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Abstract 
 

Estimating internal biogeochemical fluxes is essential to the understanding of 

the dynamic of aquatic ecosystems. Different ecological approaches have been used to 

gain insight into the internal cycling, but success has been limited. A critical point is the 

identification of the characteristic scales of patterns and the underlying processes 

affecting the behaviour of biological and chemical species. Failing to capture these 

scales leads to misinterpretation of field and numerical data.  In this study, key aspects 

in the design of ecological surveys are identified to ensure that the internal 

biogeochemical processes are well represented.  In the first part of this thesis, a 1D 

reaction-diffusion-advection equation is used to investigate the formation of patterns 

and relevant time and spatial scales. This is used to define an approach for the 

determination of a critical domain size that allows differentiation of the role of local and 

internal cycling from advective fluxes across the open boundaries in a shallow coastal 

ecosystem. By using a 3D numerical model, in conjunction with an extensive field data 

set, it is shown that domain sizes must be larger than this critical value in order to 

capture the patterns generated within the system. For smaller domains, transport 

processes control the evolution of the system across the boundaries misleading the 

interpretation of the internal ecological dynamics. The study of the influence of 

boundary fluxes on ecological patchiness was motivated by the need to define the size 

of the domain necessary for the assessment of the impact of a sewage outflow on a 

coastal regime. 

The quantification of biogeochemical processes has proven to be difficult to 

achieve especially under conditions of high spatial and temporal hydrodynamic and 

biogeochemical variability. In the second part of this thesis, a Lagrangian experimental 

design is employed to estimate biogeochemical rate coefficients in situ. A set of four 

drogues and a cross-transect sampling design is used to capture the patchy distribution 

of phytoplankton and nutrient species, and high transport and mixing rates. A mass 

balance approach is applied to a Lagrangian control volume moving with a drogue 

located at its centre. This approach is used to separate internal biogeochemical changes 

from the physical changes due to advection, diffusion and convergence/divergence 

fluxes. This experiment approach was applied to an oligotrophic coastal region. The 

phytoplankton growth rate, primary production and carbon to chlorophyll ratio (C:Chla) 

obtained from the experiment agree with the highest literature values for this study site. 
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This fact supports the validity of this approach. The effect of scales of processes and 

patchiness is highlighted from this experiment. It is shown that the experimental design 

is subject to a relationship between size of the control volume, the time scale of internal 

processes and sampling time.    

In the final part of this thesis, the study focused on investigating the validity of a 

1D approach to represent the dynamic of a spatially heterogeneous system, where there 

are non-linear dependencies between variables. Field data, numerical models and an 

analytical method are used to understand the role of spatial variability expressed as 

phytoplankton patchiness.  A N-P-Z model is coupled to both a 1D and a 3D model and 

the results are used to investigate the effect of incorporating horizontal spatial 

variability in forcing and free mechanisms for the growth of patterns in the modelling of 

primary production.  A 1D diffusion-reaction equation identifies horizontal diffusion as 

the main mechanism that moulds the growth of the patterns in the field and in the 

model. This equation is used to establish that scales of patterns predicted by the 3D 

numerical model compare well with field data. L=(k/µ)0.5 yields a length scale that 

characterises the patterns in this confined system and is used as a criterion for the 

appropriateness of the one-dimensionality assumption. Total chlorophyll from both 

models shows similar behavior when the variability in the 3D model, expressed as 

Chlamax/Chlamin, is low. When Chlamax/Chlamin is high, the difference between the 

biomass predicted by the two models reaches 30% due to the generation of localised 

patches. Comparison of the 1D and 3D results highlights the need of using models that 

are able to resolve the spatial complexity to some extent, as the use of averaged 

properties may produce misleading results. This is especially important in the presence 

of patches with differential physiological and biogeochemical characteristics, and non-

linear processes, in which case biomass average is not necessarily linearly related to the 

averaged environment.  
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Chapter 1  
 

Introduction 
 

1.1. Motivation 

 

 Physical and biogeochemical processes interacting at a wide range of temporal 

and spatial scales control the dynamic of aquatic ecosystems, causing the development 

of plankton patterns in a continuos or discrete arrange of scales. Spatial heterogeneity 

plays an important role in ecosystem stability (Steel 1974), productivity (Brentnall 

2003) and diversity (Hutchinson 1961). The mechanisms proposed for the formation of 

patches vary from physical aggregation due to sharp density gradients, fronts, 

upwelling, eddies, internal waves, Lagmuir circulation cells and wind (Chiffings and 

McComb 1981; Tiselius et al. 1994; Gallager et al. 1996; Franks 1997; Bees et al. 

1998), physical external forcing for biological processes, such as change in nutrient and 

light availability, to pure non-linear interaction between biogeochemical processes, such 

as zooplankton grazing on phytoplankton (Steele and Henderson 1992; Vilar et al. 

2003). On the other hand, dispersive processes, by physical mixing, counteract the 

formation of patches, and their interaction with other mechanisms affect also the degree 

of spatial variability (KiSS model; Kierstead and Slobodkin 1953, Steele and 

Henderson, 1992; Brentnall, 2003). It is, finally, the relative dominance of each 

processes acting in the system that leads to a determined evolution and particular 

characteristics of the patterns (Haury et al. 1978; Platt and Denman 1980; Mann and 

Lazier 1991; Imberger et al 1983; Levin 1992; Daly and Smith 1993; Malchow and 

Petrovskii 2001; Martin 2003). 

A key issue in ecological research, either based on field or numerical data, is the 

understanding of the internal fluxes of mass and energy through the different 

components in an ecosystem. However, the estimation of these fluxes is not exempt 

from complexity given the temporal and spatial variability of processes and of 

concentration of biological and chemical species. For instance, the success of the mass 

balance method (Odum 1956; Broenkow 1965; Smith and Atkinson 1983, 1984; 

D’Avanzo et al. 1995; Minas et al. 1986) may be quite limited due to large uncertainties 

in estimating advective fluxes across boundaries. The accuracy of Lagrangian methods 

(Dortch and Postel 1989; Wanninkhof et al. 1997; Park et al. 2005) may be affected by 

unaccounted fluxes due to horizontal diffusion, vertical mixing and advection. And 
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results from natural populations enclosed in bottles suspended in-situ may be 

questionable due to alterations in the natural ambient conditions, and the degree of 

patchiness. In the case of numerical models, it has been shown that spatial heterogeneity 

may play an important role in the evolution of a natural system and its response to 

external forcing (Murray 2001). In brief, temporal and spatial variability of patterns and 

processes may become a nuisance in ecological studies and misleading results can be 

obtained if the sampling strategies and numerical studies fail to capture the scales of 

patterns and processes. 

In summary, for a full comprehension of the ecosystem dynamic, and therefore 

for water quality management, it seems necessary to quantify the internal 

biogeochemical cycling, to determine the characteristic scales of patterns and identify 

the underlying processes controlling the temporal and spatial evolution of the system. 

To elucidate the complexity of a system, Imberger (1977) proposed establishing a 

hierarchy of scales of physical and biogeochemical processes. By ordering the scale of 

the processes, it is possible to determine the dominant mechanisms influencing the 

distribution of biological and chemical species. This allows classifying the behaviour of 

the species in a system, as conservative or reactive (Smith 1984, Imberger et al. 1983) 

and establishing the occurrence of patchy distribution.  

The purpose of this thesis is, therefore, to identify key aspects in the design of 

ecological studies to ensure that the internal biogeochemical processes are well 

represented. The study proposed the used of the hierarchy of scales and scaling analysis 

has a main framework to elucidate useful criteria for the assessment of ecological 

studies. It is conducted by analysing different both numerical and of fieldwork 

approaches, which are applied to two different kind of systems, a coastal area and a 

seasonally stratified lake. 

 

1.2. Overview 

 

This thesis is made up of three self-contained chapters. Each of them represents 

a different facet of the same critical issue in ecological surveys, which is capturing the 

right internal biogeochemical dynamic. In Chapter 2, the influence of boundary fluxes 

on patchiness is investigated. In Chapter 3, a Lagrangian experimental design to 

estimate biogeochemical rate coefficients in situ is proposed. And in Chapter 4, the 

validity of using a 1D approach to reproduce the dynamic of a heterogenous ecosystem 

is investigated.  
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In Chapter 2, a theoretical analysis is developed using a 1D advection-diffusion-

reaction equation to investigate the role of these three processes in patterns dynamics. 

Scaling analysis is used to determine the relevant temporal and spatial scales in the 

formation of patchiness and to establish a criterion to determine the domain size 

required for ecological studies. This domain size should allow capturing the biological 

variability generated within the domain without the interference of advective fluxes 

through the open boundaries. Field data and a 3D model coupled to an ecological model 

are used to verify the theoretical development in a coastal ecosystem, in the south-west 

of Australia, with high advective rates. The impact of the sewage discharge is assessed. 

In Chapter 3, a new Lagrangian experiment is proposed. It is designed to 

estimate internal rates in situ, compensating for the high hydrodynamic variability and 

patchy distribution. As in Chapter 2, specific relationships between time scales of 

processes are used as a criterion to assess the success of experimental design. This 

success is measured in terms of the capability to capture the biogeochemical fluxes 

without being overwhelmed by the high transport and mixing rates.  

As stated before, capturing the scales of the patterns of the biological and 

chemical species of interest is essential. In Chapter 2 and 3, this is addressed throughout 

the design of the ecological study. In Chapter 4, this issue is addressed by analysing the 

implications of using a 1D approach in a system with high spatial phytoplankton 

heterogeneity. The dynamic of the phytoplankton patchiness in the system is once more 

analysed using the scaling analysis of the 1D conservation of mass equation presented 

in Chapter 2. Comparison of 1D and 3D model results are presented. 
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Chapter 2 1 

  2 

Influence of advection on scales of ecological studies in a coastal 3 

equilibrium flow1 4 

 5 

  6 

Abstract 7 

 8 

Spatial patterns are generated as a result of the coupling between biogeochemical 9 

and physical processes and the ability to capture and reproduce patchiness is crucial for 10 

the better comprehension of an ecosystem and its response to external perturbations. A 11 

1D reaction-diffusion-advection equation is used to investigate the formation of patterns 12 

and relevant time and spatial scales and thus define an approach for the determination of 13 

a critical domain size that allows differentiation of the role of local and internal cycling 14 

from advective fluxes across the open boundaries in a shallow coastal ecosystem. By 15 

using a 3D numerical model, in conjunction with an extensive field data set, it is shown 16 

that domain sizes must be larger than this critical value in order to capture the patterns 17 

generated within the system. For smaller domains, the evolution of the system is 18 

controlled by transport processes across the boundaries misleading the interpretation of 19 

the internal ecological dynamics. The study of the influence of boundary fluxes on 20 

ecological patchiness was motivated by the need to define the size of the domain 21 

necessary for the assessment of the impact of a sewage outflow on a coastal regime. 22 

23 

                                                        

1 Chapter 2 was accepted for publication by Continental Shelf Research on 18 
September 2006 and can be found under the title “Influence of advection on scales of 
ecological studies in a coastal equilibrium flow”, Continental Shelf Research 27 (2007) 
134 – 153, by I.Hillmer and J. Imberger. 
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2.1. Introduction  1 

 2 

An understanding of the spatial structure or patchiness leads to an understanding of 3 

the ecosystem and its response to a perturbation such as nutrient inputs from a sewage 4 

outfall or a groundwater source. Although there is general agreement on the occurrence 5 

of spatial heterogeneity, this feature is not always taken into account when designing 6 

sampling strategies (Dutilleul, 1993) or in simulations with either simple or 7 

sophisticated models. The characteristics of patches, such as occur in phytoplankton 8 

blooms, are determined by the interaction of biogeochemical, and transport and mixing 9 

processes; thus the relative rates of change of each of these processes are critical (Haury 10 

et al. 1978; Platt and Denman 1980; Mann and Lazier 1991; Imberger et al 1983; Levin 11 

1992; Daly and Smith 1993; Malchow and Petrovskii 2001; Martin 2003).  12 

In early studies, the dynamic of a phytoplankton patch was explained in terms of two 13 

processes (KiSS model; Kierstead and Slobodkin 1953). The biological one represented 14 

by the phytoplankton growth rate that increases the patch concentration, while 15 

dispersion by physical mixing causes a loss of phytoplankton from the patch. This 16 

theory was applied to a circular patch with an initial radius LP. The model predicted the 17 

existence of a critical size for the patch, given by LKISS = c(k/µg)1/2 , where k is the 18 

dispersion coefficient, µg  is the growth rate and c = 2.4.  For patches smaller than this 19 

critical size, the peak concentration decays because diffusion removes the plankton 20 

faster than they can grow. If Lp > LKiSS, the decrease in concentration due to diffusion is 21 

slower than the increase due to growth and the concentration will grow exponentially. 22 

This model has been used to explain the size of algal patches, such as red tides, but the 23 

applicability of the model to other situations is questionable. First, this theory assumes 24 

that the plankton is seeded within a patch. Second, when more realistic features are 25 

incorporated (a dispersion coefficient that considers the effect of scales and shear 26 

dispersion, a logistic growth to take into account nutrient limitation and grazing 27 

pressure or external forcing as a function of time or space) the minimum patch size is no 28 

longer relevant (Wroblewski and O'Brien 1976; Fasham 1978; Okubo 1978; Fennel and 29 

Lass 1982; Murray 1993; Ozmidov 1998; Petrovskii 1999a, 1999b).  30 

The understanding of the dynamic of an ecosystem demands the understanding of 31 

the internal fluxes and the coupling between the physical and biogeochemical processes 32 

that occur within a system. In systems where advection and transport rates are relatively 33 

high, temporal changes are intimately linked with spatial changes. As advective 34 
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dominance increases it is more difficult to decipher details about the internal cycling 1 

(Smith, 1984). Attempts have been made to construct budgets for different quantities in 2 

open systems to understand their fate, but in many cases imports and exports are 3 

difficult to assess due to the uncertainties associated with the velocities and 4 

concentrations measurements owing to the high spatial variability they may present. 5 

Unless the sampling array is spaced at intervals that are small compared to the 6 

correlation length, or the degree of patchiness, little value can be attached to direct flux 7 

measurements (Imberger et al. 1983). Thus, this method has not been successful in 8 

providing insight into the internal processes. A critical question that arises is how to 9 

differentiate the effect of the advective fluxes from the internal biogeochemical 10 

transformations that biotic and abiotic species undergo in a system. 11 

Attempts have been made to understand the mechanisms that control the distribution 12 

of different species. A number of explanations have suggested that physical patterns are 13 

imprinted on biological processes. Power spectral techniques have been used to analyse 14 

time series of concentration of chlorophyll determined by continuos fluorometry (Platt 15 

1972; Denman and Platt 1975; Platt and Denman 1975). Results showed that the 16 

variability in phytoplankton concentration follows the behaviour of homogeneous and 17 

isotropic turbulence in a range of scales from tens of metres to several kilometres. Other 18 

study relates the spatial structure of phytoplankton to the inhomogeneity of the 19 

temperature field in the ocean (Denman 1976). Again other pattern distributions of 20 

phytoplankton have been observed due to sharp density gradients, fronts, upwelling, 21 

eddies, internal waves and Lagmuir circulation cells (Chiffings and McComb 1981; 22 

Tiselius et al. 1994; Gallager et al. 1996; Franks 1997; Bees et al. 1998). On the other 23 

hand, some studies have shown that, in the absence of marked physical patterns, there 24 

are no simple relationships between the spatial distribution of temperature, chlorophyll 25 

and zooplankton biomass and the variability can be a consequence of the coupled non- 26 

linear biological and chemical dynamic (Steele and Henderson 1992; Malchow 1993; 27 

Petrovskii and Malchow 2000). 28 

To identify the dominant processes or fluxes in terms of their potential in controlling 29 

patterns in a system, it is necessary to assign time scales to each of the processes 30 

involved and establish a time scale hierarchy (O’Brien and Wroblewiski 1973; Imberger 31 

et al. 1983; Lyne, 1983). A classification of the flow into different regimes, determined 32 

by ordering the time scales of the different processes (Imberger et al. 1977), represents a 33 

convenient framework in which studies about patchiness may be viewed. According to 34 

this classification, substances have different behaviour in different regimes. Near- 35 
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conservative species, such as salinity, indicates that physical processes, advection and 1 

diffusion, primarily control the spatial configuration of the species concentration. The 2 

spatial heterogeneity may be enhanced as the reaction time scale becomes shorter than 3 

the time scale of the other processes, and this rapid cycling or turnover may lead to an 4 

equilibrium regime (Imberger et al. 1983). Thus, the identification of the hierarchy of 5 

time scales of a system is crucial as it identifies the deviation of any material 6 

distribution from that of an inert tracer (Imberger et al. 1983).   7 

In this study, we define an approach to differentiate the role of local and internal 8 

cycling from advective fluxes across open boundaries. We apply this approach to a 9 

shallow coastal system in the south-west of Australia. We start by developing a 10 

theoretical analysis using a 1D advection-diffusion-reaction equation to investigate the 11 

role of these three processes in the development of patches of a single species, whose 12 

behaviour is mainly controlled by growth, generated by both  a discrete and continuous 13 

point source. This analysis is used to determine relevant temporal and spatial scales in 14 

the evolution of patterns that allow establishing the conditions for an equilibrium flow. 15 

Thus, it is proposed that the balance between processes such as advection and internal 16 

cycling define a critical domain size. In smaller domains, the evolution of the system is 17 

more likely to be influenced by transport processes across the boundaries. In larger 18 

domains, the interaction between biogeochemical and hydrodynamic processes within 19 

the system controls the patterns distribution. A 3D model coupled to an ecological 20 

model is used to verify this statement. This model, together with the results from the 21 

theoretical development and field data, are used to provide information on the scales 22 

required for studies of ecological behaviour induced by nutrient input from a small 23 

outfall in the area. Finally, the impact of the sewage discharge is assessed by comparing 24 

numerical results with and without the outfall.  25 

 26 

2.2. Theoretical development   27 

 28 

A system needs an initial disturbance or an external forcing to generate patches. In 29 

other words, a change in the environment forcing must act as a source of variability. For 30 

instance, localised source of nutrients (i.e. from upwelling, an ocean outfall or from a 31 

groundwater seep) and spatially variable light field, both affecting the phytoplankton 32 

growth rate; and spatial variability in biological processes such as grazing and plankton 33 

motility (Franks 1992; Verhagen 1994; Vilar et al. 2003). Also advection acting on 34 
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spatial gradients produced by any of the previous conditions, or a change in the 1 

hydrodynamic conditions may generate spatial patterns.  2 

In order to gain insight into how the interaction between the advective, biological 3 

and diffusive processes relates to heterogeneity, we first present some new solutions of 4 

the 1D reaction-diffusion-advection equation:  5 

),(),( txqCtx
x
Ck

xx
Cu

t
C

++!
"

#
$
%

&

'

'

'

'
=

'

'
+

'

'
µ  -∞ < x < ∞;  t > 0 (2.1) 6 

with the initial condition )()0,( xfxC = , (2.2) 7 

where C represents the concentration of the species of interest, t is the time, u is the 8 

horizontal velocity in the x direction, k is the diffusion coefficient, µ is a reaction 9 

function, q represents an external forcing or a source/sink of the species and f is the 10 

initial distribution of the species.  The reaction term may represent any biological 11 

processes that can be stated as a first order reaction (e.g. growth rate). To compare the 12 

magnitude of the various terms of equation (2.1) we scale the variables (O'Brien and 13 

Wroblewiski 1973; Imberger et al. 1983) as follows: 14 
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where T, L, C0, q0, µ0, f0 and U represent characteristic scales associated with each 16 

variable. By substituting the scaled variables (2.3), and assuming a constant diffusion 17 

coefficient, equations (2.1) and (2.2) become:  18 
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and the non-dimensional time scales τA, τD, τR and τQ contain the terms TA, TD, TR, TQ 22 

representing the advection, diffusion, reaction and source/sink time scales defined as:  23 
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 25 

2.2.1. Patch dynamic 26 

 27 

The equation (2.4) is linear and so amenable to Fourier transform techniques. 28 

Consider first the case: u* = 1 (constant velocity) and θ = 0 (no external forcing). The 29 
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condition of a slug of mass, M* = M/C0, introduced at ξ  = ξM at τ = 0 is described by 1 

the initial condition: 2 

C * (! ',0) = M *" (! '# ! '
M
)  (2.8)       3 

where ξ’=ξ−τAτ and δ  is the Dirac Delta function. The solution in an infinite domain, 4 

with λ (reaction term) having only a temporal dependence, in a reference frame moving 5 

with the flow is given by:  6 

C
*
(!' ," ) =

M
*

4#"
exp($

(!' $! 'M )
2

4" )exp( %(& " )d" )  (2.9)  7 

where the characteristic length and time scales have been chosen as L = (k /µ0)1/2 and T 8 

= 1/µ0. L represents the length scale of the patch at which the rate of decrease due to 9 

diffusion balances the rate of growth. Usually, in real situations the reaction function is 10 

not constant. For example, in the case of phytoplankton there are several physiological 11 

functions that in a simplistic way can be lumped together into the growth rate. This 12 

growth rate depends on the light, which has a seasonal and diurnal periodicity, and on 13 

the concentration of nutrients. If the reaction function is periodic, λ= a+bcos(ϕRτ), with 14 

a and b constants and ϕR the frequency that characterises the reaction function (see 15 

(2.11)-(2.13)), then from (2.9) the peak concentration of  the patch (ξ’=ξ’M) is given by: 16 
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with C*→∞ as τ →∞ (Fig. 2.1) for a > 0. The patch follows a periodic behaviour with 18 

the same trend as in the exponential growth phase with a constant reaction function (λ 19 

