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Abstract

Low nitrogen availability is one of the major environmental factors limiting

macroalgal growth in temperate marine ecosystems. Macroalgae have overcome

the fluctuating nature of nitrogen supply via adjustments to their life-history

(e.g. opportunistic versus perennial) and/or their morphophysiology (e.g. type

of growth, use of reserves). Fast-growing species dominate when nutrients are

elevated but are typically absent in nutrient-poor systems; Macrocystis pyrifera,

however, is an exception because it is a perennial species as well as fast-growing.

Although its nutrient demands are inherently high (due to its size and produc-

tivity), it remains a cosmopolitan species even when nitrogen concentrations are

low. The primary objective of this collective work is to refine current knowledge

on how the ecophysiology of Macrocystis helps mitigate nitrogen limitation.

This is investigated within small communities (i.e. intra-bed mass-transfer) and

also within individuals (i.e. endogenous nitrogen use and storage).

Nitrogen uptake is enhanced by increased rates of water mass-transfer, which is

largely dictated by water flow. Macrocystis beds modify their physical environ-

ment so that flow rates are reduced in the bed's interior. To better understand

how macroalgae influence mass-transfer rates within kelp beds, the architecture

of a model kelp bed is described, highlighting dominant canopy and subcanopy

species. These biogenic structures significantly influenced the rates of mass-

transfer throughout the bed – rates were highest at the exterior edge and at the

surface of the bed, decreasing towards the interior and with depth. Growth and

tissue chemistry (e.g. pigmentation, soluble nitrate) of Macrocystis paralleled

the intra-bed variability in mass-transfer. This work also provides evidence that

the influence of mass-transfer on nitrogen acquisition is a particularly important

mechanism when ambient nitrogen is limiting.
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Growth is described as Macrocystis' first and primary response to nitrogen en-

richment. Enrichment studies, however, typically fertilise experimental kelp

beyond naturally occurring nitrogen concentrations and the nuances in physi-

ological responses to realistic nitrogen enhancement (e.g. upwelling) are likely

masked. To determine how Macrocystis prioritises the use of nitrogen when

concentrations are low, the seawater immediately surrounding fronds were en-

hanced with ecologically relevant pulses of nitrate. The immediate response

to fertilisation was not growth, but instead reduced blade erosion and increased

pigmentation in canopy tissues. This work suggests that when nitrogen-stressed,

Macrocystis first stabilises tissues important to photosynthesis and that growth

responses can be delayed for at least one month after initial nitrate pulses. Due to

localised increases in pigmentation and soluble nitrate within fronds, this work

also highlights potential functional differentiation across tissues.

Extended periods of low nitrogen can be mitigated using reserves. The reserve

dynamics within whole Macrocystis fronds are poorly understood but suggested

to be small. This work aimed to determine which compounds (pigments, solu-

ble nitrate, amino acids) are important nitrogen reserves, in which tissues these

pools are stored (six distinct tissues analysed), and how they explain growth.

Ultimately, the data suggest that pigments are not an important nitrogen reserve

in Macrocystis because maximum concentrations are low compared to other po-

tential reserves, and because they fluctuate in synchrony with ambient seawater

nitrate (i.e. no lag time). Soluble nitrate pools in mature blades, however, accrue

to high concentrations when ambient nitrogen is replete (winter/early spring)

and then nitrate is slowly disseminated to canopy tissues to fuel spring/early

summer growth. When ambient nitrogen is low (summer), there is evidence that

amino acids are reabsorbed from canopy blades and translocated to basal tissues,

perhaps acting as reserve pools for growth in the autumn.

This thesis addresses aspects of Macrocystis ecophysiology that are important in

mitigating nitrogen limitation. The main findings are (1) that mass-transfer rates

within kelp beds are highly variable and that increased mass-transfer is critical

in ameliorating limitation events, (2) that Macrocystis uses nitrogen towards tis-

sue maintenance before growth when nitrogen-stressed, facilitating continued

nutrient uptake and photosynthesis, and (3) that soluble nitrate and amino acids

are important nitrogen reserves, but that the former is more important for spring

growth and the latter more important for autumn growth.
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General Introduction
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1.1 Macroalgae in temperate ecosystems

1.1.1 Environmental factors

Temperate seas extend from the Arctic Circle to the Tropic of Cancer, and from the Tropic

of Capricorn to the Antarctic Circle in the northern and southern hemispheres, respectively

(approximately between 23.5° and 66.5° North or South; McColl 2005). Compared to the

tropics, coastal temperate ecosystems are generally characterised by rocky reefs and cooler,

more turbid water (due to increased particulate organic matter) with elevated nutrient con-

centrations. Temperate macroalgal populations are diverse and often form conspicuous beds

upon rocky substrata (Steneck et al. 2002) and their success is reliant on physical and chem-

ical forcing, especially light (Dayton et al. 1999), temperature (Dayton et al. 1992), nutrient

supply (Foley and Koch 2010), and water motion (Hurd 2000):

Light. Variation in light transmission in the marine environment has been reviewed

extensively by many, including Lüning and Dring (1979) and Franklin and Forster (1997).

Underwater irradiance levels are commonly used to define the lower depth limit of macroal-

gal populations (Neushul 1967), as well as the depth limits of major taxonomic groups. Red

algae, for example, generally penetrate deeper than brown algae (Vadas and Steneck 1988);

in reefs around the United Kingdom, red algae can grow at depths that receive 0.05 to 0.3%

of surface irradiance, while browns are limited to depths that have light levels of 0.3 to 1.4%

of that at the surface (Lüning and Dring 1979). Other than the attenuation of light in unob-

structed waters, light reduction occurs under manufactured structures as well as under kelp

forests (Duggins et al. 1990, Glasby 1999), and within a forest, light intensity may be highly

variable due to the movement of kelp canopies (Wing et al. 1993). Lastly, algal popula-

tions can be seasonally light-limited, particularly during winter – in addition to reduced day

length, winter often coincides with storm events that can re-suspend sediments, reducing the

amount of light that reaches the benthos (see Allen et al. 1980, Cloern 1999).

Temperature. Temperature is a major factor controlling photosynthetic rate in au-

totrophs and is one of the most important factors driving a species' biogeographic distri-

bution along a stretch of coastline (Hoek 1982, Lüning 1984). The typical response is for

photosynthesis to increase progressively with increasing temperature, towards an optimum

temperature, for which maximum rates occur over a range of several degrees rather than at

a single optimum temperature in many macroalgae (Oates and Murray 1983, Madsen and

Maberly 1990). Beyond this optimum, photosynthesis declines rapidly (Raven and Geider
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1988). Various types of evidence have been put forward in support of the existence of thermal

ecotypes in seaweeds. These include differences in optimum temperatures for growth and

reproduction, differences in thermal ranges over which growth and reproduction proceed,

and differences in tolerance to high and/or low temperatures (reviewed by Breeman 1990).

Within a given geographic region, algae are subject to fluctuations in temperature associated

with (1) tidal displacement of the thermocline or tidal immersion/emersion (Zimmerman

and Kremer 1984), (2) short-term seasonal variability (McQuaid 1985), and (3) long-term

inter-annual variability associated with natural climatic cycles (Ladah et al. 1999).

Nutrients. Algal communities are also subject to nutrient limitation. As irradiance and

temperature increase during the transition from winter to summer, phytoplankton populations

bloom and utilise large nutrient pools, reducing nutrients in surface waters (Jackson 1977,

Zimmerman and Robertson 1985). Because significant nutrient input is required to support

the large and rapid biological production in macroalgal beds, low nutrient availability is

noted as the most consistent environmental factor limiting macroalgal growth in temperate

ecosystems (Wheeler and North 1981, Conolly and Drew 1985, Lotze et al. 2000). Nutrients

are typically stratified in the water column and linked with temperature and water density

(Kamykowski and Zentara 1986), with greater nutrient concentrations below the thermo-

cline. How nutrients (specifically nitrogen) affect macroalgae is a primary vein of this thesis,

thus this topic is later discussed thoroughly (Section 1.3⇒ Nitrogen in coastal seawater).

Water motion. Kitching et al. (1952) was one of the first to recognise that water mo-

tion was important in rocky shore ecology. Riedl (1971) classified the many influences of

water movement on benthic organisms exposed to hydrodynamic forces and secondary lim-

iting effects involving the transport of nutrients, gases, and food. Many studies have since

emphasised the importance of flow effects. Current and waves can have a strong influence

on the physical structure of a kelp bed; when the forces associated with water motion are

stronger than algal attachment forces, algae are dislodged (Dayton et al. 1992, Kawamata

2001). Wave-induced disturbance gradually dissipates with depth because wave energy de-

creases with depth (Denny 2014). When algal attachment is stronger than forces associated

with water motion, canopy-forming macroalgae can alter the physical environment in which

they grow and reduce water motion to algae in the interior of the bed by as much as 70%

(Jackson and Winant 1983). Buffering of water motion may increase the thickness of diffu-

sion boundary layers around algae, thus reducing the transport rates of nutrient/gas transport

to algal tissues (see Section 1.5⇒Mass-transfer and its role in algal ecophysiology).
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1.1.2 Ecological role of temperate macroalgae

Primary productivity and growth. Temperate ecosystems are often regulated from

the bottom-up (Ware and Thomson 2005, Frederiksen et al. 2006, Chassot et al. 2007). This

means that trophic webs are reliant upon resources – like the photoautotrophic conversion of

solar energy into chemical energy (i.e. primary productivity) – to provide the majority of the

energetic and material foundation for heterotrophic life (Lieth and Whittaker 1975). Many

ecological studies investigate primary productivity as both gross and net production: gross

primary production (GPP) is the sum of net daytime photosynthesis and nighttime respira-

tion of photoautotrophs, corrected for the number of daytime hours and algal surface area or

biomass (Brinson et al. 1981); net primary production (NPP) is the portion of gross primary

production that remains after respiration (Ruimy et al. 1996) and tissue loss (via dislodgment

or senescence; Carr et al. 1997). Primary production may represent different processes de-

pending upon the methods used for measurement, but in most cases it signifies the dry mass

of matter, or carbon, produced per unit area over time (e.g. g C m-2 d-1; Webb et al. 1983,

Fahey and Knapp 2007). NPP is the product of the density of actively growing vegetative

mass (or the standing crop) and its rate of increase is due to growth (Lieth and Whittaker

1975). The standing crop is determined by morphological properties of the vegetation (e.g.

algal size and biomass) and the proportion of habitat area that it occupies, whereas rates of

growth are functions of the intrinsic physiological properties and life-history characteristics

of a species and its response to environmental conditions. Because this thesis principally

investigates nitrogen physiology of a macroalga, growth instead of productivity is measured

throughout this work. Macroalgal growth can be quantified by monitoring changes in total

biomass (see Lavery et al. 1991, Karez et al. 2004, Wernberg and Goldberg 2008, Kraufvelin

et al. 2010), by measuring the elongation of specific tissues (e.g. stipes and blades of Nereo-

cystis luetkeana and Macrocystis pyrifera; see Kain 1987, Hepburn et al. 2007), or by mea-

suring the change in algal surface area (e.g. encrusting corallines and Ulva spp.; Adey and

Vassar 1975, Grobe and Murphy 1994, Hernández et al. 1997). In all instances, a growth rate

is typically converted into a “relative growth rate” (RGR, Equation 1.1; derived from Evans

1972), which presents the growth rate relative to the original weight/size of an individual, or

part of an individual.

