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Abstract

The Huon Estuary is a micro-tidal estuary in south-east Tasmania that is an important
area for salmon aquaculture. In 2008 the salmon aquaculture industry in Australia is
worth $260M (AUD) per year. Salmon aquaculture began in the Huon Estuary in the
1980’s and production has since increased significantly. The Huon Estuary is
nitrogen (N) limited and salmon farming is a significant input of N to this ecosysteni.—
Both industry and government regulators are alert to the potential for eutrophication
and increased harmful algal bloom:s if the assimilative capacity for N of the estuary is
exceeded. As part of a larger project on the ecology of the Huon Estuary, this PhD
research has two main objectives; firstly to determine whether phytoplankton in the
Huon Estuary are using nitrogen that had, primarily, an oceanic source (e.g. nitrate)
or was more locally supplied or regenerated (e.g. ammonium and urea) and secondly
to examine the physiology of G. catenatum a toxic dinoflagellate that dominates the

summer and autumn Huon Estuary phytoplankton biomass in many years.

Uptake rates of NO;", NH," and urea were measured on four occasions (28-29 May
2003, 23-24 Sept 2003, 18-19 Nov 2003, and 24-25 Feb 2004) in the Huon Estuary
using a "°N tracer technique. Uptake rates were measured at Garden Island and
Hideaway Bay in the lower estuary and at 5 and 20 m during thé day and also at 5
and 20 m during the night. The mean uptake rates (mean across time of year, site,
time of day and depth) for NH;" (0.13 pg N pg chla h') and urea (0.09 pg N pg chl a
h'l) were 4.5 and 3.2 times higher than the uptake of NO3; (0.3 pg N ugch la h'l).
Overall NH,", NO3' and urea were responsible for 52, 37.5 and 10.5% of N uptake

respectively.

Gymnodinium catenatum is a toxic dinoflagellate that blooms periodically in the
Huon Estuary and in years that it blooms it dominates the phytoplankton biomass and
has caused closure of shellfish farms in the area. Laboratory experiments on effect of
temperature and irradiance on growth rate, effect of different nitrogen species on

growth rate and preferential uptake of different nitrogen species by G. catenatum
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were undertaken to better understand the physiology of this species and to test a
hypothesis that G. catenatum vertically migrates to access NH," at depth during
summer. The effect of 12 different temperatures ranging from 11.9-25.2 °C and
irradiances from 5-283 pmol photons m™ s on growth and biochemical composition
of G. catenatum. The highest predicted growth rates (>0.2 d) occurred during
summer and autumn as might be expected based on observations of bloom dynamics
of this species in the Huon Estuary which supports both a summer and autumn bloom

in many years

G. catenatum was able to grow using NOs", NH," or urea as its sole nitrogen source.
There was no significant difference in growth on any of these nitrogen sources.
Preferential uptake of NH,", NOs™ or urea was examined by growing G. catenatum on
a mixture of NO;y", NH4" and urea. The results clearly showed that NH," was taken
up first, followed by NO;™ and finally urea. Maximum mean uptake rates were 170,

98 and 30 pg cell" hour™ respectively for NH;", NO3™ and urea.

In addition to the laboratory experiments the nitrogen uptake characteristics of a
bloom of G. catenatum was examined at Pelican Island, Southport (30-31/03/2004)
nearby the Huon Estuary. Mean urea uptake was greatest (0.045 ngN p.g chlah™)
followed by NH;" (0.029 pgN pg chl a h'') and the lowest uptake was of NO;™ (0.025
ugN pg chl a h™'). For G. catenatum growing in the Huon Estuary it seems
increasingly apparent that it functions as a nitrogen scavenger. When N
concentrations are exhausted, it is able to migrate through the water column seeking

whatever form of nitrogen is available.
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1 INTRODUCTION

1.1 Eutrophication in coastal ecosystems

Eutrophication is widely considered to be one of the greatest threats to estuarine and
coastal ecosystems around the world (Howarth et al., 2002, Howarth et al., 2005).
Eutrophication as defined by Nixon (1995) is an increase in the rate of supply of
organic matter to an ecosystem. The rate of organic matter supply to an aquatié
ecosystem can increase through a number of different mechanisms. Clearing of
catchments is widely associated with more runoff and a greater supply of organic
matter and nutrients into downstream water bodies. Agriculture and sewage may be
the source of more inorganic nutrients which can, in turn, support more
photosynthesis and thereby contribute more organic matter into an ecosystem (Laws,
1993). The organic loading itself may result in anoxia thereby changing the cycling of
N and P sometimes resulting in these nutrients becoming periodically more abundant
in the water column. Thus there are a range of different mechanisms whereby an
aquatic ecosystem may become more eutrophic (Smith ez al., 1999). The responses of
ecosystems, however, to an increase in organic matter supply can be complex
depending on a large number of physical and biological factors (Cloern, 2001). In
most cases the organisms that can directly use the nutrients, typically photosynthetic
autotrophs, are the first to respond to eutrophication (Philippart & Cadee, 2000). The
magnitude of these responses, however, is determined by the nature of the inputs and
by complex interactions between physics, chemistry and biology within the water

body and its sediments.

In some coastal ecosystems moderate eutrophication is considered beneficial because
it increases primary productivity and this in turn increases the biomass of fish and/or
shellfish species for human consumption (Nixon, 1990, Jargensen & Richardson,
1996). However in most coastal ecosystems eutrophication has deleterious effects

such as:



e Shifts in phytoplankton community composition. Decoupling of base trophic
levels with higher trophic levels that can result in a shift towards toxic species
of phytoplankton.

e Low dissolved oxygen concentrations (hypoxia) and absence of oxygen
(anoxia) can be the result of increased plant, animal and bacterial respiration
caused by increased organic matter from primary production (autochthonous)
or organic matter input from outside the ecosystem (allochthonus).

e Increased turbidity caused by greater phytoplankton biomass can degrade or
destroy seagrass and macroalgae habitats for which light transmission down

through the water column to the bottom is important.

In almost all ecosystems, sometime during the annual cycle one nutrient or a
sequence of different nutrients can become limiting to primary production (Elser et
al., 1990). When a nutrient is limiting for primary productivity an increase in the rate
of supply of that nutrient will stimulate primary productivity (Smayda, 1989).
Typically more biomass is produced as a response to more nutrients (Clark, 1989,
Vollenweider, 1992). Thus increased nutrient inputs also result in an increased
organic matter supply to the ecosystem. For temperate coastal ecosystems primary
productivity in these systems is usually limited by the availability of N (Ryther &
Dunstan, 1971, Howarth & Marino, 2006). The reason that eutrophication is
becoming such a widespread threat to coastal ecosystems is that there has been a
rapid increase in the amount of nitrogen getting into our aquatic ecosystems from
sewage and agriculture (Nixon, 1990) (Galloway e al., 2004). In the 1950’s fertiliser
production using the Haber process began resulting in the steady increase in N
fertilizer and subsequent runoff of relatively more N into the coastal zone. A classic
example is the steady rise in N in the plume off the Mississippi River during the last
50 years (Turner et al., 1998). In this case there has been a relative decline in the
silicate concentrations producing a large scale example of selective resource
limitation with an impact on the ecology ranging from phytoplankton to fish. The

continental shelf off the Mississippi River has seen the ratio of silicate to dissolved in
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organic nitrogen loading ratio has declined from around 3:1 to 1:1 during this century
because of fertilizer application, agriculture and other land-use practices in the
watershed. Diatoms require dissolved silicate and their growth can become Silicate
limited when the atomic ratio of silicate to dissolved inorganic nitrogen
(Silicate:DIN) approaches 1:1. Considerable research indicates this shift in N loading
is the primary reason this coastal ecosystem now produces a large anoxic zone .

potentially supporting disruptive harmful algal blooms (Turner et al., 1998).

Harmful algal blooms (HAB) have been classified depending upon their type of
impact into three categories (after Hallegraeff, 1993):

1. Those not directly toxic to humans or other organisms. This type of HAB is
typically a large bloom that causes high biological oxygen demand (BOD)
during decomposition. Particularly in situations with low rates of mixing the
resulting hypoxia or anoxia can lead to the death of other organisms. Large
fish kills have been associated with this type of bloom.

2. Toxic algal blooms caused by a range of species, most commonly
dinoflagellates, that have a negative biological effect upon humans. For
example a range of species produce toxins which effect people once ingested.
These include:

a. PSP - paralytic shellfish poisoning, same toxins are found in
cyanobacteria

b. DSP - diarrheic shellfish poisoning
ASP - Amnesic shellfish poisoning

d. Ciguatera poisoning

e. NSP - neurotoxic shellfish poisoning

3. Blooms causing direct negative biological effects upon organisms other than
humans. For example HAB species that kill fish via damaged or clogged gills

and a range of other known and unknown mechanisms.



Four explanations for the apparent increase in algal blooms have been proposed: a
greater scientific awareness of toxic species; the growing utilization of coastal waters
for aquaculture; the stimulation of plankton blooms by domestic, industrial and
agricultural wastes and/or unusual climate conditions; and the transportation of algal
cysts either in ships’ ballast water or associated with moving shellfish stocks from
one area to another (Hallegraeff, 1993). Most of the species known to cause HABs

are dinoflagellates.

The continuous plankton recorder transects of the North Atlantic (Edwards &
Richardson, 2004, Edwards et al., 2001) have shown clear evidence that whole
regions of the ocean have increased abundances of dinoflagellates. The mechanism
proposed to explain the growing dominance of dinoflagellates observed in the pelagic
ocean is warming due to climate change. The proponents hypothesized that warming
of the ocean surface due to climate change results in increased temperature
stratification. An increase in stratification would reduce vertical mixing, the major
process whereby nitrate is injected into the euphotic zone. It is not yet clear whether
global warming is having a global impact on stratification through warming, or polar
ice melting or increased precipitation. If large scale changes to stratification do occur
the consequences could be significant in terms of increase HABs. The seasonal

pattern of stratification and blooms may provide some insights.