=1), in which case the concentration has a minimum at τ =0.5. The width of the patch 20 

can be estimated as σ∗ =(2τ)0.5, with σ∗ 2 being the nondimensional variance, indicating 21 

that the patch size increases with time as in a simple diffusion process. It can be seen 22 

that when τ ~0.5, σ∗ ~1 and the patch size, σ, is ~L. Thus, during the first phase the 23 

patch spreads by diffusion. But once the patch reaches a size big enough for the reaction 24 

processes to be important, the concentration begins to grow everywhere with diffusion 25 

spreading the patch; within a scale L, diffusion continues to decrease the concentration 26 

but this decrease is now overwhelmed by the rate of growth. On the other hand, outside 27 

the scale L, diffusion and growth add to increase the concentration. In other words, no 28 

critical size appears and the patch continues to grow everywhere as was previously 29 

pointed out by Wroblewski and O’Brien (1975). If the reaction function is periodic with 30 
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a = 0, the peak of the patch follows a periodic behaviour, but C*→ 0 as τ → ∞ (Fig. 1 

2.1). In this case, the patch can not survive; the reaction function is unable to increase 2 

the concentration of the patch and diffusive characteristics of the system will make the 3 

patch bigger but lose its identity once the concentration of the patch has been reduced to 4 

that of the surrounding water.  5 

The solution of the advection-diffusion-reaction equation (constant velocity, u* = 1, 6 

no continuous external forcing, θ = 0, and instantaneous point discharge) shows that for 7 

a patch of infinitesimal initial size and a constant component of the growth term there is 8 

no critical length scale. Instead, it shows that there is a length scale that marks the 9 

change in the importance of diffusive and growth processes.  10 

 11 

2.2.2. Advection-diffusion-reaction balance 12 

 13 

The solution presented in the previous section shows the generation of a patch, by a 14 

point instantaneous source, and its evolution. This evolution is due to the competition 15 

between diffusion and the reaction growth function while the patch is advected by the 16 

flow in the system. The situation may be different when the external forcing is 17 

considered to have a temporal or spatial dependence. In this case, the characteristics of 18 

the flow interact with the external forcing to produce spatial heterogeneity that may not 19 

necessarily be characterised by a single patch, but by a patchy distribution. This may be 20 

modelled with q acting to create the external conditions that may generate patchiness. 21 

As a simple representation, the reaction function µ  is considered a periodic function 22 

and the external forcing, q, is represented as a point periodic source, introduced at x = 23 

xQ:   24 

)cos()( 0 tt R!µµ = ; )())cos(1(),( 0 QQ xxtqtxq !+= "#  (2.11)    25 

where ωR and ωQ represent the frequency of the reaction and external forcing function, 26 

respectively. In this case, the characteristic scales are defined as L = U/µ0, and T = 1/µ0. 27 

Thus the scaled variables associated with µ  and q are: 28 
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The Fourier transform technique is once again used to solve the differential equation 1 

(2.4). The known general solution for an infinite interval, with no boundaries to prevent 2 

the mass from diffusing to infinity in both directions, and for τ > 0, is the following 3 

(Cartwright 1990; Bleecker and Csordas 1996):  4 
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and with τΑ=1 .  The effect of an initial concentration distribution φ (eq. (2.5)) vanishes 7 

for τ→∞, so that the system reaches a steady state in the sense that only the temporal 8 

variation in the input and reaction function determines the heterogeneity in the system. 9 

Thus, a uniform initial condition is considered. In particular, φ = 0 is set for the initial 10 

distribution yielding the following solution: 11 
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 Eq. (2.16) implies that four parameters, τD, τQ, ϕQ and ϕR, control the evolution of 13 

the concentration C* in the system. τD takes into account the combined effect of the 14 

advective, diffusive and biogeochemical characteristics of the system; τQ and  ϕQ 15 

incorporate the effect of the rate of the perturbance and its temporal variation (e.g. daily 16 

flow rate of a discharge), and ϕR reflects the temporal variation of the biological 17 

processes considered (e.g. changes in phytoplankton growth rate due to nutrient 18 

availability or light). This solution was evaluated numerically and the results are 19 

presented in Fig. 2.2A. For a continuos source function, the concentration of a particular 20 

species increases with time until it reaches a balance between advection-diffusion- 21 

reaction at τM. Until this point the system absorbs the perturbation locally through a 22 

balance mainly between diffusion and reaction, in the same way as when u=0. This 23 

generates a single patch that grows in dimension and concentration. The time to reach 24 

the maximum concentration, τM , is depicted against τD  in Fig. 2.2B. It shows that 25 

τM  presents a minimum value (=0.78) at τD = 0.055 and then continues to increase. τM, 26 

the time to reach the balance, is independent of the rate of the source term, increases 27 
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with the diffusion coefficient and the reaction rate, and decreases with the characteristic 1 

velocity.  2 

For times larger than the time to reach this balance, e.g. τ > τM, the velocity advects 3 

the perturbation until it reaches steady state, generating a concentration gradient in the 4 

direction of the flow. Fig. 2.3 depicts different curves for different values of τD, τQ, ϕQ, 5 

and ϕR, for a time much larger than τM. As it can be observed from the solution, τD acts 6 

to smooth the curve as it increases, acting against the formation of patchiness due to an 7 

external factor. The wavelength increases as ϕQ increases, although it was found that 8 

the effect of ϕQ appears on the patterns when τD is 0.0002, with no effect for the case of 9 

0.0047, 0.0069 or 0.0106. The solution also shows that by increasing τQ (by changing 10 

only the rate of the input, q0) there is no change in the wavelength, only in the 11 

amplitude, as would be expected in a linear system.  In the case of a constant rate input 12 

(ϕQ = 0), the behaviour is totally determined by the temporal dependence of the 13 

reaction function, in this case ϕR.  14 

In conclusion, a system that has a particular combination of τD, ϕQ and ϕR develops 15 

a particular pattern. A patch is generated in response to a disturbance, evolving 16 

according to the interaction between diffusion and reaction. The time scale for the 17 

system to reach the advection-diffusion-reaction balance, τM, depends on the interaction 18 

between these processes; it increases as diffusion and reaction become more important 19 

than advection. This time scale, τM, defines the response of the system to the 20 

perturbation. If the perturbation remains for a time shorter than τM, advection transports 21 

the patch as it evolves. Conversely, if the perturbation acts over a time longer than τM, 22 

the system develops a pattern with a particular length scale in the direction of the main 23 

flow. A riverine system is an example of this behaviour (Imberger et al. 1983).  24 

The evolution of the patterns, as described in this section, can be associated with the 25 

flow regimes mentioned previously (Imberger 1977). In terms of the processes of 26 

interest, i.e. advection, diffusion and reaction, these flow regimes can be presented as 27 

follows: 28 

Equilibrium flow ΤR < ΤA; ΤR < ΤD Reaction dominates 29 

Equilibrium diffusive flow ΤD ~ ΤR < ΤA Reaction balances diffusion 30 

Continuous stirred reactor flow ΤD < ΤA < ΤR Dispersive flow with slow reaction 31 

Frozen flow ΤA < ΤR < ΤD Advection and reaction dominate 32 

Frozen diffusive flow ΤA ~ ΤD < ΤR Advection with diffusion 33 

Advective equilibrium diffusive flow ΤA ~ ΤR ~ ΤD All processes in balance 34 
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Thus, initially the growth of the patch is governed mainly by diffusion, e.g. 1 

continuos stirred reactor flow. In the following stage, the equilibrium diffusive flow is 2 

reached, in which reaction balances diffusion. Finally, reaction, diffusion and advection 3 

may reach the balance and the flow is in the advective equilibrium diffusive regime.  4 

 5 

2.2.3. Flow regimes in terms of length scales 6 

 7 

Patchiness or heterogeneity has been well documented to exist in a wide range of 8 

scales, in a discrete to continuos form. The analysis carried out with a simple 1D 9 

equation shows how different patterns may be generated as a result of the characteristics 10 

of the flow and the behaviour of biogeochemical processes. Due to the simplicity of the 11 

equations used, the results must be taken as a guide and not as a predicting method. 12 

According to the results, the system needs time to reach the balance between physical 13 

and biogeochemical processes. This balance can also be expressed in terms of length 14 

scales as follows:  15 
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where LDA represents the length scale at which diffusion balances advection, that is at 17 

which advection and diffusion time scales are of the same order (TA = TD) and equal to 18 

TDA. The length LRA represents the scale at which reaction balances advection (TA = TR), 19 

that is, at which advection and reaction act at the same time scale TRA. And LRD 20 

represents the length scale at which diffusion balances reaction, acting at the same time 21 

scale TRD (= TA = TR). When a perturbation triggers the generation of a patch, its growth 22 

is controlled by the balance between diffusion and reaction, and as suggested before, the 23 

length scale L = (k/µ0)1/2 = LRD seems to mark a change in the regime. If the perturbation 24 

lasts longer than the time to reach the balance between diffusion and transport processes 25 

and reaction, there are more possibilities that a patchy distribution is generated. In this 26 

case, the heterogeneity may have a predominant length scale or may be the result of the 27 

contribution of a continuos range of length scales. When advection is considered, then 28 

the dimensionless variable τD reflects the role of the interaction between the processes 29 

in the formation and evolution of variability in a system: 30 
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The fact that this parameter can be expressed in terms of the length scales defined 1 

above indicates the importance of considering these scales in the analysis of any system. 2 

As Imberger (1977) established, different systems can be classified into different 3 

regimes according to the behaviour of the species. The different flow regimes can be 4 

written in terms of the length scales defined previously so that an equilibrium regime is 5 

obtained when LRA and LRD < L and a frozen one when LDA < L < LRA. Since the 6 

interest is in differentiating the variability due to internal fluxes from the advective 7 

fluxes, the flow should be in the equilibrium regime.  This implies that under this 8 

regime the heterogeneity in the system is supported by the system itself and is not solely 9 

fed by heterogeneity imported through the boundaries. If L is associated with the scales 10 

for the studies, then a critical size of the domain can be defined to push the system into 11 

the equilibrium flow. It is expected that the domain size in the equilibrium regime is 12 

larger than the length scales of the patterns generated within the study area. In the 13 

following sections, numerical results and field data are used to check the validity of this 14 

statement.  15 

 16 

2.3. Study area and field monitoring 17 

 18 

The study area, named Marmion Marine Park, is located approximately at latitude 19 

31º45’ S and longitude 115º 45’ E in the south-west coast of Australia. Two submerged 20 

limestone reef lines run parallel to the coast at about 2 and 5 km offshore (Fig. 2.4) 21 

generating a semi-enclosed lagoon with a reduced ocean exchange.  Due to the presence 22 

of the reef line, most of the swell waves developed in the Southern and Indian oceans 23 

and the waves generated locally by the wind, are dissipated or reflected before entering 24 

the lagoonal area. The bottom topography inside the lagoon is irregular, due to the 25 

presence of submerged reefs, with a mean depth equal to 10 m and a maximum depth 26 

about 14 m. Outside the lagoon, the depth increases rapidly to 20 m and then gradually 27 

deepens over the continental shelf.  28 

The study area is characterised by small tides, mainly diurnal, with a maximum tidal 29 

range of 0.6 m that generates tidal currents of the order of 0.02 ms-1; small compared to 30 

the currents driven by the wind (Zaker 1998). The area experiences alongshore pressure 31 

gradients due to Kelvin waves propagating down the coast (Zaker 1998), but again this 32 

influence is minor compared to the wind stress. The local wind field is the main driver 33 

for the currents within the lagoon and this force is mainly balanced by the bottom 34 

friction (Zaker 1998). The wind is predominantly from the south throughout the year, 35 
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especially during summer when a consistent northward flow of water is present in the 1 

lagoon. During the winter months the wind direction is more variable (Fig. 2.5) and so 2 

are the resulting currents. The correlation between wind stress and the current field is 3 

lower in the winter than during the summer months, given the unsteady nature of the 4 

wind and the rather large inertia of the water column. The poor correlation is especially 5 

noticeable when the presence of a weak alongshore wind stress and a larger onshore- 6 

offshore wind component leads to topographical constrained motions in the lagoon 7 

(Zaker 1998). 8 

Previous studies in the area have found evidence of groundwater discharges 9 

extending to 1500 m from the shore (Johannes and Hearn 1985; Pattiaratchi and 10 

Imberger 1992), that was shown to produce a nearshore decrease in the salinity 11 

especially in winter (Johannes and Hearn 1985; Zaker 1998). Allen (1981) calculated 12 

that the annual averaged groundwater discharge from the North Perth aquifer was about 13 

180x105 m3 per year along the 80 km western aquifer boundary.  14 

The vertical and horizontal physical structure (i.e. temperature and salinity) of the 15 

nearshore waters is mainly controlled by the wind, the surface heat fluxes and a weak 16 

groundwater inflow of freshwater near the coastline (Zaker 1998). In summer, when 17 

there is strong diurnal heating and cooling, a vertical thermal diurnal stratification 18 

evolves over the day. During winter, observations show that in the presence of strong 19 

winds and negative daily heat flux, the water column is well mixed at all times (Zaker 20 

1998). Vertical stratification has also been observed during autumn, late winter and 21 

spring during calm conditions.  22 

Waters in this region are oligotrophic and nutrient concentrations are in the lower 23 

part of the range reported for other temperate coastal waters. Diatoms are the dominant 24 

species in the study site and nitrogen is the limiting nutrient (Lord 2000). The oceanic 25 

surface waters in the region are poor in nutrients and the input of surface runoff is low 26 

(Johannes and Hearn 1985). Groundwater discharge into the area contains nitrate and 27 

silicate at concentrations higher than those of the receiving waters and thus increases the 28 

concentration of these species mainly in winter. The study area also receives nutrient 29 

input from a wastewater treatment plant. The outfall is 1820 m long and discharges the 30 

effluent through a 200 m long diffuser at approximately 10 m depth (Fig. 2.4). The 31 

mean effluent discharge is about 0.7 m3s-1, with a minimum discharge of 0.25 m3s-1 in 32 

the morning and a peak of 1.1 m3s-1 in the afternoon. The associated nutrient 33 

concentration of the effluent is approximately 2.1, 0.1 and 1.6 mmoles N L-1 for TN, 34 
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NH4 and NOx, respectively (Lord, 2000). 1 

 2 

2.3.1. Field data   3 

 4 

Since 1996, the Water Corporation of Western Australia has been sampling four 5 

sites at a rate of approximately once a month. Chlorophyll a (Chl a) and nutrient 6 

information has been collected to assess the impact of the wastewater treatment plant 7 

discharge in the area.  One station was located approximately 4 km to the south of the 8 

outfall (N1), two stations at approx. 4 and 8 km to the north of the outlet (N3 and N4, 9 

respectively), and two in the vicinity of the outlet and offshore (N2 and N5 respectively; 10 

Fig. 2.4). This last station was only established in 2000. In addition, sporadic sampling 11 

to assess the spatial variability was carried out during 1996-2000. The sampling was 12 

based on approx. 35 stations around the outfall, covering an area of 7 km along the coast 13 

and 4 km cross-shore. Water samples were collected in the field by means of pumping 14 

into 20 L plastic buckets. Samples for nutrient analysis (NOx = NO2+NO3, NH4 and 15 

TDN) were syringe filtered through 0.45 µm membrane filters into polypropylene tubes 16 

and stored on ice. Samples for chlorophyll a were filtered on site through glass fibre 17 

filter papers (nominal pore size 0.9 – 1.2µm) and filters were then stored on ice in the 18 

dark. Samples for Total Nitrogen (TN) were placed into HDPE containers and stored on 19 

ice. All samples were then transported to the laboratory where they were deep-frozen. 20 

Chlorophyll a was determined trichromatically by grinding thawed filters in 90% 21 

acetone, followed by spectrophotometric (Strickland and Parsons 1972; Greenberg et al. 22 

1992). Nitrate and nitrite were analysed by the copper-cadmium reduction (Johnson 23 

1983) and ammonium by the alkaline phenate method (Switala 1993). Total nitrogen 24 

and total dissolved nitrogen (TDN) were determined from autoclave digests with 25 

potassium persulphate (Valderrama 1981). All analysis were carried out using a Lachat 26 

Automated Flow Injection Analyser.  Both surface samples and water column integrated 27 

samples were collected. 28 

Data collected between 1996 and 2001 are used in this study.  Data from stations N1 29 

to N5 present high temporal variability but not seasonal trend, except for NOx, and no 30 

important vertical differences.  Mean values and standard deviations (SD) are calculated 31 

for NH4, TN and Chl a at each station. This is carried out using the whole time series, 32 

excluding the extremely high values. The values for NH4 at stations N1 to N5 are 0.3 33 

(SD=0.1), 0.5 (SD=0.6), 0.3 (SD=0.1), 0.4 (SD=0.5) and 0.3 (SD=0.1) µmoles N L-1, 34 
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respectively. The values for TN at stations N1 to N5 are 8.1 (SD=6.4), 9.4 (SD=7.5), 8.0 1 

(SD=7.0), 7.4 (SD=4.4) and 9.0 (SD=0.9) µmoles N L-1, respectively. Values for 2 

chlorophyll a at stations N1 to N5 are 0.53 (SD=0.51), 0.96 (SD=0.86), 0.75 (SD=0.69), 3 

0.55 (SD=0.33) and 0.27 (SD=0.13) µg Chl a L-1, respectively. Fig. 2.6 shows depth- 4 

averaged nitrogen data (NOx, NH4 and TN) collected from only N1, the southern 5 

station, and N4, the northern station. These data are used to characterise the background 6 

concentration in the area. During some periods, the concentration of TN is below the 7 

detection limit. In the case of NH4, this occurs most of the time. NOx concentration 8 

increases during winter months for all stations, possibly partly due to diffuse 9 

groundwater input (Johannes and Hearn 1985). In Fig. 2.7, depth-averaged chlorophyll 10 

a shows high temporal and spatial variability with values ranging between below 0.5 µg 11 

Chl a L-1 and above 4 µg Chl a L-1. High values are not always observed in the vicinity 12 

of the outfall (N2).  13 

Velocity and temperature data were recorded in 1993 at three stations, S1, S2 and 14 

S3, located in water 10 m, 27 m and 12 m deep, respectively (Fig. 2.4).  Current data 15 

were collected at two depths: around 3 m below the sea surface (BSS) and 3 m above 16 

the sea bottom (ASB; Zaker 1998). Wind data were recorded every 10 minutes at the 17 

Ocean Reef meterological station and low-pass filtered to obtain one hour averaged data 18 

(Fig. 2.5). Tide data collected at Hillarys (4 km south of the study site) and Geraldton 19 

(380 km north of the study site) was also low-pass filtered, to obtain one hour averaged 20 

data, and de-trended. 21 

 22 

2.4. Numerical simulation  23 

 24 

2.4.1. Hydrodynamical model 25 

 26 

The version of the three dimensional hydrodynamic model (ELCOM), used in this 27 

study, solves the unsteady coupled Reynolds-averaged, hydrostatic, Navier-Stokes 28 

equations and the scalar equation for salinity, temperature, turbulent kinetic energy and 29 

tracers. The turbulent vertical fluxes of momentum and species are modelled with an 30 

integral model for the turbulent kinetic energy. It uses the transport equation of 31 

turbulent kinetic energy to derive the energy available for mixing, advecting what 32 

remains after mixing (Imberger and Patterson 1981; Spigel et al. 1986; Imberger and 33 

Patterson 1990; Hodges et al. 2000). Time dependence is introduced through the 34 
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application of a characteristic mixing time, which allows for situations of both complete 1 

and partial mixing. A constant value for the horizontal eddy viscosity is assumed. 2 

The numerical method is based on a finite-difference Cartesian grid, a semi- 3 

Lagrangian advection of momentum, and a conservative ULTIMATE QUICKEST 4 

method (Kowalik and Murty 1995; Lin and Falconer 1997) for advection of scalars. An 5 

implicit volume-conservative solution for the free surface position is employed. This 6 

method allows implementing open boundaries by setting a Dirichlet condition for the 7 

free surface height at the boundaries. The velocity through the boundaries is calculated 8 

from the barotropic gradient with a Neumann condition being imposed for the 9 

momentum.  10 

 11 

2.4.2. Set up and validation 12 

 13 

The numerical domain, based on bathymetry showed in Fig. 2.4, is set with open 14 

boundaries in the southern, northern and western sides with a resolution of 250 m x 250 15 

m and 1 m in the vertical. Large unrealistic velocities, associated with a rapid change in 16 

the wind direction (e.g. day 112.3, 119.3 and 122.5 in Fig. 2.5), are suppressed by 17 

reducing the high acceleration through the creation of a damping zone along all the open 18 

boundaries. This zone consists of 4 cells with higher values (double of the interior cells) 19 

for the bottom drag coefficient, and for horizontal eddy viscosity and diffusivities. The 20 

bottom and the surface wind drag coefficient have a value of 0.02 and 0.0014, 21 

respectively. A value of 5 m2/s, based on previous studies in the area (Pattiaratchi and 22 

Knock 1995; Zaker 1998), is chosen for the horizontal diffusivity for salinity, 23 

temperature, the biological variables, and for the horizontal momentum.  24 

The model is forced with data corresponding to the year 1993. Tidal data at Hillarys 25 

is used in the southern boundary while a linear interpolation between the data at Hillarys 26 

and Geraldton is used for the sea level at the northern boundary. The mean sea level 27 

value between the southern and northern boundary is used along the western boundary 28 

and as the initial sea level in the domain. The temperature field in the southern, northern 29 

and western boundaries is assumed uniform and equal to the temperature measured at 3 30 

m below the sea level in station S1, S3 and S2, respectively (Fig. 2.4). Salinity is 31 

considered to be spatial and temporally constant at the boundaries and equal to 35 psu. 32 

