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Chapter One
General introduction

1 General patterns of nitrogen utilisation in macroabae

Background

Seaweeds, or marine macroalgae, are some of the pramuctive macrophytes on
Earth (Mannet al, 1980; DeBoer, 1981). In order to sustain thishhpgoductivity,

macroalgae require inorganic carbon, water, lightl aarious mineral ions for

photosynthesis and growth (Lobban and Harrison,7198t least 21 elements are
required to maintain the main metabolic processgdants, although more than twice
this number are present in (or closely associateéd) weaweeds (DeBoer, 1981).
Some of these elements are found in seawaterativelabundance, while others may
only be found in low concentrations or in a fornt readily available to the plant and,
as such, are termed “limiting nutrients”. AccorditegLiebig's law of the minimum,
when other factors such as light and temperatwarare than adequate for growth,
the nutrient available in the smallest quantityhwigéspect to the requirements of the
plant will limit the overall _yield (DeBoer, 1981). In contrast, Blackman-type
limitation is when the availability of a given niant limits the_rateof photosynthesis,
nutrient utilisation or growth. Of all the limitingutrients, nitrogen (N) has probably
received the most attention and in temperate doast@ironments nitrogen
availability may frequently limit the rate of growand / or yield of seaweeds (Mann,
1972; Hanisak, 1983; Smith, 1984).

Nitrogen and growth in seaweeds

In general, nutrient-poor regions are characteribgdslow-growing species of

macroalgae while fast-growing species are domimantitrient-rich waters (Pedersen
and Borum, 1997). The relationship between growtld anutrient uptake is

complicated by changes in nutrient supply that mery on time-scales ranging from

hours (e.g. tidal) to months (e.g. seasonal) (Mt@ly et al, 1996). In winter,
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internal nitrogen reserves in slow-growing, perahseaweeds can be two or three
times higher than in summer (Chapman and Craid@&/;1Hanisak, 1983; Hanisak
and Samuel, 1983). As a result of this, growth amient uptake may be uncoupled.
A classic example of the relationship between theoupling of uptake of nitrogen
and growth is the kelg,aminaria In the summer when seawater nitrate levels are
low and photosynthesis is most active, carbonasedt which can then be used for
growth in the autumn when nitrate levels increddann, 1982). These seaweeds
store intracellular nitrate in winter, which canudmeed during periods of N-deficiency.

In spring growth is dependent on stored nitrater(id 982).

In a study of the relationship between N-supply gmowth, Pedersen & Borum
(1997) conclude that fast-growing seaweeds, inolydilva lactucg which are
characterised by high SA : V ratio and high ratespiake and growth, have a high
nitrogen requirement. Most of this requirement ug do a high demand for nitrogen
associated with their high growth rate and, to ssde extent, because of their high
tissue-N content. In addition, the ratio of maximuwates of nitrogen uptake to
nitrogen requirement is lower in fast-growing spec{Pedersen and Borum, 1997).
This high demand for nitrogen, coupled with theuisgment for a higher nitrogen
concentration to saturate growth, explains why-ggetving macroalgae can dominate

in areas with excess nutrient supplies.

Sources of nitrogen in seawater

Elemental nitrogen is in abundant supply in both air and seawater, but there is no
evidence that macroalgae are able to utilise gadly (DeBoer, 1981). In contrast,
sources of inorganic nitrogen in seawater are gftesent in low concentrations. The
majority of continental shelf edges of the worlddseans do not have strong,
persistent upwelling (Sharp, 1983). However, theuo@nce of upwelling in coastal
areas can dramatically increase inorganic nitrolgemls, with subsurface nitrate
levels approaching 30M (Hanisak, 1983). In the majority of coastal zomésate
typically ranges in concentrations of 0-3®1 (Sharp, 1983). Ammonium (in the
context of this study, the sum of Nldnd NH™") concentrations in coastal areas are
usually below 3uM, although inputs from terrestrial sources, sushsawage, may
increase values to 20-20M or more (Sharp, 1983). Nitrite concentrations @rost

always low and rarely exceed 5 % of the nitrateellewvhile ammonium
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concentrations generally comprise less that 20 %otdl inorganic nitrogen in
seawater (Sharp, 1983).

Macroalgae, and algae in general, utilise nitroffem a variety of sources, which
along with the other nutrients they require is Ullguaken up directly from the water
that surrounds them (Lobbaat al, 1985). Macroalgae can utilise organic sources of
nitrogen, such as urea (DeBoer, 1981), and in stases, amino acids, pyrimidines
and purines (Hanisak, 1983). It has also been shibatisome species of macroalgae
can utilise ammonium released by invertebrates sischarnacles (Williamson and
Rees, 1994) and bryozoans (Hetdal, 1994a) and other epifauna which live in close
proximity (Taylor and Rees, 1998). Overall, prolyatile most important nitrogen
sources available to macroalgae are nitrate andcemum (Hanisak, 1983; Lobban
and Harrison, 1997).

Ammonium and nitrate uptake, and utilisation in maaoalgae

Ammonium is often taken up at higher rates tharatet(D'Elia and DeBoer, 1978;
Haines and Wheeler, 1978; Hanisak and Harlin, 19&inka, 1978; Morgan and
Simpson, 1981; Wallentinus, 1984; Thomas and Harri4985; Rees, 2003), despite
the fact that nitrate is often the more abundant@®of inorganic nitrogen in coastal
waters (DeBoer, 1981). Moreover, it has been shibvanhthe presence of ammonium
in the medium can inhibit nitrate uptake in manyweed species (D'Elia and
DeBoer, 1978; Haines and Wheeler, 1978; HanisaB3;19homas and Harrison,
1987) and, in some cases, uptake of nitrate maintubited by as much as 50%
(Thomas and Harrison, 1987). Similarly, the preseotnitrate has been shown to
inhibit the uptake of nitrite (Hanisak and Samu83). In some instances, nitrate
may be taken up at an equivalent (Probyn and Chaph®83; Thomast al, 1987a)
or even higher rate than ammonium, in N-deficidah{s (Thoma®t al, 1987b).

Utilisation of ammonium in preference to nitratehsoretically energetically cheaper
for algae (Syrett, 1981; Turpiet al, 1991; Vergaraet al, 1995). The reduction of,

firstly nitrate to nitrite (catalysed by nitratedrectase with NADPH or NADH as the
electron donor), and then nitrite to ammonium (gatd by nitrite reductase in the
chloroplasts with reduced ferredoxin as the electdmnor), represents a higher

energy requirement than assimilation of ammoniugme® 1981; Turpiret al, 1991,
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Vergara et al, 1995). Under conditions of N-starvation prefei@ntuptake of
ammonium may not occur (Thomas and Harrison, 1986mas and Harrison, 1987;
Corzo and Niell, 1992), and it is probable that tbquirement for N, when it is in
limiting supply, outweighs the energetic advantag@mmonium utilisation in algae
(Syrett, 1981). In support of these suggestiohastbeen shown that the efficiency of
ammonium uptake is commonly greater than that firate across a range of

macroalgae (Rees, 2003).

Factors affecting uptake and utilisation of nitrogen in macroalgae

Light is of fundamental importance to the metabolsf ammonium by algae (Turpin
and Harrison, 1978; Syrett, 1981; Lobban and Ham;id997) for four main reasons,
because it:

. provides energy (ATP) for active transport and roeliam.

. provides charged ions that establish Donnan peatienf@ requirement of
the Donnan exchange system in seaweeds and miulacgdlants).

. through photosynthesis (indirectly), provides carbekeletons for
ammonium assimilation and amino acid biosynthesis.

. increases growth, thereby increasing the demanduisients.

The relationship between irradiance and uptaketrdta is described by a rectangular
hyperbola (Wheeler, 1982). In contrast, ammoniurntakg in seaweeds is largely
independent of irradiance (Topinka, 1978; Wheel982; Dukeet al, 1989b;
Coutinho and Zingmark, 1993), but can also show gderiodicity (D'Elia and
DeBoer, 1978; Harrisoet al, 1986). Light quality (i.e. the wavelength of ident
irradiance) is another important factor in the Wptaf nitrogen by macroalgae (Corzo
and Niell, 1992).

Temperature has a substantial effect on the acipteke of ammonium, typically
exhibiting a Qo factor of 2 (i.e. for every 18C rise in temperature there is a doubling
of the rate of uptake), but for passive diffusibe effect is minimal (¢ = 1.0-1.2)
(Lobban and Harrison, 1997). Positive correlati@tween ammonium uptake and
temperature has been demonstrated in seaweedséldamd Harlin, 1978; Topinka,
1978; Amat and Braud, 1990), but temperature hgreater effect on growth than on
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uptake of nitrate and ammonium (Dukeé al, 1989b). Moreover, temperature has
little effect on ammonium uptake b§racilaria verrucosa(Ventura and Harlin,
1976). This may be either because seaweeds caneosate for lower enzyme
activities at lower temperatures by increasingeheyme concentrations (Dule¢ al,
1989b), or because uptake is passive. Howeverpjtears that the effect of
temperature on ion uptake in seaweeds is bothndnspecies specific (Lohaus and
Heldt, 1997).

Water motion and turbulence is thought to be anon@mt factor in the uptake of
ammonium, and inorganic nutrients in general (Parke31; Wheeler, 1982; Humet
al., 1994b; Hurdet al, 1996; Larned and Atkinson, 1997; Batral, In preparation).
Moreover, growth ofUlva may become limited in still water, because uptake o
ammonium is inhibited due to the development otkhdiffusion boundary layers
around the thallus (Parker, 1981; Batral, In preparation). Desiccation can also
affect ammonium uptake directly since seawater, thiedefore dissolved nutrients,
are removed from the thallus surface. Ultimatelys is reflected in the N-status of
the seaweed (Thomas al, 1987b). As a consequence there is an increadedtjzb
(or demand) for uptake of ammonium and nitrate ugesupply of water in intertidal
seaweeds (Thoma al, 1987a; Thomast al, 1987b; Thomas and Harrison, 1987).

The relationship between morphology and abilityake up nutrients from seawater
has been investigated in different species of nsge® (Rosenberg and Ramus,
1984; Heinet al, 1995; Tayloret al, 1998; Tayloret al, 1999). Morphology is
generally described by the surface area : volurtie (8A : V) and there is a strong,
positive relationship between SA : V and rates winenium uptake in seaweeds
(Rosenberg and Ramus, 1984; Heinal, 1995; Tayloret al, 1998; Tayloret al,
1999). The development of hyaline hairs on thelitbAsome seaweeds is considered
to be a morphological adaptation that increases 8And enhances rates of nitrogen
uptake (DeBoer and Whoriskey, 1983). It has beeggested that particular
morphologies allow some seaweeds to exploit dididal nutrient pulses (Duket
al., 1987), and seaweeds that have high SA : V haykehirates of photosynthesis
(Markager and Sand-Jensen, 1994; Tagbrl, 1999), growth rates (Nielsen and
Sand-Jensen, 1990) and rates of ammenium.uptakessnuitation (Rosenberg and
Ramus, 1984; Heiet al, 1995 Tayloret al, 1998; Tayloretwal, 1999). However,
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macroalgae with high SA : V ratios may be limitedtineir ability to store nitrogen
compared with those which have low SA : V ratiag;hsasGracilaria and Codium
(Rosenberg and Ramus, 1984; Dekel, 1987).

Seasonal (and biogeographic) patterns in ratesnohanium and nitrate uptake
(Gagneet al, 1982), and growth (Chapman and Craigie, 1977 p@iaa and Lindley,
1980; Gagneet al, 1982) have often been described in seaweeds.r@inthese
relate to the physical factors already describedisgnal changes in incident light
levels and quality (related to turbidity and depte)mperature, desiccation and wave
energy. Seasonal changes in nutrient availabititydawater, as are evident in spring
blooms of phytoplankton, have also been shown fecafgrowth patterns of
macroalgae (Gagnet al, 1982; Probyn and Chapman, 1983). For examplakef
ammonium (and nitrate and urea) may become enharedidcted in lower Ik
values for uptake) over the summer months in saae/eeds (Probyn and Chapman,
1983). Moreover, ammonium and nitrate uptake mapime uncoupled from growth
in many seaweeds during periods of low N-availab{{Chapman and Craigie, 1977,
Topinka, 1978; Gagnet al, 1982; Probyn and Chapman, 1983; Pedersen anarBoru
1997).

Nitrogen assimilation and incorporation in macroalgae

Uptake of inorganic nitrogen is followed by assatin, which is defined as the
enzymatic conversion of ammonium into amino adigsnerally much more is known
about uptake of ammonium in macroalgae compareld thiat of its assimilation.

Ammonium is an important source of inorganic nigndgor macroalgae and marine
algae in general (D'Elia and DeBoer, 1978; Raeeral, 1993). It has also been
suggested that there should be an energetic adygafiamacroalgae to preferentially
utilise ammonium since it can be assimilated diyeathile other nitrogen sources
(e.g. nitrate and nitrite) have to be convertedatomonium before they can be
assimilated (Syrett, 1989).

The metabolism of nitrogen by marine algae is bisoaescribed by five processes
and is summarised below (Figure 1.1):
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uptake (by passive or facilitated diffusion, oriaettransport) of nitrogen
across the cell membrane.

cellular storage in acidic compartments, primattig vacuole.

assimilation of ammonium through enzymatic conwersb small organic
metabolites (e.g. amino acids, purines, pyrimidineshich will be
counteracted by amino acid catabolism (e.g. pheporation).

incorporation of small organic metabolites into neoacolecules (e.g.
protein, nucleic acids), which will be counteracteg catabolism (e.g.
protein turnover).

utilisation of macromolecules for differentiationgrowth.

cell membrane \

—— proteins —— Growth

NH,in
vacuoles

Storak

ammonium

| NH,*in
\!00 cytoplasm J

Figure 1.1. Schematic representation of nitrogen utilisation in seaweeds.
Modified from Wheeler (1983) and Syrett (1981).

The primary route for ammonium assimilation in f@giplants and microalgae is the

glutamine synthetase / glutamine : 2-oxoglutaratenatransferase (GS / GOGAT)
pathway (Lea and Miflin, 1974; Syrett, 1981; Davismd Stewart, 1984; Ahmad and
Hellebust, 1988a; Zehr and Falkowski, 1988; Syf€89; Corzo and Niell, 1992). It

is now also generally agreed that this is the prympathway for ammonium

assimilation in macroalgae (Haxen and Lewis, 1@8yison and Stewart, 1984; Barr

et al, 2004). Evidence for GS / GOGAT being the primamgmonium assimilation
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pathway in microalgae (Syrett, 1981) and macroa(geexen and Lewis, 1981) is the
high affinity of glutamine synthetase (GS) for ammumn (in comparison with other
potential assimilatory enzymes, such as glutamekydtogenase) and the inhibition
of ammonium assimilation by methionine sulfoximiSX), an inhibitor of GS
(Barr et al, 2004). The assimilation of ammonium into glutaenaia the GS /
GOGAT pathway is of major significance becauseejiresents the junction from
which other pathways involved in N-metabolism tlogverge (Flynnet al, 1994). In
addition, because of the requirement for 2-oxogatea GS / GOGAT also arguably
represents the most important point of interactimtween photosynthesis and N-
metabolism (Syrett, 1981; Syrett, 1989; Turptral, 1991).

In the reaction catalysed by GS, a molecule of amum is combined with a
molecule of glutamate to form glutamine, with enefgy the reaction provided by the
hydrolysis of ATP (Hamest al, 1997). In the next reaction, catalysed by GOGAT,
glutamate is formed from the reductive amination2efxoglutarate (Syrett, 1981;
Syrett, 1989; Turpiret al, 1991). GOGAT yields two molecules of glutamate fo
every molecule of glutamate used in the GS readfogure 1.2). Glutamate can be
converted into other amino acids, including aspanaa aspartate aminotransferase

(AspAT), while glutamine and aspartate can be cdedanto asparagine via

ammonium
GS _
glutamate + ATP P» ADP + P+ glutamine
GOGAT ,
(2) glutamate «¢ 2-oxoglutarate + glutamin
glutamate

Figure 1.2. GS / GOGAT pathway of ammonium assimilation in algae.
Modified from Syrett (1981).
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asparagine synthetase (AS) (Oliveetaal, 1997). In addition, ASpAT and AS are

considered to represent a second tier controltodgen assimilation (Vance, 1998).

Nitrogen metabolism and free protein amino acids irmacroalgae

Other than the fundamental role of glutamine andtaghate in ammonium
assimilation very little is known about the roledatomposition of other amino acids
in macroalgae (Baret al, 2004). However, there can be little doubt thatytplay a
vital role in nitrogen metabolism and are, alonghvamides, the first stable products
of inorganic nitrogen assimilation (Oaks, 1994)vadl as the building blocks for
proteins. In higher plants it has been suggestatas free amino-acid concentration
is largely dependent on N-status, changes in thgaplasmic concentration may be
involved in the regulation of plant growth and agen uptake (Barneix and Causin,
1996). There is also considerable evidence thatagime has a central role in
regulating N-metabolism in plants (Oliveieaal, 1997; Galvézt al, 1999; Oliveira
and Coruzzi, 1999). For example, when supplied weixtternal concentrations of
glutamine and asparagine, ammonium uptake is redutewheat (Rodgers and
Barneix, 1993). Similarly in maize roots, uptakendfogen decreases with increased
accumulation of glutamine and asparagine (leteal, 1992). Further clues to
regulation of nitrogen metabolism come from varigiadies in microorganisms
where it has commonly been shown that expressigaStienes is repressed by high
levels of glutamine (Watanale al, 1997). However, in studies of radish the ratio of
glutamine : glutamate, as opposed to glutamineeglaas implicated as having a role
in the expression of the gene for cytosolic gluteansynthetase (Watanale¢ al,
1997).

Glutamine and asparagine have been shown to acatenid significant levels in
Ulva intestinalis during short-term ammonium enrichment (Barr an®eRe003;
Taylor et al, 2006). Furthermore, the sequential increase th btese amino acids
(i.e. first glutamine followed by asparagine), afpeovision of inorganic nitrogen, has
been demonstrated (Taylet al, 2006). The accumulation in levels of asparagine
after nitrogen enrichment might be expected sihcederived from the conversion of
glutamine via AS. However, the actual role of aagare in macroalgae is unknown
although it has been suggested that asparaginkesymtmay be a stress response to

high ammonium in aquatic angiosperms (Smolagral, 2000) and to thermal stress
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in Ulva pertusa(Kakinumaet al, 2001). Asparagine is also more soluble and less
reactive than glutamine (Sieciechowiet al, 1988) and thus may be suited to a

storage role in at least some algae, sudbles

Although not directly associated with nitrogen nietigsm, proline has a significant
role in the physiological responses of plants taremmental stressors. Accumulation
of proline (analphaimino acid) is known to occur as a response tcewdeficits,
salinity stress and temperature stress in higtreertpl(Matysiket al, 2002) and algae
(Kakinumaet al, 2006). Proline accumulation in algae has also ls®wn to be a
stress response to high levels of heavy metal nuntdion (Sharma and Dietz, 2006).
In the study of Kakinuma et al (2006) proline acalation in Ulva was shown to
occur with high temperature stress. In higher glanbwever, increases in proline are

also associated with cold acclimation in winter (ing et al, 1997).

Free amino acids as N-indices of nitrogen availaliiy in macroalgae

It is widely acknowledged that macroalgae accuneuratrogen that is in excess of
requirements for steady-state growth rate (Chaparash Craigie, 1977; Hanisak,
1979; Hanisak, 1983; Duket al, 1989b; Fujitaet al, 1989; Lavery and McComb,
1991). Moreover, seasonal trends in tissue-N comédlect both seasonal changes in
seawater nitrogen availability and the ability oheroalgae to take up nitrogen in
excess of growth demands and store it as cell@serves (Mann, 1972; Hanisak,
1983). Second only perhaps to nitrogen bound iteprdNaldi and Wheeler, 1999),
free (protein) amino acids (FAA) are consideredbéoan important storage pool that
accumulates when excess nitrogen is supplied (Mb&iget al, 1996; Naldi and
Wheeler, 1999; Barr and Rees, 2003; Taydral, 2006), and also one that is
relatively quickly (over days) utilised when thetexal nitrogen supply is removed
(McGlatheryet al, 1996; Liu and Dong, 2001).

Most of the research regarding the short-term cbsang nitrogen storage pools in
macroalgae is inferred from measurements of nitragetake, typically that of surge
(initial pool-filling) uptake (Rosenberg and Ramu84; Harrison et al., 1986;
Pedersen, 1994; Torres et al., 2004). However thezerelatively few studies that
have directly investigated changes in nitrogenagierpools (e.g. free amino acids,

protein and total tissue nitrogen) in responsehanges in external nitrogen supply

10
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(Fujita et al, 1988; McGlatheryet al, 1996; Naldi and Wheeler, 1999). Since rates of
nitrogen uptake can often exceed the rate of gramtimacroalgae (e.g. Hanisak,
1983) this has obvious implications for developmajable indicators of nitrogen
availability (in addition to nitrogen indices cuntéy in use). InUlva intestinalisit has
been shown that the saturation of glutamine andagiate coincides with the
cessation of surge uptake (i.e. initial uptake ikathought to be due to filling of
short-term storage pools) and the onset of intgricaintrolled uptake (which is often
used to infer the rate of ammonium assimilatiorgy(@r et al, 2006). In addition,
there is considerable evidence that either the Ffo@l, or at least some of its
constituents, appear to function as short-termdxagfe reservoirs in both microalgae
(Dortch, 1982; Flynn and Al-Amoudi, 1988; Flyret al, 1994) and macroalgae
(Pedersen, 1994; McGlatheey al, 1996; Naldi and Wheeler, 1999; Barr and Rees,
2003) and may therefore represent an integratiorecént N-supply. However, the
time scale over which external nitrogen is integglainto the FAA pool is unknown.
In addition, use of the term ‘storage’ with resptxthe sum of free amino acids is
complicated by the fact that its individual constiits are required for various
metabolic and catabolic (e.g. photorespiration)cesses, and under steady state
growth, are continually incorporated into macroncales and proteins in order to

sustain growth.

Despite the fact that relatively little is knownacalh accumulation of free amino acids
in macroalgae in response to nitrogen concentrattbis parameter has been
successfully used to trace the influence of antbgepic nitrogen in seawater (Jones
et al, 1996). It is known that the total FAA pool in mealgae can make up a
considerable percentage of the total tissue-N conteith values up to 47 % in red
(Wilcox et al, 2006), 55 % in green (McGlathegt al, 1996) and 53 % in brown
(Zimmermann and Kremer, 1986) algae. However, dmge of the FAA pool within
individual algal species can also vary with respedts contribution to total tissue-N
(TN). For example, the percentage contribution AARo TN can range from 8 — 45
% in Chaetamorphdinum (McGlatheryet al, 1996) 4 — 9 % inUlva fenestrata
(Naldi and Wheeler, 1999) and 7 — 70 %Qracilaria tikvahiae(Bird et al, 1982).
While some of these changes may be due to theraatientified above (e.g.

maintaining N-metabolism), there are no studies tlaae quantified the relationship

11
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between amino acid content (including glutamine ghilamate) in macroalgae and

sustained long-term nitrogen supply at ecologicadlgvant concentrations.

2  Marine pollution and eutrophication

Background

The world’s oceans, coasts and estuaries are tineateé repository for a vast array of
substances discharged either accidentally or delidy via human activities
(Kennish, 1997). While there is no precise defomtiof the term “pollution”, one
definition is: any stress on the natural environtmeaused by human activities
resulting in an unfavourable change in an ecosygteennish, 1997). According to
Clark (1992), contamination in the marine environimeccurs “when a man-made
input increases the concentration of a substanseawater, sediments, or organisms
above the natural background level for that ared f@m the organisms”. Marine
contaminants are comprised of five main constimg®friso et al, 1991; Clark,
1992; Rainbow, 1995; Kennish, 1997; Kennish, 1998&itonidis and Malea, 1999;
Wulff et al, 2001):

. organic carbon enrichment related to elevated enttinputs, particularly
nitrogen and phosphorus

. heavy metals associated with sewage effluents dndges. These
typically include cadmium, copper, lead, mercurg amc.

. organochlorine compounds originating from the wpmead use of
domestic and agricultural herbicides, as well agoua industrial wastes

. polycyclic aromatic hydrocarbons from industriallents, pyrolysis of
organic matter, and other sources

. petroleum hydrocarbons from oil spills, sewage, aod-point source
runoff

Contaminants may enter the sea via six primaryweagk (Kennish, 1997):
. riverine

. non-point source runoff from land

. groundwater flow through the aquifer

12



= Chapter One=

. direct (reticulated) effluent discharges
. discharges and dumpings from ships
. atmospheric deposition

In recent years much attention has focused on tieete of pollution on marine

mammals, fish and marine invertebrates, and thenpiat effects on humans as a
consequence of the presence of contaminants innenacosystems. It is well

established that persistent chemical compoundsndfighly toxic, can affect whole
ecosystems, particularly by accumulating in sudeebs higher concentrations in

higher trophic levels (a process commonly refetoeds bioaccumulation). However,
primary producers are also susceptible to the wffeaf persistent chemical
compounds (often chlorinated) and heavy metalschvitan be inhibitory factors

affecting seaweed metabolism (Butterwoethal, 1972; Knauer and Martin, 1972,
Higgins and Mackey, 1987; Lobban and Harrison, 1997

The effects of marine contaminants may be manifesht numbers of ways, but
generally take the form of a continuum ranging framnonic through to acute effects.
The uptake of contaminants by marine animals octumigh the ingestion of food
and detrital particles, water exchange at feedind &espiratory surfaces, and
adsorption of chemicals onto the body surface (KdnriL997). Bioassay techniques
have become an important part of marine pollutimdises and are used to detect and
assess changes in marine contaminants. Bioassagsg, indigenous (if available) or
“standardised” sensitive organisms, which are rsofally indigenous to a study site,
typically measure acute toxicity, sublethal effeetsd genotoxicity in the laboratory.
Standard bioassay organisms include mussels, olsteae, sea-urchin larvae and
microalgae (Kennish, 1997).

One direct pathway for the entry of contaminantel their subsequent accumulation
in marine organisms is via primary producers — nealgae. The direct, short-term
effects of environmental contaminants on marinal (Bleshwater) microalgae and
macroalgae have been the subject of many laboratngies (Fletcher, 1990). In
more recent times there have been a growing nuwibstudies that have examined
accumulation of environmental toxins (e.g. heavytaisg in macroalgae (Fletcher,
1990; Sfrisoet al, 1991; Munda and Veber, 1996; Haritonidis and Mal£999;
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Malea and Haritonidis, 2000). Much of this work Hasused on the development of
macroalgae as indicators of contaminant pollutadtihough some have suggested that
interpretation of accumulated levels in macroalgaeh adJlva, may be confounded
by taxonomic differences (Rainbow, 1995). Irrespectf this, since they often form
the base of many temperate coastal communitiese thidd be obvious potential for

direct and indirect impacts on the communities thay support.

Sewage effluents and industrial wastewater dis@sargre obvious sources of a
variety of pollutants including excessive concetmres of nutrients, particularly in
the form of ammonium (Kennish, 1997; Valigaal, 1997). At high concentrations
ammonium is toxic to marine invertebrates and fag can also inhibit seaweed
growth at very high concentrations (> 30-50 pM) (¥Waand Mitchell, 1972;
Brockmanet al, 1988). The direct effects of pollution on macrgigs (e.g. inhibition
of photosynthesis and growth (Moss and Woodheads;1dopkin and Kain, 1978)),
and the cumulative effects of pollutants on magaalor seagrass-based ecosystems
(Valiela et al, 1997) are still relatively under-studied. It isdvn that increased
nitrogen loading (mainly anthropogenic) is ass@&datith both excessive growth of
macroalgae in temperate estuaries (MacGregal, 1995; Valielaet al, 1997) and
tropical coral reefs (McClanahagt al, 2003) alike, and also with the demise of
seagrass beds (Valiedh al, 1997) or in some cases increases in the extesgagrass
beds (Udyet al, 1999).

In addition to nutrient inputs from point sourchere is also concern about the effects
of fertiliser nutrients on aquatic ecosystems (Gadly et al, 2003). Although priority
lists of problem pollutants tend to focus on peesis chemical compounds (e.qg.
polychlorinated biphenyls, polycyclic aromatic hgdarbons, chlorinated pesticides
(including DDT) and various heavy metals) (Kenni$B98), nutrient pollution has
also been considered to be of major concern (Mo#nt$¥992). Moreover, in more
recent reviews eutrophication, which is often lidke nutrient enrichment (Wul#ét

al., 1990), is now considered by some to be the sebaglukst threat to estuarine

ecosystems below that of habitat loss (Kennish3200
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Nutrient enrichment and eutrophication in the marine environment

The eutrophication process characterises one ofghtral themes in freshwater and
marine ecology: the production of organic mattet fiorms the basis of aquatic food
webs (Livingston, 2001). However, the concept ofineeutrophication was unheard
of until relatively recently (Wulffet al, 1990), but it is now recognised as one of the
main threats to coastal ecosystems (Weidfal, 1990; Cloern, 2001). Moreovet, it is
now known that nutrient enrichment is one of theirmeontributing factors to
eutrophication (Brockmaat al, 1988; Wulffet al, 1990; Nixon, 1995; Nixon, 1998;
Cloern, 2001; Turner and Rabalais, 2003).

Eutrophication is broadly defined as an increasthénamount of energy, production
or organic matter to receiving waters. For examal&pphic state definition is based

on the amount of organic carbon supply deliveretthéosystem (Nixon, 1995):

(@C m? y?
Oligotrophic <100
Mesotrophic 100 - 300
Eutrophic 301 - 500
Hypertrophic > 500

It was only about four decades ago that explanatfon eutrophication processes in
marine systems were broadly based on our undemtard nutrient responses in
freshwater systems, which relied on the empirieltronship between an increase in
the supply of nutrients and a predictable respdns¢he system (e.g., changes in
primary production, chlorophyll and dissolved oxgy€Cloern, 2001). However,
since then there has been an increasing awarehassutrophication in marine
systems is a complex process in which inputs atenecessarily good predictors of
system responses (Nixon, 1995; Cloern, 2001). Aboation of biological, chemical
and physical factors (particularly tidal flushingje now known to play important
roles in determining the responses of marine systenmutrient loading, particularly

in more sheltered, shallow environments (Cloer®120
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Phosphorus and nitrogen are critical macronutriémtsmicro- and macroalgae, but
nitrogen is generally thought to be the major lingtnutrient during peak seasonal
growth of macroalgae in temperate regions of thedvfHanisak, 1983). However,

elevated nitrogen (and phosphorus e.g., Carpegitad (1998) and Nixon (1998))

concentrations in seawater can also adversely taffguatic (both freshwater and
marine) environments, and are often derived fromage (including seepage from
septic tanks), industrial effluents, or agricultdetiliser runoff. Sewage effluents are
often associated with high concentrations of disslinorganic nitrogen, particularly
ammonium (Kennish, 1997), although elevated lewélsitrate in groundwater are

often associated with wastewater and septic tasghdrges (Valielat al, 1997).

Excessive growth or changes in growth patterns afime primary producers can
often reflect changes in the coastal environmenm¢Bmnanet al, 1988; Nixon, 1995;
Valiela et al, 1997; Nixon, 1998; Schramm, 1999; Howaghal, 2000; Cloern,
2001). These changes are often linked to increasibgnisation or changes in land-
use practises (Valielat al, 1997; Schramm, 1999). The term “algal bloom” ®al
be synonymous with microalgae that can occur irhdugh densities that they are
recognised by a change in the colour of the watey. (ed tides). However, extensive,
and sometimes monospecific, blooms of macroalgae icdicate eutrophication,
often due to anthropogenic nutrients (Sfretoal, 1991; Nixon, 1995; Morand and
Briand, 1996; Valieleet al, 1997; Schramm, 1999). In severe cases it may tiead
hypertrophication (Morand and Briand, 1996; Schrarb®99). The main macroalgae
associated with these proliferations are membersthef opportunistic genera,
Chaetomorpha, Cladophora, Gracilariand Ulva (Lavery and McComb, 1991,
Morand and Briand, 1996; Valiekt al, 1997; Schramm, 1999). Such proliferations
are typically associated with polluted estuariesemi-enclosed waters, but have been
recorded in several large harbours around the wd#dery and McComb, 1991,
Sfrisoet al, 1991; Sfriso and Pavoni, 1994; Morand and Bridi@®96; Valielaet al,
1997; Schramm, 1999). New Zealand examples inchuwdeance blooms dfllva in
both Tauranga Harbour (Hawest al, 1992) and the Avon Heathcote Estuary,
Christchurch (Steffensen, 1976).

Coastal environments can often be affected by aptgenic sources of nutrients

such as those associated with municipal sewagedwastr discharges, particularly
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those located in more sheltered situations (Rosgndé85; Nixon, 1995; Nixon,
1998; Cloern, 2001; Smitket al, 2003). However, there is also evidence of
eutrophication processes operating at larger s¢hbes previously thought likely or
even possible (Nixon, 1998; Turner and Rabalai®32Mybas, 2005). Until about
four decades ago the oceans, partly because ofgheer size, were thought to be
immune from the effects of nutrient enrichment amgigen depletion (Nixon, 1998).
It is clear that this assumption was incorrect &msl now known that nutrient loading
to the world’s oceans has increased significantlsr ahe last three decades (Sneth
al., 2003). Examples of large water bodies which hHawded towards eutrophication
as a result of human activities, are the Baltic Blatk Seas and the northern Gulf of
Mexico (Wulff et al, 1990; Nixon, 1998; Wulfet al, 2001; Smithet al, 2003). The
latter example has been well-studied and the lacgée effect of anthropogenic
nutrients has been implicated (Howarh al, 2000; Turner and Rabalais, 2003;
Dybas, 2005). Each summer the bottom water layeorbes anoxic to a point where
it cannot support most marine life. Partly depemden climatic conditions
(particularly wind and rain), in an area centredtio@ Mississippi delta, this anoxic
layer regularly increases in size to over 15,000 Kbybas, 2005). Although it is
known that these events have occurred at least #i@c1800’s, there is now evidence
that they have become more extreme since the 1980é&n farmers began using
fertilisers more intensively (Dybas, 2005).

Anoxia occurs as a result of excessive primary tgblgnkton) productivity leading
to increased rates of decaying matter reachinddtem layer which in turn results
in increasing rates of oxygen demand by decompobethe summer the problem is
exacerbated by thermocline formation, which isa@abettom waters from surface
oxygen re-supply (Turner and Rabalais, 2003; DyB@65). One of the main factors
responsible for the excessive primary productiothenGulf of Mexico is the input of
nutrients into the Mississippi river from its van®watersheds. It is now thought that
fertiliser application in intensive agriculturaleas and associated soil disturbance and
loss ultimately contribute significant amounts dafitments (1.6 million tons of
nitrogen and 100,000 tons of phosphorus since 19&0) the northern Gulf of
Mexico (Dybas, 2005). It has been suggested thettetlare now 146 such areas

around the world (43 in the USA) that are now ofteferred to as marine dead zones
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(Dybas, 2005), although it should also be noted $egentific corroboration of this

number is sparse.

In the 1990’s more synthetic fertiliser was usedbglly than had been used in the
entire previous history of agriculture (Nixon, 1998 New Zealand, total fertiliser
consumption increased by around 170 percent irpéned 1990 to 1999 compared
with an increase of seven percent for the OECD s However, the use of
nitrogen in fertiliser has grown by over 500 petcever a similar period (Saunders
and Ross, 2004). Although large scale impacts to cmastal environments from
excessive nutrient inputs may seem improbable @ssperhaps they did to those
considering the potential for eutrophication in theeans only a few years ago) the
potential threat to New Zealand’s marine ecosystposed by increases in nutrient
levels deserves serious consideration. As Nixo@g)8tates, “with large stretches of
coastline exposed to unprecedented levels of mtrog seems inevitable that ocean
waters around the world will become greener, brovemel redder and that there will
be more frequent periods when the bottom of tharsealnerable locations becomes

lifeless”.

Monitoring changes in nutrients in the marine envionment

Monitoring changes in the concentration of nutisemt coastal environments has
historically been done by direct measurement invaéer column samples. However,
there may be little correlation between water calumitrogen (or phosphorus)
concentrations and either productivity or growth psimary producers (Fong and
Zedler, 1993; Fonget al, 1998). This may be due to analytical measuremeats
reflecting the bioavailable concentrations of rarits (Lyngby, 1990). Further,
because of the abilities of micro- and some magemako take up nutrients rapidly,
the ability to make predictions based on water mwoluinutrient measurements may be
limited, particularly when systems are subject tansient influxes of nutrients
(Bjornsater and Wheeler, 1990; Joretsal, 1996; Valielaet al, 1997; Fonget al,
1998). Moreover, changes in nutrient concentratioray also be attributed to the
uptake abilities of the primary producers themsel{dindtet al, 1999), particularly
when they are present in high biomass (Thybo-Gésesiet al, 1993).

18



= Chapter One=

Physical and chemical processes (and ecology) aflosh estuarine systems are
typically and often strongly influenced by freshematunoff from the land, and tidal
exchange of water with the adjacent open sea (indl, 1999; Pereirat al, 2001).
Physical forcing by tides and winds in shallow esis can result in the rapid
replacement of more saline, nutrient-poor marinéewwith less saline, nutrient-rich
estuarine water (Stumgft al, 1993). Tidal exchange is probably the more dontina
influence on nutrient concentrations in harbourteays that don’t have large
freshwater inflows (Williams and Rutherford, 1988yckland Regional Authority,
1983 #1043). In addition, nutrient concentratioms wary in space and time as a
result of other physical, chemical and biologicedgesses. For example it has been
shown that ammonium efflux from sediments can besicerable at low tide after
they have been exposed to the air (leval, 2005) while differences in nutrients can
also be associated with diel period and depth (Bakaet al, 2006). Given that
nutrients can vary as a result of a wide rangeciofrs it might be concluded that the
instantaneous measurements of seawater nutrieorie atay yield little information
on what is actually available to photoautotroplspeeially on a time average basis.
Since the temporal and spatial resolution of notrimeasurements is limited by
traditional water samplingin situ nutrient autoanalyser technologies have been
developed for use in coastal monitoring (Hanson Modre, 2001). However, while
these technologies undoubtedly provide valuablermétion they may often be too

costly for wide-scale use.

Macroalgae as indicators of nutrient enrichment andmarine pollution

Biochemical aspects

Partly as a result of the limitations and possitilg cost of conventional water
monitoring, increasing attention has been givemmicroalgae as bioindicators of
changes in water column nutrient levels (Atkinsow &mith, 1983; Bjornsater and
Wheeler, 1990; Al-Amoudi, 1994; Wilkinscet al, 1994; Jonest al, 1996; Fonget
al., 1998; Barr and Rees, 2003). While measuremeseaivater chlorophyll content
is a standard practise for monitoring changes irytqglankton productivity
(Strickland and Parsons, 1972; Thonetsal, 1974) and, by inference, potential
changes in nitrogen (nutrient) availability, theage relatively few studies on
macroalgae that link levels of chlorophyll and aswey pigments to levels of N-
loading (Lapointe and Tenore, 1981; Bet al, 1982; Jone®t al, 1996; Barr and
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Rees, 2003). To date most attention has been govéhstatus in macroalgae, since
nitrogen is generally considered to be the primamting nutrient (Hanisak, 1983).
This has often been inferred from rates of niteatd ammonium uptake in relation to
seawater N-loading (Peckol and Rivers, 1995; Md&@&liat et al, 1996; Campbell,
1999). However, many have also advised caution witerpreting the ecological and
physiological significance of uptake data (Hanisaki Samuel, 1983; Harrisan al,
1989; Pedersen, 1994; Rexsal, 1998).

