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Chapter 1. Introduction
The composition and structure of marine pelagic biological communities are of 

great socioeconomic importance and an integral part of the global carbon cycle 

(Hays et al. 2005). Zooplankton, for instance, plays a pivotal role in mediating the 

transfer of energy and material (Banse 1995) as they feed on phytoplankton and 

microzooplankton (Harris et al. 2000) and supply numerous higher trophic levels 

with food (Kiprboe 1998).

The dynamics of marine systems have been studied for many years, whilst 

physiological and life-history rates of key plankton species have also been 

extensively investigated (Huntley & Lopez 1992, Müller & Geller 1993, Ikeda et al. 

2001, Hirst & Bunker 2003, Montagnes etal. 2003). Studies have examined how 

different life-history and physiological rate processes set limits and determine 

widespread biological structure of pelagic communities, e.g. size spectra (Moloney 

& Field 1991), predator-prey cycles (Kiprboe 1998) and the abundance and biomass 

of different trophic levels (Polis et al. 1996). But while these investigations typically 

show profound influence, studies explicitly examining such implications are not 

common.

Temperature underpins many biological rates, life-history timings and events. As in 

ectotherms in general (Atkinson 1996), increasing temperature increases growth 

rates in protists (Montagnes et al. 2003), bacteria (White et al. 1991), 

mesozooplankton (Huntley & Lopez 1992, Hirst &. Bunker 2003) and phytoplankton 

(Eppley 1972, Montagnes &. Franklin 2001, Bissinger et al. 2008), increases mortality 

and fecundity rates in copepods (Hirst & Kiprboe 2002, Bunker & Hirst 2004) and 

increases development rates across zooplankton taxa (Gillooly 2000, Hirst &

Kiprboe 2002).

The main objective of this thesis is to examine the ways and extent to which 

temperature affects plankton rate processes and ultimately the structure of the 

planktonic biomass distribution and food-webs across the global ocean. This is 

achieved by examining the gross growth efficiency (GGE), which is the percent of
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prey biomass consumed that is converted to new organism biomass, of different 

planktonic taxa and functional (e.g. trophic) groups. GGE is the balance between 

growth and ingestion, two processes that are often temperature-dependent within 

taxa, and is an important parameter in assessing the flow and partitioning of 

material and energy in organisms and biological communities. GGE varies with 

temperature within individual taxa (Straile, 1997, Rivkin & Legendre, 2001). As both 

component parts, growth and ingestion, may have inherent errors associated in 

their calculation from experiments, values of GGE, and subsequently are therefore 

prone to a greater degree of scatter. This added potential error in GGE values is 

likely to influence the detection of GGE temperature dependence, with only the 

most robust trends detected. As a consequence weaker trends, influence by other 

variables such as nutrient availability, may not be detected.

Following a comprehensive clarification of GGE, detailing the correct method of 

calculation (Chapter 2, p.5), I compile the largest dataset of GGEs from values 

reported in the published literature. I then quantify how temperature affects GGE 

within each taxonomic group, and make comparisons between taxa (Chapter 3, 

P-17).

To understand how temperature may be fundamentally associated with changes in 

planktonic food-web structure, I take a macroecological approach. As the 

examination of the large-scale determinants of species abundance, richness and 

distribution, macroecological studies have been vital in developing an 

understanding of the underlying constraints to a wide variety of taxa (Gaston 2000, 

Gaston & Blackburn 2000, Evans et al. 2006). Although the majority of 

macroecological studies are terrestrial based, the increase in marine 

macroecological studies over the past decade (Foggo et al. 2003, Clarke et al. 2007 

Helaouet & Beaugrand 2007) has helped develop an understanding of the different 

set of constraints imposed by the marine environment upon life-history, 

physiology, behaviour and energetics (Wieters 2001, Foggo et al. 2003). The use of 

large geographical scales is particularly useful in developing an understanding of 

factors promoting species that are prone to high variability in abundance and 

distribution. Although local fluctuations of nutrients, salinity and temperature can



result in high variability in abundance and distribution of planktonic species "By 

subsuming local fluctuations, macroecology reveals meaningful patterns of 

phytoplankton at large scales" (Li et al. 2002).

Temperature has previously been cited as an important, and often the most 

influential, variable in shaping phytoplankton biomass and community structure 

(Fiala et al. 1998, Gasiunaite et al. 2005), in addition to copepod abundance and 

distribution (Beaugrand et al. 2007, Helaouet & Beaugrand 2007). To investigate 

whether, over a large geographical scale, planktonic communities vary with 

temperature I compile a dataset of standing stock biomasses of different taxa using 

cruise survey abundance data and values reported in the literature. Standing stock 

biomass is a quantitative measurement of the mass of populations, species, or 

higher taxonomic groups at the moment of sampling. Here I determine the 

relationship between standing stock biomass and temperature for different 

taxonomic groups (Chapter 4, p.58). Subsequently I assess the contribution of 

different taxa, measured in terms of biomass relative to that of total phytoplankton, 

to examine whether on a global scale temperature correlates with structural 

changes in the distribution of biomass within the planktonic food-web.

The impact of diet- and taxon-specific GGEs on the biomass distribution and flux of 

carbon within food-webs is investigated by developing oligotrophic and eutrophic 

planktonic food-web models. I use models of relatively low complexity, similar in 

concept to those previously used to explore the fate of both primary and secondary 

production (Duarte & Cebrian 1996, Pomeroy 2000, Legendre & Rivkin 2002, Landry 

& Calbet 2004). Such models are of particular use in the exploration of the 

fundamental principles and concepts regarding food-web structure, where 

quantitative rather than qualitative information is desired. Low complexity models 

also benefit from a lower number of variables and assumptions associated with 

more complex models, allowing an assessment and conceptual examination of the 

important factors influencing food-web structure and function.

I assess the importance of GGE values used in planktonic models, and examine the 

extent to which using a common GGE for all taxa, a feature of many published
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studies, produces outcomes that differ from models using taxon- and diet-specific 

values for GGE (Chapter 6, p.121). The change in biomass structure and carbon flux 

in response to increasing temperature is determined through the incorporation of 

temperature-dependent GGE into planktonic models (Chapter 7, p.154). I 

subsequently compare patterns from my models to those derived using real world 

data, allowing an assessment of whether, through its effect on GGE, temperature 

can impact planktonic biomass structure.
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Chapter 2. Gross growth efficiency: a 
clarification and standardisation

Introduction
Gross growth efficiency (GGE) is the percentage of biomass consumed that is 

converted to new organism biomass over a time interval. GGE, often determined in 

terms of carbon (Goldman et al. 1987, Borsheim & Bratbak 1987, Carlson et 

al. 1998), nitrogen (Checkley 1980, Debs 1984, Kidrboe etal. 1985), calories 

(Paffenhofer 1976) or protein (Ishigaki & Sleigh 2001), and provides information on 

the partitioning of ingested material into soma and/or reproduction (hereafter 

referred to as growth), or loss (e.g. respiration, egestion and excretion). GGE is used 

to describe the flow of organic material through ecosystems (e.g. Landry & Calbet 

2004), and has been used to predict material availability to higher trophic levels 

using simple to complex food web models (e.g. Montagnes et al. 1988, Weisse et al. 

1990, Bockskaler 1993), whilst others have used GGE estimates to predict missing 

parts of an energy budget (Montagnes et al. 1988; Klaas 1997).

Before I detail the methods for obtaining and standardising GGE across the various 

taxa and studies (Chapter 3, p.17), I begin by demonstrating where GGE expressions 

are equivalent, how they can be standardised, and where cases of erroneous 

derivation have occurred (section Errors in GGE, page 13).

Definition and standardisation

GGE can be defined as:
A B

G G E = ----
AP Equation 2.1
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where AP  (m .f1) is the amount of biomass (m) ingested overtime (t), and of this 

ingested biomass the amount converted into new biomass by an organism over the 

same time period is AB (m.t'1) which includes biomass lost to mortality, although 

in most experiments measuring GGE this is assumed to be zero (Table 2.1 details all 

terms used in equations and their units). Equation 2.1 is equivalent to the equation 

of Odum (1971) and the more recent uses by Laybourn-Parry (1984) and Sterner & 

Elser (2002). Although not always, the term AS has often been derived from growth 

rates describing somatic, population, or reproductive growth (Table 1.2).

Growth in some taxa / life-stages is assumed to be represented by a linear increase 

in body mass with time, while in others growth is assumed to be exponential. In 

determining GGE it is necessary to determine the change in mass of the predator 

(AS). Because the form of growth differs between individuals, populations, different 

life-stages, and different taxa (e.g. exponential or linear) then the correct derivation 

of AB (see Table 2.2) and subsequent use in GGE varies (Table 2.3). Below I outline 

in detail the linear and exponential growth forms, and how these are combined to 

give GGE.

Linear growth of organism mass with time may be through somatic growth or 

reproductive output (e.g. copepod egg production, gonozoid production by 

doliolids). To calculate GGE assuming linear somatic growth, the amount of biomass 

produced per amount of mass ingested needs to be determined within the same 

time interval by Equation 2.1, where the amount of prey mass ingested per unit 

time, AP , is calculated by:

t Equation 2.2

where is the total amount of prey mass ingested between times 0 and t. GGE is 

thus calculated using Equation 2.1 and AB (derivations outlined in Table 2.2, page 

7).

6



Table 2.1 Notation used in the mathematical expressions, -  means

dimensionless.

Sym bol Description Dim ensions

a co n stan t —

b constant —

B pred ato r b iom ass m

B rr m ean p red ato r m ass m

B t p redator m ass at tim e t m

Bo p redator m ass at tim e 0 m

A S p redator b iom ass assim ilated m . f 1

A P prey b iom ass ingested m . f 1

G m ass sp e cific  m ass assim ilated r 1

Im m ass sp e cific  ingestion  rate r 1

N o pred ato r a b u n d an ce  at tim e 0 —

Pm m ass sp e cific  ingestion  rate r 1

Pt prey m ass ingested  betw een tim e s 0 and t m . f 1

t tim e interval t

P pred ato r exp onentia l gro w th  rate co n stan t f 1

U p redator sp e cific  ingestion  rate f 1

X food  co n cen tratio n m .\ f x

yo n o n -ze ro  y -a x is  in tercept —

Y yield —
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When growth is in terms of reproductive output, and growth is assumed to be linear 

and the organism size itself remains constant, GGE may also be measured using 

mass-specific growth and ingestion:

Equation 2.3

where the amount of mass ingested per unit time, AP , is calculated by Equation 

2.2, G is derived as in Table 2.2 and Im is mass specific ingestion rate of an 

organism, the amount of mass ingested per predator mass, measured by:

Pt AP 
m tx B  B

Equation 2.4

where B is organism mass.

Exponential growth terms have been applied to somatic or population growth 

where mass increase, AB , is dependent on body or population mass. Exponential is 

the commonly assumed growth form in the population growth of ciliates, 

dinoflagellates and nano/microflagellates and in the somatic growth of many 

metazoans (e.g. juvenile copepods, Paffenhofer 1976, Rey-Rassat et al. 2002). 

Population growth can be measured in terms of increase in numbers or biomass (/z, 

Table 2.2), which give identical values if organism size is assumed constant. The use 

of numbers is commonly the currency used to determine the term 'Yield', which is 

widely used in the protozoan literature. Yield is equivalent to GGE when mass units 

are used, but is not equivalent if expressed in cell numbers or volume without 

appropriate conversion to mass (Caron etal. 1986, Geider & Leadbeater 1988, 

Muller 1991, Weisse et al. 2001) unless predator and prey have identical cell 

content concentrations (e.g. carbon per ml). To avoid confusion my discussion of 

the theoretical basis of GGE will focus on transfer of mass from prey to predator, 

and not where non-prey derived material is the incorporated into new mass (see 

Hirst & Lucas 1998, Anderson & Pond 2000).
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The GGE of an exponentially growing organism or population can be derived using 

Equation 2.1. However, an important caveat is that if GGE is calculated using 

AB and AP , both must be measured or estimated, over the same time interval, as 

both vary with time. However, this is not always the case. For instance, ingestion 

may be measured over a smaller time interval to assume no organism growth 

(Massana et al. 1994, Montagnes & Lessard 1999, and Weisse 2004). To avoid this 

problem, GGE may be calculated as the ratio of the instantaneous mass-specific 

growth of the predator over instantaneous mass-specific ingestion rate:

Equation 2.5

The amount of mass ingested instantaneously per predator, mass-specific ingestion 

, is calculated thus:

/ m
P t

t x( B> Equation 2.6

where <B ), the average predator biomass during time t, as calculated by the 

equation adapted from Frost (1972):

,s) Bax(e»-\)  AB
t X  ¡1 fX

Equation 2.7

Where an exponentially growing population is measured in terms of number of cells 

for instance, biomass at time 0, So can be derived by:

^ O - ^ q X Pm Equation 2.8

where No is the predator abundance at time 0 and Bm is the mean predator mass. 

As organism mass increases over time, it is important that the term (B ) is used to 

provide a correct mass-specific ingestion term, as it represents the average 

predator mass within the time interval t.
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Errors in GGE
To clarify the more common errors in determination of GGE in the literature, I 

highlight two categories of error (1 and 2 in Table 2.3). The first category of error is 

when an incorrect mass-specific ingestion term is used, and subsequently 

combined with an instantaneous growth rate. Authors have used inappropriate 

terms such as initial predator/s mass (mass at time 0) or mass at the end of the time 

interval (mass at time t) (Equations D and E, respectively, in Table 2.3), rather than 

mean mass as specified in Equation 2.6 when calculating mass-specific ingestion. 

The correct method by which // and ingested mass should be combined to obtain 

AS, uses mean predator biomass during the time interval (Table 2.3). In practice, 

errors resulting from Equations D and E are likely to be small as mean biomass is 

similar to mass at time 0 and at time t where mass-specific ingestion is calculated 

over a small time interval, as is commonly the case. A greater time interval or 

predator growth rate, will give rise to greater errors. The percentage error as a 

proportion of the true value of the 200 GGE values reported by Rey-Rassat et al. 

(2002) ranges from 1.3 to 21.9%, with a mean error of 10.8%. The mean of the 

corrected GGE values is higher (43.4%), but similar to that reported (38.9%).

The second category of error is when GGE is incorrectly derived from the slope of 

the regression through values for growth plotted against their respective ingestion 

(Category 2, Table 2.3). Examples have included exponential and instantaneous 

mass-specific growth terms (¡u) plotted against mass-specific ingestion rate (Im) 

(Equation E in Table 2.3) and also AB , plotted against AP  (Equation F) the slope of 

which is cited as GGE. Equation E gives change in mass specific growth as a function 

of the change in mass specific ingestion rate, which is not equivalent to GGE. This 

term could, for example, give a positive value, despite negative growth. Equation G 

also fails to correctly represent GGE, only approximating it when growth is positive 

and the slope passes through the origin (i.e. where AP= 0, AB = 0), which there is 

no reason to assume should be the case. The extent of errors associated with the 

use of Category 2 equations is highly variable and can be large for individual data 

points. The GGE data presented by Peterson & Dam (1996) (n=47) for example, vary

14



in percentage error from the correct value from 0.8 to 8335% (mean 390.3%) (Table 

2.4), that from Dam & Lopes (2003) (n=125) varied between 0.1 to 2955.5% (mean 

155.3%), Dam &. Colin (2005) (n=15) between 6.8 to 223.3% (mean 72.7%) and from 

Hansen (1992) (n=7) between 88.1 to 1123.1% (mean 281.5%). The reported GGE 

values may show a high degree of similarity to the recalculated mean as in the case 

for data from Peterson & Dam (1996) (77 and 76.5% respectively) and Dam & Colin 

(2005) (6 and 5.7%). However, larger differences were found in data from Dam & 

Lopes (2003) (8.8 and 15.5%) and greater still in Hansen (1992) (36 and 12.8%).

In conclusion, I found that although instances of incorrect methods are few, they do 

exist and can result in highly erroneous results. To prevent the proliferation of 

incorrect GGE values, the correct methods I have outlined need to be followed.
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Chapter 3. Gross growth efficiency in 
marine plankton: a synthesis with 
relationships to food and temperature

Introduction
Previous syntheses of plankton gross growth efficiency (GGE; see Chapter 2, 

p.5 for definition) have often dealt with few taxonomic groups, e.g. bacteria and 

protozoans (del Giorgio & Cole 1998; Rivkin & Legendre 2001), 

nano/microflagellates, dinoflagellates, ciliates, rotifers, cladocerans and copepods 

(Straile 1997). In this study I combine a greater set of plankton data (~2.5 fold 

greater than available at the time to Straile 1997) from a greater number of taxa, 

and for the first time explicitly describe the relationships with both food and 

temperature for understanding material flow within the planktonic food-web.

Effect of temperature within taxa

The relationship between GGE and temperature is a composite of the influence of 

temperature on the two component parts: ingestion and growth. In addition to 

growth, ingested mass is allocated to a variety of metabolic processes, i.e. egestion, 

excretion, and respiration. The sum of these processes would share the same 

temperature dependence as mass-specific ingestion and growth if GGE does not 

vary with temperature. Where there are differences in temperature dependencies, 

the result is GGE will itself vary with temperature. For instance, respiration costs are 

greater at higher temperatures, which, if ingestion rate and assimilation efficiency 

remain constant, will result in less efficient growth and decline of GGE with 

temperature e.g. Angilletta & Dunham (2003).

I use the term taxa to refer to the planktonic groups of bacteria, ciliates, 

nano/microflagellates, dinoflagellates, rotifers, scyphozoans, ctenophores, doliolids, 

cladocerans and copepods. Within each planktonic taxon behavioural and 

physiological processes will differ in their temperature dependence, potentially 

affecting GGE. Within planktonic taxa, the relationships observed have commonly 

shown no consistent pattern. My aim is to consolidate studies, to quantify how
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temperature affects GGE within each taxonomic group, and to make comparisons 

between taxa.

Effect of food within taxa

Food concentration influences GGE through its effect on ingestion. At low food 

concentrations when an organism is not ingesting, growth is negative as its own 

body mass is used to fuel basal respiration. As food concentration increases, 

ingestion rate will typically increase, producing a negative GGE until biomass 

ingested equals that lost from excretion, egestion and respiration (i.e. when growth, 

and hence GGE, will be zero). Above this threshold concentration, where ingestion 

is greater than these losses, growth will be positive as will GGE. At low food 

concentrations we may predict GGE to be negative, and for it to become positive at 

higher concentrations. At very high food concentrations, however, some species 

exhibit luxury or superfluous feeding (Conover 1966, Mpller 2004) which results in a 

decline in GGE. Here I quantify how GGE varies with food concentration within each 

taxonomic group.

Food quality (suitability for efficient production of new biomass) can also affect the 

GGE of an organism. A diet harder to degrade, low in suitable compounds and/or 

comprising toxins would either reduce mass assimilated per unit ingested or use 

mass that could have fuelled growth to improve assimilation: in either case GGE will 

be reduced. Different organisms under different food conditions, or with different 

feeding modes may therefore have different temperature dependencies for 

ingestion and growth, and therefore GGE. For example, the enzymatic degradation 

of compounds such as glucose has a lower (rate of change associated with an 

increase in temperature of 10°C) than that of more structurally complex compounds 

such as tannins (Davidson & Janssens 2006). Higher temperatures may lower the 

relative costs associated with digestion of more complex compounds, and therefore 

more ingested mass will be available for growth. Therefore, diet composition may 

affect how temperature influences GGE between trophic/functional groups with 

potential differences occurring between for example herbivores, carnivores and 

detritivores. Such differences may affect the mean and highest GGEs achieved for
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different taxonomic groups. Therefore, I investigate if the relationship between 

GGE and temperature varies between dietary functional groups (herbivores, 

carnivores, detritivores).

Variation in GGE between taxa
Some of the different taxonomic groups in this study display radical differences in 

morphology, behaviour and physiology. For example, protozoa and metazoa differ 

largely in feeding mechanisms (Hansen & Calado 1999, Hansen etal. 1994), 

locomotion, (Sleigh 1989, Alcaraz & Strickler 1988) prey detection and prey type 

(Hansen et al. 1994). Different energy budgets are likely to place different 

limitations upon the processes responsible for conversion of ingested mass to new 

biomass. These processes may also have varying degrees of temperature 

dependence. Therefore, GGEs and their response to temperature may vary 

between taxa. My aim here is therefore to determine whether different trophic 

groups show differences in how GGE responds to temperature and food 

concentration, and to investigate whether the slopes and intercepts of GGE vs. 

temperature differ.

Material and Methods

Data Compilation

GGE data were taken directly from published values, obtained directly from the 

authors, or where necessary extracted from figures using GetData Graph Digitizer 

2.22.1 only accepted data that adhered to the correct definition of this term, with 

correct calculation, or if I was able to correct an incorrect term (see Errors in GGE 

section, Chapter 2, p.14). Data from 76 papers were classified into the following 

taxonomic categories: bacteria, ciliates, nano/microflagellates, dinoflagellates, 

rotifers, scyphozoans, ctenophores, doliolids, cladocerans and copepods. Life stage 

information in copepods allowed adult and juvenile phases to be separated. GGE 

differs with developmental stage in copepods (Paffenhofer 1976, Rey-Rassat et al.

2002), and growth type is typically different between adults and juveniles, with egg
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production predominant in the former and somatic growth in the latter. I made no 

separation of life stage in any of the other taxonomic groups.

Although dry mass (Paffenhöfer 1976, Müller 1991), ash-free dry mass (Barnstedt et 

al. 1999, 2001) and volume (Müller 1991, Hansen 1992, Weisse 2001, 2004) have 

been used as the currency of GGE, these can be inaccurate and problematic as 

production of these is not entirely limited simply to consumed prey (see Hirst & 

Lucas 1998, Anderson & Pond 2000). Although GGE has been derived from 

measurements in many different units, for consistency and to provide data that 

were most comparable, I converted all GGE values to carbon (pg C L *). Different 

empirical approaches have been used to determine ingestion; here no attempt was 

made to standardise between these, I assume that reported values of AP  

accurately represent ingested mass. I also assume bacterial growth measurements, 

often determined via tritiated thymidine or leucine methods, are compatible.

The temperature (°C) under which experiments took place was included in the 

database. In six of the studies GGE values had not been derived at a single 

temperature, but rather over a range, however as this range was relatively small (< 

3°C), I did not consider this a major problem and included this data with the 

mid-temperature of the range. Food concentrations were converted to carbon (pg 

C L"1) using appropriate conversion factors or cell carbon concentrations, when 

these were not supplied in the original paper these were obtained from other 

published sources. In the bacterial group I did not compile food concentration, as 

these were almost never available. Other parameters recorded include prey species, 

growth type (see below), the currency that growth and ingestion were measured in 

(e.g. carbon, dry mass), method used to calculate GGE and water environment 

(freshwater, marine, brackish).

If determined without error, GGE cannot exceed 100%, so cases where values were 

>100% (n=20) were excluded from the main dataset. Whilst GGE values approaching 

100% may be unrealistic, GGE values up to 100% were included and assumed to be 

the product of errors associated with measuring growth and ingestion. However, to 

examine the influence of excluding GGEs of 100% and above on mean values and
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on the significance, nature and extent of significant relationships, datasets that 

allowed copepod GGEs up to 200% (maximum =185%), 1000% (maximum =680%), 

2000% (maximum =1898%) or imposed no limit on copepod (maximum =18107%), 

scyphozoans (maximum =133%), cladoceran (maximum = 171%), and 

nano/microflagellate GGEs (maximum values 18107%, 133%, 171% and 100% 

respectively), were also subjected to statistical tests (p. 21). To allow loglO 

transformations for statistical treatments, zero and negative GGE values were 

removed (n=43). In planktonic taxa, mass-specific growth rates are generally 

assumed to increase in an exponential way over biologically relevant temperatures,

i.e. the temperature range excluding extremes (although Montagnes et al. 2003 

suggest a linear relationship between growth protest growth and temperature). For 

ingestion, there is also evidence for many species of an exponential response to 

temperature (Aelion & Chisholm 1985, Toda et al. 1987, Massana et al. 1994). As 

GGE is a ratio of these two processes, assuming ingestion and growth are both 

exponential responses, GGE will also demonstrate an exponential response to 

temperature. Thus loglO GGE was assumed to approximate a linear relationship 

with temperature, and my statistical expressions assume this.

Although the nature of the response of GGE to food concentration has not been 

well documented in the literature, a type II functional response to food 

concentration is frequently observed for growth (Strom 1991) and ingestion 

(Deason 1980, Jonsson 1986, Strom 1991, Chigbu & Sibley 1994, Massana et al. 

1994) of planktonic taxa. At relatively high food concentrations GGE may decrease, 

as has been observed in ciliates (Verity 1985, Jonsson 1986), microflagellates (Sherr 

etal. 1983, Nakano 1994), dinoflagellates (Strom 1991) and copepods (Paffenhofer 

1976, Harris &. Paffenhofer 1976, Rey-Rassat et al. 2002), owing to superfluous or 

luxury feeding for example. For each taxon I excluded GGE values measured under 

extremely high food concentrations that were associated with a decline in GGE. 

Ciliates, nano/microflagellates, rotifers and copepods had limits imposed of 1500, 

15000, 8000 and 9000 pg C L'1 respectively. This restriction was implemented as 

extreme concentrations are probably short-lived and relatively unimportant in 

nature and to give a greater approximation to a linear response after loglO

21



transformation for use in GLMs. Following this removal there is no reason, a priori, 

that the response of GGE to food concentration should differ in form from that of 

ingestion or growth, i.e a type II functional relationship between GGE and food 

concentration. Consequently, a loglO transformation was applied to GGE and food 

concentration to provide a greater approximation to a linear relationship for use in 

general linear models (GLMs).

Statistical Analyses and Hypotheses Testing

All analyses were conducted using Minitab (MINITAB® Release 14.1). GLMs, which 

assume a linear relationship between independent and dependent variables, were 

constructed to test the combined effect of temperature and loglO food 

concentration on GGE. Temperature and food concentration may co-vary (i.e. there 

tends to be a relationship between the two variables themselves), especially from 

experiments where food concentration was not controlled. Therefore the initial 

model tested was:

loglO GGE = T + loglOF + (T + loglOF) Equation 3.1

Subsequently, a backwards elimination selection procedure was employed 

whereby, if at least one the terms (T, loglOF or T + loglOF) was insignificant 

(p>0.05), the interaction term (T + loglOF) was removed and the model run again, 

but using adjusted sum of squares. Further models were constructed, removing the 

term with the highest p value, if above 0.05, until only significant terms were 

retained, which was considered to be the Minimum Adequate Model (MAM).

All models including an interaction term between independent variables were 

constructed using sequential sum of squares, which is calculated for each term 

taking into account all preceding terms in the model, and therefore assuming they 

are included in the model. Sequential sum of squares is the appropriate method for 

where interaction terms are present, as the effect of co-variation between 

independent variables on the response variable is only appropriate after taking into 

account the effect of the terms comprising the interaction term. Where an 

interaction term was not present, models were constructed using adjusted sum of
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squares, calculated taking into account all other terms, and therefore assuming they 

are included in the model.

To test whether the slopes of relationships between GGE and independent variables 

derived using different datasets, models were compared using a GLM as described 

in Grafen & Hails (2002):

loglO GGE = 7 + loglOF + Dataset + (Tx Dataset) + (loglOF x Dataset) Equation 3.2

where temperature (7, °C), loglO food concentration (loglOF, pg C L'1), loglO gross 

growth efficiency (loglO GGE, %) are continuous data, and Dataset is a categorical 

variable representing of one of the two datasets compared. Where a significant (p 

values <0.05) interaction term (7 x Dataset or loglOF x Dataset) is found, this 

indicates a significant difference in slope (Grafens & Hails 2002).

Effect of Temperature and Food Concentration within Taxa 

The effect of temperature, loglO food concentration, and the effect of the 

interaction between these two variables on GGE were tested using GLMs (Equation 

3.1) for each taxonomic group. The combined copepod GGE data revealed that each 

temperature showed an effect strongly correlated with individual study. Thus to 

determine any effect of loglO food concentration on loglO GGE I performed 

additional ANCOVA, which included study as a categorical variable and also for an 

interaction between temperature and loglO food concentration. The group doliolids 

were excluded from analyses within taxa, as number of data (n=14) were deemed 

as too few to gain informative results from. In all taxa where an effect of 

temperature was detected, I further examined its effect by use of regression 

analysis within low, medium and high food concentrations. These concentrations 

were determined by splitting data approximately to give an equal number of data 

into each food category. However, for rotifers and ctenophores, and for low food 

concentrations juvenile copepods and scyphozoans, medium food for 

dinoflagellates scyphozoans and adult copepods, and high food concentration for 

juvenile copepods, there was a high degree of clustering of GGEs around two 

temperature values or less. Therefore, to allow biologically and statistically
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meaningful relationships, only those food level categories of taxa represented by at 

least three temperatures were considered.

