deeper nitracline is simulated by increasing the cut-off value

of the nutrient-density relationship to 1026 kg m−3 (Figure 4.3C). Sensitivity results are

presented as anomalies (%) from the control run such that the sensitivity of a variable X

is sens(X+) = (X+ − X0)/X0 × 100 and sens(X−) = (X− − X0)/X0 × 100 for S+ and S−
respectively.

4.2.4 Post-Processing and Analysis

4.2.4.1 Upwelling Response

A relative phytoplankton biomass response to the upwelling event (upwelling response)

is calculated at the various locations of the model grid ISS-LB.2 (MB, SMB and OS,

see Figure 4.1) and ISS-LB.3 (SB2, N3, T5 and X6), and also over the whole grid do-

mains. With the exception of OS on the inner shelf, all the stations are located inshore. In

Lunenburg Bay, the stations are characterized by their position along the inshore-offshore

axis, which represents a change in bathymetry, whereas Mahone Bay and SMB stations

represent two other systems, but with distinct bathymetry (shallow for Mahone Bay and
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deep for Saint Margarets Bay). The upwelling response is the ratio between the average

phytoplankton biomass per unit area (mmolN m−2) at a specific location during the relax-

ation phase (days 194–203) and the pre-upwelling time period (days 175–178). Similarly,

the effect of pulse 1 on the phytoplankton biomass (mmolN m−2) is the ratio between the

phytoplankton biomass at the peak of pulse 1 (day 183) and the average pre-events phy-

toplankton biomass. A low value (< 1) represents a decrease in phytoplankton biomass

associated with the event (negative effect).

4.2.4.2 Transport Across Boundary Lines

The model velocity and transport time series are presented as subtidal data series with the

dominant tidal component of the signal removed. The subtidal series are computed using

a low-pass filter with a cut-off frequency at 0.5 d−1.

The transport of nitrate (TNO3; mmol s−1), DIN (TDIN; mmol s−1) and phytoplankton

(TP; mmolN s−1) across boundary lines A, B, C and D (see Figure 4.5) is calculated

as follow:

TNO3(t) =
m∑
j=1

n∑
k=1

u( j, k, t) · NO3( j, k, t)
A( j, k)

, (4.2)

TDIN(t) =
m∑
j=1

n∑
k=1

u( j, k, t) · (NH4( j, k, t) + NO3( j, k, t))
A( j, k)

, (4.3)

TP(t) =
m∑
j=1

n∑
k=1

u( j, k, t) · Phy( j, k, t)
A( j, k)

, (4.4)

where NO3 (mmol m−3) is the nitrate concentration, NH4 (mmol m−3) is the ammonium

concentration, Phy (mmolNm−3) is the phytoplankton biomass, u (m s−1) is horizontal ad-

vection in the i-direction and A (m2) is the vertical area of a grid cell. j corresponds to the

j-direction index (horizontal) and k to the z-direction index (vertical) on the model grid.

m and n are the total number of grid cell in each direction. The transport across bound-

ary C is further divided into transport in (TNO3in, TPin) and out (TNO3out, TPout) of the

mid-bay area. It represents the total transports into and from areas 3 and 4 (see Figure 4.5).
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4.2.4.3 Nitrate Trapping

Nitrate transport across areas 3 and 4 (TNO3in, TNO3out) is used to estimate the efficiency

of Lunenburg Bay as a trap for nitrate (ENO−3 ; %) for the whole upwelling simulation using

the following relationship:

ENO−3 =

n∑
t=1

(
TNO3in(t) − TNO3out(t)

)
n∑
t=1

TNO3in(t)

× 100, (4.5)

where t is the time and n the length of the simulation.

4.2.4.4 Production-Transport Contributions

The contributions of production and transport to the phytoplankton biomass and DIN dy-

namics are computed for the area inside the mid-bay and the inner-bay (area 3 and 4,

Figure 4.5) and for the whole bay (areas 2, 3 and 4) in order to examine which of pro-

duction (primary production or DIN regeneration) or transport dominates the dynamics

of phytoplankton and DIN during the simulation. Total daily primary production (PP;

mmolN s−1) is calculated for each area such that:

PP(t) =
l∑
i=1

m∑
j=1

n∑
k=1

μ(i, j, k, t) · Phy(i, j, k, t)
V(i, j, k)

, (4.6)

where μ is the temperature, light and nutrient limited phytoplankton growth rate (d−1)

and V (m3) is the volume of a grid cell. i corresponds to the i-direction index, j to the

j-direction index and k to the z-direction index on the model grid. l, m and n are the total

number of grid cell in each direction.

Similarly, the production of DIN (PDIN; mmol s−1) is the addition of the rate of am-

monia production in the water column (PDINwc; mmol s−1) and in the sediment (PDINsed;
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mmol s−1), such that:

PDINwc = lBMZoo + lE
Phy2

kP + Phy
2
βZoo2 + rS DSDet + rLDLDet (4.7)

PDINsed =
4

16Δz

(
wPhy Phy|z=H + wSDetSDet|z=H + wLDetLDet|z=H

)
(4.8)

The model equations, variables and parameters names are detailed in Appendix D and in

Eq. D.5 and D.16.

The contribution of primary production to phytoplankton dynamics is calculated as

PP/(PP+TP), whereas the contribution of transport is TP/(PP+TP). Similarly, the con-

tribution of local regeneration to DIN dynamics is calculated as PDIN/(PDIN+TDIN),

whereas the contribution of transport is TDIN/(PDIN+TDIN). When the contribution of

primary production (regeneration) is greater than 0.5, primary production (regeneration)

is larger than transport, whereas for values less than 0.5, phytoplankton (DIN) transport

dominates primary production (regeneration).

4.3 Results

4.3.1 Simulated Hydrography

4.3.1.1 Inner Shelf

Sea surface temperatures (Figure 4.6) and a cross-shelf transect across the three model

domains (Figure 4.7A) illustrate the hydrographic response to the upwelling simulated by

the circulation model. The model simulates coastal bands of cold surface water nearshore

on day 184 (July 3) during pulse 1 (Figure 4.6D,G) and on day 193 (July 12) at the end

of pulse 2 when upwelling conditions starts to relax (Figure 4.6E,H). During the two up-

welling events (pulse 1 and 2), the model simulates a northeastward surface alongshore

flow near the coast (Figure 4.6D,G). This alongshore geostrophic current is characteristic

of coastal upwelling events (e.g., Allen, 1980) and results from the onshore pressure gra-

dient associated with the tilting of the isopycnals (see Appendix A). A week after the end
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of pulse 2 on day 201 (July 20), the model simulates warm surface water throughout the

three model domains. The coastal bands of cold water have disappeared, indicating the

relaxation of upwelling conditions (Figure 4.6F,I).

Limited observations are available on the inner Scotian Shelf during the simulation.

Nevertheless, sea surface temperature observations are available on the three dates dis-

cussed above (Figure 4.6A–C). The comparison between observed and simulated sea sur-

face temperatures shows three general patterns: (1) the large scale temperature patterns

in the model agree qualitatively with the features observed on the satellite images; the

observed and simulated location of the bands of cold surface water during pulse 1 and 2

is similar, (2) the simulated spatial patterns are smoother than the observation; the model

tends to smooth out the high spatial variability associated with the upwelling event, and

(3) surface temperatures are underestimated by the model in comparison to the observa-

tions.

The cross-shelf transect across the model domains at the peak of pulse 1 (day 183)

indicates a 10 m shoaling of shallow subsurface isopycnals about 20 km offshore of

Lunenburg Bay (Figure 4.7A). At this location, the pycnocline reaches the surface, which

induces the 20 km-wide coastal band of cold surface water revealed in the simulated sea

surface temperatures (Figure 4.6 D,G). Within this area, subsurface isopycnals propagate

shoreward, including inside Lunenburg Bay. At station X6, located outside Lunenburg

Bay (ISS-LB.3 model grid), the vertical movement of the isopycnals results from the

development of an upward flow during each upwelling pulse (i.e., vertical velocities w,

Figure 4.8A). In contrast, during the relaxation following pulse 2, the model simulates a

downward flux of water that results in the deepening of subsurface isopycnals (Figure 4.8

and Figure 4.9). Simulated vertical velocities are highest at this station at the peak of

pulse 1 (day 183) and during the relaxation following pulse 2 (w of ±4–6 m d−1).

4.3.1.2 Lunenburg Bay

The model simulates the development of the upwelling at the entrance of Lunenburg Bay

as a characteristic subtidal circulation: a deep flow entering the bay coupled with a surface

outflow (Figure 4.7B). The topography at the entrance of the bay and the surface pressure

gradient across the bay due to the local wind forcing result in a subsurface inflow along
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the deep southern side (i.e., from X6) and a surface outflow on the northern side of the

bay (i.e., toward Mahone Bay), as observed in Chapter 3. Similar circulation patterns

were previously described in Lunenburg Bay by Zhai et al. (2008b) in association with

upwelling conditions. Such patterns, which were simulated in Chapter 3, are important in

the biological coupling between the inner shelf and the bay (see Section 4.3.4).

Temperature variations are simulated inside Lunenburg Bay in relation to the different

phases of the wind forcing (Figure 4.4). At the mid-bay mooring location SB3, the se-

quence of simulated water temperature indicates the hydrographic response of the bay

to the upwelling event. Water temperature decreases throughout the water column during

pulse 1 (day 179–186) to reach a minimum of 5◦C near the bottom on day 183. Upwelling

conditions shortly relax on day 185 due to the moderate northward wind conditions. The

decrease in water column temperature during pulse 1 corresponds to the intrusion and

shoaling of deep isopycnals from the inner shelf into the bay through its southeastern side

(Figure 4.7). Upwelling conditions relax between pulse 1 and 2 (day 187–189) during the

period of low wind forcing (Figure 4.4). Lower water temperatures are simulated during

pulse 2, but this pattern is not as pronounced as during pulse 1. The model simulates the

increase of water temperature after pulse 2 when wind forcing is low (day 194–203), indi-

cating the relaxation of upwelling conditions in Lunenburg Bay (Figure 4.4). A transient

decrease in water temperature is simulated on day 199 when strong wind forcing occurs.

4.3.1.3 Comparison with Observed Temperature at the SB3 Mooring

The comparison between observed and simulatedwater temperature at the mooring station

SB3 (mid-bay) demonstrates the ability of the model to simulate the overall hydrographic

response of the bay to the upwelling event (Figure 4.4). Nonetheless, some discrepancy

appears, that can be related in part to the frequency of the NCEP meteorological dataset

(1 d−1) used to force the model. First, the variability is higher in the observations. The

daily-averaged NCEP wind forcing does not reproduce the high-frequency variability in

the wind and therefore has a smoothing effect on the model results. Also, in comparison

to the simulation the observed hydrographic response is faster and shorter, which results

in discrepancies in the timing and duration of the onset of upwelling conditions; it occurs

earlier and for a longer period in the model. As a consequence, the model does not
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resolve the short-term variations in the temperature field associated with the upwelling.

Finally, the hydrographic response to short wind events (i.e., days 194–195 and 199–200)

is misrepresented in the model due to a mismatch between NCEP and observed wind

forcing (timing and direction).

Surface stratification is weak in the model, which can also induce the discrepancy be-

tween the modelled and the observed hydrographic response to upwelling conditions

(Figure 4.4). The lack of freshwater flux from the local watershed in the model may

be the source of the weak stratification. There is no river input inside Lunenburg Bay,

but lower salinity is observed at the surface inside the bay, indicating the presence of

sources of freshwater in the nearshore area that are not considered in the model. Weak

stratification may also originate from the shelf where simulated sea surface temperature

is underestimated (Section 4.3.1.1).

These discrepancies will influence the biological response to the upwelling events be-

cause the ecosystem model does not experience the high-frequency variability occurring

in the real ecosystem. Therefore, the model will not capture the phytoplankton response

at a short time scale (∼ 1 day) but will resolve longer time scales associated with each
upwelling event (∼ 5 day) and the overall period of upwelling forcing (weeks). Hereafter,
the simulated biological response to the upwelling is discussed with respect to time scales

resolved by the model.

4.3.2 Simulated Biological Response to the Upwelling

4.3.2.1 Nitrate Concentration Along the Transect Line

The model simulates the vertical displacement of the nitracline outside (Figure 4.9D)

and inside (Figure 4.9A-C) Lunenburg Bay during the different periods of wind forcing

(see periods in Section 4.2.2.5). However, only low nitrate concentrations reach the shal-

low inshore area (Figure 4.9A). Substantial variations in nitrate concentrations during the

upwelling (0–4 mmol m−3) are therefore restricted to the middle and outer part of the bay,

whereas low nitrate concentration is characteristic of the inshore area (0–1 mmol m−3).