Until fairly recently total N-content (or C : N) wahought to be the only reliable
indicator of N-status in common use in studies afroalgae (Flynret al, 1989) and
macroalgae (Atkinson and Smith, 1983; Bjornsatet Amheeler, 1990; Al-Amoudi,
1994; Peckolet al, 1994; Jonest al, 1996; Fonget al, 1998). However, it is
generally thought that N-content may be more irtdieaof the plant’'s recent
nutritional history and, as such, is less likely radlect changes in N-availability
occurring over short (hours) time scales (Flynn dndlder, 1989). Moreover,
seasonal fluctuations in N-content in natural malgal populations have been
demonstrated (Chapman and Craigie, 1977; RoserdreigRamus, 1982; Wheeler
and Weidner, 1983; Thomas and Harrison, 1985) whwolild tend to confound
interpretation of tissue-N in relation to N-loadin§imilarly, small-scale spatial
distribution patterns of seaweeds have been attabuo differential nitrogen
acquisition resulting in differences in tissue-Ntant (Thomas and Harrison, 1987).
Irrespective of these patterns, the use of tissumhient in macroalgae has been
successfully applied as a bioindicator of N-load{Rgckolet al, 1994; Jonegt al,
1996; Fonget al, 1998; Barr and Rees, 2003). However, there haea lew studies
investigating the potential role of amino acid lsveas indicators of nitrogen
availability in macroalgae (Jones al, 1996; Barr, 2000; Jonex al, 2001; Barret
al., In preparation).

Eco-physiological aspects

While nitrogen indices in natural populations of ammalgae can clearly indicate
differences between contrasting environments (Fen@l, 1998; Barr and Rees,
2003) or within environmental gradients (Joeésl, 1996; McClellancet al, 1997;
Rogers, 1999) it is likely that biochemical changealgal indices will be confounded

by a variety of other factors in the environmemt.alddition to seasonal effects, it
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might also be difficult to attribute biochemicalspmnses in macroalgae to specific
causal factors (e.g. nitrogen concentration) bexafsdifferences in confounding
variables between environments or because of wbrtof comparisons between
different taxonomic groups (e.dJlva (Rainbow, 1995)). As a result it might be
difficult to link contrasting environmental effedis responses in different populations

of macroalgae covering a large environmental oggggghic range.

One way some of these issues could be addresgeduse standardised test-algae
which can be deployed into different environmeridar examination. The utility of
macroalgae in field transplantation experimentsideen demonstrated in many recent
studies of macroalgae (Horrocks al, 1995; Jone®t al, 1996; Fonget al, 1998;
Barr, 2000; Costanzet al, 2000; Costanzet al, 2001; Jonest al, 2001; Aguiaret
al., 2003). In most cases these studies have tendedus on nitrogen loading (and
source, in the case of stable nitrogen isotopes liséow)) generally in experiments
using environmental gradients. However, one ofuhderlying assumptions in this
approach is that responses of indicator species dare to changes in the
environmental gradient under investigation and teothanges in the physiological
responses to other factors (e.g. light, temperatuvater motion, taxonomic

differences).

Historically phytoplankton, together with variousanme macrofauna (particularly
benthic invertebrates), have received most atterdm test-organisms and indicators
of coastal water quality (Levine, 1984). Howevehiley there have been misgivings
about the insensitivity of macroalgae to some chkahpollutants (Rainbow, 1995),
there is also the view that they have distincilaites that make them ideal indicator
and/or test organisms (Fletcher, 1990). One adganis that seaweeds are mostly
conspicuous and samples are easily collected. Intrast to phytoplankton
populations that will consist of many species, whace either difficult or impossible
to identify, macroalgae are generally much easiedéntify to species level and it is
possible to sample individuals in a given populatiGoupled with this, seaweeds are
sessile and often perennial (Lobban and Harrisé@7), which means they have the
ability to accumulate contaminants, such as heastals, over long periods of time at
one site (Fletcher, 1990).
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In addition to their ability to reflect nitrogen alability, macroalgae also reflect
levels of heavy metals in the environment (Luoeteaal, 1982; Munda and Veber,
1996; Haritonidis and Malea, 1999; Wang and Dei9199lalea and Haritonidis,
2000; Villares et al, 2001; Gosaviet al, 2004; Strezov and Nonova, 2005).
Moreover, some opportunistic genera, suctubs, as well as being hardy are also
cosmopolitan allowing results from different regidio be compared (Fletcher, 1990).
These qualities, as Levine (1984) points out, armmount criteria for successful
monitoring and make some seaweeds ideally suitetestsorganisms. Moreover,
although significant changes in structure of phigonkton populations may be the
end-product of increasing nitrogen levels, macraalgre generally the first group of
organisms to respond (Valielat al, 1997). Consequently, it is suggested that
macroalgae may be better indicators of the eaalgest of N-enrichment.

Natural abundance stable nitrogen isotopes in macedgae

Nitrogen exists as two naturally occurring statdetopes,™®N and **N. All N-
containing compounds on earth show / *°N ratio of close to 273 (Heaton, 1986).
Since the abundance BN is small compared t&'N, the relative amount dfN is
expressed (with reference to an atmospheric andatal) in parts per thousand (%o

usingd notation as follows:

sample R standard

5N (%o0) = x1000

standard
, WhereR sample@NdR standarg@re molar ratios of°N / N.

The '°N values of a product and its substrate in a biokigor chemico-physical
process will be different depending on the relativaction rates ofN and*N. This

is called the isotopic effect in which the rate stamt (a measure of the reaction rate)
for YN is typically higher thart>N. It is expressed as the ratio of the rate comstan
(k14 / ki5) and is typically > 1 (Fry, 1970). In biologicaystems each step in the
sequence of processes will have its own kinetitoo effect (Shearer and Kohl,
1986). However, in many cases it is more practicaionsider the sum of all of the
steps; the observed overall fractionation of aranigm (Bedard-Haughet al, 2003).
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The use of natural abundance stable nitrogen isstdms become increasingly
common in recent years for tracing the source, #ow fate of nitrogen (particularly
of anthropogenic origin, e.g., sewage or agricalttertiliser) in aquatic environments
(Heaton, 1986, Bedard-Haughn, 2003 #997). Theremanea number of studies that
have used nitrogen isotopes to investigate linkdgdween anthropogenic sources of
nitrogen in the marine environment and its influmieo primary producers (typically
macroalgae and seagrasses) (McClellahdal, 1997; Rogers, 1999; Jones$ al,
2001; Umezaweaet al, 2002; Rogers, 2003, Savage, 2004 #976; CohenFand,
2005). In addition, nitrogen isotopes (often in ddmation with carbon&>C) and
even sulphur &S) isotopes) have been used to trace the flow garoc matter
through trophic levels (Petersat al, 1985; McClellancet al, 1997; Rogers, 1999;
Davenport and Bax, 2002; Schmettal, 2004; Vizzini and Mazzola, 2004; Prueli
al., 2006; Vizzini and Mazzola, 2006) in marine ecosyss. It is generally thought
that fractionation occurs between trophic levelbjcl increases™N by about 3 %o
between each succeeding trophic step (i.e. tisétmgen is enriched in°N in each
succeeding trophic step) (Minagawa and Wada, 1R8dughet al, 1996).

One of the requirements for the natural abundadt® method in tracing
anthropogenic nitrogen in marine mixing zones it e signature of the suspect
source must have &°N sufficiently distinct from the background valugs. that
deemed to be characteristic of natural origin)limaaresolution. For example, studies
in some coastal environments have shown&tat values in seawater DIN atdlva
tissues greater than about 9 %0 (Joetesal, 2001; Gartneet al, 2002; Dudley, 2005)
may indicate the influence of secondary or tertiagated sewage nitrogen while
other studies have shown that untreated wastevemterces can result in ratios
approaching 2 %Rogers, 1999; Dudley, 2005). However, backgrosfitl will also
vary depending on the different chemical, physemadl biological interactions in a
given environment. In the case of the studies apthe background (naturaf)>N
values lay between 2 and 9 %.. However, in othedistusuch as those in harbours
with large watersheds, backgrousidN values may be largely controlled by ground
water nitrate with§'°N values approaching 0 % (McClelland and Valiel@98:
Bedard-Haughmet al, 2003).
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An additional constraint of the natural abundanethuod is thas'*N of source values
are typically required for the relative quantificatt of nitrogen contributions, in turn
inferred from mixing models such as proposed bySgial (1989). The natura™N
abundance method is therefore best considered ssm@&quantitative parameter
(Bedard-Haughret al, 2003). In addition, many advise caution when rjrieting
isotope patterns since many factors can affectefaive amounts of'N and*N in
both organisms and the environment as a whole @dedt986; McClellancet al,
1997; Bedard-Haughet al, 2003; Schmidtet al, 2004; Cohen and Fong, 2005;
Vizzini and Mazzola, 2006). For example, there iddence that sugges& N
patterns in different primary producer and consugreups can show considerable
spatial variation (Vizzini and Mazzola, 2006) adlves variation within trophic (e.g.
primary or secondary consumers) and taxonomic grqMfanderklift and Ponsard,
2003).

It is generally thought thai'®N signatures in primary producers closely refldu t
8N of DIN. This may be especially true for algaecsimitrogen is taken up (along
with other nutrients) directly from the water colanMany studies that have focussed
on macroalgae have demonstrated strong links batvis®opic composition of
source nitrogen and that of tissue (McClelland Madiela, 1998; Rogers, 1999;
Savage and Elmgren, 2004). Therefore it is notraing that there is an implicit
assumption that macroalgae assimifdtdéand™N in roughly the same proportions as
those of the source pool (i.e. there is little orfractionation). However, studies on
microalgae have shown th&N fractionation in diatoms may be considerable with
values as high as 20 %0 for ammonium enrichmentaf@ for nitrate enrichment
(Waseret al, 1998). In contrast it has also been shown ffractionation may be
less in dinoflagellates with values in the orderle8 %o fractionation (Montoya and
McCarthy, 1995) although others have shown thatethe no clear pattern in
fractionation between different microalgae groudeddobeet al, 2003). In addition,
fractionation in microalgae can also be affecteddnyors such as light (Needoba and
Harrison, 2004).

In contrast to studies involving microalgae, theme virtually none examining
fractionation processes in macroalgae (Cohen andy,F2005), despite the large

number of studies that utilis¥°N signatures in macroalgae. In the case of at least
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Ulva (sym.Enteromorphaintestinalisone study has reported that there may be little
or no fractionation under ammonium or nitrate dmment, or as result of
concentration differences (Cohen and Fong, 2005).

3 Biology of Ulva (Ulvaceae, Ulotrichales, Chlorophyta)

Ulva taxonomy

Ulva was one of the first Linnaean genera (Hayedéeral, 2003). It is traditionally
described as a green alga with flattened fronddsdli tdivided into elongated
segments, sometimes spirally twisted with crispgimar (Adams, 1994) (Plate 1.1).
Ulva and Enteromorphaare morphologically distinct and until recently rere
classified as two separate genera. Frontibga have thalli consisting of two adhered
cell (distromatic) layers whil&nteromorphahave tubular thalli consisting of one cell
(monostromatic) layer. Based on recent DNA analisiteromorphahas now been
reduced to synonymy witblva (Haydenet al, 2003).

\

td

3 n‘. s ‘ <l ™
{a '." I. J’y " f .r‘ i.
L 5 S o ¥ e,

Plate 1.1. Ulva fasciata showing spirally twisted thalli
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It is a cosmopolitan genus with 547 species nameise AlgaeBase species database
at present, of which 100 species (including attl&tsEnteromorphaspecies) are
currently recognised world-wide (Tanner and Wilke805). In New Zealand, many
more forms and varieties tflva have been recorded (Adams, 1994; Heesch, 2006).
However, more recent investigations into New Zedllabllva diversity suggests that
there are at least 25 species although many okthese not yet been formally
described (Heesch, 2006). It is also probable #mahe Ulva species have been
introduced into New Zealand waters in recent tifdetams, 1994; Heesch, 2006). By
traditional classification some common members bfo@phyta in New Zealand
include: Enteromorpha intestinalis, E. compresddlva fasciata U. lactuca U.
rigida, U. scandinavicandU. spathulatalAdams, 1994). However, given the recent
research into New ZealandUWlva diversity, it is very likely that this picture wil

change significantly in the near future.

Life history and ecology ofUlva

In Ulva, when haploicand diploid phases occur they result in morphologicalmilar
(isomorphic) gametophyte and sporophyte stagepectisely (Raveret al, 1992;
Lobban and Harrison, 1997). Sexual reproductionlUlma generally occurs with
fertilisation of free biflagellate anisogamateseesed from the surface of mature
distal thalli. Similarly, asexual propagation oczwas a discharge of biflagellate or
guadriflagellate zoospores from the thallus surfdeaving conspicuous non-
pigmented patches (Adams, 1994). Reproduction mip a@ccur solely by

parthenogenic gametes or zoospores (Poole and RES@D).

Ulva is an opportunistic genus that is typically found intertidal and estuarine
habitats (Adams, 1994; Blomstet al, 1998); however it has a wide variety of
growth strategies and, as some suggest, is a sfgcédack-of-all-trades in the
seaweed world” (Vermaat and Sand-Jensen, 1987)r&8echaracteristics enable
Ulva (and Enteromorpha to dominate a variable environment: it is both éafine
and eurythermal, desiccation and temperature-taiceand has a relatively low light
saturation of photosynthesis (Vermaat and Sandedend®987; Fong and Zedler, 1993;
Poole and Raven, 1997; Foeg al, 1998). However, as well as being common in
sheltered environmentdlva can also occur on exposed coastlines. Its adiéiptag

demonstrated by recent “invasion” of freshwateritadbd by some species bflva
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(Poole and Raven, 1997). Interestingly howevedjezarvork by Vermaat and Sand-
Jensen (1987) demonstrated th#va lactucawas able to persist under ice for

extended periods during the Danish winter in RaolekHjord.

In comparison with most other macroalga#lya is fast growing (Bjornsater and
Wheeler, 1990), has a high SA:V ratio (Rosenberd) Ramus, 1984; Tayloet al,
1998; Tayloret al, 1999), has high rates of ammonium uptake andge latorage
capacity for ammonium / nitrogen (Thomas and Harrjsl987; Taylort al, 1998;
Taylor et al, 1999).Ulva has limited storage capacity for nitrogen (Fu;it885) and
little defence against herbivores (Lobban and Karrj 1997), other than perhaps its
high growth rate. It displays a high degree of mhiggical and morphological
plasticity in a wide variety of environments. Moveo, Ulva is a cosmopolitan genus,
which is ubiquitous and capable of forming nuisabtmms. The linkage between
the Ulva proliferation adjacent to urban environments ae@age pollution can be
traced back as far as the 1900’s (Steffensen, 1Big@nsteret al, 1998). These
characteristics therefore makHva a logical candidate as a biological indicator not
only in an ecological sense, but also potentiailyerms of its biochemical response

to changes in the environment.

4 Aims of thesis

The aims of this thesis are to investigate the mi@kof Ulva as an indicator of N-

loading. This was investigated using three sepagpeoaches as follows :

Chapter Two  Geographic survey of nitrogen status in natWwhla populations
from a wide range of environments around New Zehlan
summer and winter.

Chapter Three Experimental assessment of responses of nitragkoes inUlva to
nitrogen concentration, nitrogen source, light aedwater motion.

Chapter Four Development and evaluation of tédli+a (i.e., that of a standardised
nutrient status), which was deployed into a randemarine
environments around Auckland. With monthly sampliagd
replacement, the nitrogen status in tdkta was followed for one
year.

27



28

Chapter One=



Chapter Two
Geographical variation in nitrogen status of New Zaland Ulva

2.1 Abstract

To investigate nitrogen relationships in natlala populations 32 sites situated in a
range of environments around New Zealand were (zaptly sampled during the
summer and winter of 200Rllva samples were collected at low tide from four main
environmental categories: sheltered rural, exposeal, sheltered urban and exposed
urban sites. In addition, there were two othergates: nitrogen-enriched urban sites
and rural rock pools. Collections focused mainlyfmndoseUlva species including
U. pertusa U. fasciata U. scandinavicaand U. spathulata althoughU. intestinalis
was also collected. Nitrogen-indices (includingeisvof free amino acids, chlorophyll
a, chlorophyll b, tissue nitrogen an@'N) from all Ulva samples collected were

measured and compared with seawater nutrient ctratiens.

Seawater nutrient concentrations were highly végiletween all sites in both summer
and winter. However, in the summer enriched urbites $1ad the highest mean total
inorganic nitrogen (TIN) concentrations abitlza with the highest mean levels of all
N-indices compared with any other environmentatgaty. Sheltered rural sites (those
with no supposed strong influence of anthropogeitrogen) had the lowest levels of
most N-indices measured idlva. In the winter,Ulva contained more nitrogen
(reflected in all N-indices) compared withlva in the summer, particularly when
growing in colder southern seawater on more expoeadts. From combined summer
and winter datalJlva growing on exposed coasts showed an average s&cnedissue
nitrogen (TN) of 1356:mol - g DW" with a 10 °C decrease in seawater temperature.
From statistical ordination, three groupingsUifa were identified in both summer
and winter; those of low, medium and high nitrogésitus. Between summer and

winter surveys,Ulva growing in sheltered sites within the three ordmmatgroups
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showed similar correlative relationships between Tddntent and seawater
temperature. Fodlva growing in sheltered environments, there was @eeracrease
of 585umol - g DW! TN content with a 10 °C decrease in seawater testye. It
was concluded that TN content ilva was strongly influenced by interactive effects
of external (seawater) nitrogen concentration, &nmaire (and therefore probably

light) and relative water motion.

Stable nitrogen isotopes$'fN) in Ulva from the enriched urban category had the
widest range (4.77 £ 0.04 %o to 15.16 = 0.03 %0) afues compared with all other
categories in both summer and winter. Converddlya from exposed rural sites had
the lowest range of*°N values compared with any other category (6.71+t6.8.8 +
0.1 %o) with means values of 7.8 %o (£ 0.6 s.d.) @r@l%o (= 0.6 s.d.) for summer and
winter, respectively. There was no statisticallynificant seasonal difference &°N
values from either rural or urban sites. The onéatistically significant difference in
any Ulva N-indices between rural and urban categories (ekoy) Ulva from the
enriched urban sites) was in tisstféN values. It was therefore concluded that the
combination of botts™N values (as qualitative measures in the contegtisfsurvey)
and the quantitative N-indices Wlva may be useful in investigations of both nitrogen

source and nitrogen loading.

2.2 Introduction

Some of the elements required to maintain the mmtabolic processes in macroalage
can be found in seawater in relative abundancegvdthers, such as phosphorus and
nitrogen, may often be found in low concentratio@s. all the limiting nutrients,
nitrogen (N) has probably received the most atbentand in temperate coastal
environments nitrogen availability may frequentimit the rate of growth and / or
yield of seaweeds (Mann, 1972; Hanisak, 1983; Sniifl84). Sources of inorganic
nitrogen in seawater are often present in low cotmagons (Sharp, 1983). The
occurrence of upwelling in coastal areas can draalbt increase inorganic nitrogen
levels, with subsurface nitrate levels approach®dguM (Hanisak, 1983). Nitrate

influxes to estuaries and nearshore coastal envieots are also derived from rivers
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(Lavery and McComb, 1991). Moreover, the procesgaithment urbanisation can
lead to increases in nitrogen loading to riverinstams (Valielaet al, 1992,
McClelland et al, 1997; Schramm, 1999) and can often be linkedtbh@rohuman
activities (e.g., agricultural runoff) (Dybas, 200Z\mmonium is another important
source of nitrogen for macroalgae although it @dglly found in low concentrations
in natural seawater. However, high concentrationseawater can result from direct

discharge of sewage and industrial effluents teik@eg marine environments.

It is well known that macroalgae can and do denieogen from a variety of sources
(both natural and anthropogenic in origin suchhase listed above), and it is generally
thought that levels of tissue nitrogen reflect emwinental concentrations in seawater.
Until recently, total tissue-N (TN) content or tregio of nitrogen : carbon (N : C) was
the only reliable indicator of N-content in micrgaé (Flynnet al, 1989) and
macroalgae (Atkinson and Smith, 1983; Bjornsatat Wheeler, 1990; Al-Amoudi,
1994; Peckolket al, 1994; Jone®t al, 1996; Fonget al, 1998). However, seasonal
fluctuations in the N content of seaweeds have l@nonstrated for some natural
populations (Chapman and Craigie, 1977; RosenhaigRamus, 1982; Wheeler and
Weidner, 1983; Thomas and Harrison, 1985), ansl ftow known that, in addition to
the effects of seawater nitrogen loading (Faal, 1998), nitrogen content is also
influenced by temperature (Rosenberg and Ramu<; I98ke et al, 1987; Dukeet
al., 1989a; Altamirancet al, 2000) and light (Duket al, 1987; Dukeet al, 1989a;
Altamiranoet al, 2000). Other recent studies have also suggestedhe pool of free
amino acids (and its individual constituents, saslglutamine or asparagine) may also
be a useful measure of nitrogen availability (Josteal, 1996; Barr and Rees, 2003;
Taylor et al, 2006).

The opportunistic green alglllva displays a high degree of physiological and
morphological plasticity in a wide variety of ermrments. MoreoverUlva is a
cosmopolitan genus and is common around New Zeaftaadsariety of environments
ranging from rock pools, estuaries and harboursexposed coasts and offshore
islands. The environments in whitHva grows are often characterised by substantial
fluctuations in abiotic variables (including nufite concentrations, light and
temperature), which will change over different tismales. However, little is known

about large scale geographic patterns in nitrogeent inUlva. It might be expected
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that environments that contrast in levels of seawaitrogen loading might also
produceUlva that also contrast in levels of tissue-N. In addit given that nitrogen
metabolism is fundamental to algae it might be etgubthat at least some biochemical
N-indices of nitrogen availability ifJlva should over-ride the effect of genetic
(species) differences. In order to examine theggestions a survey of both N-indices
in Ulva and seawater nitrogen concentrations from envisnmthat were likely to
contrast in levels of nitrogen availability was donted in the summer and winter of
2002.

The main aims of this survey were two-fold:

1) To examine levels of free amino acids, chlorophgtid total tissue nitrogen
(and&™N) content inUlva in relation to contrasting concentrations of seawa
nitrogen, and to contrasting physical environmentdoth urban and rural

settings.

2) To examine contrasting seasonal differences imttiegen status itlva by
comparing the same populations (as far as possib)mmer and winter. The
surveys were conducted in February — March to eadénavith seasonal
seawater temperature maxima, and August — Septemobeoincide with

seasonal seawater temperature minima (Evans, uspedldata).

2.3 Methods

2.3.1  Survey sites and environmental categories

Two surveys ofUlva populations in New Zealand were conducted in sumamel
winter of 2002. The first survey was carried outnid to late summer (January /
February) 2002, and the second in mid to late wifaigust / September) 2002.
FrondoseUlva species were collected from 27 haphazardly salesttes in the
summer and 29 sites in the winter (Figure 2.1 amlold 2.1. Also see Appendix 2.1 for
collection dates and site grid map co-ordinatesthe winter survey there were three
sites whereUlva was absent where it had been present in the sumirhese were
Mount Maunganui (MM), Humber Road (HU) and Southt onad (SS). In addition,

five sites were added to the winter survey (Tablg.2
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The sites surveyed fell into 6 broad subjectivegaties:

1)

2)

3)

4)

5)

6)

Sheltered rural sites. These were embayments olarest and were largely

uninhabited. Theoretically these sites were notljyiko have been affected by
large inputs of sewage or industrial effluents, maty have been subject to either
agricultural (e.qg. fertilisers) or farm septic-tankoff. There were two sites in this

category in the summer, Cable Bay (CA) near Nebswh Inner Beach (IN) at the

eastern base of Farewell Spit. Hooper’'s Inlet (H@)the Otago Peninsula was
added to these two in the winter survey (Figureadd Table 2.1).

Exposed or semi-exposed rural sites. These weileallypin more open coastal
areas which were unlikely to have been influencegdignificant urban nutrient
inputs. There were eight sites with the most nornthet the Mokohinau Islands
(MK) and most southern at Taieri (TI) adjacent moegtuary mouth.

Rock-pool populations in rural, open coastal sifdgese were high intertidal rock
pool Ulva populations and were represented by a northegrositthe east coast of
the North Island (Mermaid Pools (MP)), and a soutlste on the west coast of
the South Island (Charlston (CH)). At both thedessithe rock pools were also
well populated by musselXénostrobus pulgxwhich would excrete ammonium

that could potentially be utilised lilva as a nitrogen source.

Sheltered urban sites. These were embayments warest that were potentially
impacted by urban nutrient sources. They were semted by sites near urban

centres and included one site associated Wiita blooms (see below).

Exposed or semi-exposed urban sites. These wéier @ih open coasts or in large
harbours with a moderate fetch and were potentiaflyenced by urban nutrient

sources.

Enriched urban sites. These sites were proximihtwn discharge sources and
therefore should, on average, have had high ntitteeling. With the exception
of one site at the Saint Kilda beatischarge point in Dunedin, all urban enriched
sites were classified as sheltered. Exposed emfiamban sites were not

specifically included as a category because coastaharge pipes typically can
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extend some distance (and depth) out to sea {ag,Point discharge), therefore

it was considered not practical to sample thegs sit the point of discharge.

All categories (with the exception of rock poolsgre deemed sub-tidal since they
were covered with about 200 mm of seawater atithe 6¢f sampling at low tide (note
that since cotidal lines move around New Zealandaiclockwise direction it is
possible to follow midday low tides on roughly cenostive days by travelling
clockwise around the country). In addition, while salinity measurements were made
every effort was made to use sites that were prediortly marine. For example, in
sheltered estuaries sites were located as cloggossible to mouths or entrances
without affecting their ‘sheltered’ status. In tlvase of sites on exposed coasts

locations near large rivers were avoided.

Categorisation of sheltered or exposed sites wasedan general observations
(including fetch and open sea angle and substygie),t and for sheltered sites, the
likelihood of anything more than small, wind-drivearface waves. Included within
these categories were sites associated with twd-sivelied bloom-formingUlva
populations. These were located at Tauranga Haifpepresented in both seasons by a
site at Otumoetai (OT)) and at the Avon-Heathcsteiay, Christchurch (represented
in both seasons at Ebbtide Road (ET)) (Figure 2d &able 2.1). Note that the
Otumoetai site did not have any nearby effluenttthsges and was therefore classified
as sheltered urban. On the other hand, the Avorthdes Estuary has been
documented to be enriched with nutrients from twewage treatment plants
discharging a total of about 4.6 tonnes of dissblmgrogen per day into the estuary
around the time of sampling (Christchurch City Calyr2003).

In addition to the summer and winter surveys, atea Napier was monitored (on a
monthly basis) for two years from the beginning2602 to the beginning of 2004.
This was used to evaluate how well the choice afraer and winter sampling times

(February and August) might represent seasonatmeis reflected iblva N-status.
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Category 1. Sheltered rural sites

Category 2. Exposed or semi-exposed rural sites

Category 3. Rock pools

Category 4. Sheltered urban sites (potential anthropogenic N)

Category 5. Exposed or semi-exposed urban sites (potential anthropogenic N)

| NON RON NGO

Category 6. Enriched urban sites (high seawater TIN or proximity to discharge)

North

New Plymouth

1
400 kilometers

Figure 2.1. Location of sites in New Zealand from which Ulva was collected in
the summer and winter of 2002.
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Table 2.1. Sites and site descriptions for Ulva collections conducted in summer and winter 2002. Sites are ordered from north to south

(see also Appendix 2.1).

Code |Location Region North / South Is. Site description Substrate Fetch Exposure Urban /rural Summer  Winter
MP Mermaid Pools Northland North high rock pool rock moderate sheltered rural v v
MK Mokohinau Islands Northland North offshore island rock long exposed rural v v
ON Onehunga lagoon Auckland, west coast North sheltered tidal pond shell / mud / free  short, very sheltered urban v v
WA Whangamata Estuary Whangamata North sheltered harbour shell / sand short sheltered urban v v
MM Mount Manganui Tauranga North moderatelty sheltered bay  rock moderate exposed urban v X
oT Otumoetai Tauranga North large harbour shell / sand moderate exposed urban v v
HA Hardinge Road Napier North sheltered embayment rock / gravel moderate exposed urban v v
HU Humber Road drain Napier North sheltered embayment shell / mud short, very sheltered urban v X
NB Ngamutu Beach New Plymouth North small harbour gravel / sand short sheltered urban v v
MA Makara Bay Wellington North moderatelty sheltered bay  rock long exposed rural v v
FT Ferry Terminal Wellington North large harbour rock moderate exposed urban v v
EA Days Bay Wellington North large harbour rock / gravel moderate exposed urban v v
PA Point Arthur Wellington North large harbour rock / gravel moderate exposed urban X v
MO Moa Point discharge Wellington North exposed embayment rock long exposed urban v v
FP Fossil Point Farewell Spit South exposed rocky coast rock long exposed rural v v
FW Farewell Bridge Farewell Spit South channel, strong tidal current rock short, very sheltered rural X v
IN Inner Beach Farewell Spit South sheltered embayment shell / sand short sheltered rural v v
CA Cable Bay Nelson South sheltered embayment shell / sand short sheltered rural v v
AM Amatel Wharf Nelson South sheltered embayment shell / sand short sheltered urban v v
CH Charlston rockpools, Constance Bay West Coast South high rock pool rock moderate sheltered rural v v
TL Talleys Factory discharge Motueka South sheltered embayment rock/silt short sheltered urban v v
MT Motere Inlet Motueka South sheltered embayment hash/silt short sheltered urban v v
™ Tirimoana, Fox River mouth West Coast South exposed rocky coast rock long exposed rural v v
PI Paia Point Kaikoura South exposed rocky coast rock long, very exposed rural v v
ET Ebbtide Road, Avon-Heathcote Estuary Christchurch South sheltered estuary hash / silt short sheltered urban v v
MC McCormacks Bay, Avon Heathcote Estuary ~ Christchurch South sheltered estuary shell / mud short, very sheltered urban X v
SS South Spit Road, Avon-Heathcote Estuary Christchurch South sheltered estuary shell / sand short sheltered urban v X
HO Hoopers Inlet Dunedin South sheltered inlet shell / mud short sheltered rural X v
TG Taggart Road, Dunedin Harbour Dunedin South large harbour rock / gravel moderate exposed urban v v
SK Saint Kilda sewage discharge Dunedin South exposed rocky coast rock long exposed urban X v
BB Brighton beach Dunedin South exposed rocky coast rock / sand long exposed rural v v
Tl Taieri Dunedin South exposed estuary mouth rock long exposed rural v v

36



2.3.2  General weather conditions

Weather conditions for the summer survey were mdste at the beginning of the
survey. However, the weather had deteriorated withie rainfall by early to mid

February while visiting the South Island sites (€ab.2). During the winter survey
weather conditions were generally more settled farelcompared with the summer

survey period.

While no site-specific meteorological data was e, data was obtained from the
closest land weather stations (NIWA climate datab@802), collated and presented
as means for either North Island or South Islange ©nly gross comparisons in
meteorological data that were not statisticallyngigantly different were in total
monthly rainfall values for the North Island betweseasons, and for mean surface
irradiance levels between the North and South d¢dan both summer and winter
(Table 2.2). There were two-fold differences indsvof surface irradiance between
seasons in all comparisons with summer and wirdkres at around 20 Min? - d*
and 10 MJ m? - d*, respectively. There was more rainfall in the sienthan in the
winter for all sites and more rainfall in the summrethe South Island sites compared
with those in the North Island. Conversely, in thi@ter there was more rainfall at

the North Island sites compared with those of thetl$ Island (Table 2.2).

Table 2.2. Comparison of meteorological data for one month preceding the
summer and the winter surveys of Ulva in 2002. Analyses were conducted
using Mann-Whitney rank sum tests for a difference.

Rainfall (mm) Surface irradiance (MJ Cm™“[d™)

Summer Winter Difference Summer Winter Difference

All sites 110 +9 73+6 P <0.001 21+1 10+0 P <0.001
(n =27) (n =29) (n =27) (n =29)

North Island 88 +8 87 +5 P =0.624 22 +1 10+1 P <0.001
(n=13) (n=12) (n=13) (n=12)

South Island 130 + 14 63 +9 P <0.001 20+ 1 9+0 P <0.001
(n = 14) (n=17) (n = 14) (n=17)
Difference P =0.011 P =0.003 P =0.482 P =0.313
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Algal sampling

2.3.3 Algal taxonomy

Mainly frondoseUlva species were collected in this survey, but on soctasiondJ.
intestinalis (syn. Enteromorpha intestinaljs being morphologically very distinct
from the frondose form, was also collected for therpose of biochemical
comparison with othellva species. Several known species were sampled sn thi
survey including:U. pertusa U. fasciata U. scandinavica, U. spathulatand U.
intestinalis While Ulva species likdJ. intestinalisandU. spathulata(Adams, 1994)
were easily identified, others were not, since iifieation based on morphology
alone is generally not reliable for this genus.re€fare it is probable that since not all
samples could be positively identified other spgcreay have been included. Some
samples were identified from DNA sequencing (Maggd Mclvor, 2004; Heesch,
2006).

2.3.4  Sample standardisation

At each site, in summer and winter, three sepasatepling areas were randomly
selected within the main population beds (i.e.l&ingest or most obvious populations
at each site were sampled). Haphazard selectioncaraed out in each area from

individuals which met the following criteria:

* large thalli (150 — 250 mm)

* healthy and not showing signs of sporulation {uély green)
« attached to substrate

» covered with approximately 200mm seawater at |o\ ti

* not shaded by topography or other algae

In rocky coastal areas, where algae tended to laaweore patchy distribution,
individuals within a reasonable (100 m) stretclslobre were sampled where patches
were most dense. For the purposes of standardisalli@lgae and seawater samples
were collected as close as possible to midday tonmse the effects of diurnal cycle
and photoperiod.
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Thalli sampling. An investigation was made to evaluate if any biocical gradients
occurred inUlva thalli as this would potentially confound samplifige., values
obtained might depend more on which part of thubavas sampled). Thrddlva
pertusaindividuals were collected from the Mokohinau fsla (35° 54' 27.29 S,
175° 6' 25.99 E) and each one was divided intcetlaygoroximately equal (by area)
sections: proximal (including the holdfast and duital region), median and distal.
Within each of these sections several 20 mm disa® wandomly sampled using a
leaf corer and determined for chlorophyll contedtlorophyll was used as a proxy
for nitrogen content (Barr and Rees, 2003). Thesis adecrease in total chlorophyll
content (TChl) towards the distal end of the tha(leigure 2.2).

Distal HH
Median - i
0 1 2 3

Chlorophylla + b
(mg copw 1)

Figure 2.2. Variation in levels of chlorophyll a + b in Ulva pertusa thalli

Since there was potential for biochemical gradigntoccur withinUlva thalli a

method was developed for sub-sampling homogenisévidual thalli (since this

made no assumptions about where and when biochlegnaidients occur within the
thalli). After patting dry with paper tissued)va thalli were cut into small (10 — 20
mm) pieces with scissors and then mixed by loosebging (like a salad). This
proved to be a much quicker method than eitheraantylremoving portions by hand
or with a leaf corer. After cutting, fragments wdhen randomly sub-sampled to

make up the required weight for biochemical analysi
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Large, frondose Ulva. Three replicate whole thalli were surface driedhwiaper
towels and sub-sampled as described above. Sammes then either quickly
weighed and extracted for amino acids, or storeérdszing in small (50 x 70 mm)
labelled zip lock bags for later analyses of tissitiogen and chlorophyll content. In
the winter manyJlva individuals tended to be smaller (< 4 g) than immer, and in
some cases it was necessary to use composite sgnipliensure that there was
enough tissue to do all the analyses. In thesesaam®posite samples consisted of
three thalli per replicate, which were sub-samglead processed as described. Latex
gloves, first rinsed in seawater, were worn befoamdling samples to minimise
contamination.

Ulva intestinalis. Three replicate portions of tissue were collected surface dried
using paper towels and the treated as describededbofrondosdJlva.

2.3.5 Algal tissue storage and integrity
Tissue and other samples were stored for the duarati the trip (up to 1 month for
both surveys) at -2Z& in a purpose-built, fridge / freezer unit (Plat&) supplied

Plate 2.1. Portable fridge / freezer unit for storage of samples
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from a vehicle battery. Since there was the pdgyilmf sample degradation through
thawing, three systems were used to check therityteg frozen samples. Firstly, the
unit was equipped with a high-temperature audiderna with latching LED
indication. Secondly, plastic test tubes were pegaefore each trip with alternating
layers of frozen water and food-coloured water Whiere kept in the freezer along
with samples for the duration of the trip. Fromseét was deduced that the freezer
had maintained samples in a frozen state for theedime in the field (i.e., there was
no evidence of mixing of the frozen coloured layeRnally, amino acid standards,
that were used later to measure the concentrafiammino acids in the unknown
samples, were kept in the sample storage freezxehdéoduration of each trip. These

standards were also compared with standards magataiontinuously at -8C.

Analytical

2.3.6  Amino acid extraction

Amino acid samples were extracted from 1 g fresigkdJlva tissue as described in
Barr and Rees (2003) with the following modificaso Amino acids were extracted
with 5 ml cold (4°C) 1M perchloric acid for 10 min, before neutrag with 1M
KOH/0.2 M MOPS. After 60 min at 4 °C approximatédlynl supernatant was drawn
off (avoiding the perchlorate salt precipitate),daplaced into labelled 1.5 ml
microcentrifuge tubes and stored frozen. The etdthdissue was squeezed dry
between paper towels to remove most of the remgihquid and stored frozen in
labeled zip-lock bags for later determination ofy dweight. Dry weight was
determined by first rinsing with distilled watercathen drying to a constant weight at
65 °C. Values of amino acids were quantified aiilesd by Barr and Rees (2003)
by comparison with external combination standaseée @lso Appendix 2.2).

Tryptophan, cystine and cysteine were not presedeiectable amounts (Loureneb
al., 2002). Glycine and citrulline co-eluted using owethod and while attempts were
made to separate these two amino acids, this eelsuitpoorer separation of other
amino acids, particularly aspartate and glutam@feen that glycine and citrulline
were always present in low yields (around 1 % eftthtal free amino acid pool), and
that amino acids glutamate and aspartate were imggertant in terms of nitrogen
metabolism, values of glycine and citrulline aremssed together as an assumed
equal contribution of N (i.e., 2 N since glycinesHaN and citrulline has 3N).
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There were two amino-containing compounds that weggllarly detected itJlva
samples. The first of these had a slightly latetieh time than histidine (which
eluted at 8.40 minutes) using the method of Bad Rees (2003). However, this
unknown was typically present in small amounts aad only problematic with the
Ulva species examined in Chapter Four. Converselyseébend of the unknowns was
often present in large amounts. There was inseffictlata to conclusively resolve its
identity using both mass spectrometry and microamal(Wilcox, 2004). It had an
atomic mass of 248 with 3.1 % nitrogen, 21 % carmynNMR 5 or 7 carbons) and
4.3 % hydrogen. It was possibly an amino betaimapmund (Wilcox, 2004). When
referred to, this compound is denoted as-132ince it eluted at 9.48 minutes using

the method described above (Appendix 2.3).

2.3.7  Chlorophyli

Chlorophyll was extracted after thawing from 0.3frgsh weight ofUlva tissue
sample in 15 ml methanol / DMSO (4 : 1 v/v) as diésd by Duncan and Harrison
(1982) for 24 hours at 4 °C. Absorbances were nredsat three wavelengths and

converted to chlorophyll concentrations using tioWing formulae (Holden, 1965).

Chlorophyll a (ug mL™Y) = (16.5x (Abs*®® - Abs™Y) - (8.3x (Ab*° - Abs™Y))
Chlorophyll b (ug mL™) = (33.8x (Abs™? - Abs™%) - (12.5x (Abs®® - Abs>%)

Values are expressed as nmgDW™.