RGR =
(ln Wf )− (ln W0)

∆ t
× 100 (1.1)

ln = natural logarithm; W0 = initial measurement of growth parameter; Wf = final measure-

ment of growth parameter; and ∆ t = the number of growth days.
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Community ecology of kelp beds. Temperate algal communities are typically com-

plex, with multiple canopies that form a system of microenvironments not unlike those ob-

served in terrestrial forests (Dayton 1985). These microenvironments host a diverse range

of organisms, the assemblages of which can vary with algal type and morphology (Graham

2004, Fowler-Walker et al. 2005). Although many photoautotrophs inhabit temperate rocky

reefs, the Phaeophyceae (brown algae) are dominant, and the kelps (order Laminariales) are

the most abundant and diverse (circa 100 species; Graham et al. 2007). Kelp forests can be

extraordinarily productive. Macrocystis forests, for example, can assimilate 0.95 to 6.8 g C

m-2 day-1 (Towle and Pearse 1973, Mann 2000), making them among the most productive

and dynamic ecotypes on the planet (Mann 1972). Their high productivity and expansive

coverage sustains nearshore communities by generating both food and habitat for a multi-

tude of invertebrates (Estes et al. 2004, Christie et al. 2009), coastal fishes (Anderson 1994,

Norderhaug et al. 2005), marine mammals, and birds (Fredriksen 2003, Graham et al. 2008).

The vigour of such systems was even noted by Charles Darwin in 1833 when he wrote, “The

number of living creatures of all orders, whose existence intimately depends on the kelp, is

wonderful. A great volume might be written, describing the inhabitants of one of these beds

of seaweed” (Darwin 2010, pg. 214).

Herbivory can strongly drive the ecology of kelp beds. Sea urchins, for example, are well

known to influence the presence and distribution of kelp (Simenstad et al. 1978). Urchins are

predated upon by sea otters in the north Pacific, and in the presence of otters, kelp communi-

ties are characterised by a floating canopy of Alaria fistulosa, a stipitate canopy of Laminaria

spp., and a prostate canopy of Agarum clathratum (Dayton 1975). In the absence of otters,

dense populations of urchins (Strongylocentrotus spp.) virtually exclude fleshy macroalgae

(Duggins 1980, Estes and Duggins 1995). These interactions, known as a “trophic cascade”,

are more complicated in California; there are episodes of destructive sea urchin grazing and

then otters reducing urchin populations, but sometimes Macrocystis forests show consider-

able persistence in the absence of otters (reviewed by Foster and Schiel 1988).

Kelp forests have the propensity to support over 200 species across all trophic levels (see

North 1971, Foster and Schiel 1985, Castilla 1985, Bustamante and Branch 1996). Further-

more, secondary productivity – in the form of drift kelp, particulate and dissolved organic

matter – enhances the growth and reproduction of consumers not only directly connected

with kelp beds (see Harrold and Reed 1985, Duggins et al. 1989, Duggins and Eckman

1997), but also in nearby habitats (see Kaehler et al. 2006). It is, therefore, not surprising

that such habitats are well-studied in many disciplines relevant to ecology, including biology,

oceanography, physiology, biochemistry, and fishery sciences.
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1.2 Macrocystis pyrifera (Linnaeus) C. Agardh

1.2.1 Patterns in distribution and growth

Macrocystis forests occupy rocky reefs of all temperate landmasses in the southern hemi-

sphere, including the sub-Antarctic islands, but occur only in the northern hemisphere's east-

ern Pacific (Figure 1.1). Most of these areas are associated with major coastal upwelling

(Chin et al. 1991) and water temperatures that do not exceed 20 °C for prolonged periods

(Smith et al. 1983, Arnold and Manley 1985). Macrocystis typically grows from the shallow

subtidal to approximately 40 m in depth (Barrales and Lobban 1975, Manley 1981, Fos-

ter and Schiel 1985) but occasionally reaches 60 m (Neushul 1971). In wave-dampened

sites, it can grow intertidally (North 1971). New Zealand populations are distributed around

the entire South Island and Stewart Island (Hay 1990), where beds are most frequently found

within areas influenced by the Southland Current (Heath 1975). High wave exposure restricts

the species from gaining a foothold along much of the west coast, and seawater temperature

restricts colonisation north of Kāpiti Island (Hay 1990).

Because of its wide distribution and morphological plasticity, the genus Macrocystis was

once thought to be composed of more than 20 distinct species (Scottsberg 1907). Supporting

evidence was derived mostly from holdfast morphology, but recent experimentation has re-

vealed that Macrocystis transplanted from the intertidal to the subtidal change their holdfast

morphology to that shown by original subtidal individuals (Demes et al. 2009). Molecu-

lar work that aimed to resolve worldwide taxonomic ambiguity provides strong support that

Macrocystis is a monospecific genus (Coyer et al. 2001, Macaya and Zuccarello 2010). Due

to its monospecificity, ‘Macrocystis’ is used instead of ‘M. pyrifera’ throughout this thesis.

Figure 1.1: Global Macrocystis distribution is shown in black (from Graham et al. 2007).
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Kain (1989) suggested that latitude could predict patterns in Macrocystis growth, propos-

ing that kelp at lower latitudes will experience more frequent nutrient limitation and that kelp

at higher latitudes will receive less light. Therefore, growth at lower latitudes (e.g. southern

California) should be maximised during the spring and/or autumn when nutrients are high,

and growth at higher latitudes (e.g. southern New Zealand) should be maximised during the

summer when irradiance is greatest. Quantitative studies of growth reveal a more complex

story. North (1971) and Wheeler and North (1981) failed to reveal regular seasonal patterns

in Macrocystis growth in southern California (33°N). Zimmerman and Kremer (1986), how-

ever, found that frond growth was maximised during late winter and early spring, periods

when nutrients and irradiance are in transition between seasonal extremes (i.e. low winter

light, high summer light; high winter nutrients, low summer nutrients) and were therefore

at intermediate levels. In SE New Zealand (45°S), Brown et al. (1997) also observed en-

hanced growth during intermediate conditions in both the spring and autumn; growth was

most limited during the summer when ambient nutrients were low. These results contradict

Hepburn and Hurd (2005), who found that growth was highest in early summer and that

overall patterns in blade elongation reflected strong light limitation throughout most of the

year, and also nutrient limitation during the summer. In British Columbia (50°N) and the

sub-Antarctic Kergeuelen Islands (49°S), Macrocystis frond elongation rates were, in fact,

highest during the summer when solar irradiance was greatest (Lobban 1978, Asensi et al.

1981). Ultimately, global growth observations do not support a consistent latitudinal pattern.

Instead, it appears that localised environmental parameters are better predictors of algal pro-

ductivity, to the extent that different kelp beds within a few kilometres from one another can

show different patterns in seasonal growth (see Van Tussenbroek 1989, Kopczak et al. 1991

and Brown et al. 1997 versus Hepburn and Hurd 2005).

1.2.2 Morphology

Macrocystis is the largest of the order Laminariales (kelps). As with all kelps, it exhibits

a biphasic life cycle in which the generations alternate between gametophyte and sporophyte

(Sauvageau 1915), the sporophyte being the conspicuous phase. Individuals are attached to

a hard substrate via complex haptera holdfasts. Multiple stipes (fronds) arise from a basal

meristem on the holdfast; these stipes contain elongated cells through which nutrients are

transported (Parker 1965). During growth, the stipe elongates and branches into gas-filled

pneumatocysts that support large singular blades. New blades form at the top of the stipe

(apical meristem), while blade elongation occurs at a meristematic region between the pneu-

matocyst and the blade (refer to Figure 1.2). The pneumatocysts buoy the entire frond in the
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water column and the blades closest to the surface are the primary sites for photosynthesis

(Wheeler and North 1981). Near the holdfast, specialised blades (sporophyll) function as

reproductive tissues (Lobban 1978).

Scimitar

Stipe

Adult blade

Mature blade

Holdfast

Sporophyll

Juvenile frond

Pneumatocyst

Apical meristem

Blade meristem

Figure 1.2: An illustration of a Macrocystis sporo-
phyte and its distinct tissues. One individual can have
as many as 150 fronds emerging from one holdfast
(North 1971). New Zealand thalli typically have 10
to 25 fronds (pers. obs.).

Kelps exhibit extreme morphological

plasticity (see Wing et al. 2007, Koehl

et al. 2008). Environmental factors are

considered important drivers of pheno-

typic variation, and of these, water motion

is believed to have the strongest influence

on thallus morphology (see Druehl 1978,

Hurd et al. 1996). For Macrocystis, Hurd

and Pilditch (2011) describe narrow, cor-

rugated blades from wave-exposed sites

and broad, smooth, undulating blades

from wave-sheltered sites. It is thought

that these morphologies result from an in-

teraction between water flow velocity and

nutrient flux potential (i.e. thickness of

the associated diffusive boundary layer).