To examine of the importance of data transformations in providing differences 

between the relationships obtained this study and previously reported trends,

GLMs were constructed to replicate significant models in Straile (1997). These 

models tested the relationship between GGE (not loglO transformed) and loglO 

food concentration for nanomicroflagellates, temperature-squared for copepods, 

and both loglO food concentration and temperature-squared for ciliates. For both 

dinoflagellates and cladocerans,for which GGE did not vary significantly with 

temperature, temperature-squared or loglO food concentration for all data in 

Straile (1997), the affect of both temperature and loglO food concentration on GGE 

were tested using data in this study.

Differences Between Taxa

To test for differences between taxonomic groupings, mean GGEs of each taxa were 

compared with all others via a simultaneous Tukey test at a 95% confidence level 

(P= 0.05).

Trophic Groups

As heterotrophs and mixotrophs synthesise biomass in fundamentally different 

ways, all species of ciliates, nano/microflagellates and dinoflagellates were 

categorised according to whether they were mixotrophic or heterotrophic. All 

species of nano/microflagellates and dinoflagellates present in this study were 

heterotrophic. However, the response of GGE to temperature and food 

concentration was examined for these two groups in the ciliates separately using 

GLMs described above.

As each taxa varies in the temperature range for which GGEs were measured, an 

additional test of mean GGEs was made under two different temperature ranges. 

The range of 13 to 20°C was chosen to compare bacteria, ciliates, 

nano/microflagellates, dinoflagellates, cladocerans, and copepods, as all had GGEs 

measured at least over this range. All other taxa (scyphozoans, rotifers,
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ctenophores) were excluded as their temperature range did not encompass the 

entire 13 to 20°C range. An additional test of mean GGEs was employed under the 

temperature range of 13°C to 25°C which allowed a larger number of data, but 

excluded copepods.

Diet Type

Ciliate, nano/microflagellate, dinoflagellate and copepod data provided information 

on the different prey types fed during the studies in which GGE was measured. This 

allowed values to be categorised into bactivorous, herbivorous, carnivorous, and 

mixed diet types (n=1366). Subsequently I investigated potential differences in the 

effect of temperature and food concentration on GGE between diet types within 

taxa using GLMs as described above. Data were excluded from analyses where diet 

type was noted as toxic, and therefore likely to influence GGE (n=2, copepods). I 

also excluded copepods feeding on a mixed diet from statistical analyses owing to 

its small sample size (n=6). Dinoflagellate data feeding on a mixed diet and 

copepods feeding carnivorously were derived from one temperature (and food 

concentration in the case of copepods) precluding analysis of its effect. GGE values 

were compared between diet types within taxa using one-way ANOVA at a 95% 

confidence level.

Differences between datasets

To examine whether the exclusion of GGEs of 100% and above affected the 

significance, and nature (positive or negative) of relationships between loglO GGE 

and both temperature and loglO food concentration, GLMs were constructed as 

above for all GGEs of copepods, scyphozoans, cladocerans, and 

nano/microflagellates. In addition, the copepod datasets with GGE limits of 2000%, 

1000%, and 200% were also examined. Where significant variable were determined 

in datasets allowing GGEs of 100% and above, the models were compared with 

those considering only GGEs below 100%.

Changes in mean GGE for individual taxa (copepods, scyphozoans, cladocerans, and 

nano/microflagellates) and all taxa combined, as a result of including GGEs of 100% 

and above, were examined using a T-Test at a 95% significance level (p values <
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0.05) to compare unrestricted datasets to those that include only values below 

100%. For copepods, and all taxa combined, additional T-Tests were performed to 

compare datasets of GGE values constrained to 200%, 1000% and 2000% to the 

dataset containing only values below 100%.

Results

Effect of temperature within taxa

LoglO transformed GGE was positively correlated with temperature for 

dinoflagellates, scyphozoans, and ctenophores (Table 3.1, Figures 3.1 & 3.2). 

Temperature was the only significant variable remaining in the GLMs for 

dinoflagellates and ctenophores. Ctenophores and scyphozoans had the highest 

slopes, both at around 0.045 (Iogl0% °C_1), which correspond to values of 

approximately 2.8. Dinoflagellates had the lowest slope of 0.038 (=2.4). For 

cladocerans and bacteria a significant negative relationship was found between 

loglO GGE and temperature. Cladocera (-0.048) had a slope over twice as steep as 

bacteria (-0.020) with corresponding values of 0.3 and 0.6 respectively. There was 

no significant effect of loglO temperature on loglO GGE in ciliates, 

nano/microflagellates, rotifers, copepods and in adult and juvenile copepods 

separately.

Non-transformed GGEs of dinoflagellates increased with temperature (p<0.001, R- 

squared=26.3%), whilst cladocerans and copepods did not vary significantly with 

increasing temperature (p=0.095) and temperature-squared (p=0.621, R- 

squared=0.1%) respectively (Table 3.2).

Effect of food within taxa

LoglO transformed GGE was positively related to loglO food concentration for 

scyphozoans, and juvenile copepods. In the case of the latter group, loglO food 

concentration was the only significant variable (R-squared=18%). Scyphozoans had 

a slope of 0.46, more than twice that of juvenile copepods (0.20) and 0.17
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Ciliates Nano/microflagellates

Figure 3.1 Three-dimensional plot of the relationships between loglO gross 
growth efficiency (GGE, %), temperature (°C) and loglO food concentration (pg C 
L"1) for different planktonic taxa. Drop lines are included to allow values to be 
located along each scale.
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Bacteria Ciliates

Ctenophores

Figure 3.2 Three-dimensional plot of significant relationships between loglO 

gross growth efficiency (GGE, %), temperature (°C) and loglO food concentration 

(pg C L"1) for different planktonic taxa. For greater clarity taxa are shown on 

different scales. As food concentration data were unavailable for bacteria, no scale 

is shown for this group.
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Figure 3.2 Continued
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respectively. In the remaining five taxa I found no relationship with food 

concentration. A negative relationship was found between loglO GGE and loglO 

food concentration in ciliates (slope -0.27), and cladocerans, with a greater slope 

achieved by the latter (-0.36). Using GLMs no significant effect of loglO food 

concentration on loglO GGE was found in either adult or combined copepod 

datasets. With increasing loglO food concentration non-transformed GGEs 

decreased in cladocerans (p<0.001, R-squared=27.9%), but did not vary significantly 

for nano/microflagellates (p=0.443, R-squared=1.2%) or dinoflagellates (p=0.478, R- 

squared=26.3%).

Effect of temperature and food within taxa

The loglO GGE of scyphozoans and cladocerans was best described using a GLM 

that included both temperature and loglO food concentration and temperature (R- 

squared=58 and 40% respectively). I did not find an interaction between loglO food 

concentration and temperature in any case studied (i.e. they did not covary for any 

taxa, diet type, or trophic group).

When examining the effect of temperature within categories of food 

concentrations, the patterns mirrored the overall positive relationship between 

loglO GGE and temperature in dinoflagellates and scyphozoans at high 

concentrations (Figure 3.3). In addition, I detected a negative relationship for 

copepods at medium food, but did not find relationships at any level of food for 

ciliates, nano/microflagellates, adult copepods, and juvenile copepods. Non- 

transformed ciliate GGE was found to decrease with increasing temperature- 

squared (p=0.034) and increase with increasing loglO food concentration (p<0.001, 

R-squared=29.4%; Table 3.2).

Differences between taxa
A comparison of GGEs between taxa revealed that bacteria, dinoflagellates, rotifers, 

ctenophores, scyphozoans, cladocerans and copepods all had similar mean values, 

between 23 and 29%, which did not differ significantly from each other (Tukey's 

Test: p>0.05; Figure 3.4). Ciliates had the lowest mean efficiency of 16%, which was
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Figure 3.3 Relationship between GGE (%) and temperature (°C) within high 

(green squares), medium (blue diamonds) and low (black circles) food 

concentrations (pg C L"1) as outlined in the Methods section for different planktonic 

taxa (p.23). Significant relationships (p<0.05) are indicated by green, blue, or black 

regressions lines for high, medium, and low food concentrations respectively.
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significantly lower than all other taxa except rotifers. Conversely, 

nano/microflagellates achieved the highest mean efficiencies (39%), approximately 

1.5 times that of all other taxa, and 2.5 times that of ciliates.

In a comparison of taxa, ciliates had a mean GGE that was significantly lower than 

all other taxa within both the 13 to 20°C (mean GGE=17.2%) and 13 to 25°C (mean 

GGE=16.6%) temperature ranges (Figure 3.5). Nano/microflagellates meanwhile, 

possessed a significantly greater GGE than all other taxa within 13 to 20°C (mean 

GGE=51.6%) and all taxa except dinoflagellates within the 13 to 25°C temperature 

range (nano/microflagellates=42.3%, dinoflagellates=34.1%). All other taxa 

possessed intermediate means, although mean copepod GGE (25.4%) was 

significantly lower than cladocerans (37.5%) and dinoflagellates (34.3%) between 13 

to 20°C, and mean cladoceran GGE (25.5%) was significantly lower than 

dinoflagellates (34.1%) within the 13 to 25°C range.

Trophic groups

Heterotrophic and mixotrophic ciliates differed in their relationships between GGE 

and the independent variables. Whilst for heterotroph ciliates loglO GGE showed a 

significant, negative relationship to loglO food concentration, in mixotroph ciliates 

loglO GGE was negatively associated with temperature (Table 3.3) with a of 0.3, 

although both showed similar mean values of 16 and 13% for heterotrophs and 

mixotrophs respectively (ANOVA: F=1.15, D.F.=1,308, p=0.285).

Diet Type

Using GLMs loglO GGE of ciliates was significantly related to temperature with a 

positive relationship when feeding bactivorously (=4.1), and negatively to loglO 

food concentration when feeding herbivorously (Table 3.4). A positive relationship 

was observed between loglO GGE and temperature for dinoflagellates feeding 

herbivorously (=4.4). A negative relationship was observed between loglO GGE and 

loglO food concentration in dinoflagellates. There was no significant relationship 

between loglO GGE and either temperature or loglO food concentration in 

nanoflagellates when feeding on a bactivorous or herbivorous diet, nor for when 

copepods were fed a mixed or herbivorous diet.
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Figure 3.5 Plots for different taxonomic groups of mean GGEs derived from 

temperature ranges of a) 13 to 20°C and b) 13 to 25°C, with 95% confidence 

intervals. Taxa are ordered left to right by descending mean GGE. Means that are 

not significantly different from one another are indicated by the bar connecting 

them.
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In all taxa fed more than one diet type, significantly higher GGE values were 

achieved when feeding herbivorously (Figure 3.6). The mean herbivorous GGE was 

around three times that when fed bactivorously (28 and 9%) for ciliates (ANOVA: 

F=103.99, D.F.=1,308, p<0.001) and almost double for nano/microflagellates (62 

and 37% respectively) (ANOVA: F=43.64, D.F.=1,54, p<0.001). Dinoflagellates 

feeding herbivorously had a mean GGE of 33%, which is over 50% more than when 

fed a mixed diet when GGE was 20% (ANOVA: F=14.91, D.F.=1,75, p<0.001). Mean 

copepod GGEs were significantly lower when feeding carnivorously (15%) than that 

achieved on a herbivorous diet (27%) (ANOVA: F=4.95, D.F.=1,455, p=0.027). When 

feeding herbviorously, nano/microflagellates had a significantly higher mean GGE 

than all other taxa. However, ciliates, dinoflagellates, rotifers, cladocerans and 

copepods all showed similar values (24 to 33%) with no significant difference 

between means (ANOVA: F=11.71, D.F.=1,791, p<0.001).

Differences between datasets

For all datasets including GGEs greater or equal to 100%, the presence or absence 

of a significant relationship between loglO GGE, and both temperature and loglO 

food concentration was identical to that of datasets excluding GGEs of 100% and 

above (Table 3.5). All copepod and datasets, and the nano/microflagellate dataset 

with no upper limit of GGE, showed no significant relationship between GGE and 

both temperature and food concentration (p>0.05). With increasing temperature 

and food concentration, loglOGGE of scyphozoans (p<0.001, R-squared=58%) 

increased, and cladoceans (p<0.05, R-squared=58%) decreased significantly, which 

was identical to the nature of relationships determined using datasets that did not 

include GGEs of 100% and above. However, the slopes describing the change in 

loglO GGE with increasing temperature, and increasing loglO food concentration, 

for the unconstrained scyphozoan and cladoceran datasets did not vary significantly 

from those obtained using datasets that not include GGEs of 100% and above 

(p>0.05; Table 3.6).

Both the datasets for copepods and all taxa combined that excluded GGEs of 1000% 

and above (copepod mean GGE=28.3%, all taxa=26.7), and the dataset for all taxa
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combined excluding GGEs of 2000% and above (mean GGE=28.0%), had mean GGEs 

significantly greater than their counterparts which excluded GGEs of 100% and 

above (p<0.05; Table 3.7). For all unconstrained datasets (schyphozoans, 

cladocerans, nanomicroflagellates, copepods, and all taxa combined), copepod 

GGEs below 200% and 2000%, and all taxa combined below for GGEs below 200% 

there was no significant difference to datasets that excluded GGEs of 100% and 

above (p>0.05).

Discussion

This study work has found temperature dependence of GGEs in 5 of the 9 

planktonic taxa examined (Table 3.1). Across many taxa mean GGE values were not 

found to differ significantly, except for nano/microflagellates with significantly 

higher GGE than all other groups (bacteria, dinoflagellates, rotifers, ctenophores, 

scyphozoans, cladocerans, and copepods), and ciliates with significantly lower GGE 

than all except rotifers (Figure 3.4). My dataset represents the largest compilation 

of GGEs, across the greatest number of taxa (nine), with incorrectly determined 

values corrected or removed. Here I highlight the important issues arising from my 

results, comparing them with previous findings across species (i.e. Straile 1997).

Differences between datasets
The inclusion of GGE values of 100% and greater did not alter the significance of the 

independent variables temperature and food concentration in GLMs, in comparison 

to the datasets for which a GGE limit of 100% was imposed. This indicates that the 

significant trends between both variables and GGE for scyphzoans and cladocerans 

were robust enough to resist the influence of GGEs far exceeding that which is 

theoretically possible. Indeed, the increased mean GGEs as a result of including 

values of 100% and above, generally did not vary significantly from those imposing a 

100% limit. Where differences were observed, for copepod including GGEs up to 

1000%, and for all taxa up to 1000 and 2000%, the highest values
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included (680% and 1898%) are likely to be at least an order of magnitude greater 

than the maximum possible GGE. As these values are so erroneous, and all datasets 

including values up to 200% (more than twice that which is possible) do not differ 

from those imposing a 100% limit, there is evident reason to dispute the 

comparison of mean GGEs between taxa, and the nature of relationships of GGE 

with temperature and food concentration for the <100% GGE dataset reported in 

this study.

Effect of temperature within taxa

I found large differences between taxa both in terms of the significant variables 

associated with GGE and also the nature of these relationships. My finding of a 

positive relationship between loglO GGE and temperature for dinoflagellates is 

consistent with the findings of a previous synthesis by Straile (1997) for this taxon. I 

found a negative relationship for bacteria, the same pattern found by Rivkin & 

Legendre (2001), although this is unsurprising as much of my dataset (n=113) was 

derived from the same studies, and I have only added data (n=18) from three 

additional studies.

I did not detect a significant relationship between GGE and temperature for 

nano/microflagellates, which differs from the positive relationship found previously 

by Straile (1997), but is consistent with some studies within species (Caron et al.

1986). I also did not detect a relationship for rotifers, a result mirrored by Straile 

(1997), which is likely a product of the relatively low number of data available for 

this taxon. I am the first to report a significant negative relationship for 

cladocerans, a group for which no relationship was detected previously (Straile 

1997). For both ciliates and copepods, for which my data were over 2.5 times that 

of previous syntheses, the result of no significant relationship contrasts the negative 

relationship found by Straile (1997). Two groups show a negative relationship 

between temperature and GGE, bacteria and cladocerans. My synthesis used 

loglO-transformed GGE and food concentration, a combination that has not been 

previously used. However, the presence/absence of significant variables, and nature 

of relationships between GGE (not loglO-transformed) and both temperature and
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food concentration using the transformations as in Straile (1997) were identical to 

those obtained using loglO transformed GGE and food concentration, and non- 

transformed temperature for dinoflagellates, copepods and nano/microflagellates, 

and different to trends reported in Straile (1997). In addition, the negative 

relationship between food concentration and cladoceran GGE was present in this 

study was also present when GGE was transformed, but absent in Straile (1997).

This suggests that the larger dataset, correction or removal of incorrect GGEs, in my 

study is likely to explain the disparity with previous studies. Data transformation 

may be partly responsible for the differences between trends outlines in this study 

for ciliates however, as non-transformed GGEs and squared-temperature was 

shown to alter the nature (positive or negative) of relationships.

Increasing temperature is generally associated with an increase in ingestion and 

growth rate in planktonic taxa (Rassoulzadegan 1982, Peters & Downing 1984, 

Sharma & Pant 1984, Caron et al. 1986), most likely owing to the potential 

increased rate of biochemical reactions at higher temperatures, although when 

general thermal tolerances are exceeded values can decline. Instances where GGE 

temperature dependence is shown must be associated with a disparity in the 

response of ingestion and growth with temperature. For the three taxa that show a 

positive response, dinoflagellates, ctenophores and scyphozoans, mass-specific 

growth rate must have a greater slope against temperature than mass-specific 

ingestion rate. Growth will have a greater temperature dependence than ingestion 

if, for example, the amount of energy used per unit mass consumed is lower at 

higher temperatures. In comparison to other protists, dinoflagellates have lower 

energetic requirements for locomotion (Crawford 1992), and have lower specific 

growth rates (Strom 1991, Hansen et al. 1997). The lower costs of these processes, 

in addition to a lower temperature dependence of growth rates (Montanges et al.

2003), is likely to provide greater scope for achieving higher GGEs. Conversely, 

ingestion rate increases at a greater rate than growth rate for taxa that show a 

negative relationship between GGE and temperature, i.e. bacteria and cladocerans. 

Ingestion will have greater temperature dependence than growth if, for example, 

lower water viscosity at higher temperatures allows the predator to capture enough
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prey that superfluous or luxury feeding occurs. Alternatively, the biomass of the 

prey consumed may have been overestimated if sloppy feeding (the partial 

consumption of prey) occurs, and is not considered. Because I found no 

temperature dependence of GGE in ciliates, nano/microflagellates, rotifers and 

copepods, this suggests that the temperature-dependence of growth and ingestion 

are similar.

Effect of food within taxa

The negative relationship I have reported for ciliates for GGE against food 

concentration is not consistent with the previous findings of Straile (1997), although 

a negative relationship has been reported within species (Nakano 1994). My report 

of a negative relationship for cladocerans, and no relationship for dinoflagellates is 

supported by previous findings (Straile 1997). A negative relationship indicates that 

across species a greater level of food results in a lower GGE. This may be an 

indication that within these taxa, species are saturated with food and a lower GGE 

results from superfluous feeding, or that ingested mass is processed through the 

gut at a faster rate at higher food concentrations thereby decrease assimilation and 

subsequently GGE. If these processes are important in cladocerans assimilation and 

assimilation efficiency will decreases with increasing food concentration across 

species. Although these processes can explain the negative relationship in 

cladocerans, ciliates do not have a gut nor do they feed superfluously. It may be the 

case that for these taxa both ingestion and growth are greater at higher food 

concentrations, but that relative increase in ingestion is greater, or that ingestions 

increases whilst a maximum growth has been achieved, or rate of increase 

decreasing as it approaches its maximum. A possible reason may be that the 

method of prey capture has a greater capacity for increase as a result of increased 

food concentration than growth of the organism. It may be that the biological 

pathways for creating new mass are reached at lower food concentrations and that 

the growth of an organism is restricted by other variables or processes at lower 

food levels than that which limits the mechanism and process of mass ingestion.

49



In contrast to findings by Straile (1997) and also studies within species (Paffenhofer 

1976, Rey-Rassat et al. 2002), I found no relationship between GGE and food for 

copepods, where my dataset is more than twice that of previous syntheses.

Similarly, where a negative relationship has been reported for 

nano/microflagellates and rotifers (Straile 1997), I have shown there to be no 

significant relationship. The absence of a significant relationship between GGE and 

food concentration may be owing to a number of possibilities. Assuming that across 

species both growth and ingestion are increasing with food concentration, it would 

appear that they do so at the same rate, and that there is either no limitation to 

both processes, or that both are impacted equally so that GGE remains constant. 

Alternatively, if an increase in GGE with increasing food concentration occurs over 

very low food concentrations and subsequently reaches its maximum, the resulting 

pattern across species will be heavily influenced by food saturated conditions, thus 

reducing scope for changes in ingestion and growth, and therefore GGE. In a 

comparison of taxa that had a negative relationship between loglO GGE and loglO 

food concentration with those for which no relationship found, the reason for these 

differences are not immediately apparent. For instance, whilst the protozoan group 

ciliates and metazoan taxa of cladocerans displayed a negative relationship, 

protozoan groups of nano/microflagellates and dinoflagellates and metazoan taxa 

of rotifers and copepods had no significant relationship.

To my knowledge, I am the first to test for a relationship to food for juvenile and 

adult copepods separately. The positive relationship with food for juveniles, and no 

relationship for adults therefore represent the only existing reported of the effect 

of food on GGE. Included as a categorical variable, the effect of study on loglO GGE 

within adult and juvenile copepods separately, was significant (p<0.001), most likely 

owing to differences in terms of temperature, experimental technique, light 

conditions, prey quality and size between studies. This emphasises the need to 

consider effects of 'study' when compiling data across planktonic species.
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Differences between taxa

An important result is that taxa differ in their relative efficiencies. 

Nano/microflagellates were particularly notable for achieving very high GGEs 

relative to all other taxa (see Figure 3.4). Conversely, ciliates were prominent for 

their low efficiencies, with a mean of 16%, whilst all other taxa had remarkably 

similar mean GGEs at 23-29%. The high nano/microflagellate, and low ciliate mean 

GGEs were also observed within the narrower temperature ranges (13 to 20 °C and 

13 to 25°C; Figure 3.5) indicating that differences between taxa are not a product of 

GGEs being derived from different temperatures. Inclusion of values up to 200% 

resulted in an increase in GGE of less than 2.5% across taxa. Considering the high 

degree of error of included values (e.g. over 600%) and the modest increase in 

mean GGE with their inclusion, I conclude that considering values <100% provides 

an accurate assessment both within and between taxa. The low ciliate mean GGE in 

comparsion to other taxa can partly be explained through energetic costs. For 

instance, ciliate locomotion has higher energetic costs than dinoflagellates 

(Crawford 1992), which generally achieve higher GGEs. However, whether 

considering a diet of solely bacteria, or algae, ciliate GGE is also much lower than 

nano/microflagellates. The possession of greater GGEs indicates that 

nano/microflagellates are better able to respond to available resources than other 

planktonic taxa, and helps to explain inherent growth rates two to three times 

greater than those of ciliates and dinoflagellates (Strom 1991, Hansen et al. 1997).

I found no evidence in support of broad differences in GGEs achieved between 

metazoans and protozoans (Azam etal. 1984), nor that metazoans have a higher 

efficiencies (Calow 1977). Nano/microflagellates and ciliates, both protozoan 

groups, exhibited the highest and lowest mean values respectively, whilst all 

metazoan groups had intermediate GGE values. My mean values for all the 

metazoans are below the range cited as a reasonable estimate of post-embryonic 

metazoan GGE by Calow (1977). Following the correction of GGEs from five 

different studies, (see Table 1.3, p. 9), copepods had a similar mean to cladocerans, 

both much lower than the average of 48% cited for crustaceans (Calow 1977). My 

results for 3 out of 4 protozoan taxa (ciliates, rotifers and dinoflagellates) are lower
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than 30-60% predicted by Caron et al. (1990) with the mean GGE of only 

nano/microflagellates fitting within this range. My mean GGE for ciliates also falls 

below the range often used or cited of 30-50% (Fenchel 1987, Bernard & 

Rassoulzadegan 1990, Ohman & Snyder 1991), which is most likely a product of the 

strict rules concerning the GGE values included in this study (i.e. GGEs derived from 

volume were not included without appropriate correction), and the increased 

consideration of low values derived when fed upon bacteria (see Diet Type p.53). 

The mean value of nano/microflagellate GGE is the only protozoan taxon to fall 

within the range of 30-60% predicted by Caron et al. (1990) and is also consistent 

with the range reported specifically for this taxon (20-63%) (Sherr et al. 1983). 

Although not true of nano/microflagellates and ciliates, my results for seven taxa 

(i.e. nano/microflagellates, dinoflagellates, ciliates, rotifers, cladocerans and 

copepods) fit into the 20-30% range found by Straile (1997). A generalised value 

GGE for all zooplankton is inappropriate as different taxa, particularly ciliates and 

nano/microflagellates, have different mean values, and also because the majority of 

taxa have mean values below 30%, which is generally used as an average 

zooplankton GGE (Landry & Calbet 2004). The differences between mean values 

and that generally assumed, whereby I obtained a generally lower mean GGE value 

for most taxa is likely a product of my larger dataset, standardisation and removal 

or correction of erroneously derived values.

Fundamental differences in morphology, behaviour and physiology of the different 

taxa are likely to account for some of the differences I observe in GGE. For instance, 

digestion may be achieved extracellularly (e.g. bacteria), by use of food vacuoles 

(e.g. ciliates and dinoflagellates), gastrovascular cavity (e.g. scyphozoans) or a 

complex gut (e.g. copepods and cladocerans). Different taxonomic groups also 

demonstrate different methods of feeding (raptorial, filter feeding or direct uptake 

of dissolved organic nutrients), prey detection and capture, types of locomotion, 

prey composition, growth forms (binary fission, eutely, egg production), size, 

body-mass scaling and body structure (e.g. single versus multicellular). These 

differences between organisms affect not only how much and the type of material 

ingested, but also the proportion of this ingested material allocated to growth. The
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energy budget of different taxa will be fundamentally different, and vary with 

increasing temperature for some groups. Ciliates for instance, will on average 

allocate approximately 50 and 30% more carbon when feeding on an algal and 

bacteria diets respectively, towards non-growth processes such as respiration and 

egestion, in comparison to nano/microflagellates. Both ciliates and 

nano/microflagellates are consumers of pico-sized phytoplankton (Stockner 1988) 

and bacteria (Kuuppo-Leinkki 1990). Therefore community structure will impact the 

amount of material transferred to higher trophic levels, with those dominated by 

ciliates having higher overall respiration, and likely to reduce overall community 

efficiency.

The GGEs achieved in the studies I have synthesised are of course from 

experimental conditions, and therefore not necessarily representative of those 

found in nature. I suggest one of the primary differences causing disparity may 

come from food concentration and food type. It is likely that many of the studies 

included in my synthesis were run at food concentrations exceeding those found in 

nature, or at least at high levels for a longer period of time. In my dataset the range 

of food concentrations for all taxa except ctenophores exceeded the maximum food 

concentrations reported by Huntley & Boyd (1984) of 890 pg C L'1 for oceanic 

environments. For coastal environments the food of ctenophores and 

dinoflagellates were the only taxa to be appreciably below the maximum in situ 

concentration of 5000pg C L'1 reported by one study, although mean dinoflagellate 

food concentration was above all others (Huntley & Boyd 1984). Dinoflagellates and 

ctenophores were the only taxa whose mean food concentrations were below 

250pg C L"1, the maximum food concentration for oceanic environments reported 

by Lopez-Urrutia et al. (2003) and within the range cited for the oceanic 

environment above 5°C (Huntley & Boyd 1984).

Assuming food concentration is not high enough to instigate superfluous feeding, 

one might expect higher efficiencies to be achieved as material is ingested more 

readily, and growth is not food-limited. Ciliates have been shown to be able to 

achieve positive growth rates at much lower food concentrations than 

dinoflagellates (Hansen 1992). This indicates that ciliates are better adapted to

53



lower food concentrations than other taxa and the efficiencies reported here might 

be a reflection of experimental food concentrations. The combination of ciliates 

having ingestion and growth rates approximately three times those of heterotrophic 

dinoflagellates (Hansen 1992), and the relatively high swimming speeds in ciliates 

(Hansen etal. 1997), suggests high energetic requirements, which if not 

counteracted by, for instance an increase in ingestion or, as shown in 

dinoflagellates, a reduction of metabolism in response to low food concentrations 

(Hansen 1992), will result in the low GGEs observed.

The amount of variation in GGE accounted for by temperature, food or the 

combination of the two variables differs between 9-58% for individual taxa, with an 

average of 28%. Therefore, a lot of variation cannot be attributed to these two 

variables. Additional sources of variation come from many sources, including 

differences in water volume, food density, food quality, the type of prey and 

salinity, but may also be intrinsic with the calculation of GGE. Errors may occur if the 

two components of GGE, growth and ingestion, are measured in fundamentally 

different ways, for example derived over different durations. The measurements of 

ingestion and growth may also be inaccurate, compounding errors further when 

combined to calculate GGE. As with any synthesis across species, there is likely to be 

increased scatter as a result of the combination of species-specific response to the 

variables explored. For example, in my synthesis, different species are likely to have 

different optimum food concentrations for GGE. Compiling these together will 

therefore result in greater variability in the data. Despite these differences, patterns 

between GGE and temperature and food were still able to prevail.