2.3.8  Tissue nitrogen content

After thawing and washing with distilled water, 1frgsh weight ofUlva tissue
sample was dried at 65 °C for 24 hours. After gnigdnitrogen content and nitrogen
isotopes &°N) were analysed at the Waikato Isotope Unit, Ursiieg of Waikato. A
Dumas elemental analyser (Europa Scientific ANCA-Blerfaced to a isotope mass
spectrometer (Europa Scientific 20-20 Stable Isetépalyser) was used. Samples

were analysed against a urea standard / refereitica \@elta value of -0.45 %eo.
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2.3.9 Seawater sampling and nutrient analyses

Seawater samples were taken at the same time @@ pis seaweed samples.
Seawater temperatures were recorded, using a thesteg at the same time as
seawater samples were taken. Samples were kefgtdchtl 4 °C and analysed within
12 hours of collection. These were analysed for amiom (NH;"), nitrite (NGy),
nitrate  (NQ) and phosphate (R® using a HACH DR2000 portable
spectrophotometer. Ammonium was determined as itbescby Koroleff (1983a)
and nitrite by Parsonst al (1984). Nitrate was reduced to nitrite using cadmi
pillows (supplied by HACH, product code: NitraVey, @nd then determined using
the nitrite method described above. Phosphate vedsrrdined as described by
Koroleff (1983b). Total inorganic nitrogen (TIN) moentrations were calculated as
the sum of N, NO, and NQ'. The ratio of nitrogen : phosphorus (N : P) was

calculated as TIN : P§). Concentrations values are expressadMn

2.3.10 Statistical analysis

Regression lines were fitted by ordinary least segian SigmaStat 3.10. Means were
compared using a two-way or three-way general tineadel (analyses of variance).
The Holm-Sidak method was used to compare amongsnédl data analysed met
assumptions of normality or equal variance. Norapeatric ordination ofJlva N-
indices was conducted with the statistical softwpaekage PRIMER (Version 5)
(Clarke and Gorley, 2001).

2.4 Results

2.4.1 Summer and winter seawater temperature

Seawater temperatures were variable but showecearajedecline with increasing
latitude, in both summer and winter (Figure 2.3gaBater temperatures in the
summer ranged from 15X at Taieri River mouth to 27C at Motere Inlet in
Motueka. The average for all sites in the summes 2@.1 + 0.6 °C (Table 2.3).

During the winter, seawater temperatures ranged #@&°C at Paia Point, Kaikoura
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Figure 2.3. Change in seawater temperature with change in latitude for
summer and winter 2002.

Table 2.3. Seawater temperatures pooled for each site category for summer
and winter 2002.

Sheltered  Exposed Rock Sheltered  Exposed Enriched Mean
rural rural pools urban urban urban
(Seawater temperature in °C)
Summer 21.0+£00 18.0+11 220+30 229+10 197409 196+1.0 | 201+06
n=2) (n=7) n=2) (n=5) (n=6) (n=5) (n=27)
Winter 152+24 124+0.8 143+18 146+1.0 127+06 127+08 | 134104
(n=3) (n=28) n=2) (n=5) (n=6) (n=5) (n=29)

to 20°C at Inner Beach, Farewell Spit (Figure 2.3). Theter average for all sites

was 13.4 #0.4°C. Mean category temperatures were similar betwegegories in

both summer and winter surveys. However, exposedtabsites had slightly lower

mean temperatures than other categories in botossdTable 2.3).
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2.4.2 Long-term (2002 — 2004) monitoring of chlordpyll levels in Ulva

fasciata

Chlorophyll levels inJlva fasciatawere monitored over two years at Hardinge Road,
Napier (HA). Although peaks in chlorophyll valuesens different between the
winters of 2002 and 2003, summer values were loWest December to February
(Figure 2.4). From these results it is suggestad ttie choice of summer and winter
sampling times was likely to reflect seasonal exers inUlva N-status.

Hardinge Road (HA), Napier
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Figure 2.4. Change in chlorophyll content in Ulva at a site in Hardinge Road,
Napier, from 2002 to 2003. Shaded bars indicate when most sampling was
conducted around New Zealand.

2.4.2 Summer seawater nutrients antlllva N-indices

Seawater nutrients

Measured seawater nutrients were highly variablevéen sites. Total inorganic
nitrogen (TIN) concentrations ranged from closel@tectable limits (0.1 £ 0.0M at
Hardinge Road (HA, exposed urban), Napier, to 18922 uM at Ebbtide Road
(ET, enriched urban) in‘the Avon-Heathcote-estu@iyristchurch (Appendix 2.4).
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The category with the highest mean TIN concentnatias the enriched urban sites
with a mean value of 38.2 + 19uB/. The lowest TIN concentrations were measured
at the exposed urban sites (1.8.Z pM) and the sheltered rural sites (2.2 + 1.7) uM
(Table 2.4).

Ammonium (NH;") was the dominant inorganic nitrogen source fostnoategories,
particularly the enriched urban (75.9 = 17.7 %) anck-pool (89.3 £ 9.5 %) sites
(Table 2.4). Enriched urban sites had the highessamtoncentration of phosphorus
(PQ>) at 7.0 + 3.9 pM while the rock-pool sites had towest at 0.2 + 0.1 uM
.(Table 2.4). The category with the highest nitrogphosphorus ratio (N : P) was the
rock pool sites (42.6 = 7.4) while sheltered rusaés had the lowest (4.2 + 3.4)
(Table 2.4).

Table 2.4. Seawater nutrient concentrations pooled for each category for
summer 2002. Minimum values for category means are indicated in blue text
and the maximum values are indicated in red text.

Sheltered Exposed Rock Sheltered Exposed Enriched
rural rural pools urban urban urban
n=2 n=7 n=2 n=>5 n==6 n=>5

Seawater nutrients mean  sd mean  sd mean  sd mean  sd mean  sd mean  sd
TIN (UM) 22 23 40 49 75 57 43 2.6 13 17 38.2 431
NH," (UM) 20 25 21 20 71 6.1 24 12 1.0 16 30.8 36.7
NO, (uM) 0.1 0.0 02 0.1 0.0 0.0 02 0.1 01 01 1.2 11
NOz (UM) 0.2 01 1.8 3.8 04 04 1.7 21 03 0.2 6.2 6.0
NH," / TIN (%) 69.6 38.2 63.7 28.8 89.3 134 63.8 22.2 44.4 36.2 75.9 17.7
PO43' (LM) 06 0.1 0.6 0.5 0.2 0.1 05 0.3 05 03 7.0 8.7
N:P 42 49 53 29 426 10.5 111 95 29 39 12.2 16.0

Nitrogen indicesin Ulva

In the summer the greatest difference between amy dategories was seen in

sheltered rural and enriched urban sites (Tablp h&ll casedJlva N-indices were

the highest in the enriched urban sites and in maseés the lowest in the sheltered

rural sites (Table 2.5). Moreovddjva from enriched sites had higher levels of free

amino acids (total and individual), chlorophyll ejlorophyll b, total chlorophyll
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(TChl) and total tissue nitrogen (TN) compared wathy other category (see also
Appendix 2.5).

The free amino acid (FAA) N-indices generally shdwiee largest differences across
the range of categories compared with chlorophydl &N values. For example, both
the total FAA pool and asparagine (Asn) showed ldrgest range across the
categories (19.8 + 5.2 to 173.7 + 14.5 pmoldNDW™* and 0.9 + 0.0 to 93.2 + 9.2
pumol N - g DW?, respectively) (Table 2.5). Compared to asparagieeels of
glutamine (GIn), glutamate (Glu) and aspartate JAgere present in relatively low
(< 10 umol N- g DW?Y) values across all categories. Gin : Glu showsthall range
(0.2 to 0.6) across the categories (Table 2.5)elsesf histidine (His) were lower in
sheltered rural sites than other categories, anilasi(22.8 to 25.1 umol Ng DW™)

in exposed rural, and sheltered and exposed uiten($able 2.5). Mean levels of

Table 2.5. Nitrogen indices in Ulva pooled for each category for summer
2002. Minimum values for category means are indicated in blue text and the
maximum values are indicated in red text.

Sheltered Exposed Rock Sheltered Exposed Enriched
rural rural pools urban urban urban
n=2 n=7 n=2 n=>5 n=6 n=>5

Nitrogen indices in Ulva mean sd mean sd mean sd mean sd mean  sd mean sd
total FAA (umol N [ DW'l) 198 7.4 46.5 15.7 465 1.4 64.4 32.9 61.8 63.1 173.7 325
Asn (umol N [y DW'l) 15 1.7 8.7 12.0 09 0.0 18.4 19.0 13.8 20.5 93.2 205
Asp (umol N [y DW™) 0.5 0.0 09 02 1.1 0.2 1.3 06 1.2 09 25 04
Asn : Asp 31 34 8.6 11.1 0.8 0.1 13.0 12.0 8.7 8.5 37.0 8.9
GIn (umol N [y DW-l) 13 01 21 16 41 0.8 24 15 25 13 7.7 56
Glu (umol N [y DW™) 23 01 28 14 3.8 07 52 26 44 32 6.3 3.7
GIn: Glu 0.3 0.0 04 02 0.5 0.0 0.2 01 04 0.2 06 0.3
His (umol N [g DW'l) 72 29 228 6.7 251 1.3 24.8 10.9 246 23.7 354 6.1
Pro (umol N g DW'l) 08 0.7 22 13 21 038 3.7 37 52 7.1 10.7 114
u2**® (umol N g DW™) 07 02 11 05 20 05 14 08 32 6.2 6.4 33
Others (umol N [ DW-l) 55 1.8 6.0 1.0 7.5 2.0 7.1 2.2 6.9 2.0 115 4.1
chlorophyll a (ug [ DW'l) 09 03 22 038 28 0.1 20 11 1.7 0.9 31 05
chlorophyll b (ug Oy DW™) 0.6 0.2 1.7 06 1.7 01 1.7 09 1.4 0.6 42 31
chlorophyll a + b (ug Oy DW™) 15 05 3.9 1.3 45 0.3 3.7 20 31 15 73 3.4
free amino N : total N (%) 29 0.2 3.0 09 33 04 50 1.6 50 3.8 80 17
total tissue N (%) 1.0 03 23 04 20 0.2 1.7 05 16 0.6 3.1 05
3N (%o) 75 04 7.8 06 7.0 05 83 1.0 87 13 102 35
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proline (Pro) and U2 while low (< 10 pmol N- g DW™?), did show a reasonable
range of values across the categories. The renga{oither) amino acids, were also

low (< 11.5 pmol Ng DW™) and varied less across the categories (Table 2.5)

The plot shown below (Figure 2.5) comparing FAA tem in Ulva with stable
nitrogen isotopes°N) content, indicates a separation of enriched udigs (brown
symbols) from most of the other sites in New ZedlaWalues ofs™N in Ulva
showed the largest range at enriched urban sitepaed with any other category.
The lowest value of 6.0 £ 0.1 %0 was recorded aleVal fish factory discharge (TL)
and the highest of 15.1 + 0.1 %o at Onehunga lag@ux), Auckland. All exposed
rural sites, representing clean coastal seawatéryithin a range of 6.7 %o to 8.8 %o

Four of the five enriched urban sites (including) Bid three urban sites fell outside
this range (Figure 2.5).
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3 >
pa TL& SS 0 Sheltered rural
g 150 - HU A & Exposed rural
2 A @ Rock pools
3 % B Sheltered urban
g 100 <> Exposed urban
(@] A .
% N g . Enriched urban
@ 50 -
> P NS
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0 T T T T T

Tissue 3N (%o)

Figure 2.5. Comparison of free amino acid content with tissue 3'°N content in
Ulva from sites around New Zealand in summer 2002. Range of 8N values
for Ulva from exposed rural sites (6.7 %o to 8.8 %o ) indicated by vertical lines.
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2.4.3 Winter seawater nutrients andJlva N-indices

Seawater nutrients

As in summer, seawater nutrients in the winter wergable (Appendix 2.6). TIN
concentrations ranged from 0.1 + 0.1 uM at Tirime&hM, exposed rural), to 29.9 +
0.3 uM at Ebbtide Road (ET, enriched urban) (Apperfi6). Similarly to the
summer survey, the mean TIN concentration was Bigfe/.8 + 4.3 puM) at the
enriched urban sites (Table 2.6). The dominantcsoaf TIN was NH' for three out
of six categories, although exposed rural sites biadgilar N concentrations
compared with the summer (Table 2.6). Mean ;Nkoncentrations were lower
compared to summer across all sites. In the wifged in the survey overall) the
highest level of nitrate was 19.7 + 0.9 uM recordéd/akara Beach (MA, exposed
rural) Wellington (Appendix 2.6).

Table 2.6. Seawater nutrients concentrations pooled for each category for
winter 2002. Minimum values for category means are indicated in blue text
and the maximum values are indicated in red text.

Sheltered Exposed Rock Sheltered Exposed Enriched
rural rural pools urban urban urban
n=2 n=38 n=2 n=>5 n==6 n=>5

Seawater nutrients mean  sd mean  sd mean  sd mean  sd mean  sd mean  sd
TIN (uM) 0.7 0.3 3.7 6.6 1.5 0.8 19 09 1.4 0.8 17.8 9.5
NH," (UM) 0.6 0.3 05 0.2 11 05 08 05 0.6 0.7 13.0 83
NO, (UM) 01 0.1 0.2 0.2 0.2 0.0 02 01 02 0.1 05 04
NO3 (UM) 0.1 01 3.0 6.4 0.2 03 09 0.6 06 0.7 44 3.8
NH," / TIN (%) 79.4 12.2 35.9 32.6 73.7 34 454 20.5 39.1 28.8 72.4 24.3
PO43' (uM) 05 0.1 0.3 0.3 03 0.1 04 0.1 04 0.2 33 23

1.7 0.8 21.7 33.8 54 0.0 44 18 38 19 7.7 45

As in summer, the highest concentrations ofP®ere found in the enriched urban
sites (Table 2.6). The nitrogen : phosphorus (N rafio ranged from 0.9 + 0.5 at
Tirimoana (TM, exposed rural) on the South Islangd&st coast, to 92.8 + 12.4 at
Makara Beach (Appendix 2.6). Exposed rural coastes had the highest N : P ratio
at 21.7 £ 11.9 while the sheltered rural sitesirfafie summer) had the lowest at 1.7
+ 0.5 (Table 2.6).
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Nitrogen indicesin Ulva

In the winter it was very apparent that N-indicasUlva from all categories had
increased relative to values found in summer (Ta@big¢. While all N-indices itulva
from sheltered rural sites were still clearly lowleain those from enriched urban sites,
the other categories of exposed rural, rock pabisjtered urban and exposed urban
showed winter increases in mean values often apbnogand sometimes exceeding

values seen at enriched urban sites (Table 2.7).

Table 2.7. Nitrogen indices in Ulva pooled for each category for winter 2002.
Minimum values for category means are indicated in blue text and the
maximum values are indicated in red text.

Sheltered Exposed Rock Sheltered Exposed Enriched
rural rural pools urban urban urban
n=3 n=38 n=2 n=>5 n==6 n=>5

Nitrogen indices in Ulva mean sd mean sd mean sd mean sd mean sd mean sd
total FAA (umol N [g DW'l) 585 8.9 168.3 88.5 97.5 12.6 144.9 63.7 200.7 106.8 225.0 87.8
Asn (umol N g DW'l) 99 19 77.7 53.6 56 55 819 41.1 86.0 514 107.5 49.2
Asp (umol N [y DW™) 08 0.3 19 1.0 1.0 0.0 1.7 06 1.8 08 24 1.0
Asn : Asp 126 4.0 37.7 18.5 55 5.2 46.7 12.4 424 22.6 46.4 135
Gin (umol N g DW'l) 21 08 52 34 150 71 29 11 3.5 1.4 119 87
Glu (umol N [y DW™) 72 21 11.0 55 8.1 0.2 9.0 3.4 149 8.0 146 6.4
GiIn: Glu 0.2 0.1 03 0.2 09 05 0.2 0.1 0.2 0.1 04 0.2
His (umol N [y DW'l) 178 19 40.6 12.3 332 18 249 17.2 369 183 395 105
Pro (umol N [y DW'l) 11.7 8.0 19.8 15.3 16.8 5.7 13.9 10.2 425 36.9 21.8 14.2
u2**® (umol N [y DW™) 11 11 30 3.1 74 28 20 07 37 31 86 89
Others (umol N [ DW-l) 8.0 0.6 9.0 3.7 104 3.6 8.7 3.5 11.5 6.0 18.8 11.7
chlorophyll a (ug [y DW™) 21 0.2 36 0.8 39 08 25 0.9 45 25 53 0.9
chlorophyll b (ug o DW'l) 15 01 28 0.9 24 04 20 07 2.9 1.1 45 15
chlorophylla + b (ug O DW'l) 3.6 0.2 6.4 1.7 6.3 1.2 45 1.6 7.3 3.4 9.7 14
free amino N : total N (%) 46 04 6.6 29 45 09 83 1.6 7.6 2.5 8.4 27
total tissue N (%) 1.8 04 35 05 3.0 0.2 24 08 3.4 1.2 37 04
3N (%0) 7.7 14 76 06 75 07 7.7 05 86 0.7 8.8 3.9

Although less clear than the situation in summneg, dombination of FAA content in
Ulva with stable nitrogen isotop&'fN) content (Figure 2.6) still showed a separation
of sheltered rural sites (light blue symbols) andahed urban sites (brown symbols).
In the winter stable nitrogen isotop&s”N) in Ulva from enriched urban sites again

had the largest range of values compared with atagrgories. The lowest value of
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4.8 =+ 0.0 % was recorded at ET and the highesttd * 0.0 %0 at ON (Appendix
2.7). Exposed rural sites fell within the range6of %o to 8.5 %0 (Figure 2.6 and
Appendix 2.7). This was similar to values in thenster and again several sites,

including ET and ON and two sheltered rural sifed, outside this range (Figure
2.6).
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Figure 2.6. Comparison of free amino acid content with tissue 3'°N content in
Ulva from sites around New Zealand in winter 2002. Range of 8"°N values for
Ulva from exposed rural sites (6.7 %o to 8.5 %o ) indicated by vertical lines.

2.4.4  Ordination of Ulva N-indices using cluster analysis

Since simple correlative relationships between séawnitrogen concentrations and
Ulva N-indices were poor (Appendix 2.8 and 2.9), stiaéé$ ordination was used to
explore how patterns inUlva N-indices related to environmental variables.
Ordination of selected N-indices was conducted With statistical software package
PRIMER (Version 5) (Clarke and Gorley, 200Ulva biochemical data were not
constrained by external environmental factors st ¢imly N-indices determined the
similarity matrix relationships between the sites.
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Similarity matrices were constructed fdiva N-indices using normalised Euclidian
distances for data from both seasons. This was sioige indices had different units
and often contained values less than 1 (Clarkevdadvick, 1994). Indices included:
total free amino acids (FAA), chlorophwl (Chl a), chlorophyllb (Chl b) and total
tissue-N content. Environmental data were not uetlin the matrices; however
seawater TIN concentration, seawater temperatue sanface irradiance were
compared with biochemical data by plotting histoagsabelow plots fotJlva tissue-N
indices. Seawater temperature and surface irragliavere presented as residuals

based on overall means for each season (i.e. edsidlue =X — x).

Summer

Cluster analysis of similarity betwedslva N-indices resulted in three distinctive
groupings. Going from left to right in Figure 2the three groups consisted of sites
with Ulva containing low (A), medium (B), and high N-indicg3). The low tissue-N
grouping (Figure 2.7, A) included the two shelteradal sites (CA and IN), three
exposed urban sites (HA, EA and TG), three sheltarban site (WA, AM and OT)
and one open coastal site (BB). The grouping comgiUlva with intermediate N-
indices (Figure 2.7, B) included both rock-pooksjtmost of the rural exposed sites
and three urban sites (exposed and shelteredfAle enriched urban sites were
contained in one main group (C) with high N-indi¢Egyure 2.7, C). It is also worth
noting that this group also hddlva with distinctly higher levels of asparagine
compared with the other two groups (Appendix 2.20hotable sub-group within the
high tissue-N group wadJlva scandinavica(Maggs and Mclvor, 2004from
Onehunga lagoon (ON) which contained the highestl$eof chlorophyllb recorded

in the summer. In addition to the enriched urbaessn this group were one exposed
urban site at Mount Maunganui (MM) and one shettendan site at Ngamutu Beach
(NB); the latter having moderate TIN concentrati¢®$1 + 2.51 uM, Appendix 2.4)
at the timeUlva was sampled. Although these sites were not adjaoesny known
effluent source, both were adjacent to ports whigndle fertiliser and suffer
accidental spillages (Mundy, 2002; Trenwith, 20@2)jch might have been a factor
explaining the higher N-indices itllva (and higher levels TIN in the case of
Ngamutu Beach) at these sites. An alternative &gpian of the high levels of N-
indices (which weren’t explained by elevated seawdiN concentrations) in the
sample from Mount Maunganui is that they represkeatame kind of genetic outlier
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Figure 2.7. Similarity dendrogram plot of (normalised) Euclidian distances between
five N-indices measured in 26 Ulva populations in summer 2002. Three main
groupings (A, B and C) are separated by vertical dashed lines. Clustered groups of
sites range from those with (A) Ulva containing low N-indices through an
intermediate group of sites with (B) Ulva containing intermediate tissue-N indices, to
a group of sites with (C) Ulva containing high tissue-N indices. Histograms of the
five Ulva N-indices used to construct the dendrogram are shown below the cluster
plot. Values for seawater total inorganic nitrogen concentration, and residual values
calculated for seawater temperature and surface irradiance are shown in the bottom
two histograms.
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Figure 2.8. Similarity dendrogram plot of (normalised) Euclidian distances between
five N-indices measured in 29 Ulva populations in winter 2002. Three main
groupings (A, B and C) are separated by vertical dashed lines. Clustered groups of
sites range from those with (A) Ulva containing low N-indices, through an
intermediate group of sites with (B) Ulva containing intermediate N-indices, to a
group of sites with (C) Ulva containing high N-indices. Histograms of the five Ulva N-
indices used to construct the dendrogram are shown below the cluster plot. Values
for seawater total inorganic nitrogen concentration, and residual values calculated
for seawater temperature and surface irradiance are shown in the bottom two
histograms.
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with a very different biochemical expression ofrogten metabolism, although this

seems unlikely.

Although variable, median seawater TIN concentretiovere significantly different
(P < 0.05) between the three groups (based on Kridlis one-way analysis of
variance on ranks). Median seawater TIN conceptratranked in order: A<B < C
at 1.2uM, 2.0 uM and 10.3uM, respectively. There was no significant differeni
either monthly averaged surface irradiaree=(0.44) or in seawater temperatulfe

0.83) across the three groups (Figure 2.7, boteonhistograms).

Winter

As with the summer comparison, similarity of wint#iva N-indices resulted in three
main groups. Going from left to right on Figure 2f#&se groups ranged from sites
with Ulva containing low (Figure 2.8, A), medium (Figure 2B), and high N-
indices (Figure 2.8, C). Group A included threeltened rural sites (CA, IN and
HO), one exposed urban site (HA), and two shelterdzhn sites (WA and OT).
Group B contained close to half of all sites in Whiater survey and included both
rock-pool sites, most of the open coastal sitesrandt of the urban (exposed and
sheltered) sites including one enriched urban @€). Group C (Figure 2.8, C)
contained the four remaining enriched urban sit@e, exposed urban sites close to
Wellington (MO and FT) and one exposed rural sit@ (Figure 2.8, C). As with the
summer surveylva from Onehunga lagoon formed a sub-group withiis thigh
tissue-N group. Another notable feature of the dats that besidedllva from
enriched urban environmentsjva that came from exposed sites (urban and rural
alike as shown by blue and yellow symbols in Fig2i@) also tended to have high
tissue-N indices. As with summer it is worth notitngit asparagine was a dominant
amino acid inUlva that also had high N-indices and was present gh kevels in
most samples from group B and all from group C (@&pghx 2.10).

Median seawater TIN concentrations ranked in ordex.B < C at 0.uM, 1.3 uM
and 7.5uM, respectively, however according to a Kruskal-Wgalne-way analysis of
variance on ranks there was probably no signifid#ference P = 0.06) between the
three groups. In addition there was alse no-sigaift difference ¥ =-0.60) in light
across the three groups, but temperature was isignifilower-f <0.05) at 11.5 °C
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in group C compared with either groups A or B (whibad mean seawater
temperatures of 15.3 °C and 12.9 °C, respectively).

2.45 Season, environment andlva N-status

Across all sites there was no overall significaffedence P = 0.26) in seawater TIN
concentrations between seasons (Appendix 2.11)veéesely,Ulva tissue-N indices
(including proline (Pro), Asn, FAA, TCldnd TN) were significantly higher (around
2-fold) in winter than in summer (Appendix 2.11)n @e other hand, there was no
overall significant difference in chlorophydl : b values or in5'°N values between
summer and winter (Appendix 2.11). The most procednseasonal shift in any
biochemical response measuredUlva was Pro which was on average five-fold
higher in winter (22.8 pmol N g DW?) than summer (4.7 pmol Ng DW?)
(Appendix 2.11). There was also a broad negatiVatioaship between seawater

temperature and proline suggesting decreasing temype was linked to
accumulation of proline (Figure 2.9).
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Figure 2.9. Change in Ulva proline levels with change in seawater
temperature. Values for proline are means * S.E. for three replicate samples.
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Given that seasonal factors other than seawater ddicentration were clearly
implicated in the nitrogen status Ofva, the relationships betweasiva N-indices,
and seawater temperature and surface irradianae, axamined. Using data pooled
from both seasons there were weak, negative ctmetabetween both seawater
temperature and surface irradiance, and TN, TCtlIF%A content (data not shown).
However, out of the three indices TN showed thengjest overall correlation with
temperature (R= 0.41) and irradiance (R= 0.34) (data not shown). TN levels in
Ulva from the three main ordination groups (A, B andirfClrigure 2.7 and 2.8 were
compared with seawater temperature for combinednsmand winter data. In
addition, Ulva at exposed sites, particularly those in more soutlwaters in the
winter, contained more nitrogen (sometimes groupiitp other nitrogen-enriched
Ulva (see Figure 2.8)). Therefore exposed sites wesddd separately frotdlva in

sheltered sites in the plots below.

TN content in Ulva from the three ordination groups all showed negati
relationships with seawater temperature, however ytintercept values were
different for the three groups (Figure 2.10, A).eTéwerage slope for sheltered sites
showed there was an average @6®l - g DW* (calculated from 0.94 % N) change
in TN content inUlva with a 10 °C decrease in water seawater tempergiiable
2.8).Ulva growing on exposed sites on average showed a dnaneatic 135mol -

g DW?! (calculated from 1.9 % N) increase in TN conteithve 10 °C decrease in

water seawater temperature (Figure 2.10, B andeTaB).
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Figure 2.10. (A) Change in Ulva total tissue nitrogen content with change in
seawater temperature from three groups of sheltered sites (based on three
dendrogram groupings in Figure 2.7 and 2.8, A, B and C). (B) Change in Ulva
total tissue nitrogen content with change in temperature from exposed sites
only. Linear regression lines are fitted using ordinary least squares.

Table 2.8. Regression statistics for relationships between seawater
temperature and total tissue nitrogen content in Ulva from three ordination-
based groups (A, B and C) in Figure 2.7 and 2.8 and Ulva from exposed sites.

R? P-value df F slope Y-intercept
Group A 0.31 0.096 1,9 3.56 -0.065 2.66
Group B 0.81 <0.001 1,8 30.54 -0.095 4.31
Group C 0.70 0.003 1,9 18.23 -0.121 5.35
Average slope for group A, Band C -0.094
Exposed 0.495 <0.0001 1,26 24.466 -0.194 5.768
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Qualitative environmental factors were further exsed using three-way analysis of
variance. Turbulence and bulk water motion showdlgher on exposed or semi-
exposed coasts relative to sheltered bays andriestu@herefore, comparisons were
made between seasons of TN leveldJiua from exposed and sheltered sites, and
urban and rural settings as factors. Data fromched urban sites were excluded
from analysis. In addition, since Wellington Harbawas over-represented, two sites

(FT and PA) were randomly withdrawn from analysis.

There was a significant effect of both sead®r (0.001) and exposur® & 0.001) on
TN content inUlva around New Zealand (Table 2.9, A). TN contentUina was
highest at exposed sites, particularly in the wiffegure 2.11, A), but there was no
significant effect of season, exposure, or urbaalrgetting on seawater nitrogen

concentrations which might explain this (Table B®,Levels of TN content ibJlva
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Figure 2.11. Comparison of least squares means (derived from Holm-Sidak
pair-wise comparisons) for (A and B) total tissue nitrogen content, and (C and
D) 8N values in Ulva from sheltered and exposed sites (A and C), and rural
and urban sites (B and D) in summer and winter.
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Table 2.9. Three-way general linear model analysis of variance for (A) total
tissue nitrogen content in Ulva, (B) seawater inorganic nitrogen concentration
and (C) 8°N content in Ulva versus environmental factors and season
(summer and winter).

A) Three-way ANOVA on differences in Ulva nitrogen (TN) content versus
urban or rural location, exposure and season

Source of Variation DF SS MS F P

Season 1 9.28 9.28 20.46 <0.001

Exposure 1 5.90 5.90 13.02 0.001

Urban/Rural 1 0.00 0.00 0.01 0.938

Season x Exposure 1 0.71 0.71 1.56 0.221

Season x Urban/Rural 1 0.01 0.01 0.02 0.876

Exposure x Urban/Rural 1 3.54 3.54 7.80 0.009

Season x Exposure x Urban/Rura 1 0.10 0.10 0.22 0.639
Residual 31 14.05 0.45
Total 38 36.67 0.97

B) Three-way ANOVA on differences in seawater TIN concentration versus
urban or rural location, exposure and season

Source of Variation DF SS MS F P

Season 1 10.84 10.84 0.67 0.419

Exposure 1 0.93 0.93 0.06 0.812

Urban/Rural 1 1.49 1.49 0.09 0.764

Season x Exposure 1 5.04 5.04 0.31 0.581

Season x Urban/Rural 1 0.47 0.47 0.03 0.866

Exposure x Urban/Rural 1 35.34 35.34 2.19 0.149

Season x Exposure x Urban/Rura 1 0.39 0.39 0.02 0.877
Residual 31 501.15 16.17
Total 38 565.56 14.88

C) Three-way ANOVA on differences in Ulva &'°N content versus
urban or rural location, exposure and season

Source of Variation DF SS MS F P

Season 1 0.17 0.17 0.22 0.639

Exposure 1 1.35 1.35 1.81 0.187

Urban/Rural 1 4.04 4.04 5.42 0.026

Season x Exposure 1 0.01 0.01 0.02 0.894

Season x Urban/Rural 1 0.15 0.15 0.20 0.660

Exposure x Urban/Rural 1 0.56 0.56 0.75 0.394

Season x Exposure x Urban/Rura 1 0.44 0.44 0.59 0.448
Residual 34 25.35 0.75
Total 41 33.34 0.81

from urban and rural sites were not significantiffedent, allowing for the effects of
season B = 0.876) (Table 2.9, A and Figure 2.11, B). Howeuhere was a

significant interaction of the effects of exposared urban/rural setting on levels of
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TN in Ulva (P = 0.009) (Table 2.9, C) (see also Appendix 2.TBjs suggests that
the level of TN content itJlva from exposed and rural environments might have
been to some degree dependent on whether sites laaated in urban or rural
environments. In contrast to the differences in dddtent inUlva between exposed
and sheltered sites, there was no significant efié@ither seasonP(= 0.639) or
exposure B = 0.187) ond™®N values (Table 2.8, C and Figure 2.11, C). Theyonl
significant effect P = 0.026) of rural or urban setting on any measiNaddices was

in slightly higherd™N values inUlva from urban sites (Table 2.8, C and Figure 2.11,
D).

2.4.6 Ulvataxonomy and environment in relation to nitrogen fatus.
Comparisons of two morphologically distinct grougfsUlva in relation to nitrogen
loading and environment were made (Figure 2.13). intestinalis (formerly
Enteromorpha intestinali@Blomsteret al, 1998)) with monostromatic, tubular thalli
(cross-hatched bars), and. fasciata (Maggs and Mclvor, 2004) and another
unidentified species dfllva (possiblyU. fasciata)with distromatic, frondose thalli
(solid bars) were compared between two sites vatitrasting nutrient loading. Note
that at both sites the two distinctive morphologeesurred growing side-by-side
attached to the substrate. These sites consistedoaf N-loading site at Inner Beach
(IN, sheltered rural) and a high N-loading siteeabtide Road (ET, enriched urban)
(Figure 2.12, bottom plot).

The most obvious differences Wilva N-indices between the two contrasting sites
were in levels of total free amino acids, aspamgtissue-N content, chlorophydl
(and to a lesser extent chlorophg)l and3™N. In some cases values of N-indices
appeared to be related to environmental differeaoeksirrespective of differences in
species and morphology (Figure 2.12). However, ethelere some important
differences. WhileJ. intestinalisfrom both sites antlllva sp.from the IN site had
similar chlorophylla : b ratios, U. fasciatahad a much lower ratio. The ratio of
chlorophyll a : total tissue-N was not site-specific, but apptyerelated to either
algal morphology or possibly genetic factors gitka close similarity between the
two U. intestinalissamples (Figure 2.12).
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Figure 2.12. Comparison of N-indices in morphologically distinct Ulva
species growing side-by-side at two contrasting sites: Inner Beach, Farewell
Spit (blue bars) and Ebbtide Road, Christchurch (brown bars). Ulva
intestinalis = Ulva i. (cross-hatched fill), Ulva fasciata = Ulva f. (solid fill) and
Ulva species = Ulva sp. (solid fill). Values are means * S.E. for three
replicate samples.
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Similarity of Ulva nitrogen status (based on total free amino at¢adal chlorophyll

and tissue-N content) in relation to both environtaband taxonomic grouping was

also examined. Both summer and winter data wermmea, however since there

Stress: 0.04
>
L 2
o & & [0 Sheltered rural
‘ ‘ & @ Exposed rural
KA €4 ® NE e r'S @ Rock pool
G A B Sheltered urban
P W
N ¥ = Ch & & <> Exposed urban
i A Enriched urban
o
Stress: 0.04
MA
MT !PA
EA . 4 B U. intestinalis
A FP [J U. pertusa
¥ CA AM FT :
. H| wp == ke . V¥ U. fasciata
Fw M B U. scandinavica
N MK SK E @ U. spathulata
Md
oN

Figure 2.13. Similarity of nitrogen status in Ulva samples (based on MDS
plots of total free amino acid, total chlorophyll and tissue nitrogen content)
from contrasting environments around New Zealand in winter 2003. Note that
a sample of Ulva fasciata, which was collected from Tokoriki Island, Fiji (FJ,
located at the extreme left-hand side of the plots) in late winter 2004, has
been included. Symbols in the top plot indicate environmental categories
while symbols in the bottom plot indicate Ulva species (where known) based
on either distinctive morphology or close homology of the rcbL gene with
sequences held in GenBank. Note also that the unfilled square in the bottom
plot is the unidentified species used in the comparison between Ulva samples
collected from the Inner Beach (IN) and Ebbtide road (ET) sites, which
contrasted in levels of nitrogen loading.
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were more species collected and identified from wheter survey (including one
sample ofU. fasciatacollected from Fiji in the late winter of 2004 a&ll as the
samples ofU. intestinalis examined above in Figure 2.12), only this data was
presented.

Multi-dimensional scaling (MDS) plots showed tha¢rtie was a general tendency for
mostmembers of environmental categories to group tamgeparticularly those from
sheltered rural sites, rock pools and enriched rudites (Figure 2.13, A). On the
other hand most taxonomic groups with the exceptibt. spathulatashowed a
broader distribution in two-dimensional space (Fggd.13, B) (note that there was
only one representative &f. scandinavicafrom Onehunga lagoon). For example,
while U. pertusashowed a reasonable distribution across the MD& plo fasciata
showed the widest distribution with examples ofyMerv N-status algae from Napier
(HA) on the left of the plots through to a high tdtsis example from the Ebbtide
Road (ET, enriched urban) in Christchurch on tgatr{Figure 2.13, B). In addition,
both U. pertusaand U. fasciatashowed a similarly broad distribution in relatitm
N-status in the summer (Appendix 2.13). Finally,e thgrouping of the
morphologically distinctUlva examples from Inner Beach (IN) and Ebbtide Road
(ET) (examined above in Figure 2.12) in the wirgeggested that the alga’s relative
position in two-dimensional space (Figure 2.13wB} largely due to environmental

rather than taxonomic difference.

2.5 Discussion

Seawater nutrients

Excluding enriched urban sites, in most coastalasibns around New Zealand
seawater nutrients were variable and low in thewoaf 2 - 3 UM, and in many cases
below 1 pM (e.g., sheltered rural environments)cdmtrast, there were two clear
examples on exposed rural coasts (Paia PointifPRaikoura, in the summer and
Makara (MA), near Wellington, in the winter) wheseawater TIN concentrations
were high (14 to 19 uM). Being mostly comprisedndfate (NQ), these elevated

levels were probably attributable to upwelling,tagny in case of the Paia Point site

given it was sampled during a heavy storm (7 Felyra@02).
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Phosphate (P§J) concentrations in seawater were typically lovbath summer and
winter at around 0.5 uM or less in all categoriesept the enriched urban sites. This
suggests that P® might be a useful seawater parameter for indigaéin urban
contribution to seawater nutrients in impactedssitdowever, the N : P ratio was
typically variable, but often well under 30 : 1 gegting that P¢S" was probably not
in limiting supply for algal growth in most coaststuations (Atkinson and Smith,
1983). The only exception to this was in the twokrpools sampled in the summer
with N : P of 42.6 + 7.4. This may have represeértes only situation in this survey

where P was present in limiting concentrations.

In many cases in this survey ammonium @NHvas the dominant form of inorganic
nitrogen in coastal environments, but this was igaldrly noticeable in enriched
urban sites and rock-pools in the summer. Shar@B3)1%uggests that NH
concentrations in coastal areas are usually bel@M 3but terrestrial sources, such
as sewage, may increase values topR5 or more. High NH" concentrations
measured in many of the enriched urban sites,qoéatly at the Avon-Heathcote
estuary in the summer, were almost certainly ddrifrem sewage or wastewater
effluent (Bolten-Ritchie and Main, 2005). According Sharp (1983) NH
concentrations in coastal zones typically compiass than 20 % of total inorganic N
in seawater. However, on average Niepresented a higher percentage of TIN in
New Zealand coastal waters, both in summer (6450+%) and winter (51.6 + 5.5
%). Nutrient data from the University of Aucklaneigh Marine Laboratory from
2000 to 2004 would tend to support these valuel antrage N / TIN values of
44.9 + 1.3 % (Dobson, unpublished data). This higtmmtribution of NH" to TIN
may have a consequence for seaweeds around Newndesince it is generally
thought to be the preferred inorganic nitrogen seuin seaweeds (D'Elia and
DeBoer, 1978; Raveat al, 1993; Rees, 2003; Cohen and Fong, 2004a) withyman
often opportunistic, seaweeds showing a higher keptapacity for this nutrient
compared with nitrate (Thomas and Harrison, 198Fes$R 2003; Cohen and Fong,
2004a).

Environment, season and N-content in Ulva
Seawater nitrogen concentratiddiva collected-from-enriched-urbamsites in summer

had the highest mean levels of all'measured N-gzd{particularly"FAA and Asn).
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Conversely, Ulva collected from sheltered rural sites with low setew TIN
concentrations, in nearly all cases had the loMesidices. These observations alone
suggested that the N-indicesliva examined in this study integrate high levels of
seawater nitrogen loading, despite the probabléaliity in measured seawater
nutrients (see Appendix 2.14 for an example of ldegn seawater nitrogen
variability in the Avon-Heathcote Estuary). Moreovine comparison made between
two distinct groups oUlva from the two environments that contrasted in lewls
nitrogen loading (Figure 2.13), suggested that aiswnainly the environment, as
opposed to taxonomic difference, that dictated lévels of N-indices observed in
Ulva. It would also appear that taxonomy was less itambrin determining relative
nitrogen status ofllva compared with the effect of environmebllva fasciatawas
found in very different environments in this surveyd also showed extremes of
nitrogen status. SimilarlyJ. intestinalisand U. pertusaalso showed a range of
nitrogen status in different environments. On thieeohand the two examples Of
spathulatafrom geographically well separated sites groudedety in both summer
and winter. It is possible that this simply refle¢he fact that they were collected
from a similar relative intertidal position. It poposed that nitrogen metabolism, as
reflected by mostissue N-indices itJlva, appears to be fundamental and conserved

within this genus (see Chapter Five for furthecdssion).