As shown later, different domain sizes are used for the simulations and the velocity 33 

results are compared at stations S1 and S3 (Fig. 2.4). They converge to the same value 34 

as the size of the domain increases and the velocity field becomes more independent of 35 
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the effect of the boundaries in those stations. To validate the model, numerical results 1 

for temperature and velocity are compared to field observations from stations S1 and S3 2 

for a 42-d period (Fig. 2.8 and Fig. 2.9, respectively). Computed values of velocity from 3 

the different domain sizes are in agreement with field data, except for the surface values 4 

at S1, where the model currents are too high (Fig. 2.8A). The model also fails to 5 

reproduce the high velocities in the west-east direction between day 114 and 119 at the 6 

same station (Fig. 2.8B); otherwise, comparison is excellent. Further, the model 7 

reproduces the surface temperature observed in the field (Fig. 2.10A) but not the weak 8 

stratification of just below 0.5 ºC (Fig. 2.10B). This discrepancy is not significant, as 9 

the observed stratification is too weak to greatly alter the vertical mixing rates, and 10 

therefore it should not affect the patch dynamic.  11 

 12 

2.4.3. Ecological model 13 

 14 

The ecological model, CAEDYM, coupled to the hydrodynamical model, ELCOM, 15 

solves the transport equations for each of the variables involved in primary production, 16 

nutrient cycling and dissolved oxygen dynamics (Robson and Hamilton 2004; Romero 17 

et al. 2004). In the current application, only diatoms, as the dominant species, are 18 

modelled with a focus on nitrogen, since this is the limiting nutrient. Uptake of 19 

nutrients, respiration, exudation, growth, mortality and settling are the processes that 20 

control the evolution of diatoms in the model. The nutrient uptake and growth are 21 

assumed to follow Monod kinetics, that implies a rapid adjustment of nutrient pools 22 

relative to growth rate, with growth and uptake processes balanced for nitrogen, 23 

phosphorus and silica (Goldmann and Glibert 1983). Respiration, exudation and natural 24 

mortality represent the phytoplankton loss and are modelled with a lumped term as a 25 

first order process. Sedimentation velocities are calculated in the model using Stokes 26 

settling formula. The equation for phytoplankton (P) conservation of mass is: 27 
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where t is the time, xi represents the spatial coordinates, D is the horizontal diffusivity in 31 

the i direction, vSP is the phytoplankton settling velocity, µmax is the maximum growth 32 
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rate or doubling rate, µg is the growth rate and kR is the specific respiration rate 1 

coefficient of phytoplankton. fµ represents the growth rate limitation by dissolved 2 

inorganic nitrogen, DIN (=NOx + NH4),  kN is the half saturation constant for DIN, I is 3 

the phothosynthetically active radiation (PAR) and IS is the light saturation value 4 

corresponding to maximal production. µg is also affected by temperature, and kR by 5 

temperature and salinity, although their effect is irrelevant in this study, since changes 6 

in temperature are small and salinity remains constant. 7 

The processes involved in the nitrogen transformations in the sediment and water 8 

column are: uptake of DIN by diatoms, release of DIN from diatoms exudation or 9 

mortality, nitrification, denitrification, sedimentation of particulate nutrients, 10 

mineralisation of organic nitrogen and release of DIN from the sediments. The release 11 

of nutrients due to exudation and mortality increases directly the DIN pool and is 12 

determined by the internal nutrient pool, which is represented with a static model 13 

(constant pool). Nitrification and denitrification are represented as first order, oxygen- 14 

and temperature-dependent reactions (Golterman 1975) and mineralisation of the 15 

organic matter to ammonium is modelled as a first order, temperature-dependent 16 

process. Nitrogen organic pool is characterised by a mean settling velocity, estimated 17 

with the Stokes formula. 18 

The concentration of the biological variables NH4, TN and chlorophyll a, at t=0 and 19 

at the boundaries, are set using the mean value calculated at station N1 (Table 2.1). In 20 

the case of NOx, the value corresponds to the mean value obtained for April at that 21 

station. The outfall from the treatment plant is simulated as input in the bottom cell, 22 

with a constant rate of 0.7 m3s-1 (Table 2.1). 23 

 24 

2.4.4. Calibration of ecological parameters 25 

 26 

To avoid the advection from the boundaries dominating the process of calibrating 27 

the ecological parameters, this is done with closed boundaries. The objective of the 28 

calibration is to achieve a repeatable succession that agrees with field measurements 29 

over a two-year period, forcing the simulation with 1993-1994 data. Specifically, the 30 

model is deemed to be calibrated once the concentration of diatom and nitrogen species 31 

follows a stable seasonal change with a constant mean value equal to the mean 32 

concentration observed at station N1. This calibration procedure has required a 33 

maximum growth rate of 1.3 day-1 (µg = 0.4 day-1, considering the nitrogen limitation) 34 
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that is in good agreement with literature values for the diatoms group (Jorgensen et al. 1 

1991). The parameters set yields a growth time scale (1/µg) of 2.5 days, a respiration 2 

time scale (1/kR) of 14.3 and a settling time scale (mean depth/settling velocity: 10 m/ 3 

0.28 md-1) of 36 days. These figures show that the growth rate controls the reaction term 4 

of phytoplankton.  5 

 6 

2.4.5. Relevant length scales 7 

 8 

In this section, the length scales introduced in the Theorethical Development are 9 

calculated to establish a time and length scale hierarchy. A mean value of U= 0.06 ms-1 10 

with a standard deviation of 0.08 ms-1 has been estimated for the simulation period (~20 11 

days starting the day 109.35). To calculate the characteristics length scale LRA, that 12 

represents the scale at which reaction balances advection, the mean and an extreme 13 

value (0.14 ms-1) are used for the velocity to take into account its high variability. With 14 

these values, the length scale estimates become ~13 km and ~30 km, respectively. LRD, 15 

length scale at which reaction balances diffusion, becomes ~ 1 km using a dispersion 16 

coefficient, k, equal to 5 m2s-1. 17 

As discussed before, in order that the simulations reflect the internal ecosystem 18 

behaviour the domain must be large enough for an equilibrium regime to develop within 19 

it. This is fulfilled when the domain size is larger than LRD and LRA. Since LRD < LRA, the 20 

length scale LRA sets the minimum size of the domain, LS; a domain larger than this 21 

ensures that the flushing time allows the ecological dynamic to be more the result of 22 

biogeochemical changes within the domain, rather than just a reflection of what is 23 

advected in and out from the boundaries. To test the influence of the size of the domain, 24 

the simulations are carried out for different domain sizes (Table 2.2).  The domains are 25 

based on an accurate bathymetry over the intermediate sized domain, whereas the 26 

extensions for larger domains are only approximately representative of the bathymetry 27 

(Fig. 2.4).  28 

 29 

 30 

 31 

 32 

 33 

 34 
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2.5. Results and Discussion 1 

 2 

2.5.1 Field data  3 

 4 

Field data from the ~ 35 sampling stations (Fig. 2.11), show a high temporal 5 

variability, in terms of size, shape and concentration of the patches generated in the 6 

area, that may explain, to some extent, the variability observed in the time series shown 7 

in Fig 2.6 and 2.7. The nitrogen patterns present a marked increase in concentration 8 

around the outfall at any time, whereas the characteristic patterns of chlorophyll a 9 

clearly change in response of the prevailing currents. In October 1995, there is an 10 

increase in concentration towards north, while in January 1998, the concentration 11 

increases with parallel isolines towards the coast. In May 1999, a parcel of water seems 12 

to be trapped in the coast where the concentration of chlorophyll a is higher. 13 

 The data clearly show the presence of spatial variability of chlorophyll around the 14 

outfall. However, this can not be considered enough evidence to state that only the 15 

outfall creates this heterogeneity (see next sections). From this data, it is not possible to 16 

calculate the length scales of the patterns; the sampling domain, only 7 km long, appears 17 

to be too small. This confirms what was postulated before; the length scale used to 18 

study patchiness in a system, generated by the interaction of diffusion, advection and 19 

reaction, has to be bigger than the characteristic length scales LRD and LRA.  In this 20 

study, these scales yield values of ~ 1 km and ~ 13 km, respectively. Therefore, it is not 21 

possible to decipher the response of the system to the outfall discharge, among other 22 

factors, from these data.   23 

 24 

2.5.2. Numerical model results 25 

 26 

The ecology of the system and the potential patterns are studied under two 27 

conditions: a) natural system, allowing the system to develop under no external input 28 

but only advection across the boundaries, and b) external forcing through the 29 

introduction of a point source of nutrient mimicking the effect of the outfall. The effect 30 

of the groundwater on the generation of patchiness is neglected owing to the unknown 31 

nature and small magnitude of the input, and observations suggesting a relatively 32 

uniform distribution along the coast. The initial conditions for all the variables are 33 

vertically and horizontally uniform (Table 2.1). 34 

 35 
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2.5.2.1. Size of the domain 1 

 2 

The generation and evolution of phytoplankton heterogeneity is studied using the 3 

different domain sizes defined in Table 2.2. The standard deviation, calculated as a 4 

measure of the spatial variability of the phytoplankton concentration at 2 m deep, is 5 

shown in Fig 2.12A. The calculations are carried out over the same area or domain in all 6 

the cases. This area is equal to Domain1. The mean and standard deviation of the data 7 

shown in Fig. 2.12A are calculated to assess the degree of variability in each case (Fig. 8 

2.12B). These values are calculated from day 114, after allowing for the stabilisation of 9 

the model. The results suggest that, although the mean value remains similar in all cases 10 

(not shown), variability goes up when the computational boundaries are moved away 11 

from the area of interest. Results also show that this variability approaches a limit value 12 

for domains larger than 15 km.  13 

It has been stated that there is a critical length scale LRA that marks a change in 14 

growth regimes, and that when LS ≈ LRA the boundary fluxes should have an 15 

approximately equal effect to internal cycling. Using the value of LRA ~13 km, based on 16 

the mean velocity, the regime classification is as follows: Domain1, with LS < LRA, 17 

should present a frozen regime where the ecological time scales are long compared to 18 

the transport time scales; whereas the rest of the domains should fall into equilibrium 19 

regime. A constant variability is expected for domains larger than LRA, since in the 20 

equilibrium regime the biogeochemical processes should interact with the 21 

hydrodynamic, in the study area, in a way that patterns become independent of the 22 

boundaries. This discrepancy with the results (Fig. 2.12B) could be explained by 23 

considering that the velocity scale used represents a rather variable velocity field. With 24 

this consideration, the results prove to support the scaling.  25 

As mentioned before, changes in the size of the numerical domain also produce 26 

changes in the velocity field. To assess the magnitude of the effect of these changes on 27 

the variability of the phytoplankton concentration, a correlation coefficient is calculated. 28 

The correlation coefficient is computed between the difference in velocity and the 29 

difference in the standard deviation (Fig. 2.12) between consecutive domains. This 30 

coefficient is calculated with data from day 114 to 130 and the velocity difference is 31 

calculated at the location of S1 and S3 (Fig. 2.4) at 3 m below the sea level. From the 32 

values in Table 2.3, it is concluded that the behaviour observed in the phytoplankton 33 

variability, as a function of the size of the domain, is not related to the behaviour of the 34 

hydrodynamic. Thus, it can be stated that increasing the size of the domain reduces the 35 
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influence of the boundaries in both the physical and biological patterns. However, these 1 

two different effects are not intimately related. The increase in the hydrodynamic 2 

variability, as the domain size increases, plays only a minor role.   3 

The findings are summarised in Fig 2.12B, where the mean of the standard deviation 4 

has been plotted against the domain size. It can be seen that the system changes from a 5 

frozen flow regime, for domains smaller than ~13 km (= LRA based on the mean 6 

velocity), to an equilibrium flow, for domain sizes larger than ~30 km (= LRA based on 7 

maximum velocity). The transition zone (13 km < LS < 30 km) accounts for the 8 

variability in the velocity field.  9 

 10 

2.5.2.2. Spatial structures in the natural system without external input 11 

 12 

Comparison between patterns of Chl a from different domain sizes shows that the 13 

situation in Domain1 is totally different from larger domains, where a distinguished 14 

increase in phytoplankton along the coast appears (Fig. 2.13). These results agree with 15 

the regime classification proposed above and show that the variability calculated 16 

previously in Domain2 to Domain5 is clearly associated with the same kind of patterns.  17 

The spatial structure in domain sizes larger than 13 km are stretched and deformed 18 

by the currents and eddies generated by the wind and the topographical complexity in 19 

the area. Northwards currents generate elongated structures running parallel to the coast, 20 

while a persistent easterly wind produces very complex patterns in the velocity field, 21 

trapping the water and phytoplankton patches in localised areas. This behaviour is also 22 

observed in the field data (Fig. 2.11).  23 

The increase in chlorophyll a along the coast seems to be triggered by two main 24 

factors. Topographical constraints lead to the generation of eddies that diminish the 25 

flushing time favouring the growth of phytoplankton within the area. The other factor is 26 

the difference in the mixing depth between the lagoon and offshore. The numerical 27 

results show that water is well mixed in the lagoon during the simulation period (in 28 

agreement with field data), where the depth is less than 15 m. Thus, areas close to the 29 

coast present better conditions to enhance the phytoplankton growth than offshore 30 

(Huisman et al. 1999; Ptacnik et al. 2003). Nutrients do not appear to play an important 31 

role, since they remain quite homogeneous in all domains.  32 

 33 

 34 

 35 
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2.5.2.3. Effect of point source of nutrients 1 

 2 

To investigate the effect of the outfall, the system needs to be studied without the 3 

interference from the boundaries, as stated before. Thus, the same approach used to 4 

study the natural heterogeneity within the system should be applied in the situation with 5 

outfall.  6 

The 1D equation analysis has shown that the magnitude of the perturbation (increase 7 

in phytoplankton concentration) does not affect the scales of patterns. This is valid only 8 

if the growth rate remains constant or it has a localised effect compared to the scale of 9 

patterns. Given the characteristics of the system (nutrient input and dispersion 10 

properties), it is assumed that the situation with outfall fulfils those requirements. 11 

Therefore, this nutrient input should produce only an increase in the phytoplankton 12 

concentration without changing the spatial scales of the patterns produced naturally. 13 

Based on this, results summarised in Fig. 2.12B can be applied in this situation. Thus, 14 

Domain3 is chosen for all further simulations to investigate the impact of the diffuser. 15 

Field and numerical data have shown a strong relationship between dilution and 16 

behaviour of the effluent plume, and local meteorological forcing. The plume rises to 17 

the surface and then spreads as a surface plume. Under calm conditions buoyancy 18 

contributes to the rate of spreading, while during more windy conditions wind stirring 19 

contributes to the rate of spread (Zaker 1998). As the plume spreads laterally it is 20 

mixed, either by strong winds or by convection occurring at night, over the depth of the 21 

diurnal surface layer. The depth varies depending on the weather conditions (Zaker 22 

1998).  23 

 During the simulation period, the concentration of NOx, NH4 and TN varies 24 

temporally and spatially according to the prevailing wind (Fig. 2.14A - C). Nutrient 25 

concentrations are always higher at N2, located close to the outfall, and lower and near 26 

constant at N1. At N2, the lowest concentrations occur under strong alongshore currents 27 

and the highest ones occur under weak alongshore winds, especially in the presence of a 28 

cross-shore component. Although in practical terms the range of variation is small, 29 

results, in terms of concentrations and patterns, are in agreement with the field 30 

observations (see mean values and SD presented above and Fig. 2.11). Field 31 

observations have shown that the nutrient patch introduced by the outfall may disperse 32 

quite rapidly, with the 70% of dilution reached at 10 km along the coast north of the 33 

outfall and 2.5 km in the east-west direction depending on the conditions. In previous 34 

studies, the average initial dilutions have been estimated to range between 1:100 to 35 
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1:473 (Lord 2000), depending on the prevailing current velocities. This compares well 1 

with the dilution value of 1:400 given by the numerical results.  2 

Concentration of chlorophyll a shows a different behaviour, reflecting the joint 3 

effect of the wind conditions and the time response of the phytoplankton to an increase 4 

in nutrient concentration. Thus, for the simulation period, the higher concentrations are 5 

not observed at N2, but mainly at N3 (Fig. 2.15).  Although, again, the difference 6 

between stations is small, these results are in agreement with field data (Fig. 2.7 and 7 

2.11) in terms of providing a source of variability. 8 

The chlorophyll a concentration obtained without the outfall is subtracted from the 9 

concentration obtained with the outfall to highlight its effect (Fig. 2.16). The results 10 

confirm the previous assumption; the outfall increases the concentration but it does not 11 

change the characteristic length scales of the natural patchiness.  12 

 13 

2.6. Conclusions 14 

 15 

 This study shows that a length scale, LRA, representing the balance between 16 

biogeochemical processes and advective processes, may be used to define the 17 

appropriate domain sizes for ecological studies. This would allow capturing the right 18 

variability and containing the proper length scales of the patterns. LRA, given by the ratio 19 

between a characteristic velocity and a reaction rate, defines a length scale for which the 20 

bulk concentration and the patterns are related to the boundary fluxes and the internal 21 

cycling. This length scale sets the minimum size of the domain of the system; for 22 

domains smaller than this size, the variability in the system would only reflect the 23 

variations advected across the boundaries and not what is generated internally. 24 

This approach has been applied to a coastal ecosystem and it is shown that by 25 

determining the correct scales for the study the system falls into the equilibrium flow. 26 

Thus, the local cycling is isolated from the effect of the external advective fluxes (e.g. 27 

from adjacent systems), allowing a full interaction between processes without spatial 28 

constraints. Using this approach, it has been possible to determine two important 29 

ecological aspects. First, to identify the appropriate domain size to study the natural 30 

system and the system with the outfall, eliminating the interference of the boundaries in 31 

both cases. In this study, the minimum size of the domain is the same in both situations 32 

and so the scale of the patterns. However, depending on the magnitude of the input, the 33 

critical domain sizes can be different. And second, this approach has allowed assessing 34 
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the effect of the outfall by comparing the two situations (with and without outfall) once 1 

the right size of the domain has been determined. 2 

Numerical results from the 3D model confirm the observations from the field data; 3 

the study area presents significant spatial variability. However, it is concluded that not 4 

all of this variability could be attributed to the outfall. The area has the capacity of 5 

creating favourable conditions for the generation of heterogeneous distribution of 6 

chlorophyll a by itself. The combined effect of the hydrodynamic and topography 7 

enhances the increase of chlorophyll in the shallow waters leading to variability where it 8 

also gets the contribution from the outfall.  9 

Finally, it is recommended that this approach is used for calibration purposes of 10 

systems where advection is important, since by separating internal from the advective 11 

processes assures that the calibration is targeting the ecological variables.  12 

 13 
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Table 2.1: Initial, boundary and outfall values. 4 

 Boundaries and initial 

conditions 

outfall 

NO3 0.7 µmoles NL-1 1.4 mmoles NL-1 

NH4 0.4 µmoles NL-1 0.3 mmoles NL-1 

TN 7.1 µmoles NL-1 2.0 mmoles NL-1 

TSS 150 µg NL-1 35 mgL-1 

BOD 0.2 MgL-1 15 MgL-1 

Chl a 0.5 µg chl aL-1 0 µg Chl aL-1 

 5 

 6 

 7 

 8 

9 
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Table 2.2: Numerical domain size. Subscript i and f means initial and final coordinates 4 

in the x and y direction. 5 

Domain xi (km) xf (km) yi (km) yf (km) Lx (km) Ly (km) 

1 369.125 383.875 6,481.125 6,490.125 14.75 9.00 

2 369.125 383,875 6,477.875 6,493.125 14.75 15.25 

3 369.125 383,875 6,471.125 6,498.125 14.75 27.00 

4 362.125 383,875 6,466.125 6,503.125 21.75 37.00 

5 362.125 383,875 6,461.125 6,508.125 21.75 47.00 

 6 

 7 

8 
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Table 2.3: Correlation coefficient between the difference in velocity and Chl a 3 

variability for consecutive domains. 4 

Domain S1 S3 

2-1 0.15 -0.32 

3-2 0.23 0.09 

4-3 -0.28 0.07 

5-4 0.14 -0.08 

 5 

6 
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Fig. 2.1: Evolution of the peak of the patch or the maximum concentration with 3 

constant (λ1=1) and periodic reaction function: λ2=1+cos(15.71τ), λ3=0.8+cos(15.71τ), 4 

λ4=cos(15.71τ). M*=10. 5 

6 
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Fig. 2.2: Evolution of a patch due to a continuous point source. A) The point source is 4 

introduced at ξ =0 and the flow is moving to the right. B) Time to reach the balance 5 

between advection, diffusion and reaction. 6 

7 
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Fig. 2.3: Patterns generated due to a continuous point source for different τD, τQ, ϕQ and 4 

ϕR. The value of the variables ranges from 0.002 to 0.01, 0.02 to 0.25, 0.006 to 0.027 5 

and 4.2 to 31.4, respectively.  6 

7 
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 4 

 5 

Fig. 2.4: Study area and numerical domain. The picture shows the position of the water 6 

quality stations (WQ), N1, N2, N3, N4 and N5, the physical stations (P), S1, S2 and S3, 7 

the outfall and the meteorological station (M). 8 

9 
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 4 

 5 

Fig. 2.5: Wind data recorded at Ocean Reef meteorological station. Wind direction 6 