Holdfasts exhibit three distinct morpholo-

gies: conical, rhizomatous, and mound-

ing rhizomatous (Macaya and Zuccarello

2010). Transplant experiments suggest

that either average wave energy or irradi-

ance (i.e. phototropic response) are likely

drivers of holdfast plasticity (see Demes

et al. 2009).
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1.3 Nitrogen in coastal seawater

1.3.1 Environmental flux and biological importance

Nitrogen exists in seawater primarily as dissolved dinitrogen gas (N2), nitrate (NO3
-),

nitrite (NO2
-), ammonium (NH4

+), and dissolved organic nitrogen (DON) (Table 1.1). These

forms enter marine systems via atmospheric exchange, fluvial discharge and coastal up-

welling. They can also be released in organic forms from organisms, then recycled through

the microbial loop (Sharp 1983). N2 is by far the most abundant but is functionally inert

and must first undergo fixation for it to be available for biological uptake and assimilation

(Lyngby 1990). The only forms of inorganic nitrogen that are directly assimilable are NO3
-,

NO2
-, and NH4

+ (Barsanti and Paolo 2014). Of these, NO3
- is the most stable in aquatic

environments. It is therefore the dominant nitrogen species available to primary producers,

however, it is not the most energetically efficient because algae must first reduce NO3
- into

NH4
+ before assimilation (Syrett 1981).

Table 1.1: Approximate mean values for the major nitrogen species in
seawater (expressed as µg · atom N litre -1); adapted from Sharp (1983).

Surface Deep
N Species Oceanic Oceanic Coastal Estuarine
Dinitrogen gas (N2) 800 1150 700-1100 700-1100

Nitrate (NO3
-) 0.2 35 0-30 0-350

Nitrite (NO2
-) 0.1 < 0.1 0-2 0-30

Ammonium (NH4
+) < 0.5 < 0.1 0-25 0-600

Dissolved organic N 5 3 3-10 5-150

Seawater nitrogen is seasonally variable. In temperate ecosystems, NO3
- peaks during

the winter and reaches minimum values in the summer; it is not uncommon to observe a

swing from 1 µM to 15 µM (see Zimmerman and Kremer 1986, Pedersen and Borum 1996,

Hepburn and Hurd 2005, Buschmann et al. 2014). NH4
+ concentrations are typically much

lower and values vary at a much smaller magnitude compared to NO3
- (Sharp 1983, Brzezin-

ski et al. 2013). Within a season, environmental forcing (e.g. coastal upwelling) can influ-

ence nearshore chemistry by delivering pulses of nutrients. These events are often recurrent

and associated with geographic features (e.g. headlands; see Pickett and Schwing 2006), pro-

moting variation in nitrogen use strategies across algal communities that optimise survival

and growth (Espinoza and Chapman 1983, Davison and Stewart 1984, Kopczak 1994).
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Traditionally, Macrocystis is referred to as a “seasonal responder” (Kain 1989, Craw-

ford 1995), that is, growth and reproduction respond directly to environmental parameters

(Wiencke et al. 2009). Seasonal responders are inherently vulnerable to fluctuating nutrient

concentrations, which can limit their productivity during particular times of the year (see

Chapman and Craigie 1977, Wheeler and North 1981). Limited nitrogen, for example, can

reduce the synthesis of amino acids (Hanisak 1979). Amino acids are important for the trans-

lation of mRNA and hence protein synthesis, and if protein synthesis is reduced, metabolic

activity (e.g. carbon skeleton and ATP generation) is depressed, thus impacting productivity

(Barsanti and Paolo 2014).

1.3.2 What is nutrient limitation?

All organisms rely on an influx of resources to maintain metabolic function. The concept

of limiting resources was first outlined by Carl Sprengel in 1828 and further developed by his

predecessor, Justus von Liebig, in 1840 and 1855; their combined work eventually became

known as the Sprengel-Liebig Law of the Minimum (van der Ploeg et al. 1999). The law

states that if one nutrient is missing or deficient, plant growth will be poor even if the other

elements are abundant; the missing or deficient nutrient is then defined as a “limiting nutri-

ent”. Similarly, Blackman (1905) introduces “limiting factor”, which is defined as when a

process is conditioned as to its rapidity by a number of separate factors the rate of the process

is limited by the pace of the slowest factor. While different nutrients are limiting for differ-

ent algal species, in general, nitrogen most commonly limits productivity in marine systems

(Sharp 1983, Barsanti and Paolo 2014). Not all algae respond to limitation in the same way,

however. Pedersen and Borum (1996), for example, demonstrated that opportunistic algal

species with simple morphology and fast maximum growth rates suffered more from nutri-

ent limitation than species with thick thalli, differentiated tissues, and a more conservative

growth strategy.

The concept of nutrient limitation is used in a variety of ways and is often poorly de-

fined. Common interpretations include (a) the limitation in growth rate of a particular species

(Goldman et al. 1979), (b) the limitation of the potential maximum rate of net primary pro-

duction, allowing for possible shifts in algal community composition (Howarth and Cole

1985), and (c) the limitation of net ecosystem primary production (Smith 1984). In this the-

sis, “limited” and “limitation” are used in the context of nitrogen-induced reduction in the

maximum growth potential and/or reduction in the physiological status for a single species

(Macrocystis) at identified spatial and temporal scales. The terms “depleted” and “deple-

tion” are used when discussing nitrogen concentrations that are too low to maintain basic
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metabolic function. This implies that, under limitation conditions, there is enough nitrogen

to sustain Macrocystis growth/physiology (though not ideal), and under depleted conditions,

nitrogen is too scarce to support sustained metabolic function, leading to overall tissue dete-

rioration.

1.4 Nitrogen within macroalgal tissues: requirements and

storage

Nitrogen is an essential element that serves as a component of pigments, proteins, en-

zymes, energy-transfer molecules (e.g. ATP), genetic materials (e.g. DNA), as well as

other cellular constituents (Shivji 1985, Turpin 1991, Barsanti and Paolo 2014). Because

Macrocystis individuals are large and their beds expansive, populations require significant

resources to support productivity. In California, for example, populations require 0.14 to

1.03 g N m-2 reef · day-1 (Konotchick et al. 2012). Total nitrogen in Macrocystis tissues ex-

hibits marked seasonality that reflects ambient NO3
- (Chapman and Craigie 1977, Wheeler

and North 1981). When seawater NO3
- is saturated, Fram et al. (2008) modelled that Macro-

cystis can uptake 164.12 µg N g-1 tissue · day-1 (wet weight) but could only access 23.45 µg N

g-1 tissue · day-1 when NO3
- reached seasonal lows. Unfortunately, they do not suggest how

such uptake relates to nitrogen concentrations within Macrocystis tissues. Studies suggest

that total tissue nitrogen values of approximately 2% dry weight are critical for sustained

growth (Hanisak 1979) and values between 1 to 1.5% dry weight correspond with nitrogen

limited growth (Gerard 1982a, Hurd et al. 1996). Some kelps facilitate survival in vari-

able nutrient regimes by building nitrogen-rich reserves during nutrient replete conditions,

like winter (Wiencke et al. 2009). This strategy increases their capacity to sustain growth

and/or reproduction when ambient concentrations eventually decrease (Buggeln 1978, Ger-

ard 1982b, Fujita et al. 1989, Pedersen and Borum 1996, Naldi and Wheeler 1999, Korb

and Gerard 2000). Unlike other genera of perennial kelps (e.g. Laminaria sp., see Chapman

and Craigie 1977), Macrocystis is suggested to have limited photosynthate storage capabil-

ity and may deplete nitrogen reserves in 2-4 weeks (Gerard 1982b, Wheeler and Srivastava

1984, Brown et al. 1997).

Known compounds used for nitrogen storage within algae include NO3
- (Chapman and

Craigie 1977, Gerard 1982b, Rosenberg and Ramus 1982, Hepburn and Hurd 2005), pig-

ments (Bird et al. 1982, Levy and Gantt 1990), and amino acids (Schmitz and Srivastava

1979, Rosell and Srivastava 1985). Although NH4
+ is an important nitrogen source, it is
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not a viable compound for storage because it is toxic at high concentrations within tissues

(Vandermeer 1995). While NO3
- can be stored, Wheeler and North (1981) suggest that it is

typically assimilated too quickly to be an effective strategy for long-term nitrogen storage.

Perry et al. (1981) suggest that under low light and high nitrogen conditions (e.g. winter),

phytoplankton synthesise chlorophyll that can be used for growth when nitrogen is eventually

in short supply. Similar processes have been proposed for macroalgae, but typically using

accessory pigments associated with red algae (e.g. phycoerythrin; see Bird et al. 1982). Al-

ternatively, amino acids might act as a better mechanism for long-term storage (see Schmitz

and Srivastava 1979). In experiments using the single-celled alga Chlorella vulgaris, Arnow

et al. (1953) demonstrated that amino acids (specifically arginine, glutamine, ornithine, and

citrulline) stimulated growth in the absence of NO3
-. Although more complex algal species,

like Macrocystis, cannot uptake free amino acids from surrounding seawater (Wheeler and

Srivastava 1984), the Chlorella experiment provides evidence that algae can utilise partic-

ular amino acids for growth when other nitrogen species are unavailable, probably by first

oxidising amino acids to NH4
+ (nitrogen recycling) to be used in normal metabolic pro-

cesses (Vandermeer 1995). Because of their high concentrations in Macrocystis tissues, ala-

nine, aspartic acid and glutamic acid are regarded as important reserve compounds (Mateus

et al. 1976, Wheeler and Srivastava 1984) but have not been empirically tested. Collectively,

amino acids might account for up to 8% of total tissue nitrogen (Gerard 1982b). The com-

bination of alanine and glutamic acid, alone, can account for up to 20% of the total amino

acid pool in tissues (Wheeler and North 1981). Although it is plausible that an individual

would benefit from utilising multiple reserve pools at once (i.e. NO3
- versus pigments ver-

sus amino acids), current literature is largely devoid of studies that quantify and compare the

concentrations of multiple pools within individuals.