Low stratification or high turbulence has a seasonal dynamic in the temperate zone.
Conditions of high turbulence and high nutrients are typically found in winter. The
diatom blooms that are associated with the transition from winter into spring suggest
diatoms are more capable of coping with turbulence than species that occur later in a
seasonal succession. This seasonal cycle of diatoms in spring often leading to
dinoflagellate blooms in summer or autumn and the commonly associated reduction
in turbulence was conceptualized by Margalef (1978). Margalef (1978) defined
niches for diatoms and dinoflagellates along 2 axis, one the concentration of nutrients
and the second the amount of turbulence (Fig. 1). Others have refined Margelef’s

seminal work (Margalef, 1978) by expanding the conceptual space and populating it
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with species and their characteristic behaviours (e.g. Smayda & Reynolds, 2001).
There can be no doubt that many ecosystems have a seasonal transition to lower
turbulence and an increased proportion of dinoflagellates but the underlying causes of
this succession can be complex (Glibert ez al., 2008). In contrast considerable
experimental research on diatoms has successfully separated the multitude of factors
associated with this seasonal dynamic and substantiated the strong association
between enhanced growth and greater turbulence (Litchman, 1998, Litchman &
Klausmeier, 2001, Litchman ef al., 2004).

Diatéms

Dinoéflagellates

Increasing nutrients

Increasing turbulence ——M =

Figure 1.1 A simple conceptual map of the niche space associated with nutrient concentrations
and turbulence. Adapted from Margalef (1978). '

In the coastal zone there is growing evidence that HABs are linked with increasing
eutrophication (Smayda, 2002) especially inputs of N (Paerl, 1997, Paerl, 1988).
Other limiting nutrients have certainly been observed with Fe increasingly recognized
for limiting growth in high nitrogen low chlorophyll a areas that are remote from.
atmospheric inputs of dust. Some blooms are stimulated by additional P, or other
compounds including cobalt and vitamins (Segatt'o et al., 1997). While there is
insufficient evidence to be conclusive regarding the frequency, duration and extent of

different types of nutrient limitation there are several lines of evidence that coastal



ecosystems are more likely to be periodically limited by the availability of N than
other nutrients (Graneli ef al., 1990, Ryther & Dunstan, 1971, Bricker ez al., 1999).

One consequence of the importance of nitrogen to phytoplankton dynamicé has been
a great deal of research upon the nitrogen nutrition of phytoplankton. It has been
commonly assumed that phytoplankton should grow better on NH," than NOy/,
particﬁlarly under conditions of low irradiance, as growth on NO;™ imposes a
substantial extra cost in terms of reducing power. There is, however, little evidence
of this factor being a significant determinant of growth rates even at very low
irradiances (Thompson ef al., 1989). Many species preferentially take up NH," over
NO;” when both are present, with some indication of a threshold effect (Dortch et al.,
1991, Dortch, 1990). A considerable amount of research has been focused on
answering the question, if not determined by an energetic constraint then what would

control the balance between NO;” and NH," assimilation?

Although there is substantial geographic and temporal variation one of the most
persistent observations of phytoplankton ecology at temperate latitudes is a spring
bloom that consumes most of the available NO5" in the euphotic zone. Frequently
this bloom is composed largely of diatoms leading to a hypothesis that diatoms may
have enhanced genetic capabilities and thus be physiologically more capable of using
NOj". Experiments to test this hypothesis have shown that some species do grow
better on particular forms of NOs™ (Levasseur et al., 1993) but not necessarily
diatoms. Experiments on diatoms in turbulent environments also have a long history
examining aspects of their physiology that might be advantageous (Marra, 1978)
relative to dinoflagellates (Chan, 1978). More recently there has been a refinement of
the general hypothesis that turbulence favours diatoms to include NOs” uptake and
reduction as a method to use the excess light energy that must periodically be
acquired by a phytoplankton cell in a well mixed water column (Lomas & Glibert,
2000, Lomas & Gilbert, 1999) and a chlorophyll content adapted to the average
irradiance. Indeed some fraction of the competitive advantage diatoms possess in

turbulent environments seems to be associated with the reduction of NO;".



Temporal variability in nutrient availability exists on many time scales such as
seasonal fluctuations at mid to high latitudes (Parsons & Takahashi, 1973), estuaries
which experience nutrient pulses associated variations in flow (Mallin et al., 1993)
and on shorter time scales especially in near shore environments (Fong et al., 1993).
If the nutrient pulses are rare relative to the life spans of the organisms then long
lived species will dominate, while intermediate pulses should give a mixture of
species and a rise in diversity (Floder & Sommer, 1999). Long periods of high
nutrient availability with low N:P ratios are often associated with a loss of diversity

and nuisance algal blooms (Birch ez al., 1981).

Harmful algal blooms, however, are rarely diatoms and frequently occur later in the
season when NOj" is relatively less available. Many HAB have also been associated
with greater availability of reduced N such as NH," or dissolved organic N (DON).
Relatively little research has been conducted on the capacity of phytoplankton to use
organic N for growth. Most of this has focused on urea as a proxy for all forms of
organic N. Early research demonstrated the importance of urea in the natural
environment, where it was frequently observed to be =50% of all N uptake (e.g.
McCarthy, 1972). Similar results have been reported in a range of studies although
there are relatively few studies and a generic perspective is not easily obtained. Other
organic forms of dissolved N have received relatively little attention, although the
pioneering work of Antia (e.g. Antia & Harrison, 1991 and references therein) did
show considerable capacity of many species to use many forms of DON even though
their growth rates were low. In the field it has been shown that phytoplankton will
use a range of DON (Hellebust, 1970, Hollibaugh, 1976). Use of DON is still being
actively investigated today (e.g. Stolte et al., 2002, Bronk et al., 2007) and some

~ interesting recent work again showing taxonomic differences in DON use (Wawrik e?
al., 2009). The use of DON and the use of specific forms of DON would seem to
have a significant genetic component that may be important in defining the ecological

niche occupied by some species, a subject that requires further investigation.



Perhaps the most intriguing differences in the use of NO;” versus NH," is the contrast
between the two dominant picoplanktors, Synechococcus and Prochlorococcus.
These two genera dominate the world’s oceans yet Prochlorococcus has only very
limited capacity to use NO3". Although the lack of nitrate reductase is not universal
among strains of Prochlorococcus it is important in determining its niche (Moore et
al., 1998, Rocap et al., 2003). Thus the availability of different forms of nitrogen is
an important factor contributing to the relative success and productivity of different
phytoplankton (Berg et al., 1997). Typically, the abundance of dinoflagellates can be
correlated with low nitrate concentrations and high rates of NH," or dissolved organic
nitrogen (DON) supply (Carlsson et al., 1998). Many studies show that
phytoplankton biomass may increase with overall nitrogen availability (Boynton et
al., 1982) and the DON component may shape the phytoplankton succession and lead
to a harmful algal bloom (Paerl, 1988) . While molecular techniques are making it
easier to assess whether a species has the potential to use a particular form of N they
cannot tell us whether this capacity actually provides a competitive advantage. Field
experiments that measure fluxes and laboratory experiments that assess outcomes
with, and without, a specific nitrogen source are still the major tools to determine
whether a specific nitrogen compound is important in ecology of a particular species.

This sort of research seems likely to be required for all HAB species.

As discussed above the availability of particular forms of nitrogen often has a
seasonal dynamic but it may also have a spatial component. For example, point
sources can provide locally elevated concentrations of particular forms of nitrogen.
Often the euphotic zone can be stripped on DIN during a spring bloom. The nitrate in
deeper waters is not readily available to photosynthetic organisms. Some large scale
dinoflagellate blooms have been shown to vertically migrate during the dark for this
N returning to the euphotic zone for light energy during the day (Eppley et al., 1968,
Hasle, 1950, Cullen & Horrigan, 1981). Considerable work has been done on the
physiology of vertical migration through temperature and nutrient gradients
(Kamykowski, 1981, Kamykowski, 1995, Kamykowski & Yamazaki, 1997). Field



observations indicate that G. catenatum vertically migrates through temperature,
salinity and nutrient gradients in the Huon Estuary (Doblin et al., 2006). Testing the
hypothesis that G. catenatum may vertically migrate to access NO3 or NH; was one

‘of the major components of this research.

In the coastal zone and following the spring bloom the water column is often
resupplied with DIN in forms other than NO; If the water column is stratified this
can result in elevated NH;" near the bottom. This is especially true if dissolved
oxygen is low (Laws, 1993) due to inhibition of de-nitrification (Bonin & Raymond,
1990). In stratified ecosystems with low vertical exchange the NH," gradient can be

considerable and again dinoflagellates may migrate vertically to access this N source.

1.2 The Huon Estuary

The Huon River estuary and its catchment is located in southeast Tasmania between
latitude 42° 45° S and 43° 45° S (Figure 1.2 and Figure 1.3). Tasmania is the
southernmost island state of Australia. Tasmania has a maritime climate that is
dominated by zonal westerly’s, resulting in a variable cool temperate climate. The
Huon Estuary is a drowned river valley ~ 40km long and 4.5km wide at the mouth (at
Huon Island) where it joins the southern end of the D’Entrecasteaux Channel, a semi-
protected channel formed between the Tasmanian mainland and Bruny Island (Figure
1.3). The depth ranges from 40m at the mouth to 10 m at Port Huon, above which the
depth decreases rapidly to between 2 and 4 m deep on the east and west sides of Egg
Island (Figure 1.2). It is a salt wedge estuary, with the marine water extending from
the mouth of the estuary up to Ranelagh, upstream of Huonville (Figure 1.2) where

saltwater can penetrate under low river flows.



Figure 1.2 Location and features of the Huon Estuary in south-eastern Tasmania, adapted from
CSIRO Huon Estuary Study Team (2000).

The catchment of the Huon Estuary is classified as largely natural as it has been
subject to only moderate modification by human activity. Much of the upper
catchment remains as undisturbed native forest, increasing areas of the mid- and
lower-catchment are now been subjected to managed forestry activities.
Approximately, 5.6 % of the total catchment has been cleared- for a patchwork of

primary agriculture activity such as horticulture and livestock grazing. Human
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settlement is sparse, approximately 15,000 spread across a series of small townships

along the lower reaches of the River, and also bordering the estuary.

CATCHMENT BOUNDARY L

o
SUBCATCHMENT BOUNDARIES

FORESTRY TASMANA

HOBART

ATTLE FOKSES SAY #
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Figure 1.3 Location of the Huon Estuary catchment, adapted from CSIRO Huon Estuary Study
Team (2000). Also in this map is the D’Entrecasteaux Channel, Port Esperance (Dover) and
Southport.