(clockwise from north) and magnitude for A) April and May and B) May, in 1993. 7 

8 



 

 43 

 1 

 2 

 3 

 4 

Fig. 2.6: Nutrient data collected at Marmion Marine Park at stations N1 and N4.  Data 5 

station N1. Ο Data station N4. - - Detection limit. 6 

7 
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Fig. 2.7: Chlorophyll a data collected during 1996-2001 at five stations N1, N2, N3, N4 4 

and N5. 5 

6 
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 5 

Fig. 2.8: Comparison between numerical results (Domain2) and field data for velocity 6 

in station S1. A) south-north component at 3 m below  the sea surface, B) west-east 7 

component at 3 m below  the sea surface, C) south-north component at 3 m above the 8 

sea bottom and D) west-east component at 3 m above the sea bottom. — Numerical 9 

results.  Field data. 10 

11 
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 5 

Fig. 2.9: Comparison between numerical results (Domain2) and field data for velocity 6 

in station S3. A) south-north component at 3 m below  the sea surface, B) west-east 7 

component at 3 m below  the sea surface, C) south-north component at 3 m above the 8 

sea bottom and D) west-east component at 3 m above the sea bottom. — Numerical 9 

results.  Field data. 10 

11 
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Fig. 2.10: Temperature field data and numerical results at station S3: A) comparison 4 

between numerical results and field data at 7 m above the sea bottom (ASB) and B) 5 

field data at 3 and 7 m above the sea bottom (ASB). 6 

7 
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 5 

Fig. 2.11: Concentration distribution near the outfall in October 1995, January 1998 and 6 

May 1999. A) NOx (µmoles N L-1), B) TN (µmoles N L-1) and C) Chlorophyll a (µg 7 

Chla L-1). “+” symbol represents sampling points. 8 

9 
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 5 

 6 

Fig. 2.12: Spatial variability of the phytoplankton concentration at 2 m depth. A) 7 

Standard deviation of the phytoplankton concentration and B) Mean and standard 8 

deviation of the variability (data in Fig. 12A) of the phytoplankton concentration.  9 

10 
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 6 

 7 

Fig. 2.13: Phytoplankton patchiness in Domain1, Domain3 and Domain5: A) day 114, 8 

15:00 hrs. and B) day 116, 0:00 hrs. The results are presented in µg Chl a L-1. The 9 

numbers indicate the same location in the different domains and highlight the 10 

similarities in the patterns.  11 

12 
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 6 

Fig. 2.14: Numerical result of nutrients (Domain3) with outfall for the stations N1, N2, 7 

N3, N4 and N5. A) NO3, B) NH4 and C) TN. 8 
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Fig. 2.15: Numerical result of chlorophyll a (Domain3) with outfall for the stations N1, 4 

N2, N3, N4 and N5.  5 

6 
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 5 

Fig. 2.16: Effect of outfall in phytoplankton patchiness. Difference between the 6 

situation with and without outfall in µg Chl a L-1: A) day 114, 15:00 hrs., B) day 116, 7 

0:00 hrs. and C) day 118, 15:00 hrs. ‘O’ indicates the location of the outfall.  8 

  9 
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Chapter 3 
 

Estimating in situ phytoplankton growth rates with a Lagrangian 

sampling strategy2 

 
Abstract 

Quantification of biogeochemical rates is essential to the understanding of the dynamics 

of aquatic ecosystems. However, this has proven to be difficult to achieve especially 

under conditions of high spatial and temporal hydrodynamic and biogeochemical 

variability. Here, a Lagrangian experimental design was employed to estimate 

biogeochemical rate coefficients in situ. A set of four drogues and a cross-transect 

sampling design was used to capture the patchy distribution of phytoplankton and 

nutrient species and high transport and mixing rates. A mass balance approach was 

applied to a Lagrangian control volume moving with a drogue. This approach was used 

to separate internal biogeochemical changes from the physical changes due to 

advection, diffusion and convergence/divergence fluxes. This experiment approach was 

applied to an oligotrophic coastal region. The phytoplankton growth rate, primary 

production and carbon to chlorophyll ratio (C:Chla) obtained from the experiment 

agreed with the highest literature values for this study site. This supported the validity 

of this approach. The effect of scales of processes and patchiness is highlighted from 

this experiment. It is shown that the experimental design is subject to a relationship 

between size of the control volume, the time scale of internal processes and sampling 

time.   

                                                        
2 Chapter 3 corresponds to the revised version of the manuscript entitled “Estimating in 
situ phytoplankton growth rates with a Lagrangian sampling strategy” by I.Hillmer and 
J. Imberger. This manuscript was conditionally accepted by Limnology and 
Oceanography: Methods on 12 October 2006 and has been resubmitted on 11 January 
2007. 
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3.1. Introduction 
 

Determining the fluxes of mass and energy through the different components of 

the ecological cycles is a central issue in aquatic ecological research. Different 

approaches have been used in different ecosystems; however, the success in the 

quantification of the internal biogeochemical processes of nutrient cycles and 

phytoplankton dynamics could be considered limited in some study cases. 

Many investigators have obtained estimates of ecosystem budgets for different 

biological species with a mass balance method (e.g. Odum 1956; Smith and Atkinson 

1983, 1984; D’Avanzo et al. 1995), but this technique suffers from difficulties and 

restrictions. First, the large uncertainties in estimating the movement of mass carried by 

the water flow through open system boundaries. This can lead to significant errors in 

systems where advective fluxes are important. Second, budgets are mostly calculated 

over seasonal or annual scales. Varying details of internal fluxes within the system 

remain unclear since the sampling strategy does not capture the spatial and temporal 

scales associated with the internal processes (Platt and Denman 1975; Imberger et al. 

1983; Smith 1984; Kraines et al. 1996). 

Net production has been inferred from chemical data in well-defined water 

masses such as fjords and coral reefs (Broenkow 1965) assuming that horizontal 

advection and diffusion may be neglected. In particular areas, such as in upwelling 

regions, flux estimates have been inferred by calculating the deviation from the 

behaviour of a conservative tracer (Minas et al. 1986). But again, the assumptions and 

time scales of sampling only allow questions to be addressed at the system level and not 

at the level of specific biogeochemical processes. Recently, the in situ stable isotope 

tracer techniques have yielded improved understanding of nitrogen processes under 

natural conditions, although it has only been used in well defined domains (Tobias et al. 

2003; Gribsholt et al. 2005). A different approach was applied by Amatzia et al. (2002) 

to measure in situ biogeochemical fluxes. They defined a control volume to determine 

the phytoplankton grazing at the scale of the coral reefs. This method allowed 

eliminating the interference and limitations imposed by assumptions and artefacts that 

otherwise would be necessary to apply. 

Alternatively, a more common approach for estimating internal biological and 

chemical flux paths has been to enclose the natural biological populations in bottles 

suspended in situ. After an incubation period (~ hours/days), changes in biological and 

nutrient concentrations allow the determination of the rate of processes such as nutrient 
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uptake, phytoplankton growth and primary production. However, extrapolation of these 

results to the ambient environment is questionable since, for instance, physical 

processes (e.g. turbulence and vertical movements) are totally altered in such 

enclosures. For example, bottle experiments can mask significant variability in the 

photosynthetic rates of individual phytoplankton cells because of constant versus 

variable light climate in natural conditions (Marra 1978a, 1978b, 1980). Further, the 

limited number of samples may not be representative of the spatial heterogeneity in the 

ambient environment. 

The essential issue in any ecological study, either based on field or numerical 

data, is to understand the hierarchy of biogeochemical and physical processes to ensure 

that measured fluxes are not overwhelmed by unaccounted fluxes (Imberger et al. 1983; 

Smith 1984; Hillmer and Imberger, 2007). Hence, the design of ecological experiments 

must ensure that physical processes are not masking the biogeochemical changes in the 

biological species and nutrient concentrations. In other words, the spatial and temporal 

scales of physical processes must be equal or greater than the scales of biogeochemical 

processes responsible for biological and chemical variability. Further, consideration 

must be given to patchiness, resulting from the interaction between physical and 

biogeochemical processes, and their transient nature to correctly interpret the data 

(Dutilleul 1993). 

A Lagrangian approach removes the signal of the advective process from the 

measurements by keeping track of the same parcel of water. Over sampling frequencies 

of days to weeks, this method has been applied to studies with a variety of objectives. 

For instance, to study the response of phytoplankton to a new source of nitrogen from 

upwelling (Dortch and Postel 1989), nutrient cycling in a phytoplankton bloom 

(Ketchum and Corwin 1965), to estimate productivity and gas exchange (Wanninkhof et 

al. 1997), assess response to P addition in a P-deficient environment (Thingstad et al. 

2005), and to investigate the generation of algal blooms (Park et al. 2005). However, if 

a single drogue is used, changes in concentrations from horizontal and vertical mixing 

are neglected in the Lagrangian parcel of water. This should be particularly evident in 

frontal zones where mixing, downwelling and upwelling alter the identity of the water 

masses. To take into account the horizontal dispersion, some studies have removed its 

effect by injecting a conservative gas tracer (Wanninkhof et al. 1997; Park et al. 2005, 

Thingstad et al. 2005). In the in situ iron enrichment experiment (IronEx I; Coale 1998), 

for instance, a buoy and a tracer were used to track the patch and investigate the 

biological and chemical changes within it. 
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The complexity of physical processes of coastal areas, such as strong advective 

and dispersive fluxes that interact with patches, increases the difficulty in determining 

the internal variability. To compensate for this, a new Lagrangian experiment is 

proposed here. The experiment was applied to a shallow coastal area off Perth in the 

southern-west coast of Western Australia. This experiment was carried out in the 

vicinity of a sewage discharge to estimate growth rates in response to the injection of 

nutrients. In this Lagrangian approach, a control volume is defined that moves with a 

drogue located at its centre. The internal rates are estimated by applying a mass balance 

to this control volume. The different terms in the conservation of mass equation are 

obtained from vertical measurement carried out at sampling stations in a cross-transect 

formation, the spreading rate of a set of four drogues, the mass balance of a 

conservative tracer, salinity, and microstructure measurements.  The experiment is 

designed to remove the effects of both advection and horizontal dispersion, allowing the 

determination of phytoplankton growth rates at temporal and spatial scales of hours and 

hundreds of meters, respectively. 

 

3.2. Materials and procedures 

 

3.2.1. Lagrangian experimental design 

 

Three drogues (D2, D3 and D4) were launched in an equilateral triangular 

formation with a fourth drogue, or central drogue (CD), at the centre of the triangle 

(Fig. 3.1). Each corner of the formation was approximately 150 m from the centre. The 

drogues were designed with two sets of vertical metal frames 2 m high, covered with 

plastic sheeting as drag elements, and deployed at 2 m depth. Each drogue was 

equipped with a GPS data logger that registered the position every 10 s.  

The sampling strategy was based on repeated transects that formed a cross 

across the central drogue (Fig. 3.1). Each cross-transect consisted of four transects 

oriented towards the north (N), south (S), east (E) and west (W) from the central drogue 

with three sampling stations set along each transect (Ni, Si, Ei, Wi; i=1,2,3 where i 

indicates the position in the transect moving outwards as i increases; Fig. 3.1). The 

interval between each sampling station was approx. 150 m.  
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3.2.2. Vertical profiles 
 

Vertical profiles of temperature, salinity, dissolved oxygen (DO) and turbidity 

were obtained using a fine scale profiler (F-Probe) at the 12 sampling stations in each 

cross-transect. Vertical profiles of phytoplankton biomass (chlorophyll a) were 

measured using a spectroflurometer (BBE Fluroprobe) attached to the probe mentioned 

previously. The Fluroprobe results were compared with measurements of extracted 

chlorophyll a (see Assesment). 

 

3.2.3. Meteorological data 

 

Meteorological parameters were collected in the study area using the Lake 

Diagnostic System (LDS, developed at the Centre for Water Research) that was located 

approximately 500 m offshore from the end of the outfall (Fig. 3.2). The station 

included wind speed and direction sensors, net solar radiation, short wave radiation, 

relatively humidity and air temperature sensors. Only wind data is used in this study. 

Wind data from the Ocean Reef meteorological station situated inshore was also used 

(see below; Fig. 3.2). 

 

3.2.4. Mass balance in a fixed control volume 

 

A Langrangian control volume (CV) was defined as a cylinder with the CD at its 

centre (Fig. 3.1). The control volume was limited to 3 m depth, minimising the effects 

of any non-uniformity due to a vertical variation in the horizontal velocity. The top of 

the CV was situated at 1 m below the water surface (z = 1 m); the rough surface 

conditions due to the presence of waves increased the difficulties during the 

measurements causing the absence of data for the first top meter in most of the profiles. 

The bottom of the CV was at z = 4 m. The radius R, was defined as the minimum 

distance between the centre (CD) and the furthest sampling point in each transect (N3, 

S3, E3 and W3) recorded that day.  

A mass balance was applied to the Lagrangian control volume to obtain a 

residual term to keep the balance between the measured fluxes and the rate of change of 

the species of interest, Φ. Each term was evaluated for the mth cross-transect as follows: 

    

!"
m

!t
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= !"
m

hor diff + !"
m
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m

res  (3.1) 
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where ΔΦres = ΔΦbio + ΔΦsett is the residual term. ΔΦbio represents the volume-averaged 

internal biogeochemical reaction rate and is zero for conservative tracers.  The flux due 

to settling, through the top and bottom of the control volume, ΔΦsett, is only relevant for 

particulate matter such as phytoplankton. ΔΦhor diff is the horizontal diffusion flux across 

the radial boundary and ΔΦver mix is the flux due to vertical mixing across the top and 

bottom surfaces. It was assumed that the cylindrically shaped control volume moved as 

a solid body with the velocity of the central drogue, so that any divergent or convergent 

flow relative to the central drogue would lead to an advective flux, ΔΦconv/div, across the 

vertical and side boundaries.  

The mean concentration inside the CV, Φm, was calculated by averaging the 

vertically integrated concentration from the 12 sampling stations (Ni, Si, Ei, Wi; i=1,2,3; 

Fig. 3.1) obtained for the mth cross-transect. ΔΦm was obtained from the difference 

between Φm+1 and Φm, and the temporal interval between two cross-transects was given 

by Δt = tm+1- tm. tm was calculated as the average between the time for the first 

measurement and the last measurement in the mth cross-transect.  

The net horizontal diffusive flux per unit volume (ΔΦhor diff) was calculated as 

the average between the northern, southern, western and eastern flux as following: 
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where kh is the horizontal diffusion coefficient and i indicates the four cardinal points 

(N, S, W and E; Fig. 3.1). Rij is the distance from the CD to the sampling point j in the 

transect i. Ai was the area associated with the flux in the i direction and is equal to 

2πRH/4. kh was obtained from the drogue data analysis and from the salinity equation as 

explained below. 

The vertical gradient was estimated from the vertical profiles at the 12 sampling 

stations in each cross transect (Ni, Si, Ei, Wi; i=1,2,3; Fig. 3.1) at z = 1 and 4 m. The 

first derivative of the variable Φ in the vertical was calculated with a Gaussian 

derivative 31-point filter. The microstructure data was used to determine an estimate of 

the vertical diffusion coefficient from the dissipation measurements as described below. 

Assuming a homogeneous vertical diffusion coefficient, the gradient of the variable of 

interest, Φ, obtained at the bottom and top of the control volume in each sampling point, 

was averaged and then multiplied by the corresponding diffusion coefficient to get the 

vertical flux for that cross-transect. 
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The advective flux is equal to ΔΦconv/div = (Φ0 - Φ)Q where Φ0 is the 

concentration outside the CV and Q is the net volume flux of water coming into and 

going out of the CV due to the divergence/convergence of the flow. This flux was 

calculated using the conservation of mass for salinity, in which case ΔΦres = 0. Using 

the diffusion coefficient obtained from the drogues’ analysis to calculate the diffusive 

fluxes (eq. 3.2), the only unknown term in eq. (3.1) is then ΔΦconv/div. 

 

3.2.5. Horizontal diffusion coefficient from the drogues' spreading 

 

The rate of spreading of the drogues was used to estimate the horizontal 

dispersion coefficient. The standard deviation of the distribution of the drogues in the x 

(west-east) and y (south-north) direction (σx and σy) are used to calculate the two-

dimensional standard deviation σxy = (σx
2 + σy

2) 1/2 and the dispersion coefficient as ki = 

0.5 dσi/dt, with t the time and i = x, y and xy (Stocker and Imberger 2003).  

 The mass balance equation (eq. 3.1) for salinity was also used to estimate a 

horizontal diffusion coefficient. In this case, however, it was assumed that the 

divergent/convergent fluxes are small and can be neglected (ΔΦconv/div = 0) and thus the 

only unknown term was ΔΦhor diff . Eq. 3.2 is then used to calculate the diffusion 

coefficient. Diffusion coefficients obtained from the conservation of salinity and the 

assumption made, were compared with the ones obtained from the drogues analysis to 

validate them and understand the dynamic of the control volume (see Assesment). 

  

3.2.6. Microstructure data 

 

A microstructure profiler equipped with a pressure sensor, a fast response 

temperature-conductivity sensor and an accurate temperature-conductivity sensor was 

used to document the dissipation of turbulent kinetic energy (Luketina and Imberger 

2001) at the central drogue position. The probe was deployed in falling mode, with the 

probe descending freely with a constant velocity of around 0.1 ms-1. The sampling rate 

used, 100 Hz, yielded a vertical spatial resolution of the sensors of 1 mm. The vertical 

turbulent diffusivity (kz) was calculated as kz=Rf(1-Rf)-1εN-2 (Osborn 1980), where ε is 

the rate of energy dissipation, Rf is the flux Richardson number or mixing efficiency, 

and N=(-g/ρ ∂ρ∂z)-0.5 is the buoyancy frequency, with g and ρ the gravity and density 

respectively. The rate of energy dissipation was computed by a least-squares fit of the 

power spectral salinity-gradient signal to the Batchelor spectrum (Imberger and Ivey 
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1991; Luketina and Imberger 2001) from the microstructure data. In this study, Rf was 

assumed to have a value of 0.2 (Ivey and Imberger 1991), given that the turbulence was 

energised by the surface wind and therefore expected to be active. Five microstructure 

deployments were carried out at the CD location during each cross-transect. 

 

3.3. Assessment 

 

3.3.1. Experimental setup 

 

A 4-day field experiment was carried out in Whitfords Lagoon located in 

Marmion Marine Park on 21 March (day 1) and 25-27 March 2003 (day 2, 3 and 4, 

respectively). The objective of the experiment was to estimate in situ rates for 

phytoplankton growth by isolating them from the transport and mixing effects. The 

study area is a shallow semi-enclosed lagoon off Perth, located on the south-west coast 

of Western Australia (31.75º S, 115,75º E; Fig. 3.2). The presence of submerged 

limestone reefs creates an irregular topography with a mean depth of 10 m and with a 

partial open ocean boundary. The wind is the main mechanism driving the currents in 

the area. 

The study area is an oligotrophic system with N:P ranging from < 1:1 in summer 

to approx. 3:1 in winter (Lord 2000); unusually low by world standards. The area 

receives freshwater and nutrient input from groundwater (Johannes 1985) and from a 

wastewater treatment plant through an outfall, 1820 m long, with a 200 m long diffuser 

at approximately 10 m depth (Fig. 3.2). The mean effluent discharge is 0.7 m3s-1, with a 

minimum discharge of 0.25 m3s-1 in the morning and a peak of 1.1 m3s-1 in the 

afternoon. The associated nutrient concentrations of the effluent are approximately 2.1 

mmoles N L-1, 0.1 mmoles N L-1 and 1.6 mmoles N L-1 for total nitrogen (TN), 

ammonium (NH4) and nitrate+nitrite (NOx), respectively. The N:P ratio of the treated 

wastewater is about 5:1, which maintains the strong nitrogen limitation found in 

phytoplankton in the area (Lord 2000). Throughout the year, the composition of the 

phytoplankton species is dominated by diatoms (Lord 2000).  

The four drogues (CD, D2, D3 and D4) were launched in the vicinity of the 

outfall in the morning and retrieved at the end of each day, mainly to avoid losing them. 

The freshwater outfall discharge caused a salinity gradient that provided a natural tracer.  

The high nutrient loads from the outfall stimulated the phytoplankton growth that 

enhanced signal to noise ratio in the algal level. The experiment was conducted over 6 
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to 10 hours a day (from 6 AM to 4 PM approx.; Table 3.1). On day 1, the GPS data 

from the data loggers was irretrievable, and the data transmitted by phone every 30 

minutes was used. On day 3, problems with the data logger of one of the drogues 

occurred so its position was recorded with the GPS on the boat. The meteorological 

station was installed on 20 March (Fig. 3.2). 

The start of each transect was based on the position of drogue CD. The CD 

coordinates were recorded at the beginning of each transect and used to set the three 

sampling points in a straight line towards each of the cardinal points (N1-N3, S1-S3, 

E1-E3, W1-W3; Fig. 3.1). After finishing a transect, the position of the CD was 

recorded and the next transect was collected with the same procedure. For the 

subsequent analysis, the relative position of each sampling point was calculated with 

respect to the actual position of the CD at the time of the measurement. The sampling 

frequency for the cross-transects varied between 1.5 to 2.5 hr.  The microstructure 

deployments were carried out during day 1 and day 2 (Table 3.1).  