In this study there were examples of shelteredrudis, for example Whangamata
(WA), which had similar levels of nitrogen indicesUIlva growing in the sheltered
rural sites in the South Island. Another sheltardghn site that hadlva with lower
N-indices (relative tdJlva in enriched urban sites) was Otumoetai (OT) inrdaga
Harbour. In the wintetUlva at this site had low N-indices (Figure 2.8) which
presumably reflected average lower levels of ndrogvailability. At this time the
site had both concentrations of seawater inorgaiticgen and N-indices iblva that
contrasted with measurements made at the Avon-Ee@lestuary (ET) (Appendix
2.4 to 2.7). Both of these harbours have histdyicaiffered fromUlva blooms and
the question arises: is this because both areder Subm high levels of nutrient
enrichment? The answer appears to be no and uiie grobable that other factors
(including other nutrients such as phosphorus)imvelved in theseUlva blooms.
However, the possibility that only minor increagesitrogen supply might be a very

important factor irJlva blooms in Tauranga Harbour can not be discounted.
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Moderately high Ni§* concentrations (3 - 11 pM) were recorded in th@rser in
the two rock-pools (CH and MP). These were botH-pepulated withXenostrobus
mussels in both seasons, and it is likely thatgaiicant proportion of the NH
measured in these seawater samples was derivedefxaretion by these animals.
According to statistical ordination (Figure 2.7 ah8) U. spathulatafrom both rock
pools were moderately enriched in both summer amdew These environments
represented a very different situation relativertost otherUlva populations in this
survey. The pools were located in the high inteftahd were therefore only supplied
with fresh seawater at high tide or when weatherditmns were rough. Their low
phosphorus concentrations might also have indictéitedl phosphate supply was
primarily controlled by seawater replacement. it of nitrogen it has been shown
that nitrogen derived from closely associated facara be important for macroalgae.
The benefit to macroalgae of nitrogen derived fidosely associated fauna has been
shown in studies of sessile organisms, includinmdaes (Williamson and Rees,
1994) and bryozoans (Hurdt al, 1994a) and suggested in the case of mobile
epifauna (Taylor and Rees, 1998). Moreowd#lva grown in the presence of mussels
had 30 — 100 % greater nitrogen content compared wiva grown in isolation

(unpublished data).

Effects of exposure, water motion and sea§her than the high levels of N-indices
in Ulva from nitrogen-enriched sites in the summer, on¢hefclearest differences
between categories was Wva sampled from exposed and sheltered sites (Figure
2.11, A). In contrast to exposed or semi-exposedstad sites,Ulva from low-
nutrient, sheltered sites had a lower nitrogerustat both seasonkllva growing in
these environments was more likely to become mitlienited (Parker, 1981; Lin
and Hung, 2004) due to diffusive boundary layenfation (Wheeler, 1988; Hurd,
2000). Conversely in the enriched urban sites, wlgxcept for the Saint Kilda (SK)
discharge site) were all classified as sheltetethjght be expected that high nutrient
concentrations would tend to compensate for lowewatotion, as shown by Parker
(1981). Various studies have clearly demonstratéd Ibetween nitrogen loading in
sheltered environments and changes in macroalgaimemities (including those
resulting inUlva blooms) and have been well reviewed by Cloern 1200
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Compared withUlva from sheltered sitedJlva growing in exposed coastal sites
should be subject to higher levels of turbulencd balk water flow. This in turn
should result in higher rates of uptake of nitrogemd other nutrients) in macroalgae,
as suggested by several authors (e.g., Parker, X081 et al, 1996; Larned and
Atkinson, 1997; Hurd, 2000; Smit, 2002), and therefhigher levels of N-indices.
There was a stronger effect of exposure on TN crite the winter which could
simply be interpreted as more water motion andulerice because of rougher sea
conditions in the winter. However, because of taphazard nature of the survey it is
possible that southern sites were over-represdbtthusdJlva was more abundant
in southern New Zealand). Moreover, urban siteth leaposed and sheltered alike,
tended to have a more northern distribution. Initeaid there was also a significant
interaction of the effects of exposure and urbaalrsetting on levels of TN content
in Ulva suggesting that to some degree the effect of expowas dependent on
whether sites were located in urban or rural emwvirents. Therefore it is possible

that these observations were partly attributabldetign imbalance.

In the winterUlva from the exposed rural and urban sites, which geduwvithUlva
from the enriched urban sites (see Figure 2.8)atie from either the east coast of
the South Island or from around Wellington. Thasessas well as potentially having
a higher supply of nutrients from either upwellijng., east coast of the South Island)
or sources associated with large urban environn{eets Wellington Harbour), were
also colder on average than most other sites in cinntry. Because of the
relationship with temperature and light (Figure®@.A and B) it is suggested that
colder, lower light conditions in winter coupledtiwithe effects of water motion on
exposed shores in winter had an additive effectissue-N content ifJlva. Under
conditions of low energy and low growth potenti@lg; winter) nitrogen uptake and
assimilation should lead to a surplus in internates of nitrogen that is in excess of
the requirements for growth. This may also to @dadegree explain the overall

higher levels of nitrogen contentliiva observed in the winter.

Effects of nitrogen loading and seasdnght and temperature are fundamental to
growth in seaweeds. Factors affecting growtluima are well documented for light
(Duke et al, 1989a; Coutinho and Zingmark, 1993; de Casabiahed, 2002) and
temperature (Steffensen, 1976; McLachlan and Big®6; Dukeet al, 1987; Duke
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et al, 1989a; Fredriksen and Rueness, 1989; Laingl, 1989; de Casabianca and
Posada, 1998). The importance of temperature ontgrm Ulva was demonstrated
by Henley and Ramus (1989b) who stated that “teatpss changes of 2 or 3 °C had
a much greater effect” on growth than did the camisaddition of 8 - 12 uM NH
(Henley and Ramus, 1989b). Moreover, several ssudiave highlighted the
importance of interactions between light, tempee@and nitrogen supply (Duket
al., 1987; Dukeet al, 1989b; Dukeet al, 1989a; Rivers and Peckol, 1995; de
Casabianca and Posada, 1998; Altamirahal, 2000; Tayloret al, 2001). As
suggested by Duke et al (1989b) “the proximal meidma for seaweeds'
accumulation of N at low light and temperatures rhayhat N uptake is less limited

by light and temperature than is growth”.

The effects of light and temperature couldn't bg@asated in the current study
(because they naturally co-vary), and the light sneaments used were crude and
probably did not reflect light that occurred at thallus surface after passing through
the water column. However, if the data set frons thurvey is revisited using the
original subjective categories for sheltered sitasg, relationship betweedlva TN
and temperature is very similar to that in Figuré02and TN inUlva from three
categories also independently correlated with betmperature and light (Figure 2.14
below). This not only might suggest that the orddjirselection criteria were
reasonable, but also thatUfva growing in sheltered environments is found to have
high TN (or possibly FAA) content this may indicdtet the alga is integrating on
average higher levels of N-loading despite, appbrerseasonal differences in
temperature and light. It is suggested that theetlmategories dfilva shown below
represent environments that are stable in ternsotdgically available nitrogen. The
category that showed the greatest variability ia thspect was that of the urban sites
(shown as text labels). It is highly probable thas variability reflects different
levels of biologically available nitrogen in thegdan environments. However, it is
also acknowledged that there are many other fathatsweren’'t examined in this
study that may also alter houlva reflects nitrogen availability. These include site
specific information on actual average nitrogendiong, light (and water column
turbidity), temperature and water motion. In adufifithe amount of biomass present

may also have a direct influence on concentratodmstrogen in the seawater column
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(as suggested by Thybo-Christesgral, 1993 and Flindét al, 1999), and therefore

on TN content irJlva thalli growing in dense algal stands.
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Figure 2.14. Change in Ulva total tissue nitrogen content in Ulva from
enriched urban, rock pools, sheltered rural and urban sites with change in (A)
seawater temperature and (B) surface irradiance. Linear regression lines are
separately fitted to Ulva from enriched urban sites, rock pools and sheltered
rural sites. Regression statistics are located in the legend above each plot.
Sheltered urban sites are included as text symbols only.

Freeamino acidsin Ulva

In this study FAA pools in a selection of natuthla populations represented 2.1 to
12.8 % of TN (Appendix 2.5 and 2.7). This range sigghtly greater than values (4
and 9 %) in a study dfilva fenestrataby Naldi and Wheeler (1999). The dominant
amino acid at enriched urban sites, and many expsges in the winter, was

asparagine with the highest value (1880l N - g DW") in the survey recorded in

Ulva from the Avon-Heathcote estuary. On the other hglatmine, being a key

amino acid involved in nitrogen metabolism, althlougenerally higher at enriched
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urban sites was typically found in low levels (qufol N - g DWY). These values
were in contrast to values (fnol N - g DW") of glutamine recorded in nitrogen
enriched (22uM) intertidal Ulva intestinalisin the study of Barr & Rees (2003).
However, the highest seawater TIN concentratior® (i) recorded in this survey
(at Ebbtide road, ET) only resulted in a glutamiadue of 2.4umol N - g DW* in
Ulva. It is possible that in thes®llva populations, either glutamine is quickly
converted to glutamate (which in turn is quickiylised for synthesis of other amino
acids) or that these low levels may result from deegulation of nitrogen
assimilation given these essentially subtidal algage constant access to external

nitrogen.

While these results suggest that asparagine wam@ortant storage amino acid, it
should also be noted that not dliva produce asparagine in any significant amount
when enriched with ammonium. For example, there m@significant increase in
asparagine levels in eithé&t. spathulatafrom rock pools orU. pertusafrom the
Mokohinau Islands (MK) when enriched with i1 ammonium in outdoor cultures
(unpublished data). In contradd, pertusafrom Otumoetai (OT) maintained under
identical conditions at the same time @s pertusafrom the Mokohinau Islands
produced increased levels of asparagine, suggettatgthe control of asparagine
synthesis was more complex thdlva taxonomy would suggest (unpublished data).

The amino acid proline showed the greatest (fivd}fmcrease in winter, relative to
summer, of any biochemical parameter examinedigstiirvey. Although it wasn't a
major contributor to the FAA pool (about 14 % imar) this change suggests that it
had an important metabolic role Wilva in the winter. Proline accumulation is a
common metabolic response to water deficits, ahidityastress or temperature stress
in higher plants (Matysilet al, 2002) and algae (Kakinumet al, 2006). Proline
accumulation in algae has also been shown to ltieesssresponse to high levels of
heavy metal contamination (Sharma and Dietz, 206@he study of Kakinumat al
(2006) proline accumulation ibllva was shown to occur with high temperature
stress. In higher plants, however, increases ifingr@re also associated with cold
acclimation in winter (Dorfflinget al, 1997). It seems likely that the changes in
proline levels inJlva in the winter represent some form of cold acclioratesponse.

Whatever the ultimate cause of increased prolinethe winter, it is clearly
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fundamental to the biology dflva, and additionally, links the effects of abiotic

factors (most probably temperature) to nitrogernteaninUlva.

Survey of tissue 6N isotopesin Ulva

Some studies have shown tlaiN values in macroalgal tissues greater than about 9
%o (McClellandet al, 1997; Joneegt al, 2001; Gartneet al, 2002; Dudley, 2005)
may indicate the presence of effluent, includingoselary or tertiary treated sewage
as a source of nitrogen which has undergone somgrifieation (Rogers, 2006).
Other studies have shown that untreated wastevea@rces can result in ratios
approaching 2 %0 (Rogers, 1999; Dudley, 2005) pabyntdue to a dominance of
industrially-derived nitrates with more negativelues (Rogers, 2006 Jlva from
enriched urban sites in the current study showedalgest range di*°N values in
both seasons, suggesting that these extreme vakresthe result of differences in
nitrogen isotopic composition in the environmenawigver,5'°N values alone may
not be reliable indicators of high nitrogen loadpay se but were, in the context of
this survey, potentially useful as qualitative oators of differences in nitrogen
composition and source. In contrast to enrichedmiites, there was a narrow range
of "N values inUlva from all rural sites regardless of geographic fimraor season.

It was possible that the high&N values recorded in urban sites in both seasons
indicated the contribution of nitrogen enriched 'itN from either secondary or
tertiary treated sewage effluent. Alternativel\glterd'>N values seen in some urban
environments may also have indicated fractionatissociated with denitrification
(theoretically leading t&°N enrichment in seawater) in either sediment-doteihar

sediment-impacted environments.

The meand™N value for Ulva growing in all exposed rural sites around New
Zealand, combined for summer and winter, is 7.7.2 %. In a study ofUlva
growing in proximity to a sewage discharge (befane after closure) at Moa Point,
Wellington, 8*°N values in the range of 7 %o to 8 %o were identifai‘acceptable’
indicating no further impact of sewage (Rogers,30Q is therefore suggested that
in combination with the quantitative N-indices itiéad in this study,Ulva tissue
8N values in the range of 6.7 to 8.8 fapresent a useful baseline in investigations

of potentially human-impacted environments, attléadlew Zealand.
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Conclusions

In summer,Ulva from environments with high TIN loading had copesdingly
higher levels of free amino acids, particularly asgine, and higher levels of
chlorophyll and TN. In winterUlva populations on average contained significantly
more nitrogen than their summertime counterpartstiqularly those in colder
seawater in more exposed coastal sites. Howevesetlthanges could not be
explained by seasonal changes in seawater TIN otiatiens alone. On the other
hand TN content itvlva from different environmental categories correlatesl with
seawater temperature, and to a lesser extent wiface irradiance, but there was a
clear effect of nitrogen enrichment. It was coneldidhat several abiotic and biotic
factors affect nitrogen status in natural poputasiofUlva, but it is both the average
nitrogen concentration in seawater, and the phly&ctors of temperature, light and

water motion, that are mostly likely to be its cmehing determinants.
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Appendix 2.1. Details of dates and map grid coordinates of collection sites visited in summer and winter of 2002.
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Code |Location Region North/South Is.  Site description Exposure Urban/rural Latitude Longitude Summer Winter

MP Mermaid Pools Northland North high rock pool sheltered  rural 35°33'32.63"S  174°30'52.37"E 10/03/2002  8/10 /2002
MK Mokohinau Islands Northland North offshore island exposed rural 35°54'27.29"S  175°06'25.99"E  25/02/2002 2 3/08/2002
ON Onehunga lagoon Auckland, west coast  North sheltered tidal pond sheltered  urban 36°55'27.71"S  174°46'35. 89"E  17/03/2002  23/09/2002
WA  |Whangamata Estuary Whangamata North sheltered harbour sheltered  urban 37°11'45.31"S  175°52' 14.78"E  28/01 /2002  23/09/2002
MM Mount Manganui Tauranga North moderatelty sheltered bay  exposed urban 37°37'40.72"S  176°10'36.55"E  3/01/ 2002 not collected
oT Otumoetai Tauranga North large harbour exposed urban 37°39'27.68"'S 176°08 31.57"E  3/01/2002 26/08/2002
HA Hardinge Road Napier North sheltered embayment exposed urban 39°03'36.40"S  174°02' 20.66"E 24/03/2002  19/0 9/2002
HU Humber Road drain Napier North sheltered embayment sheltered  urban 39°28'43.04"S  176°54'01.88"E 28/01/20 02  25/09/2002
NB Ngamutu Beach New Plymouth North small harbour sheltered  urban 39°29'13.90"S  176°53 14.86"E 28/01/2002 no t collected
MA Makara Bay Wellington North moderatelty sheltered bay  exposed rural 41°13'10.37"'S  174°42'38.08"E 10/02/2 002  30/08/2002
FT Ferry Terminal Wellington North large harbour exposed urban 41°15'43.62"S  174°47'17.95"E 30/01/2002  29/08 /2002
EA Days Bay Wellington North large harbour exposed urban 41°16'58.89"S  174°54'16.48"E 30/01/2002  28/08/2002
PA Point Arthur Wellington North large harbour exposed urban 41°18'22.05"'S  174°53 01.64"E not collected 28/0 8/2002
MO Moa Point discharge Wellington North exposed embayment exposed urban 41°20'32.35"S  174°48 36.05"E 29/01/ 2002  29/08/2002
FP Fossil Point Farewell Spit South exposed rocky coast exposed rural 40°30'23.53"'S  172°43' 47.94"E  1/02/200 2 6/09/2002
FW Farewell Bridge Farewell Spit South channel, high tidal current  sheltered  rural 40°31'20.67"S  172°44'10. 72"E not collected 6/09/2002
IN Inner Beach Farewell Spit South sheltered embayment sheltered  rural 40°31'44.05"S  172°45'11.73"E  1/02/20 02 6/09/2002
CA Cable Bay Nelson South sheltered embayment sheltered  rural 41°08'17.60"S  173°01'24.38"E  2/02/2002 2/09/20 02
AM Amatel Wharf Nelson South sheltered embayment sheltered  urban 41°08'46.81"S  173°00'49.80"E 31/01/2002  2/0 9/2002
CH Charlston rockpools, Constance Bay West Coast South high rock pool sheltered  rural 41°10'00.81"S  173°26' 29.65"E 8/02/2002 13/09/2002
TL Talleys Factory discharge Motueka South sheltered embayment sheltered  urban 41°15'14.41"S  173°16'56.16" E 8/02/2002 14/09/2002
MT Motere Inlet Motueka South sheltered embayment sheltered  urban 41°54'07.41"S  171°26'03.07"E  3/02/2002 7/0 9/2002
™ Tirimoana, Fox River mouth West Coast South exposed rocky coast exposed rural 42°01'51.61"S  171°22'53.49 "E  3/02/2002 7/09/2002
PI Paia Point Kaikoura South exposed rocky coast exposed rural 42°28'20.91"S  173°32'10.87"E  7/02/2002 13/09 /2002
ET Ebbtide Road, Avon-Heathcote Estuary Christchurch South sheltered estuary sheltered  urban 43°32'33.65"S  172°44'13.14"E  6/02/2002 12/09/2002
MC McCormacks Bay, Avon Heathcote Estuary ~ Christchurch South sheltered estuary sheltered  urban 43°33'23.68" S 172°43 25.06"E  not collected 12/09/2002
SS South Spit Road, Avon-Heathcote Estuary Christchurch South sheltered estuary sheltered  urban 43°33'29.01" S 172°44' 36.02" E  6/02/2002 not collected
HO Hoopers Inlet Dunedin South sheltered inlet sheltered  rural 45°51'22.32"S  170°40'20.31"E notcollected 11 /09/2002
TG Taggart Road, Dunedin Harbour Dunedin South large harbour exposed urban 45°51'24.59"S  170°35'55.00"E  5/0 2/2002 10/09/2002
SK Saint Kilda sewage discharge Dunedin South exposed rocky coast exposed urban 45°54'31.83"S  170°31'56.14" E not collected 7/09/2002
BB Brighton beach Dunedin South exposed rocky coast exposed rural 45°56'54.81"S  170°20'10.79"E  5/02/2002 10/ 09/2002
Tl Taieri Dunedin South exposed estuary mouth exposed rural 46°03'06.10" S 170°12' 20.23"E  5/02/2002 10/09/2002
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Appendix 2.2. Example chromatogram showing combination amino acid standards used to quantify amino acids in unknown samples.
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Appendix 2.3. Example peak of unknown amino compound dominant in some Ulva (top two traces). Denoted as U2°® and indicted by the

dashed blue line in chromatogram below, it elutes just after arginine (Arg). Note the lower trace is a standard for reference.
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Appendix 2.4. Seawater nutrient concentrations at coastal sites around New Zealand in summer 2002.

Site Code Category Temperature ir?au(;ifzr:ie TIN NH," NO, NOz NH,"/ TIN PO,* N:P
() M3 - m?. d?) (M) (%) (M)
mean se | mean se | mean se | mean se mean mean se | mean se

Cable Bay CA sheltered rural 21.0 235 3.85 0.22| 3.72 0.20f 0.05 0.01| 0.08 0.01 96.6 0.50 0.03] 7.67 0.27
Inner Bch IN sheltered rural 21.0 21.9 053 0.07] 0.22 0.04| 0.08 0.00] 0.22 0.03 42.6 0.68 0.04] 0.79 0.06
Brighton Beach exposed rural 15.8 15.8 0.32 0.09] 0.09 0.02| 0.11 0.03] 0.12 0.04 27.8 0.34 0.05] 0.98 0.18
Fossil Point exposed rural 19.0 24.5 1.71 0.15] 153 0.11] 0.08 0.01f 0.10 0.03 89.4 0.50 0.02] 3.43 0.08
Makara exposed rural 16.8 22.3 755 090| 6.13 0.70f 0.34 0.02f 1.08 0.18 81.2 1.20 0.04] 6.32 0.66
Mokohinau Islands exposed rural 23.0 20.9 125 0.58] 0.69 0.26] 0.06 0.04] 051 0.29 54.8 0.16 0.05] 7.31 146
Paia Point exposed rural 16.0 18.4 13.80 0.33] 3.14 0.15] 0.31 0.01} 10.35 0.17 22.8 1.53 0.03|] 9.05 0.33
Taieri exposed rural 15.5 15.8 139 0.11] 113 0.04] 0.16 0.01] 0.11 0.05 81.0 0.48 0.02] 290 0.26
Tiromoana exposed rural 20.0 235 223 1.09] 199 1.01] 0.14 0.00f 0.10 0.08 89.3 031 0.02] 7.11 2.89
Charlston CH rock pool 19.0 245 1155 4.22| 1142 4.14| 0.03 0.01| 0.10 0.07 98.9 0.22 0.02] 50.05 15.02
Mermaid Pools MP rock pool 25.0 18.3 344 0.18] 275 0.13| 0.06 0.01] 0.63 0.04 79.8 0.11 0.02] 35.22 7.07
Amatel sheltered urban 22.0 23.5 243 054] 206 0.35| 0.18 0.05] 0.20 0.14 84.6 0.51 0.03] 4.72 0.57
Motere Inlet sheltered urban 27.0 21.9 422 0.24| 361 0.15| 0.26 0.03| 0.34 0.06 85.7 1.05 0.05| 4.02 0.16
Ngamutu Beach sheltered urban 215 16.9 6.51 251] 353 1.69| 0.17 0.02] 2.81 0.79 543 051 0.12] 1193 154
Otumoetai sheltered urban 22.0 24.8 7.27 4.70] 2.38 0.00] 0.02 0.02| 4.86 4.68 32.8 0.34 0.05] 27.21 20.26
Whangamata sheltered urban 22.0 22.9 1.05 0.10f 0.65 0.01] 0.12 0.03] 0.28 0.05 61.5 0.15 0.03] 7.76 1.47
Eastbourne Beach EA exposed urban 22.0 22.3 158 0.14] 097 0.04] 0.17 0.01| 0.44 0.09 61.3 1.05 0.28] 167 0.34
Ferry Terminal FT exposed urban 22.0 22.3 0.31 0.07] 0.00 0.01] 0.09 0.01] 0.22 0.06 0.0 0.62 0.02] 0.50 0.09
Hardinge Road HA exposed urban 20.0 23.2 0.10 0.31] 0.00 0.17| 0.00 0.01] 0.00 0.14 0.0 0.07 0.04] 2.23 0.16
Mount Maunganganui MM exposed urban 19.0 24.8 470 0.87] 409 0.74] 0.06 0.01] 056 0.12 87.0 0.49 0.09] 10.78 3.18
Moa Point MO exposed urban 19.3 22.3 0.22 0.17] 0.11 0.02| 0.04 0.01] 0.07 0.15 52.0 0.35 0.01] 0.63 0.45
Taggart Road TG exposed urban 15.8 17.2 1.17 0.18] 0.77 0.12] 0.15 0.01] 0.25 0.05 66.0 0.68 0.01] 1.73 0.24
Ebbtide Street enriched urban 175 17.1 109.16 2.16] 92.23 1.72] 2.71 0.02] 1421 041 84.5 343 0.92]| 39.74 14.70
Humber Road enriched urban 22.0 23.2 49.58 1.19] 37.04 0.77] 192 0.07] 10.63 0.35 74.7 21.98 0.28| 2.26 0.06
Onehunga lagoon enriched urban 215 16.8 10.31 0.38f 5.17 0.09] 1.10 0.01] 4.04 0.28 50.2 6.68 0.12] 155 0.07
South Spit enriched urban 17.0 17.1 13.12 0.60| 12.90 0.46| 0.22 0.05] 0.00 0.09 98.3 1.09 0.13] 1222 114
Talleys Discharge enriched urban 20.0 21.9 9.06 0.25| 6.52 0.17] 0.22 0.02] 2.32 0.06 72.0 1.72 0.10] 529 0.20

77



= Chapter Two =

Appendix 2.5. Nitrogen indices in Ulva at coastal sites around New Zealand in summer 2002. Note: asterisks for TN indicate analysis for single
values for composite replicates.

Asn : GIn: Other FAAN/
Site Code  Category Total FAA Asn Asp Asp Gln Glu Glu His Pro u2°48 FAA Chl a Chlb TChl total N TN 3°N
(umol N Oy DW™) (umol N Oy DW™) (umol N Oy DW™) (ng Oy DW™) (%) (%) (%)

mean Sse mean se | mean se mean | mean se | mean se mean | mean se | mean Se | mean se mean | mean Sse | mean se |mean Se | mean Se | mean Se | mean se
Cable Bay CA  shelteredrurall 251 38| 27 09| 05 01| 55 | 14 02| 24 03] 06 | 92 11| 1.3 06| 08 02| 68 1.1 01| 07 oa| 18 o01f 30 05| 12 00| 72 03
Inner Bch IN sheltered rurall 14.6 1.3 04 00| 06 01| 06 | 12 04| 22 o8| 06 | 51 05| 03 o01f 06 00| 43 | 07 00| 04 01| 21 o01f 27 02| 08 00| 77 05
Brighton Beach exposedrurall 294 07| 30 03| 09 00| 34 | 17 02| 16 02| 11 | 132 06| 26 09| 07 01| 56 [ 08 01| 07 o00f 15 01| 25 o01f 17 *| 82 *
Fossil Point exposedrurall 449 15| 10 01| 08 00| 13 | 19 02| 23 02| 08 | 207 12| 13 02| 18 05| 62 | 26 02| 17 01| 43 03| 21 o1 30 *| 76 *
Makara exposed rurall 48.4 03| 25 11| 09 00| 29 | 50 18| 52 02| 10 | 237 03| 29 05| 14 06| 69 17 01| 12 o1f 29 02| 30 o00f 22 *| 79 *
Mokohinau Islands exposedrurall 31.4 36| 06 01| 05 00| 11 | 23 02| 25 06| 09 | 176 22| 04 01| 08 04| 66 [ 33 01| 21 01| 54 02| 23 03] 1.9 01] 67 01
Paia Point exposed rural 24 02| 22 01| 46 03 27 *| ss ¥
Taieri exposed rural| 658 13.4| 272 80| 11 01| 251 | 11 02| 20 04| 05 | 252 35| 21 10| 09 01| 64 | 23 01| 1.9 01| 43 02| 44 o9 212 *| 79 *
Tiromoana exposed rurall 589 23| 178 10| 10 01| 180 | 08 00| 34 02| 02 | 271 14| 37 08| 06 00| 44 | 21 02| 21 02| 42 04| 36 01| 23 *| 77 *
Charlston CH rockpool| 455 20| 09 00| 12 01| 07 | 46 06| 42 02| 11 | 242 10| 26 03| 1.7 02| 61 | 27 01| 16 01| 43 02| 30 01| 21 *| 74 *
Mermaid Pools MP rockpool| 475 33| 09 02| 10 00| 09 | 35 04| 33 02| 11 |20 16| 16 02| 24 07| 89 | 29 01| 18 01| 47 03| 36 03| 18 *| 66 *
Amatel sheltered urban| 583 14| 194 15| 12 00| 157 | 1.0 00| 37 01] 03 | 237 05| 15 00| 1.3 01| 64 18 01| 14 02| 32 03| 45 01| 18 *| 95 *
Motere Inlet sheltered urban| 658 29| 162 16| 14 01| 114 | 1.7 02| 50 02| 03 | 275 08| 34 06| 1.4 01| 91 | 27 02| 21 01| 48 03| 49 02| 19 *| 89 *
Ngamutu Beach sheltered urban| 110.7 11.8| 49.7 156 16 02| 321 | 49 10| 65 07| 08 | 288 15| 100 29| 27 07| 65 | 34 02| 29 01| 64 01| 64 07| 24 *| 73 *
Otumoetai sheltered urban| 68.8 7.4| 53 10| 20 06| 26 | 26 02| 88 08| 03 | 366 39| 3.0 02| 08 01| 96 1.6 00| 14 o00| 30 o01f 66 07| 15 00| 71 01
Whangamata sheltered urban| 183 10| 14 01| 04 00| 31 | 1.7 01| 212 02| 08 | 72 03| 06 00| 06 00| 42 | 06 00| 04 00| 10 01| 27 o1 09 *| 85 *
Eastbourne Beach EA  exposedurban| 524 23| 88 23| 1.1 01| 80 | 25 02| 49 02| 05 | 228 16| 37 12 10 o01f 77 15 01| 10 o1| 25 02| 46 02| 16 *| 107 *
Ferry Terminal FT exposed urban| 389 24| 22 02| 08 01 2.7 18 02] 34 06| 05 187 1.0] 58 03| 05 0.0 57 21 01| 20 03| 40 03| 24 01| 23 *| 79 *
Hardinge Road HA  exposedurban| 184 02| 11 02| 05 01| 24 | 21 o01] 12 o1 27 | 70 02| 11 03| 02 o00| 52 | 06 00| 05 01| 1.1 o01f 38 o0.0f 07 00| 88 00
Mount Maunganganui MM exposed urban| 188.6 14.9( 53.7 77| 29 04| 182 51 04] 104 07| 05 715 28| 191 24| 159 35| 10.0 31 02| 20 02| 51 04125 10| 21 *| 69 *
Moa Point MO  exposedurban| 333 17| 06 01) 09 01| 06 | 25 o01] 43 00| 06 | 163 11| 05 01| 05 o01f 77 | 22 02| 1.8 04| 40 o06] 27 01| 1.7 *| 82 *
Taggart Road TG  exposedurban| 39.4 29| 166 05| 08 01] 202 | 1.4 03| 23 04| 06 | 110 11| 11 05| 12 01| 49 10 01| 12 02| 22 03| 41 03| 13 *| 04 *
Ebbtide Street enriched urban] 209.9 14.5| 1204 86| 23 01| 514 | 24 02| 49 05| 05 | 339 15| 298 27| 95 08| 65 | 35 01| 33 02| 68 03| 78 05| 38 01| 100 05
Humber Road enriched urban] 1344 36| 683 32| 21 01) 330 | 7.7 04] 38 01| 20 | 292 11| 26 03| 96 07| 112 | 25 01| 24 01| 49 02| 70 02| 27 01| 82 01
Onehunga lagoon enriched urban| 204.0 3.8 1044 38| 26 02| 399 | 171 07] 129 08| 13 | 456 12| 16 03| 18 01| 179 | 35 01| 97 o06( 132 06| 109 02| 26 01| 151 01
South Spit enriched urban] 153.8 21| 793 11| 26 01| 304 | 61 05| 46 03] 13 | 344 06| 92 15| 62 06| 115 | 28 02| 25 02| 53 04| 71 01| 30 01| 119 03
Talleys Discharge enriched urban| 166.7 13.0| 93.7 18| 31 01| 305 | 51 05| 55 17| 09 | 342 27| 101 54| 47 03| 103 | 31 01| 31 01| 61 02| 70 05| 34 01| 60 0.1
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Appendix 2.6. Seawater nutrient concentrations at coastal sites around New Zealand in winter 2002.

Surface
Site Code Category| Temperature irradiance TIN NH," NO, NO3 NH,"/ TIN PO,* N:P
() (MI-m?.dh (M) (%) (M)
mean se | mean se | mean se | mean se mean mean se | mean  se

Cable Bay CA  sheltered urban 125 12.0 041 0.02| 0.30 0.04| 0.04 0.02| 0.06 0.06 73.6 0.34 0.05| 1.26 0.24
Hoopers Inlet HO sheltered urban 13.0 7.4 1.00 0.07f 093 0.08( 0.14 0.01] 0.00 o0.01 93.4 049 0.16| 2.67 0.98
Inner Beach IN sheltered urban 20.0 10.0 0.73 0.05] 052 0.04] 0.06 0.02| 0.15 0.02 71.1 0.56 0.02] 1.32 0.12
Brighton Beach exposed rural 10.8 7.8 1.32 0.5 0.25 0.03] 0.27 0.08{ 0.80 0.18 18.7 035 0.15] 522 174
Fossil Point exposed rural 14.3 6.2 412 035] 046 0.11| 048 0.01| 3.18 0.25 11.2 0.64 0.16] 754 240
Farewell Bridge exposed rural 14.5 10.0 0.57 0.04] 0.44 0.01] 0.01 0.00f 0.12 0.04 77.0 0.36 0.02| 1.58 0.19
Makara exposed rural 13.0 8.6 19.71 0.90] 0.60 0.09| 042 0.02| 18.70 0.81 3.0 0.22 0.02| 92.83 12.44
Mokohinau Islands exposed rural 16.0 10.3 1.05 039 061 0.15] 0.16 0.14| 0.28 0.11 58.2 0.03 0.02] 54.49 13.17
Paia Point exposed rural 9.8 10.5 0.75 0.09| 0.60 0.06f 0.12 0.02| 0.03 0.07 80.3 0.09 0.01] 842 166
Taieri exposed rural 10.8 7.8 1.86 0.60f 0.72 0.16 0.24 0.02] 091 0.44 38.5 0.79 0.13]| 234 0.74
Tiromoana exposed rural 12.5 8.6 0.15 0.09| 0.00 0.07] 0.16 0.01| 0.01 0.03 0.0 0.17 0.02] 0.91 0.48
Charlston CH rock pool 12,5 6.2 098 0.19| 0.74 0.16] 0.21 0.04| 0.03 0.12 76.1 0.18 0.02| 540 0.66
Mermaid Pools MP rock pool 16.0 14.2 205 0.18| 146 0.09] 0.16 0.02| 0.43 0.08 71.3 0.38 0.03] 543 043
Amatel wharf sheltered urban 12.8 12.0 1.26 0.02] 0.84 0.03f 0.11 0.03] 0.30 0.06 67.2 0.52 0.07| 252 0.35
Motere Inlet sheltered urban 11.8 10.0 2,22 0.10f 0.72 0.01] 0.24 0.02] 1.26 0.12 32.6 049 0.04] 464 0.60
Ngamutu Beach sheltered urban 15.5 11.4 212 0.20] 035 0.09| 045 0.01| 132 0.10 16.4 0.33 0.04] 652 0.58
Otumoetai sheltered urban 15.5 9.7 0.84 0.19| 048 0.16] 0.09 0.00| 0.27 0.04 57.1 0.31 0.05| 2.64 0.33
Whangamata sheltered urban 17.5 13.7 3.10 0.20f 166 0.04] 0.14 0.00] 1.30 0.16 53.5 0.54 0.03] 574 0.36
Days Bay EA exposed urban 13.0 8.6 0.31 0.12| 0.14 0.02f 0.06 0.01| 011 0.13 44.6 0.17 0.03] 191 0.90
Ferry Terminal FT exposed urban 11.3 8.6 248 0.22] 0.28 0.05| 0.21 0.06f 199 0.12 11.3 048 0.11] 562 1.23
Hardinge Road HA exposed urban 15.0 9.2 219 052 186 0.46] 0.14 0.01| 0.19 0.06 85.1 0.33 0.02| 6.58 1.34
Moa Point MO exposed urban 115 8.6 0.80 0.08f 0.11 0.09] 0.25 0.02| 0.43 0.04 14.3 0.24 0.05| 3.65 1.00
Point Arther PA exposed urban 12.0 8.6 1.06 0.07] 0.23 0.04] 031 0.07( 051 0.08 221 0.35 0.03] 3.03 0.15
Tagg Road TG exposed urban 135 7.4 1.38 0.02] 079 0.04| 0.26 0.02( 0.34 0.03 57.2 0.72 0.06f 1.95 0.18
Ebbtide Street enriched urban 13.8 10.5 29.88 0.33] 22.70 0.26] 1.15 0.09| 6.02 0.14 76.0 257 0.07| 11.66 0.43
McCormack's Bay enriched urban 12.5 10.5 1442 3.01] 450 2.20| 0.18 0.02] 9.74 1.30 31.2 1.39 0.08] 10.29 1.92
Onehunga lagoon enriched urban 15.0 12.2 753 1.16] 592 0.99| 020 0.01f 141 0.17 78.6 6.07 0.18] 123 0.12
Saint Kilda discharge enriched urban 10.5 7.4 11.54 0.31] 11.05 0.19| 0.26 0.01| 0.23 0.22 95.8 1.10 0.01] 10.47 0.20
Talleys Factory enriched urban 115 10.0 25.67 1.33] 2059 0.99|] 052 0.16] 4.56 0.32 80.2 525 0.23] 490 0.26
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Appendix 2.7. Nitrogen indices in Ulva at coastal sites around New Zealand in winter 2002. Note: asterisks for TN indicate analysis for single
values for composite replicates.