Salmon aquaculture began in the 1980s and has grown significantly since then.
Salmon farming is one of the largest aquaculture industries in Australia, estimated to
be worth 260 million dollars in 2008 and it is expected to continue to grow. Almost
all salmon produced in Australia is from Tasmania and the majority of salmon farms
are situated in the south-east where there are plenty of sheltered sites and the water
temperature is most suitable. When the salmon aquaculture industry began in the
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early 1980’s there was limited understanding and knowledge of environmental
effects. As salmon farming continued to grow in Tasmania it became increasingly
recognised that expansion needed to be underpinned by a sound scientific knowledge

of the effects of salmon farming on the environment.

In 1996 a large study commenced in the Huon Estuary- the Huon Estuary Study
(HES). The goal of the HES was to examine the physical and biological
characteristics and environmental status of the estuary and to gain an integrated
understanding of the system. One of the key drivers for the research was too examine
potential impacts of salmon farming on the Estuary. The 3 year HES involved
collection of physical, chemical and biological data throughout the estuary and the
development of a relatively simple (2D box) coupled hydrodynamic and bio-
geochemical model. Nutrient data from the Huon Estuary Study indicated that it is a

N limited system.

Models based upon data from the HES predicted that a doubling in the production of
salmon would result in only a small increase in the likelihood of algal blooms, while
greater inputs could significantly increase the likelihood of phytoplankton blooms
and potential eutrophication, but that further investigation was required to improve
understanding of the links between nitrogen and phytoplankton growth and biomass
in the Huon Estuary. A key gap identified from the HES was the lack of knowledge
on how different forms of N may affect the phytoplankton biomass and its

composition in the estuary.

The biogeochemical model from the more recent Aquafin CRC was used to calculate
nitrogen budgets for the Huon Estuary and D’entrecasteaux Channel in 2002
(Volkman et al., 2009). The largest input of N (60%) to the Huon Estuary and
D’entrecasteaux Channelv comes from the surrounding marine waters. This N is
mostly delivered in winter and is primarily NO;". The Huon River delivers about 23
% but this is mostly considered refactory N. Salmon aquaculture accounts for 17% of

the N and while it is only a relatively small amount almost all of this N is labile NH,".
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For the D’entrecasteaux Channel and Huon Estuary in 2002, N from salmon
aquaculture was estimated to be 843 tonnes: '3 13 tonnes of N input to the Huon and
543 input into the D’Entrecasteaux Channel. The salmon aquaculture industry has
increased production significantly since 2002 and in 2009 it is estimated that there
will be a 210% increase in N to 1747 tonnes across both the Huon Estuary and
D’Entrecasteaux Channel. But industry and regulators have capped production in the
Huon Estuary, so only 243 tonnes of N will be input to the Huon in 2009. However
there will be a ~3 times increase in the D’Entrecasteaux from 530 to 1747 tonnes in

2009.

Dinoflagellates are important components of the phytoplankton community in the
Huon Estuary, often forming the majority of the biomass. Periodic blooms of the
toxic species, G. catenatum, result in closure of shellfish farms in the Huon Estuary
and D’Entrecasteaux Channel (Hallegraeff er al., 1989). This large dinoflagellate
species (35um) intermittently forms dense and often mono-specific blooms in the
Huon Estuary and is a major contributor to the phytoplankton biomass in thé estuary
during blooms (Thompson et al., 2008, Hallegraeff ez al., 1995). Blooms occur only
in some years and not in others and appear to be associated with particular climatic
triggers (early summer rainfall followed by periods of low winds; Hallegraeff et al.,
1995). However, these triggers have not proven to be universally required as
significant blooms have occurred without these cues. During bloom years, the
phytoplankton biomass is also much greater than would be predicted from the
available NO; in the estuary. As G. catenatum is capable of rapid diurnal vertical
migration it has been hypothesised that these blooms may be using NH4" derived
from bottom waters (Doblin et al., 2006).

1.3 Research Objectives

This research will combine laboratory and field experiments to address the current
lack of knowledge on the effects of nutrient input composition on phytoplankton in

the Huon Estuary. The first objective of this research was to determine whether
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phytoplankton in the Huon Estuary are using nitrogen that has an oceanic source
(primarily NOs") or more locally supplied or regenerated source (primarily NH;* and
urea). Given the large role G. catenatum plays in the Huon Estuary with high
biomass blooms forming during summer and autumn it was also considered that
better understanding the physiology of G. catenatum would be key to understanding
phytoplankton dynamics in the Huon Estuary. The second objective of this research
was to understand the physiological responses of G. catenatum to light, temperature

and different nitrogen species. Specifically, this thesis sets out to:

e Determine the nitrogen uptake preference and dynamics of the seasonal

phytoplankton assemblage in the Huon Estuary (Chapter 2)

e Investigate the effect of temperature and irradiance on growth rate and

biochemical composition of G. catenatum (Chapter 3)

e Describe the physiology and nutrient uptake dynamics and preference of the
dinoflagellate Gymnodinium catenatum, a significant seasonal contributor to

the phytoplankton biomass in the Huon Estuary (Chapters 4).

e Determine whether diurnally migrating G. catenatum blooms are able to
access and uptake nitrogen available at depth during the night in the field
(Chapter 5).

14
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2 NITROGEN UPTAKE BY
PHYTOPLANKTON IN THE HUON
ESTUARY, SOUTH-EAST TASMANIA,
AUSTRALIA

2.1 Introduction

The Huon Estuary has been the subject of intensive environmental studies since 1996
as part of a program to ensure the sustainability of aquaculture in the Estuary. One of
the key topics being addressed is the link between nutrients and phytoplankton
blooms in the estuary. The Huon Estuary Study (Team, 2000) suggested that
phytoplankton growth in the Huon Estuary is limited primarily by the availability of
nitrogen (N).

In coastal ecosystems the main sources of N used by phytoplankton are nitrate
(NO3"), ammonium (NH; ) and urea (Twomey et al., 2005). Some phytoplankton
are able to use all these sources of N for growth (Antia et al., 1975). However there
1s evidence that some species/groups of phytoplankton favour/prefer one form of
nitrogen over another. For example diatoms have been shown to be associated with
increased NO;™ uptake (Heil et al., 2007, Berg et al., 2003, Bode & Dortch, 1996). In
addition to some species groups having preferences for particular N substrates there
are a number of environmental factors that also have an effect on N uptake,
including: temperature, light, substrate concentration and inhibition (Varela &
Harrison, 1999, Dortch, 1990).

Dinoflagellates are important components of the phytoplankton community in the
Huon Estuary, often forming the majority of the biomass. Periodic blooms of the

toxic species, G. catenatum, result in closure of shellfish farms in the Huon Estuary
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and D’Entrecasteaux Channel (Hallegraeff et al., 1989). This large dinoflagellate
species (35um) intermittently forms dense and often mono-specific blooms in the
Huon Estuary and is a major contributor to the phytoplankton biomass in the estuary
during blooms (Thompson et al., 2008, Hallegraeff et al., 1995). Blooms occur only
in some years and not in others and appear to be associated with particular climatic
triggers (early summer rainfall followed by periods of low winds; Hallegraeff et al.,
1995). However, these triggers have not proven to be universally required as
significant blooms have occurred without these cues. During bloom years, the
phytoplankton biomass is also much greater than would be predicted from the
available NOj" in the estuary. As G. catenatum is capable of rapid diurnal vertical
migration it has been hypothesised that these blooms may be using NH,;" derived
from bottom waters (Doblin et al., 2006). Field observations indicate that G.
catenatum vertically migrates diurnally from 5m to 20m through temperature,
salinity and nutrient gradients in the Huon Estuary (Doblin et al., 2006). Testing the
hypothesis that G. catenatum may vertically migrate to access NO;” or NH;" was one
of the major components of this research. For this reason N uptake experiments were
to be setup at Sm and 20m during the day when it was expected that G. catenatum
would be concentrated at Sm. Experiments were also set up at Sm and 20m during
the night when it was expected that G. catenatum would be concentrated at 20m.
However, large blooms of G. catenatum were rare in the Huon Estuary in 2002, 2003
and 2004. So our 2003-2004 field trips, were unable to provide information about the
N uptake strategies of G. catenatum during a vertically migrating bloom. For this
reason we focused on determining which nitrogen sources: nitrate (NO;~), ammonium
(NH, ) or urea are important for supporting phytoplankton growth in the Huon
Estuary. These field experiments have focused upon whether the phytoplankton are
using nutrients that have an oceanic source (primarily nitrate) or more locally
supplied or regenerated nutrients (primarily ammonium and urea). Given that
phytoplankton in Australian estuaries are nitrogen limited (Harris, 2001) the
possibility exists that additional nitrogen inputs to the ecosystem may cause an

increase in phytoplankton biomass or increase blooms of nuisance or toxic species.
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The research in this chapter is designed to investigate which of these N sources

supports the growth of phytoplankton in this region.

2.2 Methods

The research included 4 field trips in the Huon Estuary on the 28-29 May 2003, 23-24
September 2003, 18-19 November 2003, and 24-25 February 2004. It is recognized
that 4 sampling trips per year, even when statistically different, may not fully
represent seasonal affects. Regardless, for the sake of simplicity in presentation, these
temporal periods are referred to as seasons. During these field trips a PN tracer
technique was used to measure uptake of 3 different nitrogen (N) sources (NO;",
NH," and urea) by the natural phytoplankton assemblage. Two sites, Garden Island
(latitude 43° 16' 3" S longitude 147° 6' 30" E) and Hideaway Bay (latitude 43° 16' 14"
S longitude 147° 5' 2" E), were used for this field work (Figure 2.1). N uptake |
experiments were setup at S m and 20 m water depth during both the day and night.
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Figure 2.1 Location for nitrogen uptake experiments in the Huon Estuary during 2003-2004.