Trophic groups

Differences between heterotrophic and mixotrophic ciliates in their response to 

temperature may be a result of their respective specialisation (Table 3.3). 

Mixotrophs can synthesise biomass through photosynthesis and the conversion of 

ingested prey material. Heterotrophic organisms however rely solely upon ingested 

mass for production. Heterotrophs, therefore, are likely to have a greater degree of 

specialisation in breaking down prey and synthesising new biomass than
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mixotrophs, for instance through greater digestive enzyme production. Enzyme 

driven processes will be largely temperature dependent, and the positive 

relationship between GGE and temperature from heterotrophs is a consequence of 

their specialisation and greater enzyme dependence of production. Perhaps the 

greater costs associated with the autotrophic component of mixotrophs impact 

production at higher temperatures, through greater respiration rates for example. 

Mixotrophs may not be specialised to as greater degree to locomotion, prey 

detection and capture owing their ability to photosynthesise. Within my dataset, 

travelling costs are likely to be relatively greater for mixotrophs and as a result,

GGEs were lower, especially at higher temperatures.

Diet type

I found in protozoans (ciliates, nano/microflagellates and dinoflagellates) and 

copepods, higher GGEs were achieved on an herbivorous diet than bactivorous, 

carnivorous or mixed. Herbivorous feeding represent highers quality prey than 

bacteria with ingested algae more efficiently converted into body mass, possibly a 

product of a higher proportion of essential nutrients. Although food concentrations 

influence GGE, I found mean food concentrations were around twice as high for 

ciliates and nano/microflagellates when fed on algae, and dinoflagellates when fed 

a mixed diet, than when fed only bacteria. For copepods, the mixed diet had the 

highest mean value, over twice that of the carnivorous and herbivorous diets.

Size of prey is likely to be an important factor in determining the relative GGEs on 

herbivorous and bactivorous diets. Bacteria being a relatively smaller prey item, is 

likely to incur a greater cost per prey mass in terms of the energy needed for prey 

capture and handling, than the generally larger algal species. The predator:prey size 

ration for ciliates and nano/microflagellates when fed bacteria in my dataset were 

much greater than 8:1 and 3:1, respectively, cited as optimal for growth (Hansen et 

al. 1994). Meanwhile there is evidence that some species of nanoflagellate are 

unable to sustain their population density when feeding solely on small bacteria 

(Holen & Boraas 1991), and that the smallest are ingested to a much lower extent 

by nanoflagellates and ciliates (Gonzalez et al. 1990). Dinoflagellates fed on a mixed
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diet of algae and bacteria would presumably suffer increased energetic costs than 

when feeding solely on algae, as the predatonprey ratio is increased far above the 

optimum of 1:1 size ratio (Hansen et al. 1994).

Disparity in GGE emphasises the importance of food type when determining values. 

For instance, when feeding herbivorously, ciliates obtained a mean GGE that 

approximates that of four other taxa on the same diet type. Where a taxon feeds on 

more than one diet type e.g. algae and bacteria, the relative proportion of each 

food type is of fundamentally important in determining energy flow. For example, I 

have shown a three-fold increase in GGE can occur between a bactivorous and 

herbivorous diet in ciliates. The greater proportion of bacteria in their diet in 

comparison to herbivores is likely to decrease overall GGE in ciliates, 

nano/microflagellates and dinoflagellates.

Wider implications for ecosystem structure
For GGEs to be appropriately applied to environmental data, there needs to be 

agreement as far as possible between natural and experimental diets. This can 

therefore have important implications for the transfer of material through the 

planktonic food web. It also means that in the natural environment the type of prey 

standing stock will affect the predator growth efficiency, which can have knock-on 

consequences for the food web. For instance, ciliates operate with higher GGEs 

when they are predominantly feeding herbivorously as opposed to bactiverously. 

Clearly the relative proportion of these prey in there diet will in turn dictate the 

efficiency of material transfer through parts of the microbial food web.

I have demonstrated that not only does GGE vary between different taxonomic 

groups, but that prey type is an important determinant. Importantly my data 

suggests that temperature dependence of GGE differs between taxa. Predicting the 

effect of temperature on the food-web through its affect on GGE is perhaps not as 

simple as originally perceived. The flow of primary productivity through the 

planktonic food web will be complicated by taxon-specific GGE values and 

temperature dependences of. It is therefore not a matter of temperature causing a 

uniform increase or decrease of mass flow within the food web and subsequently to
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upper trophic levels. The Incorporation of relationships determined in this study 

into existing models that have previously used a singular value across taxa with no 

temperature dependence (e.g. Stoecker & Evans 1985; Pomeroy 1999; Lewis 2005 

Buitenhuis et al. 2006) will most likely increase food-web model accuracy.

The impact of temperature dependent GGE of bacteria has been used to predict 

wider implications of temperature increase on the planktonic food-web (Rivkin & 

Legendre 2001) and has already been implemented within models (Legendre & 

Rivkin 2002). Although bacterial respiration can represent a large proportion of 

community respiration, variation in the response of GGE in different taxa to 

temperature increase, in order to develop an accurate understanding of energy 

flow the inclusion of taxon-specific GGEs other than bacteria is vital. For a more 

comprehensive understanding of the planktonic food-web dynamics I encourage 

these are built upon by incorporating taxon-specific differences within ecosystem 

models.



Chapter 4. The Impact of Temperature on 
Standing Stock Biomass of Planktonic Taxa

Introduction
Standing stock biomass, a volumetric or areal measurement of biomass at the 

moment of sampling, is fundamental for understanding food-webs. It is a 

quantitative measurement of the contribution of species, of broader taxa, of trophic 

levels, and of functional groups to the overall biota. Standing stock biomass has 

been used to describe plankton community structure (Linley et al. 1983, Carrick & 

Schelske 1997, Booth etal. 1993, Lingell etal. 1993), and to investigate the 

relationship between parameters (such as chlorophyll-o, temperature, water depth 

and mixed layer depth) and the distribution of bacteria (Kirchman et al. 1993, 

Kirchman etal. 1995), autotrophs (Hewes etal. 1990), heterotrophic protozoa 

(Hewes et al. 1990, Dolan & Marrase 1995) and metazoan zooplankton (Borgne 

1981). Standing stock biomass values have also facilitated comparison of the 

biological composition of environments that vary temporally (Booth et al. 1993, 

Buskey 1993, Lingell etal. 1993), spatially (Paranjape 1987, Chavez 1989, Pena et 

al. 1990, Harrison et al. 1993, Zhang et al. 1995), and in trophic status (Duarte et al. 

2000, Bell & Kalff 2001). Standing stock biomasses can also be used to determine 

carbon budgets and energy flow networks (Linley et al. 1983, Baird et al. 1991, Boyd 

etal. 1995, Moloney eto/.1991).

The marine pelagic environment is subject to large variation in primary production, 

often being seasonal and linked to nutrient availability. Increased nutrient 

concentration is largely associated with an increase in phytoplankton, the main 

autotrophic component of the planktonic food-web (Lalli & Parsons 1997). Since 

phytoplankton is the basis of the marine pelagic food-web, higher levels of 

nutrients are generally associated with and increase in biomass of not only primary 

producers which utlise nutrients through direct uptake, but also primary and 

secondary consumers, as phytoplankton availability is greater, allowing more 

energy flow through the trophic levels. Equatorial gyres for instance, are areas
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notable for low nutrient concentration, and low primary production, as a result of 

permanently stratified, and relatively stable water column, reducing nutrient flow 

into the euphotic zone (Jennings et al. 2001). However, there area oceanic 

environments, such as the southern ocean, known as HNLC (high nutrients, low 

chlorophyll) areas, which possess low levels of phytoplankton despite having 

relatively high levels of nutrients available. The paradox of HNLC areas is thought to 

be due to the absence of required minerals, such as iron (Martin 1990, Boyd et al. 

1996, Boyd et al. 2000), but may also be a result of increased grazing by 

microzooplankton (Frost 1991, Tsuda et al. 2007), or a combination of both 

processes (Price etal. 1994).

To some extent variation in primary production is reflected in the standing stock 

biomass of primary producers and, through trophic cascades, the biomass of higher 

trophic levels too. The combination of absolute biomass values from different study 

sites and subsequent use within ecosystem models may not be appropriate in all 

cases because differences in biomass of ecosystem compartments between sites 

may be obscured by differences in primary production which can affect higher 

trophic levels. In contrast, by examining biomass values relative to phytoplankton 

we are able to detect which planktonic taxa increase their relative contribution to 

total biota in response to environmental variables such as temperature. This 

relative, rather than absolute, measure of standing stock biomass is of great 

importance in representing changes in the dominance of different taxa, and 

understanding how the biomass in the planktonic food-web varies with 

temperature over large geographical scales. Relative biomasses of bacteria 

(Kirchman et al. 1993, Kirchman et al. 1995), protozoa (Havens et al. 2007) and 

herbivorous zooplankton (Uye et al. 1999) in addition to the pico size component of 

phytoplankton (Fiala et al. 1998, Goericke 1998, Bell &. Kalff 2001) have previously 

been used to highlight planktonic group responses to variables such as nutrient 

abundance, temperature and latitude. On a large, macroecological scale the 

influence of local variations are reduced, allowing large-scale trends of the most 

dominant factors influencing the distribution of organisms to be determined.
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There is a scarcity of studies of the thermal effects on relative biomass within the 

marine literature, but there are indications that relative biomass varies with 

temperature within freshwater environments. For instance, Protozoa were found to 

have a far greater relative biomass in warmer subtropical lakes than in cooler 

temperature lakes within which metazoan zooplankton contributed a greater 

proportion of plankton biomass (Havens et al. 2007). These findings were deemed 

to be consistent with the hypothesis that subtropical freshwater lakes are subjected 

to greater top-down control than are temperate lakes.

General trends concerning the relative biomass of different planktonic groups in 

response to temperature in the marine environment are currently unknown, 

although several studies of single locations suggest temperature may have a 

profound effect on the distribution of plankton biomass. In the Baltic Sea, 

temperature was not only more important in shaping phytoplankton community 

structure in the marine food-web than level of nutrients, but it was singled out as 

the most influential variable (Gasiunaite etal. 2005). Temperature has been 

proposed as an important determinant of the abundance and distribution of 

copepod species in a macroecological context (Beaugrand et al. 2007, Helaouet & 

Beaugrand 2007). Concordantly within the southern ocean, Fiala et al. (1998) 

reported "the distribution of phytoplankton biomass and community structure 

along the transect appears to be the reflection of the prevailing environmental 

variations, especially that of temperature".

Temperature may impact the structure of the marine food-web by affecting the 

rates of production and loss (for example though consumption) of phytoplankton 

that determine its biomass. The nature of the relationship between phytoplankton 

biomass and temperature is currently unclear over a global scale, but there is 

evidence that phytoplankton biomass within the upper 200m of the pelagic open 

ocean increases with temperature in the Southern Ocean (-0.5 to 5.5°C) in areas 

where sea-ice was not an issue (Fiala et al. 1998). If production and loss rates are 

affected by temperature to varying degrees between differently sized 

phytoplankton, then the biomass size-structure may also vary. For instance 

although the proportion of picoplankton to total phytoplankton does not vary
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temporally in the Sargasso Sea over the course of a year (Goericke 1998), the 

proportion of picophytoplankton to total chlorophyll-o increases with decreasing 

latitudes from around 30 to 50% from 67°S to 49°S respectively, in the Southern 

Ocean (Fiala et al. 1998).

Changes in phytoplankton size-structure in response to temperature are likely to 

have a large impact on the amount of biomass passing through the food-web to 

higher trophic levels and the path through to different consumers. Increasing 

temperature may be associated with a greater influence of bacteria on the fate of 

planktonic biomass. Within the equatorial Pacific region (12°N to 12°S), bacterial 

biomass relative to phytoplankton was greatest near the equator, declining with 

increasing latitudes (Kirchman et al. 1995). It is my aim to assess whether similar 

trends between bacterial biomass, relative to phytoplankton, and temperature exist 

over a larger scale.

The magnitude of standing stock biomass of a taxonomic group, or trophic level, is a 

result of many ecological, behavioural, and physiological processes. Standing stock 

biomass is a balance between production and total mortality, both of which are a 

composite of many processes. Heterotroph production is a result of processes that 

include growth rate, respiration rate, feeding rate and prey availability, all of which 

are heavily influenced by temperature. Standing stock biomass of a taxon can be 

calculated by:

B = P  Equation 4.1

P

where P is production and ¡j. is instantaneous growth rate. I would therefore expect 

a change in standing stock biomass if the ratio between production and growth 

varies. Both production and growth rate are likely to be influenced by temperature. 

Within biologically relevant temperatures, growth rates have been shown to be 

temperature dependent for many planktonic taxa, for instance ciliates (Nielson & 

Kidrboe, 1994, Montagnes et al. 2003, Rose & Caron 2007), dinoflagellates 

(Montagnes et a i 2003), Nano/microflagellates (Caron et al. 1986, Rose & Caron
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2007), copepods (Huntley & Lopez 1992, Hirst & Bunker 2003, Hirst et al. 2003) and 

bacteria (White et al. 1991, Rivkin et al. 1996).

One of the limitations of production by a group is its Gross Growth Efficiency (GGE), 

which is a measurement of the biomass produced per biomass ingested (Chapter 2, 

p.5), and therefore useful for understanding the proportion of biomass converted 

from prey to predator. Different taxa not only possess inherently different GGEs, 

but the degree of GGE temperature-dependence and its direction (positive or 

negative relationship) also varies between taxa. Consequently, the standing stock 

biomass of a group may not share the same temperature dependence as 

phytoplankton, and therefore relative biomass of that group will vary with 

temperature. Therefore temperature may substantially influence the proportion of 

phytoplankton biomass flux through the food-web, and level of standing stock 

biomass of different groups, through its effect on the GGE of an organism, taxon, or 

trophic level.

In addition, diet type significantly affects the efficiency with which numerically and 

functionally important taxa convert food into predator biomass. For instance ciliates 

and dinoflagellates both achieved a greater GGE when feeding on algae than on 

bacteria, whilst copepods also had a higher GGE feeding on algae in comparison to a 

carnivorous diet (Chapter 3, p.42). With increasing temperature the contribution of 

different size categories to total phytoplankton biomass may vary.

Food that is of poor quality for one consumer species may be of high quality for 

another consumer. Here I use the terms low and high quality food to represent 

prey that yield, respectively, a low and a high GGE for the relevant consumer. As 

grazing by zooplankton is largely considered to be size-dependent, the 

consequences of changes in phytoplankton composition will be to provide a greater 

source of food to certain herbivorous heterotrophs, thereby impacting the flow of 

material through the planktonic food-web. Therefore a change in the size-structure 

within the phytoplankton will impact the flow of material in the planktonic 

food-web by benefiting those consumers that have an increased proportion of high 

quality food. Conversely, if prey that can only be processed with a lower GGE
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represents a greater proportion of the diet available to a taxon, a greater 

proportion of biomass will be lost to respiration, excretion and egestion 

(defecation). Consequently, even though absolute amount of biomass of a taxon 

may increase, greater consumption of low quality prey can potentially decrease 

relative biomass. It is therefore evident that over a macroecological scale 

temperature, in addition to growth and respiration rates, may substantially 

influence the distribution of biomass in the planktonic food-web through its effect 

on the GGE of different taxa, which impacts on phytoplankton community structure.

Although studies have examined the relationship between standing stock biomass 

and temperature, they have typically focussed on either single species, or on size 

groups (e.g. Kirchman etal. 1995, Fiala etal. 1998, Goericke 1998). My objectives 

are to better describe and understand the relationship between biomass and 

temperature across a wide range of planktonic groups, providing quantitative 

relationships that can be utilised in further studies, including those that model the 

flow of material through the planktonic food-web. Although other environmental 

parameters, such as nutrient and light availability, influence phytoplankton 

production, which has knock-on consequences for higher trophic levels, my aim 

here is to determine whether, as a correlate of some of these variables, 

temperature is fundamentally linked to changes in the relative biomass of different 

planktonic taxa over a large macroecological scale and therefore the structure of 

the food-web.

It has been predicted, for example, that microzooplankton groups become a greater 

component of the food-web at higher temperatures owing to an increase in the 

size range of phytoplankton (Conover 1979). As microzooplankton grazing is 

commonly prey-size dependent, a greater set of resources is available at higher 

temperatures, thus potentially allowing greater microzooplankton production 

(Conover 1979). Thus at relatively higher temperatures microzooplankton may 

become an increasingly important component of the planktonic food-web in terms 

of carbon flux and providing food for higher trophic levels. Bacterial respiration 

relative to energy or carbon assimilation has been shown to increase with 

temperature; thus assimilation of resources from particulate and dissolved organic
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matter is less efficient (Rivkin & Legendre 2001). As bacteria play an important role 

in recycling organic matter in the planktonic food-web, bacterial growth may 

become the rate-limiting step in carbon flux, with a greater proportion of carbon 

lost via respiration.

I examine whether the response of biomass to temperature varies across taxa, and 

the consequence of this on the distribution of biomass in the planktonic 

community. I use the null hypothesis that there is no change with temperature 

owing to no significant difference in the scaling of biomass with temperature across 

taxa. I test the effect of temperature on different levels of taxonomic groups 

combined from three datasets, termed Gasol, AMT, and MarProd. I combined these 

datasets to obtain standing stock biomasses of ciliates, dinoflagellates, flagellates, 

total protozoa, total mesozooplankton and total bacteria. This combined dataset 

allows an examination of biomasses over a large temperature range, spreading over 

both hemispheres.

However, the datasets differ in terms of the temperature range they represent. For 

instance, temperatures within the MarProd dataset (3 to 10°C) are within a smaller 

range than the Gasol (-1.89 to 17.5°C) and AMT (-1.89 to 27.6°C) datasets, resulting 

in a cluster of biomass values lower range of temperatures from this study. In order 

to examine the influence of the data source, for instance as a result of varying 

methods between AMT and MarProd cruises, I also examine each dataset 

separately to investigate whether patterns are also reflected over smaller 

geographical and temperature scales and to better understand the cause of 

large-scale patterns. The Gasol dataset has broad categories of bacteria, 

phytoplankton, protozoa and mesozooplankton. The AMT dataset contains more 

specific categories, with ciliates and dinoflagellates being identified as separate 

groups. The greatest number of taxonomic groups is examined in the MarProd 

dataset, which includes a variety of mesozooplankton in addition to protozoan 

groups. These datasets complement each other well because they are 

representative of different locations and ranges of temperature, and therefore 

allow a comprehensive overview of temperature effects on the relative biomass 

distribution within the planktonic food-web.
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Phytoplankton biomass estimates used in this study are derived using chlorophyll-o 

to carbon ratios (Chlo:C; see Methods, p.66). However, using a constant carbon to 

chlorophyll ratio can be a source of great inaccuracy, with the biomass of 

autotrophs underestimated when chlorophyll concentration is low (Buck et al.

1996). I therefore investigate the importance and influence of using Chlo:CC, a 

constant conversion ratio, in comparison to Chlcr:CT, a ratio specific to the trophic 

status of the environment, in estimating phytoplankton biomass and its relationship 

to the relative biomass of different zooplankton groups. I compare the biomass of 

zooplankton groups relative to phytoplankton by using Chlo:CC and ChlccCT: this will 

show any disparity between zooplankton relative biomass responses to 

temperature owing to underestimating phytoplankton biomass at low chlorophyll 

concentrations when using Chlo:CC.

The primary objectives of this study are therefore to:

1. Describe the relationships between relative biomass and temperature for a 

variety of planktonic taxa

2. Examine the impact of temperature on the distribution of standing stock 

biomass between taxa

3. Examine the importance of using trophic status specific chlorophyll a: 

carbon conversion ratios to estimate relative biomass and its relationship 

with temperature.

I achieve these by answering the following fundamental questions:

1. How does the biomass and relative standing stock biomass vary within 

taxonomic groups?

2. Does temperature affect biomass to the same degree among taxonomic 

groups and therefore impact planktonic food-web structure?

3. Are there significant changes in the relative biomass, and relationship with 

temperature of zooplankton taxa as a result of using trophic status specific 

chlorophyll-o : carbon ratios rather than a constant ratio?
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Methods
I first describe the different datasets used within this chapter, outlining the 

variables used and their calculation, before detailing the way in which they were 

analysed. The three separate datasets, referred to as the Gasol, MarProd and AMT 

datasets are now discussed separately.

Datasets

Gasol

The data, obtained from the author, comprised autotrophic, bacterial, protozoan 

and mesozooplankton biomass (pg C L’ 1) in addition to primary production (pig C L 1 

d’ 1) and chlorophyll-o (pig L"1), from over 80 literature studies between 1967 and 

1993 (see Gasol 1997 for more details). Where possible, studies were included that 

reported all four groups simultaneously, but those for which one or more groups 

are missing are also included. Latitudinally, the sample sites range from 75°N to 77°S 

(Figure 4.1). I revisited the primary literature for measurements of temperature 

(°C), in addition to further spatial data (latitude and longitude, °) which were added 

to the dataset where possible. Temperature values were either from in situ 

measurements or those reported during bottle experiments.

MarProd

These data were from the Marine Productivity RRS Discovery cruise 262, in the 

North Atlantic in the spring of 2002 (for the full report of this cruise see Richards et 

al. 2002). I obtained abundances of phytoplankton and protozoan taxa (ciliates, 

flagellates and dinoflagellates, from CTD (conductivity, temperature, depth) 

measurements, and metazoan zooplankton (bryozoans, chaetognaths, cnidarians, 

copepods, non-copepod crustaceans, ctenophores, echinoderms, molluscs, 

platyhelminths/nemerteans and polychaetes and tunicates) sampled from 

Autosampling Recording Instrumented Environmental Sampler (ARIES) tows, Ocean 

sampler (OS) tows and Dual Methot (DM) net tows. Abundances were converted 

into number of individuals per litre (no. I"1). Phytoplankton and zooplankton
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abundances were converted into biomass by multiplying by a carbon content value 

(pg C ind"1). Where possible carbon content for each individual species was 

calculated from estimates from the published literature (Appendix 1), and life-stage 

specific for mesozooplankton (i.e. nauplii, copepodite and adult for copepods) 

(Appendix 2), or in the case of ciliates calculated from available estimates of cell 

volume and the commonly used carbon density of 190 fg C pm"3 which allows for 

shrinkage for cells preserved with Lugol's solution (Putt & Stoecker 1989) (Appendix 

3). Where species-specific values were unavailable, average carbon content values 

derived from other members of the same genus or higher taxonomic grouping were 

used (Appendix 1). Owing to potentially large differences in carbon content 

between autotrophic, heterotrophic and mixotrophic dinoflagellates, species were 

categorised into one of these trophic groups using evidence from the literature 

(Appendix 4), and their carbon contents were then calculated from values reported 

in Menden-Deuer & Lessard (2000). Algal species carbon contents were converted 

into biomass using for non-diatom species an average calculated from values 

reported in Mullin et al. (1966), and for diatoms using an average diatom carbon 

content derived from values digitised from Menden-Deuer & Lessard (2000) using 

computer software program GetData Graph Digitizer 2.24 (Appendix 1). Where 

species-specific carbon content values were unavailable for metazoan species, the 

appendices of Hirst et al. (2003) were used to calculate average values (Appendix 2).

Each sample site was determined using spatial (latitude and longitude) and 

temporal (date and time) data. Biomass from each site was averaged from samples 

taken in the upper 200m of the water column in order to encompass the metazoan 

component of the pelagic food-web, which often sink below the photosynthetic 

biota to avoid predation. Biomass values were complemented with average 

temperature within the top 100m (°C), which I assume to be the temperature of the 

mixed layer only. Average temperature was calculated using measurements from 

CTD profiles, which were from the same, or nearest sample site as determined by 

spatial (latitude and longitude) and temporal (time and date) measurements. 

Chlorophyll-o (pg L"1) measured with an In situ chlorophyll fluorometer is 

considered here a suitable proxy for phytoplankton biomass.
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AMT

I obtained data from the Atlantic Meridional Transect cruise 2, located in the 

Atlantic Ocean, from Port Stanley (Falkland Islands) to Plymouth (UK) from April to 

May 1996. For a full report of this cruise see Robins (1996). Abundance data were 

from CTD casts for bacteria, and phytoplankton and microzooplankton using Niskin 

bottles, and standing stock biomass measurements for bacteria and phytoplankton.

I also use production values measured by-thymidine and -leucine uptake methods 

for bacteria and incubated bottle samples for phytoplankton. Species were 

classified into groups of either bacteria, pico- (0.2-2pm), nano- (2-20pm) and 

micro- (>20pm) phytoplankton, coccolithophores, flagellates, diatoms, ciliates, 

dinoflagellates or picoplankton (including heterotrophs <2pm), and converted to 

biomass using appropriate carbon content estimates (Appendices 1 & 3). 

Temperature (°C) data were assigned to each abundance, biomass and production 

value using CTD measurements matched according to temporal (date and time) and 

spatial (latitude and longitude) information, at the nearest depth. Average values of 

biomass and temperature of the water column were derived for each site using 

spatial (latitude and longitude) and temporal (date and time) data.

A ll data

In order to make comparisons across all three data sets, protozoan taxa were 

combined into a single category of Total Protozoa, and to compare the Gasol and 

MarProd dataset all mesozooplankton were combined together, as used by Gasol 

(1997). I combined ail three datasets to allow analysis of loglO biomass and loglO 

relative biomass for protozoa and mesozooplankton, whilst the AMT and MarProd 

datasets were combined for dinoflagellates, and Gasol and AMT datasets combined 

for ciliates and flagellates. For all groups within the Gasol, MarProd and AMT 

datasets relative biomass (RelBio) of each taxonomic group was calculated as the 

proportion of biomass (pig C L'1) per phytoplankton biomass (pg C L'1). I derived 

phytoplankton biomass in carbon from chlorophyll-o measurements (pg I"1), which 

were available in all datasets, and using a conversion factor. I employ two 

conversion methods to estimate phytoplankton from chlorophyll a concentration, 

using what is herein referred to as the constant (Chlo:CC) and trophic-specific
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(Chlo:CT) conversation ratios. To convert chlorophyll-o (pg C L'1) to carbon (pg C 

L’ 1) I used a constant conversion ratio, ChlcnCC, of 50 as used by Cho & Azam (1990) 

and Christian & Karl (1994). For trophic specific carbon conversion values, Chlo:CT, I 

used a ratio of 90 for oligotrophic conditions, and for meso/eutrophic waters a ratio 

of 30 was used, as found by Eppley (1968) and consistent with Geider (1987) and 

that reported in Buck et al. (1996). I classified oligotrophic conditions as those that 

had a chlorophyll-o concentration below 30 pg I'1, after Agawin et al. (2000), which 

is similar to that of Cho & Azam (1990) (<50 pg I'1), whilst those greater were 

deemed meso/eutrophic.

Comparison of polar regions
To investigate the influence of geographical region of the ocean on planktonic 

biomass, rather than temperature, I compare the biomass and relative biomass of 

protozoa for latitudes exceeding 50°N using MarProd data, and greater (i.e. closer 

to the southern pole) than 50°S (Southern Ocean) using the Gasol dataset. 

Regressions between both loglO biomass and loglO relative biomass and 

temperature are derived for both regions, whislt a T-test at a 95% confidence 

interval is used to compare mean biomass and relative biomass values. Protozoa 

were the only group for which it was possible to compare in this way, as 

mesozooplankton were not available for the Southern Ocean, and bacteria 

biomasses were not representedin the MarProd dataset.

Statistical Analyses and Hypotheses Testing

All analyses were conducted using Minitab (MINITAB® Release 14.1). Using ordinary 

least squares linear regression I tested the effect of temperature on the loglO 

biomass and also on loglO relative biomass derived using Chlo:CT and Chlo:CC for 

each taxonomic group within the AMT, Gasol and MarProd datasets, at a 95% 

significance level (p values <0.05). I subsequently performed similar regressions on 

loglO biomass of total bacteria, total protozoa and total mesozooplankton using 

data combined from the three datasets.