After the relaxation of upwelling conditions, only background nitrate concentrations re-

main throughout most of the bay until the end of the simulation.
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The simulated upward movement of the nitracline during pulses 1 and 2 is associated

with the intensification of the vertical nitrate flux resulting from the shoaling of subsurface

isopycnals (Figure 4.8B and Figure 4.9D). The flux is maximum on day 183 at the peak

of pulse 1 (e.g., 9.2 mmol m−2 d−1 at 20 m) and overall more substantial during pulse 1

than during pulse 2 (e.g., 4.2 and 3.3 mmol m−2 d−1 respectively at 20 m). The upward

variation of the nitracline is therefore more important during pulse 1. It sums up to a

total displacement of about 10 m (17→ 7 m). During the long period of upwelling relax-

ation following pulse 2, the deepening of the isopycnals induces a downward nitrate flux

(Figure 4.8B) that results in the rapid deepening of the nitracline (Figure 4.9D). Similar

temporal patterns are simulated inside Lunenburg Bay at station T5 (deep end side), N3

(mid-bay) and SB2 (inshore)(Figure 4.9).

4.3.2.2 Phytoplankton Biomass Along the Transect Line

The model simulates a well defined phytoplankton biomass response to the upwelling

event (Figure 4.9E-H). The response can be separated into distinct periods associated

with the wind forcing: pulse 1 (day 179–186), pulse 2 (day 190–193), and the relaxation

period following pulse 2 (day 194–203).

Pulse 1. The intrusion of nutrient-rich, but phytoplankton-poor, subsurface waters from

the Scotian Shelf during pulse 1 results in the decrease of phytoplankton biomass outside

the bay at X6 (Figure 4.9H) and throughout the bay in the deep-end side (T5, Figure 4.9G),

the mid-bay (N3, Figure 4.9F) and inshore (SB2, Figure 4.9E). This effect is contrasted to

the variation in nitrate concentration simulated during the same period (Figure 4.9A-D).

Inshore (SB2), where nitrate variations are small, this effect is less pronounced. The

upwelling conditions simulated during pulse 1 have therefore a substantial negative effect

on the phytoplankton biomass in Lunenburg Bay.

Pulse 2. At station X6 outside Lunenburg Bay, phytoplankton biomass increases to the

pre-upwelling level during pulse 2 (1 mmolN m3, Figure 4.9H). Inside Lunenburg Bay,

the model simulates a moderate increase of phytoplankton biomass in the subsurface layer

(5–12 m, Figure 4.9E-G), which starts during the relaxation of pulse 1. The response to

pulse 1 is therefore different from the response to pulse 2.
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Upwelling relaxation. At station X6, the model simulates a subsurface peak in phyto-

plankton biomass near the nitracline during the relaxation phase following pulse 2. This

phytoplankton maximum subsequently deepens with the nitracline, to reach a maximum

of 1.75 mmolN m−3 at 25 m. This is about twice the pre-upwelling biomass (Figure 4.9

H). Inside Lunenburg Bay, subsurface phytoplankton biomass accumulates until the end

of the simulation (Figure 4.9E-G). Following the patterns simulated at X6, the subsurface

phytoplankton maximum deepens with the relaxation of upwelling conditions. The main

phytoplankton response to the upwelling is therefore simulated during the main relax-

ation phase of upwelling conditions (i.e., following pulse 2). This phase has therefore a

substantial role in the accumulation of phytoplankton biomass inside Lunenburg Bay.

4.3.2.3 Transport Across the Boundary Lines

The variation in nitrate concentration simulated at the three locations inside Lunenburg

Bay (SB2, N3 and T5, Figure 4.9A-C) is explained by the transport of nitrate across

the four boundaries delimiting the different areas of Lunenburg Bay (see locations in

Figure 4.5). An inflow of nitrate from the Scotian Shelf occurs through the southeastern

side (boundary B) during most of pulse 1 and during pulse 2 (Figure 4.10A), with in

average 1.5 and 0.4 mol s−1 for each pulse (Table 4.1). The transport of nitrate is maxi-

mum at the peak of pulse 1 (day 183) with a maximum nitrate input of 4.2 mol s−1 into

the deep-end side. A fraction of the nitrate exits directly through the northeastern side

of the bay (boundary A, Table 4.1). This outflow is also maximal at the peak of pulse 1

(1.2 mol s−1). Another fraction is transmitted to the mid-bay area (boundary C, Table 4.1).

This input to the mid-bay area reaches a maximum of 1.1 mol s−1 at the end pulse 1

(day 186)(Figure 4.10C). Only a small fraction of this nitrate is transmitted to the inshore

area (boundary D, Table 4.1), with a maximum input of 0.2 mol s−1 at the end of pulse 1

(Figure 4.10C). Overall, nitrate transport is more important during pulse 1. The direction

of the transport reverts at the outer boundaries during the relaxation phase after pulse 1

and during the main relaxation phase following pulse 2 (Figure 4.10A,C). An outflow of

nitrate occurs during these periods (Table 4.1).

Phytoplankton transport at the interface between Lunenburg Bay and the inner shelf is

significant during the simulation (Figure 4.10B and Table 4.1). The transport is character-

istic of upwelling conditions (i.e., pulse 1, pulse 2 and the upwelling relaxation periods).
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Table 4.1: Average nitrate and phytoplankton transport across the four boundary lines in
Lunenburg Bay during the simulation (see boundary locations in Figure 4.5). Average
transport is the mean value of TNO3 (nitrate) or TP (phytoplankton)(see calculation in
Section 4.3.2.3) during the main periods of upwelling: pulse 1, pulse 2 and the relaxation
phase following pulse 2. A positive (negative) transport is oriented into (out of) the bay.
Transport values are in molN s−1.

Boundary Pulse 1 Pulse 2 Relaxation

NO−3 transport (mol s
−1)

A -0.53 -0.11 0.11
B 1.53 0.42 -0.22
C 0.27 0.13 0.00
D 0.06 0.05 0.00

Phytoplankton transport (molN s−1)

A -1.03 -0.60 1.26
B 0.60 0.49 -1.43
C -0.17 -0.03 0.07
D -0.06 -0.01 0.03

During pulse 1 and pulse 2, phytoplankton is transported into Lunenburg Bay through the

southeastern side (boundary B) and out of the bay through the northeastern side (bound-

ary A, Table 4.1). Within that period, the maximum inflow is 1.3 mol s−1 at the beginning

of pulse 1 and the maximum outflow is 2.0 mol s−1 at the peak of pulse 1 (Figure 4.10B).

Over this phase, the average outflow exceeds the inflow (Table 4.1) and therefore phy-

toplankton is exported northward from the bay, toward Mahone Bay and the inner shelf.

Over pulse 2, the inflow and outflow are of similar magnitude (Table 4.1) and therefore the

export of phytoplankton is small. The model simulates a similar pattern, with a lower in-

tensity, across the mid-bay and the inshore boundaries (boundary C and D, Figure 4.10D):

an outflow of phytoplankton is simulated during pulse 1 (maximum of 0.4 and 0.1 mol s−1

respectively) and negligible transport during pulse 2 (Table 4.1). These patterns are impor-

tant to explain phytoplankton variability in the model (see Section 4.3.4.2). During the
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periods of upwelling relaxation, in particular following pulse 2 (day 194–203), the pat-

tern of phytoplankton transport is reversed at the interface between the bay and the inner

shelf (Figure 4.10B): phytoplankton is transported into Lunenburg Bay on the northeast-

ern side (boundary A) with a peak at 1.9 mol s−1 at the beginning of the relaxation of

pulse 2 (day 196), and out of the bay on the southeastern side (boundary B) with a peak

at 2.2 mol s−1 at the end of the simulation (day 200). The magnitude of phytoplankton

transport in and out of the bay is similar during the relaxation following pulse 2, except

at the end of the simulation when phytoplankton is exported. Overall, a small export of

phytoplankton occurs during the main relaxation (Table 4.1). Inside the bay, the model

simulates a small export of phytoplankton biomass from the mid-bay (boundary C) and

the inshore (boundary D) areas during most of the relaxation phase following pulse 2 (day

194–203) (Figure 4.10D). The maximum export from these areas (0.4 and 0.2 mol s−1 re-

spectively) occurs at the end of the simulation (day 200).

4.3.2.4 Comparison with Observations at the Moorings

The comparison of nitrate concentration simulated at the mid-bay mooring station SB3

with the nitrate proxy time series developed in Chapter 2 (see Section 2.2.4.1) indicates

that the model simulates the observed range of variability in bottom nitrate concentration

during pulse 1 and 2 (0–3 mmol m−3, Figure 4.4C). A large discrepancy occurs during

the onset of pulse 1 when nitrate concentration is overestimated in the model. This dis-

crepancy is associated with a mismatch in the timing of the onset of the upwelling inside

Lunenburg Bay (Section 4.3.1.3).

The comparison between the simulated and the observed phytoplankton response to

the upwelling event highlight several key characteristics of phytoplankton dynamics in

the simulation. First, the model reproduces the background chlorophyll concentration in-

side Lunenburg Bay at the inshore mooring station SB2, and also at the mid-bay mooring

station SB3 (Figure 4.11B). This result is important because the ecosystem model was

initialized only with the nitrate-density relationship on the Scotian Shelf and the output

from the NENA domain. The conditions on the shelf therefore explain the background

level of phytoplankton observed inside Lunenburg Bay. Also, the time scale of the vari-

ation in chlorophyll biomass differs between the simulation and the observations. At
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the inshore mooring station (SB2) the observed response to the upwelling event is small

and therefore modelled and observed chlorophyll concentrations are similar. However, at

the mid-bay mooring station (SB3), the model does not simulate the increase in phyto-

plankton biomass following pulse 1 (Figure 4.11B). Rather, the model simulates a slow

increase in maximum biomass during and following pulse 2, whereas a peak of chloro-

phyll concentrations is observed during the relaxation of pulse 1 and pulse 2. At this

station, the model does not reproduce the magnitude of chlorophyll variability (water

column average), which is much higher in the observations. This discrepancy indicates

that the dynamics of chlorophyll biomass are dampened in the model. However, phyto-

plankton biomass does show a characteristic response to the upwelling event (Figure 4.9E-

H and Figure 4.12A). A mismatch in the carbon to chlorophyll ratio (C:Chl) may result

in the underestimated chlorophyll biomass by the model. A better agreement with the

observation is found when chlorophyll biomass is directly estimated from phytoplankton

biomass using a fixed value of C:Chl (see Appendix E). In this configuration, the overall

chlorophyll response to the upwelling event is simulated correctly at SB3 but the short-

term component of the response is still unresolved by the model. Given the uncertainties

in simulated chlorophyll biomass, further analysis of the simulation is carried out using

phytoplankton biomass as nitrogen rather than as chlorophyll.

4.3.3 ‘Bathymetry Effect’ on the Phytoplankton Response to Upwelling

The phytoplankton response to the upwelling pulses is described in Figure 4.12A and

summarized in Table 4.2 and Figure 4.13A-C. The comparison between phytoplankton

biomass time series (per unit area, mmolN m−2) inside Lunenburg Bay (stations SB2, N3,

T5 and X6) and in the neighbouring areas (stations MB, SMB and OS, see Figure 4.1)

reveals that the magnitude of the simulated response to the upwelling events is strongly

dampened in the inshore, shallow areas (Figure 4.12A and Figure 4.13A-C). The negative

phytoplankton response to pulse 1 (day 179–186) is significant at N3, T5 and X6, the

mid and outer stations of Lunenburg Bay (0.7, 0.6 and 0.6 respectively, see Table 4.2 and

Figure 4.13A-C) and at OS, the station offshore (0.6), but weak at the shallow station

inside Mahone Bay (MB)—the inlet adjacent to Lunenburg Bay—and at the inshore sta-

tion SB2 inside Lunenburg Bay (0.9, see Table 4.2). The effect is also weak inside Saint

Margarets Bay (SMB)—the foremost northeastern inlet of the area (Figure 4.13B).
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The moderate increase in phytoplankton biomass simulated in Lunenburg Bay during

pulse 2 (day 190–193) and the accumulation of phytoplankton during the relaxation phase

of the upwelling (day 194–203)(see Section 4.3.2.2) also occur offshore (OS station).

During the relaxation phase, the magnitude of the phytoplankton response in Lunenburg

Bay (i.e., biomass accumulation, see Section 4.2.4.1) increases along the transect line

from the inshore to the outside of the bay (Figure 4.12A and Table 4.2). At the deep

station inside Saint Margarets Bay (SMB), the accumulation of phytoplankton biomass

occurs throughout pulse 2 and the relaxation phase (Figure 4.12A), denoting a particu-

lar response, but a similar overall effect at this location. The model does not simulate a

phytoplankton response at the shallow station inside Mahone Bay (MB) however. The

dynamics simulated at this station are therefore significantly different than at the other lo-

cations, except for the shallow inshore station in Lunenburg Bay (SB2) where the overall

response to the upwelling is small (Figure 4.12A and Figure 4.13A-C).

The patterns emerging from the spatial comparison of phytoplankton response to the

upwelling are then: (1) the response follows a similar temporal pattern at most locations,

(2) the magnitude of the response during the relaxation phase is spatially-dependent; it

decreases shoreward inside Lunenburg Bay, and (3) no response occurs in Mahone Bay.