Four field trips (28-29 May 2003, 23-24 Sept 2003, 18-19 Nov 2003, and 24-25 Feb
2004) were undertaken to measure N uptake at Garden Island and Hideaway Bay: 2
sites near the mouth of the Huon Estuary. In this section of the thesis data collected
on the September 23-24 is considered early spring, November 18-19 is referred to as
late spring, February 24-25 is late summer and May 28-29 is late autumn. A ]
Tracer technique (Dugdale & Goering, 1967) was used to measure the uptake of

NO;", NH,;" and urea at 5 m and 20 m depths during the day and night. Water was
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collected from the 2 depths using a 10 1 Niskin bottle and dispensed into 500ml glass
Schott bottles made by Schott Duran™. The water collected for the incubations were
not pre-filtered before dispensing into the S00 ml Schott bottles. There were two main
reasons for not pre-filtering the water for the incubations. Firstly, ensuring that long
chains of G. catenatum were not excluded from incubations. G. catenatum chains of 4
to 8 cells are common. A quick estimate of the size of these chains, 30 microns x 8
cells = 240 microns suggests that screening at 200 microns (a commonly used screen)
would exclude a proportion of this species. Secondly, we wanted to estimate the real
in situ N uptake rate including, losses due to grazing. For each depth three 500 ml
schott bottles were spiked with 0.3 pM >N- NO;™ (99.3 atom percent *N), three 500
ml schott bottles were spiked with 0.1 pM "N-NH,* (99.6 atom percent '>N) and
three 500 ml schott bottles were spiked with 0.068 pM *N-urea (98.61 atom percent
'>N). In addition at each depth one 500ml schott bottle was filled with water but not
spiked with any "N substrate, this unspiked bottle was used to determine the
background '°N (un-enriched atom % excess). These samples were incubated in 500
ml Schott bottles for 4 hours in-situ at the depths they were collected from. Four
hour incubations were chosen because they are short enough to limit the chances of
substrate exhaustion (La Roche, 1983) and also reduce the problems caused by
substrate dilution(Glibert et al., 1982), but an incubation period of 2-6 hours is also
long enough to minimise the bias introduced by initial high uptake rates that
sometimes occur in phytoplankton (Dugdale & Wilkerson, 1986). After the
incubation the water samples were filtered onto pre-combusted (450°C for 4 hours)
25 mm Whatr'nanTM glass fibre filters and stored frozen until analysis. The filters
were dried in an oven at 60°C overnight before they were analysed using a Carlo Erba
NA1500 CNS analyzer interfaced via a Conflo II to a Finnigan-MAT Delta S isotope
ratio mass spectrometer to determine the N isotope ratios. Absolute uptake rates were

calculated using the Dugdale and Goering (1967) equation:

p= Nat(Rt)'1
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where p is the absolute uptake (ug N I'' h™"), N is the total particulate nitrogen (ug N),
a, is the atom % excess of '°N (= atom % - background), R is the atom % enrichment
[ac (SL/(SL + Su))], a. is the atom % enrichment of labelled I5N source, Sy is the
concentration of labelled 'SN, Sy is the concentration of unlabelled 14N and t is the
incubation time (h). Specific uptake v (ugN ;,thhla'l h") is the absolute uptake p

normalised to chla and is calculated using this equation:
v =p/Chla

Where, p is the absolute uptake (ug N I"' ") and Chla is total chlorophyll a (ug Chla
.

It is common for researchers investigating N uptake to normalise N uptake to
Iparticulate N (PN). In this research N uptake has been normalised to chl a as an
indicator of phytoplankton biomass. The fact is that chl a is the preferred method of
measuring phytoplankton biomass worldwide. It is well known that measurements of
particulate N or particulate C are not as reliable, primarily due to the potential
contamination by detritial C or N. A number of highly respected researchers have
proposed methods to improve the estimation of phytoplankton biomass from POC or
PON including Karl Banse (Banse, 1977) or methods that rely on neither (Holm-
Hansen & Booth, 1966) but these methods are complex or difficult to apply to
individual samples. One result is that very few researchers report phytoplankion
biomass in units of PN or PC. In spite of these difficulties a number of researchers
have normalized their N uptake measurements to PN and reported them in this
manner. This may have more to do with the fact that the analysis required to obtain
the results from the uptake experiments also gives a value for PN, rather than any
more strategic reasoning. The truth is that N per cell shows about the same amount
of variability as chl a per cell (Thompson, 1999) in response to irradiance and

temperature. For these reasons we have normalized N uptake to chl a.
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When water was collected for the N uptake experiments, triplicate 10 ml samples
were taken for measurement of ambient NOs~, NH,4 ™ and urea concentrations and 2 L
was filtered for pigment analyses using high performance liquid chromatography
(HPLC).

Nutrient samples were stored at -20 °C prior to analysis. Analytical techniques for
nitrate and/or nitrite (Wood et al., 1967), silicate (Murphy & Riley, 1962) and
phosphate (Armstrong, 1951) were adapted and performed using Quick-Chem™
methods on a flow injection LACHAT instrument as per the following protocols for
nitrate and/or nitrite (Quik-ChemTM Method 31-107-04-1-A; detection limit 0.03~
mM), silicate (Quik-ChemTM Method 31-114-27-1-D; detection limit ~0.05 mM)
and phosphate (Quik-ChemTM Method 31-115-01-1-G; detection limit ~0.02 mM).
Ammonium was measured using the technique of Kerouel and Aminot (Kerouel &
Aminot, 1997) adapted for flow inj ection (Watson et al., 2004)with a detection limit
of ~0.05 mM. Urea samples were analysed using a diacetyl monoxime technique
according to the method of (Mulvenna & Savidge, 1992). To reduce the health risks
associated with thio-semicarbazide, a reagent for this technique, we substituted

semicarbazide (a less toxic but similar compound).

It was not possible to measure ambient concentrations of nutrients prior to
commencing an experiment. Consequently fixed concentrations of NO;~, NH4" and
urea were added as listed above, with a target of ~ 10% of the ambient concentration.
The majority (59%) of "°N additions were <15% of ambient concentrations. There
were, however, a number of instances where ambient concentration were less, at
certain depths or times of the year, than anticipated. Adding less '>N may have been
more appropriate at these times of the year although it increases the likelihood of
running out of labelled substrate and thus underestimating uptake rates. Under
conditions of extreme N limitation where 0.3 uM BN- NO;-, 0.1 uM SN-NH," or
0.068 uM '°N-urea represent substantially more than 15% of the ambient
concentration the labelled N is no longer a tracer but becomes an increasingly

important source. Under these conditions it is likely that real in situ uptake rates were
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overestimated by the technique. The worst cases were for nitrate in late spring and

late summer (Table 2.1) where uptake of nitrate is probably over estimated in the

results presented here.

Table 2.1 Estimated proportions (% of ambient concentration) of !N added as a tracer for all

field trips in the Huon Estuary.

Date site time depth(m) % 'NNH, %" NNO; % "N urea
5 11 9 22
. Hideaway 9% 20 18 9 19
Bay . 5 8 8 16
28/05/2003 night 20 19 7 13
5 7 9 33
Garden 93 20 12 7 20
sand - night 3 > 5 P
da 5 13 9 14
Hideaway y 20 32 8 16
23/09/2003 52 night oo 2 : 2
5 60 8 1
Garden 93 20 91 8 13
sand - night 3 o ; s
da 5 15 430 21
Hideaway y 20 16 54 17
Ba ) 5 10 820 32
18/11/2003 Y night 20 13 40 14
da 5 114 3000° 17
Garden y 20 13 44 15
Island night go 238 300502 ?g
5 36 295 15
Hideaway day 20 7 53 15
Ba . 5 23 485 11
24/02/2004 ' moht 20 6 58 13
da 5 32 663 10
Garden y 20 10 61 9
Island . 5 7 51 8
night 20 23 1785 9

* % enrichment calculated by using the detection limit (0.03 mM) of the NOj;" detection method

used.

2.2.1 CTD profiles

A Seabird™ SBE19" conductivity, temperature and depth (CTD) profiler was used to

measure the salinity, temperature and fluorescence of the water column during the

field experiments. The measurements throughout the water column presented are the
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downwards cast with the initial period removed where the instrument was beginning

to pump water through the sensors.

The CTD sensors: salinity, temperature and fluorescence are factory calibrated. The
sensors were further checked prior to fieldwork by measurement of standard samples

for salinity and temperature and field samples for fluorescence.
2.2.2 Phytoplankton Counts

Water collected for the surface N uptake experiment during the day was used to
enumerate phytoplankton. One litre water samples were taken and preserved in the
field using Lugol’s iodine fixative solution (110 g potassium iodide, 50 g iodine, 1
litre distilled water, 100 ml glacial acetic acid) to approximately 2% final
concentration. The samples were stored until they could be counted under the light
microscope. Prior to counting the Lugol’s preserved samples were transferred to 1
litre measuring cylinders (volume recorded — V) and allowed to settle for at least 24
hours. After this time, approximately 900 ml were siphoﬁed off and the remaining
sample was transferred to a 100-ml measuring cylinder and again allowed to settle for
at least 24 hours. Thén approximately 90 ml were siphoned off, the final volume
recorded (V>) and thoroughly mixed before a 1-ml aliquot was taken, placed in a
Sedgwick Rafter counting chamber and examined using an Olympus IX71
microscope to identify and count the phytoplankton.

The Sedgwick Rafter counting chamber has a grid of 1000 squares, each of 1 pl. For
microplankton, (cells generally larger than 20 pm diameter) at least 100 squares or
10% of the counting chamber was scanned (except in cases where there were dense
blooms of one or more microplankton species, when at least one column of 20
squares was scanned) at 200x magnification. For nanoplankton, (2-20 um in
diameter) the chamber was examined under 400x magnification until at least 300
cells of the dominant nanoplankton “species” had been counted. Flagellates in the

nanoplankton were grouped, as time constraints did not allow fuller identification.
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Cells per litre =

cell “species” count * (1000 / number squares counted) * (V, *1000/V,)
2.2.3 CHEMTAX

Pigment data from HPLC analysis was further analysed to give the prop(;nions of
chlorophyll a present in the following algal taxonomic categories: Cyanophyta,
Prochlorophyta, Chrysophyta, Cryptophyta, Bacillariophyta (diatoms), Haptophyta,
Prasinophyceae, and Dinophyta (Mackey ef al., 1996). Initial vinput ratio matrices
were adjusted from those proposed in Mackey, Mackey ef al. (1996) by including
four types of Haptophytes:

Haptophyte N — Type 1 = fucoxanthin e.g. Isochrysis spp.
. Haptophyte S- Type 2 = Chl c3 + fucoxanthin e.g. Ochrosphaera neopolitana

Haptophyte Type 3 = Chl c3+ 19’Hexanoyloxyfucoxanthin + fucoxanthin + and

sometimes 19’butanoyl derivative e.g. Chyrsochromulina strobulis

Haptophyte Type 4 = ¢; + 19°butanoyloxyfucoxanthin +19’hexanoyloxyfucoxanthin

and fucoxanthin e.g. Imantonia rotunda.