Finally, nitrogenous pools are not distributed evenly throughout Macrocystis thalli. Blades

collected from different depths differed in both total nitrogen (Wheeler and North 1981) and

in pigment composition (Colombo-Pallotta et al. 2006). Such heterogeneity in the chemical

composition within an individual suggests physiological differentiation, in which some tis-

sues might be specialised for nutrient uptake (sources) or for growth (sinks), though there is

contradiction as to which tissues serve as primary sources and sinks (see Wheeler and North

1981, Wheeler and Srivastava 1984). In any case, the source-sink relationship is facilitated

by translocation; Macrocystis is one of the few algal genera that possesses sieve tube ele-

ments that allow for internal, bi-directional transport of metabolites (Schmitz and Srivastava

1979, Manley 1983). Such mobilisation and use of resources drive population dynamics by

regulating growth and recovery from disturbance (see Fox 2013).
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1.5 Boundary layers and mass-transfer

In aquatic systems, solid surfaces (e.g. algae) can affect the motion of adjacent fluid,

thereby affecting the local transport of momentum, mass, and heat. In each case, the effect of

the surface is confined to a thin region of fluid at the surface of the solid, known as a boundary

layer. The work in this thesis is primarily concerned with the transport of momentum and

mass because they are the mechanisms driving metabolic exchange (nutrient acquisition and

waste removal) between the water column and algal surfaces, and is therefore crucial to algal

ecophysiology. The transport of heat will not be discussed here.

1.5.1 The formation of boundary layers associated with algal tissue

Water in direct contact with an algal individual does not move relative to the surface of

that alga, this is known as a no-slip condition (friction induced). When water moves over

algal tissue, a velocity gradient is created. Wherever there is a velocity gradient in a viscous

fluid, a shear stress is imposed between the algae and the moving water. This shear stress is

one form of drag (friction or viscous drag), and because the algal surface exerts drag on the

water, the water adjacent to the algal surface slows down. This slower region is known as the

momentum boundary layer, the top of which is defined as the distance away from the solid

surface at which the average velocity of the water is equal to 99% of that in the free stream

(summarised from Vogel 1996). The thickness is partially dependent on whether the flow's

momentum is transported solely by viscosity (resulting in a laminar boundary layer) or by a

combination of viscosity and turbulence (resulting in a turbulent boundary layer).

A laminar boundary layer is a smooth flow, in which the movements of the fluid are

the same and individual fluid particles travel parallel to each other in smooth paths because

viscous interactions of the water with the algae are sufficient to inhibit swirls or eddies (Vogel

1996; see Figure 1.3A). As the flow continues back from the leading edge, the laminar

boundary layer increases in thickness. At some distance away from the leading edge, the

smooth laminar flow breaks down and transitions into a turbulent flow (turbulent boundary
layer), and is marked by mixing across several layers in directions other than that of the main

flow (Vogel 1996; see Figure 1.3A). Compared to a laminar boundary layer, the exchange

of momentum and mass is on a much larger scale. A transitional boundary layer exists

between laminar and turbulent flows within the same overall boundary layer associated with

the algal surface. In the transitional state, fluid particles do not travel parallel to each other

as for laminar flow, but instead particles begin to exhibit a wave pattern (called Tollmien-

Schlichting waves, see Goldstein et al. 1983) before turing into fully turbulent motion.
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When water flows in a laminar pattern over an algal surface, viscosity creates a laminar

velocity boundary layer (VBLl), in which velocity varies from zero at the algal surface (i.e.

point the no-slip condition) to that of the free-stream flow in the surrounding water (see

Figure 1.3B). The turbulent velocity boundary layer (VBLt) is thicker than the VBLl, but the

thickness of the viscously dominated region, known as the viscous sublayer (VSL), decreases

(Schlichting et al. 2000; see Figure 1.3B). It is across the VSL that molecular diffusion

occurs (see Denny 2014), therefore, rates of diffusion are slower across laminar boundary

layers compared to turbulent.

Laminar Transition Turbulent

Surface of Alga (no-slip point)

ul ut

VSL

Transition
Point

VBLl VBLt

Free
Stream

Surface of Alga

Time-averaged 
Boundary LayerFlow

Laminar Transition Turbulent

B

A

Leading Edge

Figure 1.3: (A) Different types of flow over algal tissue. The yellow shows the boundary layer, and the
arrows within show the patterns of flow movement within the layer. Water flows from the right and hits
the leading edge, transitioning from a laminar to turbulent boundary layer. (B) A diagram of the velocity
boundary layer (VBL) and vertical velocity profiles (ul and ut) along the surface of algal tissue (e.g. a
blade from Macrocystis). The laminar VBL (VBLl) is thinner than the turbulent VBL (VBLt), but the
viscous sublayer (VSL) is greater. The concentration boundary layer (CBL) forms within the VSL. The
bottom diagram is modified from Hurd 2000.
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1.5.2 Mass-transfer

In this thesis, mass-transfer is defined as the net movement of mass (e.g. dissolved sub-

stances like CO2, O2, NO3
-, NH4

+) between the bulk seawater and algal tissue, occurring

across the VSL via molecular diffusion. The rate of mass-transfer is influenced by (1) the

concentration boundary layer (CBL) and (2) the type of flow around the alga. [Concentra-
tion boundary layer] With respect to nutrients, the CBL is a gradient ranging from zero at

the surface of the alga and is maximal some distance away from the tissue (Wheeler 1988,

Borchardt et al. 1994). The inverse is true for algal-derived wastes. When differences in con-

centrations between the two locations is high, then the rates of mass-transfer are typically

higher compared to when the differences in concentrations are low (see Fick 1855). In ad-

dition to concentrations, the biological activity at the metabolising surface and, sometimes,

the chemical reactions with other molecules (e.g. CO2 with H2O; Nishihara and Ackerman

2007) is known to influence mass-transfer. [Flow and velocities] If flow over algal tissue

is laminar, the transfer of essential nutrients to or from the surface of the tissue may be re-

duced compared to rates associated with turbulent flow (Hurd et al. 1996). Under turbulent

flow, the thickness of the velocity and diffusion boundary layer is minimal, and rates of ion

transport to, and metabolic waste products from, the blade surface are enhanced (Wheeler

1988). As occurs with the VBL, the thickness of the CBL increases with decreasing seawa-

ter velocity (Wheeler 1988, Hurd et al. 1996). Mass-transfer across the CBL, as indicated

by lower rates of photosynthesis and nutrient uptake, is reduced when seawater velocities

reach < 2-6 cm s-1 (Wheeler 1980, Hurd et al. 1996). Seawater velocities lower than this

threshold are often measured in sheltered coastal regions (e.g. estuaries, bays, within large

kelp beds; see Wheeler 1980; Jackson and Winant 1983), suggesting that macroalgal pro-

duction in situ may be frequently limited by slow moving water – known as mass-transfer

limitation. On the opposite side of the spectrum, progressive increases in seawater velocities

reduce the thickness of the CBL until it reaches a minimum of about 0.3 mm (Jørgensen and

Revsbech 1985). It is at this minimum thickness that a different factor (e.g. ambient nutrient

concentrations and/or enzyme activity) becomes rate-limiting (Wheeler 1988).

Measuring mass-transfer in this study. Macrocystis is frequently subject to both lam-

inar and turbulent water motion (from currents and waves). To quantify mass-transfer in

mixed flow conditions, it is appropriate to deploy gypsum dissolution blocks at the scale/lo-

cation in which one is interested in obtaining rates of mass-transfer (see Porter et al. 2000).

In this study, the rates of mass-transfer around Macrocystis blades were sought; to achieve

this, dissolution blocks were firmly attached to the stipe directly adjacent to blades.
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1.6 Southeast New Zealand as a study region

Locations. All of the work presented in this thesis was conducted in Otago and NE

Stewart Island (Figure 1.4). While Macrocystis is cosmopolitan and can dominate coast-

lines, its distribution in SE New Zealand is discontinuous. Most of the beds are found along

sheltered shores, harbours and bays because prevailing swell from the south-southeast re-

stricts growth along much of the open coast (Hay 1990). Both the Otago Peninsula and the

Stewart Island landmasses provide shelter from these swells, promoting the growth of larger

Macrocystis beds on relatively exposed reefs (e.g. Mataı̄naka, Otago). Populations in SE

New Zealand can reach depths greater than 20 m (Hepburn 2003), but are commonly found

from the shallow subtidal to 10-15 m in depth (pers. obs.). Propagation to deeper depths

is prevented by sandy substrate. Fringing beds, typically 10 to 25 m wide (pers. obs.), are

much smaller than Macrocystis beds elsewhere in the world; beds in the Falkland Islands are

about 40 m wide (Van Tussenbroek 1989), beds in Chile can reach 120 m in width (Moreno

and Sutherland 1982), and bed widths in California reach up to 1 km (Jackson and Winant

1983).

Coastal dynamics and tides. Otago and Stewart Island are markedly similar in benthic

structure and substrate type but offer different water column dynamics. The Otago coastline

is subject to large-scale terrestrial and fluvial outputs from modified catchments (e.g. the

Waikouaiti River) (see Smith 1987, McGlone et al. 1995). Rivers deliver both suspended par-

ticles and terrestrial-derived nutrients to nearshore habitats, which can significantly increase

both light attenuation and ambient nutrient concentrations (Reed 1989). In fact, suspended

particles can scatter 75% of light in the Otago region (Pfannkuche 2002) and Pritchard et al.