The spatial variability observed in the simulated phytoplankton response to the whole

upwelling event (i.e., upwelling response, see definition in Section 4.2.4.1) suggests a

relationship between water column depth and the overall phytoplankton response to the

upwelling. This relationship is well established for the stations along the transect line in

Lunenburg Bay (Figure 4.12B). The response increases linearly as the stations get deeper

toward the outside of the bay. A similar relationship occurs between the shallow station

MB and at the deep station SMB (Figure 4.12B). Overall, the relationship is significant

at these stations (R2 = 0.77, F = 13.3, n = 6, p < 0.05). However, the relationship does

not hold at the offshore station (OS). The delayed response at this station (Figure 4.12A)

and the higher phytoplankton biomass before the upwelling event explains the lower rel-

ative upwelling response at this station, and therefore the lack of relationship with water

depth. The upwelling response at this location is therefore stronger than indicated in

Figure 4.12B, but the metrics does not capture this response.
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The water column depth used in this relationship is not necessarily the explanatory

variable for the phytoplankton response to the upwelling. The position of the stations in

Lunenburg Bay along a gradient of increasing depth, the deep entrance and average depth

of Saint Margarets Bay and the shallow average depth at the entrance and inside Mahone

Bay suggest that the shape of the inlet (i.e., the slope of the bathymetry gradient) and the

depth at the entrance of the inlet might be better predictors for the phytoplankton response

to the upwelling. However, this was not tested since it would require the comparison

between more inlets with different shape and slope characteristics.

4.3.4 Effect of Transport on the Response to the Upwelling

4.3.4.1 Nitrate Retention

Large variations in the magnitude and direction of nitrate transport are associated with

the upwelling phases in Lunenburg Bay (Section 4.3.2.3). Transport between the deep-

end and the mid-bay areas (boundary C) controls the amount of nitrate delivered to the

mid-bay and the inshore areas, which is essential for the phytoplankton response to the

upwelling in this region. The characteristics of nitrate transport across boundary C are

the short duration of the nitrate pulses and the similar magnitude of the nitrate inflow and

outflow.

The periods of nitrate inputs associated with upwelling conditions (pulse 1 and 2) are

short (1–4 days) and directly followed by short periods (1–2 days) of outflow during re-

laxation periods. The overall duration of nitrate pulses is therefore limited. The similar

magnitude of the inflow and the outflow also suggests that a significant part of the nitrate

remains unused in Lunenburg Bay because it is not taken up quickly enough by phyto-

plankton. This is confirmed by the efficiency of the bay to trap nitrate during the simula-

tion (ENO−3 , Eq. 4.5), through either the uptake by phytoplankton or a local accumulation.

During the simulation, the efficiency is only 23% in Lunenburg Bay. This low value is a

lower limit, since the misrepresentation of the short-term phytoplankton response to the

upwelling event (i.e., mid-bay mooring station SB3, Section 4.3.2.4) may be a source of

underestimation.
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4.3.4.2 Transport vs. Local Production

The production-transport index (i.e., which of production (biological process) or transport

(physical process) has a dominant role in the model, see Section 4.2.4.4), varies with time

during the simulation. These variations are associated with the main periods of upwelling

(Figure 4.14).

For phytoplankton (Figure 4.14A,B, x-axis), transport dominates the dynamics through-

out Lunenburg Bay during pulse 1. This is related to the flushing of the bay with phyto-

plankton-poor inner shelf waters during this phase, resulting in a low phytoplankton

biomass (see Figure 4.9E-G) and an outflow of pre-upwelling phytoplankton from the

bay (see Section 4.3.2.3). During pulse 2, primary production equals or dominates phyto-

plankton transport and therefore the accumulation of biomass simulated during this phase

(Figure 4.12A) is dominated by local production (Figure 4.14A,B, x-axis).

During the relaxation phase following pulse 2, the production-transport index for phyto-

plankton varies spatially. Considering the whole bay (areas 2, 3 and 4, see Figure 4.5), the

index indicates that primary production dominates local phytoplankton dynamics during

most of the relaxation phase (Figure 4.14B, x-axis). The accumulation of phytoplankton

biomass in the bay during the relaxation period (see Figure 4.12A) is therefore domi-

nated by local primary production. Considering only the inshore and the mid-bay (ar-

eas 3 and 4), the index reveals that phytoplankton transport equals or dominates primary

production (Figure 4.14A, x-axis). The accumulation of phytoplankton biomass decreases

shoreward in this area during the upwelling relaxation (Figure 4.12A). Although limited,

export (see Figure 4.10D and Table 4.1) rather than primary production is therefore the

dominant process in this area during the relaxation phase following pulse 2.

The production-transport index for DIN (Figure 4.14A,B, y-axis) indicates that DIN dy-

namics are dominated by transport during pulse 1 and most of pulse 2, when nitrate input

from the Scotian Shelf occurs in the bay. The comparison of the index for the whole bay

(Figure 4.14B) and the mid and inner bay (Figure 4.14A) during these time periods shows

that transport has a stronger effect on DIN dynamics in the outer bay. This agrees with the

inshore-offshore patterns of nitrate concentration during pulse 1 and 2 (Figure 4.9A-C).

During the relaxation phase following pulse 2, internal production (recycling) equals
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or dominates DIN transport in the bay, which also corresponds to pre-upwelling condi-

tions. The dynamics are more pronounced in the inshore areas (Figure 4.14A). Overall

in the simulation, DIN dynamics are controlled by transport during each upwelling event

(pulse 1 and 2) and by recycling during the pre-upwelling and the relaxation phase fol-

lowing pulse 2.

Two general patterns also emerge from the production-transport diagram. The model

simulates a month-long response of Lunenburg Bay to the upwelling perturbation with

different phases rather than a series of pulsed responses in the phytoplankton during each

upwelling event and the outer bay has a more classical response to the upwelling pertur-

bation (i.e., cycle of production) than the inner bay.

4.3.5 Sensitivity of Results to Nitrate Concentration on the Shelf

The variation of the nitracline depth on the Scotian Shelf (S− and S+ sensitivity runs, see

Section 4.2.3.2) influences the simulated response to the upwelling events in Lunenburg

Bay and the surrounding areas (Figure 4.13D-I, Table 4.2 and Table 4.3). Overall, a

shallower nitracline (S+) has a positive effect (increased response) whereas a deeper nitra-

cline (S−) has a negative effect (lower response) on biological transport and phytoplankton

biomass during the simulation.

With a deeper nitracline (S−), phytoplankton biomass is lower than in the control run

before the upwelling events (Figure 4.13G and Table 4.2). The negative effect of pulse 1

is increased (negative value) in Lunenburg Bay (SB2, N3, T5 and X6) and offshore (OS)

due to the lower phytoplankton biomass in upwelling source waters (Figure 4.13H and

Table 4.2). The effect in Saint Margarets Bay (SMB), which was small in the control run

is even smaller in this configuration. Nitrate and phytoplankton transport are also lower

(Table 4.3) and the phytoplankton response to the upwelling event decreases accordingly,

with a similar magnitude at all the stations inside and outside Lunenburg Bay except

offshore (OS). At this location and in the surrounding area, the upwelling response is not

sensitive to the variation in nitracline depth (Table 4.2 and Figure 4.13F,I).

A shallower nitracline (S+) results in opposite effects. Pre-events phytoplankton biomass

increases, indicating a higher background phytoplankton biomass simulated by the model
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Table 4.3: Sensitivity of biological transport and nitrate trapping efficiency in Lunenburg
Bay to the variation of the nitracline depth on the Scotian Shelf during the simulations.
Horizontal transport corresponds to the average advective transport into (in) and outside
(out) of Lunenburg Bay through boundary C (see Figure 4.5). QNz=20 is the average vertical
advective transport of nitrate at 20 m at X6 during the simulation. ENO−3 is the efficiency
of the bay to trap nitrate calculated from NO−3 in and NO

−
3 out (see Section 4.2.4.3). S

0 is the
control run, and S+ and S− respectively the shallower and deeper nitracline simulations
(see Figure 4.3). S+ and S− are expressed in percentage, as anomalies from the S0 values
(see Section 4.2.3.2).

Sensitivity of transport processes

Horizontal transport Vertical flux at X6 Efficiency
(molN s−1) (mmol m−2 d−1) (%)

Run NO−3 in NO−3 out Pin Pout QNz=20 ENO−3

S0 0.32 0.25 0.56 0.65 1.9 23

Anomalies (%)

S+ +224 +219 +63 +61 +243 +5
S− −46 −43 −31 −29 −47 −16

(Table 4.2), although this increase is small in the shallowMahone Bay (MB) and the deep

offshore (OS) stations (Figure 4.13D). In this configuration, the negative effect of pulse 1

on phytoplankton biomass is attenuated (positive anomalies) due to higher phytoplankton

biomass in the upwelling source waters (Figure 4.13E and Table 4.2). As for the S− run,

the change is small in Saint Margarets Bay (SMB), indicating the particular dynamics at

this location. Subsurface vertical transport of nitrate (QNz=20) is much larger at station X6

outside Lunenburg Bay (Table 4.3). Horizontal transport of nitrate (TNO3in, TNO3out)

between the deep-end and the mid Lunenburg Bay areas (boundary C) increases similarly.

However, the efficiency of the bay to trap nitrate (ENO−3 ) remains the same as in the con-

trol run (Table 4.3), which denotes a controlling effect of transport (see Section 4.3.2.3).

Higher nitrate transport results in an enhanced upwelling effect at the shallow locations

in Mahone Bay (MB) and Lunenburg Bay (SB2, N3), whereas the relative effect remains

the same at the other locations (Figure 4.13F and Table 4.3). This result agrees with
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the interpretation of a limited response to the upwelling at shallow inshore locations due

to a ‘bathymetry effect’ (i.e., Section 4.3.3), which restricts the delivery of upwelled ni-

trate to the shallow inshore areas. Phytoplankton transport (Pin, Pout) increases as well in

this configuration, with a net export of phytoplankton from the bay during the simulation

(Table 4.3).

The effects of the upwellling (pulse 1 and overall event) in the two configurations

(S+, S−) reveal an asymmetry between the response to the variations of the nitracline:

model results are more sensitive to the shoaling of the nitracline (S +). This asymmetry

indicates that the conditions simulated in the control run (S0) are closer to the deep ni-

tracline case (S−). This result suggests a nonlinear response to nitracline depth and a

threshold beyond which rises in nitracline depth will have an effect. In the simulation of

the 2006 upwelling events (standard run), the conditions were below this threshold.

Overall, the sensitivity experiment reveals the importance of the far-field distribution of

nitrate in the phytoplankton biomass response to periods of upwelling conditions inside

Lunenburg Bay and neighbouring inlets, especially in shallow areas where the input of

upwelled nitrate is limited. This denotes a bathymetry-related constraint to the delivery

of nitrate in shallow inshore areas.

4.4 Discussion

The simulation of two episodes of northeastward wind conditions over the Scotian Shelf

in early summer 2006 and the development of upwelling conditions on the inner shelf and

in Lunenburg Bay revealed a limited response in the phytoplankton, which supports the

findings from the previous chapters (Chapter 2 and Chapter 3). This response has, how-

ever, notable spatial differences between inshore and offshore areas. The spatially-varying

response in the model is associated with transport patterns and nitrate concentration in up-

welling source waters, which are dominant factors controlling phytoplankton dynamics

in a tidal inlet (i.e., nitrate availability in source waters vs. specific transport, S ∗ vs. F∗,

see Figure 3.12). The analyses of the model results indicate that during the upwelling
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events in 2006, the underlying processes for this control were: (1) the spatial and tempo-

ral characteristics of transport associated with upwelling conditions; (2) the bathymetry

gradient in inshore areas; and (3) the vertical distribution of nitrate on the Scotian Shelf.

The role of each process is developed in the discussion, after considering the validity of

the results from the simulation.

4.4.1 Validity of Simulation Results

The simulation reveals the control of hydrographic properties in Lunenburg Bay by wind-

induced upwelling events in July 2006. This control is characterized by an input of up-

welled waters through a northward flow at the entrance of the bay, the development of a

two-layer upwelling circulation, and a large scale development of upwelling conditions

along the coast suggesting the occurrence of similar nearshore processes across the region

under investigation. This wind-induced upwelling control was previously established for

its effect on the high-frequency variation in salinity and temperature in Lunenburg Bay

(Zhai et al., 2007) and on the hydrography of inlets along the Atlantic coast of Nova

Scotia (Heath, 1973).