The peridinin:chlorophyll a ratio was modified from 0.515:1 as in Mackey, Mackey
et al. t00.36:1 after Hallegraeff, Nichols et al. (1991). The latter was based on
extensive culture studies for Gymnodinium catenatum. This has the effect of
increasing the proportion of the chlorophyll a that CHEMTAX will allocate to
dinoflagellates for a given amount of peridinin. Based on personal observations this
results in CHEMTAX estimates of dinoflagellates that are more consistent with the
estimated proportion of biomass calculated by cell counts and adjusted for cellular

bio-volumes.
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2.2.4 Statistical analysis

'2.2.4.1 Phytoplankton Dynamics

"In order to determine whether there were significant effects of season on the
phytoplankton composition we first determined whether phytoplankton data from
both sites could be pooled for subsequent analysis. The pigment data were
percentage data, thus nonparametric tests were used. The effect of site was tested for
using a signed Wilcoxin ranks test. There was no significant difference in the
phytoplankton community associated with site and the data from the 2 sites were
pooled together. The effect of season on abundance of four phytoplankton groups:
diatoms, dinoflagellates, cryptophytes and prasinophytes (the main contributors to the
phytoplankton assemblage throughout the year) was tested using a Kruskal-Wallis
analysis of variance (ANOVA) on ranks for each phytoplankton group. A Dunn’s
post hoc test was used to make multiple comparisons following the Kruskal-Wallis

ANOVA on ranks.

2.2.4.2 Nitrogen uptake data

The Hideaway Bay and Garden Island N uptake data sets comprised 96 independent
observations of N uptake (Table 1.1). A few samples were lost and the plan for a
balanced experimental design (time of day, depth, season) were only 91% completed
with 3 (x 3 replicates) missing data points. In Hideaway Bay data there were no chl a
results for the September field trip during the night at Depth (20m) for calculating
specific uptake rates. A balanced dataset was required for multifactor ANOVA, so the
corresponding chl a results from the Garden Island were used to replace these
missing chl a results. The CTD plots from both Hideaway Bay and Garden Island
both showed similar fluorescence profiles and based on fluorescence estimates of chl
a were both ~0.25 pg L™ at depth (20m) during the night. The Garden Island data Set
was missing nitrogen uptake measurements for September at the surface (5 m) duﬁng

the day and February at depth (20m) during the night. To enable analysis using a
30



multifactor ANOVA a balanced data set was achieved by constructing the missing
data from the mean and standard deviation across the 4 field trips (Table 2.1) for the
corresponding depth and time (Little & Rubin, 1987).

Comparisons between the Hideaway Bay and Garden Island sites results for NH,",
NO; *, urea and absolute N (NH;+NO; +urea) uptake using paired t tests. The tests
for normality and equal variance were Kolmogorov-Smirmov test (with Lilliefors'
correction) and Levene median test. Where data was not normally distributed (NH,",
Urea and absolute N (NH,4 +NOs +urea) uptake) 0.05 was added to make all values
positive and then they were log transformed. Following the transformation only urea
did not conform to a normal distribution. Where there were no significant differences

between sites data was pooled across sites for subsequent statistical analyses.

An overall analysis to determine whether there were differences between uptake of
NH,", NO;™ and urea in the Huon Estuary (averaged across season, time of day and
depth) was undertaken using a non-parametric Kruskal-Wallis ANOVA on ranks test
(P=<0.001) and post hoc multiple comparisons made using Tukey’s Test.

A subset of the data: nitrogen uptake during the day and at the surface (Sm) was used
to examine the effect of time of year on absolute and specific nitrogen (NH; +NO;
+urea) uptake. For absolute N uptake (NH,;+NOs "+urea), data were log transformed
and analysed by ANOVA. Post hoc multiple comparisons of this data were made
using the Holm-Sidak test. Specific N uptake (NH4 +NO; “+urea) data were analysed
by ANOVA and post hoc multiple comparisons were made using the Holm-Sidak

test.

Differences between specific uptake of NH,*, NO; ~and urea at four times
throughout the year (during the day and at surface (5Sm)) were also analysed using a
two-way ANOVA, followed by post hoc multiple comparisons by the Holm-Sidak.
Prior to analysis by ANOVA, data were transformed (log(x+0.05)), but they still

failed the Levene Median test for equal variance.
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Multi-factor ANOVA was used to examine the effect of season, time of day, and
depth on specific uptake of NH,", NO; ~ and urea independently. Many attempts
were made to find a suitabie way to transform NH4", NO; ~ and urea datasets to meet
the requirements of ANOVA for normality and equal variance, however, they were
not successful. A log transform (log(x+0.05) visibly improved the shape of the
distribution of the NH4*, NO; ~ and urea datasets, therefore were used, even though
the data still failed the tests for normality and equal variance. Although ANOVA is
reasonably robust to lack of homogeneity of variance and normality (Sokal & Rohlf,
1995) the reader is thus cautioned that the conclusions of these statistical analysis

should be viewed with some caution.

Where data was transformed for analysis, the Multifactor ANOVA results (least
squares means and standard errors) were back-transformed for reporting in the text
and figures. As standard errors cannot be directly back-transformed upper and lower
95% confidence intervals were reported. The 95% confidence intervals were

calculated as below:
Lower 95% confidence interval= 10" (X-SE*t)
Upper 95% confidence interval= 10" (X+SE*t)

Where X=mean, SE=standard error and t is the t statistic («=0.05) for n-1 degrees of
freedom. Both the mean and standard error are to be in the log form for this
calculation. To improve the accuracy of the 95% confidence intervals the standard
errors from the ANOVA were not used, because use of these standard errors is only
accurate when the assumptions for equal variance in the dataset are met. As our
NH,", NO; “and urea data did not pass the requirements for equal variance, standard

errors were calculated for each cell of the ANOVA using the relevant original data.

2.3 Results
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(20m) during the four field trips in the Huon Estuary.
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2.3.1 Late autumn

Physical conditions

During the late autumn field trip the temperature ranged from 13.5 °C at the surface
and was 13.7 °C at a depth of 30 m (Figure 2.4). Salinity was also fresher (34.0) from
the surface to 3m depth while at depths below the salinity was closer to a salinity
expected of a full marine environment (>34.8). At the surface irradiance was 90
pmol photons m™ s and decreased quickly in the surface layers. At depths of 30

2 -1

metres there was very little irradiance ~40 pmol photons m™ s™.

Chemical conditions

In late Autumn [NO; 7] and [Silicate ] were high at ~4 uM in the surface (5Sm), at
depth (20m), [NO; ] was similar at ~4 pM but the [Silicate] was 2.8 uM. In the
surface (5m) [NH4'] and [urea] were 1.1 and 0.3 uM respectively. At depth (20m)
[NH, ] was lower, 0.7 pM and [urea] was slightly increased at 0.4 pM. At the
surface (5m) and depth (20m) [PO4>"] was 0.55 and 0.5 pM, respectively.

Biological conditions

During the late autumn field trip chlorphyll a (chla) was lowest 0.23 and 0.1 ug1”,
respectively in both the surface (5m) and at depth (20m). Fluorescence was at its
maximum near the surface 0.7 units and decreased with depth to 0.3 units. The
phytoplankton assemblage was dominated by dinoflagellates (49% of total chl a).
The next two most dominant groups were prasinophytes and diatoms 23 and 19% of
total chl a, respectively. The remainder of the phytoplankton consisted of
cryptophytes and haptophytes type N (only contain fucoxanthin). Based upon
CHEMTAX analysis of the HPLC pigment data there were no significant differences
in phytoplankton community composition between site, day or night and surface or
depth. There was no microscopic examination of samples in late autumn to

substantiate the CHEMTAX phytoplankton community composition.
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Figure 2.4 Conductivity, temperature and depth profile of Hideaway Bay site during the day for
the late autumn (28/05/2003) N uptake experiment.

2.3.2 Early spring

Physical conditions

Temperature was at its lowest, 11.4 and 11.6 °C during early spring in the surface
(5m) and at depth (20m) respectively. Irradiance had increased from late autumn to

early spring in both the surface (~300 pmol photons m™ s™') and depth ( ~50 pmol
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photons m?s™"). Relative to late autumn the salinity was lower (34.5 and 34.8) in

early spring at surface and depth, respectively.
Chemical conditions

NO;™ concentrations were still ~ 4 uM in both the surface (5m) and at depth (20m) in
early spring. The concentration of NH;" reached was at its lowest in both the surface
and at depth, 0.4 and 0.2 pM respectively, during early spring compared with the
other field trips. The concentrations of urea at both depths were ~0.5 uM. The
concentrations of silicate were at their highest in the surface (5m) during the early
spring ~5 pM. At depth the silicate concentration was less than half this
concentration (2.3 pM). Concentrations of phosphate (PO4”") were ~0.4 M at
surface (Sm) and depth (20m).

Biological conditions

During early spring the chla concentrations were low and similar in both the surface
and at depth (0.3 and 0.2 pg 1", respectively ). Fluorescence was greatest near the
surface 0.3 units and decreased to ~ 0.27 units at depths below 17 m. Phytoplankton
were dominated by diatoms at the surface (30-40% of total chlorophyll a) and even
more dominated at depth (50-60%). Dinoflagellates represented 20-30% of the
phytoplankton. There was one exception to these generalisations at Hideaway Bay
during the night at the surface (Sm). In this sample dinoflagellates accounted for >
60% of the phytoplankton. The remainder of the phytoplankton were composed of
chryptophytes, prasinophytes, chlorophytes, haptophytes types N and S and
cyanobacteria. The chlorophytes and cyanobacteria seemed to be restricted to the
surface (5m) samples. The most numerous diatoms in this sample were
Pseudonitzschia pseudodelicatissima (1248 cell L), Nitzscia closterium (793),
Skeletonema costatum (521 cell L") and Chaetoceross spp. >15um (401 cell I')
(Table 2.1). The dinoflagellates were represented by 15 pm Gymnodiniod
dinoflagellates (273 cell I"'), Gymnodinium catenatum (132 cell 1'") Dinophysis spp.
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(36 cell I') and Ceratium spp. (27 cell I''). There were no cryptophytes observed in
these samples. It very likely that they were identified in CHEMTAX because of the
alloxanthin in the relatively large population of pigmented Dinophysis species with
chloroplasts that originate from cryptophytes via the intermediate host of Myrionecta

rubra (=Mesodinium rubrum) (Park et al., 2006, Nagai et al., 2008)
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Figure 2.5 CTD profile of Hideaway Bay site during the day for the early spring (23/09/2003) N
uptake experiment.