For each taxonomic group within the AMT, Gasol, and MarProd datasets I 

performed t-tests to compare the difference in loglO relative biomass derived using
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trophic-specific chlorophyll-o to carbon ratios (ChlcnCT) and a constant ratio 

(ChlccCC). Further t-tests compared the loglO relative biomass derived from the 

two ratios, for total bacteria, total protozoa and total mesozooplankton using data 

combined from all three datasets. To compare the slopes of regressions between 

relative loglO biomass and temperature, for biomass values derived using Chlo:CC 

and Chlo:CT, I created a general linear model (GLM) as described in Grafen & Hails 

(2002):

loglORelBio = T+ Ratio + (Tx Ratio) Equation 4.2

where temperature (T, °C) and relative biomass (loglORelBio, pg C L 1 / pg C L 1) are 

continuous data, and the conversion ratio (Ratio) is a categorical variable of either 

Chlo:CT or ChlccCC. Where a significant (p<0.05) interaction term was found (Tx 

Ratio), the slopes were significantly different (Grafen & Hails 2002). In addition, as 

temperature may be associated with changes in chlorophyll-o concentration, and 

biomass of autotrophs has been shown to be underestimated at low chlorophyll-o 

concentrations (Buck etal. 1996), I examine the difference between relative 

biomass values derived using Chlo:CT and Chlo:CC standardised to different 

temperatures (Equation 4.3).

loglO RelBio = (5x7) + Int- R Equation 4.3

where the slope, or gradient, (5), and intercept (Int), are from regressions between 

relative biomass and temperature described above. Residuals, (R), were derived 

from the output of regressions and represent deviation from the mean for each 

datum. Using taxa of the Gasol dataset I standardised relative biomass values to six 

different temperatures that encompassed the range between maximum and 

minimum found in the dataset (-1.85, 0, 5,10,15 and 17.5°C), for all groups using 

equations derived from ordinary least squares regressions. For each group, I 

compared using a t-test, loglO relative biomass values derived using Chlo:CT and 

Chlo:CC (standardised to each temperature).
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Results

loglO Biomass and Temperature

Combined dataset
Biomass decreased significantly with increasing temperature (3.0 to 27.6°C) for 

ciliates (p<0.001, R-squared=42.0%) and flagellates (p<0.001, R-squared=81.9%) 

(Figure 4.2; Table 4.1). I observed a positive relationship between loglO biomass 

and temperature for dinoflagellates (pcO.OOl, R-squared=53.4%), total protozoa 

(-1.9 to 27.6°C, p<0.001, R-squared=14.7%) and total mesozooplankton (p<0.001, R- 

squared=25.0%). The biomass of the remaining group, bacteria, although not 

significant at the 95% confidence level testes, showed a tendency to increase 

temperature (slope= 1.098, p=0.086, R-squared=2.7%).

Gasol
There were positive relationships between loglO biomass and temperature (5.2 to 

17.5°C) for autotrophs (p<0.001, R-squared= 53.8%), heterotrophs (p<0.001, R- 

squared= 42.3%), bacteria (p<0.001, R-squared= 19.5%), protozoa (p<0.001, R- 

squared= 45.4%) and mesozooplankton (p<0.001, R-squared= 56.4%) (Figure 4.3; 

Table 4.2).

MarProd

For each of the thirteen taxa (ciliates, dinoflagellates, flagellates, bryozoans, 

chateognaths, tunicates, cnidarians, copepods, non-copepod crustaceans, 

ctenophores, echinoderms, platyhelminths/nemerteans, and polychaetes) (Table 

4.3), total protozoa and total mesozooplankton I found loglO biomass did not vary 

significantly with temperature (2.8 to 9.8°C; p>0.05). The remaining two taxa, 

molluscs (p=0.017, R-squared= 16.0) and polychaetes (p=0.017, R-squared= 15.3) 

showed a positive relationship.

72



Ciliates Flagellates

Dinoflagellates Protozoa

Mesozooplankton

Figure 4.2 Relationships between biomass (pg C L-1) and temperature (°C) for 

various planktonic taxa. Both biomass and temperature data are mean values 

derived per study site from the combined dataset dataset
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Autotrophs Heterotrophs

Bacteria Protozoa

Mesozooplankton

Figure 4.3 Relationships between biomass (pg C L-1) and temperature (°C) for 

various planktonic taxa. Both biomass and temperature data are mean values 

derived per study site from the Gasol dataset.
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AMT

I found no significant relationship between loglO biomass and temperature (14.8 to 

28.0°C for ciliates (p=0.083, R-squared= 15.8%), diatoms (p=0.051, R-squared= 

19.8%), coccolithophores (p=0.670, R-squared= 1.0%), and flagellates (p= 0.308, R- 

squared= 10.4%) (Table 4.4). In addition, I also detected no significant relationship 

for dinoflagellates(p=0.340, R-squared= 5.1%). The loglO biomass of picoplankton 

increased positively and significantly with increasing temperature (p=0.033, R- 

squared= 22.9%), whilst all three size categories of phytoplankton, 0.2-2pm, 

(p=0.001, R-squared= 40.2%), 2-20pm (p<0.001, R-squared= 70.1%) and >20pm 

(p=0.001, R-squared= 66.6%) all decreased (6.8 to 25.4°C; Figure 4.4). Bacteria loglO 

biomass, derived by leucine uptake, also decreased with increasing temperature 

(p=0.001, R-squared= 39.4%), whilst the decreasing trend derived by thymidine was 

marginally non-significant (p=0.054, R-squared= 15.2%).

Comparison of chlorophyll-a to carbon ratios

Using either a constant fChlo.CC) or trophic specific (Chlo:CC) chlorophyll-o to 

carbon conversion ratios for phytoplankton provided identical results for many 

groups in terms of the nature of the relationship (positive, negative or no 

significance) between loglO relative biomass and temperature, and mean values 

and slope of regressions. I first outline differences in results obtained using either 

Chlo:CC or Chlo:CT. Where results are identical I report only regressions involving 

relative biomasses using Chlo:CT, with results using a constant chlorophyll-o to 

carbon ratio (Chlo:CC) and table of results for individual datasets found in the 

appendices.

Combined

In the combined dataset the nature of relationships were identical for all groups, 

whilst slopes did not vary significantly (p>0.05) between relative biomasses derived 

using Chlo:CC and Chlo:CT (Figure 4.5; Table 4.5). Mean bacterial relative biomass 

was significantly lower using Chlo:CT in comparison to Chlo:CC (p=0.017, T=-2.40, 

n=148) whilst all other groups did not vary significantly (p>0.05) (Table 4.6).
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Figure 4.4 Relationships between biomass (pg C L'1) and temperature (°C) for 

various planktonic taxa. Both biomass and temperature data are mean values 

derived per study site from the AMT dataset.

80



Figure 4.5 Slope of the regression of loglO biomass relative to total 

phytoplankton (pg C L'Vpg C L'1) against temperature for different planktonic 

groups derived from using either a constant (Chlo:CC, •) or trophic specific 

(Chlo:CT;») chlorophyll-o to carbon ratios. Biomass values were derived from the 

combined dataset. Error bars representing standard error of the slopes derived 

from general linear models as described in the Methods section (p.66).
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Gasol

In the combined and Gasol datasets the nature of loglO relative 

biomass-temperature relationships was identical when using either a constant 

(ChlccCC) or trophic specific (Chlo:CT) chlorophyll-o to carbon conversion ratios for 

phytoplankton. The slope of regressions did not vary significantly for all groups 

except autotrophs, for which a greater positive slope, and therefore temperature 

dependence was found using Chlo:CT (p<0.001, F=24.77, R-squared=61.86%). 

Relative biomasses were significantly greater when derived using trophic-specific 

values (Chlo:CT) than constant chlorophyll-o (Chlo:CC) to carbon ratios for 

autotrophs (p<0.001, T=-4.17, n=164), heterotrophs (p=0.005, T=-2.84, n=127), 

bacteria (p=0.004, T=-2.89, n=128) and mesozooplankton (p=0.044, T=-2.03, 

n=136) (Figure 4.6; Table 4.7), which corresponds to an increase in relative biomass 

of 39, 56, 60 and 58% respectively. For protozoa, I did not detect a significant 

difference between values (p=0.063, T=-1.87, n=132).

MarProd & AMT

For all groups in the MarProd and AMT datasets I found no significant difference 

(p>0.05) between loglO relative biomasses, and the slopes of regressions (p>0.05) 

between loglO relative biomass and temperature, using Chlo:CC and Chlo:CT (Figure 

4.7). There were differences in the nature of relationships between loglO relative 

biomass and temperature for some groups in both the MarProd and AMT datasets 

which are discussed below.

Temperature-adjusted Relative Biomass
Using temperature-adjusted values of the Gasol dataset, mean loglO relative 

biomass derived using Chlcr:CT remained significantly greater than ChlccCC when 

adjusted to all temperatures (-1.89, 0, 5,10,15,17.5°C) (Figure 4.8). For both 

heterotrophs and bacteria, the increase in relative biomass declined from 95% at 

-1.89°C to approximately 52% at 17.5°C. Values derived using ChlccCT were also 

greater when adjusted to five of these temperatures (-1.89, 0, 5 ,10,15°C) in 

mesozooplankton, the percentage increase representing an increase in relative 

biomass of 95% at the lowest temperatures down to 57% at 15°C. At the highest
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Figure 4.6 Mean biomass of autotrophs, heterotrophs, bacteria, protozoa and 

mesozooplankton, relative to total phytoplankton (pg C L'Vpg C L"1) derived from 

chlorophyll-o concentration using a constant (Chlo:CC) and trophic specific 

(Chlo:CT) ratios. Autotrophs are considered as phytoplankton (including 

zoochlorellae-bearing protists) by Gasol (1997). All biomass values were derived 

from the Gasol dataset. Error bars represent 95% confidence intervals.
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Figure 4.7 Mean biomass of various taxa, relative to total phytoplankton (pg 

C L-1/pg C L'1) derived from chlorophyll-o concentration using a constant (Chlo:CC) 

and trophic specific (Chlo:CT) ratios. Biomass values were derived from the AMT 

dataset. Error bars represent 95% confidence intervals.
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Figure 4.8 Mean autotroph, heterotroph, bacterial and mesozooplankton 

biomass, adjusted to five different temperatures, relative to total phytoplankton (pg 

C L_1/pg C L"1) derived from chlorophyll-o concentration using a constant (Chlo:CC) 

and trophic specific (Chlo:CT) ratios. Biomass values were derived from the Gasol 

dataset.Error bars represent 95% confidence intervals.
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temperature of 17.5°C I detected no significant difference between Chlo:CC and 

Chlo:CT derived loglO relative biomass values (p=0.055, T=1.93, n=83). For 

autotrophs, I found significant differences between loglO relative biomass values 

adjusted to five temperatures, with those derived from Chlo:CT being lower at 

-1.89 and 0°C (a 41 and 29% decrease in relative biomass respectively), and higher 

at 10,15, and 17.5°C (24, 58, 78% increase in relative biomass) than when using 

Chlcr:CC. At 5°C however, I found no significant difference in loglO relative biomass 

calculated using Chlo:CC and Chlo:CT (p=0.742,T= -0.33 n=94).

LoglO Relative Biomass and Temperature

Combined dataset

Relative biomass of both ciliates (p<0.001, R-squared=40.7%) and flagellates 

(p<0.001, R-squared=90.4%) biomass decreased significantly with increasing 

temperature (Figure 4.9; Table 4.8.). As with absolute biomass, relative biomass of 

dinoflagellates increased significantly (p<0.001, R-squared=38.8%). Relative biomass 

of bacteria also increased with temperature (p=0.008, R-squared=8.1%), whilst total 

protozoa (p=0.374, R-squared=0.7%) and total mesozooplankton (p=0.951, R- 

squared=0.0%) showed no significant relationship.

Gasol

Within the Gasol dataset loglO relative biomass increased for heterotrophs (p= 

0.001, R-squared= 12.5%), bacteria (p= 0.009, R-squared= 8.2%) and 

mesozooplankton (p= 0.001, R-squared= 12.3%) (Figure 4.10). However, loglO 

relative biomass of protozoa did not vary significantly with temperature (p= 0.180, 

R-squared= 2.7%). Although results were identical using Chlo:CC and Chlo:CT, mean 

biomasses were significantly greater using the latter for autotrophs, heterotrophs, 

bacteria and mesozooplankton (p<0.05) (Table 4.9).

MarProd

Within the MarProd dataset the relative biomass of flagellates was found to 

decrease with increasing temperature (p= 0.006, R-squared= 20.7%) (Figure 4.11).
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Figure 4.9 Relationships between biomass (pg C L-1) relative to phytoplankton 

(pg C L'1) and temperature (°C) for various planktonic taxa. Total phytoplankton was 

derived from chlorophyll-o to carbon concentration ratios specific to environmental 

trophic state, Chlo:CT. Both biomass and temperature data are mean values derived 

per study site from the combined dataset. Note the y-axis plot of flagellates is on a 

different scale to other taxa for illustration purposes.
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Autotrophs

Bacteria

Heterotrophs

Mesozooplankton

Figure 4.10 Relationships between biomass (pg C L"1) relative to phytoplankton 

(pg C L"1) and temperature (°C) for various planktonic taxa. Total phytoplankton was 

derived from chlorophyll-o concentration using trophic specific ratios, Chlcr.CT.

Both biomass and temperature data are mean values derived per study site from 

the Gasol dataset.
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Flagellates

Dinoflagellates

Protozoa

Figure 4.11 Relationships between biomass (pg C L’ 1) relative to phytoplankton 

(pg C L’ 1) and temperature (°C) for various planktonic taxa. Total phytoplankton was 

derived from chlorophyll-o concentration using a constant ratio, ChlcnCC. Both 

biomass and temperature data are mean values derived per study site from the 

MarProd dataset.
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Meanwhile ciliates, total mesozooplankton and all mesozooplankton groups 

(chaetognaths, tunicates, copepods, non-copepod crustaceans, ctenophores, 

echinoderms, molluscs, polychaetes, and cnldarians), all showed no significant 

relationship (p>0.05, R-squared= 0.1 to 17.0%). Whilst loglO relative biomass 

dinoflagellates (p= 0.033, R-squared= 13.1%) and total protozoa (p= 0.039, R- 

squared= 12.3%) both decreased with increasing temperature using ChlccCC, both 

did not vary significantly using Chlo:CT (p>0.05, R-squared=5.0 to 10.7%).

AMT dataset

I found that loglO relative biomass decreased significantly with increasing 

temperature for the two largest phytoplankton size categories, 2-20pm (p<0.001, 

R-squared=55.9%) and >20pm (p<0.001, R-squared=49.0%) (Figure 4.12). The 

relative biomass of dinoflagellates, ciliates, diatoms, coccolithophores, flagellates, 

total protozoa, bacteria-thy and the smallest phytoplankton size category, 0.2-2pm, 

did not vary significantly with temperature (p>0.05, R-squared=0.1 to 9.5%).

Relative biomass of picoplankton (which contained heterotrophs) increased with 

temperature using a constant chlorophyll-o to carbon ratio, Chlo:CC, (p=0.031, R- 

squared=27.5%), but did not vary significantly using Chlo:CT. Conversely, relative 

biomass of bacteria-leu decreased with temperature using Chlo:CT (p=0.045, R- 

squared=20.5).

Comparison of Polar Regions

Although the loglO biomass of total protozoa within both the>50°N, (MarProd 

dataset; p=0.05, R-sqaured=10%) and>50°S regions (Gasol dataset; p=0.06, R- 

squared=34%) did not vary with temperature under a 95% confidence level, both 

showed a positive, albeit insignificant trend (Table 4.10). There was also no 

significant relationship between loglO relative biomass and temperature of total 

protozoa in both >50°N (p=0.199, R-squared=5%) and >50°S (p=0.895, R- 

squared=0.2%) regions using the constant chlorophyll-o to carbon ratio. When using 

trophic specific chlorophyll-o to carbon ratios, protozoan loglO relative biomass 

within the >50°N region had a significant and negative relationship with 

temperature (p=0.039, R-squared=12%), whist within the >50°S region no
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0.2-2|jm Phytoplankton -  2-20pm Phytoplankton

>20pm Phytoplankton Bacterial (Leucine)

Figure 4.12 Relationships between phytoplankton biomass (pg C L'1) relative to 

total phytoplankton (pg C L-1), and temperature (°C) for three size categories, 

0.2-2pm, 2-20pm and >20pm and bacteria (leucine uptake). Total phytoplankton 

was derived from chlorophyll-o concentration using trophic specific ratios, Chlo:CT. 

Both biomass and temperature data are mean values derived per study site from 

the AMT dataset.
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significant relationship could be determined (p=0.895, R-squared=0.2%). Mean 

protozoan biomass, and biomass relative to total phytoplankton biomass, calculated 

using either a constant or trophic specific chlorophyll-o to carbon ratios, was 

significantly greater, by approximately and order of magnitude, in the >50°N region 

in comparison to biomasses more southerly than 50°S (p<0.01, Table 4.11).

Discussion

Protozoa
Although total absolute biomass of protozoa increased with temperature, its 

relative biomass showed no temperature dependence. My results for total protozoa 

are therefore in contrast to predictions by Conover (1979) and for findings of 

greater relative biomass in warmer freshwater lakes which was argued to be 

consistent with greater top-down control (Havens et al. 2007). However, I found 

that over a large temperature range, two ecologically important protozoan taxa 

responded differently to increasing temperature. Whilst higher temperatures were 

associated with a decrease in the contribution of biomass to the planktonic 

food-web by ciliates, dinoflagellates increased in relative biomass (Figure 4.13).

The results of this study differ from those over smaller geographical ranges such 

as the Inland Sea where the proportion of ciliate biomass to total microzooplankton 

increased with chlorophyll-o concentration (Uye et al. 1996) cited as the result of 

advantages that protozoans possess over micrometazoans at higher food 

concentrations (Uye et al. 1996). Despite the higher mass-specific metabolic rates of 

ciliates compared with metazoans (Heinbokel, 1978, Verity, 1985,1986) and an 

ability to consume smaller prey (Stoecker & Egloff 1987, Stoecker & Capuzzo, 1990), 

results in this study suggest that higher temperatures are not consistent with 

ciliates out-competing metazoan zooplankton for shared food resources. The 

contribution of ciliates to the marine planktonic food-web may be largely 

dependent on the availability of bacteria, which they are known to consume within
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Cold (5°C> Warm (20°C)

Figure 4.13 The contribution of planktonic components (bacteria, 

nano/microflagellates, ciliates, dinoflagellates and mesozooplankton) to community 

biomass, relative to total phytoplankton biomass for a typical cold (5°C) and warm 

(20°C) environment. Relative biomass values for bacteria, nano/microflagellates, 

ciliates and dinoflagellates were calculated using equations derived from significant 

regressions between loglO relative biomass and temperature in the combined 

dataset. For mesozooplankton mean relative biomass from the combined dataset 

was used for both environments, as relative biomass did not vary significantly with 

temperature for this group.
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the natural marine environment (Sherr & Sherr, 1987; Sherr et al., 1989, Uye et al. 

1996), with strong links between the two groups found in freshwater lakes (Gates & 

Lewg 1984). The greater proportion of bacterial biomass within the planktonic 

food-web with increasing temperature indicates a greater prey resource for ciliates, 

and is indicative of increased domination of the microbial food-web, (Uye et al. 

1999). However, results here suggest ciliates do not respond to increased bacterial 

availability by increasing their relative standing stock biomass. Ciliates and 

dinoflagellates play an important role in the transfer of primary production to 

higher trophic levels (Mironova 2009) including copepods. However, the absence of 

a detectable change in relative ciliate biomass in response to temperature may be a 

result of several, non-mutually exclusive, processes including increased predation 

by metazoan zooplankton, greater competition for shared resources, or a decline in 

efficiency of processing prey. Although copepods have been shown to be able to 

control ciliate populations in Long Island Bay, (Lonsdale et al. 1996) the increase in 

relative biomass of dinoflagellates, and the absence of change in mesozooplankton 

relative biomass suggests that greater competition for shared resources from fellow 

protists may be more important in limiting the contribution of ciliate biomass to the 

planktonic food-web rather than predation from higher trophic levels.

The absence of a coupling between the relative biomass of ciliates and bacteria may 

arise from significantly lower gross growth efficiency (GGE) of ciliates with respect 

to all other zooplankton taxa examined in Chapter 3 (p.36). Not only did ciliates 

have a lower average GGE, but their efficiency was significantly lower when feeding 

on bacteria than on algae (p.42). If the increase in the proportion of bacteria in the 

food-web observed is reflected in a greater contribution of bacteria within the diet 

of ciliates, the average GGE of ciliates will be lower as a greater proportion of 

biomass consumed by ciliates will be lost, for example to respiration, inhibiting the 

ability of ciliates to maintain a higher relative biomass in the food-web. A decline in 

average efficiency may be lessened owing to the observed temperature 

dependence of ciliate GGE when feeding on bacteria. I reported in Chapter 3 that 

increased temperatures are associated with an increase in ciliate GGE with a of 

4.11 (p27). However, using the equation that describes the relationship between
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loglOGGE and temperature, I find that even at the highest temperature (25°C) for 

which it was determined, the GGE when feeding on bacteria remains below that of 

the average achieved feeding on algae.

Alongside ciliates, the protozoan group of dinoflagellates are numerically (Hansen 

1992) and functionally an important part of the microzooplankton, with their 

grazing of diatoms and flagellates at times exceeding that of mesozooplankton 

(Johnson & Allen 2005). My study shows that total contribution of dinoflagellates in 

terms of relative biomass to the planktonic food-web increases with temperature.

In spite of higher respiration rates generally observed at increased temperatures, 

dinoflagellates may be able to take advantage of increased prey availability as a 

result of several competitive advantages over ciliates, thereby increasing 

dinoflagellate relative biomass. For instance, whilst autotrophic dinoflagellates are 

able to cope well in oligotrophic tropical and subtropical waters by migrating 

vertically in the water column to take advantage of higher nutrients, heterotrophic 

dinoflagellates may benefit from greater growth efficiency, prey size breath, and 

lower locomotion costs compared with ciliates (Crawford 1992, Hansen et al. 1994). 

In comparison with fellow protozoan taxa of nanoflagellates and ciliates, the 

metabolic costs associated with locomotion are much lower in both growing and 

starved dinoflagellates (Crawford 1992).

In addition, there is evidence to suggest that dinoflagellates are better able to 

survive low prey abundances than ciliates (Jakobsen & Hansen 1997), which 

provides greater resistance to local extinction in the natural environment. As shown 

in Chapter 3, at higher temperatures mean dinoflagellate GGE increases, therefore 

increasing the amount of production from a given amount of prey (p.27). 

Dinoflagellates are able to feed on a wide variety of prey with smaller 

dinoflagellates directly competing with ciliates for nanophytoplankton, whilst larger 

dinoflagellates can consume prey such as diatoms and some dinoflagellates that are 

generally considered too large for ciliates (Hansen 1992, Hansen et al. 1994). The 

ability of dinoflagellates to consume a wider breadth of prey sizes may allow them 

to cope with changes in the size-structure of available prey that gives them the 

competitive advantage over ciliates, whilst the presence of higher growth rates may
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enable them to respond more quickly to Increases in prey availability in comparison 

to mesozooplankton such as copepods (Hansen 1992). As phytoplankton biomass 

increases with temperature, dinoflagellates may also benefit from increased 

production if phytoplankton represents a greater proportion of their diet. When 

feeding omnivorously dinoflagellates were not only found to have lower GGEs in 

comparison to a diet of solely algae by approximately 10%, but GGEs decreased 

with increasing food concentration. These competitive advantages may enable 

dinoflagellates to better resist local extinction and maintain a greater relative 

biomass in the planktonic food-web at higher temperatures because of the 

negative geographical correlation between temperature and nutrients (Lalli & 

Parsons 1997). At lower temperatures meanwhile, the lower specific growth rates 

of dinoflagellates in comparison to ciliates (Montagnes et at. 2003) may restriction 

production to a greater extent than other processes by reduced the ability of 

dinoflagellates to respond to local fluctuations in prey availability.

As higher dinoflagellate relative biomass in the planktonic food-web increases with 

temperature, there is an increased likelihood harmful species being able to 

maintain a viable population in areas in which are likely to produce conditions 

facilaiting a bloom (coastal nutrient upwelling). I therefore argue that with 

increasing global sea surface temperatures due to increased concentration of 

greenhouse gases in the atmosphere, may be associated with an increase in the 

frequency of harmful dinoflagellate blooms, which is likely to have serious elogical 

and economic consequences. The upwelling of nutrients into the euphotic zone as a 

result warmer summer waters in temperate regions is associated with large blooms, 

or "red tides", of dinoflagellates (for example, Alexandrium acatenella, 

Gymnodinium mikimotoi, Dinophysis acuta). Such blooms can have serious 

consequences on the pelagic environment, by depleting oxygen (Altamirano & 

Sierra-Beltran 2008), damaging breathing or feeding structures of fish and bivalves 

(Hallegraeff 1992, Matsuyama et al. 1999) and through the production of toxins 

which build up and transfer through the food chain to species including seafood 

consumed by humans, causing conditions including paralytic shellfish poisoning 

(PSP) and neurotoxic shellfish poisoning (NSP). Dinoflagellate blooms impacts not
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only the marine food-web, but also cause economic loss. For example, a 

Gymnodinium bloom in 1998 has been estimated to kill fish stocks valued at US$40

000 000 in Hong Kong alone.

Differences between ciliates and dinoflagellates in biomass and relative biomass 

with increasing temperature may also be reflected in change in species richness. 

Over broad scales evidence suggests that species richness of marine pelagic taxa 

tends to increase with decreasing latitude (Clarke & Crame 1997), whilst 

temperature is said to be the best correlate of available energy (Gaston 2000). As 

smaller populations are associated with greater extinction risk (Lande 1993), ciliates 

may be less speciose in warmer environments if a greater number of species 

succumb to local extinction as a result of lower biomass. Although other processes 

may determine species richness (Evans et al. 2005), there may be a disparity 

between the relationships of ciliate and dinoflagellate species richness with 

temperature.

Bacteria

1 found strong evidence to suggest that bacteria relative biomass increases with 

temperature over a large scale. Within both the combined and Gasol datasets, I 

demonstrated a positive relationship using either a constant or trophic specific 

chlorophyll-o to carbon ratios. Within the AMT dataset however, relative biomass 

decreased with increasing temperature using a trophic status specific chlorophyll-a 

to carbon ratio and for bacteria derived via leucine uptake method. Bacteria relative 

biomass derived from thymidine uptake showed no significant change with 

temperature when considered solely within the AMT dataset, whilst neither was 

significant using a constant chlorophyll-o to carbon conversion. Uye et al. (1999) 

reported that relative biomass of bacteria was greater in oligotrophic areas than 

those of higher nutrient concentration. Therefore the observed increase in bacterial 

relative biomass with temperature within the Gasol dataset may be partly due to 

the lower trophic status of warmer waters, and supports the theory that a microbial 

food chain becomes increasingly predominant at higher temperatures.
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Ciliates also play an important role in controlling bacteria abundance and size 

structure (Turley et al. 1986), whilst the regeneration of bacteria depends on the 

availability of dissolved organic matter in the water column. Ciliates convert food 

into biomass with an efficiency far below other consumers of bacteria 

(dinoflagellates and nano/microflagellates), thereby releasing a greater proportion 

of carbon, up to 90% of that consumed if feeding solely on bacteria. Therefore the 

co-dependence of bacteria and ciliates is likely to be stronger than with other 

protozoa. As a consequence, the decreased relative biomass of ciliates at higher 

temperatures, if not compensated for by an increased turnover rate, will result in a 

lower rate of bacteria regeneration from that which would be otherwise be 

expected. Although the planktonic food-web plays a vital role in the sequestration 

of atmospheric , (Hays et al. 2005) its impact is unlikely to be equal on a large 

geographical scale. Colder regions of ocean, where bacteria production is more 

efficient (Rivkin & Legendre 2001), are likely to have a stronger link between 

bacteria and ciliates, greater recycling of carbon, allowing a greater overall 

planktonic biomass. As a consequence greater carbon recycling and greater 

biomass, colder oceanic regions are likely export a greater amount of carbon, 

through the sinking of organic matter out of the euphotic zone, than warmer 

environments, i.e. lower latitudes.

Mesozooplankton

On a global scale I found that although absolute biomass of mesozooplankton 

increased with temperature, its relative biomass did not vary significantly. As with 

ciliates (protozoa), my results differ from examples of studies of freshwater lakes, 

where the contribution of metazoan zooplankton was found be greater in cooler 

temperate lakes than in subtropical lakes (Havens et al. 2007).

The absence of a change in mesozooplankton across a large range of temperatures 

and latitudes is an important result to note. As copepods constitute the majority of 

mesozooplantkon, (up to 80% in terms of biomass, Kidrboe 1997) they play a pivotal 

role the in transfer of primary consumers to higher trophic levels such as fish, with 

up to 88% of their ciliate and dinoflagellate production consumed by copepods
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(Lignell et al. 1993). The ubiquitous presence of copepods suggests they are able to 

perform important functions across a wide range of latitudes and temperature 

regimes such as regulating biogeochemical fluxes in the pelagic environment 

through the production and subsequent vertical flux out of the euphotic zone of 

faecal pellets (Lampitt etal. 1990,) which represents approximately 10% of all 

particulate flux (Riser et al. 2006), and the remineralisation of material through the 

consumption or damage of faecal pellets (Kiprboe 1997).