However, the inability of the model to simulate the high-frequency variations in hy-

drographic conditions resulted in a discrepancy in the timing, magnitude and duration of

upwelling conditions in Lunenburg Bay. Short-term variations in phytoplankton during

the upwelling (i.e., pulsed response) are therefore not represented in the model. Rather, a

low frequency response controlled by transport is simulated. Hence, the role of transport

might be overestimated in the model. The consequence of lower transport is more reten-

tion of nitrate and phytoplankton and therefore a larger influence of upwelling events on

the productivity of Lunenburg Bay. Despite this inconsistency, over the whole simulation

the model is able to simulate characteristic patterns associated with the upwelling that

were observed in Chapter 2, such as (1) the flushing of the bay with nitrate-enriched—but

phytoplankton-poor—Scotian Shelf waters during the development of upwelling condi-

tions, (2) the limitation of the phytoplankton response by nitrate concentration in up-

welling source waters, (3) the inshore-offshore spatial variation in nitrate concentration

and phytoplankton response to the upwelling, and (4) the accumulation of phytoplankton

biomass during the relaxation phase following pulse 2.
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Themodel is therefore able to reproduce the general patterns of phytoplankton response

during a period of upwelling events in Lunenburg Bay. It is a valid tool to study the

general processes underlying the phytoplankton dynamics observed during an upwelling

event. Further development of the model is necessary to better represent the short-term

variations associated with upwelling events. This will enable the assessment of short-term

contributions on the phytoplankton response to the upwelling events.

4.4.2 Role of Transport on DIN and Phytoplankton Dynamics

The time-scale of transport relative to the time-scale for growth is essential to the reg-

ulation of phytoplankton dynamics in aquatic systems (Lucas et al., 2009). A pulse

of upwelling typically lasts no more than a few days in Lunenburg Bay and the ocean

transport moves the water (including nutrients and phytoplankton) through the system

on a time scale of about 1–4 days (Figure 4.10). This event time-scale is short relative

to the time scale for the primary producers to consume the nitrate and accumulate (i.e.

Figure 3.12), considering their low biomass in upwelled waters (e.g., Álvarez-Salgado

et al., 1996b). This time scale is within the same range as the time lag between nitrate

input and the accumulation of phytoplankton biomass determined in Chapter 2 (2.7 days).

Given this short time scale, Lunenburg Bay has a limited ability to convert the nutrients

into biomass during a coastal upwelling event and therefore its efficiency to trap nitrate is

low (ENO−3 = 23%). This efficiency estimated from the model corresponds to the low end

of the values reported for the NW Iberian Upwelling System (i.e., 25% � ENO−3 � 81%,

Álvarez-Salgado et al., 1996b; Piedracoba et al., 2008a; Villegas-Ríos et al., 2010). Weak

stratification and the washing-out effect typically induced by the flushing of inlets are usu-

ally associated with low efficiencies (Álvarez-Salgado et al., 1996a; Pérez et al., 2000).

The two factors occur during the simulation, but the overall weak stratification in the

model, and the misrepresentation of the short-term response of the phytoplankton to up-

welling pulses, is likely a source of underestimation for the efficiency of Lunenburg Bay

to trap nitrate.

Overall, this limitation from the short time scale associated with an upwelling event

confirms that the short duration of an upwelling event limits the development of phyto-

plankton biomass in Lunenburg Bay. It is an important characteristic of the coupling
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between Lunenburg Bay and the coastal ocean and an important result of this analysis.

This limitation is complementary to the findings of Chapter 3 (S ∗ vs. F∗, Figure 3.12)

that classified Lunenburg Bay as a system dominated by transport (i.e., high F∗) under a

steady state upwelling forcing.

Transport is also directly involved in the overall dynamics of DIN and phytoplankton

during the upwelling event. In the simulation, it regulates phytoplankton biomass, which

accumulates from local primary production only during pulse 2 (small) and the subse-

quent relaxation phase (main accumulation) when transport rate decreases (Figure 4.14).

This indicates that the accumulation of phytoplankton during the relaxation phase is the re-

sult of local primary production rather than transport. Similarly, transport dominates DIN

production during the upwelling pulses whereas local production of DIN prevails when

nutrient transport is low during the relaxation phase. This cycle (i.e., Figure 4.14B) is

rather typical of upwelling systems (e.g., Pérez et al., 2000; Piedracoba et al., 2008a) and

depends on upwelling intensity as well as on pre-upwelling water-column stratification

(Álvarez-Salgado et al., 1996b). The importance of transport during the upwelling simula-

tion agrees with the general dynamics described by the S ∗ vs. F∗ framework (Figure 3.12):

phytoplankton biomass develops at moderate transport rate and ecosystem processes (i.e.,

local recycling of particulate organic matter) develop at low transport rate. However, the

simulation also indicates that this cycle of production is more defined in the deep end

side of Lunenburg Bay, where upwelled nitrate originates (Figure 4.14). The variation

in transport rate during the upwelling controls the accumulation of phytoplankton in the

outer part of the bay, whereas inshore, the limitation is more associated with the availabil-

ity of nutrients in source waters.

Taken together, the results from the upwelling simulation and from Chapter 3 demon-

strate that transport is a key process in the control of phytoplankton variability during

periods of upwelling events in Lunenburg Bay.

4.4.3 The ‘Bathymetry Effect’

An inshore-offshore gradient of phytoplankton response is simulated during the relaxation

of the upwelling events in Lunenburg Bay; biomass accumulates toward the outer part of
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the bay during this phase (Figure 4.12A). This spatial pattern was observed in the phy-

toplankton abundance and biomass data collected along the transect line (see Chapter 2).

The factors contributing to this gradient were not investigated in Chapter 2, although sev-

eral controlling processes were suggested, namely the inshore circulation patterns (e.g.,

Álvarez-Salgado et al., 1996b), the upwelling intensity (e.g., Tilstone et al., 1994), or the

variations in residence time along the transect line (i.e., Chapter 3). While each of these

processes will influence the spatial variability in phytoplankton biomass during the up-

welling, the simulation suggests a more general controlling factor related to bathymetry;

simply, if the water depth is shallow, it is not in contact with nutrient-rich water offshore,

even during upwelling.

Several processes simulated in Lunenburg Bay during the upwelling have demonstrated

a spatial variability between the inshore (shallow) and the outer (deep) areas of the bay:

(1) the relationship between primary production and transport follows a well defined cy-

cle of production in the outer bay but not in the inner bay (Figure 4.14); (2) the negative

effect of pulse 1 is larger in the outer bay than in the shallow inner bay (Table 4.2);

and (3) the relative phytoplankton response to the upwelling is small in the inner bay in

comparison to the deep outer side of the bay (Table 4.2). This spatial variability does

not necessarily imply an effect of bathymetry in these areas. However, a consistent pat-

tern is found for the phytoplankton response in Lunenburg Bay, Mahone Bay and Saint

Margarets Bay: the phytoplankton response is systematically larger at the deep sites (T5,

X6, SMB) in comparison to the shallow sites (SB2, MB)(Figure 4.12B). This confirms the

role of inshore bathymetry patterns in limiting the development of phytoplankton biomass

during an upwelling event in Lunenburg Bay.

Although water column depth is the common factor that discriminates phytoplankton

response at the different locations, it is not the main predictor for this response. The sta-

tions in Lunenburg Bay are located along a gradient of increasing depth. It is suggested

that the main factors controlling the phytoplankton response are the depth at the entrance

of the inlet and the slope of the bathymetry gradient inside the inlet. However, more work

is required to test the effect of these two factors. The sensitivity of phytoplankton biomass

to a shallower nitracline at the shallow sites (i.e., increased phytoplankton response) re-

veals that for Lunenburg Bay and Mahone Bay, the bathymetry effect limits the delivery

142



of upwelled nitrate to the shallow inshore areas during the upwelling event. Therefore,

both the offshore nitrate concentration and the bathymetry of the inlet limit the develop-

ment of nearshore phytoplankton biomass during periods of upwelling event. Data from

the outside of Lunenburg Bay were not available during this study and therefore the col-

lection of additional data in Mahone Bay and Saint Margarets Bay is required to support

this interpretation.

4.4.4 Limitation from Nitrate Concentration in Upwelling Source Waters

The vertical position of the nitracline on the Scotian Shelf influences the effect of the

upwelling event because it limits the transport of nitrate between Lunenburg Bay and the

coastal ocean, and constrains the delivery of nitrate to the shallow inshore areas, limiting

the phytoplankton response inshore.

The nitrate input simulated at the peak of the upwelling event in Lunenburg Bay is more

than an order of magnitude lower than the values reported for an eastern boundary system

such as the Rìa de Arousa (NW Iberian upwelling system, Álvarez-Salgado et al., 1996b).

Although Lunenburg Bay is a smaller inlet, it results in a limited transport of nitrate

through the bay during the simulation despite the occurrence of upwelling conditions.

This limitation is relieved when a shallower nitracline is simulated on the Scotian Shelf.

In this configuration, nitrate transport (horizontal and vertical) increases significantly in

the bay (+224% and +243% respectively, see Table 4.3). This relationship between the

depth of the nitracline on the shelf and nitrate transport in the bay is an important result

because it indicates a general limitation to the effect of an upwelling due to the nitrate

concentration available in upwelling source waters. This was established for steady state

conditions in Chapter 3 (S ∗ vs. F∗, Figure 3.12). However, this steady state analysis lacks

the temporal variability typical of an upwelling event (see Section 3.4.3). The upwelling

simulation supports the findings from the steady state analysis and therefore extends these

findings to the dynamical conditions characteristic of an upwelling event in Lunenburg

Bay.

The ‘bathymetry effect’ revealed in the upwelling simulation and in the observations

from Chapter 2 indicates that a spatial gradient in the phytoplankton response to upwelling
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events is inherent to the upwelling dynamics of Lunenburg Bay. The positive of a shal-

lower nitracline (S+) on the phytoplankton response in the shallow inshore areas denote

that the gradient is generated by the nitrate concentration available in upwelling source

waters (in association with bathymetry). The low nitrate concentration available in the

upwelling source waters therefore constrains the development of phytoplankton biomass

during the upwelling event, in particular in the shallow inshore areas of Lunenburg Bay.

4.4.5 Generalization

4.4.5.1 Processes Relevant to Nova Scotian and Other Inlets

The upwelling-induced flushing of inlets along the Atlantic coast of Nova Scotia is a

large scale process occurring throughout the Scotian Shelf (Heath, 1973). Nova Scotian

inlets are then under the same forcing as Lunenburg Bay, which has implications for the

dynamics of their biological systems. Therefore, which are the findings from the present

work specific to Lunenburg Bay and that can be generalized at the regional scale (i.e., to

the inlets along the Atlantic coast of Nova Scotia) or at larger scale?

(1) Transport. Upwelling-induced transport results in flushing (Heath, 1973) and ni-

trate input (Platt et al., 1972) at a regional scale in Nova Scotian inlets. However, the

short upwelling event duration—that result in low nitrate retention efficiency—limits the

effects of this transport. The spatial patterns of transport are however site-specific; they

depend on the details of the local bathymetry (Zhai et al., 2008b) and are influenced by the

local component of the wind (e.g., Yang and Sheng, 2008). The effect of transport on ni-

trate retention will therefore be modulated locally. The simulation indicates that the effect

of transport vary spatially in Lunenburg Bay, with a more pronounced cycle of transport

and production in the deep end side near the interface with the inner shelf (Figure 4.14).

In other systems, this spatial variability will be modulated by the local bathymetry.

(2) ‘Bathymetry effect’. The ‘bathymetry effect’ revealed in the simulation is a gen-

eral process that can be used to infer or to relate the upwelling response of Nova Scotian

inlets to the local properties of the inlet (i.e., bathymetry patterns). This effect is associ-

ated with the vertical distribution of the nitracline on the Scotian Shelf, which depends

on its biogeochemistry. The simulation indicates a nonlinear response to nitracline depth.
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For inlets adjacent to slope-dominated continental margins where surface nitrate concen-

tration is high during the upwelling season, bathymetry is therefore unlikely to have a

limiting effect in inshore areas (e.g., Brown and Ozretich, 2009). However, for the inlets

adjacent to shelf-dominated continental margins (i.e., with a deep nitracline), the limita-

tion will depend on the depth of the nitracline, hence on the local biogeochemistry. It was

suggested that bathymetry is a proxy for the mean depth at the entrance of the inlet and

the slope of the bathymetry gradient. Their influence was not tested in this study and will

need to be validated in future work. They will be useful criterias to assess the effects of

coastal upwelling on nearshore coastal areas.

(3) Limited nitrate in source waters. The limitation due to nitrate concentration in

source waters depends on the characteristics of the continental margin. On the Scotian

Shelf, a relatively uniform distribution of nitrate is found at mid-depth in summer (2–

4 mmol m−3 at 50 m, Petrie and Yeats, 2000). The present simulation and previous obser-

vations (Platt et al., 1972; Petrie et al., 1987) indicate that the development of upwelling

conditions is a coast-wide phenomenon in the region. Nitrate concentration in upwelling

source waters will therefore have a similar limiting effect on the other inlets of the re-

gion. In other western boundary inlets the limitation due to nitrate in upwelling source

waters will depend on the shelf biogeochemistry, but aslo on the intensity of the upwelling

events.

4.4.5.2 Implications of Longer Time Scales

The difference between the biogeochemistry of the Scotian Shelf (shelf-dominated mar-

gin, see definition in Section 1.1.2) and the biogeochemistry of eastern boundary margins

(slope-dominated margins) was used in Chapter 3 to explain the biological dynamics in

Lunenburg Bay in comparison to the dynamics observed in the west coast inlets. However,

nitrate concentration also varies temporally in relation to multi-annual transport processes.