2.3.3 Late spring

Physical conditions

The temperature was increased at both depths, the temperature in the surface was
slightly higher 13.2 °C, than at depth 12.8 °C. The irradiance was at it greatest during

late spring experiment being 350 and 50 pmol photons m™ s in the surface and at
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depth respectively. The salinity was lower ( 34.4 and 34.6) than in the previous early
spring field trip at surface (5m) and depth (20m) respectively.

Chemical conditions

The concentration of NO;" in late spring decreased in the surface and at depth to 0.2
and 1 uM respectively from the NO;™ concentrations ~ 4 pm in early spring. The
NH," concentration increased from its lowest concentrations in early spring to 0.5 and
0.7 uM for the surface and at depth respectively. The urea concentration showed a
slight decrease from early spring to late spring, from 0.5 to 0.38 uM in the surface.
However at depth urea concentration remained the same as in early spring ~0.44.
Silicate was at its lowest concentration in the surface and at depth, 2.5 and 2 pM
respectively. PO,4> also reached its lowest concentration during late spring in the

surface and at depth, 0.2 and 0.3 pM respectively.
Biological conditions

Chla increases in the surface and at depth to 0.9 and 1.5 pg 1" respectively during late
spring. Fluorescence was at its lowest near the surface (0.4 units) and then reached its
maximum (0.8 units) at ~ 7 m. The chl a then decreases again with depth to 0.6 pg 1!
at 25m. The phytoplankton community shifted to a cryptophyte (40-60% of total
chlorophyll a) domination. Diatoms and prasinophytes were the next most dominant
components of the community. There were also a small portion of dinoflagellates in
all samples and some cyanobacteria present in the surface samples from Hideaway
Bay. There was one sample that had a clearly different composition from all the
others. This sample was dominated instead by diatoms and had a large % of
dinoflagellates. There were no clear trends between sites, time of day or depth. The
cryptophytes were comprised of small round flagellates (863 cell 1""). The diatoms
were dominated by a high numbers of Guinardia flaccida (41223 cell I'"y and
Rhizosolenia fragillissima (4607 cell I''). The majority of the dinoflagellates were
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Ceratium spp.( 1024 cell I'"), Dinophysis spp.(228 cell I'') and G. catenatum (33 cell

™).
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Figure 2.6 CTD profile of Hideaway Bay site during the day for the late spring (18/11/2003) N

uptake experiment.

2.3.4 Late summer

Physical conditions

Temperatures were at their highest in late summer, 15.5 °C for both surface (5m) and

at depth (20m). However the irradiance had decreased since the field trip in early

spring and was now at 130 pmol photons m? s in the surface (5m) and at ~20 pmol
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photons m s at depth (20). In the surface (5m) the salinity was 34.4 the same as
late spring. However at depth (20 m) the salinity was 34.8 slightly greater than in late

spring.
Chemical conditions

NO;™ was still at low concentrations in both the surface and at depth during late
summer, 0.3 and 0.4 uM, respectively. Both NH4* and urea showed increases from
late spring to late summer. NH," concentrations increased to 0.6 uM in the surface
and to 1.1 uM in at depth (20 m). Urea showed an increase to 0.6 uM in both the
surface and at depth from concentrations below 0.4 pM in late spring. Silicate
increased from its lowest concentrations that occurred during late spring to 4 uM and
3.7 uM in the surface and at depth, respectively. PO,> showed a similar trend
increasing from the lowest concentrations that occurred in late spring to ~0.3 uM in

both the surface and at depth.
vBiological conditions

Chla concentration reached their maximum 1.2 ug I in the surface (5 m) during late
summer. However at depth (20 m) the chla concentration decreased to 0.3 ug 1" close
to the lowest chla concentrations recorded at depth during late autumn and early
spring. Fluorescence showed that the max concentrations, >1.2 units occurred
between 3 and 10 m depth and decreased to between 0.1 and 0.3 units. Composition
of samples was not clearly dominated by any one taxonomic group. A mixture of
diatoms, cryptophytes, prasinophytes and dinoflagellates were present. These
samples had the most variable composition and there were no clear trends associated
with time of day, location or depth. There were also small proportions of haptophyte
N and S and cyanobacteria groups in some of these samples. The most numerous
diatoms were S. costatum (938150 cell l'l), N. closterium (49499 cell l"),
Chaetoceross spp. (29695 cell I''). The dinoflagellates were represented by G.
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catenatum (2567 cell I'), Dinophysis spp. (344 cell 1I'"), Ceratium spp. (226 cell 1™")
and Prorocentrum spp. (15 cell I'"). Small 5-10 um round cryptophtes (1355 cell I™").
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Figure 2.7 CTD profile of Hideaway Bay site during the day for the late summer (24/02/2004) N
uptake experiment.

2.3.5 Effect of Season on phytoplankton composition

Season affected the four main phytoplankton groups: dinoflagellates, diatoms,
cryptophytes and prasinophytes that were recorded during the four field trips in
different ways (Figure 2.9). Dinoflagellates were responsible for 48 and 29% of the
total chl a in late autumn and early spring respectively. This was reduced in late
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spring and late summer where only 7 and 14% respectively, of the total chl a
belonged to the dinoflagellates. The cryptophytes showed the opposite pattern where
9 and 10% of total chla was attributed to them in late autumn and early spring
respectively. Whilst in late spring and late summer the cryptophytes accounted for a
much larger amount of the chla, being 40 and 29% respectively. The high proportion
of ‘cryptophytes’ duriné late spring and late summer probably represents Dinophysis
species. During early spring and late summer the diatoms contributed the most to
total chl a, 47 and 38% respectively. During late autumn and late spring the diatoms
contributed less to the total chla, 18 and 31% respectively. The prasinophytes were
greatest during late autumn and late spring, 23 and 21% respectively. In early spring -
the prasinopytes were at their lowest, 9% of the total chl a. During late summer the

prasinophytes accounted for 15% of the total chl a.
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46



Table 2.2 Phytoplankton composition by cell count of field trips undertaken in the Huon
Estuary. Cell counts for the first trip 28-29/05/2003 were not available.

TAXON

Huon 23/09/2003

Huon 18/11/2003

Huon 24/02/2004

(cells I') (cells I'") (cells I'")

Amphora 54
Cerataulina pelagica 682 519
Coscinodiscus sp 21 319 871
Lauderia annulata 86 82
Melosira 352
Nitzschia closterium 793 2385 49499
Nitzschia sp 91
Pleurosigma 18 171
Pseudonitzschia pseudodelicatissima 1248 2136 19234
Guinardia striata = Rhizosolenia
stolterfothii 569 56
Skeletonema costatum 521 1602 938150
Eucampia ) 360
Grammatophora 311
Paralia 280
Guinardia delicatuta = Rhizosolenia
delicatula 227 936
Corethron criophilum 77
Chaetoceros spp > 10um 401 1988 6630

~ Chaetoceros spp < 10um 1681 29695
Leptocylindrus danicus 91 341 104
Guinardia flaccida 9 41223 61
-Dactyliosolen fragillissimus = Rhizosolenia
fragitﬁlissima ° 4607 1608
Rhizosolenia fallax 58 557 787
Gymnodinioid dinoflageliate 15um 273
Prorocentrum 15
Ceratium spp 27 1024 226
Dissodinium (Pyrocystis) lunula 13
Dinophysis spp 36 228 344
Gymnodinium catenatum 132 33 2657
Mesodinium rubrum 1450
flagellates 5-10 um round 863 1355

2.3.6 Comparison of Nitrate, Ammonium and Urea uptake: all

Huon Estuary data.

In terms of understanding the nutrient dynamics of the Huon Estuary the comparison

of nitrate, ammonium and urea uptake is the most basic, and potentially the most

useful, for comparison with other studies. Paired t tests showed there was no
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significant difference between sites for NH," (P=0.612), NO;~ (P=0.565), urea
(P=0.194) and combined N (NH4 +NO;™ +urea )(P=0.327). This enabled pooling of

data across sites. For each measurement of NO;™ uptake there was a corresponding

measure of NH, * and urea uptake. There were significant differences between NH, *,

NO;™ and urea uptake rates (P=<0.001). Pair-wise comparisons between them

revealed that uptake of NH," was statistically greater than the uptake of NO;™~ and

urea. And urea uptake was also statistically greater than nitrate uptake.

Table 2.3 An overall comparison of the uptake of nitrate, ammonium and urea by phytoplankton
in the Huon Estuary sampled during four seasons, at two locations, two times of day and two

depths (n=96).
nitrogen median mean std. std. % total
source uptake rate uptake rate  dev. err. uptake ©
NH, 0.082 0.133 0.145 0.015 520

specific N

uptake ® NO; 0.018 0.027 0.028 0.003 10.5
Urea 0.042 0.096 0.126 0.013 375
NH," 0.031 0.090 0.13 0.014 50.3

uptake ° NO3 0.009 0.019 0.03 0.003 10.6
Urea 0.015 0.071 0.133 0.014 39.7

® (ug N-pg chla™- h™)
® (ug N-L™! hour™)

°total uptake = NH;" + NO;™ + Urea

48



0.16

0.14 T a

0.12

0.10

0.08

0.06

0.04 b

0.02

Nitrogen uptake (ug N pg chla™ h™")

0.00

NH 4+ NO, Urea

Figure 2.10 Mean specific uptake rates for ammonium, nitrate and urea averaged across all
depths, times, and seasons). Standard error are displayed (n=96) and where there are different
subscripts on the bars there were significant differences.

2.3.6.1 Effect of season on combined nitrogen uptake and specific uptake of

different nitrogen species

The difference in combined N (NH4 +NOs™ + urea) uptake between the four field
trips was examined (Figure 2.11). Combined N uptake was at its lowest (0.010 pg N
1" h™") on the late autumn field trip (28-29/05/2003). The early and late spring field
trips (23-24/09/2003 and 18-19/11/2003) were both increased (0.201 and 0.282 ng N
I'n', respectively) compared to the late autumn field trip (28-29/05/2003). However
Combined N uptake was at its greatest (0.820 pg N I'' h™") in late summer (24-
25/02/2004).