 

3.3.2 Biological and chemical data 

 

 Samples for phytoplankton identification and enumeration, and chlorophyll a 

(Chl a) analysis were collected for verification of Chl a fluorescence profiles from the 

probe deployed at the same time. Phytoplankton samples were collected at 2 and 6 m 

depth at the location of the CD position on day 3 and 4. Samples were collected in the 

second and fifth cross-transect on day 3, and in the second and fourth cross-transect on 

day 4. Samples were collected through pumping water at a specific depth into plastic 

buckets on the boat. The samples for Chl a analysis were filtered immediately 

afterwards through glass fibre filter (nominal pore size 0.9 – 1.2 µm). Filters were 

stored on ice and in the dark, and frozen upon return to the laboratory. Chl a was 

determined by grinding thawed filters in 90% acetone, followed by trichromatic 

spectrophotometric determination (Strickland and Parsons 1972, Greenberg et al. 1992). 

The samples for phytoplankton identification and enumeration analysis were preserved 

and stored on ice and in a dark place and then store in the dark and under refrigeration 

upon return to the laboratory. The subsequent analysis was carried out using the 

Utermöhl method (Utermöhl 1958) and an inverted microscope at 500x magnification. 

Water samples were also collected for subsequent analysis of nitrate+nitrite 

(NOx-N), ammonium (NH4-N), total dissolved nitrogen (TDN) and total nitrogen (TN). 

These data were used for further assessment of the approach proposed in this study. Six 
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samples for the nitrogen analysis were collected in each cross-transect by means of 

pumping water as for the Chl a samples. The samples were collected at 2 m and 6 m at 

the location of CD, and at 2 m at N3, S3, W3 and E3 (Fig 3.1). Samples for NOx, NH4 

and TDN analysis were syringe filtered through 0.45 µm membrane filters into 

polypropylene tubes and, together with the water samples for TN analysis, were stored 

on ice and in the dark. All samples were frozen upon return to the laboratory. NOx was 

analysed by the copper-cadmium reduction method (Johnson 1983), NH4 by the alkaline 

phenate method (Switala 1993) and TN and TDN by autoclave digests with potassium 

persulphate (Valderrama 1981). All analysis were carried out using a Lachat Automated 

Flow Injection Analyser. Due to problems with the pump on day 1, only water from the 

surface was collected in the second and third cross-transect for nitrogen and chlorophyll 

a analysis. 

 

3.3.3. Consequences of the relative movement of the drogues 

 

The movement of the drogues varied according to the wind field (Fig. 3.3). 

There was a high correlation between wind stress and the current field when the 

alongshore component was important (Fig. 3.3B and D; Zaker 1998). Under this 

condition, the four drogues were transported in the same direction as a relatively high 

cohesive group. The dominance of the wind decayed when the alongshore wind stress 

was weak or the cross-shore wind component was large. In these cases, topographical 

constraints affected the motion in the lagoon generating local currents (Fig. 3.3C and E; 

Zaker 1998). In these situations, the formation of the drogues tended to lose its cohesive 

integrity or identity when one of the drogues moved apart from the main group. In turn, 

this may lead to a loss of identity of the control volume caused by high advective 

fluxes. These fluxes may replace partly or totally the mass of water (see next section) in 

the control volume. 

The variance of the distribution of the drogues increased most of the time (Fig. 

3.4) with a variable rate of dispersion. The values for the dispersion coefficient obtained 

from the drogues are in agreement with values found previously in the area (Pattiaratchi 

and Knock 1995; Zaker 1998) with a mean value for each day of 4.8, 4.9, 4.8 and 1.3 

m2s-1 (day1, day2, day3 and day4, respectively; Fig. 3.4) and a 4-day mean for the 

experiment of 4.0 m2s-1.  

The rate of spreading of the drogues has been separated into the directions x and 

y (WE and SN respectively; Fig. 3.4) to analyse the divergent/convergent fluxes 
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(div/conv) across the control volume boundaries. The div/conv fluxes occurred in two 

different ways: the rate of spreading in x and y direction added their effect (i.e.: they had 

the same sign) or they had opposite effect (different signs). In the first case, the volume 

of water underwent a lateral expansion or contraction that produced a vertical and 

lateral flux of water passing through the rigid CV. In the second situation, lateral fluxes 

caused by the lateral stretching combined with the vertical and lateral fluxes due to the 

expansion and contraction (only lateral fluxes can be expected if the flow undergoes 

pure lateral stretching deformation). In some cases, the variance and dispersion 

coefficients increased but the formation of the drogues had lost its integrity.  

The dynamic of the CV for each cross-transect was classified based on the 

characteristics of the relative movement of the drogues (Fig. 3.3 and 3.4), into a 

divergence case (a positive spread in both directions), convergence case (a negative 

spread in both directions), divergence/convergence (opposite sign in both directions) 

and loss of integrity. Divergent flows characterised the dynamic on day 1, with similar 

rate of spreading in both directions. On day 2, a divergent dynamic dominated although 

a loss of integrity of the drogues was detected during the first cross-transect. Day 3 and 

4 presented a combination of divergent and convergent flows without a clear dominance 

of any of them. In both days also a loss of identity of the drogues’ formation occurred.  

 

3.3.4 Removal of the interference of the div/conv fluxes using salinity mass balance 

   

As explained above, the mass balance of the salinity tracer (eq. (3.1); ΔSres = 0), 

with the horizontal diffusion coefficient obtained from the spread of the drogues, was 

used to estimate ΔSconv/div , and subsequently the divergent and convergent flows, Q, in 

each cross-transect. These results were compared with the previous classification of the 

dynamic of the control volume.  

Table 3.2 shows the characteristics of the control volume and the necessary 

terms to evaluate the conservation of salinity equation (eq. (3.1)), calculated from the 

salinity field data. The values for the vertical diffusion coefficient for day 1 and day 2 

were selected for each cross-transect taking into account the time the microstructure 

data was collected. In each set of deployments (5 in each cross trasect), only the good 

fits were used to calculate an averaged vertical diffusion coefficient. In the case when 

only one good fit was obtained for the cross-transect, a mean value was calculated using 

values of the diffusion coefficient from the previous and posterior cross-transect. For 

days 3 and 4, values from previous days obtained under similar wind conditions were 
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used. The values of the different terms in eq. (3.1) for salinity are presented in Fig. 3.5 

where the div/conv flux (ΔSconv/div) represents the term necessary to keep the balance. 

The daily averaged horizontal diffusion coefficient obtained from the drogues' 

divergence, khD, was used in the term ΔShor diff each day (Table 3.3). All the fluxes are 

approximately of the same order of magnitude.  

For simplicity and consistency, mean concentrations were calculated below and 

around the CV, using the averaged horizontal and vertical gradient applied from the 

centre of CV, respectively, to calculate the advective fluxes (Q). A positive value for Q 

means a radial flow was coming into the CV, leaving through the bottom. Conversely, a 

negative value for Q means that a radial flux was leaving the CV through the radial 

boundary. Due to the simplifications made, it was not possible to obtain a value for Q in 

all the cases given the signs of the horizontal and vertical gradients. The results from the 

mass balance equation supported the previous classification of the dynamic of the 

control volume. Negative values of Q matched the divergence situations, and loss of 

integrity was associated with high exchange of water. In the case of div/conv, the value 

of Q indicates the main effect of the relative movement of the drogues.  

For comparison and validation of the previous results and for further analysis, 

the diffusion coefficient was also calculated from the salinity mass balance, khD, 

assuming that ΔSconv/div = 0 (Table 3.3). These values were consistent with the previous 

results and showed that they agreed with the dispersion coefficient obtained from the 

drogues divergence when div/conv fluxes were small and the formation of the drogues 

kept its integrity.  

The aim of the experiment is to ensure that the advective fluxes (div/conv 

fluxes) are not masking the biological and chemical fluxes. To achieve this, the flushing 

time or turn over, (volume of CV)/Q, that indicates the time needed to renew the water 

in the CV, has to be equal or larger than the sampling time. Therefore, calculations 

carried out between two cross-transects with a sampling interval larger than the flushing 

time were eliminated (Table 3.3). In day 1, it was assumed that, because of the similar 

values of horizontal diffusion coefficients obtained from the two analysis (khD and khS) , 

the div/conv fluxes were small and the flushing time was also larger than the sampling 

time.  

 

3.3.5 Residual term ΔΦbio + ΔΦsett  
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Each term of eq. (3.1) was evaluated for DO, Chl a and the nitrogen species 

(NH4, NOx, TDN and TN; Table 3.4) to find the residual term ΔΦres that would 

represent the changes due to processes other than hydrodynamic. As discussed above, 

only the valid cases (where the sampling time was smaller than the flushing time) were 

evaluated. In these cases, the div/conv fluxes were small enough so that both values for 

diffusion coefficient, khD (obtained from the drogues’ movement) and khS (obtained 

from the salinity mass balance with ΔSconv/div = 0) were similar (Table 3.3). Thus, for the 

subsequent calculations, the term ΔΦdiv/conv was neglected, as for salinity, and the 

diffusion coefficients from the salinity calculations (khS) were used.  

In the case of nitrogen, the mean concentration in the CV, Φm, was calculated as 

the average of the measurements at z = 2 m at CD, N3, S3, E3 and W3 in each cross-

transect. The net diffusive flux per unit volume (ΔΦhor diff) for the nitrogen species was 

estimated as for salinity, DO and Chl a, with the difference that the gradient was 

calculated between the concentration at N3, S3, E3 and W3 at 2 m depth and the value 

at CD at 2 m depth. It was assumed that the concentration of all nitrogen variables did 

not vary in the top metre and thus mixing did not lead to a net flux through the top 

surface of CV. The same vertical diffusion coefficient was applied for all the species 

and the vertical gradient was calculated using the values at 2 m and 6 m depth at CD 

(Fig 3.1). Due to lack of data it was assumed that the vertical gradient was 0 for the 

second and third cross-transect in day 1. The comparison between Chl a from the 

fluorescence profiler and from water samples (Fig. 3.6) showed a good agreement 

between both data, following the same trend, validating the use of the probe data as a 

measure of Chl a in this study site. 

The contribution of the biogeochemical and physical mechanisms to the material 

change (Fig. 3.7) showed that they were comparable. This suggested that the 

experiment effectively captured the residual signal, without being overwhelmed by the 

physical changes. The sampling frequency of hours seemed to have been able to detect 

changes due to biogeochemical processes. This implies that sampling time scales were 

of the order of the characteristic scales for the internal cycling rates. The contribution of 

horizontal dispersion and vertical mixing to the changes in the concentration of 

biological and chemical species was quantified by using sampling scales similar to the 

time scales of these processes. In this study, the horizontal and vertical length scales of 

interest were of the order of ~ 100 metres and ~1 metre respectively. Diffusion time 

scales, calculated as L2/k where L is a length scale and k is the diffusion coefficient, 

yielded values of the order of hours. In the case of the divergent and convergent fluxes, 



 68 

their interference was removed by assuring that the sampling scales and the 

biogeochemical scales were smaller than the flushing time. Thus, the results and this 

analysis also suggested that the scales chosen for the experiment were appropriate.  

A statistical analysis was not performed due to the limited number of data 

obtained after the validation. Instead, a simple criterion was applied to the residual 

terms to eliminate the extreme values. A region was defined with limits set as the mean 

value ± standard deviation (Fig. 3.8) and only the values within this region were 

considered subsequently. If two points were outside this region but in opposite 

extremes, these points were not eliminated. After this analysis, the mean value and the 

standard deviation (SD) for the remaining residual terms were: Δ(DO)res=0.04 µg O2 L-1 

hr-1 (SD=0.04), Δ(Chla)res=0.12 µg Chl a L-1 hr-1 (SD=0.27), and Δ(NH4)res= –0.068 

µmoles N L-1 hr-1 (SD=0.051), Δ(NOx)res= –0.45 µmoles N L-1 hr-1 (SD=0.093), 

Δ(TDN)res= 0.234 µmoles N L-1 hr-1 (SD=0.561) and Δ(TN)res= 0.871 µmoles N L-1 hr-1 

(SD=0.337).  

The resulting residual terms presented high variability. The factors that can be 

identified to explain this variability are: diurnal variations (Lorenzen 1963), limited 

amount of valid data for the final analysis, sampling frequency, and methods of 

analysis. In the case of the sampling resolution, if this was larger than the scales of 

patterns, then the sampling strategy was not able to capture the spatial variability of the 

species concentration, leading to inaccuracies in the determination of the fluxes and 

concentration in the control volume. This argument could be more important in the case 

of nitrogen since the sampling frequency was much lower than for DO and Chl a. The 

nitrogen data also showed that mean residual values were of the same order of 

magnitude as the precision of the methods. This result suggests that the direct chemical 

measurements used for the analysis might have not been sufficiently sensitive given the 

very low concentration of phytoplankton and nutrient in the study area (Table 3.5), and 

the sampling time. 

 

3.3.6 Validation of the internal biogeochemical rates  
 

The net growth rate was calculated as the production rate/biomass ratio 

(Kirchman 2002, Marañon 2005) in terms of Chl a, i.e. (Δ(Chla)bio / Chla) where 

Δ(Chla)bio is the net change due to mortality, growth and grazing. The net change in Chl 

a due to biogeochemical processes is given by Δ(Chla)bio= Δ(Chla)res - Δ(Chla)sett  

(Table 3.6, eq. (19)). The fluxes due to settling were calculated as (ΦT -ΦB) vS A/V with 
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ΦT and ΦB the species concentration at the top and bottom of the control volume, 

respectively, vS the settling velocity and A and V the bottom area and volume of the 

control volume, respectively. With a mean value for (ΦT -ΦB) for Chl a (for the valid 

cross-transects) equal to -0.18 µg (Chl a) L-1 and a settling velocity in the range of 0.2 

md-1 and 2 md-1  (Jorgensen et al. 1991 and references therein, Wetzel 2001 and 

references therein), then Δ(Chla)sett ranged between 5x10-4 and 5x10-3 µg (Chl a) L-1 hr-

1. With a mean value for Chl a equal to 1.9 µg (Chl a)L-1, the value obtained for the net 

growth rate varied between 1.4 and 1.5 d-1, which is within the range found in literature 

(Jorgensen et al. 1991 and references therein). 

In addition to growth rate, primary production, C:Chl a and nitrogen 

transformation rates were estimated to further assess the approach used in this study and 

the validity of the internal rates. Primary production was calculated using the net 

production of oxygen obtained from the experiment, Δ(DO)res, that was the result of 

photosynthesis and respiration of organisms and microbial processes. For these 

calculations, though, it was assumed that, as a first approximation, the effect of 

organisms other than phytoplankton could be neglected (Table 3.6).  

CO2 and dissolved nutrients are used in photosynthesis and other metabolic 

pathways to synthesise many of the compounds present in the phytoplankton cells (fats, 

proteins, organic acids). In this process, biomass or organic matter increases and 

dissolved oxygen is released. Ryther (1956) concluded that values for the 

photosynthetic quotient (PQ), defined as the ratio of oxygen produced to carbon dioxide 

assimilated, between 1.1 and 1.3 or higher are normal in natural conditions, suggesting 

a value of 1.25. Also, comparisons between the O2 and the 14C techniques revealed 

generally a good agreement if a PQ=1.2 is used (Harris 1980). In many situations 

though, the 14C method has yielded a measure rather close to the net photosynthetic 

rates; in those cases 14C uptake was close to the net oxygen production when a PQ=1.25 

was used (Ryther 1956). In this study, net primary production was estimated by 

calculating a carbon equivalent of the rate of change of DO, using the residual term 

ΔDOres and a value of PQ=1.25. It was assumed that this rate of change of the internal 

carbon in phytoplankton corresponded to a net uptake due to assimilation and losses.  

The positive values obtained for the DO and Chl a residual terms did not 

contradict the assumption of primary production being the prevailing mechanism 

affecting those species. With this assumption, the amount of net carbon uptake was 12 

µg C L-1hr-1. Thompson and Waite (2003) obtained similar values for the maximum 

carbon fixation in the area. Assuming that phytoplankton response to the nutrient supply 
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was not as fast as the sampling frequency and duration of the experiment (Duarte 1990), 

and that light regime varied gradually, then it was possible to accept the balanced 

growth condition. A balanced growth implies that the specific rate of changes of indices 

of biomass such as C, N and Chl a are equal (Eppley, 1980) i.e. 

ΔC/C=ΔN/N=ΔChla/Chla, and processes of carbon assimilation, nutrient uptake and 

chlorophyll production are coupled. If balanced growth is assumed, the carbon to 

chlorophyll a ratio, estimated from the change of internal carbon or net uptake and 

Δ(Chla)bio, (C:Chla = ΔC/Δ(Chla)bio) is ~ 102. 

Cell counts showed, as in previous studies, that Bacillariophyceae (diatoms) was 

the dominant phytoplankton group during the field study and comprised 51% to 95% of 

the population. Studies carried out with healthy and nutrient sufficient cells of diatoms 

have yielded values for C:Chl a ranging between 21.5 and 46.6 mg C (mg Chl a)-1 

(Gallegos and Vant 1996) although double or even higher values have also been 

reported (Jorgensen et al. 1991 and references therein). C:Chl a has been found to 

depend on the physiological response of the phytoplankton to the environment 

fluctuations, i.e.  nutrient supply and light, varying in a considerable range. For nitrogen 

limited and starved diatoms cultures, values ranged from 22 up to 155 mg C (mg chl a)-

1 (Jorgensen et al. 1991 and references therein) have been reported. Wetzel (2001) 

presented limits for C:Chl a for nutrient limited phytoplankton in the range of 50 to 100 

for moderate cases and > 100 for severe limitation. The C:Chl a obtained in this 

experiment, where phytoplankton are nitrogen limited as mentioned before, agreed with 

these values for nutrient limited phytoplankton.  

The processes involved in the nitrogen dynamic are summarised in Table 3.6, 

where zooplankton and microbial contribution to the mass balance have been neglected, 

as mentioned before, as a first approximation. To verify the accuracy of the nitrogen 

residual terms obtained from the experiment, a comparison between these data and 

literature values was performed.  Processes such as adsorption and desorption were 

disregarded due to the low concentrations of particles such as sand and other inert 

species (turbidity values were below 5 FTU during the 4-day experiment.). Also 

nitrogen fixation was ignored due to the characteristics of the study site: low 

concentrations or absence of cyanobacteria (Cyanophyceaea was only found in one 

sample with less than 1% of the total cell count) and high degree of turbulence that 

inhibits the formation of microzones. This microzones favour nitrogen fixation since 

nitrogenase is oxygen-sensitive (Howarth et al. 1988 and references therein). As for 

nitrogen fixation, denitrification was also ignored due to high concentration of DO (~ 
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6.0 mgL-1, Table 3.5); an oxygen concentration of <0.2 mg L-1 is required for 

denitrification (Seitzinger 1988). 

Under the balanced growth assumption, Chl a was converted to phytoplankton 

content of nitrogen (IN = 0.950 µmoles N L-1) by using the ratio C:Chl a obtained above 

and by assuming a phytoplankton molar C:N ratio equal to 14.6. Limits for C:N for 

nitrogen limited phytoplankton in the range of 8.3 to 14.6 (molar) can be found for 

moderate cases and > 14.6 for severe limitation (Wetzel 2001; Redfield ratio is 

C:N=6.6; Redfield et al. 1963). Under the same assumption (ΔIN/IN = Δ(Chla)bio/Chla 

= ΔC/C), the net change of internal nitrogen due only to uptake and losses yielded a 

value of Δ(IN)= Δ(IN)upt NH4 + Δ(IN)upe NO3 + Δ(IN)mor/exc= 0.059 µmoles N L-1 hr-1 (see 

eq. (7) Table 3.6).  

The sources and sinks for TN can be rewritten as Δ(TN)res= Δ(PON)sett + 

Δ(IN)sett + Δ(IN)fix + Δ(NOx)den, by combining eq. (1) – (17) (Table 3.6). The mean value 

for (ΦT -ΦB) for particulate nitrogen (TPN) considering only detrital nitrogen, showed 

an average of 0.48 µmoles N L-1. Assuming a settling velocity for particulate matter of 

between 0.2 and 2 md-1, the fluxes per unit volume due to settling are Δ(PON)sett ~ 

0.016 µmoles N L-1 hr-1. Δ(IN)sett = - 0.0011 µmoles N L-1 hr-1 with (ΦT -ΦB) equal to 

0.02 µmoles N L-1. And with the previous assumptions of Δ(IN)fix ≈ 0 and Δ(NOx)den ≈ 0, 

Δ(TN)res yielded a value of + 0.010 µmoles N L-1 hr-1.This figure is two orders of 

magnitude smaller than the value found for Δ(TN)res from this experiment (see previous 

section).  

Using a mortality rate equal to kM = 0.004 hr-1  (Jorgensen 1991), Δ(IN)mor/exc = 

(IN kM) = -0.004 µmoles N L-1 hr-1 and  Δ(IN)uptake NH4 + Δ(IN)uptake NO3 = Δ(IN) - 

Δ(IN)mor/exc = 0.055 µmoles N L-1 hr-1. Rates for decomposition of the labile dissolved 

organic matter (~ assumed to be 90% of the dissolved organic matter, DOM) range 

between 2% to 13% in 6 days (Wetzel 2001 and reference therein). Assuming a value of 

8%, and calculating the dissolved organic nitrogen, DON, equal to TDN – DIN (DIN, 

dissolved inorganic nitrogen, = NO3 + NH4),  Δ(DON)mineral = - Δ(NH4)mineral = - 0.004 

µmoles N L-1 hr-1. Since Δ(NH4)uptake + Δ(NO3)uptake=-0.055 µmoles N L-1 hr-1 then 

Δ(NH4)res + Δ(NO3)res = -0.051 µmoles N L-1 hr-1 (combining eq. (9), (10) and (14), 

Table 3.6)  that is smaller than the value yielded by this experiment. Values of organic 

matter decomposition showed that 5% - 35% of the total biomass is released as DOM 

(Wetzel 2001). Assuming 20% is released in the form of DOM and 80% in the form of 

POM, Δ(DON)mor/exc=0.01 µmoles N L-1 hr-1 and Δ(PON)mor/exc = 0.06 µmoles N L-1 hr-1. 
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A rate of decomposition of particulate nitrogen of 10% per day was assumed (Wetzel 

2001) yielding Δ(PON)dec = -0.007 µmoles N L-1 hr-1 and a Δ(PON)res = 0.040 µmoles 

N L-1 hr-1. From eq. (1) and (3) in Table 3.6, Δ(TDN)res = -0.096 µmoles N L-1 hr-1.  