Long-term variations in nitrate concentration have been observed on the central Scotian

Shelf (offshore Lunenburg Bay) in relation to changes in water mass structure (Petrie

and Yeats, 2000). Decadal variations in temperature and salinity are related to the trans-

port of Labrador Slope Water onto the shelf (Petrie and Drinkwater, 1993). This trans-

port is associated with an enhanced Arctic outflow during periods of low North Atlantic
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Oscillation (NAO)(Visbeck et al., 2003). A lower nitrate concentration is associated to

these events (Petrie and Yeats, 2000), resulting from the young age of the Labrador Sea

waters. Therefore on the Scotian Shelf, the nitrate-density relationship will vary at a

decadal time scale associated with the NAO. It is not known how these variations inter-

act with nitrate concentration in upwelling source waters (i.e., change in the nitracline

depth and/or in the slope of the nitrate-density relationship). If the nitrate variations oc-

cur within these waters, the anticipated effect on phytoplankton biomass in Lunenburg

Bay should be similar to the anomalies observed in the sensitivity experiment. Since the

transport of Labrador Slope Water onto the shelf has a negative effect on deep nitrate con-

centration, the subsequent change in the nitrate-density relationship should result in an

enhanced limitation to the effect of upwelling events in Lunenburg Bay and other Nova

Scotian inlets due to the low nitrate concentration in upwelling source waters (i.e., S−

case, Table 4.2).

Similar to the NAO effect, changes in water mass characteristics due to increased trans-

port of Labrador SeaWater in the Scotian Shelf and Gulf of Maine area have been recently

associated with global warming (Townsend et al., 2010). Such changes alter the nutrient

regime on the shelf (ibid) and therefore may interact with upwelling source water (same

effect as negative NAO). Furthermore, upwelling intensity is expected to vary under the

influence of global warming (Bakun, 1990). Future upwelling intensity cannot be forecast

presently and therefore its biological effect is not well known (e.g., Varela et al., 2008).

Nonetheless, recent studies indicate the weakening of coastal upwelling conditions in the

northeastern Atlantic due to the decrease in upwelling wind intensity (Álvarez-Salgado

et al., 2008; Pérez et al., 2010). Such a change on the Scotian Shelf would result in the

weakening of Ekman transport and therefore lower upwelled nitrate concentration dur-

ing summer upwelling events. This would lower the effect of these events on inshore

phytoplankton.

4.5 Conclusions

The simulation of an upwelling event in Lunenburg Bay revealed a limitation to the ef-

fect of upwelling on inshore phytoplankton biomass. This limitation results from the
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four factors that were hypothesized: (1) the short duration of an upwelling event; (2) the

upwelling-induced circulation; (3) the low nitrate concentration in upwelling source wa-

ters; and (4) the inlet bathymetry patterns (i.e., shallow inshore areas). The hypotheses

were therefore verified by the results of the simulations. In complement to the general

dynamics described by the S ∗ vs. F∗ framework (nitrate availability in source waters vs.

specific transport), this knowledge provides a relevant framework to better understand

the constraints and implications of the development of upwelling events on inshore phy-

toplankton dynamics along the Atlantic coast of Nova Scotia. This is important to the

management of local inlets and, furthermore, to evaluate the implications of global warm-

ing on the biological dynamics of Nova Scotian inlets.
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Chapter 5

The MEPS-Bay Observatory:
Experience from the Study

The MEPS-Bay interdisciplinary coastal observatory has provided real-time observations

of meteorological and oceanographic conditions inside and outside Lunenburg Bay for

the period 2002–2007 (dataset available at http://www.cmep.ca). The observatory was

the core of the Lunenburg Bay project, which made a significant contribution to the un-

derstanding of coastal ocean dynamics in the region and generated the development of

an interdisciplinary forecast capability of nearshore marine conditions. The main results

and achievements of the project are discussed in Cullen et al. (2008). In this chapter,

the coastal observatory is discussed with respect to the use and needs of data during the

present investigations.

5.1 Use of the Dataset Available at the Observatory

The dominant control of wind-driven events on biological processes in Lunenburg Bay

results in the requirement for high-frequency data collection in order to resolve the vari-

ability of the dominant biological processes. This time-scale can be achieved only through

automated measurements, hence the importance of a coastal observatory to monitor and

study the biological dynamics in this coastal systems. In addition to temperature and

salinity, the collection of high temporal frequency bio-optical data at the moorings (fre-

quency of 1 h−1, reduced to 1 d−1) and the development of an inverse bio-optical model

to retrieve phytoplankton biomass (Huot et al., 2007) were important achievements of the

MEPS-Bay project (Cullen et al., 2008). High-frequency measurements of temperature,
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salinity and bio-optical properties have been essential to detect, characterize and measure

the magnitude of the variability in phytoplankton biomass and nitrate concentration us-

ing simple tools (Figure 2.7) and enabled the inference of general patterns of variability

in phytoplankton biomass in the bay at a multi-annual time scale (i.e., regression model,

EOF). This variability was more difficult to characterize with the water samples (e.g.,

Figure 2.7).

Some of the analysis (Ĉhl analysis, Figure 2.8; NMDS, Figure 2.11–2.13) relied, how-

ever, on discrete ship-based measurements collected at the observatory (Chapter 2). There

were three reasons for choosing to carry out these ship-based measurements:

(1) to collect the data which were not directly available from the buoys (nutrients, plank-

ton species composition);

(2) to increase the spatial domain and the vertical resolution of the dataset; and

(3) to collect data outside Lunenburg Bay, which appeared to be essential to characterize

the boundary conditions and to compute the nutrient-density relationship necessary

to infer nitrate concentration inside the bay during upwelling events.

Buoy data on plankton species composition were not available during the investigations

neither from proxies at the observatory, nor from the model output. The ship-based

collection of discrete measurements of phytoplankton and zooplankton species composi-

tion was therefore essential to characterize phytoplankton and zooplankton assemblages.

Nonetheless, if this analysis revealed important patterns, their interpretation was limited

due to the low temporal frequency of the sampling. The inability to resolve the tem-

poral variability associated with meteorological events was therefore a limitation to the

ship-based measurements, due to the weekly sampling frequency during the routine sam-

pling campaigns. This frequency is not sufficient to resolve the processes associated with

phytoplankton variability nearshore. These measurements were also carried out outside

periods of bad weather, which are characteristic of meteorological events. Even after a

wind-driven event (e.g., Storm Event adaptive sampling), high sea state prevented sam-

pling at the exposed X6 station outside of the bay. Ship-based measurements alone were

thus inadequate to infer the processes regulating plankton dynamics in Lunenburg Bay.

The coupling between buoy and ship-based measurements such as the development of
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a nitrate-density relationship to infer nitrate concentrations from high-frequency density

data measured at the buoys, was the only mean to describe the variability in nitrate concen-

tration inside the bay during the investigations using a proxy derived from observations

and modelling. Altogether, the combination of high-frequency (hourly) biophysical mea-

surements at the buoys, spatially-resolved weekly ship-based sampling of biophysical and

chemical data, and the development of spatially/temporally resolved biophysical models

was therefore essential to the present investigations.

5.2 Need for Enhanced Measurements

Several limitations of the dataset from the observatory were revealed during the study.

High-frequency measurements from the outside of Lunenburg Bay were not available

in 2006 or during most of the MEPS-Bay operational time-period. Such measurements

were only available from the SeaHorse moored profiler (Fowler et al., 1997) for a short

period of time in early summer 2005. Given the dynamic coupling between inlets and

the coastal ocean and the importance of the Scotian Shelf as a nitrate source to the Nova

Scotian inlets, such a dataset, including high-frequency nitrate measurements, should be

made available in the implementation of future inshore coastal observatories in the area to

characterize the forcing from the coastal ocean (as illustrated by the S ∗ vs F∗ framework,

Figure 3.12), and to parameterize the coastal biophysical models used in these inlets.

Inshore high-frequency nitrate measurements should also be collected to get an accurate

representation of nitrate variability, including inshore sources. Such observations are

important to understand phytoplankton dynamics (Pitcher et al., 2008). Sensors are now

available for their continuous measurement at moorings (e.g. Babin et al., 2005; Chang

and Dickey, 2008) and are included in the new generation of monitoring systems in Nova

Scotian inlets, such as in the Bedford Basin (http://bbomb.ceotr.ca) or in the Northwest

Arm (http://lobo.satlantic.com/loboviz).

The MEPS-Bay coastal observatory has provided a highly temporally resolved dataset

of biophysical properties in Lunenburg Bay. The horizontal and vertical resolution were

limited, however. Their importance was revealed during the sampling transects carried

out weekly in 2006 that showed a spatial response in the response to the upwelling events,
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with enhanced phytoplankton biomass in the deep end side of the bay where high fre-

quency data were not collected (Figure 2.5). In fact, the position of the moorings in

Lunenburg Bay did not match the inshore-offshore axis represented by the sampling tran-

sect (Figure 2.1). The results from the present study indicate however, that this inshore-

offshore axis of increasing coupling and increasing depth toward the inner Scotian Shelf

has a dominant role for the biology of Lunenburg Bay. The appropriate location of the

moorings in future implementations of coastal observatories should be carefully investi-

gated (e.g., from modelling studies) to account for the dominant factors controlling the

biological dynamics of the system. The factors controlling plankton variability revealed

in this study (e.g., upwelling events, bathymetry characteristics, accelerated flushing) can

help in the design of future coastal observatories in similar, ocean-dominated inlets.

The 2006 transects and the SeaHorse measurements from 2005 also revealed the im-

portance of vertically resolved biological data to detect the variability in phytoplankton

biomass that can be located in a very restricted depth range. Fixed depth measurements

have a limited ability to capture this variability (e.g., Cullen, 2008). The time series of

estimated chlorophyll absorption from the moorings (Huot et al., 2007) or the vertically

integrated samples of phytoplankton and zooplankton composition did not allow for the

representation of vertical patterns in the plankton. For the plankton taxonomy dataset, the

temporal resolution was also limited. This should be overcome in the near future with

the development of new technology for coastal observatories, including metrics to infer

phytoplankton at the group or species level and techniques for in situ identification of

phytoplankton and zooplankton species (Wiebe and Benfield, 2003; Babin et al., 2005,

2008; Sosik et al., 2010). In association with spatially resolved sampling tools such as

the SeaHorse profiler, it will improve the ability to observe the spatial response of the

biological system to meteorological events at shorter time scales (< 7 days).

Finally, the adaptive sampling campaign carried out in August 2006 (Chapter 2) demon-

strated the difficulty in implementing a ship-based adaptive sampling in an open system

like Lunenburg Bay during the occurrence of a meteorological event and the impossibility

to sample the full event (i.e. including the onset phase). This type of sampling is not suf-

ficient to determine the effects of wind-induced events on marine ecosystems (Schofield
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et al., 2008). Moreover, the high variability in meteorological conditions and the high-

frequency response of the bay to wind events limit the possibility to forecast the timing of

such a sampling campaign. The use of vertically profiling moorings such as the SeaHorse

will reduce the need for adaptive sampling although the horizontal scale is limited with

this type of mooring. The use of an autonomous underwater vehicle (AUV), which is

particularly adapted to carry out adaptive sampling (Chang and Dickey, 2008; Griffiths,

2008), combined with the observing system, is therefore a more appropriate method to

sample during this type of meteorological event.
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Chapter 6

Conclusions

This thesis has investigated several processes that regulate summer plankton dynamics in

a temperate coastal inlet. The starting point of the research was the observation of recur-

rent wind-induced upwelling and downwelling events in summer that control the local

hydrography at a subtidal time scale (Zhai et al., 2007). However simultaneously, only

low nitrate and chlorophyll concentrations were measured in the water samples collected

at the MEPS-Bay observatory. This apparent discrepancy between the dynamic physical

environment, in particular the occurrence of upwelling events, and the small variations in

chlorophyll biomass suggested the existence of factors limiting the development of phy-

toplankton in Lunenburg Bay. Because of the deployment of the MEPS-Bay observatory,

this bay was an appropriate site for the study of inlet-ocean coupling and its implications

for the biological system of an inlet. Thence to improve our understanding of the factors

regulating plankton variability in this inlet during the summer, this research aimed to:

(1) assess the drivers of variability in phytoplankton biomass and plankton community

structure; and

(2) reveal the main factors limiting the development of phytoplankton biomass inside

Lunenburg Bay.

To reach these objectives, a series of field sampling experiments were conducted in

Lunenburg Bay (Chapter 2) and two types of physical-biological coupled model were

constructed: a low resolution box model of Lunenburg Bay with steady state wind forc-

ing (Chapter 3) and a high resolution nested model of Lunenburg Bay and the inner

shelf (Chapter 4). The importance of upwelling events in driving the variability in phy-

toplankton biomass and the effects on plankton community structure were diagnosed
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from the MEPS-Bay coastal observatory dataset in Chapter 2. It confirmed the recur-

rent upwelling events in summer, as well as the discrepancy—i.e., no strong response in

chlorophyll concentration—and laid out several factors explaining the underlying causes

of this discrepancy. The role of these factors, including transport that was not examined

in Chapter 2, were investigated in the modelling studies of Chapter 3 and Chapter 4.