When combined N (NH4 +NO;™ + urea) uptake was standardised to chl a, there was a
slightly different pattern (Figure 2.12). Combined N uptake was lowest in late
autumn and late spring. Combined N uptake in early spring and late summer were
both significantly greater than in late autumn, however late spring was not
significantly different to early spring. Only late summer combined N uptake was

significantly greater than late spring.
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Figure 2.11 Mean combined nitrogen uptake (NH,"+NO; “+urea pooled across both sites) in the
surface (Sm) and during the day for the four field trips in the Huon Estuary. 95% confidence
intervals (n=6) are displayed and significant differences between field trips are indicated where
subscripts on bars are different.
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Figure 2.12 Mean specific combined nitrogen uptake (NH,+NO; +urea pooled across both sites)
in the surface (Sm) and during the day for the four field trips in the Huon Estuary. Standard
error bars (n=6) are displayed and significant differences between field trips are indicated where
subscripts on bars are different.

The pattern of specific N uptake between NH,", NO; ~ and urea was unique for each
of the fieldtrips (Figure 2.13). On the late autumn field trip (28-29/05/2003) NH,"
uptake (0.040 pg N pg chl a h') was ten times greater than NO; ~ uptake (0.003 pg N
ug chl a h™"), but urea uptake (0.017 pg N pg chl a h™") was not different from either
NH,;" or NO; ~uptake. The early spring field trip (23-24/09/2003) showed a similar
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pattern in N uptake to late autumn. However uptake of all the N species were

significantly different from each other and from greatest to lowest, they were: NH,"
(0.248 ugN pgchla h™), urea (0.087 pg N pg chl a h™) and NO; ~ (0.046 pug N pg
chla h™). In late spring (18-19/11/2003) NH," uptake (0.186 pg N pg chl a h™") was
significantly greater than both NO; ~ (0.028 pg N pg chl a h") and urea uptake (0.036
pg N pg chla h™"). In late summer (24-25/02/2004) uptake of NHs ™ (0.238 pg N ug
chl a h™") and urea (0.242 pg N pg chl a h™") are both greater than NO; " (0.066 pg N

ug chl a h™') uptake.
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Figure 2.13 Uptake of NH,", NO; “and urea in the surface (Sm) during the day in A) 28 May
2003, B) 23 September 2003, C) 18 November 2003, D) 24 February 2004. 95 % confidence
intervals (n=6) are displayed and different subscripts on bars indicate where there are

Significant differences.

2.3.6.2 Effect of Season, time of day and depth on ammonium uptake

Main Factors: Season, time of day and depth were all significant for NH, " uptake

(Table 2.4). However, an unambiguous interpretation of the main effects for NH,",
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was not possible because there was an interaction between season, time of day and
depth, such that the effect on one factor is not consistent at all combinations of the

other factors.

There was an interaction between season and depth for NH,", but it was further
complicated by the fact that the interaction between season and depth in the surface
(5m) is dependent on the level of time of day (Figure 2.14 A and B). NH," uptake
during the day at surface (5m) was lowest in late autumn, 0.040 pgN pg chla™ h™'.
NH," uptake during the day at surface (Sm) increased by 4 times or more in early
spring, late spring and late summer, 0.248, 0.186 and 0.238 pgN pg chla™ h,
respectively. In late spring at the surface (Sm) NH," uptake decreased by ~4 times
from 0.186 during the day to 0.044 pugN ug chl ¢ h™', during the night. At the surface
(5m) during late autumn, early spring and late summer there was no effect of time of
day on uptake of NH,".At depth (20m) the interaction between season and depth is
not dependant on the time of day (Figure 2.15). NH4" uptake at bottom (20m) during
late autumn and late spring respectively 0.012 and 0.020 pgN pgchla™ b, was
between 5-10 times lower than in early spring or late summer respectively, 0.103 and
0.114 pgN pgchl a™! h'. There were no significant differences in NH;" uptake when
time of day was evaluated at depth (20m) when the four field trips were averaged
(Figure 2.16).
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Figure 2.14 Mean NH," uptake from four field trips A) Day at surface (Sm) and B) Night at
surface (5m). 95% Confidence intervals (n=6) are displayed and different subscripts on bars
indicate where there are significant differences between fieldtrips. Where there is an * on bars
from the same field trip in both A) and B) subfigures this indicates a significant difference
between them.

0.8

NH," 20m
0.6

0.4 4

0.2

b b
: o,
0.0 c=c =

T T T T T T T T T T

May  Jun Jul Aug Sep  Oct Nov Dec Jan Feb Mar Apr  May
2003-2004

N uptake (ug N pug Chla™ h™)

Figure 2.15 Mean NH," uptake from four field trips at depth (20m). 95% Confidence intervals
(n=12) are displayed and different subscripts on bars indicate where there are significant
differences.
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Figure 2.16 Mean NH," uptake during the day and night at depth (20m). 95% Confidence
intervals (n=24) are displayed and different subscripts on bars indicate where there are
significant differences.

2.3.6.3 Effect of Season, time of day and depth on nitrate uptake

The effects of the main factors, season and depth, had significant effects upon NO3”
uptake (Table 2.4). The effect of season on NO3” was dependant on the depth. The
time of day (day or night) did not have a significant effect on uptake of NO;™. There
was no effect of time of day on uptake of NO;™ during any of the field trips. There
was an interaction between season and depth for NO;™. In the surface (5m) uptake of
NO;™ was lowest in late autumn, 0.002 pg N pg chl @' h™', when compared to all the
other field trips (Figure 2.17). In the surface (5Sm) NOs™ uptake was greater in both
early spring and late summer, 0.046 and 0.053 pg N pg chla b in late autumn or
late spring. The NO;™ uptake in late spring in the surface 0.022 pg N pg chl a'h’
was approximately 10 times greater than in late autumn but less than half of the NO;™
uptake rates for early spring and late summer in the surface (5m). At depth (20m)
NO;™ uptake was low in late autumn, late spring and late summer, 0.0038, 0.0065
and 0.01 pg N pg chl @’ h™', but during early spring there was an increase in NOs~
uptake by ~5 times. In late spring at bottom (20m), NO;™ uptake was 3.3 times lower
than late spring in the surface (5m). In late summer at bottom (20m) NO;™ uptake

was 5.5 times lower than late summer in the surface (5m).
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Figure 2.17 Mean NO; ~ uptake from four field trips A) surface (Sm) and B) depth (20m). 95%
Confidence intervals (n=12) are displayed and different subscripts on bars indicate where there
are significant differences between fieldtrips. Where there is an * on bars from the same field
trip in both A) and B) subfigures this indicates a significant difference between them.

2.3.6.4 Effect of Season, time of day and depth on urea uptake

The main factors of season, time of day and depth all had significant effect on urea
uptake (Table 2.4). The effect of season on urea uptake was dependant on the depth
(Figure 2.18) and time of day (Figure 2.19). There was also an interaction between
time of day and depth for urea uptake (Figure 2.20).

Uptake of urea during the day was at its lowest in late autumn (0.011 pg N pg chl a'
h') and late spring (0.019 pg N pg chl g h™"). Early spring (0.075 pg N pgchla” h
" and late summer (0.111 pg N pg chl a”' h™") urea uptake during the day was at least

3 times greater than late autumn and late spring uptake. Urea uptake at night in early
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spring (0.116 pg N ug chl a”! h'') and late spring (0.061 ug N pg chla™* h') was 1.5-

3 times greater than uptake during the day in early spring and late spring.

Uptake of urea in the surface (5Sm) was least during late autumn, 0.014 pg N pg chl a
"'h?! (Figure 2.19). Compared to late autumn urea uptake in the surface (5m) during
early spring and late spring increased by almost 10 times to 0.123 and 0.087 ug N ng
chl a”* h' respectively. The greatest urea uptake in the surface (Sm) was during late
summer, 0.286 pg N pg chl @' h'. At depth (20m) Urea uptake was 10-20 times
greater in early spring (0.07 pg N pg chl a' h'l) and late summer (0.046 pgN pg N
pg chl ' h™") than in late autumn (0.004 pg N pg chl a' h™') and late spring (0.006
pgN pg N pg chla™* bh.

Uptake of urea was ~ 2 times greater at night in the surface (5 m) (0.134 pg N pg chi
a' h") compared to the day in the surface (5m) (0.073 pg N pg chl a h") (Figure
2.20). During the day, urea uptake in the surface (5m) (0.073 pg N pg chl a' h'l) was
~3 times greater than urea uptake in the bottom (20m) (0.025 pg N pgchl a™' h™).
During the night urea uptake in the surface (5m) (0.134 pg N pg chla” h™') was 4.8
times greater than urea uptake in the bottom (20m) (0.028 pg N pg chl o™ h™h).
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Figure 2.18 Mean Urea uptake from four field trips A) surface (Sm) and B) depth (20m). 95%
Confidence intervals (n=12) are displayed and different subscripts on bars indicate where there
are significant differences between fieldtrips. Where there is an * on bars from the same field
trip in both A) and B) subfigures this indicates a significant difference between them.
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there are significant differences.
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Table 2.4 Summary of effects of season, depth, time of day and any interactions between these
factors on the uptake of NH,", NO; and urea. See Materials and Methods for details of statistical

analysis.
Factor NH, NO; Urea
Season (S) Significant effect  Significant effect Significant effect
P=<0.001* P=<0.001* P=<0.001*
Time of day Significant effect  No effect Significant effect.
(T) P=<0.001* P=0.001*
Depth (D) Significant effect  Significant effect Significant effect
P=<0.001* P=<0.001* P=<0.001*
SxT Significant No interaction No interaction
interaction
P=0.039
SxD Significant Significant Significant
interaction. interaction. Interaction.
- P=0.031 P=<0.001. P=<0.001.
DxT No interaction No interaction Significant
interaction.
P=0.005.
SxDxT Significant No interaction No interaction
interaction.
P=0.005

* Main effects do not have a simple interpretation because the factor’s effect depends upon the

level of another factor. Need to look at interactions of this factor with other factors.