Results yielded growth rates and primary production within literature values 

although they appeared to be in the upper limit given the characteristics of the area. This 

study site presents a high degree of nitrogen limitation that was reflected in the high 

value of C:Chl a obtained from the experiment. In the case of primary productivity, the 

value could have been even underestimated since the net oxygen change due only to 

phytoplankton should then be higher if the effect of respiration of organisms in other 

different trophic levels is not neglected. In contrast to the rates of processes obtained for 

phytoplankton, the internal changes for nitrogen obtained from the experiment showed 

low correspondence with values observed in other studies, with differences of the order 

of magnitude up to 2. In this case, the possible sources of inaccuracies, as stated before, 

could be found in the spatial sampling resolution and in the method of analysis. In the 

case of DO and Chl a measurements (used to calculate growth rates, primary production 

and C:Chl a) the possible sources of variability could be more associated with diurnal 

variations and the limited amount of valid data for the analysis.   

 The results for the biogeochemical rates and physiological conditions were 

subject to some potential sources of inaccuracies present in the experiment and in the 

assumptions made base on results from other studies. In spite of this, the fact that 

growth rates, primary production and C:Chl a were within reasonable values supported 

the validity of the experiment. It also highlights the advantage of the experiment in 

providing in situ information at scales of hours in systems with high complexity due to 

hydrodynamic and heterogeneity in species concentration.  

 

3.4. Discussion 

 

The Lagrangian approach provides an adequate means of estimating 

biogeochemical changes in situ, maintaining the natural conditions of critical factors in 

the response of phytoplankton such as mixing depth, turbulence, light and nutrient 

availability. With this method, rates of biogeochemical processes can be estimated at 

scales of hours, providing an insight into the details of the dynamic of the ecosystem. 

This information is normally missed in field experiments that used scales of weeks or 

months and can only be found in laboratories studies, where the natural conditions have 

been greatly altered.   
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A key point in this approach is that the quantification of internal rates is 

undergone by effectively isolating the biogeochemical-induced changes from both the 

advective and diffusive interference. An accurate quantification of advective fluxes is 

difficult to achieve if the sampling design is not able to capture the variability in the 

velocity field and concentration of the species of interest. The difference with other 

methods is that this issue is addressed by removing the interference of the unaccounted 

advective fluxes in the measured changes of concentration. In this way, the errors 

associated with the quantification of the advective fluxes were minimised.  

The experiment design presents a critical aspect. This is given by the 

relationship between the time scales of advection (TA), diffusion (TD), biogeochemical 

processes (TR) and the sampling (TS). To assure that biogeochemical processes are not 

overwhelmed by the physical processes then TR  ≤ TA , TD. In turn, to capture the 

variability due to the internal processes TS has to be equal or smaller than TR, but long 

enough to detect the changes. In fact it can be TS ~ TR. Thus, the design of the sampling 

strategy is subject to this hierarchy of the time scales to successfully isolate the 

biogeochemical-induced changes from the effect of transport and mixing processes. 

  The key point in the design of the experiment is to fulfill the relationship V/Q > 

TR ~ TS, with V the control volume and Q the mass flow across the control volume. This 

relationship establishes that the size of the control volume has to be large enough for the 

flushing time to be longer than the time scale of the internal process in the control 

volume. Hence the concentration changes in the control volume are dominated by the 

local cycling within the control volume and are not going to be masked by the external 

advective fluxes. This relationship can be expressed as L > vTR, ~ vTS, where L is a 

length scale characterizing the size of the control volume and v is the characteristic 

velocity of the velocity of the conv/div flows. In addition, the flushing time has to be 

longer than the sampling time, and thus, there must be a compromise between the size 

of control volume and sampling strategy.  

To fulfill the previous relationships, it is necessary to consider the factors that 

affect TS and TR. The sampling time scale, TS, depends on the amount of sampling 

stations and data collected in each station. The amount of sampling stations has to 

consider the scales of patchiness. And, the diffusion time scale depends on the scales of 

the study and the diffusion coefficient.   
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Table 3.1: Schedule of cross-transect sampling and microstructure profiling. ti and tf 

denote the initial and final time for the probes measurements and collection of water 

samples in each transect. 

Day# Day Cross-transect (CT) ti(h) – tf(h) 
CT 

ti(h) – tf(h) 
Microstructure 

1 21 March 1 0701 – 0817 0858 – 0919 
  2 0929 – 1051 1112 – 1125 
  3 1204 – 1312 1321 – 1337 
2 25 March 1 0644 – 0743 0752 – 0805 
  2 0816 – 0919 0930 – 0951 
  3 1013 – 1110 1117 – 1129 
  4 1215 – 1321 1328 – 1340 
  5 1352 – 1507 1528 – 1540 
3 26 March 1 0635 – 0819  
  2 0819 - 0956  
  3 0956 - 1209  
  4 1209 – 1352  
  5 1352 – 1543  
4 27 March 1 0638 – 0758  
  2 0758 – 0942  
  3 0942 – 1117  
  4 1117 – 1257  
  5 1257 – 1420  
  6 1420 – 1554  
  7 1554 – 1700  
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Table 3.2: Terms of the conservation of salinity (S) equation calculated between cross-

transects (CT) measured at time t in a control volume with R the radius and H the 

height. ΔS/Δt  represents the temporal change in concentration in the control volume, 

ΔShor dif represents the changes due to horizontal diffusion, ΔSver mix represents the 

changes due to vertical mixing, kh is the horizontal diffusion coefficient and kv is the 

vertical diffusion coefficient.  

day CT R H t S ΔS/Δ t ΔShor dif(kh)-1 kv ΔSver mix(kv)-1 
  (km) (m) hr (p.s.u) (p.s.u)s-1 (p.s.u)m-2 m2s-1 (p.s.u)m-2 
      (1) (2) (3) (4) 
1 1 0.217 3.0 7.7 36.013 8.0E-06 4.5E-06 7.3E-05 1.6E-02 
 2   10.2 36.086 3.5E-06 6.9E-07 2.2E-03 6.8E-04 
 3   12.6 36.117     
2 1 0.254 3.0 7.2 36.046 -2.7E-06 2.3E-07 1.2E-03 -3.6E-04 
 2   8.8 36.031 1.5E-06 -1.7E-06 1.2E-03 1.0E-02 
 3   10.7 36.041 1.8E-07 -8.1E-07 6.8E-04 5.5E-03 
 4   12.8 36.043 2.6E-06 -5.8E-07 6.8E-04 4.7E-03 
 5   14.5 36.059  -9.1E-07   
3 1 0.221 3.0 7.4 35.994 1.9E-06 -5.5E-07 1.3E-03 1.2E-02 
 2   9.3 36.008 -2.8E-07 8.6E-07 1.3E-03 2.1E-03 
 3   11.0 36.006 1.4E-06 1.8E-07 1.3E-03 9.6E-03 
 4   12.9 36.016 -1.0E-04 1.8E-07 1.3E-03 -1.3E-03 
 5   15.0 35.218     
4 1 0.226 3.0 7.3 35.054 8.7E-05 2.0E-07 6.8E-04 1.3E-02 
 2   8.9 35.576 7.8E-05 1.2E-05 6.8E-04 1.0E-02 
 3   10.5 36.009 -8.6E-08 -8.8E-07 6.8E-04 9.0E-03 
 4   12.1 36.009 -4.3E-06 2.5E-07 6.8E-04 3.0E-03 
 5   13.6 35.985 -3.9E-06 -6.6E-07 6.8E-04 -7.9E-03 
 6   15.1 35.965 -1.0E-06 -2.1E-07 6.8E-04 2.3E-02 
 7   16.5 35.960     
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Table 3.3: Analysis of the divergent fluxes (Q) and horizontal diffusion coefficient 

from drogues' movement (khD) and salinity mass balance (khS). CT represents the cross-

transects, CV is control volume and ID refers to identity. 

Day CT khD 
drogues 

Qa Dynamic of 
the CV 

khS
b 

mass 
balance 

Flushing 
time 

Average 
sampling 
interval 

Valid 
data 

  m2s-1 (m3s-1)  m2s-1 hrs hr  
1 1 4.8 - div 1.5 - 2.5 * 
 2 4.8 - div 3.0 - 2.5 * 
 3        
2 1 4.9 -1264 lost ID -9.7 0.1 1.6  
 2 4.9 22 div 6.1 7.6 1.9 * 
 3 4.9 -9 div 4.4 17.9 2.2 * 
 4 4.9 -65 conv/div 1.0 2.6 1.7 * 
 5        
3 1 4.8 386 div/conv 25.3 0.3 2.0  
 2 4.8 - div/conv -3.5  1.7  
 3 4.8 - div/conv -64.1  1.9  
 4 4.8 -8353 lost of ID -583.0 0.02 2.1  
 5        
4 1 1.3 7372 lost of ID 392.4 0.02 1.7  
 2 1.3 92 div/conv 6.2 1.4 1.5  
 3 1.3 108 div/conv 7.0 1.2 1.6  
 4 1.3 - div/conv -25.2  1.5  
 5 1.3 - div/conv -2.3  1.5  
 6 1.3 1502 div/conv 81.0 0.1 1.5  
 7        

a : ΔSdiv/conv was calculated as [(1)-(2)*khD –(3)*(4)] from Table 2. 
b : khS was calculated as [(1) – (3)*(4)]/(2) form Table 2. 
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Table 3.4: Terms of the conservation of mass equation (eq. 1) for dissolved oxygen 

(DO), clorophyll a (Chl a), ammonium (NH4), nitrate+nitrite (NOx), total dissolved 

nitrogen (TDN) and total nitrogen (TN). [Φ]  indicates the units of the concentration of 

the species Φ . 

Species day CT Φ  ΔΦ/Δ t ΔΦhor dif
 ΔΦver mix ΔΦres 

    [Φ]hr-1 [Φ]hr-1 [Φ]hr-1 [Φ]hr-1 
DO 1 1 6.19 0.017 2.1E-02 4.0E-03 -8.8E-03 

(mg L-1)    2 6.23 0.022 -1.6E-02 -1.3E-02 5.1E-02 
  3 6.29     
 2 2 5.40 0.06 -4.0E-01 4.3E-02 4.1E-01 
  3 5.51 0.36 2.9E-01 1.1E-02 6.0E-02 
  4 6.28 0.06 -2.9E-03 -9.7E-03 7.4E-02 
  5 6.38     

Chl a 1 1 1.2 0.074 2.5E-03 -0.001 0.072 
(µg L-1)  2 1.4     

  3      
 2 2 2.1 -0.35 0.28 0.23 -0.86 
  3 1.5 0.29 0.31 0.10 -0.11 
  4 2.1 0.68 0.16 0.10 0.42 
  5 3.3     

NH4 1 1 0.5 -0.1 0.02 -0.003 -0.1 
(µM N)  2 0.3 -0.02 0.01 -0.003 -0.07 

  3 0.2     
 2 2 7 -0.1 0.05 -0.07 -0.07 
  3 4 -0.04 0.05 0.0 -0.07 
  4 3 0.0 0.0 0.0 0.0 
  5 3     

NOx 1 1 4.8 -0.86 -0.21 -0.093 -0.5 
(µM N)  2 3.2 -0.6 -0.1 -0.079 -0.41 

  3 1.8     
 2 2 3.4 0.054 0.011 -0.93 0.93 
  3 3.6 -0.17 0.57 -0.21 -0.54 
  4 3.1 -0.51 0.079 -0.25 -0.34 
  5 2.4     

TDN 1 1 14.3 -0.66 -0.086 -0.13 -0.45 
(µM N)  2 12.9 -0.59 -0.36 -0.1 -0.13 

  3 11.4     
 2 2 12.1 -0.16 -0.16 -1.0 1.0 
  3 11.4 -0.065 -0.065 -0.44 0.44 
  4 11.4 0.35 0.35 -0.29 0.29 
  5 12.1     

TN 1 1 15.7 0.15 -0.44 -0.15 0.52 
(µM N)  2 16.4 -1.3 -2.4 -0.11 0.86 

  3 12.9     
 2 2 15.7 -0.46 0.44 -1.4 0.52 
  3 15.0 -0.52 0.86 -0.43 -0.46 
  4 13.6 0.086 0.0035 -0.31 0.29 
  5 13.6     

 



 83 

 
 
 
 
 
 
 
 
 

Table 3.5: Daily averaged values in the control volume. 

Φ  unit day1 day2 day3 day4 
Chl a µg L-1 1.3 2.3 1.6 1.4 
DO mg L-1 6.3 6.0 6.4 6.8 
NH4 µmoles N L-1 0.3 0.4 0.3 0.4 
NO3 µmoles N L-1 3.3 3.1 2.1 3.3 
TDN µmoles N L-1 13.4 11.8 10.4 12.2 
TN µmoles N L-1 16.0 14.4 13.4 14.1 

DON µmoles N L-1 9.1 8.4 7.9 8.5 
TPN µmoles N L-1 2.4 2.5 3.1 1.9 
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Table 3.6: Processes affecting the rate of change of nitrogen, DO and Chl a. 

Zooplankton and microbial contribution to the mass balance have been neglected. The 

subscript res refers to the residual term ΔΦbio + ΔΦsett, min refers to mineralisation of 

dissolved organic nitrogen (DON), ad/de refers to adsortion/desorption of NH4 onto 

inorganic suspended solids or particulate inorganic nitrogen (PIN), upt refers to 

phytoplankton uptake of NH4 and NOx, nitrif refers to nitrification, den refers to 

denitrification, dec refers to decomposition of particulate organic nitrogen (PON), 

mor/exc refers to phytoplankton mortality and excretion, sett refers to settling, fix refers 

to nitrogen fixation. bac refers to the action of bacteria on organic matter, phot refers to 

photosynthesis and resp refers to respiration.  

           
  
1) Δ(ΤN)res = Δ(TDN)res + Δ(TPN)res + Δ(ΙN)res 

2) Δ(ΤDN)res = Δ(DIN)res + Δ(DON)res 
3) Δ(ΤPN)res = Δ(PIN)res + Δ(PON)res 

4) Δ(DON)res = Δ(DON)dec + Δ(DON)min + Δ(DON)mor/exc 
5) Δ(PIN)res = Δ(PIN)ad/de +Δ(PIN)sett 
6) Δ(PON)res = Δ(PON)dec + Δ(PON)mor/exc + Δ(PON)sett 
7) Δ(ΙN)res = Δ(ΙN)upt NH4 + Δ(ΙN)upt NO3 + Δ(ΙN)sett + Δ(ΙN)mor/exc +   
   Δ(ΙN)fix 
8) Δ(DIN)res = Δ(NH4)res + Δ(NO3)res 
9) Δ(NH4)res = Δ(NH4)min + Δ(NH4)ad/de + Δ(NH4)upt + Δ(NH4)nitrif 
10) Δ(NOx)res = Δ(NO3)nitrif + Δ(NO3)upt + Δ(NO3)den 
11) Δ(NH4)min = −Δ(DON)min 
12) Δ(NH4)upt = −Δ(IN)upt NH4 
13) Δ(NH4)ad/de = −Δ(PIN)ad/de 
14) Δ(NH4)nitrif = −Δ(NO3)nitrif 
15) Δ(NO3)upt = −Δ(IN)upt NO3 
16) Δ(DON)dec = −Δ(PON)dec 
17) Δ(IN)mor/exc = −Δ(DON)mor/exc −Δ(PON)mor/exc 
18) Δ(DO)res = Δ(DO)bac + Δ(DO)nitrif  + Δ(DO)phot + Δ(DO)resp 
19) Δ(Chla)res  = Δ(Chla)grow + Δ(Chla)mor/exc + Δ(Chla)sett 
 
        0     < Δ(NH4)min, Δ(NO3)nitrif, Δ(DON)dec, Δ(DON)mor/exc, Δ(PON)mor/exc, 
Δ(ΙN)fix 
        0     >  +Δ(NH4)upt + Δ(NO3)upt, Δ(PIN)sett, Δ(PON)sett     
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Fig. 3.1: Scheme of the experiment design, showing the control volume, the drogues 

initial arrangement (; CD, D2, D3 and D4), the sampling stations (; Ni, Si, Ei, Wi; 

i=1,2,3) and the internal and external fluxes. Φ represents the concentration of a 

biological or chemical species, Rφ is the rate of internal biogeochemical changes, Fhor diff 

represents the fluxes due to horizontal diffusion across the radial surface Aradial of the 

control volume and Fcon/div  represents the advective fluxes across the surface Abottom and 

Aradial. Fver mix  and Fsett represent the fluxes due to vertical mixing and due to settling, 

respectively, across the bottom surface, Abottom, and top surface, Atop. In the figure, Ftop 

represents the combination of Fver mix  and Fsett across the surface Atop. H is the height 

and R the radius of the control volume.  
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Fig. 3.2: Location and bathymetry of Whitfords Lagoon showing the approximate 

position of the outfall (—), the Ocean Reef meteorological station () and the LDS 

station (). 
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Fig. 3.3: LDS wind data and drogues’ trajectories during the 4-d experiment. A) Wind 

direction (clockwise from north; thick line) and magnitude (thin line) from 20 to 28 

March 2003. Wind data from the Ocean Reef meteorological station situated inshore 

was used between 21.09 and 22.45 due to failures in the equipment. B) 21 March 2003 

(day 1), C) 25 March 2003 (day 2), D) 26 March 2003 (day 3), and E) 27 March 2003 

(day 4). The symbol  represents the position of CD,  represents the position of D2, • 

represents the position of D3 and × represents the position of D4.  
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Fig. 3.4: Temporal evolution of the horizontal dispersion coefficient and standard 

deviation of the distribution of the drogues for each day. Horizontal dispersion 

coefficient, mean value and standard deviation: A) 21 March 2003 (day 1), C) 25 March 

2003 (day 2), E) 26 March 2003 (day 3), and G) 27 March 2003 (day 4). The symbol * 

represents the horizontal dispersion coefficient obtained from the divergence of the 

drogues, the thick line represents the daily averaged horizontal dispersion coefficient 

and the thin line represents the standard deviation of the distribution of the drogues. 

Horizontal dispersion coefficient in the x (west-east, thin line) and y (south-north, thick 

line): B) 21 March (day 1), D) 25 March (day 2), G) 26 March  (day 3), and H) 27 

March (day 4). Thin line represents dispersion coefficient in the x direction and thick 

line dispersion coefficient in the y direction.  
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Fig. 3.5: Fluxes in the conservation of salinity for each day. Positive values represent 

incoming fluxes due horizontal diffusion (ΔShor diff; HD), vertical mixing (ΔSver mix; VM) 

and divergent/convergent fluxes (ΔSconv/div; D/C) that produce the temporal changes of 

salinity (ΔS/Δt; TC) in the control volume. 
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Fig. 3.6: Comparison betweem Chl a from the fluorescence profiler and Chl a from 

water samples. A) day 3, second cross-transect, B) day 3, fifth cross-transect, C) day 4, 

second cross-transect, D)  day 4, fourth cross-transect.  The symbols + and × represent 

data from the two probe deployments and the symbol  represents the water samples. 
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Fig. 3.7: Percentage of the rates of change of the different processes for DO, Chl a and 

nitrogen species. The 100% corresponds to the sum of the absolute values of  |ΔΦ/Δt| 

+|ΔΦhor diff| + |ΔΦvert mix|+|ΔΦbiol|. The symbol + represents the material change,  

represents the horizontal diffusion,  represents vertical mixing and  represents 

biogeochemical processes. 
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Fig. 3.8: Estimate of residual terms of DO (mg O L-1 hr-1), Chlorophyll a, (µg Chla L-1 

hr-1), NH4 (µmoles N L-1 hr-1), NOx (µmoles N L-1 hr-1), TDN (µmoles N L-1 hr-1) and F) 

TN (µmoles N L-1 hr-1). 
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Chapter 4 
 

Phytoplankton patchiness and their role in the modelled productivity of a large, 

seasonally stratified lake3 

 

Abstract 

Phytoplankton concentration in Lake Kinneret (Israel) varies up to10-fold in 

space and time, with horizontal patches ranging from a couple of kilometres to a basin 

scale. Previous studies have used a 1D model to reproduce the temporal evolution of 

this lake. The question that arises is how appropriate is a 1D approach to represent the 

dynamic of a spatially heterogeneous system, where there are non-linear dependencies 

between variables. Field data, numerical models and an analytical method are used to 

understand the role of spatial variability expressed as phytoplankton patchiness.  A N-P-

Z model is coupled to both a 1D and a 3D model and the results are used to investigate 

the effect of incorporating horizontal spatial variability in forcing and free mechanisms 

for the growth of patterns in the modelling of primary production.  A 1D diffusion-

reaction equation identifies horizontal diffusion as the main mechanism that moulds the 

growth of the patterns in the field and in the model. This equation is used to establish 

that scales of patterns predicted by the 3D numerical model compare well with field 

data. L=(k/µ)0.5 yields a length scale that characterises the patterns in this confined 

system and is used as a criterion for the appropriateness of the one-dimensionality 

assumption. Total chlorophyll from both models shows similar behavior when the 

variability in the 3D model, expressed as Chlamax/Chlamin, is low. When Chlamax/Chlamin 

is high, the difference between the biomass predicted by the two models reaches 30% 

due to the generation of localised patches. Comparison of the 1D and 3D results 

highlights the need of using models that are able to resolve the spatial complexity to 

some extent, as the use of averaged properties may produce misleading results. This is 

especially important in the presence of patches with differential physiological and 

biogeochemical characteristics, and of non-linear processes, in which case biomass 

average is not necessarily linearly related to the averaged environment.  