6.1 Factors Controlling Plankton Dynamics in Lunenburg Bay

Throughout the thesis, four factors appeared to regulate phytoplankton dynamics inside

Lunenburg Bay: (1) the duration of an upwelling event, (2) the nitrate concentration in

source waters, (3) the flushing rate of the inlet (hence transport), and (4) the bathymetry

along the inshore-offshore axis of the bay. Regarding plankton communities, (1) the oc-

currence of upwelling and (2) the inshore-offshore gradient of increasing depth appeared

to regulate the structure of respectively phytoplankton and zooplankton communities.

Each regulating factor was developed into a hypothesis in Chapter 1. A summary of

the hypotheses examined in this thesis and their validation from each chapter is presented

in Table 6.1.

6.1.1 Dominant Drivers of Variability in Phytoplankton Biomass

The first step of this work was to examine if the variability in phytoplankton biomass is

determined by the occurrence of meteorological events during the summer in Lunenburg

Bay. The analysis in Chapter 2 revealed a direct relationship between:

(1) the variation in water column density (i.e., promoted by meteorological events) and

chlorophyll biomass for the period 2003–2006;

(2) the variability in nitrate concentration and the occurrence of upwelling events; and

(3) upwelled nitrate and chlorophyll biomass.

These findings, that were also supported by the modelling studies of Chapter 3 (for both

upwelling and downwelling wind regimes) and Chapter 4, corroborate earlier observa-

tions from Nova Scotian inlets (Platt et al., 1972; Mitchell, 1991). They demonstrate a
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Table 6.1: Summary of support for the hypotheses from results presented in Chapter 2–4.
A tick mark indicates a hypothesis supported by results from the chapter whereas a cross
indicates a hypothesis not supported by the results from the chapter. The Results column
indicates if the hypothesis is � verified or × falsified. Refer to Section 1.5 for the full
hypotheses.

Chapters

Description Hypothesis 2 3 4 Results

Drivers of variability in phytoplankton biomass
Phytoplankton variability is

1.0 × × ×
independent of wind events

Phytoplankton variability is
1.1 � � �

determined by wind events

Influence and limitations of upwelling events
Significant effect of upwelling

2.0 × × × ×on phytoplankton biomass
(i.e., ΔChl > 5 mg m−3)

No detectable upwelling effect
2.1 × × × ×

on phytoplankton biomass

Low NO−3 in source waters 2.2 � � � �
limits upwelling effect

Short upwelling events
2.3 � � �

limits nitrate availability

Bathymetry limits nitrate
2.4 � �

input from the shelf

Physical constraint to phytoplankton accumulation
Rapid flushing rate limits

3.0 � � �
phytoplankton accumulation

Phytoplankton community structure
Phytoplankton groups are

4.0 � �
determined by upwelling events

Zooplankton community structure
Zooplankton communities are

5.0 × ×
determined by upwelling events

Zooplankton communities are
5.1 � �

structured spatially
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consistent multiannual pattern in Lunenburg Bay that agrees with the concept of inshore

biological systems dominated by remote processes in the region (i.e., occurring on the

shelf, Lewis and Platt, 1982) and hence by inlet-ocean coupling.

The time series from the observatory (Chapter 2) and the modelling study of the 2006

upwelling event (Chapter 4) revealed that upwelling conditions in Lunenburg Bay have

successively opposite effects on the local phytoplankton biomass due to the flushing of

the bay with nitrate-enriched—but phytoplankton-poor—deep water from the shelf. This

effect is typical of upwelling environments (e.g., Brown and Field, 1986; Zimmerman

et al., 1987) and is an important driver of phytoplankton variability in Lunenburg Bay on

the time scale of days to weeks.

6.1.2 Influence and Limitations of Upwelling Events

Despite the role of upwelling events in controlling the variability of nitrate concentration

and phytoplankton biomass, the limited range of variability in chlorophyll biomass ob-

served in the preliminary dataset was confirmed by the sampling experiments in 2006

as well as by the optical measurements from the observatory for the period 2003–2006.

Therefore, the question is: which factor limits the development of a phytoplankton bloom

during an upwelling event in Lunenburg Bay?

Low nitrate concentration in upwelling source waters

The limitation due to low nitrate concentration in upwelling source waters was demon-

strated from the observatory dataset that indicates a modest variation in nitrate concentra-

tion during an upwelling event in Lunenburg Bay (0–3 mmol m−3) and a corresponding

change in chlorophyll biomass (Ĉhl analysis, Section 2.3.2). The limitation to the develop-

ment of phytoplankton biomass was attributed to the depth of the nitracline on the Scotian

Shelf (sensitivity analysis, Section 4.3.5). The limitation of phytoplankton biomass by

low nitrate concentration in the inlet source waters was generalized on the S ∗ vs. F∗

framework (nitrate availability in source waters vs. specific transport, Section 3.3.4.2).

The cause for low nitrate concentration in upwelling source waters was attributed to the

shelf-dominated continental margin (Jahnke, 2010) that characterizes western boundary
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margins such as the Scotian Shelf. The consequence of long term variation in nitracline

depth, resulting from changes in water mass associated to decadal oscillations or global

warming, was suggested to be a stronger limitation to the effect of upwelling events in

Lunenburg Bay due to a deepening of the nitracline on the Scotian Shelf.

Short duration of an upwelling event

The short duration of an upwelling event was found to limit the development of phyto-

plankton biomass inside Lunenburg Bay for two reasons:

(1) the sustained upwelling events (time scale � 4 days) were associated with the devel-

opment of upwelling conditions in Lunenburg Bay and the shoaling of the nitracline,

but not the storm-induced upwelling event with a shorter time scale (∼ 1 days); and

(2) the characteristic time scale of a sustained upwelling event (∼ 4 days) is short, es-
pecially compared to the time lag for the phytoplankton response to the upwelling

(2.7 days, Section 2.3.4). The availability of upwelled nitrate to primary producers is

thus limited in time, and as a consequence nitrate retention during an upwelling event

is low in Lunenburg Bay.

Bathymetry characteristics of Lunenburg Bay

The observations from Chapter 2 and the modelling experiment of Chapter 4 have demon-

strated a limited response and an inshore-offshore pattern of increasing phytoplankton

biomass during the upwelling relaxation due to the lack of upwelled nitrate reaching the

shallow inshore area. This effect was correlated with depth (Figure 4.12B): a small re-

sponse in the shallow inshore areas, and a significant response in the deep outer areas.

This relationship was supported by the modelled results from the neighbouring inlets.

However, given the characteristics of the inlets used in the relationship (gradual change

in depth from inshore to offshore or similar depth inside and at the mouth of the inlet), it

is suggested that depth is a proxy but not the real explanatory variable for this effect. Two

other explanatory variables have been proposed—but not tested—that are the depth at the

entrance of the inlet and the slope of the bathymetry gradient inside the inlet. Future work

will be necessary to test their effect.
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Wind-induced accelerated transport

A direct relationship between upwelling conditions and accelerated transport of nitrate

and phytoplankton was demonstrated in the upwelling simulation (Chapter 4). The accel-

erated transport of phytoplankton from the bay was a limiting factor to the development

of a self-supporting bloom inside Lunenburg Bay during each pulse of the upwelling, but

not during the relaxation phase when transport rate was reduced. In Lunenburg Bay, phy-

toplankton export dominates during the active phase of the upwelling, whereas local pri-

mary production is dominant during the relaxation phase of the upwelling (Figure 4.14);

the other sources of limitation prevail during this phase. The limitation associated with

accelerated transport during the active phase of the upwelling was also demonstrated by

the steady state box model experiment (Chapter 3) that revealed an accelerated flushing

of Lunenburg Bay induced by upwelling wind forcing controlling the accumulation of

phytoplankton biomass in the bay (Section 3.3.2.3).

6.1.3 Seasonal Variability in Plankton Communities

The dataset collected during 2006 (Chapter 2) has revealed that inside Lunenburg Bay,

the patterns of variability in phytoplankton and zooplankton species composition (spatial

and temporal) differ and are controlled by different processes: phytoplankton community

structure tends to be spatially homogeneous and to vary temporally with the occurrence

of upwelling events, whereas the zooplankton community is structured spatially along a

depth gradient but not substantially influenced by upwelling events.

Phytoplankton groups are determined by the occurrence of upwelling events

Phytoplankton community structure oscillated between periods dominated by dinoflagel-

lates species in pre-upwelling conditions during a sustained period without nitrate input

from the Scotian Shelf, and mixed assemblages dominated by diatoms following the oc-

currence of an upwelling event. The event favoured the development of diatoms and there-

fore determined which of the diatoms or dinoflagellates group prevailed during the pe-

riod of study. Pre-existing conditions, such as previous upwelling or time without nitrate

supply to the bay, determine if the dinoflagellates group prevails prior to the upwelling.

Overall, although some gaps in the dataset prevent this observation to be conclusive, the

patterns of variability in phytoplankton community structure seem to occur bay-wide.
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Zooplankton communities are structured along an inshore-offshore gradient

The dominant species of zooplankton vary in time during the summer, but space is the

main structuring factor among the zooplankton assemblages. The community changes

gradually along an inshore-offshore gradient of increasing depth. The underlying causes

of this spatial pattern were not investigated in the thesis. It was suggested that inshore, a

selective predation and the restricted vertical habitat due to the shallow depth may control

the occurrence of zooplankton species (Kimmerer, 1991, 1993;Ueda, 1991) and select for

species with restricted migratory behaviour, such as Acartia spp. (Tiselius, 1998). This

pressure on vertically migrating species is relieved in the deeper waters outside Lunenburg

Bay.

The occurrence of upwelling events did not change significantly this dominant spatial

structure. This was interpreted in three different ways, not mutually exclusive: (1) the

limited increase in phytoplankton biomass imposes a constraint on the grazers; (2) the

duration of an upwelling is short considering the typical turnover timescale of nearshore

copepods (Kimmerer, 1993 and references therein); and (3) vertical migration can induce

a spatial discontinuity between phytoplankton and zooplankton during an upwelling event

(Walsh, 1976), which results in a decoupling between primary and secondary production.

The sampling frequency and the vertically integrated measurements did not allow for

sorting out the underlying factors.

6.2 Significance of the Results

The thesis was focused on Lunenburg Bay, a small inlet of the Atlantic coast of Nova

Scotia. Then, how are the findings regarding the processes regulating plankton variability

in Lunenburg Bay relevant to other systems of the region? Moreover, how does this work

contribute to the general knowledge of plankton dynamics in coastal systems?

6.2.1 Applicability of Key Findings at Larger Scale

The dominant source of variability in summer in Lunenburg Bay arises from the devel-

opment of upwelling conditions at the coast. This phenomenon controls the flushing of

159



Nova Scotian inlets (Heath, 1973) and influences their nutrient variability (Platt et al.,

1972). Phytoplankton variability in these systems is therefore under a similar control to

Lunenburg Bay: the synoptic wind forcing and its characteristics (northeastward direction,

short event duration); the low nitrate concentration in upwelling source waters; the effect

of bathymetry; as well as rapid transport associated with accelerated flushing. Transport

patterns are however induced by the combination of local and remote wind (e.g., Yang

and Sheng, 2008) and the interaction with local bathymetry (Zhai et al., 2008b). This

aspect is therefore inherent to the inlet. Overall, most of the processes that were found

to control phytoplankton dynamics in Lunenburg Bay then apply to the other inlets of the

region. This generalization is important because the current findings can then be used to:

(1) define the current state of phytoplankton dynamics in Nova Scotian inlets;

(2) assess their main drivers of variability; and

(3) determine potential impacts, including the effects of climate change.

This knowledge will be useful in the future development of integrated management initia-

tives for coastal and inshore areas of Atlantic Nova Scotia (DFO, 2007).

The tools that were developed during this thesis to investigate the dynamics of phy-

toplankton in Lunenburg Bay are transferable to other inlets. The regression model for

phytoplankton biomass developed in Chapter 2 (Section 2.3.4) is a simple tool but has

demonstrated some predictability based on simple measurements (temperature, salinity).

Given the large-scale processes controlling phytoplankton variability in Nova Scotian in-

lets (i.e., Platt et al., 1972; Lewis and Platt, 1982), this tool can be used to diagnose and

potentially forecast—in combination with other tools—phytoplankton variability in other

inlets of the region. Similarly, the nutrient source - flushing rate framework (S ∗ vs. F∗)

developed in Chapter 3 to assess the role of nutrient source and flushing rate in control-

ling plankton dynamics in Lunenburg Bay (Section 3.3.4.2), can be used to describe the

dynamics of other systems (see Section 6.2.2 below).