2.3.6.5 % N uptake for NH;*, NOs™ and urea

NH, " made up for more than 50% of the N uptake for each of the four field trips
(Table Table 2.6). During the late autumn field trip NH," was at its greatest
percentage (62.7%) of the N uptake. Urea uptake was the next most important
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component of N uptake, ranging from 28.5-41.6%. Whilst NO;” made up the smallest
percentage (7.3-15.8%) of the N uptake for each of the four field trips. The
percentage of N uptake made up by NOs” was greatest in the early and late spring
field trips, 15.8 and 10.3% respectively.

Table 2.6 Percentage of N uptake (NH4+NO3+Urea) for each of the four fieldtrips (Combined
Times and Depths)

Field trip % NH," % NO; % Urea
28-29/05/2003 62.7 8.8 28.5
23-24/09/2003 52.4 156.8 31.8
18-19/11/2003 50.7 10.3 39.0
24-25/02/2004 511 7.3 41.6

2.4 Discussion

2.4.1 Comparison of N uptake characteristics of the Huon Estuary

with other ecosystems

Nitrogen uptake rates in the Huon Estuary are at low end of the range found in many
other estuaries and coastal ecosystems that have been studied (Bode et al., 2005,
Rosser & Thompson, 2001, Twomey et al., 2005, Veuger e al., 2004, Tremblay et
al., 2000, Furnas, 1983, Furnas et al., 1986, Bode & Dortch, 1996, Fernandez et al.,
1996) . The low absolute rates of nitrogen uptake reflect the generally low biomass
of phytoplankton found in the Huon Estuary. Analysis of more than 1000 samples
from more than 20 sites collected during 1996-1998 in the Huon Estuary gave a
median chlorophyll a concentration of 0.60 ug L' (Team, 2000). The low median
biomass indicates the Estuary is largely oligotrophic. In comparison many of the
other estuaries, fjords and coastal regions that have been studied are subject to higher
nitrogen concentrations and are categorized as eutrophic for example, Chesapeake
Bay (Glibert et al., 1991, McCarthy et al., 1977), Swan-Canning Estuary (Rosser &
Thompson, 2001), the Thames (Middelburg & Nieuwenhuize, 2000), Neuse River
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Estuary (Boyer et al., 1994, Twomey et al., 2005), and the Pearl river estuary (Yin et
al., 2000).

Mean specific uptake rates for the Huon Estuary were: NH,4" (0.133 pg N-ug chla™ b
1), urea (0.096 pg N-pg chla™- h') and NO;™ (0.027 pug N-pg chla™- h''). Whilst
these N uptake rates are low in comparison to other ecosystems as discussed above,
the phytoplankton of the Huon Estuary show similarities in nitrogenous nutrition to
the N uptake characteristics of phytoplankton from the majority of these other

estuarine, coastal and oceanic ecosystems.

The overall composition of N uptake in the Huon Estuary for NHs", NO;~ and urea
52, 10.5 and 37.5 % respectively. Reduced forms of N (NH;" and urea) made up
89.5% of the N taken up, a result consistent with overall N uptake in many estuarine,
coastal and some oceanic ecosystems: NH;" and urea were taken up preferentially in
Chesapeake Bay (McCarthy et al., 1977), In the western English Channel
Regenerated forms of N accounted for up 70% of the overall N uptake (L'Helguen et
al., 1993), in the southern Atlantic near Brazil, NH," and urea accounted for 74%
and 96% of oceanic and coastal N uptake, respectively (Metzler et al., 1997), in the
Swan-Canning Estuary evidence showed that NH;" was most important N source
overall (Rosser & Thompson, 2001) and at Station P in the Pacific over a long time
series NH4" and urea were responsible for the majority of the primary production

(Harrison, 2002).

The overall N uptake characteristics are useful in understanding an ecosystem and
which types of N are most important for supporting primary productivity on a large
scale. The magnitude and composition (NH,", NO;™ and urea) of N uptake by
phytoplankton is, however, affected by physical conditions like temperature,
irradiance, and substrate concentrations which change on a range of temporal and
spatial scales, So to understand N uptake in the Huon Estuary the effect of depth
(surface 5m or bottom 20m), time of day (day or night) and Seasons: late autumn,

early spring, late spring and late summer on magnitude and the composition (NH,",
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NO;™ and urea) of N uptake were examined. These result provide insight into
phytoplankton strategies and dynamics of Huon Estuary phytoplankton assemblage as
relevant to N uptake. Season and depth were responsible for most of the variation in
NH,4*, NOs™ and urea uptake with less effect of time of day. For this reason the
following discussion on uptake of individual N species (NHs", NO;™ and urea)
focuses on the effect of season and depth. For NH," and NO;™ season was
responsible for the majority of the variation and depth was responsible for less
variation but still important. For urea, however, depth was responsible for the
majority of the uptake variation, followed by season and with time of day responsible

for the least.
2.4.2 Late autumn

During late autumn the chlorophyll @ concentrations at 5 and 20m were ~ 0.2 pg L
the lowest observed. There was a slight rise in concentration to ~ 0.6 pg L™ closer to
the surface. Based on the presence of peridinin CHEMTAX (Mackey et al., 1996) the
dominant taxa were dinoflagellates with 48% of the total chlorophyll a. The
dominant species were G. catenatum and Ceratium spp. (Thompson et al., 2008).
Late autumn dominance of the phytoplankton community by dinoflagellates is a
common situation in temperate estuarine ecosystems (Marshall ez al., 2005, Smayda
& Reynolds, 2001, Lopes et al., 2007). In the Huon Estuary this high percentage of
dinoflagellates probably represents a residual summer-autumn community which may
be better adapted to growth at higher temperatures. The near zero growth rate of G
catenatum at 12°C (see Figure 3.22 Chapter 3) suggests it would be severely
disadvantaged at 13.5°C relative to the growth rates of many other species at this
temperature (Eppley, 1972). For example the diatom Skelefonema costatum, was also
present in the Huon Estuary, and has been reported to grow at a rate of ~3 divisions
per day at 10°C (Falkowski, 1977).

Durihg the late autumn field trip combined N uptake was low 0.010 ug N I"'h', ~86
times less than the greatest absolute uptake from the late summer field trip. Nitrogen
62



uptake rates are typically low in late autumn/winter (L'Helguen et al., 1996,
Wilkerson et al., 2006, Collos et al., 2003, Wafar et al., 2004) because of low
irradiance and/or low temperature which limit phytoplankton growth. Specific
uptake of NH;", NO;™ and urea made up for 62.7, 8.8 and 28.5% of the total specific
N uptake respectively. NH;" and urea made up 91.2 % of the total N uptake in
autumn. That NO;~ contributes only 8.8% of total N uptake in the Huon in late
autumn is likely because the residual summer-autumn phytoplankton community is
not well adapted to using NO;~ (late autumn ambient NO;~ ~4uM). The distribution
of uptake between N forms in the Gulf of St Lawrence during autumn was very
similar to that seen in the Huon Estuary, with NH," (62%) and urea (28%) being
preferred while NO;~ only made up 10% of the total N uptake (Tremblay et al.,
2000). In contrast, however, to the Huon Estuary the low nitrate uptake during
autumn in the Gulf of St Lawrence may be a result of the low ambient NO3™
concentrations (<1 uM at 3 of 4 stations). In the Western English Channel during
autumn there were some differences in N composition compared the Huon Estuary.
NH,4" accounted for only 45% of the total N uptake and NO;~ and urea almost equal
amounts 23 and 21% respectively and NO, made up the remaining 10% (Wafar et al.,
2004). The relatively high ambient NO;™ concentrations (4-5 pM) coupled with a
phytoplankton assemblage adapted to exploit are responsible for the increase in NO3~
uptake but clearly NH;" and urea were still the preferred N sources in autumn as they
were being taken up at higher rates than NO;~ while ambient NH," concentrations

(0.1 uM) are much lower in comparison to NOs".
2.4.3 Early spring

Chla increased from late autumn to early spring by ~1.3 and ~1.5 times in the surface
and bottom respectively. CHEMTAX showed a significant shift in phytoplankton
composition towards diatoms based on the increase in the pigment fucoxanthin. The
dominant diatoms by abundance were Pseudonitzschia pseudodelicatissima,

Nitzschia closterium and Skeletonema costatum. There were also low numbers of
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Gymnodinium catenatum and a small Gymnodiniod dinoflagellate. A shift to diatom
dominance is typical of spring phytoplankton assemblages in temperate locations
(Smayda, 1980)

Uptake of NH,4", NO5™ and urea increased by ~20 times from late autumn to early
spring. This increase in N uptake coincided with the lowest temperatures of all the
field trips (12°C) and a 4 -5 times increase in irradiance when compared with
irradiance from the _late autumn fieldtrip. Both NH4* (51.4%) and urea (31.8%) were
still the largest component of the total n uptake, But the greatest NO3™ uptake rates
were measured during this early spring field trip (16.9 % ) in comparison to the other
field trips. Peak NO3™ uptake rates are associated with a diatom dominated spring
bloom in other temperature marine ecosystems e.g., the Gulf of St Lawrence
(Tremblay et al., 2000), Menai Straight (Rodrigues & Williams, 2002) and San
Fransisco Bay (Wilkerson et al., 2006). The low temperatures and high irradiance
typical of spring conditions in temperate locations can create a situation where
phytoplankton cells capture more light energy than they are capable of converting to
growth. It has been hypothesized that one component of the diatoms’ ability to
exploit these spring conditions could be an ability to take up NO3™ and reduce it using
excess photosynthetic energy, then releasing the more reduced N forms (NO,-, NH,"
and DON), thus using up potentially harmful excess energy(Lomas & Gilbert, 1999).

2.4.4 Late Spring

Chlorophyll a increased from early spring to late spring, by ~3 and ~8 times in the
surface and bottom depths respectively. The large increase in chl a at the bottom to a
concentration ~ 2 times the surface chl a suggests the decline and subsequent sinking
of the spring bloom as observed in other ecosystems with strong diatom communities
(Waite et al., 1992a, Waite et al., 1992b). The absolute and specific N uptake rates
were not significantly different relative to early spring, however, the late spring
absolute uptake rate increased by ~1.4 times from the early spring. This increase was
associated with a large increase in phytoplankton biomass. In addition the specific N
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uptake rate decreased by ~1.5 times from the early spring suggesting that the
phytoplankton assemblage may be N limited (Smith, 1982, Howarth et al., 1988).
Simultaneously ambient NO3™ concentrations and N:P ratios all indicate the likelihood
of N limitation in late spring (Figure 2.21). The molar N:P during late spring was 2.3,
or about