Asn : GIn: Other FAAN/
Site Code  Category Total FAA Asn Asp Asp Gln Glu Glu His Pro U2°48 FAA Chla Chib TChl total N N 5°N
(umol N O DW™) (umol N 0y DW™) (umol N Iy Dw™) (hg Oy DW™) (%) (%) (%)

mean se mean se mean se mean jmean Se |mean Sse mean | mean se | mean Se | mean se mean | mean se |{mean se|Mmean Se | mean Se | mean se | mean se
Cable Bay CA  shelteredurban| 687 17| 91 03| 09 01| 101 |29 01| 70 04| 04 | 199 04| 185 08] 23 04| 81 | 23 01| 1.5 00| 38 01| 42 01| 23 00| 62 0.0
Hoopers Inlet HO  shelteredurban| 521 44| 120 17| 1.1 01| 105 | 15 03| 94 o06| 02 | 163 13| 29 05| 04 01| 86 | 1.9 00| 1.6 00| 35 01| 49 04| 15 *| 80 *
Inner Beach IN  shelteredurban| 548 95| 85 24| 05 00| 172 | 18 00| 52 08| 04 | 172 19| 138 46| 05 02| 73 | 21 01| 13 01| 34 01| 48 08| 16 00| 88 0.0
Brighton Beach exposed rural| 2765 20.6| 147.8 130 2.7 02| 554 | 55 04|128 12| 04 | 622 42|321 10| 20 05| 115 | 34 01| 25 01| 60 02| 111 08| 35 *| 80 *
Fossil Paint exposed rurall 107.0 10.2| 474 36| 08 0.1 1.9 00| 60 11 335 30 97 27| 19 01| 58 | 29 01| 23 00| 52 02| 42 04| 36 *| 76 *
Farewell Bridge exposedrurall 895 34| 355 11| 1.3 00| 276 | 35 02| 86 04| 04 | 245 14| 54 07| 14 02| 93 | 36 03| 29 02| 65 04| 46 02| 27 *| 79 *
Makara exposed rurall 2716 15.1| 1400 80| 35 03| 402 | 63 04|176 13| 04 | 481 40| 334 06| 103 09| 123 | 27 00| 19 01| 45 01| 91 05| 42 *| 76 *
Mokohinau Islands exposedrurall 56.0 43| 1.0 01| 09 00| 11 |59 05| 40 02| 15 |265 27| 49 o07]| 30 05| 96 | 30 00| 1.7 00| 47 00| 24 02| 32 o01f 71 00
Paia Point exposed rurall 1834 39| 831 23| 24 01| 348 |123 03| 134 10| 09 | 448 22| 215 66| 27 02| 31 | 42 01| 36 02| 78 03| 76 02| 34 *| 85 *
Taieri exposed rural| 249.3 13.0| 119.8 81| 25 02| 474 | 45 02|188 18| 02 | 426 10| 445 16| 25 03| 141 | 53 01| 42 00| 95 01| 82 04| 43 *| 74 *
Tiromoana exposedrurall 1129 34| 469 08| 14 01| 344 | 16 03[ 69 10| 02 |426 27| 72 09| 04 01| 59 | 38 01| 32 01| 70 01| 51 02| 31 *| 67 *
Charlston CH rockpool| 886 11| 1.7 02| 10 01| 18 [200 08| 80 02| 25 [319 05| 128 14| 54 05| 78 | 45 01| 26 00| 71 01| 39 o00f 32 *| 70 *
Mermaid Pools MP rockpool| 106.4 61| 96 22| 10 01| 92 [100 04| 82 07| 12 |[345 27| 208 20| 94 10| 129 | 33 01| 21 00| 55 01| 51 03| 29 *| 79 *
Amatel wharf sheltered urban| 155.0 15.1] 100.0 11.2| 1.7 02| 583 | 26 04| 9.1 05| 03 11 01| 261 32| 32 04| 112 | 29 00| 25 00| 54 00| 78 08| 28 * [ 78 *
Motere Inlet sheltered urban| 234.9 20.1| 1385 138| 25 01| 550 | 3.0 02]|137 12| 02 | 409 23| 208 54| 22 05| 133 | 29 00| 22 00| 51 01| 110 09| 30 *| 82 *
Ngamutu Beach sheltered urban| 167.3 89| 865 49| 1.9 01| 464 | 33 02100 08| 03 | 423 28| 152 03| 1.3 02| 68 | 33 02| 29 02| 63 04| 74 04| 31 *| 80 *
Otumoetai sheltered urban| 87.4 34| 394 36| 15 01| 265 | 42 01| 79 01| 05 | 220 12| 24 04| 19 06| 72 | 15 00| 1.3 00| 28 01| 85 03| 1.4 00| 68 01
Whangamata sheltered urban| 79.9 29| 448 20| 09 o1 473 |12 01| 43 02| 03 | 173 08| 48 04| 16 01| 49 | 16 00| 12 00| 28 01| 69 03| 16 *| 78 *
Days Bay EA  exposedurban| 2463 49| 934 14| 21 02| 438 | 26 01|203 08| 01 | 407 12| 739 45| 54 02| 78 | 41 01| 30 01| 71 02| 83 02| 42 *| 88 *
Ferry Terminal FT  exposedurban| 3282 165| 1575 199 22 00| 724 | 39 02|241 54| 02 | 492 38| 712 37| 83 18| 119 | 7.3 06| 33 03| 106 03| 103 05| 45 *| 84 *
Hardinge Road HA  exposedurban| 264 27| 11 00| 04 00| 27 |22 04|35 05| 06 | 83 07| 32 02| 01 01| 74 | 11 o0| 09 01| 19 01| 34 03[ 11 01| 77 00
Moa Point MO  exposedurban| 1794 89| 695 50| 1.4 03| 504 | 40 05129 23| 03 |579 16| 215 08| 41 03| 82 | 76 03| 36 03| 112 03| 67 03| 38 * [ 82 *
Point Arther PA  exposedurban| 2736 32.2| 1103 81| 25 02| 445 | 23 04|202 29| 01 | 433 27| 814 165 35 10| 102 | 35 03| 25 02| 60 05| 98 12| 39 *| 88 *
Tagg Road TG  exposedurban| 1505 53| 844 43| 21 01| 407 | 57 04| 83 04| 07 | 223 27| 39 09| 06 01| 233 | 32 00| 40 01| 72 01| 70 02| 30 *|100 *
Ebbtide Street enriched urban| 369.8 14.6| 182.0 7.6 40 02| 453 [27.0 24| 245 13| 11 | 466 04| 279 38| 210 24| 367 | 54 00| 46 03] 99 03| 128 05| 40 00| 48 0.0
McCormack's Bay enriched urban| 2052 56| 949 37| 16 00| 588 | 60 00]|11.6 02| 05 | 263 06| 408 13| 151 03| 87 | 42 o01| 36 01| 78 02| 83 02| 34 *| 87 *
Onehunga lagoon enriched urban| 149.2 6.0 | 626 46| 25 00| 247 |68 06169 15| 04 | 314 31| 52 03| 17 01| 221 | 46 01| 71 02| 117 03| 68 03] 31 00| 152 0.0
Saint Kilda discharge enriched urban| 1650 57| 68.9 42| 15 02| 464 |[11.1 25| 80 08| 14 | 414 26| 243 25| 16 03| 82 | 63 03| 34 02| 97 01| 59 02| 39 *|[ 74 *
Talleys Factory enriched urban| 2355 11.1| 1289 70| 23 01| 567 | 85 0.1]|119 06| 07 | 516 26| 108 15| 35 01| 181 | 58 02| 3.7 01| 95 03| 82 04| 40 *|[ 70 *
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Appendix 2.8. Relationship between seawater total inorganic nitrogen and N-
indices in Ulva for all sites in summer 2002. Values are means + S.E. for three
replicate samples.
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Appendix 2.9. Relationship between seawater total inorganic nitrogen and N-
indices in Ulva for all sites in winter 2002. Values are means * S.E. for three

replicate samples.
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Appendix 2.10. Comparison of asparagine content in Ulva from different
environments in summer (top plot) and winter (bottom plot). Plots are based on the
three ordination grouping used in Figures 2.7 and 2.8 (i.e. derived from overall
similarity of nitrogen status). Three groups of sites (separated by vertical dashed
lines) range from those with (A) Ulva containing low N-indices, through an
intermediate group of sites with (B) Ulva containing intermediate N-indices, to a
group of sites with (C) Ulva containing high N-indices. Values are means * S.E. for
three replicate samples.
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Appendix 2.11. Box and whisker plot comparisons (using Mann-Whitney Rank
Sum tests) between summer and winter of seawater total inorganic nitrogen (TIN),
seawater temperature and surface irradiance, and Ulva tissue-N indices of proline,
asparagine, total free amino acids, chlorophyll a + b, chlorophyll a : b and total
tissue-N content. Mean values are indicted as red lines.
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Appendix 2.12. Comparison of total tissue nitrogen content in Ulva showing
interaction of sheltered and exposed sites within rural and urban settings. Note

that data are combined for summer and winter, and values are means * S.E. for
three replicate samples.
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Appendix 2.13. Similarity of nitrogen status in Ulva samples (based N-indices
of free amino acids, total chlorophyll and tissue nitrogen) from contrasting
environments around New Zealand in summer 2003. Symbols in the top plot
indicate environmental categories while symbols in the bottom plot indicate

Ulva species where known.
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Appendix 2.14. Example of nutrient variability during long-term (10 years) monitoring
kindly provided by Dr. Lesley Bolton-Ritchie, Environment Canterbury.
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Chapter Three
Experimental assessment of biochemical responsesnitrogen

concentration in Ulva

3.1 Abstract

To determine the relationship between nitrogen entration in seawater and the
responses of biochemical nitrogen indiced)lma pertusa several experiments were
conducted in an outdoor, flow-through culture appas. In this apparatus effects of
nitrogen concentration, nitrogen source (nitratd ammonium), light and seawater
motion were investigated. In addition, to incorgeraffects of contrasting seasons,

experiments were conducted in winter, late wirkammer and late summer.

In addition to growth rates idlva, other biochemical responses to seawater nitrogen
availability were measured as N-indices. Thesecesliincluded tissue nitrogen,
chlorophyll, free amino acids and rates of ammoniassimilation. Of these
responses, increases in free amino acids, paniguisparagine, provided the
strongest indicator of increases in nitrogen abditg. Tissue nitrogen and
chlorophyll also increased with seawater nitrogencentration. However, it was
apparent that these indices were also stronglyentted by light, and probably
season. Rates of ammonium assimilation providedowerall measure of the
availability of nitrogen in seawater and were digaffected by season. Similarly,

growth rates irdlva only showed a response to nitrogen addition inrmanmmonths.

In addition to the other indices, the stable iseopf nitrogen {>N) in Ulva were
also examined. As well as providing a clear disiomcbetween natural and synthetic
nitrogen sources this parameter also showed ontpmifractionation (ranging from
1.3 %o to -1.9 %o) of-°N supplied from synthetic nitrate and ammonium urizteth
light-saturating and light-limiting conditions. Tiefore it is suggested that in
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combination withs*°N, biochemical nitrogen indices lilva (particularly free amino
acids), as quantitative measures of biologicallgilable nitrogen in seawater, are
likely to provide useful information about both tlm@nount and composition of

nitrogen entering coastal environments.

3.2 Introduction

It is widely acknowledged that conventional applesc to measuring seawater
nutrient concentrations are limited either becabsg do not necessarily reflect what
is biologically available to primary producers (lgby, 1990; Fonget al, 1998) or
because they can be highly variable (Bjornsater \Afigkeler, 1990; Jonest al,
1996; Valielaet al, 1997; Fonget al, 1998). Moreover, changes in nutrient
concentrations alone may be difficult to interptetiess good long-term data is
available (Cloern, 2001). In addition, it is oftévard to identify the source of
potentially harmful excess nutrients in diffuse mamixing zones. In recognition of
these limitations there has been an increasing amaoluresearch in recent years
developing macroalgae as indicators of nutrienttiqdarly nitrogen, availability
(Horrockset al, 1995; Sfriso, 1995; Jones al, 1996; Fonget al, 1998; McClelland
and Valiela, 1998; Costanzet al, 2000; Barr and Rees, 2003; Cohen and Fong,
2005; Cohen and Fong, 2006).

Most studies of macroalgal indicators of nitrogeading, such as those above, have
focused on responses of biochemical nitrogen isdiceluding total tissue nitrogen,
accessory pigments and in some cases amino acidss@t al, 1996; Fonget al,
1998; Barr and Rees, 2003; Cohen and Fong, 200berC@nd Fong, 2006).
However, little is known about changes in free amagids (both individual and total)
in macroalgae in response to changes in nitrogewcerdration. In addition to the
effects of nitrogen concentration on nitrogen cohtéand growth) in natural
populations of macroalgae it is also known thaeoflactors, including water motion
(Lapointe and Ryther, 1979; Parker, 1981; Larned Atkinson, 1997; Hurd, 2000)
and the seasonal effects of light and temperatGtegagman and Craigie, 1977;
Rosenberg and Ramus, 1982; Wheeler and WeidneB; Id&mas and Harrison,
1985; Dukeet al, 1989b; Dukeet al, 1989a), are important. For studies that
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specifically examine nitrogen composition and seuthe stable nitrogen isotopes in
macroalgae have been well utilised (McClellatél, 1997; McClelland and Valiela,
1998; Costanzet al, 2000; Costanzet al, 2001; Jonest al, 2001; Gartneet al,
2002; Umezaweet al, 2002; Rogers, 2003; Savage and Elmgren, 2004eiCahd
Fong, 2006).

There are numerous, laboratory-controlled studiest thave examined various
responses (e.g., nitrogen uptake and assimilatomnjtrogen availability over short
(hours to days) time scales (Rosenberg and Ran@&}; Harrisonet al, 1989;
Pedersen, 1994; Rees al, 1998; Tayloret al, 1998; Campbell, 1999; Taylor and
Rees, 1999; Baret al, 2004; Tayloret al, 2006). However, there are relatively few
that have examined longer term biochemical resmottseither nitrogen addition (in
combination with other factors) (Dulet al, 1989b; Bjérnsater and Wheeler, 1990;
Coutinho and Zingmark, 1993; Forgt al, 1994; McGlatheryet al, 1996) or
constant nitrogen concentration (DeBaral, 1978; Lapointe and Tenore, 1981,
Lapointe and Duke, 1984; Vergagtaal, 1993; Andriaet al, 1999).

While some responses to nitrogen supply may chgagkly (hours, e.g., Barr and
Rees (2003)) others, such as total tissue nitragertient or levels of chlorophyll,
may take several days to respond to changes iogeitr supply (e.g., McGlathegt

al. (1996)). Moreover, it has been shown that totabgen turnover inUlva may
take 12 -15 days (Aguiast al, 2003). Therefore, in order to assess both slog, (e
tissue nitrogen and chlorophyll content) and raf@d)., amino acids) responses to
nitrogen loading together it was concluded that best approach would be to
maintain algae at constant concentrations over Ipagods (days) to achieve

equilibrium states.

A simple, reliable and precise seawater flow-thfosgstem was designed which was
capable of maintaining several (up to 16) diffeneatrient concentrations over time.
The system was constantly supplied with natural-motrient seawater and natural
turbulence using waves created by adjustable dungdis. As well as providing

turbulence the dump buckets also mixed the nusidmt were constantly added to
growth chambers. Using this apparatus the effettsittogen source (e.g., nitrate

versus ammonium), nitrogen concentration, lightd aeawater turbulence were
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investigated. In addition, experiments were congldieh winter, late winter, summer
and late summer to incorporate seasonal effecten@he range of other factors the
primary aim of the following experiments was tontg/ nitrogen indices irJlva
that provided the clearest and most reliable inginaof nitrogen loading. Growth
rates and biochemical responses Utva including, tissue nitrogen (and™N),
chlorophyll, free amino acids (and individual amirgonstituents) and rates of
ammonium assimilation, were measured. A total af Experiments were conducted

on the green algdlva pertusaas follows:

Experiment 1. Effect of light and nitrogen additiom N-indices irJlva
pertusa July (winter) 2003.

Experiment 2. Effect of nitrogen concentration gxAFcontent inUlva
pertusa August / September (late winter) 2003.

Experiment 3. Effect of flow rate and water motmmngrowth and N-
indices inUlva pertusaMarch / April (late summer) 2004.

Experiment 4. Effect of light, and ammonium versugate addition on
growth and N-indices itllva pertusa January (summer) 2005.

3.3 Methods

Algal sampling

3.3.1 Collection of experimental algae

For the following experimentdlva pertusawas collected from Otumoetai, Tauranga
Harbour (37° 39' 27.68 S, 176° 8' 31.57 E). Unlewerwise specifiedUlva was
returned to the Leigh Laboratory where it was keptier natural light in running
seawater supplied continuously from the Leigh Labmy’'s seawater system (using
natural Goat Island seawater) for at least one peek to the commencement of any
experiment to allow tissue to equilibrate to locahditions. Generallylva tissue
was maintained in good condition while under c@furowever on a few occasions
sporulation occurred itllva tissue (particularly in non-enriched controls). (bese
occasions sporulated tissue was removed, and tnerekcluded from growth and
biochemical analysis.
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Biochemical responses may show diel changes (gogne amino acids and their
associated enzymes). Consequently in the followingdoor experiments (and
sampling in the following chapters) sampling wawagls conducted close to the
middle of the day for purposes of standardisation.

3.3.2  Sub-samplingJlva thalli
Ulva thalli were sub-sampled as described in Chapter 2.

Analytical

3.3.3  Free amino acids

Amino acid samples were extracted from 1 g freslgeof Ulva tissue as described
in Chapter Two with the following modifications. |Adxtractions were done on ice in
a polystyrene cooler bin. Tissue samples were glade a 20 ml scintillation vial to
which 5 ml 1M perchloric acid was quickly added eThal was then capped, shaken
and left on ice for 10 min before neutralising watiml 1M KOH/0.2 M MOPS. After
60 minutes on ice 1 ml supernatant was drawn offfilévavoiding any perchlorate
precipitate), using a fresh plastic eyedropper tpgp@and placed into labelled 1.5 ml
microcentrifuge tubes. These were stored at *@G@r later HPLC analysis of amino
acid composition as described by Barr and Rees3[2@&e also Chapter Two). After

rinsing with distilled water extracted tissue waied to a constant weight at 65 °C.

Unknown amino acids (i.e., UZ® and co-eluting amino acids (i.e., glycine and
citrulline) were treated as in Chapter Two. Valt@sall amino acids (and their

ratios) are expressedimol N - g DW".

3.3.4  Chlorophyll
Chlorophyll was extracted and determined as desdiiiln Chapter Two. Values are

expressed as mg DW™.
3.3.5 Tissue nitrogen

Tissue nitrogen (in %) an8™N (in %) content was determined as described in

Chapter Two.
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3.3.6  Growth

Growth rate inUlva was measured as the change in fresh weight bioowsstime.
Prior to weighing, excess surface water was rembysgalacing thalli in a Zeiss salad
spinner and spinning a few times. This operatiohjctv typically took less than
minute to perform, was done as quickly as possibleninimise any affects of

handling. Growth was expressed as daily specifevr rates, calculated as:

final masg initial mass
timeinterval(day)

Growth=1In

3.3.7  Determination of maximum rate of ammonium asmilation

Rates of ammonium assimilation were determinedgu#ite method described by
Reeset al (1998) and modified as described by Barr and Reé93). Further
modification to the method of Barr and Rees (20083 the use of 1 g fresh weight
portions of homogenised (as described in Chaptey) Tiva tissue incubated in 400

uM ammonium in 250 ml seawater for 60 minutes.

3.3.8  Seawater sampling and nutrient analyses

Seawater samples were generally taken at the sameeais algal tissue samples.
Samples were kept chilled on ice and analysedrfonanium (NH"), nitrite (NQ,),
nitrate (NQ) and phosphate (R®) with reference to standard curves containing
known concentrations of nutrients. Ammonium wasedained as described by
Koroleff (1983a) and nitrite by Parsoasal (1984). Nitrate was reduced to nitrite by
passing 20 ml of seawater sample through a cadroalomn, and then determined
using the method described by Parsehsl (1984). Phosphate was determined as
described by Koroleff (1983b). Total inorganic agen (TIN) concentrations were
calculated as the sum of WHNO, and NQ'. The ratio of nitrogen : phosphorus (N

: P) was calculated in molar ratios as TIN :,POAIll concentrations values are

expressed ipM.
3.3.9  Statistical analysis

Regression lines were fitted by ordinary least sgmén SigmaStat 3.1. Means were

compared using a two-way or three-way general tineadel (analyses of variance).
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The Holm-Sidak method was used to compare amongsn&dhere assumptions of
normality or equal variance were not met by theadhaen comparisons were made

using Kruskal-Wallis analysis of variance on ranks.

Laboratory Apparatus

3.3.10 Seaweed enrichment system

An outdoor (i.e., under natural light) seaweed omagng apparatus was constructed
for maintaining and manipulatinglva under different turbulent, light and nutrient
regimes. Sixteen individual seaweed growth chambeese constructed from
commercial-grade polypropylene containers measwiidg m long by 0.18 m wide
and 0.15 m deep. Each container had a liquid volofhde2 L, which was determined

by the height of an elongated, drain weir cut ie end (Figure 3.1). A turbulent,

Plate 3.1. Outdoor seaweed culturing system comprised of 16 plastic bins
housed in a polypropylene drainage bund.

seawater-flow design was incorporated into the gfnoehambers by using ‘dump
buckets’ constructed from sections of RVC gutterifigese were pivoted on 6 mm
PVC shafts through one“end*of each growth chamBach*dump bucket had an
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adjustable nylon set screw which was used to #iebalance point at which a given
seawater volume was tipped from the bucket intogiteevth chamber (Figure 3.1).
Tipping volumes were adjustable between 0.1 andLl.3eawater was supplied
continuously to the experimental apparatus from ltkegh Marine Laboratory’s
seawater system using natural Goat Island seawateming seawater was coarsely
filtered (< 200uM) to remove any large objects that could causelages in the
apparatus. A constant head of seawater was maadtausing a small (20 L)
polypropylene header tank situated 1.2 m abovegtbeth chambers. The seawater
head was maintained in the header tank using t@omgh agricultural ball-cock

valves.

The sixteen growth chambers were arranged in twes rof 8 growth chambers
housed in a large (2.4 x 1.2 m) polypropylene agrgénbund (Plate 3.1). Each row of
eight chambers was supplied with seawater dirdaily the header tank via a supply
manifold of sufficient internal diameter (32 mm)edasure that frictional losses (and
therefore any pressure gradients along the lerfgtreamanifold) were minimised. In
addition, the manifolds were ring fed (suppliedbath ends) to further minimise
pressure gradients. From the manifold, water wamplsed to individual growth
chambers (via the dump bucket) through a flow-ratyu nozzle constructed from
short lengths (40 mm) of plastic tubing. Dependnmgthe desired seawater flow rate
required for a particular experiment, nozzles weetected depending on their
internal diameter. In most cases nozzles were nfiae polyethylene irrigation
tubing with a 3.5 mm internal diameter which supglconstant flow rates of close to
1.2 L - min*. When a lower range of flow rates (betweenahd 1.0 L - miit) was
required, nozzles were fashioned from 20 tapered plastic pipette tips cut to
different lengths providing a range of nozzle ditar® In other cases when flow
rates higher than 1.2 L - miinvere required, lengths of PVC tube (of up to 10 mm
internal diameter) were used for flow rates of afY tL - min'. For experiments that
specifically examine the effect of seawater flowerand turbulence, values are
normalised to average horizontal bulk flow velastithrough individual culture

chambers in units of cm - min
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Figure 3.1. Schematic plan of individual growth chamber incorporating dump
bucket and nutrient supply tube controlled by a peristaltic pump.

Either concentrated nutrients or distilled watelydifor the control treatments) were
continuously added into the dump buckets from stealkitions containing various
combinations (as required) of ammonium chloride {8 sodium nitrate (NaN§)
and / or dihydrogen-phosphate (N&,) with delivery flow rate controlled by a
multi-channel peristaltic pump (supplied with lolifg- Tygon™ tubes). Note that
ortho-phosphate was initially used as a phosphatiece until it was found that it
formed a precipitate (presumably resulting fromeaction with the concentrated
ammonium chloride), which on two occasions bloctexinarrow-diameter, nutrient-
feed tubes (see Figure 3.2 above). This problemndidoccur when dihydrogen-
phosphate was adopted as the phosphate sourcéeemtitivere continuously mixed
with seawater by both the effect of entrainmenthef seawater jet (from the flow
regulating nozzles) onto the end of the nutriebetand also because of the dumping
action when the bucket tipped. Initial experimesttswed that the only concentration
gradient that was detected in the culture chamivassdue to the presence of the alga
itself (i.e., uptake resulted in small but measl@albeductions in nutrient

concentrations between the input dump end andréie dnd).

The final concentration of stock solution was atfjdsto suit each chamber

depending on its measured seawater flow rate. Hnmation in seawater delivery
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flow rates (for the most commonly used rate of [1.2min™) across all 16 chambers
was typically less than 3 %. Nutrient concentratian culture chambers were
regularly monitored, and either stock concentration peristaltic pump flow rate
adjusted as necessary. In addition, ambient (Ge&nd) seawater nutrient
concentrations were independently monitored on aeklye basis (Dobson,
unpublished data) and were factored into all cotreéon estimations. For example,
while controls typically had no nutrients addeditltencentrations were specified as:
those measured (relative to seawater blanks takem the seawater supply) in each
chamber_plusmbient seawater nutrient concentration indepethdereasured at the

time of the experiment.

In most cases where nitrogen was added (eitheitrasenor ammonium) it was at 10
uM because preliminary experiments suggested tlahbmical responses began to
saturate at concentrations higher than this. Adswe concentrations in the order of
10 uM were commonly measured around New Zealand (sept€hTwo) this value
is ecologically realistic. A nitrogen : phosphorasio of 10 : 1 was chosen to ensure
that no phosphorus limitation occurred in algaé tere also enriched with nitrogen.
Macroalgal growth becomes phosphorus limited wgbue N : P values above 30 : 1
(Atkinson and Smith, 1983).

Experiments
All experiments in this chapter were carried outhea apparatus described above and

are presented in chronological order.

Experiment 1. Effect of light and nitrogen additionon N-indices inUlva pertusa.
July (winter) 2003.

The effect of light and nitrogen addition on N-iogs inU. pertusawas examined in
an orthogonal (two-way) experiment. The entire expent was run over a period of
five weeks from 24 June to 31 July, 2003. Lightatreents consisted of either
ambient light (light-saturated) or shaded (ligimiitled) using three layers of neutral
density shade cloth. Measurements taken at middawed that shaded chambers
had 18 % of the photosynthetically active radiat{®AR) compared with ambient
light chambers. Nitrogen treatments consisted durah Goat Island seawater

(supplied at a rate of 1.2 L - minwith either no added nutrients or ammonium
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supplied at a constant concentration ofudD (with phosphorus added to give an N :
P =10 : 1). Seawater nutrient concentrations weoaitored on a weekly basis for
the duration of the experiment. During the last kvebthe experiment, two nutrient
feed tubes blocked and as a retlilta in these chambers was not used in the analysis

of the final week’s data (see Figure 3.2 below).

FourU. pertusathalli each weighing approximately 3 g were asstjto each of the
sixteen culture chambers in a randomised desliya was maintained under ambient
light and no added nutrients for one week priorthe start of the experiment to
equilibrate algae to these conditions. At the enthe first week, shade screens and /
or nutrient additions were applied to the respectireatments for the remainder of
the experiment. At weekly intervals, totéllva growth in each chamber was
recorded. After weighing, one individual from eachamber was sampled and
analysed for amino acid and chlorophyll contentescribed above. The remaining
thalli were then returned to their respective aaltechambers for the next weekly
growth period. This procedure took approximatemifutes per chamber.

16

14 +

12 +

107 v Light

—¥— Shade
—A— Light + nitrogen
6 1 —#&— Shade + nitrogen

Ammonium (M)
(o]
Il

4 -
1 S—
21 ¥ —3
0 T T T T T
0 7 14 21 28
Time (Days)

Figure 3.2. Ammonium concentrations in 16 culture chambers over duration
of Experiment 1. Note that two nutrient feed tubes for ammonium-enrichment
treatments had blocked during the last week and therefore results for these
two chambers were dropped from analysis for the last time point.
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Over the duration of the experiment control seawalid concentrations ranged from
2.0 to 3.2uM with a mean concentration of 2.6 + OuBl. Solar radiation and
seawater temperature averaged 7.3 MJ?.-rd* and 15.0 °C (Evans, unpublished
data) respectively, over the course of the experimét the end of the experiment
both tissue nitrogen content and the rates of anmumomassimilation inUlva were

measured as described above.

Experiment 2. Effect of nitrogen concentration on RA content in Ulva pertusa.
August / September (late winter) 2003.

This experiment was conducted to examine changegrimgen and FAA content in
Ulva in response to nitrogen concentration. This expent was done as two parts,
Experiment 2a and 2b. The first examined the eféédhigh (10, 20 and 4QM)
nitrogen concentrations ddlva N-indices and ran from the 7 to 15 August, 2003.
The second examined the effect of low (2, 4, 61@, 15 and 2QuM) nitrogen
concentrations and ran from the 23 August to tiseptember 2003. Prior to the start
of each experimentJlva was equilibrated to low nitrogen conditions by guhg
small & 3 g) thalli in plastic chambers under fluoreschgiits (at a photon flux
density of 350 PE - th- s* [photosynthetically active radiation with a 122 h
light/dark cycle] using Phillips New Generation TLEBW / 86500 Kelvin colour
temperature) for one week. Goat Island seawaterawssnatically added (controlled
by a time-clock and 24 Vac solenoid valve) via @&8n filter for 1 minute every
hour. An average daily seawater flow rate was amasseh that the water volume (4
L) of each growth chamber was replaced approximatece per day. Turbulence
was supplied to the chambers using perspex paddiesected by an eccentric cam to
a shaft, which was in turn driven by a wind-screeper motor (see Figure 4.2 and
Plate 4.2 in Chapter Four).

After one week in the apparatus described abowyidual Ulva thalli were then
added to each of 16 culture chambers under naligrdal and seawater (constantly
supplied at a rate 1.2 L - rifincontaining either no added nutrients (control) or
constant concentrations of ammonium (10, 20 andMPplus phosphate at N : P =
10 : 1. Controls and ammonium treatments were seted by four separate

replicates eachJlva was maintained under these conditions for 9 taldys (from
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Experiment 1 it was shown 7 days was the minimunogdt took for FAA content
to respond to seawater concentration), then samgoteidanalysed for biochemical
content as described above. The whole proceduraepested again for the second
part of the experiment (Experiment 2b) with fresldgllected Ulva. However,
ammonium concentrations were altered to 2, 4, 61@&, 15 and 20uM (plus
phosphate at N : P = 10 : 1). Since there were sitgen chambers replicates were
repeated over a period of three weeks. Fresh wggiwth in Ulva was recorded

during the last 5 days of each experiment.

Over the duration of both experiments control seaw@lIN concentrations ranged
from 1.2 to 1.7uM with a mean concentration of 1.5 + QuBl. Solar radiation and
seawater temperature averaged 10.9 MF - mi’ and 14.1 °C, respectively (Evans,

unpublished data), over the course of the expetimen

Experiment 3. Effect of flow rate and water motionon growth and N-indices in
Ulva pertusa. March / April (late summer) 2004.

The effect of water motion on nitrogen indices andwth rate inU. pertusawas
examined in three repeated orthogonal experimenta 8 March to 2 April 2004.
Three separate growth experiments, each run fanseays, were conducted from
the 8 March to 2 April 2004. Sixteen growth chansbevere set up for the
experiment, eight chambers for turbulent flow tneets and eight for non-turbulent
flow treatments. Eight different seawater flow stanging from 0.1 to 7.0 L - min
were set up for each of the turbulent and non-feriuflow regimes using a
combination of different nozzles sizes. These flmates translated into average
horizontal flow velocities through each chambergrag from approximately 1 cm -
min™ to 60 cm - mitt. For all turbulent flow treatments buckets werkbcated to tip
at a volume of 0.75 L and for non-turbulent flowatments buckets were fixed in a
tilted-down position (by locking the bucket pivotsth foam inserts) such that the
seawater inflow from the nozzles was entrainedctliyento the growth chambers.
Un-enriched Goat Island seawater was continuougiplged to the apparatus for the

duration of the experiment.
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In preparation for each experiment, small3y g) individualU. pertusathalli were
weighed and were randomly assigned to each of ittiees growth chambers. A
small transparent ‘fence’ constructed of six 3 matygarbonate rods was placed
above theUlva to ensure plants were constantly submerged unoer flow
conditions. This modification was added to long¥teexperiments after observing
that there was a tendency fdiva thalli to float and bunch at the drain end of the
culture chambers (i.e., the plastic rods ensurat ttralli were constantly immersed
and spread out in the chambers). One day was aldardJlva to acclimate to the
chambers and time zero fresh weights recorded ssrided above. Fresh weights
were obtained every day until the completion of tified at day seven. At the end of
each trialUlva tissue was analysed for biochemical content asritbesl above. The
apparatus was then cleaned, set up again and tihe gmocedure repeated for the two

remaining replicate trials.

Over the duration of the experiment the generabegips and nozzles were checked
regularly. Control seawater TIN concentrations ethgrom 2.1 to 3.21M with a
mean concentration of 2.5 + 0/M. Solar radiation and seawater temperature
averaged 16.8 MJ -'m d* and 18.7 °C, respectively (Evans, unpublished)dateer

the course of the experiment. Growth was measwedydwo days and FAA were

extracted and analysed at the end of the experiagedéscribed above.

Experiment 4. Effect of light, and ammonium versusitrate addition on growth

and N-indices inUlva pertusa. January (summer) 2005.

The effect of light and nitrogen source (nitratesus ammonium) on nitrogen indices
and growth inU. pertusawas examined in an orthogonal experiment run ower
weeks from 8 January to 22 January 2005. This @xpet was done jointly with
Bruce Dudley from Victoria University. Light treagnts consisted of either ambient
light or shade using three layers of neutral dgnsitade cloth as described for
Experiment 1. Shaded treatment chambers had 18 %heoPAR compared with
ambient light treatments. Nitrogen treatments iedi of natural seawater (supplied
at a rate of 1.2 L - mif) with either nitrate or ammonium supplied at a stant

concentration of 1QM (plus phosphate at N : P =10: 1).
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Small & 3 g) U. pertusathalli were weighed and randomly assigned to exddhe
culture chambers. Each of the four light and nigrogreatments was replicated three
times in 12 chambers (i.e., 3 x light + ammoniumg Bght + nitrate, 3 x shade +
ammonium, 3 x shade + nitrate) in a randomisedkbdiesign. Since there were only
16 chambers in total and four chambers remaininghi® un-enriched, light-saturated
and light-limited reference treatments it was nsagsto represent these with one
replicate thallus in one chamber and two pseudbeadpd thalli in the other (i.e.,
two chambers were used for each treatment). Howeiere the main purpose of this
experiment was to compare the difference betwetngan source (under the two
contrasting light regimes) the semi pseudo-repboabf un-enriched treatments was
not considered important and values obtained frloemtwere only used for general
reference to un-enriched conditions. They were imotuded in any statistical

comparisons.

Over the course of the experiment ambient seawatergen concentration ranged
from 1.5 to 2.0uM with a mean concentration of 1.8 £ QulA. Solar radiation and

seawater temperature averaged 27.2 MF - mi* and 18.4 °C, respectively (Evans,
unpublished data), over the course of the expetinm@rowth was measured every
two days and FAA were extracted and analysed atetite of the experiment as

described above.

3.4 Results

Experiment 1. Effect of light and nitrogen additionon N-indices inUlva pertusa.
July (winter) 2003.

From the start of the experiment growth ratesUima under ambient light were
considerably higher than those in shade, irrespedi nitrogen addition (Figure 3.3).
There was an overall increase in growth ratglira for both ambient light treatments
(i.e., forUlva with and without added nitrogen) compared withdgtatreatments, but
growth was variable over the whole period. Growdtes in the shaded treatments
showed a very similar variation through time, bamained low throughout the
experiment with only a minor increase by day 28(F¢ 3.3). At the end of the
experiment the highest growth rate recorded inetkeriment (0.101 + 0.004 day
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was in light, non-enrichetllva. Although overall growth rates were higher in tigh

treatedUlva, there was an obvious similarity in thariation of growth rates over

time between light and shaded treatments. Howeher,variation did not correlate
with any external factor (i.e. changes in lightmperature or ambient nutrient
concentration). At the end of the experiment thems no significant effect of
nitrogen addition on growth rate Wlva according to comparison made by two-way
ANOVA (Table 3.1).

Chlorophyll content irlJlva showed a general increase for all treatments ¢t
the experiment with respect both to initial natixedues and time-0 values (Figure
3.4). However, by the end of the experiment lew#lghlorophylla andb in Ulva
were the lowest in the light treatment that hadnioogen added. Chlorophyl
levels were similar in shade, shade plus nitrogehlight plus nitrogen treatments by
day 28 (Figure 3.4, A). The increase in chlorophylbver the duration of the
experiment had slowed by day 28 for these thresrtrents and had declined for the
light treatment relative to day 21. Conversely,ocophyll b levels in the shaded
treatments (both with and without added nitrogenreased throughout the
experiment while chlorophyl in both the light treatments had reached a plaiteau
values in the last seven days (Figure 3.4, B). Tdbservation suggested that
chlorophyllb was slower to respond (presumably as a photoaattbmresponse) in
lower light conditions. Continuing increases inatothlorophyll content (TChl,
chlorophyll a + b) throughout the experiment were also apparenthen shaded
treatments while the nitrogen-enriched, unshddk@ had reached a plateau in the
last week of sampling (Figure 3.4, C).

Amino acids showed very different trends compacethdse of chlorophyll. The total
free amino acid (FAA) pool and asparagine showevated levels in nitrogen-
enrichedUlva (light and shade treatments) compared with thespective controls
(Figure 3.5). Relative to asparagine, glutaminele were both low (ranging from
1.2 to 4.4umol N - g DW") and variable throughout the experiment. Howewsr,
with asparagine, nitrogen-enrichédlva (relative to their respective controls) had
higher levels of glutamine (Figure 3.5). In thet lagsek of the experiment there was a
marked decline in glutamine levels (relative t@atdtAA), which may have related to

the higher growth rate in light treatments during same period.
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Figure 3.3. Changes in growth rate in Ulva pertusa in culture chambers
maintained under either ambient light or shade, with and without nitrogen
addition. Values are means + standard errors for four separate replicates.

Table 3.1. Two-way analysis of variance of growth rate (day 21 — 28) for Ulva
pertusa maintained under either ambient or shaded light, with and without
nitrogen addition.

Two-way ANOVA on differences in growth rate in Ulva

Source of Variation DF SS MS F P
Light 1 0.0188 0.0188 66.27 <0.001
Nitrogen 1 0.0006 0.0006 2.03 0.185
Light x Nitrogen 1 0.0002 0.0002 0.57 0.469
Residual 10 0.0028 0.0003
Total 13 0.0233 0.0018
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Figure 3.4. Changes in (A) chlorophyll a, (B) chlorophyll b and (C) total
chlorophyll content in Ulva pertusa in culture chambers maintained under
either ambient or shaded light, with and without nitrogen addition. Values are
means = standard errors for four separate replicates.
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At the end of the experiment (at day 28) there watear visual difference in thalli
greenness and chloroplast content/lwa treated with light alone clearly being paler
than the other three treatments (Plate 3.2). Tivasea significant effect of both light
treatment and nitrogen addition on TN, TChl and Féghtent inUlva (Figure 3.6).

In all cases, unshaded controls had the lowesesabi TN, TChl and FAA content.
However, TN and TChl content in the shaded conts@ee not significantly different
from their unenriched counterparts (Figure 3.6,n&l 8). In addition, although FAA
content inUlva from the shaded control was higher than the ureshadntrol, after
28 days this N-index was less affected by loweelewf light than either TChl or TN
content (Figure 3.6, C).

0 50 100 150 200 pm

Plate 3.2. Comparison of chloroplasts in Ulva pertusa maintained under
either ambient or shaded light, with and without nitrogen addition. The
Individual plates shown above are representative examples of the four
treatments.
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Figure 3.5. Changes in (A) total free amino acid, (B) asparagine and (C)
glutamine content in Ulva pertusa in culture chambers maintained under
either ambient or shaded light, with and without nitrogen addition. Values are

means = standard errors for four separate replicates.
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Figure 3.6. Effect of light and nitrogen addition on (A) tissue nitrogen, (B)
total chlorophyll and (C) free amino acid content in Ulva pertusa after 28 days.
Values are means + standard errors for four separate replicates. Bars labelled
with the same lower case letter do not differ significantly (P > 0.05) according
to the Holm-Sidak method for pair-wise multiple comparisons.
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Rates of ammonium assimilation were also compatdtieaend of the experiment
(day 28). The rate of ammonium assimilationUiva was lower in both shaded
treatments and lowest (2.7 + Jufol - g DW" - H') overall in the shaded, nitrogen
enriched plants (Figure 3.7). The highest rate ssimailation (31.6 + 7.9umol - g
DW™ . HY) was found in the non-enriched, light treatdidta. Two-way analysis of
variance showed that there was a significant efiébbth light and nitrogen addition

on ammonium assimilation idlva (Table 3.2).
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Figure 3.7. Rate of ammonium assimilation in Ulva pertusa maintained under
either ambient or shaded light, with and without nitrogen addition for 28 days.
Values are means * standard errors for four separate replicates.

Table 3.2. Two-way analysis of variance of the rate of ammonium assimilation
for Ulva pertusa maintained under either ambient or shaded light, with and
without nitrogen addition for 28 days.

Two-way ANOVA on differences in rate of ammonium assimilation in Ulva

Source of Variation DF SS MS F P
Light 1 898.83 898.83 9.29 0.012
Nitrogen 1 557.70 557.70 5.76 0.037
Light x Nitrogen 1 132.59 132.59 1.37 0.269
Residual 10 967.72 96.77
Total 13 2679.01 206.08
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Natural abundance stable nitrogen isotopes were @spared at the end of the
experiment.Ulva tissue 3'°N values from the nitrogen-enriched treatments were
clearly different to those itJlva from the unenriched controls (i.e., those supplied
with natural seawater) (Figure 3.8). In additiomile there was a significant effect of
nitrogen enrichmentH; 13 = 4290,P < 0.001) inUlva, there was no significant effect
on 8N values by light treatmenf{ 13 = 0.04,P = 0.84). The averag&™N values

for unenriched controls for light and shaded treatts were 8.0 + 0.0 and 8.0 + 0.1,
respectively. Conversely, the averagaN values for enrichellva from light and
shaded treatments were -8.1 + 0.1 and -8.0 + 8dpectively (i.e.Ulva tissues™N
values were clearly influenced by tBEN of synthetic nitrogen (NKCI)). However,

a difference between tissé&N in enrichedUlva and that of the synthetic nitrogen
source (—5.5 %o) suggested a fractionatioJna tissue of around —2.5 %o (Figure
3.8).