As previously discussed, the increase in relative biomass of dinoflagellates suggests 

an increased competition for shared resources, which may be exploited more 

readily by dinoflagellates which possess higher growth rates (Hansen et al. 1997), 

thereby impose restrictions on the production achieved by mesozooplankton. In 

addition, with change in the biomass structure of the planktoinc food-web, 

copepods are likely to vary the proportion of each prey consumed. For instance, the 

diet of copepods consists of ciliates to a lesser degree with increasing 

phytoplankton concentrations (39% and 22% at <50 and >500 pg phytoplankton 

carbon I'1 respectively; Calbet & Saiz 2005).

Since copepods and mesozooplankton in general are unlikely to consume a 

substantial fraction of total phytoplankton production (Lignell et al 1993, Verity 

1993, Hansen 1997), the fraction copepod biomass in the planktonic food-web is 

driven mainly by microzooplankton abundance. The relative decrease in available 

food to copepods as a result of decreased ciliate relative biomass at higher 

temperature is likely to be compensated, at least in part, by the higher abundance 

of dinoflagellates. Switching to the most abundant microzooplankton prey has been 

shown to be an active mechanism in copepods (Kiorboe et al 1996, Gismervik & 

Anderson 1997), whilst microzooplankton may be the preferred prey due to their 

optimal size in comparison to the smallest, pico-sized phytoplankton Bergreen et al. 

1988, Hansen et al. 1994).

The absence of a variation in mesozooplankton relative biomass in the combined 

dataset may be a result of changes in the structure within this taxon, with some 

metazoan groups or species favoured over others. Although mesozooplankton
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groups other than copepods demonstrated temperature dependence of GGE, 

trends varied between taxa. Perhaps because of low mass-specific metabolic rate, 

GGE increased with temperature for ctenophores and scyphozoans, and due high 

metabolic costs cladoceran GGE decreased. Mean while the GGE of cladocerans 

decreased with increasing temperature, suggesting due to high maintenance costs 

this taxon is disfavoured in warmer, especially low productivity waters. However, in 

the absence of evidence of global changes of dominant species (or higher taxon) 

within mesozooplankton, I find no direct evidence to suggest mesozooplankton 

relative biomass to be a direct result of metazoan GGE temperature-dependence.

Relative biomass may also be constrained if, within mesozooplankton, there is 

competition between species. With increasing temperature I would expect an 

increase in biomass of species adapted to warmer environments, which are able to 

better grow and exploit food resources, and hence increase their biomass.

Phytoplankton

In contrast to all other size categories of phytoplankton, there was evidence for the 

contribution of the smallest fraction, picophytoplankton (0.2-2pm) to total 

phytoplankton to increase with temperature in the AMT dataset. In conjunction 

with increased relative production in warmer environments (Maranon et al. 2001) 

these findings lend support to the growing consensus of an increased dominance of 

picophytoplankton with increasing temperature (Agawin et al. 2000, Caroppo 2000, 

Senga & Horiuchi 2004). I suggest that the reason the relative biomass of 

picophytoplankton increases whilst larger size categories of phytoplankton do not, 

may be owing to the inherent competitive advantages of picoplankton in 

oligotrophic conditions, and to a relatively reduced predation pressure. At higher 

temperatures picophytoplankton are likely to be at a competitive advantage 

because of their increased ability to obtain and utilise nutrients in areas of low 

nutrient content in comparisons to larger autotrophs (Agawin et al. 2000, Donald et 

al. 1997) due to the increased nutrient affinity of smaller phytoplankton which have 

higher surface area to volume ratios (Fogg 1986, Raven 1998). They also have higher 

growth and photosynthetic rates under nutrient-poor conditions in comparison to
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larger phytoplankton (Cole et al. 1986). My results are also consistent with 

predation by higher trophic levels playing a role in structuring phytoplankton 

biomass. As metazoan relative biomass increased with temperature it is also likely 

that their grazing of large phytoplankton, in addition to protists, also increases. As a 

result, grazing pressure by protists on picoplankton, and competition for nutrients 

by larger phytoplankton are both reduced, allowing picoplankton to establish a 

greater standing stock biomass at higher temperatures.

The structure of the planktonic food-web may be largely determined by the 

structure of the autotrophic component under varying temperature regimes. 

Increase in the proportion of picophytoplankton biomass at the expensive of larger 

autotrophs will fundamentally affect the resources available to different 

heterotrophic zooplankton. An increase in contribution of picoplankton to the 

autotrophic component will favour smaller heterotrophic herbivores which are able 

to exploit the smaller prey, resulting in a lower flux of biomass directly to higher 

trophic levels such as metazoans. As copepods achieve their daily carbon intake at 

lower carbon concentrations when feeding on larger phytoplankton (Frost 1972), 

phytoplankton structure may also have a direct impact on metazoan zooplankton.

Dataset Differences

Variation in the relative biomass-temperature relationships observed within 

individual datasets (Gasol, AMT, and MarProd) in comparison to the combined 

dataset outlines the importance of scale in determining global patterns of marine 

biota. For example, whilst dinoflagellate relative biomass displayed a negative 

relationship with temperature in the MarProd dataset, which comprises a relatively 

narrow geographical and temperature range (3 to 10°C), the inclusion of biomasses 

sampled at higher temperature and lower latitudes reveals a general increase in the 

proportion of dinoflagellates to total planktonic biomass. As local disturbances and 

fluctuations of environmental variables are diluted over a macroecological scale, 

study of a reduced latitudinal range is likely to be more susceptible to local 

variations that inhibit the detection of broad trends. Consequently, the absence of a 

detectable change in the proportion of metazoan biomass in the MarProd dataset
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may suggests its latitudinal range was not adequate to determine large scale 

patterns within the marine environment.

Although protozoa of both polar regions (>50°N and >50°S) showed a weak increase 

in biomass with temperature, both biomass and relative biomass were greater in 

the north. The order of magnitude difference in biomasses between regions cannot 

be sufficient explained by differences in temperatures (>50°S below 5°C, >50°N up 

to 10°C). It is likely that the low biomass values of the >50°S region are a product of 

the high nutrient, low chlorophyll paradox which is a feature of the Southern Ocean 

(Jennings etal. 2001), with the relatively low phytoplankton production 

constraining the protozoan biomass.

Comparison of Chlorophyll-a to Carbon Ratios
For the most part, using either a constant chlorophyll-a to carbon ratio, or values 

specific to the trophic state of the environment did not alter the nature of the 

relationship (positive, negative or no significance), mean values, or the slope of 

regressions for the majority of groups in the combined, and individual datasets. The 

main exception was within the Gasol dataset, where if using a constant conversion 

ratio for all levels of chlorophyll-a underestimating heterotroph, mesozooplankton 

and bacterial biomass relative, if we assume Chla:CT to be the more appropriate 

ratios. Although the trends obtained showed little variation between chlorophyll-a 

to carbon ratios used, there was generally a greater model fit, measured by R- 

squared, using Chla:CT than Chla:CC. Whilst the slope and nature of the regression 

between bacterial relative biomass and temperature did not significantly vary using 

Chla:CC or Chla:CT, mean relative biomass was greater using the latter in the 

combined dataset. The disparity between phytoplankton biomass derived using :CC 

or :CT may be greatest in individual studies at single temperatures. When adjusted 

for temperature, I found the difference in relative biomass between values derived 

using Chla:CC and Chla:CT to decrease with increasing temperature for 

heterotrophs, bacteria and mesozooplankton. This is consistent with an 

underestimation of autotrophic biomass at lower chlorophyll-a levels (Buck et al. 

1996), which are associated with higher temperatures. With increasing latitude the
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relative abundance of light available to phytoplankton and sea surface temperature 

decrease. However, higher latitudes are also associated with a greater amount of 

water mixing caused by wind action which increases supply of nutrients to the 

surface levels (Lalli & Parsons 1997). Therefore, over a large geographical scale as 

temperature increase is associated with decreasing nutrient availability.

Summary
Across a global scale, changes in temperature are associated with fundamental 

changes in the contribution of functionally and numerically important planktonic 

taxa. Whilst I found no evidence to suggest broad changes in the proportion of 

protozoan and mesozooplankton biomass, there were important changes within 

protozoa with increasing temperature. The impact of temperature on the biomass 

of different planktonic groups is likely to be through its effect on the many 

temperature-dependent physiological, ecological and behavioural processes, which 

influence the efficiency with which prey is converted into predator biomass (GGE). 

The disparity between the response of ciliate and dinoflagellate biomass with 

temperature may be partly due to inherent differences in GGE and its temperature 

dependence. My study is therefore compatible with the notion that through its 

influence on individual species, temperature can help determine the structure of 

the planktonic food-web. As such, my results emphasise the importance of 

considering taxon-specific rates and processes, such as growth rates, mortality 

rates and gross growth efficiencies, to develop a more accurate understanding of 

the structure of the planktonic food-web. Changes in the relative biomass on taxa 

considered in this study will have consequences for other pelagic groups. Rotifers 

for instance, are known predators of bacteria, flagellates and ciliates, and help 

recycle carbon, making it available to the microbial community (Arndt 2004).
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Chapter 5. Mass-Balanced Models of 
Planktonic Food-webs

Introduction
The purpose of this chapter is to outline mass-balanced approaches used to 

model food webs, give an indication of their use, assumptions and limitations, and 

to provide a justification for the model approach taken in Chapters 6 (p.121) and 7 

(p.154). It is clear that models using ecosystem compartments based on size and on 

trophic groups or taxa both have their place in ecological modelling so long as they 

are applied appropriately and assumptions taken into account. Concepts from these 

models are an important influence in the low complexity models of Chapters 6 and 

7, which allow the incorporation of taxon-specific GGEs, although there are distinct 

differences. The most important distinction is that the approach in the following 

chapters is concerned with understanding how production and biomass relative to 

phytoplankton are affected through the influence of temperature on taxon-specific 

GGEs, whereas other studies are often concerned with the absolute values.

Flow-based Approach
A common method of modelling the planktonic food-web, refered to here as flow- 

based approach, involves using estimates of the flow of energy, or nutrients such as 

carbon or nitrogen, through different compartments. Models are often structured 

so that compartments may represent a population, species or whole trophic levels. 

Flow-based models, for example those using the modelling program Ecopath (see 

http://www.ecopath.org) and its variations, have been widely used to model 

ecosystems, and continually to be developed to improve realism and accuracy in 

describe ecological processes. Its product, when equations are solved, is a holistic 

view of the food web, and a snapshot of the energy flux through the system. The 

strength and direction of energy flow of all compartments influencing the 

ecosystem are estimated and allow a path/network analysis of the marine 

ecosystem food web (Ulanowicz 1998). Flow-based models allow trophic
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interactions and energy fluxes to be evaluated and comparisons to be made 

between different systems, which can help describe the functioning of model 

ecosystems. Researchers have used this approach to model ecosystems in the open 

ocean, reefs (Arias-Gonzalez 1997), mangroves (Vega-Cendejas & 

Arreguin-Sanchez 2001), reservoirs (Harvey & Kareiva 2005), agricultural land 

(Dalsgaard & Oficial 1997), and gyres (Pauly & Christensen 1996). This approach 

allows the construction of a representation of a food web, which can be used to 

represent present systems, make predictions of potential impacts such as the effect 

of actual and potential impact of invasive species upon individual 

species/compartments and the ecosystem as a whole (Harvey & Kareiva 2005), or 

recreate historical ecosystems (Buchary 2001). Flow-based models have been used 

to predict environmental impacts such as fishery loss owing to power plant 

placement (Lin et al. 2004) and human exposure to toxic pollutants within the diet, 

and the impact climate change will have on this through its affect on the marine 

food web (Booth & Zeller 2005).

This approach may be used to predict the effect of changes to the ecosystem, and 

the impacts on specific species/compartments. To obtain a model of the ecosystem 

than contains resources, trophic interactions and pathways is a useful tool, and the 

flow-based method gives mass-balanced approach to looking at energy flux. With 

the addition of dynamic and spatial components to flow-based models a greater 

specificity and accuracy is achieved, which may be of great benefit, for example, to 

fisheries management and in making decisions for marine protected areas (Watson 

et al. 2000, Salomon et al. 2002, Zucchetta et al. 2003).

As flow-based methods are a holistic view of the ecosystem studied, it can be used 

in order to determine areas in which data are absent or deficient, and to predict 

values that are unavailable or unreliable with the literature, for instance respiration 

of a specific compartment. Although outlined in great detail elsewhere 

(Vega-Cendejas & Arreguin-Sanchez 2001, Christensen & Walters 2004) variables 

determined include total system ascendance, system throughput, development 

capacity, ecosystem maturity, Finn's cycling index and path length, transfer 

efficiencies, omnivory index, average trophic levels, mixed trophic impacts and
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dependency on primary productivity of each compartment. The latter two 

measurements are included within the modelling package itself. The development 

of steady state, mass balanced ecosystem models can enhance our understanding 

of not only the flow and direction of material, and importance of individual 

pathways, but keystone species (Libralato et at. 2006). Keystone species are those 

that despite having a relatively low biomass, have a great importance in influencing 

the ecosystem structure and subsequently the flow of energy and material within it. 

Flow-based models often uses a mass balanced approach, whereby the ecosystem 

is constructed using compartments that represent species, tropic or functional 

groups, and the flow of energy, or other currency such as nitrogen or carbon, to 

other compartments using know links estimated. The parameters used should be 

those that are appropriate for achieving mass-balance over the time interval 

modelled, often a year, or sometimes a season. For each compartment input of 

energy is equal to output, and this forms the basis of the central equation:

where Pi, Bi, and M2i are production, biomass and predation mortality of 

compartment i respectively, EE/' is the ecotrophic efficiency (the fraction of the 

production that is either passed up the food web or exported) and EXi is the export 

of /'. This basic equation is often elaborated in order to take into account differential 

predation rates between prey for different compartments is represented by:

where P/B is the production biomass ratio, and Q/B is the consumption/biomass 

ratio of i. DCji is the fraction of prey (i) in the average diet of predator (j). In order to

Pt — B iM 2 i — P j(  1 -  E E j )  — E X j = 0 Equation 5.1

Equation 5.2
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achieve mass balance certain terms are required, namely export and diet 

composition, and at least 3 out of biomass, production, consumption and 

ecotrophic efficiency. If only three are known, then the fourth parameter is 

estimated by achieving by balancing all other terms. Where all parameters are 

known, EE is the portion estimated in order to achieve mass balance. Respiration 

rates can either be inserted if known, or can be derived using the program itself 

through balancing the equation central to its function. It is unlikely that perfect 

mass balance is achieved via the input of parameters. Parameters may have to be 

adjusted in order to give a system that is a greater approximation of a realistic 

ecosystem. There are adjustments that can be employed in order to determine 

whether the model produced is one that is with the realms of possibility. If all 

parameters are entered into the model then the EE obtained can give an indication 

of the balance of the model. If EE is greater than one for instance then the model 

should be considered not balanced, as is the case if flow to detritus is negative, or if 

unrealistic gross growth efficiencies are obtained. The realism of the model may be 

further explored by comparing output values to real ecosystems, for instance the 

best fitting model can be deteremined statistically through comparison of residuals. 

Sensitivity analysis allows an investigation into possible outcomes upon the model 

by varying parameters upon which less certainty has been placed. With differing 

degrees of confidence in different parameters, there is likely to be many potential 

solutions. These can be tested using Monte-Carlo simulations or by trial and error. 

Therefore this procedure can be an important tool in calculating an unknown 

parameter, where all others have been determined.

The use of flow-based models offer advantages but also some limitations, which are 

intrinsically linked to the assumptions of the model itself. However, these 

limitations can largely be overcome using input values that are appropriate to the 

assumptions made (Pauly & Christensen 1996). For instance assuming a constant 

proportion of each prey that contribute to the diet of the predator remains 

constant, may be an incorrect assumption if a long-term model is the desired 

product. Therefore if a long term, for instance annual model is required, then values 

used to represent the proportion of each prey should reflect this and an annual
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average should be used in this case. In its most basic form flow-based models may 

not take into account biomass production and diet change between seasons, or 

size/age based trophic interactions. Again, the input values used need to reflect the 

average values over the time period over which the model is a representation.

A greater degree of accuracy will be obtained if input values have been determined 

simultaneously and under the same conditions. Heterogenous data sources are 

likely to represent a fundamental constraint on model accuracy. For logistical 

reasons, this is unlikely to be the case in the vast majority of instances and so must 

be supplemented often with appropriate values from the literature. Although 

previous software incarnations assumed steady state conditions, this is no longer a 

requirement and therefore instances where the primary assumption was that 

conditions under the time frame considered were approximately steady state are 

no longer necessary.

Inverse Approach
Another approach to creating mass balanced ecosystems models is the inverse 

approach. Whilst it shares similar assumptions with flow-based approaches, in that 

an approximately steady state system is assumed, its use is to provide the most 

optimal solution that is as close to mass balance as possible, i.e. inputs equalling 

outputs. As its name suggests, this method differs to the flow-based approach, by 

inserting standing stock biomass estimates of each compartment into the model 

and subsequently determining the rate of flow between each compartment.

As there may be many possible solutions that give approximately an equal good fit, 

parameters can be constrained to give greater realism e.g. limits may be imposed 

on assimilation and production efficiencies. The aim of giving an optimal balanced 

solution can be a useful tool in identifying possible weaknesses in current data, 

identifying differences between the empirical derived estimates and model 

predictions of parameters, and comparing different types of flow networks (Vezina 

& Platt 1988). Again, the availability of data can heavily influence the outcome of 

the results obtained in terms of variability and accuracy. Where parameters for the
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ecosystem modelled are well established, with independent verification then this 

provides a greater confidence in the derived flow rates of the ecosystem. It should 

also be noted that this approach does not necessarily produce an accurate 

representation of the flow rates within an ecosystem, but provides the simplest 

solution from the input values provided. The simplest solution and the true system 

may not be mutually exclusive, and so care must be taken when interpreting results.

Size-spectra
In contrast to the treatment of organisms in terms of species, functional groups, or 

compartments, this method uses size as the major discriminatory factor. As such, it 

relies heavily on size-based processes across taxa, such as growth, production, 

respiration, and predation, and takes advantage of the high similarity displayed by 

different species. It has been observed that patterns across species are related to 

size structure, with a power-law dependence often cited (Armstrong 1999). This 

approach also relies on the size-dependent feeding of planktonic ecosystems, in 

that organisms are generally consumed by larger predators. Size-spectra models, 

which are described in detail elsewhere (Sheldon et al. 1972, Benoît & Rochet 2004) 

commonly represent continuous flow of energy through the ecosystem, assuming a 

generalised growth function and loss term (respiration), both of which are 

size-dependent (Silvert & Platt 1978). Some models do incorporate different 

trophic levels in the model, e.g. phytoplankton, zooplankton and fish, whilst 

maintaining a strong size-dependent structure (Stock et al. 2008).

Thus energy is assumed to flow from small to large organisms, allowing inferences 

to be made about ecosystem structure and energy transfer efficiencies from 

observing the biomass spectrum. These assumptions have been further extended 

into comparisons of ecosystems, and more specifically comparing the slope of 

normalised biomass-size spectrum to infer transfer efficiencies and production of 

different trophic levels (Martin et al. 2006, Stock et al. 2008), whilst the intercepts 

can also be compared, for instance between seasons. Although similarities in the 

slopes of normalised biomass-spectra have been noted, differences have also been
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observed and attributed to trophic status (Sprules & Munawar 1986) seasonal 

factors (Gaedke 1993) and ecosystem composition (Raimbault et al. 1988). This 

method can be useful for determining the flux of energy through a system where 

the effect on component parts is not the main focus. This has important 

applications, for example, for understanding the amount of energy reaching fish, 

which may have important social and financial implications.

This approach does not however take into consideration potential differences 

between taxa, which may be disadvantageous, undesirable or simply not feasible if 

a taxon-specific property is likely to have a significant affect on the ecosystem 

studied (Armstrong 1999). The attraction of this approach is partly owing to its 

simplicity. If indeed the biomass spectrum, although just a snapshot of the 

ecosystem, can reveal important information on its structure, energy flow and 

function, then this approach would be a vital tool, especially from a practical and 

logistical perspective. One of the advantages of this method is that species do not 

have to be forced into compartments or trophic levels in order to satisfy the 

representation of the ecosystem used. These groupings may be made out of 

convenience and not reflect shared characteristics, such as response of respiration, 

growth and mortality for instance. Where there is no reason to assume that there 

are differences between species this is to the benefit of the size-spectra method.

Overview
It has been noted that in order to achieve a model representation as accurate as 

possible to that observed in nature, then species-specific attributes may be 

required in addition to shared, size-based patterns between species. In some 

respects, the two model types, the flow-based models and size-spectra, are 

converging, with Armstrong (1999) outlining models that attempt this. In essence, 

the type of model chosen is likely to have advantages and disadvantages. Mass 

balanced models may have reduced simplicity, but the information they provide is 

limited. In their simplest form they do not take seasonality into account, and 

therefore cannot be easily compared to real world data of specific regions and time
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periods. The biomass of each compartment should be an estimation of the time 

period modelled. Size-spectra meanwhile offer a simpler comparison to in situ 

conditions, as plankton size spectra is often an easier measurement to make. Again, 

in its simplest form, seasonality may be an issue, but more complex models have 

been developed for both to take these into account. Without seasonality and other 

dynamic constructs, care needs to be taken when interpreting and comparing 

results. However, they do allow identification of important pathways within an 

ecosystem and exploration of potentially important factors, and exposure of their 

potential effect.

Model Implemented
I use mass-balanced models to examine the impact of gross growth efficiencies on 

the flow of carbon production and biomass structure in the planktonic food-web. 

My aim is not to quantify biomass or production of different taxa or compartments, 

but to examine the influence of taxon- and diet specific, in addition to temperature 

dependent GGEs on the production and biomass structure of the planktonic 

food-web. Therefore, the highly complex flow-based, and size-spectra models is 

not needed for my approach, although there are similarities and shared concepts. 

The two models used in Chapters 6 and 7 represent the first attempts to examine 

the influence of taxon-, diet- and temperature specific GGEs of zooplankton on 

predicted carbon flow in the marine environment, and are briefly outlined below.

In Chapter 6 the impact of using taxon- and diet-specific GGEs, as derived in 

Chapter 3, on predicted production and biomass structure is examined. Simple 

mass-balanced models, akin to those employed using flow-based models, are 

constructed using Microsoft Excel. The food web constructed consists of 

zooplankton taxa of nano/microflagellates, ciliates, dinoflagellates and copepods, 

feeding on an autotrophic input of phytoplankton (partitioned between pico-, 

nano- and micro- size categories), and, as per the planktonic model of differing 

ocean environements by Landry & Calbet (2004) which assumed the ratio of
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bacterial production to phytoplankton production to remain constant, an input 

value that represents net bacterial production. Production is transferred to 

heterotrophic planktonic groups using estimates of clearance efficiency (percentage 

of available prey consumed) and GGEs, which is similar to way in which production 

is transferred between compartments of the planktonic models exploring the link 

between biomass size-spectra and ecosystem dynamics by Stock et at. (2008). The 

main difference is that compartments in the model of Stock et al. (2008) were 

categorised according to size and not taxonomic groups. As highlighted by the flow- 

based approaches, growth rates used to convert production to standing stock 

biomass are average values appropriate to the time period examined. Subsequently 

the model is developed further in Chapter 7 to incorporate

temperature-dependence of GGEs (as in Chapter 3), specific growth rates and level 

of bacterial production, enabling the extent to which temperature, through its 

influence on GGEs, effects on the flux of carbon and biomass structure of the 

planktonic food-web.

1 2 0



Chapter 6. Potential Impact of Diet and 
Taxon-Specific Gross Growth Efficiencies 
on Planktonic Food-web Structure: An 
Investigation Using Simple, Mass-balanced 
Models

Introduction
Models of relatively low complexity have been effectively used to explore the fate 

of primary and secondary production (Duarte & Cebrian 1996, Pomeroy 1999, 

Legendre & Rivkin 2002, Landry & Calbet 2004, Berglund et al. 2007). Such models 

are of particular use in providing qualitative, rather than quantitative, output and 

predictions, which aid the conceptual development of food web structure. In 

particular production and biomass pyramids have aided our understanding of food 

web constraints through the comparison of localities varying spatially (Gasol et al. 

1997), with temperature, and in response to increased nutritional state (Duarte et 

al. 2000). Such studies allow broad generalisations about the impact of 

environmental variables such as nutrient availability and temperature, providing 

evidence of the prominent patterns and most important physiological and 

ecological processes that impact ecosystem structure and dynamics. The use of 

mass-balanced models can not only help determine parameters that are prone to 

error, or difficult to measure in the natural environment, but also provide "the 

opportunity to control the internal consistency of the underlying measurements and 

assumptions, and to define reasonable bounds for individual process rates which 

have not been measured" (Gaedke & Straile 1994).

As a measure of the proportion of ingested food converted into body mass, gross 

growth efficiency (GGE) is a useful concept used in comparative and theoretical 

discussions concerning the structure and flux of material through food webs (see 

Chapters 1 & 2). Ecosystem models using GGE often include a variety of planktonic 

taxa which vary in behaviour, physiology and morphology. It is common, however, 

for models to assume a common GGE value for all planktonic taxa (Stoecker & Evans
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1985, Pomeroy 2000, Anderson & Turley 2003, Landry & Calbet 2004, Lewis 2005, 

Buitenhuis et al. 2006). A value commonly used is the mean GGE value derived by 

Stralle (1997) of approximately 0.33, although values In the range of 30 to 40% have 

also been used (Montagnes et al. 1988, Landry & Calbet 2004). However, as 

discussed in Chapter 3, these taxonomic groups can have fundamentally different 

GGE values, with ciliates and nano/microflagellates notable for having particularly 

low and high average values respectively. Another common assumption of 

ecosystem models is that predators convert different prey types with the same 

efficiency (Montagnes et al. 1988, Landry & Calbet 2004), despite food quality or 

suitability being a fundamental constraint on GGE. Differences in GGE were found 

for several planktonic taxa when feeding on different diet types or were either 

herbivorous, carnivorous, bactivorous or consuming a mixture of prey types.

Food-web models are a simplification of the actual complex food web structure and 

of energy flow displayed in natural ecosystems and are often a compromise 

between "the modeller's desire to reduce the problem to its simplest terms and the 

empiricist's desire to reproduce detailed behaviors of recognizable organisms and 

ecosystems." (Marine Zooplankton Colloquium 2001). Assumptions such as a 

common GGE value for all zooplankton taxa have undoubtedly helped in the 

formation of simple to complex models. However, as differences in physiological 

and behavioural rates and processes are observed between biological components 

of the planktonic food web, the effect of assuming similar GGEs across diverse taxa 

and diets should be explored to determine to potential impact upon ecosystem 

model accuracy.

Owing to the complex nature of the food-web, with multiple food sources 

contributing with varying degrees to predator diet, the impact of using 

taxon-specific values on flow of primary production through the planktonic 

food-web to higher trophic levels such as copepods, is in need of investigation. 

Here I investigate whether major changes to the structure of the planktonic 

food-web in terms of production and biomass result from the use of taxon-specific 

and diet-specific GGE values, or whether using a common mean GGE value for all 

taxa is of little consequence in terms of energy flow through the planktonic
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food-web. Therefore by investigating the effect that GGE variation can have on 

planktonic food-web structure, this study, although of relatively simple complexity, 

represents one of the first steps in understanding how physiological rates can limit 

the flow of energy through the planktonic food-web.

The aim here is to explore the potential effect of GGE on the structure of the 

planktonic food-web in terms of flow of primary production through different 

taxonomic components (ciliates, nano/microflagellates, dinoflagellates and 

copepods). This is achieved through the development of simple, mass-balanced 

models of planktonic food-webs oh high and low nutrient concentrations, which 

are used to predict the flow of production through the food-web using different 

GGEs. Subsequently these models are used to predict the production of each 

heterotrophic component, and standing stock biomass, relative to total 

phytoplankton. The question asked in this work is how is food-web structure 

impacted by assuming a) a common value for GGE for all taxa, b) taxon-specific 

GGEs and c) diet and taxon-specific GGEs?

Methods
The extent to which models are simplified should be appropriate to the aims of the 

investigation. With this in mind, the model used here is considered appropriate for 

investigating the principle aims of this study. The model used is a simplification of 

the food-web using compartments that represent the following taxonomic groups: 

pico, nano, and microphytoplankton, bacteria, ciliates, nano/microflagellates, 

dinoflagellates and copepods (Figure 5.1 p. 118). Nano- and microflagellates are 

grouped as one compartment and, in addition to bacteria and dinoflagellates, are 

considered to be heterotrophic. The models developed represent the annual 

planktonic food-web of low nutrient areas, LNA (oligotrophic, low nutrient input 

and maximum phytoplankton growth rates < 0.2 generations day'1) and high 

nutrients areas, HNA (relatively high energy input and maximum phytoplankton 

growth rates >0.2 generations day"1) planktonic food-web, and therefore all 

associated flow rates and relative production values are also considered to be 

annual averages, incorporating potential bloom and non-bloom conditions. The
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flow of carbon through the food-web is investigated using a mass-balanced 

approach, akin to many Ecopath (Pauly & Christensen 1996, Christensen & Walters

2004) and size-spectra methods (Stock et al. 2008), whereby all flows of energy are 

accounted for, with the flow into the food-web equalling energy output.