(2013) observed that light reaching the benthos was at minimal levels for 33 days following

a flooding event from the Waikouaiti River. The extent of river output is visible from satellite

imagery (Figure 1.5), which shows a clear boundary separating mixed nearshore and oceanic

water masses. In addition to sediment loading, fluvial outputs in Otago also deliver anthro-

pogenic nitrogen. The Otago Harbour and Waikouaiti River can deliver 38 and 41 kg N ha-1

year-1, respectively (approx. 73% fertiliser derived), while Freshwater River draining into

Paterson Inlet delivers only about 5 kg N ha-1 year-1 (approx. 0% from fertiliser) (see Heggie

and Savage 2009). Lastly, there is aquaculture of salmon, mussels and oysters in Big Glory

Bay, within Paterson Inlet. Nutrient input from such marine farming can have a negative

impact on the surrounding environment (see Silvert 1992, Chopin et al. 2001), potentially

increasing nitrogen concentrations by up to 30% in Big Glory Bay (Pridmore and Rutherford

1992).
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Throughout this thesis, I refer to depths in the water column (e.g. 2 m), which all refer

to the depth below mean low water (MLW), unless otherwise stated. Both mean low water

(MLW) and mean high water (MHW) tidal elevations were calculated for Otago and Stewart

Island (Table 1.2) – Port Chalmers and Oban stations were used for the two regions, respec-

tively. This was achieved by averaging all predicted low and high tidal heights from 2013 and

2014 (pooled), the temporal scope of active fieldwork presented in this thesis. These tidal

data are publicly available via the National Institute of Water and Atmospheric Research in

New Zealand.
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Figure 1.4: Map of study regions within (a) Otago: MA, Mataı̄naka; KA, Karitāne; BR, Black
Rocks; HR, Harington Point and (b) Stewart Island: WH, West Head; HS, Horseshoe Bay; HP,
High Point. Research was conducted at the following sites for each chapter: [Chapter 2] HS, Stewart
Island; [Chapter 3] MA, KA and BR in Otago, and at WH, HS and HP on Stewart Island; [Chapter 4]
HS, Stewart Island; [Chapter 5] HR, Otago.
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Table 1.2: Mean low water (MLW) and
mean high water (MHW) tidal heights, ± 1
SE, for Otago and Stewart Island. Values
are represented in metres (m).

MLW MHW
Otago 0.22 ± 0.004 1.74 ± 0.005

Stewart Island 0.89 ± 0.004 2.30 ± 0.005

1a 1b

2a 2b

Figure 1.5: Satellite imagery of the Otago (top images) and Stewart Island (bottom images)
coastlines (eMODIS Aqua, 07 June 2013; NASA 2013). In the true colour images (1a,
2a), particulate matter loading from rivers is much more visible in Otago as plumes; also
visible are resuspended particles propagating northwards, along the coastline. The NDVI
(normalised difference vegetation index) images (1b, 2b) confirm that the visible plumes
and resuspension are unlikely to be blooming phytoplankton, which would show up as a
shade of green if this were the case.
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1.7 Thesis outline

The primary objective of this collective work is to refine current knowledge on how
the ecophysiology of Macrocystis helps mitigate nitrogen limitation. To achieve this ob-
jective, a range of approaches were adopted including descriptive studies of kelp bed
assemblages in southeast New Zealand, quantitative measurements of environmental
and biological parameters and responses (within small communities and also within in-
dividuals), controlled laboratory experiments, and extensive environmental and physi-
ological chemical analyses.

Chapter 2: Kelp bed architecture. Macrocystis beds are typically composed of strat-

ified macroalgal canopies. These biogenic structures serve as important habitat for many

organisms but also modify water flow within the kelp bed, potentially reducing mixing and

water exchange between the bed's interior and exterior. This chapter quantifies the density

and biomass distribution of floating and stipitate macroalgal canopies within a Macrocystis

bed, over both two- and three-dimensional space. The influence of tidal height on such dis-

tribution is highlighted. Because kelp bed architecture can influence water flow through a

kelp bed, mass-transfer and seawater nutrients were also measured across the bed and across

depth. Publication status: This chapter is in preparation and is planned to be submitted for

publication in either Hydrobiologia, Limnology and Oceanography, or Ecohydrology.

Chapter 3: Mass-transfer gradients across kelp beds influence Macrocystis pyrifera
growth over small spatial scales. It is known that increased water motion can increase

macroalgal productivity via its influence on mass-transfer rates. Previous studies investigat-

ing the relationship between mass-transfer and productivity have largely focused on large-

scale patterns (e.g. sheltered beds vs exposed beds); data from Chapter 2 show that there

is variation in mass-transfer rates within a bed (small-scale), but it is not known if these

differences are strong enough to influence intra-bed kelp productivity and physiology. This

chapter investigates how mass-transfer within across kelp beds influences the growth and tis-

sue status of Macrocystis, highlighting the importance of such a phenomenon when seawater

nitrogen concentrations are low. Publication status: This chapter is published as: Stephens

TA and Hepburn CD (2014) Mass-transfer gradients across kelp beds influence Macrocystis

pyrifera growth over small spatial scales. Marine Ecology Progress Series 515: 97–109. doi:

10.3354/10974. Contribution of candidate: TA Stephens designed the study with input from

CD Hepburn. TA Stephens coordinated all fieldwork and data collection, conducted all data

analysis, and she wrote the full manuscript with editorial input from CD Hepburn.
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Chapter 4: Nitrogen-use strategies during limitation events and evidence of physi-
ological differentiation across multiple tissues. Many studies have fertilised macroalgal

communities to observe individual or community response, primarily attempting to delin-

eate factors responsible for limiting productivity. However, the majority of these studies

occur in a controlled laboratory environment and all over-fertilise subjects to trigger strong

responses. In this chapter, Macrocystis individuals are fertilised in situ, at realistic concen-

trations, to explore how the kelp prioritise nitrogen use and allocation within its own tissues

during low-concentration nitrogen pulses. Publication status: This chapter was submitted (in

October 2015) for publication in the peer-reviewed journal Oecologia. At the time of this

thesis' submission, the manuscript was still under review. TA Stephens will be first author

and CD Hepburn will be second, with no additional authorship. The expected title is, “A

kelp with integrity: Macrocystis pyrifera prioritises tissue maintenance in response to ni-

trogen fertilisation”. Contribution of candidate: TA Stephens designed the study with input

from CD Hepburn. TA Stephens coordinated all fieldwork and data collection, conducted all

data analysis, and she wrote the full manuscript with editorial input from CD Hepburn.

Chapter 5: Annual fluctuations in the concentrations of nitrogen storage com-
pounds and their contribution to growth. Most members of the order Laminariales are

perennials (see Dayton 1985), many accruing nitrogen reserves to help them survive summer

conditions. Some literature has suggested that Macrocystis is incapable of long-term nitro-

gen storage, describing that stores last approximately 2-4 weeks. Potential nitrogen storage

compounds include soluble NO3
-, pigments, and amino acids. Although these three pool

types have been quantified in Macrocystis tissues, studies often focus on only one pool and it

is therefore difficult to predict how multiple pools ’interact’ or compare to each other when

investigating the influence of nitrogen on productivity. In this chapter, soluble NO3
-, pig-

ments, and amino acids are quantified over a one-year period, and how these pools explain

kelp growth described by using multivariate modelling. Publication status: This chapter is

in preparation and is planned to be submitted for publication in either Journal of Phycology

or New Phytologist.

Chapter 6: General discussion. The main findings of each chapter are tied together in

context to the aim of this thesis. This is followed by implications to relevant research, then

by directions for future research.
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Chapter 2

Kelp Bed Architecture
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2.1 Introduction

Temperate reefs are typically dominated by large brown algae, primarily of the orders Fu-

cales and Laminariales (Barrales and Lobban 1975, Kain 1989). Vertical stratification (e.g.

floating and stipitate canopies; Figure 2.1) composed of multiple algal species is character-

istic of most kelp communities (see Dayton et al. 1984, Santelices and Ojeda 1984, Graham

et al. 2007), of which, Macrocystis is the most conspicuous and forms floating canopies that

tower over other macroalgae. These complex algal assemblages provide critical habitat for

a diverse array of organisms. The recruitment of some juvenile fishes, for example, is pos-

itively correlated with the canopy cover of Macrocystis (Anderson 1994). Subcanopies are

also important sites of foraging and refuge for several small algae, invertebrates, and fishes

(Thiel and Vásquez 2000, Siddon et al. 2008, Pirtle et al. 2012). The abundance, distribution,

and structural characteristics of these macroalgal assemblages exhibit substantial variation

both spatially and temporally (Dayton 1985, Schiel and Foster 1986, Clark et al. 2004), and

it is this variation that can contribute to the dynamics between several associated reef species.

By direct and/or indirect interference of the local environment (see Wernberg et al. 2005,

Irving and Connell 2006), multi-layered canopies influence the recruitment, productivity,

and physiological performance of other algal species by modifying light (Wing and Patterson

1993, Arkema et al. 2009), water motion (Goldberg and Kendrick 2004, Gaylord et al. 2007),

and nutrient concentrations (Jackson and Winant 1983, Fram et al. 2008). Interspecific com-

petition for light is an important structuring mechanism (Dean and Jacobsen 1984) and a

likely driver behind the varying structural morphologies of canopy-forming species in algal

assemblages, as is observed in terrestrial forests (Connell 1989, Spies and Franklin 1989).

Macrocystis, for example, typically out-competes other algal species because its canopies

can reduce light to understory algae by more than 95% (Pearse and Hines 1979, Reed and

Foster 1984). Although such shading is not constant over time due to natural variation in

biomass (Dayton et al. 1999), the effects that Macrocystis imposes on benthic light avail-

ability and the resulting abundance of understory macroalgae have been well-documented

via field experimentation and correlative studies (reviewed by Dayton 1985). Typically, high

canopy biomass results in a reduction of understory algal density and/or biomass (Schiel and

Foster 2006, Arkema et al. 2009).

Water motion can ameliorate negative impacts from canopy-induced shading. Passing

through algal canopies are temporary flecks of light that reach understory algae; the fre-

quency of these flecks is influenced by canopy formation and their mechanical disruption

(e.g. waves and currents; see Wing et al. 1993, Wing and Patterson 1993). Water motion
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also influences algal physiology via mechanisms involving molecular exchange between al-

gae and the water column – known as “mass-transfer”. The mechanisms of which are de-

scribed thoroughly in Chapter 1 (Section 1.5 ⇒ Boundary layers and mass-transfer) but,

essentially, increased water motion reduces the thickness of the diffusion boundary layer en-

veloping algal tissues and allows for increased rates of the exchange of resources and wastes

(see Anderson and Charters 1982, Stevens and Hurd 1997, Hurd 2000). Mass et al. (2010),

for example, demonstrated that the transfer of dissolved oxygen away from actively photo-

synthesising algae alleviated the effects of photorespiration induced by high concentrations

of oxygen within the boundary layer round the algal thallus. In addition, it is also well

known that increased mass-transfer enhances nutrient uptake, which can enhance metabolic

processes that fuel growth and productivity (see Gerard and Mann 1979, Hurd et al. 1996,

Hurd 2000, Sanford and Crawford 2000, Hepburn et al. 2007, Kregting et al. 2008).