 

                                                
3 Chapter 4 was submitted to Ecological Modelling on 12 September 2006 under the 
title “Phytoplankton patchiness and their role in the modelled productivity of a large, 
seasonally stratified lake” by I.Hillmer. P. van Reenen,  J. Imberger and T. Zohary. 
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4.1. Introduction  

 

Phytoplankton heterogeneity is a prominent feature of aquatic ecosystems and has 

been observed ranging in space from centimeters to the basin scale, and in time from 

seconds to years. Some of the proposed mechanisms for its formation include: 

accumulation due to flow regimes interacting with the mobility of the species (Franks, 

1997; Bees et al., 1998), nonlinear interaction between phytoplankton and zooplankton 

(Steele and Henderson, 1992; Vilar et al., 2003), and external forcing such as change in 

nutrient and light regimes leading to differential growth. An important aspect of the 

appearance of patches is that they may reflect the formation of niches for different 

species as a result of complex spatial variability of the underlying environment. These 

niches control the diversity of the system by allowing coexistence of species and by 

affecting, in turn, the diversity of assemblage of higher trophic levels (Hutchinson, 

1961).  

The incorporation of spatial heterogeneity may play an important role in the 

success of an ecological assessment. In monitoring campaigns, the sampling strategy 

should be designed to capture the scales of any patches (Dutilleul, 1993; Hillmer and 

Imberger, 2006) and a few point samples may be misleading. When modelling aquatic 

ecosystems, allowing for spatial heterogeneity seems to be a key factor in the evolution 

of a natural system and its response to external forcing. Hillmer and Imberger (2007) 

showed that capturing the variability in an open system was essential to assess the effect 

of a sewage discharge without the interference of boundary advective fluxes. Murray 

(2001) showed that spatial scales become more important in the response of the 

ecosystem as the rate of nutrient input increases; and Brentnall et al. (2003) highlighted 

the role of patches and their scales in increasing productivity.  

The relevance of spatial variability in biomass growth has been already 

recognised; localised high concentration may be more important than the basin average. 

Even though these connections are well established, the use of complex models to 

reproduce the behavior of aquatic systems is rare. Such models require more data to run 

(Brentnall, 2003), the calibration and interpretation processes are made difficult by the 

requirement of intense spatial data sets (Jørgensen, 1994) and run times are normally 

longer than simpler models.  

Spatial heterogeneity is especially important if non-linear processes occur in the 

system (Murray, 2001). For example, the growth rate of a species predicted from the 

basin-scale average of all the dependent variables is not necessarily equal to the average 
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of the actual growth rate computed on a point-by-point basis. Biogeochemical rates 

depend on patch properties and the model calibration process is subject to the temporal 

variation of patterns in each study site. Thus, the ecological parameters are intimately 

dependent not only on the relevant physiological processes, but also on the physical 

processes determining patchiness. This is an important issue when a set of parameters 

has been chosen to match field data with a one-dimensional model. As a result, this may 

yield misleading values of ecological parameters, and hence of rates of internal 

processes. And this, in turn, may lead to misinterpretation of the dynamic of a system. 

 In this study, Lake Kinneret is used to investigate the effect the role of spatial 

variability and its impact on numerical predictions. This is study is carried out by 

comparing results from a 1D and a 3D model. An extensive field sampling program in 

1999 and 2000 constitutes the basis to study the patches. The numerical results are 

compared with the field data to check the performance of the models. Scaling analysis 

and the solution of a 1D reaction-diffusion equation is used to investigate and to 

illustrate the characteristic features of the phytoplankton patterns in the field and in the 

three-dimensional model. The objective of this study is by no means to reproduce 

accurately the field data. This study rather intends to understand the implications of 

using a 1D model to predict primary production in the presence of spatial variability. 

 

4.2. Site description 

 

Lake Kinneret, Israel, has a surface area of 174 km2, and an average depth of 24 

m (Pollingher and Berman, 1975). It is pear-shaped, with the deepest point in the 

middle and a gentle slope on the western and southern shores (Fig. 4.1a). The lake is 

monomictic; temperature stratification begins in April, and persists through spring, 

summer and autumn, with turnover in January (winter). The Jordan River supplies ca. 

60% of the inflowing water and ca. 70% of the nutrient loading. Its flow peaks in late 

winter and declines to a minimum in summer (June, July and August; Mero, 1978). In 

addition to this river, there are several small freshwater and thermohaline streams 

situated around the shore of the lake (Fig. 4.1a). 

The phytoplankton assemblage and biomass in Lake Kinneret varies seasonally 

(Berman et al., 1992). The most noticeable is the dinoflagellate Peridinium gatunense 

which forms a typical, intense and high-biomass bloom in spring of most years.  Other 

bloom-forming species have been the diatom Aulacoseira granulata (which blooms in 

winter of some years), the colony-forming coccid cyanobacterium Microcystis 
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aeruginosa, and in recent years also nitrogen fixing cyanobacteria such as 

Aphanizonmenon ovalisporum and Cylindrospermopsis cuspis which bloom in summer-

fall (Zohary, 2004a).  In addition to those bloom-forming species, the lake hosts a 

diverse assemblage of non-blooming species, mostly nanoplanktonic species belonging 

to the Chlorophytes, Cyanobacteria, Diatoms, Cryptophytes and Dinoflagellates. The 

phytoplankton distribution varies spatially, especially during Peridinium blooms; 

patches of Peridinium gatunense ranging from 1-2 km in diameter (Berman and Rodhe, 

1971) to basin scale (Pollingher and Berman, 1975; Yacobi et al., 1995) have been 

reported. 

The Kinneret zooplankton consists of predatory taxa (adult copepods, predatory 

rotifers), large herbivores/macrozooplankton (cladocerans, copepodites) and small 

herbivores or ‘microzooplankton’ (copepod nauplii, most rotifers, ciliates, heterotrophic 

flagellates).  

 

4.3. Methods 

 

4.3.1. Field data 

 

The Kinneret Limnological Laboratory (KLL) of the Israel Oceanographic & 

Limnological Research has collected water quality data as part of a routine monitoring 

program. KLL has supplied data for ammonium (NH4), nitrate (NO3), total dissolved 

phosphorus (TDP), soluble reactive phosphorus (SRP), total nitrogen and total 

phosphorus at weekly intervals on discrete-depth water from stations A, D and G, and 

also fortnightly from station K (Fig. 4.1b). Phytoplankton cell counts were conducted 

fortnightly on water samples from 10 discrete depths at station A. Nutrient 

concentrations were determined by methods outlined in APHA (1992) and 

phytoplankton samples were preserved with acidified Lugol’s solution and counted 

using the Utermohl (1958) method as described by Zohary (2004a).  In 1999-2000, the 

Mekorot Water Company collected nutrient (NH4, NO3, TDP, SRP, total nitrogen, total 

phosphorus) and chlorophyll at different stations and at discrete depths. Samples were 

collected monthly at 33 stations until April 2000 and fortnightly at 16 stations 

afterwards (Fig. 4.1b).  
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4.3.2. Numerical models  

 

4.3.2.1. Ecological model 

 

The Computational Aquatic Ecosystem Dynamics Model (CAEDYM) is coupled 

with the 3D hydrodynamic model, Estuary and Lake Computer Model (ELCOM), and 

the 1D hydrodynamic model, Dynamic Reservoir Simulation Model (DYRESM). The 

coupled models simulate the hydrodynamic, nutrient cycles and food web dynamics in 

the lake. The ecological model is based on the ‘N-P-Z’ (nutrient-phytoplankton-

zooplankton) type, but it also includes comprehensive descriptions of carbon, nitrogen, 

phosphorus, oxygen and silica. CAEDYM is a complex model and only a brief 

description is given here; more information can be found in Bruce et al. (2006).   

The model includes a range of biological state variables including 5 

phytoplankton, 3 zooplankton and 1 group of heterotrophic bacteria. The five groups of 

phytoplankton modelled in this study are ‘Peridinium’ (the dinoflagellate P. gatunense), 

‘Microcystis’ (M. aeruginosa), ‘N2-fixing cyanobacteria’ (Aphanizonmenon 

ovalisporum and Cylindrospermopsis cuspis), ‘nanophytoplankton’, and ‘diatoms’ 

(Aulacoseira granulate). The phytoplankton dynamics is characterised by growth, 

mortality, excretion, respiration, grazing, settling and resuspension. Growth was limited 

by nitrogen, phosphorus and light (and silica in the case of diatoms). The model uses a 

dynamic intracellular store for nitrogen and phosphorus that regulates the growth rate. 

Phytoplankton is modelled as carbon converted into chlorophyll using constant C:Chla 

ratios (= 67, 150, 27, 45 and 32 mg C (mg Chla)-1 for Peridinium, Microcystis, N2-

fixing cyanobacteria, nanoplankton and diatoms, respectively). The vertical migration 

and settling is defined differently for each group. Peridinium and Microcystis have the 

capacity to move vertically along the water column. Their vertical migration is 

regulated by the need for light and nitrogen (Kromkamp and Walsby, 1990). N2-fixing 

cyanobacteria and nanoplankton follow Stoke’s law that allows for changes in 

intracellular density. The diatoms group is assigned a constant settling velocity.  

Three groups of zooplankton, defined by their ecological role, are configured. 

They are the predators, large herbivores, and microzooplankton. Each zooplankton 

group is characterised by feeding (predation or grazing), mortality, respiration, egestion 

(fecal pelets) and excretion. Each group is assigned a feeding preference for each of the 

5 phytoplankton groups, the other zooplankton groups, detrital material and bacteria. 

The predators feed on all of the other zooplankton groups while the large herbivores 
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graze mainly the nanoplankton. The microzooplankton consumes particulate organic 

carbon and bacteria.  

The organic and inorganic forms of carbon, nitrogen, phosphorus and silica cycles 

are modelled as both filterable and particulate pools. In general terms, the processes 

affecting nutrients are: dissolved sediment fluxes, particle resuspension, particle 

settling, organic particle decomposition, dissolved organic mineralisation, 

adsorption/desorption of dissolved inorganic nutrient to inorganic particles, mortality 

and excretion from aquatic flora and fauna, autotrophic uptake of dissolved inorganic 

nutrients and respiration by algae, zooplankton and bacteria. Atmospheric gas exchange 

between dissolved carbon dioxide and the atmosphere is also explicitly modelled. 

The parameters for the ecological model were obtained both from experimental 

analysis on phytoplankton (Zohary, 2004b) and zooplankton (Hambright et al., 2001) in 

Lake Kinneret, and from the literature. The following parameters were measured 

experimentally for each of the 5 phytoplankton groups simulated: phosphorus uptake 

kinetics parameters (turnover time, maximum uptake rate, bioavailable P), growth rate 

as a function of water temperature and related parameters (optimum temperature, 

maximum temperature, Q10 ), cellular quotas of C, N, P, Chl a, dry weight and wet 

weight. In-situ nitrification rates were measured using 15N. Measurements of bacterial 

abundance, size and biomass, production and respiration rates were also conducted. The 

ecological parameters used in this study were set after a sensitivity analysis of the 

parameters was carried out using the 1D model simulations over a 2–year period (1997 

to 1998; M. Hypsey, personal communication, 2006; Zohary et al., 2006).  

 

4.3.2.2. Hydrodynamic models 

 

DYRESM is a pseudo 1D Lagrangian layer model, where 3D processes are 

accounted for with parametric descriptions (Yeates and Imberger, 2004). Layers have 

uniform properties and the thickness of the layers vary between user-defined limits 

(Imberger and Patterson, 1990). Surface layer mixing is the result of wind stirring, 

convective overturn and wind shear, while internal mixing depends on the value of the 

Lake Number (Imberger and Patterson, 1990). The inflows are modelled by adding the 

input to the appropriate layer, with the specified temperature, salinity and water quality.  

The 3D model, ELCOM, solves the hydrostatic, Boussinesq, Reynolds-averaged 

Navier Stokes and scalar transport equations with an eddy-viscosity approximation for 

horizontal turbulence (Hodges et al., 2000). ELCOM uses a conservative ULTIMATE 
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QUICKEST scheme for scalar transport, an Euler-Lagrange scheme for advection of 

momentum, and a semi-implicit method for free surface evolution (Laval et al., 2003). 

Following Laval et al. (2003), a filter is applied to correct for vertical mixing due to 

numerical diffusion. In this case, the filter is calibrated using field data. For these 

simulations, ELCOM-CAEDYM is run on a grid of 400x400x1m and a time step of 5 

minutes. 

In Lake Kinneret, horizontal transport in the surface layer has been found to be 

dominated by internal wave motions over scales of days. For longer periods, horizontal 

shear dispersion due to wind forcing was the dominant mechanism (Stocker and 

Imberger, 2003). The combination of these processes yielded a horizontal dispersion 

coefficient of 17.1 m2s-1 over the stratified period (Stocker and Imberger, 2003). This 

value is applied in ELCOM from April to December when the water column is 

stratifying and stratified. When the water column is mixed (January to March), the 

mechanism that contributes to enhance the dispersion coefficient no longer exists and a 

reduced value is expected. For this period, the dispersion coefficient is set to 0.2 m2s-1 

for a grid cell of 400 m (Okubo, 1971).  

The same ecological parameters are applied in the simulations with the 1D and 3D 

hydrodynamic model. The simulations are carried out for a period of 160 days, starting 

in November 1999; from the end of the stratified period to the onset of the stratification 

period in spring. The simulations are carried out with only one inflow, the Jordan River. 

The Mekorot data are used for the initial conditions, after averaging them over the 

sampling stations. Temperature data collected at station A is used to initialize the model 

runs. Meteorological data from Tabha, 1km offshore from KLL, is used to force the free 

surface. 

 

4.3.3. Analytical model 

 

Patchiness of phytoplankton can occur with different patterns and length scales 

depending on the underlying physical mechanisms that affect their evolution. For 

instance, bands of dense concentration of organisms are characteristic of internal wave, 

while sharp transitions may be generated by fronts (Chifftings and McComb, 1981; 

Franks, 1997). Several studies, using constant growth rate (KiSS model; Kierstead and 

Slobodkin, 1953; Hillmer and Imberger, 2007) and non-linear dynamic population 

(Steele and Henderson, 1992; Brentnall, 2003), have shown the role of diffusion and 
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biological processes in determining the length scale of the patterns, as their relative 

importance varies. 

The analytical solution of the 1D diffusion-reaction equation is used to investigate 

the underlying mechanisms responsible for patchiness in Lake Kinneret and to assess 

the role of the biogeochemical and dispersive processes. A least-squares fit of this 

analytical solution to the concentration gradient of the patches, observed in the field and 

in the 3D simulation, is applied. The analytical solution in a still water column, with the 

initial condition defined by a Dirac delta function, is given by (Hillmer and Imberger, 

2007):  

    
C*(! ," ) =

M*

4#"
exp($ (! )2

4" )exp(" )  (4.1) 

 where ξ = x/L, τ = t /T and C*=C/C0 are the scaled variables, x is the spatial coordinate, 

t  the time, C the phytoplankton concentration and C0 (µg Chla L-1) is the maximum 

concentration. The characteristic length and time scales have been chosen as L = (k 

/µ)1/2 and T = 1/µ respectively, where k is the diffusion coefficient and µ is the net 

growth rate. The slug of mass, M* = M/C0, is introduced initially at the origin. 

The analytical solution (eq.(4.1)) is evaluated at τ = 1, the time equal to the 

growth time scale, 1/µ. A value of 17 m2s-1 for the dispersion coefficient is used for data 

between April and December. For the rest of the time, the coefficient is estimated as a 

function of the scales of the patches (Okubo, 1971). The concentration gradient is 

obtained by estimating an effective radius for a specific concentration after subtracting 

the background concentration. The effective radius is calculated as the square root of 

the area of a closed contour associated with the specific concentration. The boundary of 

a patch is defined arbitrarily as the distance at which the concentration was 30% of the 

maximum. A patch-averaged net growth rate is obtained as a result of the least-squares 

fitting process. 

 

4.4. Results and discussion 

 

4.4.1. Spatial patterns 

 

Several mechanisms may explain the origin of phytoplankton patches in Lake 

Kinneret (Fig. 4.2). For instance, field observations showed that the Jordan river flow 

was concentrated along the western shore of the lake. This behaviour of the flow is due 

to the action of the Coriolis forcing that generates a counterclockwise circulation in the 
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lake (Serruya, 1974). 3D simulations with a conservative tracer corroborated this 

behavior (not shown). Thus, the Jordan River acting as a source of nutrients enhances 

the productivity along the western side during the late winter months. Another factor 

that may favour heterogeneous conditions is light. Light is a limiting factor for growth 

when the depth of the mixed surface layer is larger than the trophogenic depth. In this 

case, the phytoplankton assemblage does not have sufficient light for growth as they are 

mixed down in the water column (Huisman et al., 1999; Ptacnik et al., 2003). In this 

lake, light appeared more available near the western shore of the lake where the surface 

layer was consistently shallower due to the westerly winds. Motile species are also 

likely to cause patchy conditions, since their movement capabilities make them less 

susceptible to vertical shear and thus feel a smaller rate of horizontal dispersion. In 

summary, the effect of the Jordan River, the spatially variable light limitation and the 

presence of motile species represent sources of spatial variability in this lake. 

Field data and 3D numerical results, averaged over the upper 10 m of the water 

column, are analysed to determine the characteristic length scale of the patterns and to 

identify the main processes involved in their evolution. The results of the least-squares 

fit  (Table 4.1; Fig. 4.3) show that patches from both the field and the 3D model have a 

very similar characteristic size, proportional to the square root of the diffusivity. In the 

field, the size of the patches varies approx. between 4.5 km and 9 km without any 

seasonal trend (Table 4.1). This lack of seasonal variation is attributed to the 

correspondence between low values of growth rate and diffusion coefficient, during the 

non-stratified period, and high values of growth rate and diffusion coefficient, during 

the stratified period (Berman and Pollingher, 1974; Serruya, 1975). The 3D simulation 

shows patches varying from 1.5 km to 7 km, with smaller patches during the non-

stratified period. This analysis yielded an almost constant growth rate during the 

simulation period (Table 4.1).  Overall, the results show that the 3D model is able to 

capture the scale of the patterns by properly reproducing the role of horizontal diffusion 

and biogeochemical processes in their formation. From this analysis, the horizontal 

dispersion coefficient and the rate of phytoplankton growth appear to control the size of 

the patches, whereas, as mentioned above, different mechanisms may influence the 

degree of patchiness and the geographic location within the lake.  

The analysis shows that L=(k /µ)1/2, the length scale at which diffusion balances 

the growth rate, characterises the size of the patches with values between one to three 

times L. This parameter can be used to estimate the response of a system to a 

perturbation by distinguishing different kind of patterns’ evolution. For instance, when 
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k /µ →(basin scale)2, a patch generated by an external forcing would be eventually 

limited by the basin scale. In contrast, when k /µ << (basin scale)2, a patch would tend 

to grow locally in a confined area. Hence, L can be used as a criterion to validate the 

assumption of the one dimensionality of phytoplankton patchiness: if L is much larger 

than the basin scale, the system is expected to be characterised by a homogeneous 

horizontal concentration. In the case of Lake Kinneret, the 1D assumption, valid when k 

/µ >> (basin scale)2, does not appear to be appropriate. However, the potential impact of 

applying this assumption on productivity is assessed in the next sections. The 

comparison between a 1D and a 3D model is used to address the issue of differences in 

the patterns’ behaviour imposed by the relationship between diffusion and 

phytoplankton growth.  

 

4.4.2. Comparison of results between the 1D and 3D numerical models 

 

Phytoplankton biomass in Lake Kinneret is generally dominated by the 

dinoflagellate Peridinium gatunense in spring (Berman and Pollingher, 1974). But from 

November 1999 to October 2000, the phytoplankton biomass appears to consist mainly 

of nanoplankton, with Peridinium as the second group, according to KLL data (not 

shown). The numerical results from both models, averaged over the upper 10 m of the 

water column, maintain overall the dominance of nanoplankton and Peridinium over the 

other phytoplankton groups (Fig. 4.4). However, the results show some difference 

between the two models, especially after Feb. In this second half of the simulation 

period, the biomass of nanoplankton and Peridinium grows higher in the 1D than in the 

3D model, and by March the motile species clearly dominate in the 1D simulation.  

In the 1D model, the total chlorophyll (Chl a), averaged over the 10 m surface 

layer, remains constant with time (after the spin-up of the model) until March (Fig. 