The model was developed using Microsoft Excel and based on ecological and 

physiological parameters. The food-web is initialised using a given amount of 

primary productivity (100 units of carbon), split between phytoplankton size 

categories in accordance with reported values. As phytoplankton represent the 

majority of total primary production in the ocean (95%, de Vooys 1979), for the 

purposes of simplicity I assume this component represents the total fraction 

(100%). The flow of primary production through the food-web was determined 

using simple rules regarding levels of primary production, compartments predated, 

amount of prey consumed (clearance efficiency, CE) (Table 6.1) and the efficiency 

with which ingested prey mass is converted into predator mass (gross growth 

efficiency, GGE) (Table 6.2). This approach is akin to that of Landry & Calbet (2004) 

in that prey production and GGE values are used to derive predator production, but 

differs in that a greater number of smaller taxonomic groups are used and grazing 

efficiencies are estimated using values reported from the literature. The approach 

employed here allows the full use of mean GGE values for different diet types and 

taxonomic groups from Chapter 3. Mass-balance for each compartment was 

achieved by assuming ingested mass is either respired, excreted, egested or 

contributes to production (Figure 6.1). Therefore for each heterotrophic 

component:

Ingestion = Production + Respiration + Egestion + Excretion Equation 6.1

The production of each compartment was assumed to be consumed by predators or 

exported from the system. Standing stock biomasses, derived using specific growth 

rates, are assumed to remain constant, with no accumulation, and therefore the 

food-web is in an assumed steady-state. Therefore for all compartments:

Production = Mortality + Export + Additional Mortality Equation 6.2
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As the nutritional state of the marine environment may have fundamental 

implications for the structure and functioning of its biota, separate models of low 

(LNA) and high (HNA) nutrient areas were developed using appropriate grazing 

efficiencies and autotrophic input values where possible. Where appropriate the 

parameter values used are specific to either LNA or HNAs. I used values reported 

within the literature to provided informed values of autotrophic and bacterial input, 

grazing efficiencies, respiration, excretion and gross growth efficiencies. The 

rationale behind the choice of these parameter values is outlined below.

Autotrophic Input

Production values for all autotrophic components (and also heterotrophic bacteria) 

were assumed to gain carbon from the DOC pool alone, are needed to initialise the 

models used. An important requirement is that relative to each other these input 

values are in the ratio that approximates that which represents relative annual 

production values. Pico-, nano- and microphytoplankton production values were 

chosen to approximate relative to each other based upon values found within the 

literature. The relative production values of the autotrophic components of the 

food-web modelled here are likely to vary with the nutritional state of the 

environment. Values were chosen to represent LNAs and HNAs following a 

literature search (Appendix 21), with greater justification of the values chosen given 

in the following sections.

Picophytoplankton

Although the contribution of picophytoplankton to total primary production shows 

considerable variation in the open ocean, it is generally much greater than in 

coastal estuarine environments (Tremblay & Legendre 1994, Maranon et al. 2001). 

This is in contrast to an increase in the contribution of picophytoplankton biomass 

to total phytoplankton, which has been shown to increase with trophic state over a 

global scale (Uitz etal. 2006). Whilst increased nutritional state is associated with 

an increase in picophytoplankton productivity, its relative contribution decreases 

significantly (Agawin et al. 2000, Bell & Kalff 2001), with environments of high 

nutrient concentrations generally having a much lower proportion (Stockner 1988).
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Although at high nutrient levels picophytoplankton can represent 61% of total 

primary production (Maranôn et al. 2001), their proportion is commonly less than 

one third, with reported ranges of 0-32% of total productivity (Weber & El-Sayed 

1987, Stockner 1988) and mean values below 10% (Agawin et al. 2000). On the 

whole, studies undertaken in oligotrophic conditions report picophytoplankton to 

be the dominant fraction of phytoplankton, and contributing a greater proportion 

of total primary production than in areas of high nutrients, with values greater than 

50% (Agawin et al. 2000, Marahôn et al. 2001) and up to 90% (Stockner 1988) and 

even 100% reported (Teixeira & Gaeta 1991). The dominance of picophytoplankton 

production in oligotrophic waters (low nutrients concentrations) has been argued to 

be a result of greater affinity for nutrients (Donald et al. 1997, Raven 1998) and light 

absorbtion efficiency (Augusti et al. 1994) in comparison to larger autotrophs, 

owing to increased surface area to volume ratio, therefore maintaining a high 

nutrient uptake. Thus I have considered 55% and 30% of total primary productivity 

to be reasonable estimates of picophytoplankton contribution for use within the 

modles of LNA and HNA respectively.

Nanophytoplankton

The proportion of primary productivity derived from nanophytoplankton can be 

very high in nutrient-rich, polar regions (16 to 92%; mean 53%, Weber & El-Sayed

1987) and temperate regions (81%, O'Reilly and Bush 1984), although the range 

reported is large. In oligotrophic conditions, however, nanophytoplankton 

contribution is likely to be much lower, with the global analysis by Maranôn et al. 

(2001) reporting a value of 30% of total primary productivity. Therefore in the 

models presented here it is assumed that nanophytoplankton production is 30% of 

total primary productivity for the LNA model and 55% for the HNA.

Microphytoplankton

In addition to contributing a relatively small proportion of biomass in oligotrophic 

waters (10% Uitz et at. 2006), microphytoplankton production is also a small 

fraction of total productivity (13%, Maranôn et al. 2001). A similar fraction of
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production by microzooplankton is generally observed in upwelling and temperate 

regions (15 and 21% respectively, Maranon et al. 2001). As there was no detectable 

significant difference in global microphytoplankton contribution to total primary 

production with increasing nutritional state (Maranon et al. 2001), I assume a value 

of 15% for both trophic models.

Bacterial Input

Bacterial production in the food-web can be very high, for instance it can be equal 

to 45% of production by phytoplankton in the open ocean (Hanson & Lowery 1983), 

98% in coastal upwelling zones (Lucas et al. 1986) and 3000% in Antarctic waters 

(Rivkin 1991). The range of values reported can vary to a great extent (see Ducklow 

& Carlson 1992). In the euphotic zone of the open ocean, bacterial production 

varies considerably (5-92%), whilst global bacterial production has been estimated 

to be between 54 and 110% of global primary production. However, globally these 

values are cited as being probably too high (Ducklow & Carlson 1992), and therefore 

lower values are considered more appropriate when applied to global models, for 

instance 10-15% (Anderson & Ducklow 2001, Landry & Calbet 2004) and 20% ( Cole 

et al. 1988), which are comparable with values of around 20% from frontal regimes 

in the open ocean (Ducklow & Carlson 1992). As no clear evidence was found within 

the literature regarding a disparity between areas of high and low nutrients in terms 

of bacterial production relative to primary productivity, the value of 15% seems a 

reasonable compromise for use within both models.

Clearance Efficiencies

The second parameter used within the models concerns the proportion of prey 

consumed by the predator. This term, referred to here as clearance efficiency, 

represents the average percentage of annual production of prey consumed by each 

of its predators. The values used within these models were chosen based on 

literature values of clearance efficiency and the proportion that each prey 

contributes to predator diet (Appendix 22).
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Predation of Phytoplankton

Nano/microflagellates are an important grazer of the smallest fraction of primary 

production (Kuhn 1997), and combined with ciliates (Sherr et al. 1986, Stockner 

1988, Simek et al. 1995) and copepods (Stockner 1988) play a key role in controlling 

marine picophytoplankton production. For both the LNA and HNA models I assume 

that consumption of picophytoplankton production by nano/microflagellates (39%), 

ciliates (17%) and copepods (14%) was in accordance with that compiled from the 

literature by Stockner (1988), assuming that all available picophytoplankton is 

consumed.

The proportion of nanophytoplankton removed by ciliates varies with trophic 

status, with a greater proportion removed in areas of higher nutrients. In keeping 

with values reported for environments of low (Rassoulzadegan et al. 1988) and high 

nutrients (Verity 1987) I assume 22 and 52% of nanophytoplankton production is 

removed by ciliates respectively. These assumed values equate to 28% removal of 

total phytoplankton in the HNA model. This value closely matches the annual means 

reported by both Verity (1987) and Capriulo & Carpenter (1983), and falls within the 

range of 10-60% of primary production grazed by ciliates (Capriulo and Carpenter 

1980; Verity 1987; Leakey et al. 1992) and annual means of 8% (Rysgaard et al.

1999) to 49% (Nielsen & Kiprboe 1994).

The impact of heterotrophic dinoflagellates on the removal of primary production 

can be equally important as ciliates in oceanic waters (Lessard & Swift 1985). Here it 

was assumed that heterotrophic dinoflagellates grazed 5% of nanophytoplankton 

and 40% of microzooplankton production for both model types, which corresponds 

to a removal of around 8% of total phytoplankton production, which is comparable 

to the annual mean values reported by Rysgaard et al. (1999). In total, ciliates and 

dinoflagellates remove nearly 60% of nanophytoplankton production in the HNA 

models, which is similar to values reported by Verity (1986).

Microphytoplankton is considered to represent a large proportion of copepod diet, 

for example up to 72% (Ortner eto/. 1980), varying seasonally from 22 to 81% 

(Roman & Gauzens 1997). Average copepod grazing has been reported as around

131



20% of primary production (Calbet 2001, Huskin et al. 2006), although annual 

primary production consumed by copepods may be as low as 13% (Kiprboe &

Nielsen 1994). The proportion of microphytoplankton grazed by copepods seems to 

vary according to trophic conditions however, with studies reporting a greater 

clearance efficiency under oligotrophic conditions. In environments of high 

nutritional state copepod removal of primary productivity was found to vary 

between 10 and 15% (Calbet 2001, Calbet & Prairie 2003), whilst mean loss of 

microphytoplankton production to copepods in oligotrophic waters varied between 

40.4 and 74% (Calbet 2001, Calbet & Prairie 2003). I therefore assume copepods to 

consume 60% of microphytoplankton within the LNA model, and 15% in the HNA. 

Nanophytoplankton appears to be a relatively small part of the copepods diet, 

measured as approximately one sixth of that of microphytoplankton (12%, Ortner et 

al. 1980) and therefore I assume 10% of nanophytoplankton to be grazed by 

copepods in the LNA model. With an increased proportion of nanophytoplankton, I 

may expect grazing to be greater than one sixth of that of microphytoplankton in 

the HNA model. To compensate for this, I also assume 10% of nanophytoplankton 

production is consumed by copepods in the HNA model.

Predation ofciliates and dinoflagellates

Although protozoa may constitute up to 80% of mesozooplankton diet (Vézina et al. 

2000), they are likely to generally be a smaller portion, closer to the 16% that 

dilates and dinoflagellates contributed to copepod diet (Ortner etal. 1980). Indeed, 

ciliates commonly contribute a relatively low proportion of copepod diet of 20% to 

less than 10% (Montagnes etal. 1985, Kiprboe &. Nielsen 1994). For both LNA and 

HNA models 20% of both ciliate and dinoflagellates production was assumed to be 

grazed, which approximated 15% of the copepod diet (10 & 20% respectively).

Predation of nano/microflagellates

The amount of heterotrophic nanoflagellate production consumed by ciliates can be 

extremely high, with the entire production commonly reported as being grazed 

(Weisse et al. 1990, Solic & Krstulovic 1994). It was therefore assumed that the 

entire proportion (100%) of available nano/microflagellate production was 

consumed by ciliates in both models.
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Predation of bacteria

Ciliates and nano/microflagellates are primarily responsible for the removal of 

bacteria in the aquatic environment (Sanders etal. 1992), commonly grazing a high 

proportion of its production (for example up to 154%, Solic & Krstulovic 1994). 

Studies consistently report heterotrophic nanoflagellates removing over 80% of 

bacteria production or more (Solic & Krstulovic 1994, Callieri et al. 2002). Of the 

fraction of bacteria production not consumed by nano/microflagellates, ciliates 

tend to graze a large proportion, meaning that the majority of bacterial production 

is generally consumed (90%, Kuuppo-Leinikki). Ciliates have been shown to 

consume less than 15% (Dolan 1991) and up to 38% (Rassoulzadegan et al. 1988) of 

bacteria production. As there appears to be no significant difference in proportion 

of bacteria grazed by ciliates between environments of high and low nutrient levels 

(Rassoulzadegan et al. 1988), for both models I assume 15 and 80% of bacterial 

production was consumed by ciliates and nano/microflagellates respectively.

Respiration

The source of bacterial carbon in the models is solely from DOC uptake. The amount 

of carbon respired and excreted by bacteria ranges between 50 to 75% (Vezina &. 

Platt 1988, Vezina et al. 2000). The portion of carbon directed to respiration by 

bacteria, protozoa, micro and mesozooplankton has been reported as at least 20% 

of that which is ingested (Vezina & Platt 1988, Vezina et al. 2000). Of the total 

amount of carbon ingested by protozoa, the proportion that is respired, excreted or 

egested was considered as 50-75%. For copepods, the portion of ingested material 

portioned to respiration has been shown to range between 10-56%, although an 

average of 25% of the carbon ingested from primary production was reported by 

Calbet (2001). The percentage of copepod respiration was found to decrease with 

increasing food availability, with the percentage of ingested food respired (or 

excreted) 32,14 and 12% for low, moderate and high food conditions (Kiprboe et al. 

1985).

Respiration of phytoplankton (0.7-200pm in size) has been determined as ranging 

between 5 and 30% gross primary production (Vezina etal. 2000, Vezina & Platt
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1988). For all phytoplankton groups it was assumed that respiration represented 

15% of gross primary production. For bacteria, ciliates, nano/microflagellate, 

dinoflagellates and copepods, respiration and excretion were assumed to be 20 and 

10% of ingested carbon respectively.

Excretion

For copepods, excretion may be equal to respiration (range 33-100% of respiration, 

Vezina & Platt 1988), although it may be a significantly lower proportion, such as 

28% of the sum of excretion and respiration (Steinberg et al. 2000). As 10% of 

carbon ingested has been assumed to be excreted previously for all protozoa and 

mesozooplankton (Vezina et al. 2000, Vezina & Platt 1988), this value is also 

assumed to be an appropriate figure for ciliates, nano/microflagellates, 

dinoflagellates and copepods in the LNA and HNA models presented here.

Gross Growth Efficiencies

The proportion of ingested material converted to production is referred to as gross 

growth efficiency (GGE). In the absence of evidence suggesting a difference in the 

GGE of different taxa between areas of high and low nutrient concentrations, I 

assume identical values for both model types. Both the LNA and HNA models were 

run using one of four different suites of GGE values. For suite As, the GGE of all 

compartments (bacteria, ciliates, nano/microflagellates, dinoflagellates and 

copepods), was assumed to be 0.33, the mean value found by Straile (1997), for all 

planktonic taxa, and commonly used to represent the GGE of all planktonic taxa in 

planktonic models. Suite Aj also uses a common GGE for all taxa, but with a reduced 

efficiency of 0.247 as derived in Chapter 3 as a result of a vastly greater dataset and 

removal of incorrect values, and is included to examine whether it is the value of 

GGE that is important in determining an accurate distribution of planktonic 

biomass. Suite B uses mean, taxa-specific values for bacteria, ciliates, 

nano/microflagellates, dinoflagellates and copepods as derived in Chapter 3, p.36. 

GGEs applied in suite C are specific to each taxon and to the diet type (bactivorous, 

herbivorous, carnivorous or mixed diet) of the predator. GGE values used in all 

three suites are outlined in Table 6.2. A diet-specific average GGE value was not
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available for ciliates feeding on heterotrophic flagellates, and so the average 

taxa-specific GGE values, as in suite B, was applied in this instance.

Specific Growth Rates

To give a standing stock biomass distribution to enable comparisons with real world 

data, additional parameters are needed. Values of instantaneous mass specific 

growth rate, p (d'1) were sought from the literature for all groups in order to 

provide a reasonable estimate of average in situ growth rates (Table 6.3). 

Compartments were converted to standing stock estimates by: production/growth 

rate = standing stock biomass, and expressed as a proportion of total phytoplankton 

biomass. For all heterotrophic groups I assumed the same specific growth rate for 

both the HNA and LNA models for two reasons. Following a literature search I was 

unable to confidently distinguish between trophic condition and growth rates, for 

instance mean ciliate growth rate in upwelling areas (Hendrikson et al. 1982) fell 

within the range of offshore values (Rassoulzadegan et al. 1988). In addition, any 

differences in specific growth rate that may occur between environments of high 

and low nutrients are likely to be the product of food availability, as the functional 

response of specific growth rate to food availability has been described in numerous 

planktonic taxa. As I derive production values of each heterotrophic group relative 

to total phytoplankton, and account differences in autotrophic structure by varying 

input values, I consider it appropriate to use identical specific growth values for the 

LNA and HNA models.

Additional factors may also influence specific growth rates of planktonic taxa. For 

instance, the degree of seasonality may affect growth rates by providing a lower 

degree of variation in light and temperature at lower latitudes than high latitudes.

In this I therefore consider all specific growth rates used to represent annual mean 

values. As nutrient availability is likely to have an impact on phytoplankton specific 

growth rates I used values specific to the LNA and HNA models. To account for 

disparity between trophic environments I used mean open ocean specific growth 

rates for the LNA modeland mean coastal rates for the HNA model.
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Whilst I acknowledge that the open ocean is not uniformly oligotrophic, I believe 

that difference between coastal and open ocean specific growth rates to give a 

reasonable proxy between phytoplankton growth rates of areas of low and high 

nutrient availability. I derived average specific growth rates (d'1) derived for 

ciliates, dinoflagellates, and flagellates (which were assumed to be representative 

of nano/microflagellates) using data from the appendix of Rose & Caron (2007). I 

found the mean average specific growth rate of dinoflagellates to be approximately 

one third of that of ciliates, which closely matches the findings of Montagnes et al. 

(2003). I use a copepod growth rate of 0.15 d -1 which is highly comparable to the 

average rates reported by Hirst & Bunker (2003) for adults and juveniles. I assume 

bacterial growth rate to be identical to the mean value reported by White et al. 

(1991) for marine environments (0.44 d '1), which is highly similar to that reported 

by Rivkin etal. (1996) (d'1).

Standing Stock Biomass
Compartments were converted to standing stock estimates by: production/growth 

rate = standing stock biomass, assuming primary production approximates 50 and 

350 g C m‘ 2for nutrient poor and rich waters respectively. These values were 

derived assuming global marine phytoplankton production is 45 gigatons (Gt) of 

carbon year'1 (Falkowski et al. 1998), nutrient poor and rich waters represent 30 

and 70% of total primary productivity respectively (Maranon et al. 2003) and 75 and 

25% of total ocean coverage (Lewis et al. 1986).

Sensitivity Analysis
Due to the variation in nature of the associated with many of the variables used to 

in my models, a sensitivity analysis was performed in order to determine upper and 

lower confidence limits of production and biomass values in all LNA and HNA 

models. In addition to the clearance efficiencies (Table 6.1), gross growth 

efficiencies (GGEs; Table 6.2), bacterial input (p. 129) and specific growth rates (p. 

133) employed in the LNA and HNA models, values that were 10% above and below 

each of these variables were derived to derive upper and higher terms. 

Subsequently, each of these terms at a time were inserted into the model, to 

determine whether an increased or reduction in biomass and production of each
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compartment (copepods, dinoflagellates, ciliates, nano/microflagellates, bacteria) 

resulted in their inclusion. Through the combination in the model of upper and 

lower terms that increased biomass and production, the upper confidence limit was 

obtained. Similarly, by using a combination of terms that produced the lowest 

possible biomass and production, I derived the lower confidence limit.

The concept of introducing parameter values above and below that used in the 

main model to determine the impact on model output is identical in concept to that 

employed by Fasham et al. (1990) in a dynamic, nitrogen based model of the 

planktonic food-web, although they examined the influence on annual net primary 

productivity using upper and lower limits for each term separately. However, in the 

natural environment parameter values such as growth rate and gross growth 

efficiency are not independent from one another, and therefore with the possibility 

of co-variation of parameters, I consider the examination of the combined impact of 

upper and lower limits to be a stricter, more robust and appropriate method of 

exampling biomass structure.

In the subsequent interpretation of results, I consider there to be noteworthy 

differences in between biomass, and production where there is no overlap in the 

range of upper and lower confidence values. Where the range of biomass and 

production values of a food-web compartment overlaps with another, this cannot 

be considered a significant difference due to the variability of parameter values.

Results

Production
In terms relative to primary productivity, although copepods production was 

greater in both the LNA and HNA models (7.8 and 5.4% of phytoplankton productive 

respectively) models using suite As, it did not exceed the confidence limits of 

production using suites B and C (Figure 6.2).
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LNA- Suite A
HNA- Suite A

% Phytoplankton Production % Phytoplankton Production

LNA- Suite B HNA- Suite B

% Phytoplankton Production

LNA- Suite C HNA- Suite C

% Phytoplankton Production % Phytoplankton Production

Figure 6.2 Production relative to primary production (%) using a common GGE 

value of 33% for all taxa (suite A), taxa-specific mean GGE values (suite B) and diet 

type and taxa-specific values (suite C) from a model of the planktonic food-web in 

areas of low (LNA) and high nutrients (HNA).

140



For ciliates, production was far greater using suite As (LNA=9.6%, HNA=14.4% of 

phytoplankton production) and approximately twice that derived from suite B did 

not vary beyond the confidence limits produced using suite C in models of nutrient 

poor and rich environments (upper limits: LNA=6.0%, HNA=8.7%). However, whilst 

ciliate production did not vary between suites B and C for the LNA model, a greater 

production (11.5%) was observed using suite C (taxa-, and diet-specific GGEs) in 

comparison to suite B (7.2%, upper limit=5.8%).

Dinofllagellate production remained constant between GGE suites used in both the 

LNA (2.2 to 2.5%) and HNA (2.5 to 2.9%) models. In contrast, nano/microflagellates 

were the only group for which suite C produced the highest production value, 

(LNA=17.7%, HNA=11.4%) which exceeded the upper limit produced using suite As 

(LNA=11.0, HNA=7.6% of primary productivity). The use of suite B provide estimates 

of nano/microflagllete production (13.05 and 8.9% of primary productivity for LNA 

and HNA models) intermediate of those derived using suite As and C, but did not 

vary significantly from either.

Although the use of a lower value GGE for all planktonic taxa, suite Aj resulted in a 

decrease in nano/microflagellate, dinoflagellate and copepod production 

production, only ciliate production decreased below the lower limit determined 

using suite As in the LNA model (Table 6.4, Figure 6.3) Ciliate production using 

suite Aj was approximate a third lower than with suite As, representing a decrease 

of 1.7% in terms of primary production. However, no discernable difference in 

production could be detected for any of the groups between HNA models using 

suites As and Aj.

Standing Stock Biomass
Although estimates of standing stock biomass were greatest for copepods using the 

common mean GGE for all taxa as in suite As, with values of 16.2 and 77.7 g C m'2 

under the LNA and HNA models respectively, they did not exceed the upper limits of 

values derived using suites B and C (Figure 6.4).
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Straile Mean G G E  (Suite A g ) James Mean GGE (Suite A j)

Figure 6.3 Production relative to primary production (%) using a common GGE 

value for all taxa of 33% (from Straile 1997, suite As), and 27.4% (derived in Chapter 

3, suite Aj) from a model of the planktonic food-web in areas of low (LNA) and high 

nutrients (HNA).
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LNA- Suite As HNA- Suite A s

LNA- Suite B HNA- Suite B

Standing Stock Biomass (g C m'2) Standing Stock Biomass (g C  m'2)

LNA- Suite C HNA- Suite C

Figure 6.4 Average standing stock biomass (g C m 2) of different zooplankton 

groups in areas of low (LNA) and high (HNA) nutrients, estimated using a model of 

the planktonic food-web assuming either a common GGE value of 33% for all taxa 

(suite A), taxa-specific mean GGE values (suite B) and diet type and taxa-specific 

values (suite C).
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Standing stock biomass of ciliates was also greatest using suite , with values of 2.2 

and 23.3 g C m'2 for the LNA and HNA models (Figure 6.4) approximately twice that 

estimated using suite B (LNA=1.2%, HNA=11.7%), and exceeding its upper 

confidence limit. Using suite C, however, provided intermediate estimates of 

biomass in the LNA and HNA models (1.7 and 18.6 g C m’2), which did not differ 

from suites As or C using the confidence limits.

For nano/microflagellates, although biomass estimates were higher using suite C 

(LNA=2.7, HNA=12.3 g C rrf2) in comparsion to suites B (LNA=2.0, HNA=9.6 g C m'2) 

and As (LNA=1.7, HNA=8.2 g C m'2) they cannot be considered to be significant 

greater, as there was an overlap in confidence limits across all suites.

Although lower using suite B, dinoflagellate standing stock biomass was relatively 

constant across GGE suites, and did not differ within LNA (As=1.6, B= 1.4, C= 1.6 g C 

m’2) and HNA (As=13.4, B= 11.8, C= 13.4 g C m'2) models.

Although both LNA and HNA models using the mean derived in Chapter 3 (suite Aj) 

resulted in a decrease estimated standing stock biomass values remained within the 

confidence limits of values derived using the common mean GGE from Straile (1997) 

(suite As), for all heterotrophic compartments (Table 6.4, Figure 6.5). The use of 

suite Aj instead of suite As resulted in a reduction of biomass by approximately 30% 

for copepods (16.2 to 11.4 Gt) and ciliates (2.2 and 1.5 g C m‘2), and just over 25% 

for nano/microflagellates (1.7 and 1.24 g C m"2) and dinoflagellates (1.6 and 1.2 g C 

m'2) in the LNA models. Within the HNA models, the reduction in biomass as a result 

of using suite Aj, in comparison to suite As, was approximately 30% for ciliates (23.3 

and 16.14 g C m"2), 25 % for copepods (77.7 and 52.9 g C m'2) and 27% for both 

dinoflagellates (13.4 and 9.8 g C m’2) and nano/microflagellates (8.2 and 5.9 gCm ‘ 

2).
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Straile Mean GGE (Suite A s) James Mean GGE (Suite Ad)

LNA LNA

Figure 6.5 Standing stock biomass (g C rrf2) of different zooplankton groups 

in areas of low (LNA) and high (HNA) nutrients, estimated using a model of the 

planktonic food-web assuming a common GGE for all taxa of either 33% (from 

Straile 1997, suite As), and 27.4% (derived in Chapter 3, suite Aj).
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Discussion
This study shows that potentially important differences in the amount and path of 

energy flow through the planktonic food-web in terms of primary productivity can 

arise through the use of different GGE values within ecosystem models. Changes in 

the relative production of the components (ciliates, nano/microflagellates, 

dinoflagellates and copepods) of the food-web model are a result of changes in the 

proportion of primary productivity distributed through different paths. There seems 

to be no consistent pattern in terms of a universal change in relative production of 

all components of the food-web as a result of the suite of GGE values applied, 

which in itself is an important factor to note. This is likely owing to the complex 

nature of the food-web, even at the relatively low complexity modelled here. There 

are a number of broad patterns resulting from this study, however.

Production
Although there was a general increase in copepod production using a common GGE 

value for all taxa (suite As), the largest increase was for ciliates, where production, 

as a percentage of total phytoplankton production, was estimated to be up to twice 

that of when considering taxa- and diet-specific GGEs. If it is assumed that using 

taxon- and diet-specific mean GGEs of suite C gives a greater approximation and 

increased accuracy to planktonic food-web models then several important 

conclusions may be made. Overestimation of ciliate production as a result of 

assuming a common mean GGE for all taxa is likely to have important consequences 

on our understanding the pelagic food-web as a whole since ciliates perform many 

important ecological functions. At times ciliates can consume up to 100% of daily 

primary production, and up to 49% of total annual phytoplankton production 

(Nielsen & Kiprboe 1994) and provide a link between the microbial food-chain to 

higher trophic levels (Calbet 2008) including copepods (Levison et al. 2000).

The determination of accurate estimates of mean production for ciliates, which are 

frequently a dominant part of microzooplankton as a whole (Nielsen & Kiprboe 

1994), is particularly important in areas of relatively low nutrient concentrations.
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Oligotrophic waters are associated with an increased prevalence of smaller 

phytoplankton (Calbet & Landry 1999), which able to extract nutrients from the 

water (Donald et al. 1997, Raven 1998), and absorb light with a greater efficiency 

(August! et al. 1994) than larger species. Although mesozooplankton groups such as 

copepods are generally unable to consume the smallest components of 

phytoplankton and microzooplankon (e.g. nano/microflagellates) (Calbet & Saiz 

2005), ciliates are important grazers of the nano- and picophytoplankton (Capriulo 

& Carpenter 1983, Verity 1987, §imek et al. 1995), Therefore in nutrient poor areas, 

which constitute three quarters of total ocean, ciliates, which can contribute a 

sizeable portion of copepod diet (Lignell et al. 1993), have an increased 

responsibility in controlling the availability of material to secondary consumers, and 

are therefore high susceptible to ecosystem models using GGEs of reduced 

accuracy.