Light

Shade

Light + nitrogen
Shade + nitrogen

[ 2 I

5N (%o)

Ammonium concentration (LM)

Figure 3.8. Change in tissue 8N with change in ammonium concentration
(added as ammonium cloride (NH4CI)) in Ulva pertusa in culture chambers
maintained under either ambient or shaded light, with and without nitrogen
addition for 28 days. The dashed line represents the 8N signature (-5.5 %o)
of synthetic ammonium cloride.
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Experiment 2. Effect of nitrogen concentration on RA content in Ulva pertusa.
August / September (late winter) 2003.

Changes in free amino acids (FAA)Uva were examined in response to changes in
nitrogen concentration. The total FAA pool (dometatby asparagine) increased
linearly with increases in ammonium addition at ésweoncentrations (between®

to around M) (Figure 3.9). However the total FAA pool begarsaturate at higher
concentrations (> 16M) reaching a plateau at about 3dfol N - g DW" (Figure
3.9). Asparagine showed a similar response reachplgteau at about 240nol N -

g DW?! although at slightly lower concentrations of ardur® - 12uM (Figure 3.9,
B). From the lowest nitrogen concentration of elés 2uM (i.e., natural seawater
with no added nitrogen) to the highest concentnatib40uM the FAA pool ranged
from about 3Qumol N - g DW! to 347umol N - g DW! representing a 12-fold range
in values. Asparagine ranged from ol N - g DW* to 250umol N - g DW*

representing a 16-fold range of values.

Glutamate and glutamine (key amino acids involvethe glutamine synthetase [GS]
/ glutamate synthase [GOGAT] pathway) showed diifferent relationships to each
other with increases in ammonium concentration.hBibtese amino acids were
present inJlva at lower levels than asparagine and ranged fré&t 0.2 t0 6.0 £ 0.1
umol N - g DW-1 and 3.5 + 0.3 to 9.0 = Quéol N - g DW-1 for glutamine and
glutamate, respectively. Similarly to asparagin@tagnine increased initially with
increases in ammonium concentration but then bdgasaturate at ammonium
concentrations above about 10/ (Figure 3.10, A). Moreover, asparagine also
showed a strong linear (R2 = 0.96) correlation vglitamine (data not shown). In
contrast to the trend in glutamine, glutamate iaseel with ammonium concentration
up to about 1M and then declined as concentrations increasednuokthis value
(Figure 3.10, B). Compared to the changes thatroedun individual and total free
amino acids at lower ammonium concentrations (ipeto about 1QuM), the ratio of
glutamine : glutamate remained relatively constntalues of around 0.27 at these
lower ammonium concentrations and then showed thegigmear increase with higher
concentrations (Figure 3.10, C). For each concgatrathe percentage contribution
of each individual amino acid to the total FAA pawmhs calculated. The mean

percentage contribution of individual amino
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Figure 3.9. Change in (A) total free amino acids, (B) asparagine and (C) total
amino acids minus asparagine content in Ulva pertusa with change in
ammonium concentration.
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Figure 3.10. Change in (A) glutamine, (B) glutamate and (C) glutamine :
glutamate content in Ulva pertusa with change in ammonium concentration.
Note that in the last plot (C) a suggested relationship is fitted by eye.
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Table 3.3. Contribution of individual amino acids to the total free amino acid
pool, and correlation coefficients between individual amino acids and the total
free amino acid pool. P-values are indicated in bold text. Note that a negative
symbol for R?values indicates a negative slope relationship.

Contributution in  Cummulative %
Amino acid N to % FAA FAA R? P -value
Asparagine 73.43 73.43 0.98 0.0000
Histidine 6.85 80.28 0.79 0.0001
Glutamate 3.93 84.21 0.50 0.0037
u2 948 3.47 87.68 0.85 0.0000
Proline 3.21 90.89 0.67 0.0012
Glutamine 2.42 93.31 0.99 0.0004
Serine 1.38 94.70 0.87 0.0000
Alanine 1.03 95.72 0.57 0.0017
Glycine/Citrulline 0.99 96.71 0.65 0.0046
Aspartate 0.85 97.56 0.89 0.0000
Valine 0.56 98.13 0.49 0.0115
Methionine 0.47 98.59 0.43 0.0206
Phenylalanine 0.38 98.97 -(0.24) 0.0000
Thrionine 0.38 99.35 0.94 0.1110
Leucine 0.29 99.65 0.13 0.2660
IsoLeucine 0.22 99.87 0.27 0.0897
Taurine 0.13 100.00 0.52 0.0080

acids was then calculated for all concentratiorabl@ 3.3). Of the 17 amino acids
examined in Ulva, the most dominant (in termsumiol N equivalents) in order were:
asparagine, histidine, glutamate, an unknown amorapound U2* proline, and
glutamine. Together these 6 amino acids contrib@&&b of the total FAA pool. In
addition, most amino acids except phenylalaningifee and isoleucine significantly
correlated with the total FAA pool (Table 3.3).

Ranges in values of TChl, TN and growth were comgbaover the range of
concentrations examined (note that TN was only nrealsin Experiment 2a and was
therefore compared to a concentration range of+181 uM to 21.6 + 0.6uM).

Compared with the 12-fold range of FAA values, T@rged from 3.7 + 0.2 mg - g
DW'1t0 9.9 + 0.1 mg - g DW, representing only a 2.6-fold range (data not stow
However, it should also be noted that these exmsisonly ran for 10 days and it

was evident from Experiment 1-that chlorophyll lsvevould probably have
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increased further with more time. TN showed a @im#.4-fold range in values (1.4
to 3.9 %) (Figure 3.11, A). Decreasing valuesstN in Ulva tissue indicated an
increasing contribution of the synthetic nitrogeurge (—5.5 %o) resulting in a shift

away from thed™N signature (of around 8 %o) seen in natural unebml Ulva
(Figure 3.11, B).

Tissue nitrogen (%)

1 - Adj. R?=0.98, P < 0.0001, F,, = 214.4
FAA=0.6 + 3.4 x (1 - exp(-0.21 x [NH,"]))

9 - - - -
84 @ B

Adj. R? = 0.96, P < 0.0001, F, , = 108.6
FAA=11.4-18.1 x (1 - exp(-0.18 x [NH,"]))

5N (%o)

Ammonium concentration (UM)

Figure 3.11. Change in (A) tissue nitrogen and (B) 8N content in Ulva
pertusa with change in ammonium concentration. Values are from three
composited replicates from Experiment 2a only.

Compared with nitrogen indices there was no sigaift £111 = 1.44,P = 0.26)

effect of nitrogen concentration|on growth ratehwidlva for all concentrations
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showing average growth rates of around 0.12 + 68208 (data not shown). However
at this growth ratéJlva biomass well over doubled during the enrichmerasghof
the experiments suggesting that significant tigsaeover should have occurred over

the duration of the experiment.

Experiment 3. Effect of flow rate and water motionon growth and N-indices in
Ulva pertusa. March / April (late summer) 2004.

There was a significant effect of both average bwditer velocity through growth
chambers and the addition of turbulence on growate mUIva (Figure 3.12). At
higher flow rates the addition of turbulence cléseloubled the growth rate tiva.
The highest growth rate observed in this experimers 0.20 day in chambers with
the highest average bulk water velocity and thateaadof turbulence (Figure 3.12).
Growth rates in both the turbulent and non-turbukeeatments appeared to reach

plateaux at the higher flow rates between 40 anch60min™.

0.30
0.25 Adj. R* = 0.99, P < 0.0001, F,,=801.6
T ' Growth = 0.06 + 0.14 x (1 - exp (-0.09 x bulk velocity))
@
8 0.20 %
=
S 0.15
) v
2
5 0.10 ,
L Adj. R“=0.93, P =0.0006, F,,=47.41
» 0.05 - Growth = 0.06 + 0.08 x (1 - exp (-0.07 x bulk velocity))
0.00 T T T T T T T

0 10 20 30 40 50 60 70

Mean bulk water velocity (cm Cin™)

Figure 3.12. Change in growth in Ulva with change in average bulk flow rate
and the addition of turbulence (i.e., with the presence of a dump bucket). Red
symbols are values for turbulent flow and blue symbols are values for non-
turbulent flow. Regression statistics are arranged adjacent to their respective
fitted regression curves. Values are means + standard errors for three
separate replicates.
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Figure 3.13. Change in (A) total nitrogen content, (B) chlorophyll and (C) free
amino acid content in Ulva with change in average bulk flow rate and the
addition of turbulence (i.e., with the addition of a dump bucket). Red symbols
are values for turbulent flow and blue symbols are values for non-turbulent
flow. Regression statistics are arranged adjacent to their respective fitted
regression curves. Note that the dashed line in plot C represents a suggested
non-linear, exponential rise to maximum relationship. Values are means *
standard errors for three separate replicates.
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Similar effects of water motion on TN, TChl and FAAntent were also observed
(Figure 3.13, A, B and C, respectively), althougffedences were generally less
pronounced than differences in growth rate. Intergly, increases in FAA content
as well as being more linear with respect to flatershowed slightly larger average
differences between turbulent and non-turbulenattnents compared with TN
content. However, there was also more temporabldity in FAA content between
replicates runs (Figure 3.13, C) which may haveateel to a decline in N-indices
(through time) of the stocWlva that was used for the three trials. It was nobed t
TN content in the starting material was succesgil@her at the beginning of each

trial.

Experiment 4. Effect of light, and ammonium versusitrate addition on growth
and N-indices inUlva pertusa. January (summer) 2005.

Growth rate inUlva showed a similar overall contrast between unshateldshaded
treatments and was consistent with results fromfitee experiment (Experiment 1)
(Figure 3.14). There was a significant effect ghti throughout this experiment. In
addition, there was a statistically significanteeff of nitrogen source (ammonium
versus nitrate) and time, on growth (Figure 3.14 a@able 3.4). However, by the
third growth period there was no significant effe€nitrogen source on growth rate
(F111 = 0.11,P = 0.749). According to three-way ANOVA output thewas no
significant interaction between light, nitrogen smiand time (Table 3.4). Although
not included in the statistical comparison belous itvorth noting that growth in the
unenriched, light-saturated treatment declined edgkduring the last growth period

and presumably reflected a nitrogen (or phosphdmggtion (Figure 3.14).
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Figure 3.14. Effect of nitrogen source (ammonium versus nitrate) on specific
growth rate in Ulva pertusa. For enriched treatments values are means *
standard errors for three separate replicates.

Table 3.4. Three-way analysis of variance of growth in Ulva pertusa over 12
days maintained under either ambient or shaded light, with either ammonium
or nitrate addition.

There-way ANOVA on differences in growth rate in Ulva

Source of Variation DF SS MS F P

Light 1 0.151 0.151 345.60 <0.001

Nitrogen 1 0.005 0.005 11.03 0.003

Time 2 0.036 0.018 40.63 <0.001

Light x Nitrogen 1 0.001 0.001 1.19 0.285

Light x Time 2 0.002 0.001 1.74 0.197

Nitrogen x Time 2 0.002 0.001 1.81 0.186

Light x Nitrogen x Time 2 0.001 0.000 0.64 0.537
Residual 24 0.011 0.000
Total 35 0.206 0.006
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Similarly to Experiment 1 the effects of nitrogemriehment were visually apparent
in the colour ofUlva thalli. However, compared to the winter experimgrgre was
more contrast betwedsiva from enriched and control treatments (Appendi®.3At
the end of the experiment while there was no Siggnit effect of nitrogen source
(i.e., ammonium versus nitrate addition) on bothdrd TChl content itJlva, there
was a significant effect of light (Table 3.8)lva in shaded treatments had higher TN
and TChl content (Figure 3.15, A and B, respecyiveConversely, there was no
effect of either nitrogen source or light level BAA content inUlva (Figure 3.15, C
and Table 3.5). However, it is worth noting thaatd-AA values measured midway
through the experiment, while not significantly fdient between light treatments
(F111 = 2.7,P = 0.14), were significantly higher in ammonium4iehed treatments
compared with nitrate-enriched treatmenig g = 55.4,P < 0.001) (data not shown).
This suggests that there was an initial limitattonthe utilisation of nitrate, and may

have been linked to initial growth rates being lowenitrate-suppliedJlva.
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Figure 3.15. Effect of nitrogen source (ammonium versus nitrate) on (A)
tissue nitrogen, (B) chlorophyll and (C) free amino acid content in Ulva
pertusa. Except for controls (comprised of two pseudo replicates and one true
replicate) values are means * standard errors for three separate replicates.
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Table 3.5. Two-way analysis of variance in (A) total tissue nitrogen content,
(B) total chlorophyll and (C) free amino acid content in Ulva pertusa
maintained under contrasting levels of light and nitrogen supplied as either

nitrate or ammonium.

A) Two-way ANOVA on differencesin Ulva total tissue nitrogen content

Source of Variation DF SS MS F P
Light 1 0.2390 0.2390 14.84 0.005
N-source 1 0.0009 0.0009 0.05 0.821
LightxN-source 1 0.0018 0.0018 0.11 0.747
Residual 8 0.1290 0.0161
Total 11 0.3700 0.0337
B) Two-way ANOVA on differences in Ulva total chlorophyll content
Source of Variation DF SS MS F P
Light 1 28.622 28.622 14.31 0.005
N-source 1 0.838 0.838 0.42 0.536
LightxN-source 1 2.189 2.189 1.09 0.326
Residual 8 16.006 2.001
Total 11 47.655 4.332
C) Two-way ANOVA on differences in Ulva total free amino acid content
Source of Variation DF SS MS F P
Light 1 264.8 264.8 0.73 0.417
N-source 1 526.3 526.3 1.45 0.263
Light x N-source s 1501.9 1501.9 4.15 0.076
Residual 8 2898.2 362.3
Total 11 5191.2 471.9

Consistent with the previous experiments, aspaeagias the dominant amino acid
under nitrogen enrichment and was not significaatfected by either lightH; 11 =
1.9,P = 0.21) or nitrogen sourc&411 = 1.5,P = 0.25), although there were slightly
higher levels in the shaded, ammonium-enrickideh (Figure 3.16, A). Similarly,
histidine was not significantly affected by ligh#;(, = 3.5,P = 0.096), or nitrogen
source F; 11 = 0.036,P = 0.85) (Figure 3.16, B). Some amino acids, howedil
show different responses to either light level And nitrogen source. Glutamine and
glutamate levels were significantlyy(1; = 35.5,P < 0.001 andFy1; = 61.1,P <
0.001, respectively) affected by light, but notadfen sourceR; 11 = 0.02,P = 0.89
andF; 1, = 0.55,P = 0.48 for glutamine and glutamate, respectivéiygure 3.16, C
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Figure 3.16. Effect of nitrogen source (ammonium versus nitrate) on (A)
asparagine, (B) histidine, (C) glutamine, (D) U2°®, (E) glutamate and (F)
proline content in Ulva pertusa. Except for controls (comprised of two pseudo
replicates and one true replicate) values are means + standard errors for
three separate replicates.
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and E). Levels of proline and &% on the other hand, were significantly affected by
both light 111 = 32.37,P < 0.001 and~;11 = 17.25,P = 0.003, respectively) and
nitrogen sourceH; 11 = 5.64,P = 0.045 and~; ;; = 57.46,P < 0.001, respectively)
(Figure 3.16, D and F). Both proline and*3%showed higher levels under unshaded,
nitrate-enrichment compared with their shaded capatrts (Figure 3.16, D and F).

Results for rates of ammonium assimilationUtva were similar to results from
Experiment 1 (conducted in the winter) with highiates in unshaded treatments
compared with shaded. However, values were gegetahsiderably higher in this
experiment (conducted in the summer). Values rafged about 6§imol - g DW" -
h™in both shaded nitrogen (ammonium and nitrate)cled treatments to 141.4 +
12.1umol - g DW" - h'in unshaded ammonium-enricheliva (Figure 3.17). There
was a significant differenceP(= 0.044) in the rate of ammonium assimilation

between unshaded ammonium-enriched and unshadaterenrichedJlva (Figure
3.17).
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Figure 3.17. Effect of nitrogen source (ammonium versus nitrate) on rate of
ammonium assimilation in Ulva pertusa. Except for controls (comprised of two

pseudo replicates and one true replicate) values are means + standard errors
for three separate replicates.
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Natural abundance stable nitrogen isotopedira supplied with unenriched natural
seawater had™N values of 7.3 + 0.0 %o and 7.6 * 0.1 %o for unshiadad shaded
treatments, respectively (Figure 3.18, A). For amimm-enrichedUlva §*°N values
were -4.2 £+ 0.1 % and -7.4 + 0.4 %o for unshaded ahdded treatments,
respectively, and for nitrate-enricheltva 3.8 £ 0.0 %0 and 3.8 + 0.1 %o for unshaded
and shaded treatments, respectively (Figure 3.18,FRactionation values were
calculated for enrichetllva using source values for synthetic ammonium (-5.p %o
and for nitrate (3.95 %0). FoUlva in natural seawater an estimate from Gartner

(2002) for5™N values in natural seawater of 6.7 %o was usecttioraation of >N

3N (%o)
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-8 1 r—~3J Shade

H
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S
%
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Figure 3.18. Effect of nitrogen source (ammonium versus nitrate) on (A) 8°N
values and (B) N fractionation in Ulva pertusa. Except for controls
(comprised of two pseudo replicates and one true replicate) values are means
+ standard errors for three separate replicates.
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in Ulva supplied with natural seawater was similar forhbahshaded and shaded
treatments at values of 0.6 + 0.0 % and + 0.9 %8, respectively (Figure 3.18, B).
For ammonium-enrichedlva N fractionation values were 1.3 + 0.1 %o and -1.9 +
0.4 %o for unshaded and shaded treatments, resebctiilowever, for nitrate-
enrichedUlva *N fractionation values for unshaded and shadednests were both
negative but small at -0.2 + 0.0 %0 and -0.1 + 0. lr#spectively (Figure 3.18, B).

Summary

Nitrogen indices and seawater nitrogen concentration

Overall performance of nitrogen indices lilva was examined by combining the
results for all four experiments. With the exceptiof Experiment 3 (in which no
nitrogen was added) the addition of nitrogen resblih significant changes in nearly
all N-indices examined. From pooled data of theggeements, which compared
responses to un-enriched natural seawater withetislO uM enriched seawater
(irrespective of nitrogen source and light treattherthe most pronounced
biochemical response to external nitrogen conceotravas that of amino acids
(Table 3.6). While the largest proportional cha(@@-fold) was shown by UZ® the
largest quantitative change was seen in asparégsm (Table 3.6)Ulva in nitrogen
enriched seawater had Asn levels of L%l N - g DW* compared to 25.4mol N -

g DW! in natural un-enriched seawater. This represeate®i8-fold increase in
response to a 5.5-fold increase in seawater nitragacentration (Table 3.6). The
FAA acid pool inUlva showed a slightly lower 4.4-fold increase in regmito an
increase in seawater nitrogen (Table 3.6). Aspar{asp), glutamine (GIln) and
glutamate (Glu) all showed minor increases in démaildJlva although the difference
in glutamine levels was not significant (Table 3'B)e sum of the remaining (other)
amino acids also showed a significant (2.7-foldy@ase with an increase in seawater
nitrogen. Total tissue nitrogen (TN) and chloroplaybndb also increased with the
addition of nitrogen. However their responses ttrogen addition were less
pronounced (around 2-fold) compared with changehénFAA pool. The ratios of
asparagine : aspartate and total free amino aciBAA-N) : total tissue nitrogen
(TN) increased significantly with increases in satw nitrogen concentration
whereas the ratio of glutamine : glutamate wassigstificantly affected (Table 3.6).
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Table 3.6. Combined results from four experiments of changes in
biochemical N-indices to 10 yM inorganic nitrogen addition compared with
natural seawater controls (irrespective of light treatment). Significant
differences (according to t-tests) are indicated in bold text. Proportional
changes in the enriched Ulva relative to un-enriched Ulva are also shown.

Control Enriched Proportional
Units mean se mean se P-value change
Total inorganic N (seawater) um 2.27 0.17 12.52 0.45 <0.001 5.5
Ulva nitrogen index
total free amino acids umol N [y pw* 57.8 15.0 2552 9.2 <0.000 4.4
asparagine pmol N g bw™ 254 11.0 1725 11.0 <0.001 6.8
apspartate pmol N Oy pw* 0.84 0.05 205 0.14 <0.001 24
asparagine : aspartate 275 11.1 871 8.0 <0.001 3.2
glutamine pmol N g bw™ 3.27 0.75 6.27 1.10 0.041 1.9
glutamate umol N [y Dw™ 3.44 0.34 8.43 1.04 <0.001 25
glutamine : glutamate 0.54 0.14 0.37 0.06 0.255 0.7
histidine umol N Oy Dw™ 132 3.6 349 43 0.002 2.6
proline pmol N Oy Dw™ 196 0.27 8.09 1.01 <0.001 41
y2°48 pmol N g bw™ 0.37 0.05 8.13 1.77 <0.001 22.1
other amino acids pgmol N [y pw™ 248 5.3 65.9 4.9 0.038 2.7
chlorophyll a ug g DW™ 250 0.58 548 0.15 <0.001 2.2
chlorophyll b ug g pw* 2.56 0.69 5.85 0.68 0.003 2.3
chlorophylla + b ug g DW™ 5.06 1.26 11.34 0.74 <0.001 2.2
free amino acid-N : total tissue-N % 5.04 0.51 11.33 0.69 <0.001 2.2
total tissue-N % 1.48 0.31 3.17 0.14 <0.001 2.1
ammonium assimilation pmol Oy DW™ h™ 60.8 19.5 66.7 21.8 0.864 1.1
growth day'l 0.10 0.01 0.15 0.03 0.210 15

Neither the rate of ammonium assimilation nor tla¢erof growth provided a

significant reflection of increases in seawateragien availability.

Nitrogen status, and light and season

While nitrogen content and other N-indices (e.glpphyll) in Ulva were affected
by nitrogen concentration in seawater (and watetianp Figure 3.13), these
parameters were also affected by differences int bgpd season. From combined data
the figure below (Figure 3.19) shows three impdrtieatures: 1) Enrichedllva
grown in the winter tended to have the highestesiof TN and chlorophyll overall,
2) There was one example of unenrichéida in winter that contained as much
nitrogen and chlorophyll as enrichéva in the summer, and 3) both chlorophgll
and, to a lesser extelmtwere well correlated with TN (Figure 3.19).
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Figure 3.19. Combined results of change in chlorophyll (A) a and (B) b with
change in total tissue nitrogen content in Ulva pertusa.

In addition to differences ibllva nitrogen status between seasons, and between light
treatments, there was also apparent effects onatga’s growth rate. Both
Experiments 1 and 4 showed that growth rateUlma was higher in unshaded
conditions compared with shaded conditions (Figdu® and 3.14), irrespective of
season. However, there was also some suggestiomgrihath may also have been
limited in unshaded controls by nitrogen or phospeasupply in the summer (Figure
3.14, Experiment 4). Combined data from all expenits suggests that overall
growth rates inUlva were higher in summer compared with those measiardie
winter, althoughUlva containing lower (around 1 %) TN levels in the soen also
had lower growth rates. Moreover, there appearetet@ hyperbolic relationship
between growth rate and TN content (Figure 3.2Q).céntrast to growth rate,
nitrogen content tended to be higherUiva grown both under winter conditions
(compared with summer) and also, to some exterdemushaded (compared with
unshaded) conditions (Figure 3.20). Moreover, tweekt growth rates and some of
the highest values of TN content co-occurredUima grown in the winter under
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shaded conditions (Figure 3.19). On the other hhadighest growth rates occurred

in Ulva that only had low to intermediate values TN coh{&igure 3.20).
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Figure 3. 20. Combined results of changes in growth rate with change in total
tissue nitrogen content in Ulva pertusa. Note that a exponential rise to
maximum curve is fitted to unshaded summer data only.

Maximum rates of ammonium assimilation and levélglotamine (a key amino acid
involved in ammonium assimilation, see Chapter Omeje also examined in the
context of light and season. From combined resil&xperiments 1 and 4 (note that
rates of ammonium assimilation were only measunettiése two experiments) there
were both lower rates of ammonium assimilation bowvder levels of glutamine in
Ulva grown under both shaded (probably light-limitednditions and in winter
(Figure 3.21). Conversely, higher values of bothmamium assimilation and

glutamine were found ibllva grown in summer (Figure 3.21).
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Figure 3.21. Combined results from summer and winter enrichment
experiments (Experiment 1 and 4) of changes in glutamine content with
change in the maximum rate of ammonium assimimilation in Ulva pertusa.

Nitrogen isotopes, light and season

All un-enriched controls used in experiments irs tbihapter showed a narrow range
of values between 6.8 £ 0.1 and 8.1 £+ 0.1 %o, amavsl little or no seasonal shift in
values compared with values seernUiva supplied with synthetic nitrogen sources
(Figure 3.22). It was noted that this range wasy \&@milar to the range seen in
natural populations dfllva growing at exposed and presumably minimally imedct
rural sites examined in summer and winter in Chrapteo (Figures 2.5 and 2.6). In
contrast to the narrow range seetima supplied with natural seawater, the addition
of synthetic nitrogen sources (either as ammoniuroride [NH,CI] or sodium
nitrate [NaNQ]) substantially altered th&™N signature seen itUlva tissues. In
addition, it was apparent that°N values in ammonium enrichddlva tended to
increase with increasing TN content (Figure 3.22N values in nitrate enriched
Ulva were more intermediate betweblva supplied with natural seawater and that

supplied with ammonium enriched seawater.
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Figure 3.22. Combined results of change in tissue 8N values with change
in total tissue nitrogen content in Ulva pertusa. The dashed lines represent the
range of values found in Ulva growing on rural exposed coasts around New
Zealand (Chapter Two).

35 Discussion

Nitrogen indices, water motion and seawater nitrogen concentration

The main purpose of this chapter was to identifintiices that were most likely to
reflect differences in seawater nitrogen conceiatnadnd ideally be robust against
other factors such as season or light. Contragtiffgrences in nitrogen status of
Ulva was usually visually apparent in the ‘greennedsthe thalli. However, the

clearest measured biochemical response to nitr@glelition in seawater was the
FAA pool. Although the FAA pool began to saturatecancentrations in seawater
above about 10 uM (Figure 3.9, A), overall it extatl a far greater (21-fold) range
of values (16umol N - g DW*to 347umol N - g DW?) than either chlorophyll or

TN, suggesting that it could be better at resohdifterences in available nitrogen in
seawater. On the other hand, there was some eederg:, in Experiment 1, Figure
3.5, A) that the total FAA pool continued to chamyer long (1 month) time periods
and was probably affected to some extent (alon@y wiher N-indices) by factors

other than external nitrogen concentration. Anotingoortant factor (although not
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examined here in the context of nitrogen additimal that of water flow rate and

water motion.

Flow rate and water motion not only affected theAR#ool in Ulva but also TN and
chlorophyll content, and growth. Quantitatively tigtn, the addition of nitrogen
appeared to have a much greater affect on the FdoAgompared with water motion
alone (i.e., the highest FAA concentration attainedh the highest level of
turbulence used in Experiment 3 was 45.4 + 16®| N - g DW* compared with
347.3 + 16.6umol N - g DW* achieved with 20uM nitrogen addition_and
turbulence). This might be expected since highi@witrconcentrations in theory
should be more dominant over water motion in mising the effect of diffusive
boundary layers itdlva (Parker, 1981). In addition, the linear relatidpstthat were
suggested between FAA and flow rate (with and witharbulence, see Figure 3.13),
in comparison with the clear nonlinear responseth®fTN and TChl (and growth),
might suggest that changes in the FAA pool are notweely linked to fine scale
changes in the flux of nutrients past the thallugase (i.e., small changes in nitrogen
flux are probably equivalent to very small changesnitrogen concentration).
However, results from a preliminary experiment alseggested that even at
moderately low (about 10 cmmin™) flow rates, with moderate (10M) nitrogen
addition, there was little or no effect of turbuteron the FAA pool itJlva (data not
shown). In other words the effect of turbulencetlo& accumulation of FAA pool in

Ulva was probably dominated by the effect of high mj&ne concentration.

Free amino acids asindices of seawater nitrogen concentration

Individual free amino acids in macroalgae have ionesty been used to indicate
nitrogen availability in seawater (e.g., Horrocks al, 1995; Jonest al, 1996;
Costanzeet al, 2000; Barr and Rees, 2003). Except for the stfdgarr and Rees
(2003) which examined short-term changes in amicid and tissue ammonium
content inUlva intestinalis the other studies listed above ugedhcilaria sp. The
study of Jones (1996) showed that some amino ati@sacilaria edulisresponded
differently to different nitrogen sources (i.e., monium-enrichment produced
increases in citrulline, phenylalanine and serirfelevnitrate-enrichment produced
increases in glutamate, citrulline and alanine).tHe current study the strongest

differential response of any amino acid to nitrogearce (nitrate versus ammonium)
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was in higher levels of proline (see Figure 3.16jrFUlva supplied with nitrate in
unshaded conditions. Otherwise there was littlelewie to suggest that free amino

acids inUlva could reliably distinguish between the two nitrog®urces.

In the study of Tayloet al (2006) which examined short-term (up to 10 hrposses

of amino acids irJlva intestinalisto nitrate and ammonium addition, both glutamine
and asparagine increased more with ammonium thémnitrate addition. However,
in the current study after 12 days in constangtretly low (10puM) concentrations,
there was little difference in the size of the FA#ol in Ulva pertusasupplied with
equivalent concentrations of ammonium and nitrgigure 3.15, C). Given that the
FAA pool in nitrate-suppliedJlva was initially smaller, and that growth rates were
initially lower than in ammonium-suppliddlva, it is concluded that it took time for
Ulva to acclimate to nitrate utilisation. What was clé&@m the current study was
that light-limited conditions affected levels ofthaglutamine and glutamate (Figure
3.16, C and E). This was probably the result ofeduction in levels of carbon
skeletons (probably in the form of 2-oxaglutaratequired for ammonium
assimilation via GS-GOGAT. Additional evidence tbe effect of light on nitrogen
assimilation comes from the observation that tlveeee lower (maximum) rates of
ammonium assimilation and lower levels of glutamimé&Jlva grown in both light-

limited conditions and in winter (Figure 3.21).

Glutamine levels inJ. pertusaconstantly supplied with 1M ammonium made
only a small (2.1 %) contribution to the FAA poanspared with the large (up to
60.1 %) contribution of glutamine observedUn intestinalisafter either short-term
ammonium-enrichment experiments (Tayktral, 2006) (Table 3.7) or in natural
intertidal populations after tidal re-supply of rogen (Barr and Rees, 2003).
Conversely, asparagine levelsliva, given a constant nitrogen supply, represented a
much greater (69.6 %) contribution to the FAA paompared with the 20 %
contribution obtained in short-term experimentsh(€a3.7). In addition, after time
the total FAA pool was much larger idlva supplied with 10uM ammonium
compared to levels ibllva under short-term enrichment at much higher (480
ammonium concentrations (Table 3.7). Irrespectivéhe differences between short
and long-term responses bfiva to nitrogen supply, accumulation of asparagine

strongly suggests that this amino acid plays anomapt storage role and this is
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consistent with what is known about nitrogen meligboin higher plants. Moreover,

the ultimate dominance of asparagine over glutamossibly relates to it being more
soluble and less reactive than glutamine, therefoeking it a more effective N

storage molecule in higher plants (Sieciechoweical, 1988) and apparently llva.

Compared with the study of Taylet al (2006) and Barr and Rees (2003) glutamine
remained at fairly low levels averaging about 4.D.4 pmol N - g DW* for all
experiments. This was also true for sobiga samples collected from around New
Zealand (Chapter Two) where glutamine levels, dvam some enriched sites, were
often low. In addition, it was apparent from Expeent 2 that glutamine and
glutamate responded differently (Figure 3.11, A @)dto changes in nitrogen
concentration and might reflect some form of meliab@gulation, possibly down-
regulation, of nitrogen assimilation. It is knowmat the level of glutamine and / or
the ratio of glutamine : glutamate is an indicaibiN-status in bacteria (Ikedz al,
1996), microalgae (Flynn, 1990b) and higher plaf\t¢gatanabeet al, 1997).
However, there are no studies that specificallyngra regulation of nitrogen
assimilation in subtidal macroalgae in responsmdceasing nitrogen concentration.
From the current study glutamate, the net proddidB8-GOGAT, was present at
lower levels at higher (> 10M) TIN concentrations suggesting that either gluagen
was increasingly being incorporated into some otimeneasured storage pool or

Table 3.7. Comparison of changes in free amino acid content in Ulva
intestinalis in short-term ammonium enrichment (400 uM) experiments (Taylor
et al, 2006) with combined results for Ulva pertusa maintained long-term
under low (10 - 12 yM) and constant concencentrations of inorganic nitrogen.
Note that only unshaded, ammonium-enriched treatments were used to
standardise the comparison with Taylor et al, 2006.

Short-term ammonium (400 uM) enrichment Long-term ammonium (10 pM) enrichment

(From Taylor et al, 2006) (Current study)

umol N gDw™ % total umol N gDW™ % total
Aspartate 15+01 1.8 2.0+0.2 0.8
Asparagine 13.7+0.8 16.1 178.9+13.9 69.6
Glutamate 3.6+0.1 4.3 8.0+1.3 3.1
Gluamine 51.7+25 60.7 54+13 2.1
Others 146+10 17.2 62.8+55 24.4
Total 85.2+4.6 100 257.0+11.7 100
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decreased because of a reduction in GOGAT (2-oxaglte aminotransferase)
activity (as opposed to that of GS (glutamine sgtdbke)). It is interesting to note that
the responses seen here have also been shownher lpgnts. In experiments on
tobacco leaves Geiget al (1999) showed that levels of glutamate decreaséu w
high, but not intermediate, nitrogen concentratiomgile glutamine showed a

proportional increase with increases in nitrogeppsu

Most (14 out of 17, Table 3.3) of the amino acidamined in this study correlated
with the total FAA pool suggesting that they welsoaeither directly or indirectly
affected by changes in external nitrogen supplyddition to increases in asparagine
most other amino acids (except glutamate) also sHboimcreases with nitrogen
concentration. The most predominant of these iredugdroline, histidine and the
unknown amino compound &%. Increases in proline occur in response to
environmental stress, such as extremes of temperatuchanges in salinity in both
higher plants (Matysilet al, 2002) and algae (Ahmad and Hellebust, 1988b;tetg
al., 2005; Kakinumaet al, 2006).

Another amino acid found in higher concentratiores vinistidine. Although it does
not have a direct role in nitrogen metabolism, sitinvolved in chelating and
transporting metal ions in plants, and with 3 Nnagat may confer a nitrogen storage
role. In addition to the amino acids mentioned a&yowost of the minor free amino
acids inUlva contribute significantly (24 %) (Table 3.7) to thi#rogen stored in the
FAA pool. This same tendency has been shown inenightants (Ireland, 1998) and
microalgae (Flynn, 1990a) and it appears that ctgss of the form of nitrogen
supplied (nitrate or ammonium), there is subseqaectimulation of most amino
acids, presumably distributed in different subdaiicompartments. To the best of
my knowledge this is the first study on macroalgdsch demonstrates that the pool
of amino acids and most of its constituents am@nsflly influenced by nitrogen supply
and therefore, in addition to their individual nisc roles, probably also have a

nitrogen storage function idlva.

One notable feature of all the tissue N indicesverad (FAA, chlorophyll and TN)
was that they showed a very clear saturating respda nitrogen concentration.

However, in the study of Jones (1996) linear refeghips between levels of some
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amino acids and seawater nitrogen concentrations kgported for seawater nitrogen
concentrations up to 8QM, although these were only from relatively sh@tday)
incubations. The linear responses of amino acigsrted forGracilaria probably
relate to the fact that these were short-term exqagits and were not likely to be at
equilibrium with external nitrogen concentratiohisl suggested that in the long term
changes irGracilaria may have resulted in larger changes (relativeoto-enriched
conditions) in all N pools, including that of th&/& pool; neither levels of total FAA
or glutamine were reported in this study.

In an indoor prototype of the system used in theeru study, nitrogen enrichment of
two species ofsracilaria using the same concentrations used in Experiméné.2
ambient seawater and ambient seawater plus 10@@@:M ammonium), resulted
in a similar saturating responselitva (Wilcox et al, 2006). It is also interesting to
note that after two weeks maintained at these cdrateons the amino acid pool,
dominated by gigartinine, represented up to 47 %heftotal tissue nitrogen content
in this species. However, these two specigsracilaria showed a much lower range
(2.2-fold to 2.9-fold) of total FAA content betweamn-enriched and the highest
concentration (4@M) compared with that (12-fold) ibllva (see results Experiment

2, T paragraph).

Growth, N-indices and season

Experiment 4 (conducted in the summer) achieved imnax growth rates in
unshaded, ammonium-enrichédlva that were over four times higher than those
achieved in unshadddlva in the winter in Experiment 1 (i.e., 0.08 - taand 0.34 -
day” for winter and summer, respectively). Other thamsseal differences in light,
temperature and ambient seawater nutrient condemsa controlled conditions in
this experiment (e.g., flow rate and ammonium catre¢gion) were comparable to
those of Experiment 1. In greater contrast, shadsdments (with an 82 % decrease
in light) in the summer had much higher growth satempared with their winter
enriched counterparts (i.e., 0.20 - dand 0.014 - day for summer and winter,
respectively). Therefore, the effects of seasonligid would appear to have had the
greatest influence on differences in growth ratgyfe 3.20). However, since only

light was examined, the role of temperature cabeatuled out and is known to be an
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important factor affecting growth in algae (Lapeini982; Raven and Geider, 1988;
Dukeet al, 1989a; Henley and Ramus, 1989b; de Casabeinala 2002).

Clearly, nitrogen status alone had no ability tedact growth rate unless examined in
the context of seasonal effects (e.g. Figure 3120the summer, growth dflva was
hyperbolically related to nitrogen content (as shdwy others e.g., Bjornsater and
Wheeler, 1990) suggesting that nitrogen availabilitas possibly linked to the
enhanced growth seen in the summer compared vathritthe winter (Figure 3.20).
In addition, there was some evidence tbata grown in the summer and supplied
with nitrate alone had a lower growth rate, at tidamporarily, than that supplied
with ammonium alone (see Figure 3.14). It would egpthat change itJlva
nitrogen metabolism and growth was more an acclonatesponse to the sole
nitrogen source being nitrate rather than a sustiaicost expressed as reduced
growth. It is also worth noting that a similar expgent conducted at a later time
failed to yield a consistent and significant effethitrogen source on the growth rate
in Ulva (data not shown). It would appear that, in theeaaidUlva anyway, there is
no evidence supporting the hypothesis that nitnsitesation for growth might come
at an energetic cost relative to ammonium (Syi&81; Turpinet al, 1991; Vergara
et al, 1995).