4.5a). Afterwards, the Chl a begins to increase due to the increase in the biomass of 

Peridinium and Microcystis (see Fig. 4.4b and c). These species produce a vertical 

gradient as it can be concluded from the difference between maximum, mean and 

minimum Chl a in the upper 10 m of the water column. In the 3D simulation, two 

periods can be observed (Fig. 4.5b). During Nov and Dec, the average concentration of 

Chl a remains stable (after the spin-up of the model) with a low variability expressed as 

Chlamax/Chlamin < 3, where Chlamax and Chlamin are the maximum and minimum Chl a 

concentration in the upper 10 m of the surface layer. During the second period (Jan to 

April), Chl a has a peak concentration in January that coincides with the increase in the 
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nutrient input from the Jordan River. Then, the mean concentration decreases again to 

reach a new lower stable value, while the variability, Chlamax/Chlamin, increases to 28. 

Unlike the 1D simulation, the increase of the Peridimnium and Microsystis when the 

stratified period begins is not observed. From Fig. 4.5c, it is possible to observe that the 

predicted mean chlorophyll concentration is similar for both models, and also compare 

well with field data (monthly averaged over the 10 m surface layer) for the first two 

months. For the remaining months, however, these three data sets clearly diverge. 

To gain insight into the reasons for the difference in Chl a between the two 

models, the temperature structure, the nutrient concentration in the water column and 

the physiological condition of the phytoplankton is investigated. Comparison between 

the vertical temperature profile of the 1D simulation and of the station A in the 3D 

simulation (see Fig. 4.1 for location) shows that both models present a similar temporal 

evolution, with some differences during March and April, when the thermocline 

deepens and the surface temperature increases (Fig. 4.6b and c). Although these 

differences could lead to different turbulent conditions, and hence, affect the 

development of Peridinium (Pollinger and Zemel, 1981; Thomas and Gibson, 1990), 

this factor does not seem to provide a satisfactory explanation for the divergence in the 

Chl a concentration. In addition, both models’ result agree well with field data from 

station A (Fig. 4.6).  

 The simulated concentration of ammonium (NH4) and nitrate (NO3) from both 

models and field data, all averaged over the 10 m surface layer, follow a similar trend 

(Fig. 4.7). In contrast, the concentration of phosphorus (PO4), averaged over the 10 m 

surface layer, is larger in the 1D than in the 3D simulation during Nov and Dec, 

although become similar during the Jordan River inflow period (Fig. 4.8). Both 

numerical results yield values of phosphorus (PO4) between 1 to 2 orders of magnitude 

smaller than the observed in the field data. Discrepancies on the phosphorus data 

between field and numerical results have also been obtained in previous studies. Louise 

et al. (2006), using a different configuration for the coupled DYRESM-CAEDYM (1D 

model), also obtained a poorer match in the phosphorus data than in the rest of the 

variables when replicating the field data. In this regard, the quality of the phosphorus 

analysis by Mekorot at low concentrations in the surface waters has been questioned. 

Hence, for the purpose of this study the results obtained here are considered acceptable. 

In any case, the low concentration of PO4 suggests that it is cycled rapidly through the 

biota in the water column. 
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The physiological condition of the phytoplankton is studied by analysing the 

phosphorus limitation function, averaged over the upper 10 meters of the water column. 

Phosphorus is chosen since this is the main limiting nutrient for the main phytoplankton 

group (nanoplankton and Peridinium). The limitation function is given by: 
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where IP is the internal phosphorus concentration, and IPmax and IPmin are the higher 

and lower parameters for the internal phosphorus concentration. During Nov and Dec, 

both the mean and the maximum value for the limitation function in the 3D model are 

equal or lower than the mean value obtained from the 1D model (Fig. 4.9). This 

situation is reflected in the total chlorophyll; mean and maximum values from the 3D 

model are equal or lower than the 1D results. The lower phosphorus availability in the 

3D model seems to be accounted for by the lower phosphorus concentration during this 

period (Fig. 4.8).  

During the remaining months (Jan – Apr), the situation is clearly different. 

Phosphorus from the Jordan River was incorporated in the system producing an abrupt 

increase in the averaged limitation function in both models (Fig. 4.9). The implications 

of this increase are only apparent in the chlorophyll concentration of the 3D simulation 

(Fig. 4.5). In this case, the Chl a increases is due to the response of the nanoplankton, 

since the biomass of Peridinium is not affected. After this peak, the mean limitation 

function decreases in both phytoplankton groups, and in both models. However, a high 

maximum limitation function remains in the 3D simulation. The results also shows that 

both group of phytoplankton present different physiological conditions, with 

nanoplankton the most phosphorus limited in both models, and thus the more 

susceptible to changes in phosphorus availability. A comparison between conservative 

tracer and phosphorus behavior (not shown) shows that the nutrients entering the system 

are taken up very fast, before being dispersed, which make them unavailable to the rest 

of the lake. This results in a localised effect that is especially evident in the 

nanoplankton behaviour. Thus, the input from the river leads to an increase in the 

limitation function (or a decrease in phosphorus limitation) that explains the behaviour 

of the maximum and mean limitation function described previously. 

To understand the dynamic of the formation of patches, their characteristics are 

analysed in terms of the physiology of the phytoplankton constituting them. The spatial 

correlation coefficient between the chlorophyll concentration and their phosphorus 

limitation function, obtained from the 3D simulations, is calculated to assess their 
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relationship (Fig. 4.10). Both biomass and limitation function are averaged vertically 

over the upper 10 m of the water column. In particular, nanoplankton and Peridinium 

biomass, as the main phytoplankton group, and their phosphorus limitation function are 

analysed. In the case of nanoplankton, the results show that, except from Dec to middle 

Jan (after the spin-up period) when the correlation reaches very low values, patches 

with higher chlorophyll concentration are associated with higher limitation function, or 

equivalently, lower internal phosphorus limitation. The low correlation, during Dec and 

Jan, indicates that nutrients are not an important factor and patches arise by other 

mechanisms, whereas the increase in nutrients due to the Jordan River seems to have 

generated the increase in Chl a. As for Peridinium, the situation is completely different 

(Fig. 4.10); there is a low and negative correlation between internal availability of 

phosphorus and the occurrence of patchiness during most of the simulation period. This 

implies, again, that there are other factors, rather than phosphorus, triggering the 

generation of patches (for instance, their motility), even though the increase in the 

phosphorus input from the river affected the Peridinium evolution, to some extent, as 

the evolution of the limitation function suggested.  

In summary, the Chl a from the two models shows overall similar trends, although 

there are some differences, especially in the second half of the simulation period. 

During the first period (Nov – Jan), the effect of the internal cycling is more important 

than the effect of the external input. Also, there are no major patches in terms of 

concentration or variability. Therefore, the observed differences could be attributed 

mainly to intrinsic differences, that is, to differences in the internal processes in the 

modes due to spatial variations in the lake given by the set-up. These differences, 

however, could be considered low in practical terms, and also considering the 

uncertainties associated with some ecological parameters in the model. In the second 

period, the nutrient input becomes more important. The input from the Jordan River 

proves to be a source of patchiness, increasing the degree of heterogeneities in terms of 

variability, that added to the intrinsic differences observed between the two models in 

the first period, results in a higher divergence between the 1D and the 3D results. In this 

study, we focus on the second source of differences expressed as phytoplankton 

patchiness. 
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4.4.3. Effect of different mechanisms of constraints in primary productivity: 1D v/s 

3D 

 

The occurrence of patches requires two conditions: a forcing mechanism and a 

free mechanism for the growth of patterns. The forcing mechanism refers to an external 

forcing or perturbation that generates the differential concentration. The free mechanism 

controls the evolution of the patches; for instance, dispersion acting against the 

formation of patterns is balanced by the phytoplankton growth to maintain them. The 

3D and 1D approaches differ radically in the way that forcing and free mechanisms are 

modelled. In the 1D approach, forcing is spatially uniform and diffusion acts rapidly 

enough to stop patches from forming. The implications of this lack of horizontal 

heterogeneity in the 1D approach for primary productivity are investigated by analyzing 

the extent of variability in the system as a function of the difference between the Chl a 

from the 1D and 3D simulations (Fig. 4.11a). Low differences between the two models 

(< 2 µg (Chla)L-1) correspond to low variability (Chlamax/Chl min < 5). Differences 

between the two models from 2 to 6 µg (Chla)L-1 correspond to a variability between 5 

to 28. And high differences between the two models (6 to 10 µg (Chla)L-1 ) are 

associated with medium variability varying from 5 to 15.  

The difference, as explained before, during the low variability period is attributed 

to intrinsic differences between the models, and yields a value of 1.5 µg (Chla)L-1. This 

value is calculated during Dec when the concentrations showed a stable behavior. It is 

assumed that this value represents the background or intrinsic difference during the rest 

of the simulation (Fig. 4.11b).  During the period with high variability, i.e. from Jan to 

March, when the difference may be associated only with the heterogeneity caused by 

the nutrient input, the mean difference in concentration of chlorophyll between the 1D 

and the 3D model is 2.5 µg (Chla)L-1  (above the intrinsic difference calculated). This 

represents a reduction in concentration of almost 30% over the 1D results. During the 

last period, a mean difference in concentration of 5 µg (Chla)L-1 is observed, 

representing  a 40% reduction over the 1D results. In this case, though, the difference 

originate from the capability of the motile species (Peridinium) to migrate and grow in 

the 1D model, by taking advantage of the changes in the temperature and stratification. 

The 3D model could not reproduce this situation as the nutrient-limited physiological 

condition is much higher and thus the phytoplankton is unable to recover even under 

favorable physical conditions.   
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4.5. Conclusions  

 

 It is shown that the horizontal diffusion plays a key role in the patches’ 

evolution in Lake Kinneret. The input from the Jordan River is a strong source of 

patchiness, while the motility of phytoplankton is shown to combat horizontal shear 

dispersion and thus lead to smaller patches.  

Differences in the forcing and free mechanisms of patterns’ growth may lead to 

different results when modelling primary productivity. Results from the 3D and the 1D 

approach applied in Lake Kinneret present differences (30%) in the basin scale 

averaged chlorophyll concentration, using the same ecological model parameters. 

Results suggest that the variability due to the formation of marked patches plays a role 

in these differences. Although these differences may not be considered dramatic for the 

simulation period of this study, they highlight the fact that the 1D and 3D models 

diverge. And this divergence becomes evident during the period when patches presented 

more variability due to a very localized input source. In addition, an important point that 

needs to be mentioned is that this divergence could be increased as the simulation is 

extended. This could lead to totally different scenarios, with different Chl a 

concentration and different phytoplankton composition, as it is observed during the last 

month of the simulation.  

As mentioned before, the question that arises is how appropriate is a 1D model to 

study the dynamic of a heterogeneous system. The results in this study indicate that, 

even though a 1D model may satisfactorily reproduce the vertical temperature 

characteristic in a lake, this is no guarantee that such a model is satisfactory for 

simulating ecological behaviour. Satisfactory results can not be achieved, unless the 

ecological parameters are calibrated for each condition imposed by physical processes. 

The calibration processes implicitly incorporates the effect of the presence of patchiness 

caused by physical factors into the physiological description of the state variables in the 

ecological model. Clearly, such a procedure is good for interpolating lake behaviour, 

but will produce poor results when used to extrapolate the ecological response of a lake 

to a new type of forcing. 

Finally, in this study the length scale given by (k/µ)0.5 appeared as a criterion to be 

used to estimate the capability of the system to generate patches and assess the 

appropriate approach. However, the differential concentration that may result from the 

patches generation required a 3D model simulation to assess the quantitative impact on 

the total biomass. 
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Table 4.1: Characteristic of patches in the field and in the 3D model. k represents the 

diffusion coefficient, µ is the growth rate, T is the growth time scale, r2 is the correlation 

coefficient, L is the length scale and Lp represents the size of the patch. 

 
 Sampling time k 

(m2s-1) 
µ 

(d-1) 
T 

(d) 
r2 L 

(km) 
Lp 

(km) 
Field data 31/10/1999 17 0.11 9.1 0.98 3.7 8.6 

 31/10/1999 17 0.43 2.3 0.99 1.8 4.4 
 28/11/1999 17 0.41 2.4 0.98 1.9 7.7 
 2/1/2000 17 0.06 16.7 0.98 4.9 9.3 
 1/2/2000 6.3 0.07 13.9 0.97 2.7 7.9 
 28/2/2000 6.8 0.05 20.4 0.97 3.5 7.8 
 4/4/2000 17 0.4 2.5 1.00 1.9 4.6 
 1/5/2000 17 0.12 8.3 0.99 3.5 7.9 

3D model 12/12/1999 17 0.15 6.7 1.00 3.1 7.2 
 31/12/1999 17 0.12 8.3 0.998 3.5 7.1 
 16/1/2000 2.3 0.22 4.5 0.92 1.0 3.4 
 8/2/2000 0.9 0.23 4.3 0.98 0.6 1.5 
 19/3/1999 1.7 0.19 5.3 0.97 0.9 2.6 
 22/3/1999 17 1.4 2.9 0.99 1.0 2.7 
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Fig. 4.1: Bathymetry of Lake Kinneret (35°30′, 32°40′N) and sampling stations. a) 

Contours referenced to mean sea level, and locations of stream inflows and withdrawals  

(NWC and Deganya) and b) sampling station locations of the Mekorot Water Company 

and Kinneret Limnological Laboratory. 
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Fig. 4.2: Field chlorophyll concentration averaged over the upper 10m of the water 

column. a) 31 October 1999, b) 1 February 2000, c) 1 May 2000 and d) 18 July 2000. 

Field sampling stations are marked by a dot. 
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Fig. 4.3: Comparison of patch characteristics from field data and 3D simulation using a 

1D diffusion-reaction equation (eq. (4.1)) on: 31 Oct 1999 (●, field data), 12 Dec 1999, 

(○, model results), 1 Feb 2000 (■, field data), 8 Feb 2000 (□, model results), 4 April 

2000 (▲, field data) and day 22 March 2000 (△, model results).  
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Fig. 4.4: Comparison of phytoplankton biomass between simulations with the 1D 

(dotted line) and the 3D (thick line) model. a) nanophytoplankton, b) Peridinium, c) 

Microcystis, d) N2 fixing cyanobacteria and e) diatom. 
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Fig. 4.5: Temporal evolution of total chlorophyll over the 10-m surface layer expresses 

as: a) volume-averaged (thick line) minimum (thin line) and maximum (dotted line) 

calculated for the 3D model, b) volume-averaged (thick line) minimum (thin line) and 

maximum (dotted line) calculated for the 1D model and c) comparison between 1D 

model (dotted line), 3D model (thick line) and field data ().  
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Fig. 4.6: Vertical temperature structure at station A. Comparison between a) field data, 

b) 3D simulation and c) 1D simulation.  
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Fig. 4.7: Comparison between numerical results from the 1D (thin line) and the 3D 

(thick line) simulations for ammonium (NH4) and nitrate (NO3) averaged over the upper 

10 m of the water column. The symbol  represents field data averaged monthly of the 

spatial sampling.  
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Fig. 4.8: Temporal evolution of the phosphate concentration in the lake and phosphate 

from the Jordan River. a) Comparison between numerical results from the 1D (thin line) 

and the 3D model (thick line) for phosphate (PO4) averaged over the 10 m surface layer. 

The symbol  represents field data averaged monthly over the spatial sampling 

arrangement. b) Input of (PO4) from the Jordan River. 
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Fig. 4.9: Temporal evolution phosphorus limitation function in the 10-m surface layer. 

Volume-averaged (thick line), minimum (dotted line) and maximum (◆) calculated 

from the 3D numerical results and volume-averaged calculated from the 1D numerical 

results (thin line) for a) nanoplankton and b) Peridinium.  
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Fig. 4.10: Temporal evolution of the correlation coefficient between phytoplankton 

biomass and its limitation function calculated from the 3D simulation. Nanoplankton is 

represented by a thick line and Peridinium by a thin line. 
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Fig. 4.11: Effect of patches in modelled phytoplankton concentrations. a) Temporal 

evolution of the difference in total chlorophyll between the 1D and the 3D model in the 

10-m surface layer and b) intensity of variability (Chlmax/ Chlmin) in the 3D model 

results in the 10-m surface layer as a function of the difference in total chlorophyll 

between the 1D and the 3D model in the 10 m surface layer. The symbol (--) represents 

the mean of the background difference.  
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Chapter 5  
 

Conclusions 
 

 Understanding the dynamics of an aquatic ecosystem is essential for water 

quality assessment and management purposes. Gaining insight into the ecosystem 

dynamics necessary implies to identify the formation of patterns and their characteristic, 

the processes controlling the evolution of the patterns and the system and the flux paths 

of energy and mass. In this way, it is possible to acquire a better understanding of the 

critical aspects of the ecosystem function, for instance, in terms of its vulnerability and 

response to external disturbances. This thesis shows that these aspects are intimately 

related and that to be able to represent correctly the biological processes it is definitely 

essential to capture and consider the scale of patterns and processes in the ecological 

studies. This thesis investigates numerical and field studies and determines the key point 

in ecological surveys, proposing different approach to capture the internal cycling 

without interferences due to the spatial variability of patterns and processes. The study 

shows that a hierarchy of scales of processes is a convenient framework to identify the 

characteristics of the dynamic of the system. It allows establishing useful relationships 

between scales of processes to be taken into account in the design of the ecological 

studies.  

 The complexities associated with the quantification of the internal cycling in the 

presence of high rates of mixing and transport processes lies in the difficulties of 

isolating the biogeochemical changes from the effect of diffusion and advection. This 

problem is addressed in a field and a numerical study carried out in a coastal ecosystem. 

To isolate the biogeochemical changes, the study needs to be carried out in an 

equilibrium regime, in which case the biogeochemical processes dominate the evolution 

of the patterns. This implies that the internal cycling changes are extracted from the 

advective and diffusive fluxes.  

 In the numerical study (Chapter 2), the balance between biogeochemical and 

advective processes yields a length scale that defines a critical size for the numerical 

domain. This size proves to be the appropriate to reproduce the right variability and the 

proper length scales of the patterns. This length scale sets the minimum size of the 

domain necessary to assure that the biogeochemical processes are well captured within 

the domain. In other words, the variability in the system is the result of what is 

generated internally and not only of the heterogeneity advected across the boundaries. 
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This approach has been very useful to assess the effect of outfall from a treatment 

plant. The comparison between the situations with and without outfall, once the right 

size of the domain has been determined, shows that the chlorophyll heterogeneity in the 

area is the result both of the natural variability and of the effect of the nutrient input 

from the outfall. This natural variability is generated by the characteristic hydrodynamic 

and topography in the shallow coastal. In addition, this approach also should be used in 

the ecological calibration in systems with high advective rates, since this method 

assures that the calibration is not been masked by the interference of overwhelming 

physical processes.  

In the field study (Chapter 3), the biogeochemical-induced changes are isolated from 

both the advective and diffusive interference by using a mass-balance Lagrangian 

approach. Likewise the previous part of the study (Chapter2), the relationship between 

the time scale of the advective, diffusive and biogeochemical processes and the 

sampling time scale are used to establish critical aspects in the design of the field 

experiment. This assures that biogeochemical processes are not overwhelmed by the 

physical processes. A key point in the design of the experiment is the size of the control 

volume that has to be large enough for the flushing time to be longer than the time scale 

of the internal process in the control volume. In this way, the concentration changes 

within the control volume are the result of internal biogeochemical cycling and are not 

masked by the external advective fluxes. In addition, the flushing time has to be longer 

than the sampling time. This implies that a compromise must exist between sampling 

strategy, scales of patchiness and size of the control volume.  

The Lagrangian approach proposed in this study proves to provide an adequate 

means of estimating biogeochemical changes in situ, with great advantages. First, the 

biogeochemical rates are quantifying without perturbing the natural environmental 

conditions. And second, unlike other studies, the internal rates of processes can be 

estimated at scales of hours, which allow gaining insight into the dynamic of the 

ecosystem, capturing details that otherwise could be missed. 

In the third part of this study (Chapter 4), it is shown that differences in the forcing 

and free mechanisms of patterns’ growth used in a 1D and 3D approach lead to different 

results when modelling primary productivity. This seems to be especially important in 

systems, as the lake studied here, where phytoplankton patchiness are a distinct feature. 

In the system studied, the patchiness seem to be controlled by the interaction between 

diffusion and growth rates of phytoplankton, although different mechanism appear as 

sources of heterogeneity. As in the previous parts of this study, a scaling analysis 
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defines a length scale in which there is a balance between diffusion and growth rate. 

This length scale appears as a criterion to determine the capability of the system to 

generate patches and assess the appropriateness of using a 1D or a 3D approach. 

Comparison between the 1D and 3D model results indicate that the basin scale 

averaged chlorophyll concentration and the species composition are affected by the 

presence of variability due to the formation of marked patches. However, the magnitude 

of the difference between the two approaches may vary depending on the length of the 

period for comparison, the degree of heterogeneity, the forcing mechanisms, etc. 

According to this study case, the input from a river, acting as a very localised source of 

nutrients, causes a noticeable disturbance, whose spatial dimension is not incorporated 

in the 1D approach, even though the amount of nutrients added to the system is the 

same in the 1D and 3D model. 

The results in this study indicate that, even though a 1D model may reproduce some 

of the physical features in the system, such as vertical temperature characteristic, this 

not necessary implies that this approach satisfactorily reproduces the ecological 

dynamic. In this case, it seems essential that the ecological parameters are calibrated for 

each different pattern condition imposed by different physical processes. In this way, 

the value of the physiological coefficient implicitly incorporates the effect of the spatial 

variability of patterns and forcing mechanisms, that otherwise would be disregarded. It 

is important to notice that this implies that the calibrated set of parameters would give 

good results within the same situations, but it could not be expected a good performance 

under new forcing conditions.  

 