Without considering taxa- and diet-specific GGEs, it is likely that aspects other than 

ciliate production will also be overestimated, such as nitrogen excretion, cited as a 

significant contribution to allowing primary productivity to be sustained through the 

summer in the East China Sea (Ota & Taniguchi 2002). Ciliates also play a key role in 

the regeneration of dissolved organic phosphate, making it available to bacteria at a 

faster rate than mesozooplankton (Johannes 1965). However, the rate of 

regeneration, and therefore the strength of a ciliate-bacteria link, is likely to be 

overestimated if planktonic food-web is derived using a common GGE value.

In contrast to production values derived considering only taxa-specific GGEs (suite 

B), ciliate values were greater when diet type-specific GGEs are also considered. 

This demonstrates that considering only taxa-specific values may in fact 

underestimate ciliate production. Since bacteria are more abundant in nutrient 

poor regions (Cho & Azam 1990), and ciliate GGE was far lower when feeding on 

bacteria, than on algae, the consideration of diet type, in addition to the proportion 

of each prey type to total diet, is vital if we are to improve accuracy of ecosystem 

models.

Dinoflagellate relative production showed little variation in response to the 

different GGEs used in the models. Estimated values of relative production between
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2.5 and 2.9%, however seem reasonable approximations considering dinoflagellate 

can consume 6% of annual phytoplankton production in nutrient rich areas 

(Rysgaard et al. 1999).

In terms of the relative distribution of production between groups, there is an 

increased domination by nano/microflagellates as a result of considering taxon- and 

diet-specific GGEs. This indicates there significant potential for the underestimation 

of this group in ecosystem models, and is consistent with evidence that within 

nutrient poor regions flagellates are the primary grazers of phytoplankton, 

exceeding the grazing pressure of ciliate and dinoflagellates (Not et al. 2007, Calbet 

2008). Although increase in relative nano/microflagellates production was predicted 

with the use of taxa-specific means, owing to its relatively greater efficiency than all 

other taxa, the fact that relative production was increased further with additional 

consideration of diet type-specific GGES (suite C) was not predicted and again 

outlines the complexity of understanding potential impacts on the flow of energy 

through an ecosystem.

As copepods are the dominant component of mesozooplankton, understanding 

their production has important implications for predicting food-availability to 

higher trophic levels including commercially important species such as fish (Pauly & 

Chistensen 1995). Copepod production, which ranged between 5% and 7.8% in 

nutrient poor, and 3.3 and 5.9% in nutrient rich conditions, seems a reasonable 

estimates considering copepods have been reported as consuming 0.02 to 44% of 

phytoplankton production (Lignell etal. 1993, Capriulo & Carpenter 1983).

Using suite C estimated nano/microflagellate production was twice that of ciliates in 

nutrient poor, and equal to ciliates in nutrient rich conditions. Using common GGE 

values across taxa however, predicts nano/microflagellate production to be slightly 

higher (by approximately 13%) than ciliate production in the LNA model, and only 

half of ciliate production in the HNA model.

The use of taxon-specific GGEs consistently provided estimates of ciliate, 

nano/microflagellate, dinoflagellates and copepod relative production lower than 

when diet type was taken into consideration. My results suggest that owing to the
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impact that different prey types can have on GGE, the proportion that each prey 

type contributes to the diet of a predator is an important consideration. It would 

seem inappropriate to use a mean GGE value that has been derived using different 

prey type to describe the efficiency of a predator in converting all prey types into its 

own biomass. For instance, it would be inappropriate to apply a mean GGE value 

that had been derived from 90% of values on a poor diet type and therefore low 

efficiency, and 10% of values on highly suitable, common prey type. The proportion 

of different prey types to predator diet is an important factor when each type is 

converted with different efficiency. Therefore using diet type and taxa-specific 

GGEs is likely to provide a more accurate prediction in ecosystems models, unless a 

mean GGE value which is weighted with respect to the average proportion of diet 

types is used, which to my knowledge has not been calculated.

Total microzooplankton production (nano/microflagellate, ciliates and 

dinoflagellates) using GGE suite As, provided a higher estimate in the nutrient rich 

(HNA) model (87% of phytoplankton production) than using suite Aj (61%), which 

are reasonably similar to values derived for costal ocean in Calbet & Landry (2004), 

derived using a constant GGE for all taxa, and in measurements from the coastal 

Gulf of Alaska (Strom et al. 2007).

Standing Stock Biomass
Using a different suite of GGE had a similar impact on standing stock estimates as it 

did on relative production, with the lowest estimates derived using taxon-specific 

values for ciliates, dinoflagellates and copepods, and using suite A for 

nano/microflagellates in nutrient poor and rich waters. Interestingly, despite large 

differences in their mean GGEs, when using suite C, ciliate and nano/microflagellate 

standing stocks were fairly similar in the HNA model.However, only the standing 

stock biomass of ciliates varied significantly between models using different suites 

of GGEs, with taxa-specific values producing estimates half that when using a 

common GGE across taxa. As consequence, it may be considered that ciliate 

production, and subsequent availability of material to higher trophic levels, may be 

grossly overestimated. Assuming global marine production to be 45 gigatons of
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carbon year1, and that nutrient poor and rich regions contribute 30 and 70% of 

total primary production respectively (Maranon etal. 2003) using a common GGE 

mean instead of taxa-, and diet specific means would overestimate global ciliate 

production by approximately 0.28 Gt C year'1 in nutrient poor, and 0.91 Gt C year1 

in nutrient rich environments.

Estimated average standing stock biomass of copepods was in the range of 10 to 

16.1 g C m'2 between GGE suites in the low nutrient model, which are comparable 

to the estimated production of secondary consumers in the Inland Sea (Uye et al. 

1997). The contribution of ciliates to total microzooplankton biomass ranged 

between 25 to 40% in nutrient poor model, and 35 to 52% in the nutrient rich 

model is reasonably comparable to values reported in marine systems (Uye et al. 

1996: 40 to 69%, James & Hall 1995: 30%) but greater than that achieved in nutrient 

poor lakes (5 to 10% of total plankton biomass; Gates 1984).

In terms of the distribution of biomass and production in the planktonic food-web 

between models using either the mean GGE for all taxa from Straile (1997), or in 

Chapter 3, there was no significant change in terms of increased domination by one 

compartment single compartment (Figure 6.5, Table 6.4). These results indicate that 

although overall efficiency of the food-web changes with the value of GGE used for 

all taxa, influence the level of total micro- and mesozooplankton production (and 

also biomass), there is little scope for change in the distribution of production, and 

biomass, between planktonic compartments, at least in low complexity models.

Nutrient poor v nutrient rich models
In comparing model types, using GGE values of suites A, B and C it was found that 

production relative to primary productivity and standing stock biomass were both 

greater for ciliates, nano/microflagellate, dinoflagellates and copepods in the HNA 

model. Within taxonomic groups the impact of using different suites of GGE values 

was consistent between models of low and high nutrients. The similarities between 

model types may imply a relatively consistent impact of using more specific GGEs, 

but may also be a product and reflection of the simple model approach used.
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Since protozoa contribute heavily to total community respiration, (Calbet & Landry 

2004) a key observation note to make is that all three protozoan groups, 

nano/microflagellates, dinoflagellates and ciliates, had a greater biomass, relative to 

total plankton biomass in nutrient rich model, than in the nutrient poor. Although 

bacterial biomass is greater in the HNA model, Its contribution to total biomass 

decreases, which is consistent with the increased role of bacteria in oligotrophic 

environments (Cho & Azam 1990).

Further refinements may not only enhance the specialisation of the LNA and HNA, 

but also aid in our understanding and quantifying the impact of specific GGEs on the 

structure and flow of energy through the planktonic food-web. A major parameter, 

for example is temperature which has particular importance as GGE within 

taxonomic groups have been shown to vary with temperature (Chapter 3, p.27) and 

oligotrophic regimes are commonly in warmer waters which impacts numerous 

aspects such as species growth and respiration rates. For instance, in the models 

presented here bacterial production was a constant proportion of primary 

productivity. However, GGE of bacteria has been shown to be negatively associated 

with temperature (Rivkin & Legendre 2001), impacting the relative amount of 

primary productivity portioned to bacteria. As a fundamental environmental 

variable which has been shown to impact organism physiological, life-history and 

ecological rates, its inclusion into further models exploring the potential impact of 

GGE on the food-web is essential.

Summary
Through the use of a mass-balanced model of relatively low complexity the GGE 

values used within food-web models were shown to have important consequences 

on predicting the distribution and flow of primary productivity through the 

planktonic food-web. This analysis has shown that using a common GGE value for 

all taxa can be inappropriate, and can, for instance, result in gross overestimation of 

ciliate production and biomass. Using only taxa-speciflc means, may also introduce 

unnecessary inaccuracy owing to the proportion of different diet types synthesised 

into predator biomass with different efficiencies. Using diet and taxa-specific GGEs
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takes into account not only differences between taxa in their inherent ability to 

convert prey into their own biomass, but also the different efficiencies of prey types 

and their contribution to the total diet. The variation in predicted production and 

standing stock biomass of different taxa between suites of GGEs not only highlights 

the complexity of understanding even relatively simple marine food-webs 

structure, but also emphasises the need for the use of the most appropriate terms.

In recommendations by the Marine Zooplankton Colloquium 2 (2001) for future 

research the topic of zooplankton and biogeochemical cycles was highlighted as an 

important issue, with the question posed: "What are the roles of zooplankton in 

supporting the microbial loop, and are they fundamentally different for protistan 

versus metazoan consumers? ’ Although there are examples of where taxon-specific 

growth efficiencies have been applied to some extent (Vezina & Platt 1988,

Pomeroy 2000), such cases are in the minority. Now that mean GGEs have been 

derived for a range of planktonic taxa feeding on different prey types, it would 

seem appropriate and prudent to incorporate these values into future ecosystem 

and food-web models.
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Chapter 7. Impact of temperature on 
planktonic food-web structure: An 
investigation using simple, mass-balanced 
models.

Introduction
Temperature has a profound influence on all planktonic taxa, affecting 

behaviour, growth rates (Huntely & Lopez 1992, Nielson & Kiprboe 1994,

Montagnes et al. 2003, Hirst & Bunker 2003) mortality (Hirst & Kiprboe 2002), 

respiration (Verity 1985, Caron et al. 1986, Del Giorgio & Williams 2005) and 

metabolic rates (Ikeda et al. 2001) to name a few. These physiological and 

ecological rates often vary between taxa and, through their impact on production 

and prey consumption, influence the efficiency with which prey is converted into 

predator biomass (gross growth efficiency, GGE). Temperature has been associated 

with changes in GGE, with a negative relationship observed for bacteria (Rivkin & 

Legendre 2001), for ciliates feeding on bacteria (Chapter 3, p.41), and positive for 

dinoflagellates. Temperature, posited as best correlate of species richness in the 

marine environment (Gaston 2000), is also associated in large scale changes in 

relative production of bacteria (Hoppe et al. 2001), community structure 

(Gasiunaite et al. 2005), and distribution of autotrophic (Fiala et al. 1998) and 

heterotrophic (Beaugrand etal. 2007, Helaouet & Beaugrand 2007) components of 

the planktonic food web.

Although GGEs are commonly used in ecosystem models, a single value is 

commonly used across all taxa (Stoecker & Evans 1985; Pomeroy 2000; Lewis 2005; 

Buitenhuis et al. 2006). Where taxon-specific GGEs have been used, they tend to be 

across broad taxa, for instance a common GGE used for all protozoa and for all 

metazoan zooplankton (Nielsen & Kiprboe 1991, Nielsen et al. 1993). Even fewer 

studies implement GGEs specific to individual protozoan taxa, as demonstrated by 

Lignell etal. (1993). The identification of a relationship between bacterial GGE and 

temperature has allowed its subsequent use in predicting carbon flux (Rivkin &
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Legendre 2001). On the topic of the temperature-dependence of bacterial GGE 

Rivkin & Legendre (2001) stated "Incorporation of these new relationships into 

biogeochemical models could profoundly influence our estimates of global carbon 

cycling and remineralization by marine food webs." It is my aim to incorporate 

temperature-dependent GGEs into a simplified food web to determine the 

potential impact that temperature may have on carbon flow and the distribution of 

biomass between planktonic taxa. As GGEs of ciliates and dinoflagellates, two 

numerically and functionally important protists (Lessard & Swift 1985, Verity 1986, 

Weisse etal. 1990, Solic & Krstulovic 1994), responded differently to increasing 

temperature, and since ciliates are known bacterial grazers, and dinoflagellates 

gernally do not consume bacteria, I therefore suggest that with increasing 

temperature there is a large scope for change in production and biomass between 

taxa.

The value of GGE used can have important consequences on the predicted path and 

quantity of carbon flow to higher trophic levels. In a simplified model by Landry & 

Calbet (2004), the impact of using different GGE values for microzooplankton on the 

carbon availability to mesozooplankton was great enough for them to state 

"differences in computed results for GGEs of 30% and 40% and the possibility of 

systematic variability related to trophic richness are substantial enough to merit 

attention."The simplified, mass-balanced models used in this study represent the 

first attempt to address the issue of taxon-, diet-specific, and 

temperature-dependent GGEs on the planktonic food web and indicate that 

important structural changes, particularly within protozoa. Determining how 

production and biomass structure of protozoa varies with temperature is likely to 

enhance our understanding of how carbon flux through the planktonic food web 

varies globally. Using diet- and taxon-specific GGEs takes into account not only 

differences between taxa in their inherent ability to convert prey into their own 

biomass, but also the different efficiencies of prey types and their contribution to 

the total diet. I aim to investigate how, through its influence on GGE, temperature 

may impact the biomass structure and the flow of primary production through 

nutrient poor and rich planktonic food-webs. In addition, I examine whether
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changes in production and biomass structure of the planktonic food-web resulting 

from the inclusion of taxon- and diet specific GGEs, are consistent with increasing 

temperature.

Methods
The model I use is a simplified, mass-balanced, representation of the planktonic 

food webs, and is identical in structure to the model in Chapter 6 (p.123), but with 

added temperature-dependent parameters. Autotrophic input values of 

phytoplankton, predator clearance efficiencies, respiration and excretion were 

identical to those used in the non-temperature dependent model, and therefore 

direct the reader to Chapter 6 (p.128) for the values and justification. 

Temperature-dependence of bacterial input, GGEs, and specific growth rates were 

incorporated for both LNA and HNA models, with polar, temperate and tropical 

temperature regimes represented by 3,15 and 25°C respectively. Here I outline the 

temperature-dependent parameters included in my model, and their justification.

Bacterial input
On a global scale bacterial production, as a proportion of phytoplankton production 

(BP:PP), has been shown to scale with temperature by Hoppe et al. (2001). I 

digitised the reported relationship between the published ratios of bacterial 

production, determined via leucine uptake, to phytoplankton production, against 

temperature for the southern hemisphere using GetData Graph Digitiser version 

2.24:

logw (BP\PP) = 0.476 + 0.0409T Equation 7.1

where T is temperature (°C). As no clear evidence was found within the literature 

regarding a disparity between nutrient poor and rich conditions in terms of bacterial 

production relative to primary productivity, I use equation 7.1 for both models.
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Gross Growth Efficiencies
The proportion of ingested material converted to production is referred to as gross 

growth efficiency (GGE). In the absence of evidence suggesting a difference in the 

GGE of different taxa between nutrient poor and rich waters, I assume identical 

values for both model types. Both the LNA and HNA models were run using one of 

three different suites of GGE values. For suite D, the GGE of all compartments 

(bacteria, ciliates, nano/microflagellates, dinoflagellates and copepods), was 

assumed to be 0.33, the mean value for all planktonic taxa derived in a synthesis by 

Straile (1997) and commonly used in ecosystem models (Pomeroy 2000, Lewis 

2005, Buitenhuis et al. 2006) (Table 7.1). For Suite E GGE values are temperature 

dependent for dinoflagellates and bacteria according to the regressions derived in 

Chapter 3 (p.27), and taxon-specific means for ciliates, nano/microflagellates and 

copepods. The GGE values applied in suite F are specific to taxon and diet type 

(bactivorous, herbivorous, carnivorous or a mixed diet). Values were derived from 

taxon- and diet-specific regressions where GGE was found to be temperature 

dependent (ciliates feeding on bacteria, dinoflagellates feeding on algae). Where no 

temperature dependence was derived for diet-specific values, taxa-specific 

regressions were used, and where these where absent taxon- and diet-specific 

means were used as outlined Table 7.1. In order to examine the influence of 

temperature dependent GGEs, and allow a comparison between the temperature 

dependent model presented here with that of chapter 6, GGE suite G, which uses 

non-temperature dependent taxa specific means, and GGE suite H, non

temperature dependent taxa- and diet specific means, were also used.

Specific Growth Rates
To convert production into biomass, temperature- dependent instantaneous mass 

specific growth rate, n (d_1) were sought from the literature for all groups in order 

to estimate in situ growth rates. The relationship between specific growth rate and 

temperature for planktonic taxa is often described by exponential equations or 

values (Tables 7.2). For all groups of phytoplankton (pico, nano and micro) I derived 

mean specific growth values from the appendix of Calbet & Landry (2004) for three 

geographical regions, polar, temperate and tropical. For temperatures below 5°C
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the polar mean was used, above 20°C the tropical mean, with the temperate mean 

used at all intermediate temperatures.

For nano/microflagellates the majority of studies that reported the temperature 

dependence of specific growth rate dealt with maximum growth. As these groups 

were likely to be limited in the natural environment, for instance by food 

availability, their growth rates are likely be sub-optimal and were therefore 

deemed too high for inclusion in my study. I derived my own relationships between 

growth rate and temperature after obtaining temperature and growth rates from 

the appendix of Rose & Caron (2007) for heterotrophic ciliates (n=909, 71 studies) 

and nano/microflagellates (n=184, 27 studies). Following a loglO transformation of 

specific growth rate I performed an ordinary least-square regression using the 

statistical package MINITAB v.15 for both ciliates (p<0.001, R-squared=16.5%, 

n=909; Appendix 23) and nano/microflagellates (p<0.001, R-squared=17.2%, n=184; 

Appendix 24).

The growth rates of dinoflagellates are typically much lower than other protozoa, 

whilst sharing comparable temperature dependence of maximum growth (both 

increase with a slope of 0.03°C‘ 1; Montagnes et al. 2003). Using data from the 

appendix of Rose & Caron (2007), I found the mean average specific growth rate of 

dinoflagellates to be approximately one third of that of ciliates, which closely 

matches the findings of Montagnes etal. (2003). In my model I therefore make the 

assumption that dinoflagellate specific growth is a third of that of ciliates, with an 

identical temperature (slope).

Although the temperature dependence of bacterial growth has been derived over a 

large temperature range (White et al. 1991), I take a cautious approach to using 

equations over the full range following evidence by Rivkin et al. (1996) that at 

temperatures below 4°C no clear trend can be determined. I therefore employ the 

temperature dependence outlined in Rivkin et al. (1996) for temperatures greater 

than 4°C, and use a mean specific growth value for colder temperatures.

The relationship between copepod specific growth rate and temperature has been 

comprehensively detailed by Hirst & Bunker (2003) where in situ growth rates and
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temperature dependence was found to be lower than when under food saturated 

conditions. In my models I use the temperature dependence of adult broadcasters 

(species that release their eggs), which were derived from a greater data set 

(n=3081) than sac spawners (those that retain their eggs; n=452) whilst sharing a 

similar mean (0.15 & 0.16 d"1) and slightly higher temperature dependence (=1.59 

& 1.43 respectively).

Results

Production
Of all the suites of GGE values, using a common GGE value for all heterotrophic 

planktonic groups resulted in the highest production values, relative to total 

phytoplankton production, for ciliates, and copepods. This was the case for the 

polar, temperature, and tropical temperature regimes, for LNA and HNA models 

(Table 7.3).

Ciliate relative production was consistently lowest under all temperature regimes 

(polar, temperate and tropical) for nutrient poor and rich conditions when using 

taxon- specific GGEs (suite E), and was significantly lower (no overlap of confidence 

limits) than values derived using a common GGE (suite D). When taking diet-specific 

GGEs into account (suite F) ciliate production was intermediate between that of 

suites D and E, and was not significantly different to either suite. Production in 

nutrient poor and rich models using suite E was approximately 50% of that 

estimated using a common GGE (suite D), although when diet specific GGEs are also 

taken into account (suite F), production was approximately 20% less than using 

suite D.

Under all temperature regimes copepod relative production was highly similar using 

suites E and F in the LNA model, and a 25% reduction of values derived using a 

common GGE for all taxa (Figure 7.1). Across GGE suites, production did not differ 

significantly, whilst across temperature regimes values remained very consistent 

within each suite (increase < 5% between polar and tropical environments).
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Copepods- LNA

Copepods- HNA

Figure 7.1 Copepod production, expressed as a percentage of total 

phytoplankton production, in response to temperature in low (LNA) and high (HNA) 

nutrient environments. Production values are determined using common for all 

planktonic taxa (suite D), taxon specific (suite E), or both taxon and diet type 

specific (suite F).
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For instance, under the polar temperature regime copepod production was just 

7.2% using a common GGE value and 5.4% of that derived using only taxon specific 

values (Table 7.3). At higher temperatures HNA copepod production was greater 

using suite F than using suite E, representing 80% of that using suite D, a common 

GGE.

Using common GGE values provided the lowest estimate of nano/microflagellates 

relative production, with the highest estimates derived using taxon-and diet- 

specific GGEs (suite F) in both LNA and HNA models. Under the polar and temperate 

regimes nano/microflagellate production derived using suite D was significantly 

lower than that derived using suite F, representing approximately 56% of the 

production of the latter suite in the polar region, and 70% under the tropical regime 

for LNA and HNA models. Intermediate values of nano/microflagellate relative 

production were obtained using only taxon-specific values (suite E), which were not 

significantly different from other suites, and approximated 66% of production using 

suite F for polar HNA and LNA models, and 80 and 86% under the tropical regime.

Under the polar and temperate regimes dinoflagellate relative production was 

lowest using taxon-and diet-specific GGEs (suite F) in both the LNA and HNA 

models, and significantly lower than the highest estimates derived using suite D 

(Figure 7.2). Using GGE suite F dinoflagellate production was only 8 and 7% of that 

using suite D for the LNA and HNA polar models, and 44 and 45% in the 

temperature model. However, under the tropical regime, using suite F provided 

estimates of dinoflagellate production significantly greater, and approximately 

double that of estimates derived using suite D. For instance, dinoflagellate 

production using taxon and diet type specific GGEs under the tropical regime was 

twice that using a common GGE. In the polar and temperate models using only 

taxon-specific GGES (suite E) provide values intermediate of those derived using 

suites D and F, and significantly lower than values of the former. Under the tropical 

regime however, dinoflagellate production derived using suite E was significantly 

greater than using a common GGE value across taxa (suite D), with estimates 

approximately a third greater in both the LNA and HNA models.
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Dinoflagellates- Oligotrophic

Dinoflagellates- Eutrophic

Figure 7.2 Dinoflagellate production, expressed as a percentage of total 

phytoplankton production, in response to temperature in the LNA and HNA 

environment. Production values are determined using common for all planktonic 

taxa (suite D), taxon specific (suite E), or both taxon and diet type specific (suite F).
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Thus use of non-temperature dependent, taxa-specific GGEs (suite G) provided 

production estimates (relative to total phytoplankton production) of 

nano/microflagellates, that although were higher than those derived using a 

common GGE (suite D), did not vary significantly within both the LNA (polar=9.6%, 

temperate=12.2%, tropical=18.2%) and HNA (polar=5.7%, temperate=8.2%, 

tropical=13.8%) models (Table 7.4).

Using suite G, relative production of copepods (LNA: polar=5.5%, temperate=5.5%, 

tropical=5.6%, HNA: polar=3.6%, temperate=3.6%, tropical=3.7%), and 

dinoflagellates (polar, temperate and tropical: LNA=2.2%, HNA=2.6%), although 

lower than estimates derived using suite D, not decrease below the lower 

confidence limits for all temperature regimes.

Ciliate relative biomass was far lower using suite G, in comparison to suite D under 

all temperature regimes and both trophic models (LNA: polar=4.2%, 

temperate=4.8%, tropica!=8.4%, HNA: polar=6.4%, temperate=7.0%, 

tropical=8.4%).The use of non-temperature dependent, taxa-, and diet-specific 

GGEs resulted in a nano/microflagellate production significantly greater than 

estimates derived using suite D in the polar (LNA=14.5%, HNA=8.4%), and 

temperate (LNA=16.9%, HNA=10.7%) regimes, but did not vary in the tropical 

regime (LNA=22.6, HNA=16.0%).

Copepod production did not vary significantly from values using suite D in the polar 

(LNA=6.2%, HNA=4.2), temperate (LNA=6.3%, HNA=4.2%), and tropical regimes 

(LNA=6.3%, HNA=4.3%), as was the case for dinoflagellates (polar, temperate and 

tropical: LNA=2.5%, HNA=2.9%).

Estimated ciliate relative biomass meanwhile, although lower using suite H, did not 

vary significantly from values derived using suite D for polar (LNA=6.8%, 

HNA=10.8%), temperate (LNA=7.3%, HNA=11.3%) and tropical (LNA=8.5%, 

HNA=12.4%) regimes.
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Biomass
In comparison to models using a common GGE for all planktonic taxa, those that 

used either only taxon-specific values (suite E) or both taxon- and diet-specific 

values (suite F) reduced estimates of the contribution of copepod biomass by 

approximately 25 and 30% in the LNA and HNA models respectively (Figure 7.3, 

Table 7.5), although values did were not significantly different i.e. there was overlap 

in confidence limits between suites. Copepod biomass, relative to phytoplankton 

biomass, was very similar using suites E and F, with less than 3% difference 

observed between the two. Under the tropical regime bacterial relative biomasses 

exceeded that of copepods for LNA and HNA models using all three GGE suites. For 

LNA models, copepod relative biomass fell within the lower estimates of bacterial 

biomass, but did not using suites E and F in HNA models.

The relative biomass of nano/microflagellates was lowest using GGE suite D, but not 

significantly different form other suites. Suite F provided the greatest estimate, with 

the greatest increase between suites observed in the polar regime where values 

were 44 and 42% higher than those of suite D for LNA and HNA models respectively. 

Across temperature regimes, nano/microflagellate relative biomass decreased with 

increasing temperature for LNA and HNA models using all GGE suites. In LNA 

models, nano/microflagellates relative biomass under the tropical regime was 

approximately 32% of that derived in the polar regime using suites D and E, and 

27% using suite F. In the HNA models nano/microflagellate relative biomass was 

41% of that in the polar environment using suites D and E, and 33% using suite F.

Ciliate relative biomass decreased with increasing temperature, with values derived 

under the tropical regime less than half that in the polar regime for all GGE suites in 

LNA and HNA models (Figure 7.4). Estimates of ciliate relative biomass were 

greatest when using suite D, which were significantly greater than, and 

approximately twice that of the lowest estimates derived with suite E for LNA and 

HNA models. The use of taxon- and diet-specific GGEs (suite F), provided relative 

biomasses of ciliates approximately 20% less than those derived with a common 

GGE for all taxa (suite D) for LNA and HNA models under all temperature regimes, 

although there was no significant difference.
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LNA- Suite D HNA- Suite D

LNA- Suite E HNA- Suite E

LNA- Suite F HNA- Suite F

Standing Stock Biomass (g C m'2)

Figure 7.3 Structure of the planktonic food-web in terms of standing stock biomass 

(g C m'2) in nutrient poor (LNA) and rich (HNA) environments under a temperate 

regime (15°C). Different GGE values used to derive biomass values were either 

common for all planktonic taxa (suite D), taxon specific (suite E), or both taxon and 

diet type specific (suite F). Error bars represent upper and lower biomass limits 

derived using parameter values (clearance efficiencies, GGEs, specific growth rates, 

and bacterial Input values) 10% above and below that chosen for the central model 

(see method section of Chapter 6; p. 138).
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LNA- Polar HNA- Polar

Nano/microflagellates

Standing Stock Biomass (g C m ) 
LNA- Temperate

0.1 1 10 100
Standing Stock Biomass (g C m'2

HNA- Temperate

Standing Stock Biomass (g C m‘2) 
LNA- Tropical

Standing Stock Biomass (g C m'2) 
HNA- Tropical

Figure 7.4 Structure of the planktonic food-web in terms of biomass relative to 

total phytoplankton biomass in the environments of low (LNA) and high (HNA) 

nutirents under polar (3°C), temperate (15°C) and tropical (25°C) temperature 

regimes using taxon-, diet- and temperature specific GGEs (suite F). Error bars 

represent upper and lower limits as described in the Methods section (p.138).
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Copepods maintained a superior, and significantly greater biomass than ciliates 

dinoflagellates and nano/microflagellates in both low and high nutrients under 

polar, temperate, and tropical regimes. Bacterial relative biomass was consistently 

lower that copepod relative biomass under all GGE suites in the LNA and HNA polar 

models.