6.2.2 The Nutrient Source - Flushing Rate Framework (S ∗ vs. F∗)

The dimensionless framework (S ∗ vs. F∗) was developed in Chapter 3 to support the hy-

potheses of a limitation to the effect of an upwelling event due to the nitrate concentration
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Figure 6.1: Effect of flushing (F∗) and nutrient availability in source waters (S ∗) on the
relative concentration of phytoplankton (green), zooplankton (red) and nutrients (grey)
inside an inlet (i.e., X∗P, X

∗
Z and X

∗
N, see Section 3.2.5.2). The relative concentration (X

∗) is
the ratio between the concentration inside and at the boundary of the inlet. Flushing (F∗)
is the ratio between the flushing rate (FR; d−1) and the light (E; W m−2) and temperature
(T ; ◦C) limited growth rate of phytoplankton (μ(E, T ); d−1). Nutrient availability in source
waters (S ∗) is the ratio between nitrate concentration at the boundary (NOUT; mmol m−3)
and the half-saturation constant for nutrient uptake by phytoplankton (kN; mmol m−3). The
colour scale for X∗ is indicative only (darker colours represent higher values of X∗). A
more detailed and quantitative figure is presented in Chapter 3 (Figure 3.12).
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in upwelling source waters and the accelerated flushing associated with the upwelling.

Although this framework is simple with regards to the complexity of coastal processes

(steady state conditions, pelagic ecosystem only), it conceptualizes the influence of rapid

transport and low nutrient available in source waters on the dynamics of the biological sys-

tem in Lunenburg Bay (see Figure 6.1). Because of the scaled variables, this framework is

not specific to Lunenburg Bay but rather represents a general model of plankton dynamics

in coastal inlets and other aquatic systems for which chemostat dynamics is a reasonable

approximation. It has enabled to extend the limiting factors revealed in Lunenburg Bay

(i.e., flushing and nutrients) to other Nova Scotian inlets under the same forcing condi-

tions. Moreover, it is a useful tool to compare the dynamics revealed in Lunenburg Bay

with other systems and therefore to formalize general controls over plankton dynamics in

inshore systems.

Overall, the framework indicates (Figure 6.1):

(1) a general limitation in Nova Scotian inlets due to the low nutrient concentration in

source waters; this is opposed to the dynamics of eastern boundary inlets where up-

welling events have an important effect on inshore phytoplankton (i.e., through trans-

port or local production);

(2) an optimum ‘window’ for the accumulation of phytoplankton biomass at intermediate

flushing and high nutrient in source waters; and

(3) the development of secondary producers (and internal recycling processes) at low

flushing.

A framework-data comparison will be necessary in the future to evaluate the exactitude

of the dynamics indicated in the framework and to assess its limitations. Flushing is

calculated from the volumetric flow rate and therefore this variable must be known. It can

be calculated with data from moored current sensors or derived from CTD measurements

(e.g., Rosón et al., 1997). Nitrate in source waters can be derived from moored nitrate

sensors or water samples on the inner shelf and the knowledge of circulation patterns at

the inlet-coastal ocean interface—as demonstrated with the wind regimes in Chapter 3.

Further development of the framework is also suggested to include benthic grazing that
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can influence or control phytoplankton biomass in an inlet (e.g., Cloern, 1982; Lucas

et al., 1999a).

6.3 Future Work and Perspectives

This thesis has investigated the processes controlling plankton dynamics in Lunenburg

Bay, with respect to the inlet-ocean coupling. This source of variability is dominant in

this system in summer, and in similar inlets of the region. Nonetheless, the role of land-

inlet and benthic-pelagic coupling should be investigated in the future. The hydrodynamic

control on nitrate input has been well established in the study; its importance is described

in the S ∗ vs. F∗ framework. However, during periods of slow flushing local biological pro-

cesses dominate and recycling becomes more important (Figure 4.14). Nutrient recycling

in the sediment may alter nutrient retention during these periods and therefore influence

local phytoplankton dynamics. Further development of the S ∗ vs. F∗ framework should

also include this process or at least assess its contribution to plankton dynamics in the low

F∗ range (i.e., long flushing time scale).

Using weekly measurements, the thesis has revealed a temporal variability in phyto-

plankton groups (diatoms/dinoflagellates) and a spatial structure in the zooplankton com-

munity of Lunenburg Bay, suggesting the presence of a spatial component in the foodweb

structure. Higher resolution time series (i.e., increased sampling frequency) of phyto-

plankton species composition should be collected, using simple automated in-situ plat-

forms and new metrics to characterize phytoplankton communities (e.g., Babin et al.,

2008), in order to assess the high-frequency response to upwelling events. Specific work

should also be conducted to elucidate the underlying cause for the spatial structure in the

zooplankton community (e.g., vertical migration, selective grazing, food source). It is

also suggested to investigate the role of the spatial component in the foodweb and to

assess its effect on the results of biogeochemical models of the nearshore environments.

Lower nitrate concentration in upwelling source water was suggested as a potential

effect of global warming on Nova Scotian inlets. This is a hypothetical effect, considering

the present findings and the current knowledge of the impacts of global warming on the
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western Atlantic margin. With regards to coastal management, future work should be

developed to address the specific effects of global warming on Nova Scotian inlets. The

development of a regional forecasting capability using nested models, such as the ones

used in this study, will be useful to assess these effects. The expertise gathered in the

present work can be used for the development of these models. Improvements from the

present model will be necessary to better represent the short time scale response of the

phytoplankton to the meteorological events.
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Appendix A

Coastal Upwelling

A.1 Ekman Layer

The Ekman layer is the frictional boundary layer developing on a geostrophic flow. It

occurs both at the surface and the bottom of the ocean resulting from frictional stress pre-

scribed by the surface wind and the bottom boundary respectively. Wind-driven surface

currents in the ocean are the result of this process: the balance between frictional forces

and the Coriolis effect in the surface boundary layer. The solution to this balance can be

calculated for idealistic conditions, i.e. no temporal variation or horizontal gradient, an

homogeneous fluid, and an infinite ocean. In the northern hemisphere, for a geostrophic

flow (ū, v̄; m s−1) under a surface wind stress (τx, τy; N m−2), the velocity field (u, v;

m s−1) in the surface Ekman layer of depth DE (m) is as follow:

u = ū +
1

ρ
√
Aν f

e z/DE
[
τx cos

( z
DE
− π
4

)
− τy sin

( z
DE
− π
4

)]
(A.1)

v = v̄ +
1

ρ
√
Aν f

e z/DE
[
τx sin

( z
DE
− π
4

)
+ τy cos

( z
DE
− π
4

)]
(A.2)

where ρ (kg m−3) is the water density, Aν (m2 s−1) is the vertical eddy viscosity coefficient

(constant), f (s−1) is the Coriolis parameter, z is depth. The solution for periodic wind

forcing can be found in Cushman-Roisin and Beckers (2011).

The depth of the Ekman layer is expressed as follow:

DE =

√
2Aν
f

(A.3)
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Figure A.1: Velocity field in the surface Ekman layer (black) and representation of the
Ekman spiral (grey) at 45◦ latitude for a wind stress along the y-axis τy = 0.1 N m−2, a
water density ρ = 1025 kg m−3 and an eddy viscosity coefficient Aν = 10−2 m2 s−1. The
depth-integrated Ekman transport perpendicular to the wind direction is represented by
the grey arrow.

The resulting depth-integrated zonal and meridional mass transport (Mx, My; kgm−1 s−1)

in the Ekman layer is:

Mx =

∫ 0

−∞
ρ (u − ū) dz = τ

y

f
, (A.4)

My =

∫ 0

−∞
ρ (v − v̄) dz = −τ

x

f
, (A.5)

which indicates that Ekman transport is perpendicular to the surface wind stress. The

velocity field in the Ekman layer for ū = v̄ = 0 is represented in Figure A.1.

Deviation from these idealized conditions often occur. Strong surface stratification
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induces a two layer system where Ekman transport is restricted to the mixed layer. At

mid latitude the diurnal heat flux cycle reduces the Ekman layer further, which is surface

trapped with an accelerated flow and enhanced deflection of velocity with depth (Price

and Sundermeyer, 1999).

A.2 Coastal Upwelling

When the wind is oriented alongshore, with the coast on the left (right) in the Northern

(Southern) Hemisphere, offshore Ekman transport induces low pressure at the coast, com-

pensated by an onshore and upward movement of deep water at the coast. Under sustained

wind forcing, the pycnocline reaches the surface at the coast, which creates a front that

moves offshore to a distance dependent on the wind speed (Csanady, 1982). The cross-

shore distance over which the pycnocline rises to the surface is the Rossby radius of

deformation (R), in the order of 10 km, at which rotational and inertial forces are equal.

For Nova Scotia Atlantic coast, Petrie et al. (1987) reported a value R = 6.8 km.

The onshore pressure gradient resulting from the tilting of the isopycnals is compen-

sated by an alongshore geostrophic current oriented with the wind. The average veloc-

ity field from the ROMS model (Chapter 4) for the period June 29–July 2, 2006 during

the upwelling event (pulse 1) provides an example of upwelling-induced cross-shore and

alongshore currents during the period investigated (Figure A.2).

Alongshore variability in bathymetry results in spatial variability in upwelling condi-

tions that can be restricted to specific areas (upwelling centers) and the development of

offshore jets of upwelled water (Flament et al., 1985). The interaction with a slopping

bathymetry (Smith, 1981), buoyancy intrusions (Tilburg and Garvine, 2003) or fluctuating

winds (Cushman-Roisin and Beckers, 2011) are also a source of deviation from the sim-

ple coastal upwelling case and therefore generate variability in the upwelling. Localized

upwelling can generate internal Kelvin waves that propagate alongshore.
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Figure A.2: Average velocity field from the ROMS model (Chapter 4) for the period June
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Appendix B

Empirical Orthogonal Functions

In addition to the regression analysis carried out in Chapter 2, the patterns of variability in

the high frequency time series were analyzed statistically at the mooring stations SB2 and

SB3 (Figure 2.1) by calculating empirical orthogonal functions (EOF). The dataset is the

same as in Chapter 2, including years 2003 to 2006 (see Section 2.2.4.3), complemented

by cross-shore and alongshore wind stress (τc, τa; N m−2) for Battery Point meteorolog-

ical station and bottom cross-shore current (uc; m s−1, 330◦ inshore-offshore direction

and positive toward inshore) calculated from current velocities recorded at the moorings

(7.5 m at SB2, 9 m at SB3). The variables are described in Table B.1.

B.1 Method for Calculating the EOF

The time series were low pass filtered, using a zero-phase forward and reverse digital

filtering, with a cut-off at 26 h to remove the tidal signal. The series were detrended, their

mean removed and then normalized by their standard deviations.

The EOF analysis was carried out on the normalized time series matrix (M) at each

mooring using singular value decomposition (SVD, Emery and Thomson, 1998). The

SVD technique decomposes the m × n data matrix into a factorial form such that:

M = U · D · VT (B.1)

whereU and V are respectivelym×m and n×n orthonormal matrices and D is am×n diag-
onal matrix. The principal components (EC, expansion coefficients) and the eigenvalues
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Figure B.1: Correlations between the explanatory variables and the first mode of the EOF
analysis (EOF1) for SB2 and SB3 locations. The top right corner of each figure indicates
the percentage of variance explained by each mode, 32% and 40% of the variance for
EOF1 at SB2 and SB3 respectively. The variables are described in Table B.1.
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(L) are obtained from the following relationships:

EC = U · D (B.2)

L =
diag (D)2

n − 1 (B.3)

The amount of variance VAR (%) explained by each principal component is then given

by:

VAR =
L
n
× 100 (B.4)

The first two modes of the EOF are plotted in Figure B.1.

B.2 Results

The dominant part of the variance in the dataset is explained by the first mode of the anal-

ysis (EOF1, Figure B.1). The variance explained by the other modes is less significant

(Figure B.1) and therefore the patterns emerging from these modes are not interpreted.

The first mode (EOF1) explains more variance at SB3 (40%) than at SB2 (32%) and is

associated with the change in salinity and temperature (especially bottom temperature).

The nitrate anomalies are positively correlated to salinity anomalies along EOF1, but in-

versely correlated to chlorophyll and temperature anomalies. The patterns are stronger at

SB3 than at SB2. Water velocity and wind stress did not show a strong relationship with

the other variables along EOF1. The lag between the wind forcing and the hydrodynamic

response of the bay (e.g. upwelling conditions) can explain the lack of a strong relation-

ship with the alongshore wind stress. The lack of relationship with bottom current speed

is more surprising but indicates that other processes control its variability.

Overall, this analysis supports the results of the phytoplankton biomass prediction

model in Chapter 2 and suggests a spatial variability in the effect of upwelling events

and changes in hydrography on nitrate and chlorophyll concentration, which is more im-

portant at the mid-bay mooring station SB3 compare to the inshore mooring SB2.
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Table B.1: Variables used for the EOF analysis.