Hydrodynamic forces beyond a particular threshold, however, can be deleterious because

taller canopies are sometimes disadvantaged due to exposure to higher wave stress (Dayton

1985). In California, nearly 600 hectares of Macrocystis was removed during a sequence of

large storms, which imposed long-term reductions in critical food and habitat for numerous

associated reef species (Dayton and Tegner 1984). The effect on understory macroalgae was

moderate because wave energy was buffered by the floating canopies of Macrocystis. Simi-

lar storm events have been observed in other beds dominated by more diminutive algae (e.g.

Ecklonia radiata, Wernberg et al. 2010) but dislodgement was far less severe. The clemency

on these sub-canopy species can primarily be attributed to reduced water motion across both

the bed and with depth (Jackson and Winant 1983, Rosman et al. 2010). Macrocystis' sus-

ceptibility to dislodgement, due to the floating stature and high drag (Stevens et al. 2001,

Gaylord et al. 2012), means that kelp growing at the bed's leading edge are sometimes less

dense than at the interior (Dayton et al. 1992, 1999), where kelp are buffered from wave

action by exterior individuals.

To better understand community composition within Macrocystis kelp beds in southeast

New Zealand, and their associated physiochemical parameters throughout the bed, this study

aimed to (1) identify the density and biomass distribution of Macrocystis across a kelp bed,

(2) determine how intra-thallus biomass of Macrocystis is distributed within the water col-

umn and how the distribution changes between high and low tides, (3) describe associated

macroalgal sub-canopies, as well as their density and biomass, and (4) quantify mass-transfer

rates and (5) seawater nitrogen concentrations throughout the kelp bed. This study was con-

ducted in Horseshoe Bay, Stewart Island. The density, biomass, thallus volume and related

interstitial space of all dominant canopy-forming macroalgae were determined at different
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depth bands within the reef. Mass-transfer rates and seawater nutrients were also measured

across the kelp bed and across depth. Hypotheses corresponding to aims are as follows: (1)

The density of Macrocystis individuals will be highest at the bed interior, as observed in other

studies (Dayton et al. 1992, 1999), and because individuals growing at the exterior should be

subject to higher rates of mass-transfer and that these kelp also grow in deeper water (thus

should have longer fronds; Jackson 1987), the correlation between individual biomass and

exposure/depth will be positive. (2) Given that the primary tissues for photosynthesis occur

in the kelp canopy (Wheeler and North 1981), a higher proportion of biomass will be mea-

sured in the top 2 m of the water column. (3) Light availability in the shallowest and deepest

parts of the reef should, theoretically, be low because of increased shading at the interior due

to hypothesised increased kelp density/biomass (see first hypothesis) and because of the at-

tenuation of light as depth increases; therefore the density and biomass of sub-canopy algae

will be highest in the middle of the kelp bed. (4) Because both current speed and wave action

should be stronger at the exterior of the kelp bed (see Jackson and Winant 1983), rates of

mass-transfer will increase from the bed exterior to the exterior. In addition, rates of mass-

transfer will reduce as depth increases because wave energy decreases as depth increases (see

Gaylord et al. 2012). (5) The fringing kelp beds in New Zealand are relatively narrow and

water masses moving through the kelp bed should have low residency time (see Fram et al.

2008), therefore, seawater nutrients will not vary across the kelp bed. Additionally, seawa-

ter nutrients will not vary across depth because nearshore waters in New Zealand coasts are

generally well-mixed with weak or no upwelling to enhance concentrations at depth (Heath

1975).
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2.2 Methods

Study site. This study was conducted at Horseshoe Bay, Stewart Island (map, Chap-

ter 1, Figure 1.4). The kelp bed used resembles other semi-sheltered sites in the region:

Macrocystis fringes the shoreline, extending about 13-20 m away from shore, and the subti-

dal is characterised by gently sloping, rocky reef (to approximately 12-15 m depth) colonised

by numerous algal species (see Russell et al. 2008, Desmond et al. 2015), including species

that form floating and stipitate canopies (e.g. Figure 2.1).

Xiphophora
gladiata

Cystophora
scalaris

Cystophora
platylobium

Landsburgia
quercifolia

Marginariella
urvilliana

Ecklonia
radiata

Sargassum
sinclairii

Floating canopy

Carpophyllum
�exuosum

Stipitate canopy

Figure 2.1: Typical distribution of canopy-forming macroalgae and prominent species in semi-
sheltered Stewart Island reefs. The floating canopy is comprised only of Macrocystis, while algae
that form the stipitate canopy are identified in the key (bottom left corner). The stratification of
algae in this figure was based on benthic surveys from this study.

Density and biomass. The densities (individuals m-2) of all large algae were quantified

at 2, 4, 6, 8, and 10 m depths (MLLW) within a 30 m segment of reef; this was achieved by

quadrat counts (1 m2) using SCUBA. Five random numbers ranging from 1 to 30, for each

depth band, were determined and used as horizontal distances within the respective depth for

quadrat placement. Within these quadrats, only large algae were quantified because canopy-

forming algae were the primary interest of this study. To determine biomass, the same section

of reef was immediately revisited on subsequent dives for algal collection. At each depth,
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10 individuals of each species identified by the quadrat counts were collected (excluding

Macrocystis), unless that species was not present at a given depth. These were transported

to the lab and immediately hung from lines to air dry before measuring their wet weights

(measured before desiccation). Due to constraints in boat capacity and time, Macrocystis

biomass was quantified at only 2, 6, and 10 m depths (bed's interior, middle, and exterior).

Using SCUBA, fronds of Macrocystis individuals where bundled together using flagging

tape and the holdfasts were ripped or cut away from the benthos and allowed to float to the

surface for collection – three individuals were collected at each bed location. The kelp were

immediately transported to a nearby wharf for initial processing. At the wharf, each frond

from each individual was removed (cut immediately above sporophyll), labeled, and the

length measured. Afterwards, fronds were stored in large plastic bags for immediate biomass

processing at the lab. Due to interest in intra-thallus biomass distribution, the biomass of each

1 m segment for each frond in each individual was quantified.

Volume and interstitial space. Methods described by Hacker and Steneck (1990) were

modified to determine the three-dimensional contribution from each algal species to commu-

nity architecture. This was achieved by using the same macroalgae that were collected for

biomass determination (see above). First, the length of each individual was measured, as

well as volume (using the method of water displacement). For respective depths, the volume

for each individual was multiplied by its density in the reef and averaged within species to

determine the species' volume per area (thallus volume; L species · m-2 reef). To determine

the contribution to three-dimensional space, reef area was multiplied by the mean thallus

height to obtain the potential total volume per reef area (total volume; L space · m-2 reef)

that each species occupied. Thallus volume was then subtracted from total volume to deter-

mine unoccupied space (interstitial space; L interstitial · m-2 reef). The thallus volume per

area reef from all species were combined to determine assemblage volume, and mean algal

height across all species was used to calculate potential total volume per area on the reef –

from which the interstitial space associated with the assemblage can be deduced.

Mass-transfer and seawater nutrients. Gypsum dissolution rates were used to quan-

tify mass-transfer rates throughout the kelp bed; this is an appropriate technique to mea-

sure mass-transfer in environments subject to different flow regimes (see Porter et al. 2000).

Blocks were prepared using gypsum (Calcium Sulphate Hemihydrate 100%) mixed with

Milli-Q water in a ratio of 3:2 (w:w). This mixture was then transferred into 3 cm-3 moulds

and each block received a looped cable tie for attachment purposes before the mixture set.
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The blocks were dried at 65 °C and the initial weights recorded. Three zones spanning the

width of the bed (cross-shore; interior, middle and exterior bed), as well as three depths (2,

6 and 10 m) were established for block deployment (see Figure 2.2). In each zone and at

each depth, 10 blocks were attached to 10 separate Macrocystis fronds using SCUBA. Af-

ter approximately 48 hrs, blocks were collected, dried at 65 °C and final weights recorded.

Dissolution rates were expressed as weight lost per hour (g hr-1). Seawater nitrate (NO3
-)

and ammonium (NH4
+) concentrations, in replicates of three, were determined for the same

kelp bed locations as block deployment. HCl-washed equipment was used throughout sam-

pling and seawater was immediately filtered (Whatman® GF/C) and frozen. Samples were

analysed using a Lachat QuikChem® 8500 automated ion analyser.

MLW

2 m

4 m

6 m

8 m

10 m

Interior Bed Middle Bed Exterior Bed

Figure 2.2: Diagram showing the placement of dissolution blocks across the reef and across depth;
blocks at each depth were attached directly to individual kelp (one block per depth per kelp frond).

Statistical analysis. The differences in means of selected categories of algal distribu-

tion data, such as density and biomass (random factors), across reef depth (fixed factor) were

determined using one-way ANOVA for both Macrocystis and Other Brown species. To test

whether the differences in means of floating canopy of Macrocystis (random factor) varied

across both depth and tide (fixed factors), two-way ANOVA was used. The differences in

the means of block dissolution and seawater nutrient data (random factors) were determined

using two-way ANOVA; fixed factors were bed position (interior, middle, exterior) and depth

from the surface (2, 6, 10 m). Regression analysis was used to determine the relationship

between canopy biomass (floating and stipitate) and block dissolution within those canopies.