Higher levels of TN and chlorophyla(@ndb) occurred inUlva either in the winter
months, or in treatments that had been enrichedh witrogen (Figure 3.19).
Moreover, the highest TN values occurredUlva that was enriched in the winter
(i.e., the effects of nitrogen enrichment and seasere probably additive) (Figure
3.19). In addition, in Experiment 1 shaded, nonedrad Ulva had TN and TChl
values that were not significantly different fromriehedUIva, but were higher than
the unshaded, non-enriched control (Figure 3.6ndB). This would tend to suggest
that the lower growth rates observed in light ledifunenrichedYlva in the winter
contributed to their higher nitrogen contedéespite the lower rates of ammonium
assimilation observed in the winter (compared witbse in the summer) (Figure
3.21). Furthermore, although seawater total inaggamitrogen concentrations
generally increase in the winter at Goat Islanda&m, unpublished data) there was
no evidence that ambient inorganic nitrogen comaéions over the duration of these

experiments were any higher in the winter compavegd the summer (2.1M and
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2.2 uM for winter and summer, respectively). Therefdris suggested that the higher
nitrogen content obllva (enriched and non-enriched alike) in winter wagety due
to accumulation (albeit probably slowly) of nitregéhat was in excess of growth
requirements. This tends to support the obseratfioom the previous chapter in
which naturalUlva populations showed strong seasonal differencel Wigher

nitrogen content in the winter compared with summer

Tissue 6N isotopesin Ulva

The strongest indicator of chemical differencegitnrogen source was that shown by
natural abundance stable nitrogen isotop&¥. Obviously this was largely due to
8N signatures of synthetic ammonium (-5.50 %.) anttaté (3.95 %o) that
contrasted to the background (i.e., natural) soywel in seawater which were
presumably around 7 %o to 8 %o.. All un-enriched colstin this chapter exhibited a
narrow range of values between 6.8 + 0.1 to 8.11+%, and compared with the
changes in TN content, showed little seasonal shifalues (Figure 3.22). This range
was very similar to that (6.7 + 0.1 to 8.8 + 0.1 %fserved inUlva on exposed
coastlines from around New Zealand (Chapter Twioijs hlso consistent with that
identified as ‘acceptable’ fddlva growing in non-sewage impacted coastal waters in
a pre / post-sewerage discharge closure study a Rtont, Wellington (Rogers,
2003).

Studies of different microalgae have shown tfibit fractionation in nitrate supplied
cultures can range from 2.2 %o to 6.2 %o (Needebal, 2003) and in diatoms may
be considerable with values as high as 20 %o for amm and 5 %o for nitrate
supplied cultures (Waseat al, 1998). Compared to these studies, overall leokls
>N fractionation inUlva (under either light-limited or light-saturated citions)
appear to be relatively small (ranging from 1.3 &0-1.9 %0) (Figure 3.18, B). It
should also be noted that values of fractionatibtaioed in Experiment 4 were
similar to a second experiment (carried out ingame apparatus) which removed, or
at least markedly reduced, the effect of the bamkgi source pool using an algal
(Ulva) scrubber situated before the point where syrthmiirients were added. It is
interesting that the total range of fractionatiobserved in this experiment (in

absolute terms 3.2 %.) was greater than the rande %2 being the difference

139



= Chapter Three=

between 6.7 and 8.8 %0 above) seetJiva growing on exposed coasts around New

Zealand (Chapter Two) for botummer and winter.

In this experiment the lowest levels of fractionatwere seen iblva supplied with
nitrate alone under both light-limited and lighttsated conditions. Given that the
free amino acid pool in nitrate-suppliétlva by the end of Experiment 4 (Figure
3.15, C) was similar to that of ammonium-suppliglga it is presumed that similar
amounts of nitrogen from the two nitrogen sourcesevassimilated. As a corollary it
appears that there was little overall effect on fn@ttionation by nitrate reductase
(because of the observed low fractionation valu@s)nitrate-supplied Ulva,
irrespective of contrasting effects of light. Tleehmonium-suppliedJlva showed a
greater tendency to fractionate between light-sé#ar and light-limited conditions
compared with nitrate suppliediva is interesting. Fractionation in light-saturated
Ulva was more positive indicating that there was aeeithdiscrimination againstN

at uptake or that there was a loss“®f subsequent to uptake. The former situation
seems very unlikely since it is generally accepthdt discrimination during
biological or physical uptake processes occurs magiaihe heavier®N isotope
(Bedard-Haughret al, 2003). It is possible that in ammonium suppllgida the
effect of light-saturation may have resulted in Bnchanges in cellular pH and
therefore the relative proportion of Nidnd NH,". In theory in light-saturatediva a
slight increase in pH could have led to efflux dfifjN\which in turn might favour the
retention of >N resulting in the higher fractionation observedtims treatment.
Conversely, under light-limited conditions activartsport of NH" may have lead to
discrimination of*°N at uptake. Why virtually no fractionation of thigrate N source
occurred is unknown, given the greater energeticiirement for utilisation of this
source. As noted above it is interesting that WgE@98) showed that there was more

fractionation in ammonium supplied diatoms tharsthsupplied with nitrate.

There appear to be good opportunities for reseagarding the actual mechanisms
of fractionation in macroalgae. However, what igatlis thatUlva closely reflects
changes in the source pool apparently with littasenal effect (Figure 3.22).
Although there is very little research with macgzad in this area it would seem that
these conclusions fdadlva are supported. For example the work of Cohen am)F

(2005) which examined short-term (hours) change&nteromorpha(syn. Ulva)
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intestinalisindicated that there was no discrimination*® in tissue supplied with
ammonium and nitrate, and that tiss6&N values were independent of N
concentration. However, it may be that the slighifecences in fractionation
observed in the current study were only discernbBbt@ause tissue turnover occurring
through time (14 days) and is more likely to reflélse totality of biochemical

changes affecting net fractionation.

Conclusions

From the results presented here water motion, seasd light were clearly factors
that affected growth and N-indiceslitva. However, N-indices itJlva also showed
a saturating response to low, but ecologicallyiséal nitrogen concentrations, and
taking at least the aforementioned factors intamant, it appears that higher levels of
tissue nitrogen, chlorophyll and particularly FAAosild indicate the presence of
higher (> 10uM) concentrations of nitrogen in seawater. Morepweappears that
levels of the FAA pool and probably asparaginenaost likely to provide contrasting
and less seasonally affected biological measurestraigen availability, irrespective
of nitrogen source. The results from this Chapteuld appear to be consistent with
the patterns observed in natural populations, ésipethose that exist in nitrogen-
enriched environments. In conclusion, it is sugggdhat in combination witkllva
tissued™N values the FAA pool, as a quantitative biocheinineasure of nitrogen
availability, is likely to provide useful informatn about both the amount and

composition of nitrogen entering coastal environtaen
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Appendix 3.1. Comparison of chloroplasts in Ulva pertusa maintained under
either ambient or shaded light, with and without nitrate or ammonium

addition. The Individual plates shown above are representative examples of
the six treatments.
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DevelopingUlva as a multi-purpose environmental test-organism

4.1 Abstract

Artificial populations ofUlva were developed for use as a standardised indichtor
seawater quality, with a particular focus on nigodoading. To developllva as a
standardised test-organism it was cultured in lodvient (non-polluted) seawater to
deplete internal storage pools of nitrogen. Eacimtmahe resulting tedtHva was
then placed in surface moored growth enclosures rainge of coastal sites around
Auckland and then monitored for one year. Sitetuohed two low-nitrogen reference
sites, a site on the outskirts of metropolitan Aaokl and seven urban sites in two
large harbours adjacent to metropolitan Aucklaneav@ater nutrient concentrations
and biochemical nitrogen indices in téfisa were sampled each month over the

course of one year.

Three N-indices were examined for téBva: total tissue nitrogen (TN), total
chlorophyll (TChl) and total free amino acids (FA@Nd individual amino acids). In
winter there were increases in seawater inorgatrogen and concomitant increases
in FAA content. However, TN and TChl content intte$va showed similar
increases (possibly saturating) across all sitggesting that seasonal increases in
these N-indices were also due to other season@lréage.g., surface irradiance and /
or seawater temperature). On the other hand, Fétalpool and the individual amino
acids; glutamine, proline and one unknown amina atiowed strong differences
between a low-nitrogen reference site and the ashedy sites all year round. In
addition, it was probable that tddilva were integrating differences in tidally-
averaged nitrogen loading that were not reliabliecked in instantaneous seawater
samples. Controlled enrichment experiments supgarsults from field deployed

testUlva.
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The ratios of abundant stable nitrogen isotope¥Nj were also measured in test-
Ulva tissues and it was shown thbllva grown in urban environments were
consistently characterised by values outside thgea&f values previously identified
in Ulva growing in exposed clean seawater sites from afddew Zealand. The
highest value obtained in the survey (14.7 %0) Waigioed at a site near to a large
sewage wastewater discharge. In addition to degpctifferences in isotopic
composition _andlevels of nitrogen, tedtHva from different environments also
accumulated different metals at different conceiung. It is likely that most of the
metals accumulated ibllva tissues were biologically-available from the dissed
fraction in seawater. In the more sediment impasiegs Al and Fe accumulated at
tissue concentrations close to two orders of magritgreater than the other metals
present. It was therefore concluded that in additte monitoring nitrogen
availability, a variety of other environmental caminants could potentially be

monitored using a single standardised test orgasisgth adJlva.

4.2 Introduction

Monitoring changes in the levels of nutrients andtah contaminants in coastal
environments has historically been done by direeasnrement of water column
nutrients. However, instantaneous seawater sangles, when taken regularly, may
not give good information on changes in biologigalsignificant nutrient
concentrations in environments that are prone dal tvariation in nutrient supply
(Bjornsater and Wheeler, 1990; Joretsal, 1996; Valielaet al, 1997; Fonget al,
1998). In addition, conventional seawater analggies not indicate all sources of
nitrogen available to primary producers. Thereftrere may be little correlation
between water column nitrogen or phosphorus coratoris and either productivity
or growth of primary producers (Foregjal, 1998).

Partly as a result of the shortcomings of converticeawater monitoring techniques
several studies have examined the utility of mdgamaas bioindicators of nutrient
enrichment (Fonget al, 1994; Jonegt al, 1996; Munda and Veber, 1996; Foeg
al., 1998; McClelland and Valiela, 1998; Campbell, 99Bogers, 1999; Costaneb
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al., 2000; Costanzet al, 2001; Jonegt al, 2001; Umezawat al, 2002; Barr and
Rees, 2003; Cohen and Fong, 2004b). In theory threre number of advantages to
using macroalgae as bioindicators of seawater tguaticluding those advantages
involving increased nitrogen loading. Macroalgae anostly sessile and often
perennial, which means they have the ability touaadate contaminants such as
heavy metals, over long periods of time at one. $ft®@m the point of view of
monitoring levels of nitrogen loading, nitrogen tat of macroalgal tissue is
generally believed to reflect nitrogen availability seawater (Duket al, 1989a;
Joneset al, 1996; Fonget al, 1998). In addition, macroalgae, suchldsa, have
been shown to take advantage of highly transielsegun nutrient supply that might

be missed by routine seawater sampling (Peder8éd).1

Given the characteristics identified above, magaalsuch allva, could be viewed
as indicators of nitrogen availability because tlséyre nitrogen that is surplus to
growth requirements. However, there are potentidicdities with interpreting N-
status in natural populations of macroalgae, inagidpecies such ddlva, as N-
status tends to vary with season (as demonstmat€tiapter Two). Moreover, natural
populations of a selected test species may nott exissome of the marine
environments we wish to examine. However, it shomldheory be possible to
overcome these types of limitations if a standadligsopulation of algae is used for
the test. In order to achieve this, the test-algald/ have to be robust and able to
grow in a range of different environments. The appastic green algéllva grows

in many environments and displays a high degreehyfsiological plasticity in
response to nitrogen loading and therefore is aalidandidate for this purpose.

What information is required if macroalgae are ®used as reliable indicators of
seawater nitrogen concentrations, assuming thatsunements of the latter are

spatially and temporally unreliable? There arleast two areas of concern. The first
is that the indicator (e.g. amino acid content)ustitaespond to seawater nitrogen
concentrations only. In other words, nothing é@tsthe environment should have any
effect on the indicator. We currently lack sufict information on this aspect, and it
is possible that any indicator is as unreliablere@masurements of seawater nitrogen
concentrations. Secondly; it would be extremefiiatilt to verify independently that

the indicator was a valid measure of seawater enisiin‘the field. “If measurements
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of seawater nitrogen concentrations are unrelialbleat can the indicator be
compared with to determine its reliability? With@uch a comparison, it would be,
at best, very difficult to determine if the indioatwas reliable. This Chapter
consequently concentrates on the general relatjpmhdietween seawater inorganic
nitrogen concentrations and the physiological alndhHemical responses of deployed
Ulva. In the process, aspects that may be useful tirefuattempts to develop

biological indicators of seawater nitrogen concatins are highlighted.

The primary aim of this chapter was to develop & wiausingUIva as a biological
indicator of seawater quality, particularly nitrogéoading. To achieve this, an

integrated system was developed which included:

1) A simple method of routinely maintaining and onagiog a supply stock of
non-pollutedUlva

2) A system for manipulating these plants to productaadard, low nitrogen
testUlva

3) A deployment system that was robust, cost-effecive simple to maintain in
field conditions.

4) Standard methods for measuring the biochemicabresgs of testlva.

5) Monitoring both seawater nutrient concentrationsd ahe biochemical
responses of tes#iva over a prolonged period (1 year)

6) Analysing the correlations between the biologi@sponses of te&#iva and
the physical environment.

7) Experimental validation of biochemical responses tettUlva using
laboratory-based manipulative experiments.
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4.3 Methods

Laboratory and Field Apparatus

4.3.1 Seaweed on-growing system.

An apparatus was constructed to on-grow and mairdatock supply obllva. The
algae were maintained in a large black polypropg/lem measuring 2.4 m x 1.2 m x
0.2 m deep, supported on a simple wooden frameprdwvide natural turbulence,
seawater was delivered via three 20 L plastic dimngkets equipped with 25 mm
plastic sleeves (to act as bearings) inserted ¢iraupivot point, approximately in the
geometric centre of gravity in the side of the mick’he three dump buckets were
positioned on a 20 mm galvanized pipe located todgially over the rear edge of
the tank. This pipe acted as a pivot for all trdleenp buckets which were positioned
equidistantly along the length of the tank at tharr A second pipe was positioned
above and behind the first to act as a stop forbiinekets when they tipped. The
buckets were counterbalanced with lead weights ifnaontact with the seawater)
such that when the bucket was full it tipped itateats into the tank, then returned to
the upright filling position. The vertical distanbetween the base of buckets and the

water’s surface was approximately 200 mm (Figuteashd Plate 4.1).

The main tank was arranged on a slight incline f@gmately 4 ° on its longitudinal
edge) and was lowest to the rear of the apparahespurpose of this incline was to
use the net movement of seawater (being towardsrabe of the apparatus) to
transport debris towards a weir at the rear oftdiné. This meant that the system was
to a large degree self-cleaning. A fence of coaestic mesh (20 mm) was
positioned at the rear of the tank to prevent ahgles portions oUlva from being
lost. Low nitrogen (~ 2.4M), Goat Island seawater was constantly deliveoegkich

of the three dump buckets at a rate of about thin™ per bucket. For the duration of
the monitoring experiment (December 2002 to Felyr2f04) the mean seawater
total inorganic nitrogen concentration was 2.4 2 oM. Finally the whole system

was covered with horticultural, 25% light reductsimade cloth.
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Seawater filling nozzle dump bucket
with control valve — .I (fill position)

dump bucket
(dump position)

. _lead weight
pivot— ‘/

ke rubber wear
Plastic mesh fence positioned A/ pad weight

on plastic pipe for support
seawater

X‘/ outflow weir

seawater level

seaweed

F— debris collection
area

12m

Figure 4.1. Turbulent seaweed holding and on-growing tank.

Plate 4.1. Turbulent seaweed on-growing system
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4.3.2 Low nutrient algae growth system.

A second apparatus was constructed to standafdis@ttogen status dflva prior to

field deployment. For the purposes of this study tdrm “testlva” refers to either

wild harvested or culturetllva whose nitrogen status has been decreased under

controlled conditions as described below.

Nitrogen drawdown was achieved by maintaintiiga for up to one month in low-
nutrient seawater under fluorescent lights (atatqhflux density of 350 pEmM? 5

! [photosynthetically active radiation with a 12:8dight/dark cycle] using Phillips
New Generation TLD 36W / 650Kelvin colour temperature fluorescent tubes).
Growth chambers were constructed of polypropylens imeasuring 0.47 m long x
0.18 m wide x 0.13 m high, containing approxima#ly seawater. The chambers
were maintained at a constant temperature of 1.9 %C. Turbulence was supplied
to each chamber using a perspex paddle connecteoh lBgcentric cam to a shatft,
which was in turn driven by a windscreen wiper mgféigure 4.2 and Plate 4.2).
Low-nutrient seawater was automatically added fotled by a time-clock and 24
Vac solenoid valve) via a 8(0m filter for 1 minute every hour. An average daily
seawater flow rate was chosen such that the watieime (4 L) of each growth

chamber was replaced approximately once per day.

PVC camon located
common drive shaft

Spray bar with irrigation nozzles

4_
/ e Seawater level . _ . _ . _ . _ . _ :
v —
seavater | T e
outflow | ] % Cable tie hinge

/
Test Ulva Perspex agitation paddle

Figure 4.2. Schematic of growth chamber used to maintain Ulva in artificial
light and low nutrient conditions.
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Plate 4.2. Growth chambers used to maintain Ulva in artificial light and low
nutrient conditions.

4.3.3 _kxed, Artificial R_eusable_®aweed bclosure §stem (F.A.R.S.E.S.).

A method for maintaining ted#iva in field enclosures was developed. Several
prototypes were tested over a period of a year;t mbshese were not successful.
Initially 1 L polyethylene (PET) jars with sever® mm holes drilled in the ends to
allow the flow of seawater through them were usBthté 4.3, A). A second
prototype was developed which involved the use sihgle plastic frame measuring
about 150 mm in diameter and constructed out ohbPWVC welding rod over which
vegetable netting (10 mm mesh) bags were placede(Bl3, B). In the final design
net floats were used as an integral part of thedraesign (Plate 4.3, C). The use of
vegetable netting meant enclosures were easy &am @ad maintain since nets were
simply replaced at each visit. The open mesh ohtiténg also meant that seawater
could easily flow through the enclosures.
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Frames were secured to the mooring lines with an6rope with quick release clips

(‘shark clips’) to facilitate collection, sample qmessing and redeployment of
enclosures from a boat. Mooring anchors were cocistd from short lengths (500
mm) of waratah stakes driven into the soft sedinseistrate. This proved to be the
cheapest and most reliable method for anchoringrtberings. In cases where the
water was too deep to drive stakes a concrete @skused as a mooring anchor.
Floats were constructed from recycled 2 L carbahat#t drink bottles with labels

containing information about the purpose of the rmgs and contact details in case
they became dislodged. Three separate replicateimysonere located within about
20m of each other at each site. Over two yearsA20®004) 30 of these moorings
were used at a variety of sites around Auckland anky five were lost. Spare

moorings were always carried during sampling visits

Initial trials usedUlva deployed in subsurface (200 mm below the seaveatg¢ace,

Figure 4.3, B) chambers, which resulted in heawig of both enclosures and often

Plate 4.3. Three prototypes of moored artificial seaweed enclosures used in
experiments conducted in Auckland in 2001 to 2003. A) Prototype 1, B)
prototype 2 and C) prototype 3. Floats constructed from recycled 2 L
carbonated soft drink bottles with labels containing information about the
purpose of the moorings and contact details.
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Ulva tissue. This in turn appeared to affect the heaitblva with much of the tissue
either sporulated (non-pigmented) or in an othewmmoribund condition. In
subsequent trials using surface moorings (Figude A) there was less fouling on
growth chambers, particularly on the above-watetice (Plate 4.3). In addition,
testUlva showed more vigorous growth and remained in a ningaithier condition
over the deployment period. It was also reasonatlttte biochemical responses of
Ulva grown in surface moorings were less likely to bafounded by the differential
effects of light (e.g., resulting either from faudi or variable levels of turbidity
between sites). Note that seawater in several efkiies examined was often turbid
(see monitoring site descriptions later). Therefibre use of surface moorings was

adopted as standard practice.

A) Surface
enclosure

sea surface

Sub-surface enclosure
200 mm below surface

B) Sub-surface
enclosure

current

substrate

Figure 4.3. General layout of moored artificial seaweed enclosures used in
experiments conducted in Auckland from 2001 to 2004. (A) Surface enclosure
and (B) sub-surface enclosure located 200 mm below surface.
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Finally, it should also be acknowledged that silogh Ulva and seawater was
sampled from the surface, inferences about watalitguvill be limited to surface

waters. However, it is also probably worth notihgttsince all sites were located in
shallow water (2 — 5 m at low tide) in harbours amdbayments with large tidal

excursions, it is likely that the water columnghese areas were mixed.

4.3.4  Artificial outdoor algae nutrient enrichment system
To compare the responses of tgsta in the field, algae were also maintained under

different nitrogen regimes in the apparatus desdrin Chapter Three.

Experimental

435 TestUlvafield trials.

During 2002, trials were conducted usiotya collected from a variety of sites to
find a good indicator candidate. Selection critén@uded robustness to experimental
manipulation and ease of collection from stableggryeund populations from sites
with minimal anthropogenic influences on seawatealiy. Algae not only had to
survive collection from the native site and depleyininto low nutrient culture
conditions, but also subsequent redeployment imemge of different ‘experimental’
field environments. After depletion of tissue ngem, testJlva was deployed into
the field to determine that its subsequent respongge due to the nutrient status of
the new environment rather than that of the renatrient pre-history of thellva.

The most successful of the trials involved the o$dJlva pertusa(Maggs and
Mclvor, 2004) from the Mokohinau Islands (35° 54:29 S, 175° 6' 25.99 E), which
being remote was not likely to have been affectggdlution. Trials continued to
useUlva from this location for most of 2002, however by tend of 2002 to avoid
problems of obtaining a regular supply of wildva, self-seeded germlings (possibly
derived from the wild Mokohinau Islands populatiomgre collected from growth
chambers and maintained in the on-growing systerdessribed in section 4.3.1.
This entity proved to be very robust to experimentanipulation and resilient to
fouling, and was therefore chosen as the basisnotrgent monitoring programme in
Auckland during 2003 - 2004.
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This culturedUlva (andU. pertusafrom the Mokohinau Islands) had an important
distinction from most of the other samples examime@hapter Two (includindy.
pertusafrom Tauranga Harbour as covered in more detalthapter Three) in that it
didn’t accumulate high levels of asparagine whemchad with nitrogen. The reason
for this difference is unknown, although it is pbss that a genetic factor was

involved in the lack of asparagine synthesis is lthva entity.

44.6 Experiment 1. Field equilibration of testJlva.

To evaluate how long it would take to equilibrapefield conditions testdlva was
deployed at three experimental sites in April 20B2fore this it was maintained
under low nutrient conditions as described in sec#.3.2. TestUlva was harvested
from the low-nutrient growth chambers and transggbitio sites in the Whangateau
Harbour (WHU), Okura Estuary (OKU) and Motions GeéMOT) (see next section
for site details and description) where it was dgetl in surface moorings as
described in section 4.3.3. After deployment, siee subsequently visited at
regular intervals for a period of one month andivsgar and testilva tissue samples
collected. Bad weather over the field deploymeniggemeant that samples were

missed at the MOT site on two occasions.

4.3.7 Field monitoring sites and sampling procedure

A total of 10 field sites were examined in the Alacid Region between 2002 and
2004 (Table 4.1, Figure 4.4 and Figure 4.5. See Alspendix 4.1 for more site
details). Based on preliminary seawater analyse® thites were selected as trial sites
for this study. These were located in the Whangakéarbour (WHU), Okura Estuary
(OKU) and Motions Creek (MOT) in the Waitemata Harh WHU was selected as
a low-nitrogen reference site being in a naturabbar with an adjacent, low density
human population compared to metropolitan Aucklarite MOT was selected as an
urban site in which high (> 4QM) seawater inorganic nitrogen (mostly nitrate)
concentrations had previously been measured. Tieisas well as being located in
Auckland’'s Waitemata Harbour was also adjacent mtidvhis Creek which flows
though a eutrophic pond at Western Springs andAtlekland Zoo. OKU being on
the outskirts of the Auckland metropolitan area whssen as a site of potential
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urban impact but with unknown seawater quality statlthough moderate= (L0

uM) concentrations had previously been measureovirtide seawater samples.

Most (6) of the ten sites examined in this studyewkcated in the Waitemata
Harbour (WH) and represented urban sites (Figus¢ 4According to independent
seawater monitoring, the Upper WH harbour had nssmwater TIN concentrations
of 4.3 (£ 3.9 s.d.uM compared with 2.0 (£ 0.8 s.dyM near the low nitrogen

reference site (WHU) for the duration of this stu@yuckland Regional Council,

2002-2004). Towards the end of the study in thersanof 2004, two additional sites
were included. These were located in Alphabet B¥lyP(, near the Leigh Marine
Laboratory, and at Puketutu Island (PUK) near tlennmdischarge of the Mangere
Wastewater (tertiary) Treatment Plant (MWTP) in thkanukau Harbour (MH)

(Figure 4.4). ALP was included as an additional-Nveontrol site while PUK was

included as a known sewage wastewater dischamgeaitly to give more contrasting
values of seawater nitrogen loading at the end h&f study. All sites were
predominantly saline with no large rivers enterthgm. The lowest salinity values
during the survey occurred in the Upper WH sitesrmduperiods of heavy rain with

values of around 20 %eo.

Table 4.1. Locations of 10 sites examined for nutrient loading in the Auckland
Region during 2003.

Site Location South East

1) LUC = Lucas Creek Upper Waitemata 36°46’ 21.7" 174°39’ 31.6"
2) UPH = Upper Harbour Bridge Upper Waitemata 36°47' 15.5" 174°40’ 03.9"
3) HEN = Henderson Creek Upper Waitemata 36°3843.9" 174°39’ 38.1"
4) WAU = Whau River Lower Waitemata 36°51’ 02.6" 174° 40’ 00.3"
5) MEO = Meola Creek Lower Waitemata 36°50’ 52.7" 174°42' 26.1"
6) MOT = Motion’s Creek Lower Waitemata 36°50’ 45.6" 174°42’' 58.3"
7) OKU = Okura Estuary Okura, North Shore  36°40’ 10. 1" 174°43’ 31.1"
8) PUK = Puketutu Island Manukau Harbour 36°57'37.2" 174°44’ 02.1"
9) WHU = Whangateau Harbour Whangateau 36°19’ 03.5" 174°46’ 30.1"
10) ALP = Alphabet Bay, Goat Island Goat Island, Leigh 36°16’ 04.9" 174°74 42.9"
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All WH sites (and PUK in Manukau Harbour) were s#ady boat on the incoming
tide and in the same order (MEO, MOT, HEN, UPH dndC) to standardise
sampling time with respect to low tide. Sampling \&IH sites was done by boat
because most of these sites were situated near meedpchannels. Prior to the
commencement of the main survey in December 2002NKHU, OKU and MOT
sites had been sampled on a monthly basis at tevain foot. From December 2002
to end of the survey in February 2004, sampling/ellJ and OKU was continued on
foot while the MOT site was sampled usually juseafow tide. Since it took about
30 minutes on average to process samples and tatieé next site it usually took
about 3 to 4 hours to complete all WH sites. Allanings were located in, or as near
to as possible (without causing a navigational tizine main channels at each site.
In addition, sites were chosen such that chambere wlways in water (even at

spring low tides) so that test-algae never becagsedated.

Prior to each monthly visit te&tlva was treated as described in Section 4.3.2 and
then deployed at field sites for one month. At eaxnthly visit algal samples were
removed from enclosures, the frames cleaned offanlfng organisms, and the
netting replaced. Unless otherwise specified tHga was left in the field enclosures
for one month and then sampled as followk/a tissue was collected from each of
three replicate moorings at each site. Only lahgdlitthat were not attached to the
enclosure frame were sampled from the upper, tefidlf of the enclosures. This
was done to minimise the chance of sampling thia#lt had been shaded by others.
Tissue sampling was then conducted as describséctions 4.3.10 to 4.3.14 below.
Approximately 1 g of new tedilva was then redeployed in the enclosures for the

next month. This was repeated every month untibéginning of 2004.
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For Upper
Waitemata
Harbour sites
refer to next
map.

Figure 4.4. Location of surface moorings at ten sites in the Auckland Region,
New Zealand.
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Figure 4.5. Location of surface moorings in three lower and three upper
Waitemata Harbour sites.

4.4.8 Experiment 2. Experimental validation of regonses of testJlva to
constant seawater nitrogen concentration.

In order to evaluate the responses of st nitrogen indices to seawater nitrogen
concentration, algae were maintained in seawateth wdifferent constant
concentrations of nitrogen for 10 days. Three sdpagxperiments were conducted
over the last half of 2003 to capture at least somine seasonal influences on N-
indices in testdlva. Eight ammonium concentrations (including a cdnivith only

natural, low-nitrogen seawater) were chosen: 26,48, 10, 15 and 2@M (plus
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ambient nutrient concentrations). Note that previexperiments (see Chapter Three,
Figure 3.15) comparing the biochemical responsesesiUlva to nitrate versus
ammonium additions showed that there were no stdiffgyences in gross N-indices
(total TN, TChl and FAA content) in response tosenaitrogen sources. Phosphorus
was added to give a constant N : P ratio of 10 Altotal of three separate
experiments were conducted during winter, springg ssimmer in 2003. During the
three experiments, the ambient Goat Island seawdteconcentration ranged from
1.3 +0.1uM to 1.9 + 0.7uM, with a mean concentration of 1.6 + Qu&I.

4.4.9 Experiment 3. Experimental validation of respnses of testJlva to

pulsed versus constant nitrogen concentration.

At the end of the survey a third experiment wasdooted to evaluate the responses
of testUlva to pulsed versus constant nitrogen supply at tweramge nitrogen
(ammonium) concentrations. Nitrogen (and phosphtougive a N : P = 10 : 1, as
described in Experiment 2) were supplied to tdlst at two concentrations (bM
and 10uM), either as a constant supply or as a 12 houdys{mulate tidal flux)
pulsed supply (i.e. with low concentrations for @uls followed by high
concentrations for 6 hours) (see Figure 4.6 forient addition regimes). This was
achieved by using two peristaltic pumps, one rugngontinuously supplying
constant concentrations, the other cycled at 6#poutervals supplying pulsed
additions which were ‘added’ to constant conceitrnat The total N loading was the
same for both treatments. Seawater nutrient corat@rs were analysed at regular
intervals andJlva was sampled after three weeks enrichment. As Exiberiment 2
three biochemical responses in tdbta were examined; TN, TChl and FAA content.
Sample collection was timed to coincide with peaknaentration to simulate

sampling at low tide.
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Figure 4.6. Conceptual representation of test-Ulva enrichment experiment
using two ammonium concentrations (5 uM and 10 uM) supplied to test-Ulva
either as constant, or as pulsed (6 hrs at 0.5 x constant value followed by 6
hrs at 1.5 x constant value) ammonium additions. Dotted lines represent
constant ammonium additions (constant concentration) while the dashed lines
represent the pulsed ammonium additions (pulsed concentration).

Analytical

4.3.10 Free amino acids

From either growth enclosures, or experimental di&s)Ulva thalli were collected
and 3 - 4 g of tissue randomly sub-sampled as ibestin Chapter Two using the
method of Barr and Rees (2000). Amino acid sampie® extracted and analysed
from 1 g fresh weight sub-samplesWiva tissue as described in Chapter Two, and
for field samples with the following modification&mino acid extraction in the field
was conducted using pre-prepared field kits coredrisf vials with pre-measured
volumes (5 mL) of either 1M perchloric acid or 1IMOK/0.2 M MOPS. Extracted
amino acid samples were kept on ice during trarispack to the Leigh Marine
Laboratory where samples were stored at - 80 ‘Gater HPLC analysis of amino
acid content. The extracted tissue was kept fer ldetermination of dry weight by
first rinsing with distilled water and then drying a constant weight at 65 °C. Values
for all amino acids (and their ratios) are exprdssgumol N - g DW".

The remaining (2 - 3 g) tissue samples were algegton ice in labelled zip-lock
bags for return to the Leigh Marine Laboratory vehtirey were frozen at -8 and

later analysed for chlorophyll and tissue nitrogentent.
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4.3.11 Chlorophyll
After thawing, chlorophyll was extracted and meaduais described in Chapter Two.

Values are expressed as mgDW™.

4.3.12 Tissue nitrogen content
After thawing, tissue nitrogen ané®N content was measured as described in Chapter

Two.

4.3.13 Tissue metal content

Metal analysis was conducted on dried and groundlevhissue samples by
AgResearch Limited, Hamilton. Samples for heavy ahainalysis were prepared
separately from those described for the other noitabamples above to avoid metal
contamination. Tissue samples were randomly sulpkhirom individual thalli by
hand using latex gloves. Analysis was conductedaoWarian Vista AX CCD
Simultaneous Inductively Coupled Plasma-Atomic Emis Spectrophotometer
(ICP-AES). Samples were quantified against 1000 pomic absorption standard

solutions.

4.3.14 Growth

Growth rate in field deployed tebliva was measured as the change in fresh weight
biomass over the period of deployment. Prior tigiMag, excess surface water was
removed by vigorous shaking in a mesh bag. Groveh @xpressed as daily specific

growth rates, calculated as:

final masd initial mass
timeinterval(day)

Growth=1In

4.3.15 Seawater sampling and nutrient analyses

Seawater samples were taken at the same time aatiolo as algal tissue samples.
Samples were kept chilled on ice and then storezefr at -18°C until they were
analysed. These were later thawed and analyseahforonium (NH"), nitrite (NOy

), nitrate (NQ) and phosphate (R®) with reference to standard curves containing

known concentrations of nutrients. Ammonium wasedained as described by
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Koroleff (1983a) and nitrite by Parsoesal (1984). Nitrate was reduced to nitrite by
passing 20 ml of seawater sample through a cadroalomn, and then determined
using the method described by Parsehal (1984). Phosphate was determined as
described by Koroleff (1983b). Total inorganic agen (TIN) concentrations were
calculated as the sum of YH NO, and NQ'. The nitrogen : phosphorus (N : P)

ratio was calculated as TIN / O

4.3.16 Statistical analysis

Regression lines were fitted by ordinary least sgmén SigmaStat 3.1. Means were
compared using a two-way or three-way general tineadel (analyses of variance).
The Holm-Sidak method was used to compare amongsn&dhere assumptions of
normality or equal variance were not met by theadhaen comparisons were made

using Kruskal-Wallis analysis of variance on ranks.

4.4 Results

4.4.1 Experiment 1. Field equilibration of testdlva.

Chlorophyll was used as a proxy for nitrogen contenthe duration of the following
experiment (see Chapter Three, Figure 3.21) ancard from small sub-sampled
portions of testdlva at regular intervals during the whole experimétiter 30 days
of culturing in low nutrient conditions at the labtory, testlva was noticeably
paler compared to starting conditions and contailoeckr total chlorophyll & + b)
(TChl) levels (0.8 + 0.0 mgg DW?) than it did at collection (5.4 + 0.2 mg DW™?)
(Figure 4.7). Conversely, after 30 days of fielpldgment TChl at the three trial
sites increased to relatively stable plateaus aeut three weeks (Figure 4.7, A).
The plateaux in total chlorophyll concentrationsiaed by testdlva were different
for each site, with values for MOT being greatestl deast at WHU. In contrast,
seawater TIN concentrations were variable, buthfijghigher at OKU compared
with MOT. WHU had the lowest average low-tide TIbhcentrations compared with

the other two sites (Figure 4.7, D). When nutrigaiia were examined in a longer
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Figure 4.7. Changes in chlorophyll a + b content in test-Ulva plants under
low nutrient conditions and then during deployment at the Whangateau
Harbour (WHU), Okura Estuary (OKU) and Motions Creek (MOT). Values are
means * standard errors for three separate replicates. Inset plots are average
(x standard errors) for all seawater samples taken at each site during the
deployment period.
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Figure 4.8. Comparison of changes in seawater total inorganic nitrogen
concentrations with time at three sites: Whangateau Harbour (WHU), Okura
Estuary (OKU) and Motions Creek (MOT) over one year (2002 to 2003).
Values are means * standard errors for three separate replicates. The dashed
lines indicate when Experiment 1 was conducted.

term (one year) context it was apparent that MQd wias highly variable often with
very high (up to 44.QM) TIN concentrations (comprised mainly of N{compared
with either OKU or WHU (Figure 4.8). Of the threges WHU had consistently

lower seawater TIN concentrations.

By the end of deployment WHU had téditra with the lowest levels of all indices
while MOT had the highest (Figure 4.9). In addititine unknown amino acid 82°
showed the greatest range of values in e between the three sites and was

clearly the highest at MOT. Despite OKU having Istig higher average nitrogen
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Figure 4.9. Comparison of selected N-indices in test-Ulva after 30 days field
deployment at sites in the Whangateau Harbour (WHU), Okura Estuary (OKU)
and Motions Creek (MOT). Values are means + standard errors for three
separate replicates. Dashed and dotted lines indicate means + standard
errors, respectively, for levels of N-status indices at the beginning of field
deployment.

concentrations compared with MOT seawater, thgs from MOT had the highest

levels of N-indices while OKU had intermediate Iisve
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Field-based monitoring (2003-2004)

4.4.2  Monitoring seawater inorganic nitrogen concetnation using test-Ulva.
Seven sites were examined from December 2002 touksb2004. These included
the three trial sites, WHU, OKU and MOT, plus fadditional Waitemata Harbour
(WH) sites: MEO, HEN, UPH and LUC. Three additiossés were also added in the
summer of 2004; ALP (exposed open coastal) WAU ¢lowvH) and PUK
(wastewater) (see section 4.3.7). These three ai® not presented in time series
data below because they were only examined atrttiénesummer 2004.

All sites also showed increases in both seawatdrcbihcentrations and N-indices in
testUlva in the winter (Figure 4.10). Moreover, of the Nlices examined, the total
free amino acid (FAA) pool showed reasonable cati@hs with seawater TIN
concentrations during 2003, particularly at MEOg(Fe 4.11). However, there were
clearly different regression relationships betwdka sites with lower regression
slopes in the plots of WHU, OKU, MOT and MEO comgzhwith the Upper WH
sites of HEN, UPH and LUC (Figure 4.11). The WHWK@Q MOT and MEO sites
were all sampled either at, or close, to low tidenpared with the Upper WH sites
sampled later in the flood tide. The higher seaw@t®l concentrations relative to
FAA content in testdlva from OKU, MOT and MEO possibly reflected a greater
contribution from recent low tide nutrient fluxeBofn either fresh water sources
(e.g., from the adjacent creeks in the case of M@ MOT) or possibly from
ammonium efflux from exposed sediments at low tid@) one occasion at OKU,
seawater samples were taken at high tide resuhing7-fold lower seawater TIN
concentrations (as indicated by arrows in the top middle plots of Figure 4.10)
compared with samples taken six hours previouslyoat tide. This presumably
resulted from tidal dilution with ‘new’ water dugrthe flood tide. In contrast to this,
seawater samples taken at the UPH site close tertleof the study showed little
change in nutrient concentration over a tidal cydata not shown). This possibly
reflects a more homogeneous water column in this @athe Upper Waitemata
harbour. It should be noted that the Upper Waitanhats a large tidal excursion of
about 3 km and a relatively long retention time—<911 tidal cycles. Auckland
Regional Authority, 1983) compared with sites inmes WH, and at WHU and
OKU.
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Out of the seven long-term sites, WHU site had botmsistently low TIN
concentrations (0.9 to 44M) and N-indices in tedtlva (e.g. FAA levels ranging
from 27.4 to 68.9mol N - g DW") throughout the year (Figure 4.10). OKU had test-
Ulva with N-indices that were intermediate between Wéatl MOT, but often with
high (up to 11.5uM) seawater TIN concentrations (Figure 4.10 andifég}.11) and
consistently high ammonium concentrations at loge tduring winter. Compared
with WHU, MOT and the other WH sites had higher ariable (at monthly scales)
seawater TIN concentrations. However, tdbta from these sites clearly had higher
levels of both individual FAA and total FAA (Figu#10). The most contrasting
differences in N-indices between these sites wardevels of glutamine, UZ®
proline and to a lesser extent the total FAA péaygre 4.10). In addition, seawater
nitrogen concentrations and N-indices in tgkta from WH sites were generally
similar to each other throughout the year. A praninfeature in data from the WH
sites was that both seawater TIN and amino acitissidJlva, particularly glutamine,
showed pronounced peaks in both July and late @ct(figure 4.10). In addition,
the Upper WH sites (HEN, UPH and LUC) showed veamilar trends in seawater
TIN and TN content in tedtiva. It is possible that peaks in seawater TIN
concentrations at these sites related to highefalhiat these times since seawater
TIN concentrations showed broad negative corretatiovith salinity (Auckland
Regional Council, 2002-2004) (data not shown). Mueg, runoff data from HEN
(Henderson River, NIWA climate database 2003) ssiggka link between N-indices
in testUlva and nitrogen which was possibly derived from rdirafpplied to the
Harbour, at least at this site (see Appendix 4t2yas also noted that there was a
pronounced decrease in TN content in télsta at HEN, UPH and LUC, with values
of close to 2 % in late November at these threes qjFigure 4.10). This may have
related to increases in seawater chlorophyll tkatioed around this time (Auckland
Regional Council, 2002-2004), reflecting that higensities of phytoplankton in the
water column may have out-competed tdlta for available nitrogen at these sites.