Variable Symbol Units Location Depth (m)

Surface temperature Ts ◦C SB2/SB3 1∗

Bottom temperature Tb ◦C SB2/SB3 8/9
Surface salinity Ss ◦C SB2/SB3 1∗

Bottom salinity Sb ◦C SB2/SB3 8/9
Cross-shore current UC m s−1 SB2/SB3 7.5/9

Nitrate (N̂O−3 )b mmol m−3 SB2/SB3 8/9
Chlorophyll (Chl)aφ mg m−3 SB2/SB3 depth integrated
Alongshore wind stress τa N m−2 BatPt -
Cross-shore wind stress τc N m−2 BatPt -
∗The surface sensor was located at 3 m in 2003
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Appendix C

Box Model Fluxes

C.1 Advective Fluxes

C.1.1 Horizontal Advective Fluxes

For each circulation regime, advective fluxes are computed every Δt = 10 minutes during

the last tidal cycle of the circulation model run. Horizontal advective fluxes are computed

for every vertical layer at each grid cell located on a boundary (Figure C.1). The resulting

horizontal advective flux (Qh
adv; m

3 s−1) through each boundary is calculated such as:

Qh
adv(i, l, t) =

n∑
j=1

m∑
k=1

(υ j,k,t · ΔLi · Δzl,k) (C.1)

where υ j,k is the horizontal advection normal to the boundary (m s−1), ΔLi is the cell frac-

tion of the boundary length and Δzl,k is the height of the vertical level. Also, i represents

the horizontal boundary (1–11), l the layer (upper or lower), t time, n the number of grid

cells in the boundary and m the number of vertical levels in the layer. The height of the

z-levels in the circulation model are as follow: Δz = 3 m at the surface, Δz = 1 m down

to 20 m and Δz = 4.5 m for the remaining layers inside the domain of interest. Therefore,

m = 3 for the upper layer and 2 ≤ m ≤ 18 for the lower layer depending on the maximum
depth of the boundary. A schematic of the bay with the various parameters is presented

in Figure C.1.
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Figure C.1: Schematic of the computation of horizontal and vertical advective fluxes in
the box model used in Chapter 3. Δx, Δy, Δz (m) are, respectively, the width, height and
thickness of a model grid cell. Horizontal advective fluxes are calculated at each grid
cell on a boundary. L (m) and n are respectively the length and number of grid cell in a
boundary. ΔLi is the cell fraction of the boundary length. υ j,k (m s−1) is the horizontal
advection normal to the boundary calculated from the eastward (U, m s−1) and northward
(V , m s−1) components of horizontal advection in the circulation model. Vertical advective
fluxes are calculated at z = 5 m for each grid cell from the vertical velocity (W, m s−1).
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C.1.2 Vertical Advective Fluxes

The vertical advective fluxes are computed from the vertical velocity values (w) of the

circulation model at the boundary between the upper and the lower layer of the box model

(z = 5 m) and for every cell within a box (see Figure C.1, upper right panel). The resulting

vertical advective flux (Qv
adv; m

3 s−1) through each vertical boundary is calculated such

as:

Qv
adv(i, t) =

n∑
j=1

(wj,t · Δx · Δy) (C.2)

where wi,t is the vertical advection at 5 m (m s−1), Δx is the width of the grid cell and Δy

is the length of the grid cell. Also, i represents the vertical boundary (1–8), t time and n

the number of grid cells within each box. If z j ≤ 5 m, then wj = 0.

C.1.3 Corrections

The sea surface height varies in the circulation model. The volume of the upper boxes

is therefore adjusted at every time step to take into account the variation in sea surface

height. The sum of all advective fluxes in each box is computed at every time step and

the variation in box volume between t and t+Δt is compared with the variation in volume

due to the change of advective fluxes over the same period. This procedure is necessary to

make sure the flows are balanced. Small errors induced by the computation of advective

fluxes are removed by correcting each box boundary flows proportionally to their values.

The corrections are carried out stepwise, from the inner to the outer boxes. Once cor-

rected the values are fixed for that box and the procedure continue in the next box. All

fluxes were balanced prior to their use in the box model (see the tidally average fluxes in

Figure 3.3).

The advective fluxes Qh
adv and Q

v
adv, across each boundary, are subsequently divided by

the volume of the boxes to retrieve the exchange rates (radv; d−1) used for the box model

simulations.
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C.2 Diffusion

Horizontal diffusion coefficients from individual grid cells of the circulation model were

used to calculate the horizontal diffusive flux (Qh
di f f ; m

3s−1) at every time step on each

layer of each boundary such as:

Qdi f f ,h(i, l, t) =
n∑
j=1

m∑
k=1

(
kh j,k,t · ΔLi · Δzl,k

Δl

)
(C.3)

where kh j,k,t (m2 s−1) is the horizontal diffusion coefficient in the circulation model and Δl

(m) is the length between the centre of two boxes. The other variables are the same as for

the horizontal advection.

The diffusive flux at vertical boundaries is calculated similarly such as:

Qv
di f f (i, t) =

n∑
j=1

(
kv j,t ·

Δx j · Δy j
Δl

)
(C.4)

where kv j,t (m2 s−1) is the vertical diffusion coefficient between the upper and the lower

layer of the box model (z = 5 m). The other variables are the same as for the vertical

advection. As for the advection, the diffusive fluxes were divided by the volume of the

boxes to retrieve the exchange rates (rdi f f ; d−1).
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Appendix D

Equations and Parameters for the
Biogeochemical Model in ROMS

The biogeochemical model coupled with the circulation model in ROMS has been de-

veloped by Fennel et al. (2006). This appendix provides the equations of the biogeochem-

ical model and the parameter values used in Chapter 4. The reader in referred to Fennel

et al. (2006) for a detailed explanation on the equations and parameters choice.

The time rates of change of ecosystem state variables due to biological processes are

modelled as follow:

∂Phy
∂t

= μPhy − gZoo − mPPhy − τ(SDet + Phy)Phy − wPhy
∂Phy
∂z

(D.1)

∂Chl
∂t

= ρChlμChl − gZoo − mPChl − τ(SDet + Phy)Chl (D.2)

∂Zoo
∂t

= gβZoo − lBMZoo − lE Phy2

kP + Phy
2
βZoo2 − mZZoo

2 (D.3)

∂NO3
∂t

= −μmax(T ) f (E)LNO3Phy + nNH4 (D.4)

∂NH4
∂t

= −μmax f (E)LNH4Phy − nNH4 + lBMZoo + lE Phy2

kP + Phy
2
βZoo2

+ rS DSDet + rLDLDet

(D.5)
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∂SDet
∂t

= g(1 − β)Zoo + mZZoo
2 + mPPhy − τ(SDet + Phy)SDet

− rS DSDet − wSDet
∂SDet
∂z

(D.6)

∂LDet
∂t

= τ(SDet + Phy)2 − rLDLDet − wLDet
∂LDet
∂z

(D.7)

were the states variables are phytoplankton (Phy), chlorophyll (Chl), zooplankton (Zoo),

nitrate (NO3), ammonium (NH4), small detritus (SDet) and large detritus (LDet). Parameter

names and values are presented in Table D.1. The specific biological processes are de-

scribed below.

Phytoplankton growth (μ; d−1) is limited by temperature (T ; °C), the photosynthetically

available radiation (E; W m−2), nitrate and ammonia such as:

μ = μmax(T ) · f (E) · (LNO3 + LNH4) (D.8)

The maximum growth rate (μmax; d−1) is limited by temperature following the formula-

tion of Eppley (1972):

μmax = μ0 · 1.066T (D.9)

where μ0 is the phytoplankton growth rate at 0°C.

Light limitation f (E) is modelled with an instantaneous growth rate vs. light function

(Evans and Parslow, 1985):

f (E) =
αE√

μ2max + α
2E2
, (D.10)

where α ((W m−2)−1d−1) is the initial slope of the instantaneous growth rate vs. light

curve.
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Nitrate uptake limitation (LNO3) is modelled with a Michaelis-Menten function and a

function representing the inhibition of nitrate uptake in the presence of ammonia (Parker,

1993):

LNO3 =
NO3

kNO3 + NO3
· 1
1 + NH4/kNH4

, (D.11)

where kNO3 and kNH4 are the half saturation concentrations for respectively nitrate and

ammonia uptake.

Ammonia uptake limitation (LNH4) is modelled with a Michaelis-Menten function:

LNH4 =
NH4

kNH4 + NH4
(D.12)

The chlorophyll content in a phytoplankton cell varies with time as the cell acclimates

to the changes in light and nutrient conditions, following the model from Geider et al.

(1996, 1997). Only a fraction of phytoplankton growth (ρchl) is dedicated to chlorophyll

synthesis such as:

ρchl =
θmaxμPhy
αEChl

, (D.13)

where θmax (mgChl mgC−1) is themaximum chlorophyll to carbon ratio in a phytoplankton

cell. The ratio ρchl represents the ratio between actual and maximum photosynthesis.

Phytoplankton grazing by zooplankton (g; d−1) is modelled with a sigmoidal functional

form (Holling Type III):

g = gmax
Phy2

kP + Phy
2
, (D.14)

where gmax (d−1) is the maximum grazing rate and kP ((mmol Nm−3)2) is the half-saturation

concentration for phytoplankton ingestion. This formulation allows a saturating response

at high prey concentration and a refuge from grazing at low concentration, which is im-

portant to prevent large oscillations due to limit cycles.

179



The rate of nitrification (n; d−1) is inhibited by light using the relationship:

n = nmax

(
1 − max

[
0,

E − E0
kE + E − E0

])
, (D.15)

where nmax (d−1) is the maximum rate of nitrification and kE (W m−2) is the light intensity

for half-saturated inhibition of nitrification.

Finally, organic matter that reach the bottom boundary layer of depth H and thickness

Δz is remineralized in the sediment into ammonia. A fraction of this ammonia is nitrified

into nitrate which is then used for denitrification and lost from the nutrient pool. The

remainder is returned to the overlying water. The bottom boundary condition is therefore:

∂NH4
∂t

∣∣∣∣∣
z=H
=

4
16Δz

(
wPhy Phy|z=H + wSDetSDet|z=H + wLDetLDet|z=H

)
(D.16)
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Appendix E

Discrepancy in Modelled vs. Observed

Chlorophyll

The comparison between observed and simulated chlorophyll biomass at the mooring sta-

tions indicates that the simulated temporal patterns in chlorophyll biomass do not match

the observations (Figure E.1A,B and Figure 4.11 in Chapter 4). However, simulated phy-

toplankton biomass varies in response to the upwelling event in Lunenburg Bay, and its

spatial patterns agree with the observations from Chapter 2 (Figure 4.9E-H). A mismatch

between real and simulated carbon to chlorophyll ratio (70 < C:Chl < 130 gC gChl−1

during the simulation, Figure E.1C,D) is a possible explanation for the disagreement be-

tween observed and simulated chlorophyll time series at the SB3 mooring (p > 0.05,

F = 0.1, n = 43). There is a significant relationship at this mooring between modelled

carbon to chlorophyll ratio and the observed chlorophyll biomass (p < 0.01, F = 7.6,

n = 43), which increase simultaneously during the simulation (Figure E.1C). The varia-

tions in modelled phytoplankton biomass during the periods of upwelling are therefore

dampened in the chlorophyll signal (Figure E.1A). An estimate of chlorophyll biomass

using a fixed carbon to chlorophyll ratio (C:Chl = 60 gC gChl−1) yields a better agree-

ment between the model and the observations at the SB3 mooring station (R2 = 0.27,

p < 0.01, F = 9.8, n = 43)(Figure E.1E). In this configuration, the variations in simu-

lated chlorophyll biomass reproduce the overall observed response to the upwelling event

at SB3, although the short-term response to the upwelling is still missing from the simu-

lation (Figure E.1A). However, this estimate results in the overestimation of chlorophyll

biomass at SB2, the inshore mooring station (Figure E.1F).
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Since the dataset collected at the coastal observatory does not include phytoplankton

biomass, it is not known if the variations in modelled C:Chl are accurate or not. The range

of C:Chl simulated corresponds to the range observed inshore in the region (Harrison

and Platt, 1980; Côté and Platt, 1983). Moreover, the model uses a standard formulation

of the carbon to chlorophyll ratio (Geider et al., 1996, 1997). Nonetheless, this model

does not account for the variations in the value of C:Chl that result from changes in

phytoplankton species composition (e.g.,Harrison and Platt, 1980; Côté and Platt, 1983).

Such changes were observed during the period of investigation (see Chapter 2).

The uncertainties on the time variation of the carbon to chlorophyll ratio may thus

explain some of the discrepancy between modelled and observed chlorophyll biomass.
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Figure E.1: Comparison between observed and modelled chlorophyll biomass and mod-
elled carbon to chlorophyll ratio (C:Chl; g g−1) at the mooring station SB3 (mid-bay,
left panels) and SB2 (inshore, right panels). A,B. Comparison between the time series
of chlorophyll biomass from the optical model (filled circles), from modelled chlorophyll
(blue) and from chlorophyll calculated with modelled phytoplankton biomass using a con-
stant carbon to chlorophyll ratio (C:Chl = 60). The main time periods of the upwelling
event are indicated at the top. C,D. Comparison between chlorophyll biomass from the
optical model (x-axis) and the carbon to chlorophyll ratio in the model (y-axis). E-F.
Comparison between chlorophyll biomass from the optical model (x-axis) and modelled
chlorophyll calculated with the fixed C:Chl ratio.
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