Differences in means were determined using Tukeys honestly significantly different (HSD)

post-hoc test. Significance was set at the 5% level (α = 0.05). Dissolution and nutrient data

fulfilled prerequisites of normality (Kolmogorov-Smirnov test with Lilliefors correction) and

equal variance (Levene median test) for parametric tests. All statistical analyses were carried

out using the software package R® version 3.0.2.
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2.3 Results

Macrocystis characteristics. The density of individuals (no. m-2) significantly varied

across the bed; density in the interior bed (2m depth) was approx. 350% higher compared to

that at the middle and exterior bed (6 and 10 m depth, respectively), but density at the middle

and exterior bed were similar (Table 2.1). The mean biomass of individuals (kg individual-1)

increased as depth increased, but kelp biomass per area reef (kg m-2) was statistically sim-

ilar across bed position (Table 2.1). The number of stipes per individual was significantly

influenced by bed position, in which stipe counts (no. individual-1) increased as depth in-

creased (Table 2.1). Stipe density (stipes m-2), however, did not significantly vary with bed

position (Table 2.1). The percentage of fully mature fronds (fronds that reach the water's

surface) within Macrocystis thalli significantly decreased from the interior of the bed to the

exterior (Table 2.1); the percentage of mature fronds at the interior was approx. 185% and

346% higher than the percentages at the middle and exterior of the kelp bed, respectively.

The biomass of individual fronds (kg frond-1) significantly increased as depth increased (Ta-

ble 2.1); mean frond biomass at the interior and middle of the bed is approx. 68% and 8%

lower than the frond biomass at the bed exterior.

The mean biomass of Macrocystis canopies (kg individual-1) at the interior, middle, and

exterior of the kelp bed was equivalent in the surface 2 m regardless of tidal height – each

thallus averaged 3.95 kg wet weight (SE = 0.60) in the surface 2 m across the bed and

throughout the tidal cycle. The mean biomass of individuals in the surface 2 m at high tide

and across the bed (3.24 kg, SE = 0.68), however, was lower (marginally significant, p =

0.052) than the biomass in the surface 2 m at low tide (5.49 kg, SE = 0.82); see Figure 2.3.

The percent biomass (% individual weight) in the surface 2 m did vary across the bed position

(df = 2,15; F = 23.60; p < 0.001), in which interior individuals exhibited a higher percentage

of their total biomass near the surface than did both kelp individuals growing in the middle

and exterior bed positions (Table 2.2). The magnitude of tidal exchange at Horseshoe Bay

is 1.41 m (refer to Chapter 1, Table 1.2); therefore, biomass residing in the top 1.41 m of

the water column is subject to direct exposure to surface conditions at the interface between

air and water. Across the bed, 46.74% (SE = 3.41; interior bed) 13.42% (SE = 2.77; middle

bed) 11.26% (SE = 3.41; exterior bed) of the biomass is in the top 1.41 m.
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Macrocystis versus Other Browns. Despite the presence of a range of red algae (e.g.

Euptilota formosissima, Hymenena palmata, Plocamium spp.) and green algae (e.g. Cladophora

feredayi, Codium dimorphum, Ulva spp.), only brown algae were large enough to be con-

sidered canopy-forming species. Brown canopy species included Ecklonia radiata, Car-

pophyllum flexuosum, Cystophora platylobium, Cystophora scalaris, Landsburgia querci-

folia, Marginariella urvilliana, Sargassum sinclairii and Xiphophora gladiata – hereafter

collectively referred to as the “Other Browns”. The density, biomass, height and thallus vol-

ume of each was quantified throughout the reef. Excluding Macrocystis, E. radiata and M.

urvilliana were the most dominant species (Tables A.2.1 and A.2.2).

Although the collective density of the Other Browns (individual m-2) was significantly

higher across depth (df = 4,28; F = 9.63; p < 0.001), the biomass (kg m-2) of individual

Macrocystis thalli across depths was higher than the collective biomass of the Other Browns

(df = 1,28; F = 11.24; p = 0.002; Figure 2.4a,b). At the bed's interior (2 m depth), Macrocystis

accounted for 81.9% (SE = 14.9) of the total biomass (kg m-2) in the water column, 61.9%

(SE = 24.3) at the middle of the kelp bed (6 m depth), and 87.3% (SE = 27.4) at the exterior

(10 m depth). Ignoring the floating Macrocystis canopy, however, the biomass (kg m-2) of

the Other Browns dominated the bottom 1 m (the stipitate canopy) of the water column

(Figure 2.4c), in which the Other Browns accounted for 65.2% (SE = 25.7), 89.1% (SE =

13.0) and 71.9% (SE = 10.7) of total biomass (for interior, middle, and exterior bed positions,

respectively).

Generally, the thallus height of the Other Browns (within species) was similar across the

bed/depth, except for those growing at 10 m, in which case thallus height was reduced com-

pared to shallower values (Table A.2.3). Species listed from tallest to shortest are as follows:

Macrocystis > S. sinclairii > C. flexuosum > C. platylobium > C. scalaris > M. urvilliana

> E. radiata > L. quercifolia > X. gladiata (Table A.2.3). Because of pnuematocysts, most

species sat erect in the water column. The entire lengths of E. radiata and M. urvilliana,

however, were not fully erect – the former has no pnuematocysts but instead a rigid stipe

(151.4 to 497.7 cm tall) and the blade is negatively buoyant, and the latter has pnuemato-

cysts at the top of the stipe (192.7 to 371.2 cm tall) but the blades are also negatively buoyant

and fall loosely to the side.
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Mass-transfer and seawater nutrients. Block dissolution (a measurement of mass-

transfer) varied by bed position and by depth (Table 2.3), in which dissolution rates decreased

from the exterior to the interior of the bed (df = 2,69; F = 37.58; p < 0.001). In addition,

dissolution rates decreased as depth increased (df = 1,48; F = 47.86; p < 0.001). At the

centre of the bed (middle bed position, 6 m depth), the rates of block dissolution were the

lowest (Figure 2.6), suggesting that a cross-bed and cross-depth interaction magnified bed-

scale boundary layer dynamics within the heart of the bed. Regression analysis showed that

macroalgal biomass (kg m-2) in the floating (top 1 m of Macrocystis biomass) and stipitate

(bottom 1 m of Macrocystis and Other Brown biomass) canopies explained 66.7% (p = 0.003)

and 68.7% (p < 0.001) of the variance, respectively, in block dissolution rates within their

canopies.

Seawater NO3
- and NH4

+ concentrations did not significantly varied across bed position

or across depth (Table 2.3). Concentrations of seawater NO3
- at the interior, middle, and

exterior bed positions (averaged across depth) were 1.68 µM (SE = 0.23), 1.35 µM (SE =

0.17), and 1.30 µM (SE = 0.08), respectively, averaging 1.38 µM (SE = 0.07) throughout

the bed. Concentrations of seawater NH4
+ at the interior, middle, and exterior bed positions

(averaged across depth) were 0.54 µM (SE = 0.12), 0.43 µM (SE = 0.09), and 0.63 µM (SE

= 0.16), respectively, averaging 0.54 µM (SE = 0.08) throughout the bed.
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Table 2.2: Mean canopy biomass (± 1 SE) for Macrocystis at different depth stratifications during
low and high tide. The first bin is set at 1.41 m because it is the mean tidal exchange between MLW
and MHW, thus biomass in the top 1.41 m may float at the water's surface during slack low and high
tides most days, excluding when tidal elevations reach higher than MHW. The biomass (kg m-3)
indicates the amount of biomass in the water per the reef area below the canopy.

Biomass (% individual) Biomass (kg individual-1) Biomass (kg m-3)
Bed Position Low Tide High Tide Low Tide High Tide Low Tide High Tide

Top 1.41 m
Interior 81.88 ± 5.20 46.74 ± 3.27 3.45 ± 0.29 2.01 ± 0.19 7.34 ± 0.38 4.27 ± 0.14
Middle 34.87 ± 3.89 13.42 ± 2.70 4.13 ± 0.34 1.58 ± 0.40 2.93 ± 0.11 1.12 ± 0.03
Exterior 25.52 ± 2.28 11.26 ± 2.21 4.86 ± 0.36 2.29 ± 0.44 2.75 ± 0.06 1.30 ± 0.03

Top 2.00 m
Interior 92.04 ± 3.33 63.45 ± 2.42 3.86 ± 0.13 2.71 ± 0.07 5.79 ± 0.19 4.07 ± 0.10
Middle 42.84 ± 2.17 22.35 ± 1.58 5.20 ± 0.11 2.64 ± 0.04 2.60 ± 0.06 1.32 ± 0.02
Exterior 31.80 ± 7.00 17.03 ± 4.29 5.92 ± 0.41 3.36 ± 0.14 2.37 ± 0.17 1.34 ± 0.06

Top 3.00 m
Interior 100.00 ± 0.00 85.32 ± 2.48 4.20 ± 0.00 3.59 ± 0.09 4.36 ± 0.00 3.59 ± 0.09
Middle 58.33 ± 1.60 37.63 ± 1.32 6.94 ± 0.11 4.46 ± 0.06 2.31 ± 0.04 1.49 ± 0.02
Exterior 41.53 ± 5.24 27.50 ± 3.93 7.51 ± 0.39 5.19 ± 0.20 2.00 ± 0.10 1.38 ± 0.05

2 m

4 m

6 m

8 m

10 m

MLW

Interior Bed Middle Bed Exterior Bed

2 m

4 m

6 m

8 m

10 m

MLW

MHW

Low Tide

High Tide

Figure 2.3: Kite diagrams depicting the mean biomass distribution for Macrocystis individuals
across depth during low tide (top) and high tide (bottom). The width of the kites represents mean
total biomass at the respective depth, and the vertical solid line behind each kite indicates the centre
of the biomass distribution (i.e. 50% of the biomass on each side of the line). The horizontal, dashed
line in the high tide figure indicates MLW; the biomass above MLW is compounded with biomass
below MLW as the tide shifts to low (effectively doubling surface biomass).
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Figure 2.4: Cross-bed density and biomass measurements for Macrocystis versus collective Other
Brown macroalgae. (A) Density, (B) mean biomass of whole individuals and (C) mean biomass in
the bottom 1 m (approx. mean height of other browns) of the water column. Error bars: ± 1 SE; (n
> 3); the letters above the error bars represent post-hoc grouping.
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Figure 2.7: Regression showing the relationship between canopy biomass and block dissolution
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both low and high tide) were used for the floating canopy, and mean collective Other Brown data
(with the biomass from the bottom 1 m of Macrocystis individuals included) were used for the
stipitate canopy.