Although there were seasonal (winter) increases-indices (e.g., TChl and TN) in
testUlva from all (7) sites examined through 2003, coningsdifferences in N-

indices between sites were apparent around the sumonths (e.g., between WHU
and Upper WH sites) (Figure 4.10). However, thatgst contrast in levels of any N-
index between all sites in this study (note thate¢hadditional sites [ALP, WAU and
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PUK] were added were added as outlined previows&g seen in FAA content in the
summer (Figure 4.12, A). In addition, it was apparthat there were significant
differences in FAA content in tettlva from many sites relative to the WHU control
site. However, over the same period of time they aignificant difference in

seawater TIN concentration with respect to the Wedtrol site was at the PUK

wastewater site (Figure 4.12, B).
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Figure 4.10. Trends in seawater total inorganic nitrogen and ammonium concentrations (top
two rows of plots) and N-indices (bottom six rows of plots) in test-Ulva deployed at surface
moorings at three sites in Auckland region in 2003 / 2004. Values are means + standard errors
for 3 replicate stations at each site. Green fills indicate Upper Waitemata Harbour sites. Note
that arrows in the plots for OKU seawater nutrient data in the top two rows indicate when both
low tide and high tide seawater samples were taken in July 2003.
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OKU
FAA = TIN x 4.63 + 55.75
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Figure 4.11. Changes in free amino content with changes in seawater total
inorganic nitrogen concentrations in test-Ulva deployed at surface moorings at
seven sites around Auckland in summer 2003 to summer 2004. Note that in
the case of the Waitemata Harbour sites they are presented going up into the

harbour in order: MOT, MEO, HEN, UPH and LUC. Values are means

+

standard errors for 3 replicate stations. A summary of regression lines are
presented in the bottom right-hand plot.
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4.4.3 Experiment 2. Experimental validation of respnses of testJlva to

constant seawater nitrogen concentration.

TestUlva was treated the same way as that deployed iniégh@ (i.e., by first
depleting its nitrogen stores as described in @eeti3.2), but was then enriched with
a range of constant ammonium concentrations forleast nine days. After
enrichment, TN, TChl and FAA content in téditta showed a saturating response to
seawater nitrogen concentration (Figure 4.13). @uhese three indices, the FAA
pool showed the greatest range (6.3-fold) of val@8s2 + 3.7umol - g DW" and
185.7 + 7.7umol - g DWY in response to increasing nitrogen concentration
compared with either TChl (2.7-fold) or TN (2.3ddl (Figure 4.13). Individual
amino acids including: glutamine, glutamate, asgiags aspartate, proline and {2
were also examined (note: as described in Chajptexe] section 3.3.6, histidine was
not included in this analysis because it elutedalpto another unknown peak that
was a consistent feature in téfit-a). Most of these amino acids showed similar
saturating responses to increases in ammonium otaten as did the total FAA
pool (Appendix 4.3). However, some individual amemmds, such as glutamate and
asparagine, were accumulated at lower levels (g6l - g DW") while others such
as glutamine, U¥*®and proline were accumulated at higher levels (248 pmol -

g DW?, 49.2 + 5.1umol - g DW* and 14.9 + 5.imol - g DW", respectively) in test-
Ulva tissues supplied with 20M ammonium.

172



= Chapter Four=

220
"L 200 -
=
0 180 A
=
— 160
S 140 |
IS
= 120 A
&g 100 |
(=
© 80 A
2
£ 60
§
o 207 Adj. R? = 0.99, P < 0.0001, F,, = 358.1
ff 20 4 FAA = -12 + 213 x (1-exp (-0.13 x TIN))
0 T T T T
0 5 10 15 20 25
14
12 B 47 C
=
D ~~
@ 107 S
g2 o
= 8 o
< =
+ =
- c 2
S 6 o
£ 2
S 47 =
S 14
5 24 Ad R®=0.99, P <0.0001, F,, = 650.3 Adj. R*=0.99, P < 0.0001, F,, = 404.4
TChl =2.5 + 10.3 x (1-exp (-0.15 x TIN)) TN =1.0 + 3.1 x (1-exp (-0.2 x TIN))
0 T T T T 0 T T T T
0 5 10 15 20 25 0 5 10 15 20 25

Total inorganic nitrogen (UM)

Figure 4.12. Change in levels of (A) total free amino acids, (B) total
chlorophyll and (C) total tissue nitrogen in test-Ulva with change in ammonium
concentration. Values are means = standard errors for 3 separate
experiments. Regression curves are fitted using SigmaStat 9 with an
exponential rise to maximum model.

4.4.4  Experiment 3. Experimental validation of respnses of testJlva to

pulsed versus constant nitrogen concentration.

A similar experiment to the one above was condutiieglvaluate whether N-indices
in testUlva could integrate average nitrogen concentrationpplged either
constantly or as tidal scale pulses. From seawattrent results it was concluded
that there was obvious potential for instantaneseavater samples collected at low
tide to over-represent tidal average concentratasna/as probably the case at OKU

(Figure 4.10). It was equally possible that seansdenples collected either before or
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Figure 4.13. Change in total (A) free amino acids, (B) chlorophyll and (C)
tissue nitrogen in test-Ulva with change in average ammonium concentration.
Ammonium was supplied as either a constant concentration (filled circles) or
as a continuous pulse train of two alternating concentrations (6 hrs at 0.5 x
constant value followed by 6 hrs at 1.5 x constant value) (open circles).
Control treatments were given no added nutrients (open square). Values are
means + standard errors for 3 replicates. One-way ANOVA: A, F =214.6, P <
0.001,n=3; B,F=45.7,P<0.001,n=3; C, F=266.5 P <0.001, n=3.
Data points labelled with the same lower case letter indicate that test-Ulva
nitrogen indices do not differ significantly (P > 0.05) according to the Holm-
Sidak procedure for multiple pair-wise comparisons. Note that a linear
regression model was fitted to both curves in Figure A, while the same
exponential rise to maximum regression model that were used in Figure 4.12
was applied to the curves Figures B and C.

after low tide would ‘miss’ low-tide pulses whilagh tide sampling could under-
represent tidal average concentrations becausielafdilution. It was known from
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results of Chapter Three (Figure 3.4) and from Fagd.7 earlier, that chlorophyll
(and therefore probably tissue nitrogen) changest ayperiod of 2 to 3 weeks while
the total FAA pool changed over much shorter ticedes (up to a few days) (Figure
3.5, A) in response to nitrogen addition. In thigpe&iment testJlva under
enrichment were sampled during the high nitrogesepphase to simulate collection
in the field at low tide. None of the three indic®@samined strongly differentiated
between pulsed and constant nitrogen supply althows with the previous
experiment, it was noticeable that TChl and TN, pared with FAA, showed
saturating responses over this range of concemtisatiTherefore, it was concluded
that values of the total pool of FAA, TChl and Tbhtent couldntegrate the average
nitrogen concentration (for bothy® and 10uM ammonium) regardless of whether

it was supplied constantly or as tidal scale putdestrogen (Figure 4.14).

4.45 Season and nitrogen

Seasonal variation in nitrogen content in tdbta was examinedising all data by
correlation with temperature and light data. Iresxdie was taken as total light energy
(MJ - day) averaged for the 30 days prior to sample cobectirradiance data for
the individual sites was obtained from the nearestl0 km distance) NIWA
(National Institute for Water and Atmosphere) weatstation. Seawater temperature
was taken with a thermometer at the time of sangpléection. From regression
analysis the lowest average daily irradiance forsiéés occurred in July while the

lowest seawater temperatures occurred in Augugti(€i4.15).
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Q. 2 _ 2 _ — —
£ 10 - R*=0.90 R?=0.94 10 £
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Fa0 = 290.49 Fag = 471.75
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Figure 4.14. Changes in temperature (squares) and monthly mean irradiance
(circles) for monitoring sites during 2003. Regression analysis made using the
peak curve fitting function in SigmaStat 9.
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Multiple linear regression analysis was conductsthgi all data from the survey to
examine the effects of seawater inorganic nitrogeawater temperature and surface
light on three N-indices (FAA, TChl and TN) in tddlva. Although correlations
were weak in all three models, total seawater i@oig nitrogen concentration
showed a significant correlation with FAA, TChl amtl (Table 4.2). According to
these results the only other abiotic factor thatetated with N-indices in tedfiva,
other than seawater TIN concentration, was surfa@eliance which showed a
significant correlation with TChl (Table 4.2, B).

Table 4.2. Multiple-linear regression models for abiotic factors versus test-
Ulva total (A) tissue nitrogen, (B) chlorophyll and (C) free amino acid content
for all data from December 2002 to February 2004. Abiotic factors: TIN = total
seawater inorganic nitrogen, Temp = seawater temperature (°C) and Light =
surface radiation (MJ Od™") measured in air. Tissue-N indices; TN = tissue-N
(%), TChl = chlorophyll a + b (ug - g DW™) and FAA = free amino acids (umol
N - g DW™M.

A. Total tissue nitrogen

TN = 4.9 + (0.055 x TIN) - (0.064 x Temp) - (0.052 x Light)

R?=0.46. Analysis of Variance: F33; = 9.55, P <0.001
P-values for independent variables: TIN < 0.001, Temp = 0.358, Light = 0.204

B. Total chlorophyll
TChl=15.4 + (0.15 x TIN) - (0.13 x Temp) - (0.27 x Light)

R’ = 0.47. Analysis of Variance: F5o; = 28.22, P < 0.001
P-values for independent variables: TIN = 0.002, Temp = 0.26, Light < 0.001

C. Total free amino acids

FAA =127.1 + (4.4 xTIN) - (1.8 x Temp) - (1.5 x Light)

R?=0.50. Analysis of Variance: F347 = 31.86, P <0.001
P-values for independent variables: TIN < 0.001, Temp = 0.225, Light = 0.089
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Single-linear regression relationships were alsangred individually between test-
Ulva N-indices, and seawater inorganic nitrogen, teadpee and surface light data.
Although correlations were again weak between iddial factors and response
variables in testlva, both TN and TChl were both individually betterrredated
with light and temperature than they were with saaw TIN concentration (Table
4.3). More of the variation in both TN and TChI*(R 0.26 and R = 0.41,
respectively) was explained by light than eithemperature or seawater TIN
concentration. Conversely FAA was better correlateith seawater TIN
concentration than either light or temperature (@abh3). Finally, it is worth noting
that the slope of all relationships between télsta N-indices and external abiotic

variables was significant (Table 4.3).

Table 4.3. Single linear regression statistics of abiotic factors versus test-Ulva
total (A) tissue nitrogen, (B) chlorophyll and (C) free amino acid content for all
data from December 2002 to February 2004. Abiotic factors: TIN = total
seawater inorganic nitrogen, Temp = seawater temperature (°C) and Light =
surface radiation (MJ Od™*) measured in air. Tissue-N indices; TN = tissue-N
(%), TChl = chlorophyll a + b (ug - g DW™) and FAA = free amino acids (umol
N - g DW™.

A. Total tissue nitrogen R? P DF F
TN = 4.6 - (0.08 x Light) 0.26 0.001 1,37 12.44

TN =5.5-(0.13 x Temp) 0.21 0.003 1,37 9.77

TN =2.9 + (0.05 x TIN) 0.18 0.007 1,37 8.12

B. Total Chlorophyll R? P DF F
TChl = 15.0 - (0.35 x Light) 0.41 <0.001 1,97 66.53

TChl =18.7 - (0.52 x Temp) 0.31 <0.001 1,97 43.98
TChl=8.5+(0.21 x TIN) 0.12 <0.001 1,97 12.87

C. Total free amino acids R? P DF F
FAA =68.1 + (4.9 x TIN) 0.39 <0.001 1,97 61.28

FAA =136.0 - (3.1 x Light) 0.18 <0.001 1,97 21.42

FAA =171.5- (4.7 x Temp) 0.15 <0.001 1,97 16.93

4.4.6 Season and growth
Growth rates were compared for all sites examinedginter 2003 and summer 2004.
There was a clear overall difference in growthgdtetween seasons with rates in the

summer being close to double those measured iwithter (Figure 4.16, A and B).
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However, there was no clear difference in growtleggbased on increases in fresh
weight biomass) between the sites in either thensemor the winter. In addition,
growth did not correlate with any tissue-N indice®asured (data not shown).

However, it was noted that growth in the summer wayg vigorous resulting in very
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Figure 4.15. Comparison of change in growth rate with change in total
nitrogen content in test-Ulva from seven sites in (A) winter (2003) and ten
sites in (B) summer (2004). Change in (C) N-specific growth with change in
total nitrogen content in winter (2003) and summer (2004). Values are means
+ standard errors for 3 replicate stations.
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full enclosures which may have inhibited furtheowgth. When specific growth was
expressed as N-specific growth there was strongeledion (R = 0.89) with TN in

testUlva in the summer data but not winter (Figure 4.16, C)

4.4.7 Nitrogen isotopes

Patterns in N-isotopes from tddiva showed very little seasonal variability within
sites, althoughUlva from all sites except ALP had values that werenificantly
different from that at the WHU reference site (Fey4.16). Values ranged from 7.2
%o in Ulva at ALP to 14.7 %o irUlva at PUK. The PUK site was not only the most
enriched site, but since it was known to be affddig tertiary-treated sewage was
almost certainly enriched in denitrified nitrogdrhe lowest values were recorded at
both WHU and ALP, and ranged between 7.6 %o and%8.5-or all WH sitess°N
values were higher than those at the Whangateabodan\WHU) reference site
(Figure 4.17). It was also apparent that all thep&ip/VH sites (and the WAU) sites
were very similar to each other throughout the y@&e Okura site (OKU) which
was less likely to have been influenced by anthgepa: nitrogen compared with the
WH sites, also had hight°N values. All of these sites except the WHU and ALP

16
14
12
10

o N b~ O

WHU ALP OKU MOT MEO WAU HEN UPH LUC PUK

Figure 4.16. Pooled seasonal 8"°N isotope values in test-Ulva deployed at
surface moorings at ten sites around Auckland during 2003/2004 (Note that
for ALP, WAU and PUK samples were collected in summer 2003/2004 only).
One-way Repeated Measures ANOVA: F = 39.7, P < 0.001. Asterisks indicate
those sites that differed significantly (P < 0.05) from the control site (WHU)
according to the Holm-Sidak procedure for multiple comparisons versus a
control. Values are means for four seasons + standard error of the means.
Note that the dashed lines represent the range of values found in Ulva
growing on rural exposed coasts around New Zealand (Chapter Two).

179



= Chapter Four=

sites fell outside the natural seawater isotopgeadentified in Chapter Three for

exposed sites around New Zealand (Figure 4.17).

4.4.8 Heavy metals

Metal content in test)lva tissue from the 10 summer sites was examined. The
following 8 metals recorded in tesiva were ranked in order from highest to lowest:
Al > Fe > Mn > Zn > Cu > Pb > Ni > Cr (Figure 4.18he greatest range in values
for metal content were shown by Al, Fe, Pb andw@th the lowest values nearly
always recorded in testlva at the two reference sites WHU and ALP (FigureS®.1
The metals that showed the least dramatic range &er Cu and Ni. However, even
for these metals the amount containedllwa tissues at the two reference sites was
low compared to that in most other sites. Télsia at PUK had some of the highest
tissue metal concentrations while metal concemwinatiat OKU were similar to, or
sometimes higher, than the WH sites. Tdta at LUC recorded the highest tissue

concentrations of Zn and Cu.

There were generally higher levels of both Al aredriall urban environments and at
OKU. Al and Fe were both accumulated to concemnaticlose to two orders of

magnitude more than all other metals analysed (elxal) Ca, K, Mg and Na). It was

also noted that the sites with higher concentratioinAl and Fe also tended to have
higher levels of fine sediments present. Althoughmeasures of turbidity were made
previous studies have shown that sediment levdlsariHauraki Gulf tend to increase
closer to Auckland (Paul, 1968; Grace, 1983). Fynahere were strong correlations
between Al, Fe, Mn, Ni and Cr, and between mostaiaetnd tissue N content (Table
4.3).
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Figure 4.17. Comparison of metal content in test-Ulva tissue at 10 sites in
the Auckland region in February 2004. Values are means * standard errors
for 3 replicate stations. Overall mean tissue value for each metal indicted as a
dotted line.
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Table 4.4. Spearman correlation matrix for tissue metal content and tissue
nitrogen in Ulva deployed at 10 sites in the Auckland region in February 2004.

Al Mn Zn Cu Pb Ni Cr Tissue-N
Fe 0.939 *** (0.939 *** (0.673 * 0.103 0.697 * 0.952 *** (0.964 *** (.758 **
Al 0.891 *** 0.612 0.261 0.624 * 0.891 *** (0.927 *** (0.697 *
Mn 0.515 0.006 0.648 * 0.867 *** (0.855** (0.624*
Zn 0.527 0.552 0.697 * 0.758 **  0.782 **
Cu -0.006 0.042 0.224 0.103
Pb 0.661 * 0.77 ** 0.758 **
Ni 0.915 *** (0.842 ***
Cr 0.830 ***

P-values indicated by asterisks: *, P < 0.05; **, P < 0.01; ***, P <0.001. Bold font
indicates highly significant correlations.

4.5 Discussion

Ulva as a biological integrator of nitrogen loading

From this work it became clear that although seawaiN concentrations were
reflected in N-indices from te&tiva, these algae were probably integrating available
seawater nitrogen over time scales that were paegyesented by values measured
in most instantaneous seawater samples (e.g., &~igdil). Testdlva chlorophyll,
and therefore tissue nitrogen, integrated diffeesnbetween environments over a
period of weeks (Figure 4.7). However, Experimenal8o demonstrated that N-

indices in testdlva were capable of integrating the averageogen concentrations at

tidal scale pulses (Figure 4.14). From previouskn@hapter Three, Figure 3.5, A)
free amino acids in testiva were more likely to change quickly over the short
(possibly days) average concentrations and therefere more likely to reflect short
term changes in seawater TIN concentrations. Thas supported by an overall
correspondence between FAA and measured seawdlefFigure 4.10). However,
given the differences in the regression relatigmstirom the seven sites followed
through the year (Figure 4.11), it is probable thther factors were involved in the
way that biochemical changes in téBta related to measurements of seawater
nitrogen. Tidal aliasing of seawater samples was mmobable factor, but it is also
possible that tedtHva were ‘seeing’ more nitrogen than was measured, (@ganic

nitrogen sources).
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In terms of relative differences between sites, FAndices provided the clearest
and most consistent contrasts between the lowgatraeference site (WHU) and
sites like MOT in the Waitemata Harbour. OKU watermediate and it was highly
probable that ammonium recorded in seawater samgiefow tide were not

completely integrated in N-indices in tegliva over tidal average time scales. OKU
was a very sediment impacted site compared with WHig¢ high ammonium levels
at OKU were possibly derived from efflux from sedimts exposed at low tide (as
reported by Hoet al. (2005)), although the high levels may equally hiagen due to

unnatural sources.

Seasonal effectson Test-Ulva tissue N-indices

In addition to the issues of seawater nutrientalality another potential difficulty
highlighted in this study was the confounding effeaf season. Seasonal fluctuations
in N content are well documented for macroalgaelugting Ulva (Chapman and
Craigie, 1977; Rosenberg and Ramus, 1982; Wheakkn\¥eidner, 1983; Thomas
and Harrison, 1985), and can be strongly influendsd either temperature
(Rosenberg and Ramus, 1982; Dudteal, 1987; Dukeet al, 1989a; Altamiranaet
al., 2000) or light (Dukeet al, 1987; Dukeet al, 1989a; Coutinho and Zingmark,
1993; Altamiranoet al, 2000). There was a clear seasonal increase imdides in
the winter. This was particularly apparent in irages in TChl and TN at the low-N
reference site at WHU. However, all sites also lnacteases in seawater TIN
concentrations in winter to varying degrees. Sitbese increases were also
coincident with decreases in irradiance and tentpexan the winter it is possible
that elevated seawater TIN concentrations @attliced seawater temperature and/or
irradiance had an additive effect resulting in d¢stestly higher TN and TChl levels
in testUlva. However, statistical analysis (Table 4.2) sugegtshat seawater TIN

concentration had the strongest influence on Neeglin testJlva.

Growth rates in the winter were slightly over htlbse obtained in the summer. In
neither season was fresh-weight growth correlateith wseawater nitrogen
concentration nor tissue-N content (Figure 4.15pde a large range of TN values
(1.4 to 4.3 %) observed in tedtva from the different sites. Some laboratory studies
examining nitrogen-limited growth idlva suggest critical-N values below about 2 %
(Bjornsater and Wheeler, 1990; Pedersen and Bat@8v). However, the lowest TN
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value in testJlva was 1.4 % recorded at ALP in the summer, but itldkappear
from the data presented here that growth was piplmald N-limited in any situation.
This may have related to the fact that tgkta were deployed on the surface and
would therefore have seen constant water motidhgeirom surface driven wind
waves or ripples and/or tidal currents). In additithe seasonal shift in TN content in
testUlva from the low-N WHU reference site (increasing fram® % in the summer
to 3.6 % in the winter) was greater than that seesheltered low-N sites in Chapter
Two (see Figure 2.9, A). Therefore, it is possibia surface moored sites functioned
more like the exposed sites in natural populati@es Figure 2.9, B). Irrespective of
the possible effects of water motion on N-statutegttlva, there were clearly other
factors limitingUlva growth that were associated with winter conditiofisese were
likely to have been temperature and/or irradiaiites is consistent with the previous
suggestions (Chapter Two and Chapter Three) tldaicesl growth probably lead to
an increase in TN (and TChl) because external getmowas in surplus supply for

growth requirements iblva.

Nitrogen isotopes

The 8*°N values measured in teStva in this study were used to provide qualitative
information on the different environments only {asy were in Chapter Two) since
source signatures were not measured. Except fes #iat were considered to be of
low impact (i.e., WHU and ALP) all sites resultedtestUlva with values that were
outside (higher than) the range for clean seaviaier exposed coastal sites (Chapter
Two). On the other hand the similarity between Wpper Waitemata Harbour sites
(HEN, UPH and LUC) presumably relates to the fhet it is a large harbour, with a
large tidal prism and longer (9 — 11 tidal cyclésu¢kland Regional Authority,
1983)) retention times. The fact that these sitigs persisted over the year also
suggests that the chemical processes controllisgesy™>N fractionation were not
seasonally affected. Since there was no significkemitrified (i.e., tertiary treated)
sewage source to the Waitemata Harbour it is stiggélsat denitrification occurring
in sediments (Cohen and Fong, 2006)) was a signifiéactor affecting ambient

nitrogen isotopic composition in this harbour.

Although results from this survey suggest that aigf°>N values provide qualitative

information on nitrogen source they do not necdgsam isolation, provide
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information on the amount of nitrogen present iavegter. For example, the MOT
and MEO sites were both identified as having reddyi high nitrogen loading
throughout this survey and yet tésiiva at these two sites recorded lowe&iN values
compared to the other WH sites (WAU, UPH, LUC andNy (Figure 4.16). It is
probable that the lower isotopic values in tdbta at MOT and MEO are the result
of the mixing of nitrogen sources that were bothvyein >N isotopes (i.e. the same
as that affecting the other WH sites) and light’h isotopes (i.e., derived from either
a local point source, presumably from one or bdtthe adjacent Motions and Meola
creeks, or from intrusions of the isotopically ligh source water from outside the
harbour). From this study it would appear that kigdt°N values were generally
associated with urban impacted environments. Th&) QKe being predominantly
rural also had consistently high#rN values (relative to the WHU reference site). It
is possible that this was due to either an unnbhitiedgen source (e.g. that derived
from septic tanks) or more probably that suggedtedother sediment impacted

environments above.

Heavy metals

In terms of the composition and the range of valoesmetals bound in tes#iva
tissues, data in the current study were comparaltle similar studies onJlva
species (Haritonidis and Malea, 1999; Villares al, 2001; Gosaviet al, 2004;
Strezov and Nonova, 2005). Villaret al (2001) showed significant correlations
between tissue levels of Al, Cu, Fe and Zn and l#éiide fraction in sediments.
However, to what extent tissue metal content in-lthga reflected the dissolved
fraction in seawater is unknown, but since télsta used in this study was deployed
at the surface further away from sediments it cdaddassumed that tissue metal
levels were more likely to reflect the dissolvedction in seawater. Al and Fe were
both accumulated to concentrations close to twe@rsrdf magnitude more than all
other metals analysed (excluding Ca, K, Mg and Na).

There were strong correlations between Al, Fe, Mnhand Cr, and also between
most metals and tissue N content (Table 2). Monreatas known that there are
interactions between some metals and nitrogen sbmdJlva tissues (Munda and
Veber, 1996; Lee and Wang, 2001; Munda-and Vel@94R This partly, relates to

the fact that several metalsraet as eofactors aélfoenzymes=(e.gv Fe, Mn, Zn, Cu

185



= Chapter Four=

and Co) and are required for growth in seaweeds. fds potential implications for
interpretation and suggests that some metal legetyded irlUlva tissues may be the
result of such interactions sintiva with a higher N-content would also presumably
contain more protein and therefore more sites éambl cofactor metals. On the other
hand this doesn’t discount the possibility thafediénces were due to the chemical
environment. It is possible that the same pointnon-point sources that lead to
elevated nitrogen concentrations (as reflectedJiva tissues) might also simply
contain higher concentrations of dissolved metalsvall. However, not all metals
correlated well with other constituentsltva tissues in this study (Table 4.3). One
such metal was Pb, which showed a particularly fighk at MOT, but not at the
nearby MEO site (Figure 12). In a studylWiva as an indicator of heavy metals it
was shown that Pb was particularly well correlatedh dissolved seawater

concentrations of this metal (Malea and Haritonid&00).

Conclusions

The objective of this chapter was to develop atpralcseaweed indicator that was
robust to experimental manipulation, could be dggpibinto a range of different
environments and then after time could provide wls@iformation about these
environments. The objective was not necessarifyrévide information on the causal
relationships between environment and indiceSlira, but to demonstrate thatlva
used in this fashion, was fundamentally robust.,(iie survived and grew) and
reflected differences between a range of diffe@mtironments. In the process of
investigating the utility olJlva for this purpose, this study has also highligigethe
of the inherent difficulties with monitoring seawatcolumn nutrients using
conventional measurements of instantaneous seawateples. For example, test-
Ulva consistently showed biologically relevant diffeces in nitrogen loading
between three environments (WHU, OKU and MOT) tlate not reliably detected
by conventional seawater monitoring approaches.eb\@r, in the harbour and
estuarine environments investigated in this stuspresenting a range of very
different mixing zones (of ‘new’ seawater and rents derived from terrigenous
sources), tedt}lva (of identical initial low-N status prior to deplayent) consistently
demonstrated differences in levels of biologicatigegrated nitrogen loading. Using

conventional approaches this may only have beerwzable with expensiven situ
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autoanalyser technology measuring nutrient conagairs over tidal cycles for

prolonged periods of time.

As suggested in Chapter Two the combination of titizdive (e.g. FAA content) and
gualitative (isotopic composition) information froseaweed indicators, suchldisa,
would appear to provide useful information for wagaality management. However,

| suggest that there is also an opportunity to deoathe definition of biological
indicator to that of biological integrator; an onggm that integrates the average value

of an environmental variable prone to fluctuation.
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Appendix 4.1. Small scale maps of 10 sites included in a monitoring survey around Auckland
during 2003 - 2004. Note that maps represent conditions at spring low tide.
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Appendix 4.2. Comparison of values of freshwater runoff with change in
glutamine levels in test-Ulva from adjacent to the Henderson River.
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nitrogen concentration.. Regression curves are fitted using SigmaStat 9 with
an exponential rise to maximum model. Values are means * standard errors
for 3 separate experiments.
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General discussion

Aredifferencesin Ulva tissue-N indices due to environment or taxonomy?

The survey of naturallva populations (Chapter Two), which probably included
several species, showed a large range of nitrogenss(0.7 to 4.5 %). The question
therefore arose; to what extent might taxonomierarironmental differences account
for observed patterns in tissue-N indicesUlva? In one special case where two
distinct morphologies dfllva were found growing side-by-side in two environnsent
contrasting in nitrogen loading, differences inrdices (and*°N) between the two
sites strongly suggested that it was environmaathler than taxonomic differences
that controlled N-content itVlva species (Chapter Two, Figure 2.11). From other
research in has been shown thHva curvataand Codium decorticatumexhibit
seasonal differences in nitrogen allocation that largely due to temperature (and
probably light), and are apparently independentnadrphological and genetic
differences between species (Duteal, 1987). This was clearly consistent with the
observed differences betweblva collected in the summer and winter from around

New Zealand (Chapter Two).

From this research it was proposed that, relativgrowth rate and the effects of
season, differences in nitrogen availability shdudae the predominant effect on the
biochemistry of nitrogen metabolism idlva, compared with those relating to
taxonomy or morphology. However, there were alstceable differences between
the relative composition of some N-indices in nakyropulations ofJlva. One was
the ratio of chlorophylk : b which suggested that differences between specégs m
be due to taxonomy or morphology (i.¥., fasciatahad a distinctly different ratio
compared with the other thrédlva species, Figure 2.11). This is consistent with at
least one study which concluded that values of roployll a : b in different

seaweeds, including sevel@hulerpaspecies andl. lactucg were largely species-
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specific (Keast and Grant 1976). Another differenbetween theU. (syn
Enteromorphaintestinalisand the two other frondosélva species was the ratio of
total chlorophyll : tissue nitrogen. Previous exaations of natural populations bf
intestinalishave shown a linear relationship between totadraphyll (chlorophylla

+ b) and tissue nitrogen with approximately 4.1 mgDW ™ chlorophyll for every 1
% of tissue nitrogen (Barr and Rees, 2003). HowawestUIva in the current study
contained on average 2 mg - g B\tal chlorophyll (chlorophylk + b) for every 1
% of tissue nitrogen. Direct comparison of values T this survey with that from the
study of Barr & Rees (2003) suggest strong diffeesnbetween total chlorophyll :
total tissue-N ratios itJlva intestinalisand most of the mixed frondokdva species

in this survey (Figure 5.1).

12
(] Ulva intestinalis Ulva intestinalis
;.;'\ 10 | @ Other Ulva species R?= 0.82
o P < 0.0001
P 8
o F, . =130.6
E
p 6
E, Other Ulva
2 4 R*=0.69
2 P < 0.0001
®) 2 1
Fs53=118.6
0 T T T T
0 1 2 3 4 5

Tissue-N (%)

Figure 5.1. Comparison of changes in total tissue-N with changes in
chlorophyll a between morphologically distinct Ulva intestinalis (unfilled
squares) from the study of Barr & Rees (2003) with that from mixed Ulva
species (filled circles) from the Ulva collected around New Zealand in summer
and winter 2003. Values are means + standard errors for three replicate
samples.

In addition to the differences in relative chlorgpplcomposition, this research has

also shown that some amino acids may be accumuthifedentially in response to
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nitrogen addition. Most naturéllva could produce high concentrations of asparagine
under conditions of high seawater nitrogen, or wiseasonal or other physical
factors (i.e., low temperature and light, or expesio greater water motion) resulted
in nitrogen saturation iklva tissues. However, it was also known that notUda
accumulated high concentrations of asparagineekample, when enriched with 10
uM ammonium in outdoor cultures there was no sigaiit increase in asparagine
levels in eitherU. spathulatafrom rock pools oJ. pertusafrom the Mokohinau
Islands (MK) (unpublished data). In contrakt, pertusafrom Otumoetai (OT)
maintained under identical conditions at the samee tasU. pertusafrom the
Mokohinau Islands produced increased levels of ragjp@e, suggesting that the
control of asparagine synthesis was more complex thlva taxonomy would
suggest (unpublished data). Chapter Four focusécelgnon anUlva species that
never produced asparagine in high concentratiomsn einder artificial nitrogen
enrichment. ThidUlva did however, produce much greater levels of glutann
response to nitrogen loading than most other nigpmaulations. This may have been
due to either low levels or reduced gene expressicgnzymes such as asparagine

synthetase (AS), resulting in the accumulationlofagnine.

Irrespective of this seemingly fundamental diffexeim free amino acid composition
between the two chemomorphsldiva examined in this study, it appeared to make
little difference to the overall responses of tb&alt FAA pool to external nitrogen
concentration. The reason for this might relateth® fact that most amino acids
respond, at least to some degree, to changes @émnaktnitrogen concentration (as
shown in Chapter Three, Table 3.3). It is recoghid®at amino acid analysis by
HPLC is time consuming and relatively expensiveeréfore, given that the total
FAA pool responded to changes in external nitrogmrcentration in a similar way to
glutamine and asparagine (because they were domaramo acids), a simple
ninhydrin assay for total amino acids (or fluoreszeas used by Naldi and Wheeler,

1999) may provide a simple, cheap and useful indiazf nitrogen loading.

Ulva as an integrator of nitrogen loading and the nitrogen isotopic source pool

Ulva was chosen as a study species because it ist@eBlaimple, undifferentiated
alga that grows rapidly, has a high surface aneg@lume ratio (Tayloret al, 1998),
and as a corollary high rates of nitrogen (ammoniuptake (Pedersen, 1994; Taylor
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et al, 1998).Ulva can be defined as a simpestrategist, without complex chemical
defences or storage compounds. As a result of tiaseutesUlva is likely to reflect
relatively short term changes in the environmentompared with slower growing
macroalgae. It is ubiquitous, and is thereforelabée to be sampled in a wide variety
of environments. Moreover, it is robust to expertaé manipulation and relatively
easy to grow in culture over prolonged periods, amd therefore an appropriate

choice as a standardised test-organism in the field

To test whether N-indices irUlva reliably reflect nitrogen loading in the
environment, both natural and artificial populatonf Ulva were examined in
relation to seawater nitrogen concentration. Howeweiring the course of this
research it became apparent that nitrogen con¢emsameasured in instantaneous
seawater samples were probably poor predictoreeohitrogen available tdlva on

a time average basis (e.g., Experiment 1, Chajuter) FConventional measurements
of water column nutrients do not necessarily giwedy information on what is
actually biologically available to primary produsgiFonget al, 1998), particularly
in environments that are prone to fluctuations utrient concentrations (e.g., as a
result of tidal fluxes). Similarly, conventionalaseater measurements of an element
(e.g., heavy metals) are not equivalent to its \adability (Brian et al, 1985;
Villares et al, 2001).

It is generally accepted that macroalgae can iategnformation on concentrations
of nutrients, because they store that which is xness of growth requirements
(Hanisak, 1979; Bjornsater and Wheeler, 1990; Fetngl, 1994). The more surplus
nitrogen there is the more N-saturated tissuesrbec@ssuming constant growth
rate). However, until relatively recently, totagdue-N content (TN) or the ratio of
nitrogen : carbon (N : C) was the only reliableigador of N-content in common use
in studies of microalgae (Flynet al, 1989) and macroalgae (Atkinson and Smith,
1983; Bjornsater and Wheeler, 1990; Al-Amoudi, 1.99dckolet al, 1994; Jonest
al., 1996; Fonget al, 1998). More recent research has examined themesp of free
amino acids in macroalgae to nitrogen loading, witkitive results (Horrockst al,
1995; Jonest al, 1996; Barr, 2000; Costanzd al, 2000; Barr and Rees, 2003).
Accordingly, the current research has further itigased the biochemical

constituents (N-indices) ilva which work at opposites ends of the temporal N-
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integration spectrum (i.e., short term changes esyloEnt to assimilation and longer

term, damped changes in total tissue nitrogen).

The primary aim was to determine what N-indicebiva would most reliably reflect
the presence of high concentrations of nitrogeseiawater. From previous research
(e.g., Fonget al, 1998; Jonegt al, 1996), and results in the current study, it has
been shown that total tissue nitrogen and chlorbptgntent are indicators of
nitrogen availability in seawater. However, frone tburrent research it is suggested
that the free amino acid pool and its individuaingtituents provide a higher
resolution biological proxy for nitrogen loading seawater. In the current study the
FAA pool represented 3 - 14 % of nitrogen presaritiva tissues. It is suggested
that the FAA pool better resolves levels of biotainitrogen loading, largely as a
consequence of its transitory nature and possislydiminutive size (i.e., a small
change in N taken up is more likely to be deteateal small pool compared to being
detected as a small percentage change relative total pool of nitrogen). However,
virtually nothing is known about how free amino dacand total nitrogen in

macroalgae differentially integrate nitrogen auaility with respect to time.

From the first experiment in Chapter Three (FigB®) it was clear that chlorophyll

could take considerable time (up to three weekghemnge with respect to nitrogen
addition. Moreover, field deployment of tddlva supported this conclusion with
equilibration of chlorophyll levels (and therefotissue-N) to seawater at three
different sites, occurring over a similar periodtiofie (Figure 4.7). At the end of this
experiment all N-indices, particularly the aminadag indicated differences between
these environments that were not necessarily diabée by conventional water
quality monitoring. However, while it was not sdemlly determined how fast the

amino acid pool changed in response to changesawater nitrogen availability, it

can be said that the FAA pool was capable of itigy the average of a pulsed
supply of nitrogen over tidal cycle time-scalesg(Fe 4.14). Further research is
required to ascertain how the FAA pool (or its aduents) responds to different
nutrient pulse regimes (e.g., period and asymmatiyulse). In addition, there will

be other factors, biotic and abiotic alike, thall wnpinge on how average nitrogen

availability in seawater-will be reflected “in. theothemistry ,ofUlva tissues.
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However, by using a standardised test-organisnmerpnetation of its metabolic

responses is largely limited to the effects oféhgironment in which it grows.

Nitrogen isotope values iblva were clearly a powerful indicator of differences i
the isotope source pool in seawater. This was riedefrom the similarity of
signatures in open coastdlva, and from the relatively small fractionation Wiva
supplied with contrasting N-source, under both thighited and light-saturated
conditions. These conclusions are supported byrakperimental work orUlva
(sym. Enteromorpha intestinalis in response to isotopic source and concentration
(Cohen and Fong, 2005). Whi°N signatures in macroalgae are clearly useful
tracers in studies of the effects of sewage nitmpder example, studies involving
them usually require additional isotopic informatiabout the potential sources for
use in mixing models. However, measuring the sosrgeature in seawater can be
analytically challenging and expensive. It is sugigd that ifUlva does closely
reflect the source pool (perhaps better than othacroalgae) it may be a useful
biological proxy for this parameter. In a food wstndy by Vizzini and Mazzola
(2006) in oligotrophic waters in the Mediterranegmnyas concluded that spatial and
temporal isotopic (i5*°N and §**C) heterogeneity within primary producers, and
primary and secondary consumers, was largely arbwte of the environment.
However, within the group of primary producers exaed, Enteromorphasp.
showed little spatial (between two similar sites)temporal (across four seasons)

variability in 8*°N at values close to 12.7 %o.

In the case of New Zealardd®N values inUlva outside the range of 6.7 to 8.8 %o
(being similar to that suggested by Rogers, 192PRwgers 2006, see Chapter Two)
may be useful for indicating the presence of umadtnitrogen, or at least nitrogen
that has undergone chemical transformation (e.gediments). Moreover, it is also
suggested that the combination &°N values (as a qualitative N-index) and
guantitative N-indices (such as the FAA pool)Ulva tissue has the potential to
provide useful information about both the amount aomposition of nitrogen

entering coastal environments. However, it woydgear that quantitative indices
may more reliably indicate contrasting differendgasnitrogen availability in the

summer (since N-status appears to be more affdntefdctors other than nitrogen
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availability in the winter conditions) when increadsnitrogen loading is likely to

cause increases in peak seasonal growth.
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