Under the temperate regime, copepod relative biomass exceeded bacterial relative 

biomass using all GGE suites in the LNA models, and using suite D in the HNA model. 

However, whilst bacterial relative biomasses using suites E and F were lower than 

copepod relative biomass by approximately 12% in temperate HNA models, values 

fell with the lower limits of estimates of copepod relative biomass. Within the LNA 

model, I found the distribution of biomass between protozoan groups to be 

approximately equal, with a high degree of overlap confidence limits, when using a 

common GGE (suite D) at temperate regimes. However, when taxon-specific GGEs 

are considered, nano/microflagellates had a superior, and significantly greater 

biomass than ciliates and dinoflagellates at low temperatures (for instance polar 

and temperate regimes), with the latter protozoan group having the lowest 

biomass. As temperature increased, dinoflagellates increased in biomass, having the 

highest protozoan biomass (although not significant greater) in the tropical regime.

In the HNA model ciliates dominated protozoan biomass under all temperature 

regimes using a common GGE value for all taxa, with values significantly greater 

than nano/microflagellates. However, when considering taxon- and also 

diet-specific GGES both ciliates and nano/microflagellates had comparable biomass 

with a high degree of overlap of confidence limits, and both were significantly 

greater than dinoflagellate biomass in polar and temperate regimes. The change in 

protozoan structure with suites of GGEs differed at the highest temperatures.

Under the tropical regime dinoflagellate biomass was significantly greater than that 

of nano/microflagellates using taxon-specific GGEs and became comparable to 

ciliate biomass when diet-specific values were also considered.

The use of non-temperature dependent, taxa-specific GGEs (suite G) provided 

nano/microflagellate biomass estimates (relative to total phytoplankton biomass),
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that although greater than those derived using suite D, did not vary significantly in 

polar (LNA=15.5%, HNA=9.2%) temperate (LNA=7.5%, HNA=5.0%) or tropical 

(LNA=5.0%, HNA=3.8%) regimes (Table 7.6, Figure 7.5). Ciliate relative biomass was 

significantly lower in polar (LNA=6.0%, HNA=9.3%) temperate (LNA=3.7%, 

HNA=5.4%) and tropical (LNA=2.9%, HNA=3.9%) regimes using suite G than in 

models using suite D.

Dinoflagellates relative biomass, although lower using GGE suite G in polar 

(LNA=9.7%, HNA=11.5%) temperate (LNA=5.2%, HNA=6.2%) and tropical 

(LNA=3.1%, HNA=3.7%) regimes, did not exceed the confidence limits of values 

derived using suite G.

Copepod relative biomass was also lower in polar (LNA=93.4%, HNA=61.3%) 

temperate (LNA=65.3%, HNA=42.9%) and tropical (LNA=48.8%, HNA=32.3%) 

regimes using suite G than in models using suite D, but did not exceed confidence 

limits, and therefore did not vary significantly.

The use of non-temperature dependent, taxa-, and diet-specific GGEs (suite H) 

provided nano/microflagellate biomass estimates (relative to total phytoplankton 

biomass), that although greater than those derived using suite D, did not vary 

significantly in polar (LNA=23.3%, HNA=13.5%) temperate (LNA=10.4%, HNA=6.5%) 

or tropical (LNA=6.2%, HNA=4.4%) regimes.

Although ciliate relative biomass was lower using suite H than suite D for all 

temperature regimes (LNA=9.9%, HNA=15.7%) temperate (LNA=5.7%, HNA=5.8%) 

and tropical (LNA=4.0%, HNA=5.8%), values did not vary significantly. 

Dinoflagellates relative biomass, although lower using GGE suite G in polar 

(LNA=10.7%, HNA=12.5%) temperate (LNA=5.8%, HNA=6.7%) and tropical 

(LNA=3.5%, HNA=4.0%) regimes, did not exceed the confidence limits of values 

derived using suite H. Copepod relative biomass was also lower in polar 

(LNA=106.9%, HNA=72.3%) temperate (LNA=74.4%, HNA=50.4%) and tropical 

(LNA=55.2%, HNA=37.5%) regimes using suite H than in models using suite D, but 

did not exceed confidence limits, and therefore did not vary significantly.
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LNA- Suite G HNA- Suite G

Copepods

Dlnoflagellates

Nano/mlcroflagellates
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1000 1000
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Figure 7.5 Structure of the planktonic food-web in terms of standing stock biomass 

(g C m'2) in nutrient poor (LNA) and rich (HNA) environments under a temperate 

regime (15°C). Different GGE values used to derive biomass values were common 

for all planktonic taxa and either the mean from Straile (1997) (suite G), or from 

Chapter 3 (suite H). Error bars represent upper and lower biomass limits derived 

using parameter values (clearance efficiencies, GGEs, specific growth rates, and 

bacterial input values) 10% above and below that chosen for the central model (see 

method section of Chapter 6; p. 138).
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Discussion
The results shown indicate that ecosystem models using a common GGE for all taxa 

are prone to inaccuracies, the extent of which may vary with temperature. The use 

of taxon-specific and diet specific GGEs within LNA and HNA models affected the 

predicted production and distribution of biomass between taxa of the planktonic 

food web. Using a common GGE for all planktonic taxa can lead to an 

overestimation of production and biomass, relative to phytoplankton, for both 

ciliates and copepods, in comparison to when taxon-specific GGEs are considered.

At the highest temperature, such as those illustrated in the tropical regimes, 

dinoflagellate and nano/microflagellate production was predicted to be much 

greater using taxon- and diet-specific GGEs. However, my results suggest that 

dinoflagellate biomass may be overestimated in all but the warmest of 

environments, whilst nano/microflagellates may be underestimated using a 

common GGE value by up to 40%.

The effect of different GGE suites on the production of dinoflagellates varied 

according to temperature. At lower temperatures, including the polar and 

temperate regimes, the use of suite D appears to overestimate dinoflagellate 

production. At higher temperatures however, such as that in the tropical regime, 

dinoflagellate production was estimate to be double when incorporating taxon- 

and diet-specific GGEs in comparison to a common GGE for all taxa.

A relatively constant contribution of copepod biomass to planktonic biota is 

consistent with my findings in Chapter 4 (p.91), where copepods, and total 

mesozooplankton relative biomass did not vary significantly with increasing 

temperature. Consequently, the grazing pressure of copepods on 

microzooplankton is also unlikely to vary with temperature, and more likely to vary 

with levels of primary production due to changes in phytoplankton size structure 

(Calbet 2001, Calbet et al. 2008). Copepods are important contributors to the 

regeneration of nutrients, providing picophytoplantkon and bacterial with up to 

23% of their production requirements (Hernandez-Leon 2008). The extent to which 

nutrient regeneration by copepods varies with temperature is unlikely to be high as
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copepod production remains constant. Therefore copepod nitrogen excretion rates, 

which were shown to decrease with increasing latitude, from 0.65 gigatons N year'1 

in tropical waters to 0.05 gigatons N year1 in polar waters (Hernandez-Leon 2008), 

are likely to be the result of food availability, rather than an change in the efficiency 

of processing nitrogen.

However, although copepod relative biomass did not vary significant with increasing 

temperature, there was a general negative trend which may be a product of the 

absence of temperature dependent clearance efficiencies within the model. In the 

natural environment copepods are able to switch prey types to that are most 

abundant (Gismervik & Anderson 1997, Kiprboe et al 1996). For example, in a 

review of copepod grazing it has been shown that the contribution of ciliates to 

copepod diet decreases with increasing phytoplankton concentration (Calbet & Saiz

2005). Although my model accounts for changes in phytoplankton size structure 

between nutrient rich and poor areas, changes as a result of increased temperature 

are not considered. If increased temperature results in a change in phytoplankton 

size structure favourable to copepods (e.g. an increased proportion of 

microphytoplankton), then copepod biomass estimated in this study is likely to be 

underestimated at higher temperatures.

This model the first step in understanding the effect of using taxa-, diet-specific and 

temperature dependent GGEs on the planktonic food web. Models of both high and 

low complexity benefit from the determination and inclusion of accurate 

parameters, and in particular their response to temperature. Some parameters are 

well documented, for instance copepod growth rates have been detailed 

extensively, with robust relationships outlined within the literature (Huntley & 

Lopez 1992, Hirst et al. 2003, Hirst & Bunker 2003). However others likely to benefit 

our understanding of the food-web dynamics and biogeochemical cycles, such as 

clearance efficiency (the proportion of available prey consumed by a predator), are 

in need of further research. Although values of clearance efficiency are available 

within the literature, they are often reported as single values, single experiments, 

from small locations or over a narrow time period.
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At higher temperatures viscosity of water decreases, giving a greater Reynolds 

number which has been shown to be important in the feeding mechanism of 

calanoid copepods which feed by the generating a current with their appendages 

(Koehl & Strickler 1981, Naganuma 1996). If an overall increase in clearance 

efficiency results from higher Reynolds numbers then production of copepod may 

be underestimated at higher temperatures in my model.

The increase in nano/microflagellate and dinoflagellate biomass relative to total 

phytoplankton production has important implications for understanding the export 

of carbon from the euphotic zone to the oceans depths (Vezina et al. 2000). As 

major grazers of the smallest phytoplankton (Kuhn 1997), the increased relative 

production of nano/microflagellates at higher temperatures indicates that not only 

is this group likely to provide a greater proportion of material available to secondary 

consumers, but also have an increased responsibility in the maintaining the 

microbial loop through the increase in processes such as excretion and lysis of algae 

which provide dissolved organic carbon to bacteria (Christaki et al. 2001). This 

increased role of nano/microflagellates will be more substantial in nutrient poor 

areas, which are generally associated with an increased proportion of smaller, 

picophytoplankton (Uitz etal. 2006). In nutrient rich areas larger, micro-sized 

phytoplankton are exported more readily than smaller species (Legendre and Fevre 

1995, Vezina et al. 2000). As significant grazers of microphytoplankton (Lessard & 

Swift 1985), dinoflagellates help transfer material from primary producers to 

secondary consumers such as copepods. As dinoflagellate relative biomass and 

production is greater at higher temperatures, the proportion of 

microphytoplankton carbon passed up through the planktonic food web will 

increase, resulting in a reduction of carbon export out of the euphotic zone, as 

marine snow for example (Legendre & Fevre 1995).

My models predict an increase in the contribution of dinoflagellate relative 

production which is consistent with findings reported in Chapter 4 (p. 91). 

Understanding changes in the production of dinoflagellate is of ecological 

importance as the sedimentation of their cysts can represent up to 22% of total 

pelagic sediment flux out of the euphotic zone (Dale & Dale 1992). Therefore, it is
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likely that the contribution of dinoflagellates to biochemical cycles of the marine 

pelagic environment increases with temperature. The observed dinoflagellate 

increase, and nano/microflagellate decrease, in relative biomass with increasing 

temperature is also consistent with my findings in Chapter 4 (p. 91), and supports 

my suggestion that temperature-dependent taxon- and diet-specific GGEs may be 

the cause of the observed relative biomass-temperature patterns.

Inaccuracies may also be derived using only taxon-specific GGEs owing to the 

proportion of different diet types synthesised into predator biomass with different 

efficiencies. My models suggest that the inclusion of diet-specific GGEs may have a 

profound impact on accurately determining production of planktonic taxa. I found, 

for instance, inclusion of diet-specific GGEs predicts dinoflagellate production less 

than half that of when only taxon-specific values are used, that at low temperature, 

such as in the polar regime, and underestimations production by around 25% in the 

tropical regime. In contrast, using taxon-specific GGEs underestimates the 

production of ciliates and nano/microflagellates in comparison to using taxon- and 

diet-specific GGES.

The incorporation of temperature dependence into planktonic ecosystem models is 

of fundamental importance since many key physiological and life history rates vary 

with temperature (Eppley 1972, Hirst & Bunker 2003, Montagnes et al. 2003, 

Bunker & Hirst 2004). Without temperature-dependence, estimated biomass of 

nano/microflagellates, ciliates were dinoflagellates using either taxa-specific (suite 

B; Chapter 6, p.126) or taxa- and diet-specific (suite C) GGEs was significantly lower 

in comparison to those which did include temperature dependence (suite G and H), 

under all temperature regimes except tropical. Copepod relative biomass 

meanwhile was significantly lower using non-temperature dependent models (suite 

B and C) in comparison to temperature-dependent models (suites G and H), run 

under all temperature regimes. A comparison of the non-temperature dependent 

model and temperature dependent model under the polar regime gave biggest 

differences, using taxa-, and diet-specific suites (C and H), with copepod, ciliate, 

dinoflagellate, and nano/microflagellate relative biomasses approximately 80%, 

65%, 70% and 75% in the LNA temperature-dependent model.
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The models utilized in this study are an initial step in understanding how 

temperature, through its affect on GGE, affects the distribution of biomass among 

protozoan taxa and can fundamentally influence the flow of material, such as 

carbon, through the planktonic food web. Protozoan groups are often considered as 

a single component, such as "microzooplankton" within ecosystem models of low 

(Landry & Calbet 2004) to high complexity (Buitenhuis et al. 2006). However, since 

my models predict production and relative biomass varies between individual 

protozoan taxa (nano/microflagellates, ciliates and dinoflagellates) with 

temperature, and temperature-dependent specific growth rates vary between taxa 

(Table 7.2), I suggest there is scope for important changes in the magnitude and 

pathway of biogeochemcial fluxes in the marine environment.

Bacteria play an important role in the remineralisation of dissolved organic carbon 

in the food-web. Ciliates and nano/microflagellates are important grazers of 

bacteria (Sanders et al. 1992, Callieri et al. 2002), and therefore play a pivotal role in 

the transfer of carbon to higher trophic levels. Although bacteria has been 

suggested as a prey item of dinoflagellates, (Lessard & Swift 1985, Strom 1991), the 

optimum prey size of dinoflagellates is equal to their own size (Hansen et al. 1994), 

suggesting direct grazing impact on bacteria is at best very low in the natural 

environment. Changes in the relative contribution of bacterial grazers will have 

knock-on consequences for the trophic transfer of remineralised carbon. My 

models suggest that, as higher temperatures are associated with increased bacterial 

and dinoflagellate relative production and biomass, and a decrease in ciliate relative 

biomass, I may expect a lower proportion of bacterial production to transfer to 

higher trophic levels.

Importantly, the change in biomass structure as a result of increasing temperature, 

across different suites of GGEs highlights the variability in predicted production and 

biomass using common variables across a broad range of taxa. With the pressing 

issue of climate change the need for a fundamental understanding of factors 

determining planktonic food web structure and functions over large-scales has 

never been greater. Just as temperature is highly influential in shaping 

phytoplankton biomass and community structure (Fiala etal. 1998, Gasiunaite etal.
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2005), I suggest that it may also drive patterns in zooplankton through its impact of 

taxon-specific processes.
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Chapter 8. Discussion
This study has shown the efficiency with which ingested prey biomass is converted 

into predator biomass (gross growth efficiency, GGE) varies between planktonic 

taxa, with diet, and is temperature-dependent in some taxa and not others 

(Chapter 3 p.27). These inherent differences in GGE between taxa are likely to be 

the result of a combination of different processes and rates that act differently on 

different taxa. For instance, pico- to mesoplankton may differ in size by up to five 

orders of magnitude (0.2 to 20 000pm), in locomotion (beating of cilia, flagella or 

other appendages (Sleigh 1989, Alcaraz & Strickler 1988), in growth form (binary 

fission, eutely, egg production), in feeding method (raptorial, filter feeding or direct 

uptake of dissolved organic nutrients; Hansen & Calado 1999, Hansen etal. 1994), 

in mode of prey detection, and diet type. Since temperature may impact these 

processes differently (e.g. by increasing the rate of enzyme driven reactions, or 

decreasing the viscosity of the surrounding medium), the ingestion and production 

of biomass, and therefore GGE, is affected to different degrees between taxa. Such 

inherent differences are likely to be the reason GGE responds differently with 

temperature, increasing or decreasing in some taxa, but showing no variation in 

others.

As a measure of the proportion of material flowing from prey to predator, GGE of 

heterotrophs also gives an indication of the production and standing stock biomass 

a taxon is able to maintain. For taxa that were found to possess 

temperature-dependent GGEs, production and biomass, relative to phytoplankton, 

are likely to be constrained to differing degrees with increasing temperature. As the 

temperature-dependence of GGE varied among different taxa either increasing, 

decreasing, or showing no variation, the flux of carbon and the biomass structure of 

the planktonic food-web are likely to vary with increasing temperature.

This study has provided evidence to suggest that taxon-, diet-, and 

temperature-dependent GGEs may underpin, or impose limits upon the structure 

of the planktonic food-web over a global scale. The incorporation of 

temperature-dependent, taxon- and diet-specific GGEs into ecosystem models
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(Chapter 7 p.163) resulted in several trends that were reflected in the study using 

biomasses from real world data, most notably and increasing in the proportion of 

dinoflagellate biomass to total planktonic biomass, and decrease of 

nano/microflagellates with increasing temperature.

The contribution of different taxa to the planktonic food-web varies, with bacteria 

and dinoflagellates increasing, ciliates and flagellates decreasing, and 

mesozooplankton remaining a constant proportion with increasing temperature, 

and supports suggestions that only can alter the structure of the planktonic food- 

web (O'Conner et al. 2009). In both the low and high nutrient models, total 

heterotrophic biomass (bacteria, ciliates, nano/microflagellates, dinoflagellates) 

was greater in the tropical regime (LNA=137.1, HNA=121.3% of phytoplankton 

production), than in the polar (LNA=133.3, HNA=95.7%). These findings are 

consistent with those of Muren et al. (2005) and O'Conner et al. (2009), indicating 

an overall greater control of primary producers by heterotrophic organisms at 

higher temperatures. An increased heterotrophic:autotrophic ratio with increased 

temperature is a key prediction of metabolic theory of ecology. Whilst 

heterotrophic organisms are constrained by respiration, and autotrophic by 

photosynthesis, the metabolic theory of ecology predicts that the differential 

temperature-scaling of these processes results in an increase of 

heterotrophs:autotrophs with increasing temperature (Lopez-Urrutia et al. 2006). 

Therefore, my results suggest that higher temperatures are associated with an 

increased domination of heterotrophic organisms, and where community 

respiration exceeds photosynthesis, net source o f . Conversely, low temperature 

are predicted to decrease heterotrophs:autotrophs, are associated with a reduced 

control of primary producers by consumers, and net sink of .

Because of these changes in planktonic structure, and the significantly greater GGEs 

of taxa feeding on algae in comparison to other diet types, the consideration of 

diet-specific GGEs is an important factor when modelling material flux through the 

planktonic ecosystem, or for instance calculating the carbon budget of an individual 

species. For instance, warmer environments were associated with an increase in 

the relative biomass of bacteria, which play an important role in the marine pelagic
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environment by remineralising and recycling dissolved organic matter (Cho & Azam 

1988, Cho & Azam 1990), thus making it available for consumption by heterotrophs. 

As grazers of bacteria (Sanders et al. 1992,5>olic & Krstulovic 1994), ciliates play an 

important role in transferring material, recycled by bacteria, up to higher trophic 

levels (Gifford 1991). However, as bacteria are consumed at a much lower efficiency 

by ciliates than are algae, average ciliate GGE will decrease if the proportion of 

bacteria in the diet of ciliates also increases as a result of an increased relative 

biomass. Unless ingestion by ciliates is increased to such an extent as to 

compensate for an overall decrease in GGE, then ciliate production and standing 

stock biomass relative to phytoplankton will also decrease. Therefore, in warmer 

environments, the proportion of ingested bacterial carbon that is transferred to 

higher trophic levels is lower when considering diet-specific GGEs. Therefore 

ecosystem models that assume conversion of both algae and bacteria into ciliate 

biomass is achieved with equal efficiency may overestimate the contribution of 

bacterial carbon to higher trophic levels.

This study has demonstrated that differences in GGE among taxa, diets and 

temperatures, when implemented into ecosystem models, are likely to enhance 

accuracy in describing the structure of marine food-webs. The parameters used in 

ecosystem models are often a compromise between increased complexity and 

increased accuracy, with even the most complex models simplifying the true 

ecosystem, biota or processes. The compartmentalising of species into broader 

groups is one such simplification with all protozoan groups frequently grouped 

together as "microzooplankton" or "protozoa" (Aumont et al. 2003, Buitenhuis et 

al. 2006, Daniels etal. 2006, Denman et al. 2006). Although I found no evidence to 

suggest total protozoan biomass, relative to total phytoplankton, varies with 

temperature, significant changes in composition were found to occur within 

protozoa. Ciliates, nano/microflagellates and dinoflagellates are functionally 

important primary consumers in the marine pelagic environment (Kuuppo-Leinkki 

1990, Lignell et al. 1993, Rysgaard etal. 1999). In addition to being intermediaries 

between phytoplankton and secondary consumers such as copepods, the protozoan 

groups perform important functions influencing biogeochemical cycles.
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Dinoflagellates can be a large contributor to flux of sediment out of the euphotic 

zone (Dale & Dale 1992), whilst ciliate release of ammonium is important in 

regeneration of nutrients (Ota & Taniguchi 2002). In addition, total protozoa 

excrete phosphorus at a far greater rate than mesozooplankton despite having a 

smaller biomass (Johannes 1965), and contribute a large part of total community 

respiration. Developing a greater understanding differences between protozoa is 

therefore likely to be key in the goal of developing a comprehensive understanding 

of how planktonic food-web structure changes geographically and with 

temperature.

The determination of the extent to which each protozoan group contributes to 

biogeochemical cycles and trophic transfer of material over large, geographical 

scales will undoubtedly aid the understanding of local impacts. For instance, some 

phytoplankton species are toxic, and their consumption, and subsequently 

accumulation in species of higher trophic levels can result in mortality of marine 

mammals, and sea birds (Work et at. 1993, Turner & Tester 1997). Although harmful 

phytoplankton are unlikely to have impact on the majority of ecosystems and 

locations, application of temperature-dependent trends in relative biomass, and 

gross growth efficiencies of different taxa will undoubtedly help determine the role 

of protozoan grazers on promoting and reducing toxic blooms in specific locations.

Although there is overlap in the size of phytoplankton grazed by ciliates and 

dinoflagellates, the latter generally consume larger prey than that consumed by 

ciliates (Hansen et al. 1994). Whilst ciliates are known consumers of bacteria, the 

tendency for dinoflagellates to be important bacterial grazers is unclear, although 

most evidence suggests their impact on bacteria is minimal at best (Jakobsen & 

Hansen 1997, Hansen 1998). Therefore with an increased contribution of 

dinoflagellates and decreased contribution of ciliates, the structure and flow of 

material through the food-web may be significantly different in high temperature 

(e.g. tropical) environments than in cooler ones (e.g. temperate or polar). The ratio 

between ciliates and dinoflagellate may be particularly important if one group is 

preferentially predated by metazoan zooplankton. Predator production may be 

increased through the consumption of preferred prey if the chemical composition
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provides essential components, or if the costs associated with its capture are lower 

than other prey of equal nutritional value. Whilst some experimental evidence 

suggests copepod species prefer dinoflagellates, whether this can be considered a 

general trend is unclear. For instance copepods of different feeding modes (ambush 

and current generating) removed a higher proportion of ciliates than dinoflagellates 

of the same size, which was suggested to be the result of greater hydromechanical 

signals (disturbances in the water) by the more mobile ciliates (Buskey et al. 1993, 

Jakobsen et al. 2005). However, calanoid copepods were found to clear 

dinoflagellates at a higher rate than ciliates, which was argued to be a result of the 

more "jerky motion" of ciliates that enhances predator avoidance (Suzuki et al. 

1999).

If metazoan zooplankton such as copepods do generally predate dinoflagellates in 

preference to ciliates in the natural environment the impact of changes in the 

biomass distribution of protozoan biomass associated with increasing temperature 

is likely to extend further up the food chain. Determining a general rule for the 

preferred prey of a whole taxon such as dinoflagellates or copepods may be difficult 

since there are large differences between species within taxa. For instance the 

mode of feeding varies between dinoflagellate species (Hansen & Calado 1999) and 

between copepod species (ambush and current generating), whilst diet may also 

vary between copepod families (Atkinson et al. 1996).

Any change in the protozoan structure with increasing temperature is likely to 

impact mesozooplankton such as copepods, which are a vital component of the 

food web (Banse 1995, Kiprboe 1998, Calbet 2001). However, since the plankton 

models in this study uses temperature-dependent copepod parameters determined 

from robust patterns of physiological and life-history rates (Hirst & Kiprboe 2002, 

Hirst & Bunker 2003, Bunker & Hirst 2004), and in conjunction with the absence of 

change in relative biomass with temperature over a large geographical range, I find 

no reason to have assume this to be incorrect. Although other environmental 

factors, such as phytoplankton structure and nutrient availability may influence the 

proportion of copepod biomass in the planktonic food-web, the results suggest an 

absence of a relationship with temperature, which has important ecological and
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economic importance. Copepods are the dominant component of mesozooplankton 

(up to 80% Kidrboe 1998, Hirst &. Bunker 2003), and predators of both primary 

producers and consumers. My results indicate that across large-scale temperature 

gradients copepods remain important in the transfer of the global aquatic primary 

production needed to sustain current removal offish in the open ocean (Pauly & 

Christensen 1995). In addition, copepods will also undoubtedly play a key role in 

supplying energy to fish at high latitudes, the production of which is expected to 

increase with predicted climate change (Brander 2007).

Although copepod relative biomass does not vary with temperature, there may be 

significant changes within this, and other zooplankton taxa. For instance, species 

which have thermal optima closely matching that of the environmental 

temperature are likely to benefit from reduced energetic costs in comparison 

species of sup-optimal thermal optima and high costs. As a result of this competitive 

advantage "optimal" species may be able to increase their biomass and production, 

achieving populations that are more resistant to local extinction. Although a 

latitudinal gradient of marine bacterial species richness has been determined, such 

trends for other planktonic taxa are currently unavailable. Since bacterial species 

richness was strongly and positively correlated with temperature (Fuhrman et al. 

2008), a trend mirrored by numerous terrestrial species (Blackburn & Gaston 2003). 

This gap in the protozoa and mesozooplankton literature of species richness- 

temperature relationships signifies an opportunity to develop our understanding of 

determinants of large-scale distribution of marine planktonic species, and I 

therefore urge research into this area of marine ecology.

The models presented here represent the first step in understanding the effect of 

using taxa-, diet-specific and temperature dependent GGEs on the planktonic food 

web. However, models of both high and low complexity benefit from the 

determination and inclusion of accurate parameters, and in particular their 

response to temperature. Some parameters are well documented, for instance 

copepod growth rates have been detailed extensively, with robust relationships 

outlined within the literature (Huntley & Lopez 1992, Hirst et al. 2003, Hirst &. 

Bunker 2003). However others likely to benefit our understanding of the food-web
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dynamics and biogeochemical cycles, such as clearance efficiency (the proportion of 

available prey consumed by a predator), are in need of further research. Although 

values of clearance efficiency are available within the literature, they are often 

reported as single values, single experiments, from single locations or over a narrow 

time period (Varity 1985, Leakey et al. 1992, Dam et al. 1995).

The advent of models based on the size distribution of plankton can be useful as 

generally predation is size based, and size fractions of plankton can be collected and 

quantified with relative ease. However, size-based studies and models may 

overlook important differences if size categories comprise species and broader 

groups of taxa that display fundamental physiological and ecological differences.

For instance, in addition to predating bacteria, ciliates possess a lower GGE (Chapter 

3, p.36), and specific growth rates approximately three times that of dinoflagellates 

(Montagnes et al. 2003). I therefore urge greater consideration of the differences 

between protozoan taxa, and the implications that changes in their abundance may 

have. The development of global patterns of plankton has perhaps been hampered 

by the difficulties associated with large scale sampling and general availability of 

data. However, the greater availability of distributional data will undoubtedly help 

in the formation of global patterns of zooplankton. My study has shown that 

despite local fluctuations, important relationships between biomass and 

temperature persist examined on a global scale.

Given the importance of plankton in the global carbon cycle (Hays et al. 2005) it is 

imperative that the processes determining large-scale distribution and abundance 

of planktonic species are established. However, with the increase of 

macroecological studies of marine biota (Wieters 2001), I urge caution when 

grouping species into broad taxonomic groups. Only with the understanding of 

fundamental differences between the protozoan taxa of ciliates and dinoflagellates 

may the large-scale determinants of food-web structure be established.
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Appendix 23. Response of loglO ciliate specific growth rate in response to 

temperature. We used heterotrophic ciliate data (n=909) from 71 studies as 

reported in Rose & Caron (2007). The solid line represents the significant 

relationship determined by regression (pcO.001, R-squared=16.5%, F=179).
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Nano/microflagellates

Temperature (°C)

Appendix 24. Response of loglO nano/microflagellate specific growth rate in 

response to temperature. We used heterotrophic ciliate data (n=184) from 27 

studies as reported in Rose & Caron (2007). The solid line represents the significant 

relationship determined by regression (pcO.OOl, R-squared=17%; F=37.68).
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