Table 2.3: Two-way ANOVA statistics testing for
the differences in the means across both bed posi-
tion and depth for block dissolution rates and sea-
water nitrogen concentrations.

df F p

Block Dissolution
Depth 2,142 64.95 < 0.001
Bed Position 2,142 66.58 < 0.001
Depth x Bed 1,142 0.49 0.486

Seawater NO3
-

Depth 2,29 2.22 0.211

Bed Position 2,29 1.64 0.127

Depth x Bed 1,29 0.50 0.487

Seawater NH4
+

Depth 2,30 0.51 0.608

Bed Position 2,30 0.47 0.630

Depth x Bed 1,30 0.21 0.650
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2.4 Discussion

As hypothesised, biomass and density for Macrocystis changed across the kelp bed, and

thus across depth. The mean biomass of individuals increased as depth increased, probably

an artefact of depth alone (i.e. not other factors like light). Macrocystis sporophytes can be

40% taller than the depth in which they grow (Jackson 1987), therefore individuals at 10 m

are typically taller than those at 2 and 6 m, resulting in higher biomass. Despite the positive

relationship between individual biomass and depth, biomass per area (kg m-2 reef) did not

increase with depth, but instead was similar across the bed. The potential increase was likely

countered by density, which was reduced at the bed's exterior. That total standing biomass

(kg m-2 reef) was relatively equivalent across the bed but not density, implies differences in

kelp bed architecture. This suggests that the biomass of Macrocystis located at the interior

portion of the kelp bed was spread across more individuals (perhaps resulting in a more

even distribution of biomass) and that biomass at the exterior was associated with fewer

individuals (resulting in patchier biomass distribution, see Figure 2.8). Reduced kelp density

at the edge of the bed has implications on flow reaching the interior, for which the attenuation

of flow to the interior of the bed is positively correlated to kelp density (see Peterson et al.

2004, Rominger and Nepf 2011).

Interior (2 m depth) Middle (6 m depth) Exterior (10 m depth)

Figure 2.8: A depiction of how Macrocystis biomass is divided across density for
each bed position. The total area within the circles is equivalent across depth, and
the circle density reflects density data from this work. Interior bed density is 3.75
times higher than the exterior density, but total biomass is similar.
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Dayton et al. (1992) also observed a lower density of Macrocystis at the bed's exterior,

suggesting dislodgement (via wave damage) and low recruitment as important factors driving

reduced density. Both are plausible drivers in Horseshoe Bay, as well. During this study one

dislodgment event was accidentally recorded when a Macrocystis individual at the exterior,

tagged and fixed with temperature loggers, went missing. This was either a result of wave

stress or entanglement with closely placed ground-fishing equipment (pers. obs.). Recruit-

ment could also be a factor causing reduced density at the bed's exterior. Deysher and Dean

(1986) report that irradiance above 0.4 mol photons m-2 day-1 is required for the recruitment

of Macrocystis and above 0.7 mol photons m-2 day-1 for those recruits to grow from juveniles

to adults. Based on these values, irradiance at 10 m at Horseshoe Bay throughout most of the

year, excluding summer, is too low to support report recruitment and survivorship (approx.

0.2-0.5 mol photons m-2 day-1; see Desmond et al. 2015). When irradiance is high during

the summer, however, ambient seawater nitrogen is low (approx. 1.0 µM NO3
- and 0.5 µM

NH4
+, this study). Recruitment competition between Macrocystis and other macroalgae is

sometimes strengthened in low nutrient regimes (Dayton et al. 1999), therefore it is possi-

ble that other macroalgae have competitive advantage over Macrocystis in such conditions

(Dean et al. 1989, Reed 1990).

It is important to remember that biomass is distributed over three-dimensional space.

Although mean biomass of Macrocystis per reef area (two-dimensions) showed no variation

across bed position, when extrapolated throughout the water column (three-dimensions),

biomass is not evenly distributed throughout the bed. In this study, biomass density (weight

m-3) of Macrocystis within the water column is 2.0 to 2.5 times higher at the bed's interior

compared to the middle, and 2.8 to 3.7 times higher than at the bed's exterior (values change

as tidal elevation changes through the tidal cycle). This variability in the density of biomass

throughout the water column, as one moves from the exterior to the interior of the bed, has

significant implications to hydrodynamic forces within the kelp bed (later discussed with in

relation to mass-transfer data).

In addition, much of the biomass resides near the surface. At 9 m depth, North (1971)

described that approximately 75% of biomass belonging to Macrocystis individuals was in

the top 2 m of the water column. At 10 m depth in this study, only approx. 25% (averaged

across tidal heights) of total thallus biomass was positioned in the surface 2 m of the water

column. It is difficult to interpret why the gap between the two proportions is so large, but

it can likely be attributed to either (1) localised environmental and/or seasonal influences on

standing biomass, which can fluctuate greatly between seasons and years (see North et al.

1993, Clark et al. 2004), or (2) fluctuations in biomass relative to tidal height. Because of
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the changes in tidal height (which swings an average of 1.41 m between MLW and MHW

at this study site; see Chapter 1, Table 1.2), the top 2 m at the exterior of the bed (10 m

depth MLLW) accounts for 16-18% of the water column, in which 17-32% of Macrocystis

biomass is located. At the middle of the bed (6 m depth MLLW), the top 2 m accounts for

24-29% of the water column, in which 22-43% of respective Macrocystis biomass is located;

at the interior of the bed (2 m depth MLLW), the top 2 m accounts for 46-69% of the water

column, in which 63-92% of respective Macrocystis biomass is located. These data partially

support the hypothesis that the majority of thallus biomass would occur in the top 2 m of the

water column, but this is primarily true only during low tide when the long kelp fronds are

compressed at the surface (see Figure 2.1) compared high tide (which loses 1.41 m of frond

length an associated biomass in the surface 2 m). The interaction between tidal height and

the distribution of biomass within the water column is an intriguing concept that has been

largely ignored. It is common for Macrocystis beds to experience tidal exchanges of 1-3 m

(in New Zealand, Australia, South Africa and California; Mr. Tides version 4.0.8, based on

NOAA predictions). Rosman et al. (2010), perhaps the only other study that has addressed

tidal influence on Macrocystis' canopy biomass, reported a 10-20% change in biomass at the

surface. In this study, the canopy biomass at the surface (top 2 m) during high tide was 68%,

51%, and 53% of that measured at low tide at the interior, middle, and exterior bed positions,

respectively.

In addition to Macrocystis, this study was also interested in macroalgal assemblages in

the subcanopy. The subcanopy was dominated by eight algal species (Other Browns), which

were all of stipitate morphology. Ecklonia radiata and Marginariella urvilliana largely drove

the density and biomass patterns because they were the most abundant species at most depths.

As expected, the Other Browns assemblage was most dense – and with the highest biomass

– in the middle of the bed (6 m depth). It was hypothesised that data would reflect such

distribution due to lower predicted light levels at 2 m (shading from heavy floating canopy)

and 10 m (depth-related light attenuation). Biomass density of floating canopies at 2 m

(this study) and light data at 10 m (Desmond et al. 2015) support these predictions. The

stipitate canopy occupied the bottom 1 m of the water column, where it formed a fairly

continuous layer (pers. obs.), meaning that distribution in density and biomass was not

patchy (supported by SE values).

The 1 m tall stipitate canopy and Macrocystis' floating canopy provide three-dimensional

structure that directly modifies the surrounding physical environment, including water mo-

tion and thus mass-transfer. As expected, mass-transfer rates decreased both horizontally

(exterior > middle > interior) and vertically (2 m > 6 m > 10 m), demonstrating that rates
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were highest at the exterior-surface portion of the kelp bed and lowest in the middle-bottom

of the bed. These results are unsurprising because water motion is often stronger at the top

(typically wave-induced) and at the edges of kelp beds (typically current-induced) there are

fewer or no structures (i.e. Macrocystis thalli) inhibiting water flow (Jackson and Winant

1983). That the lowest mass-transfer rates were measured at the middle-bottom was antic-

ipated because this location in the kelp bed is subject to both reduced water motion from

a friction boundary layer associated with the benthos and drag boundary layer associated

with the kelp canopies (see Plew et al. 2006). In addition, the stipitate canopy in this bed

location exhibited the highest biomass density (kg m-3), which explained 68.7% of the vari-

ability in gypsum block dissolution, confirming the strong friction/drag relationship with

mass-transfer rates near the benthos.

The biomass of the floating canopy explained 66.7% of the variation observed in the

dissolution of blocks deployed in the canopy. It is important to remember that the mass-

transfer rates represent an average over a period of approximately two days. Over these two

days rates likely vary over fine temporal scales associated with the tides (as outlined above).

While stipitate macroalgae are relatively stationary, Macrocystis canopies are perturbed by

tidal forcing, in which individuals at the bed's exterior experience strong, lateral currents (see

Jackson 1977) and entire fronds are often submerged due to associated drag (pers. obs.). At

low tide, the higher density of biomass in the compressed floating canopy will have enhanced

drag (see Rosman et al. 2010), but as the tide rises, the canopy becomes less dense and

mass-transfer rates will increase. Because of this interaction, the relationship between the

biomass density (kg m-3) of the floating canopy and block dissolution is likely to be partially

uncoupled.

Based on the literature, one would expect increased growth/productivity (potentially re-

sulting in larger standing stock, or biomass) at regions where mass-transfer is higher (see

Hepburn et al. 2007). In this study, the highest biomasses were associated with some of

the lowest mass-transfer rates (i.e. Macrocystis at the interior bed). While higher standing

stock biomass could be an indication of increased growth/productivity, it is easy to underes-

timate total bed production because quantifying partial loss of kelp biomass, like erosion, is

difficult (see Reed et al. 2008). Kelp at the edge of the bed, for example, could have more

dynamic turnover rates via thallus dislodgement and regrowth but still have small standing

biomass, misrepresenting total carbon fixation by macroalgae growing in that bed location

(sensu Mann 1972, Brady-Campbell et al. 1984). Biomass is a byproduct of the density of

actively growing plants, whereas growth is a more immediate physiological response to en-

vironmental conditions (e.g. nutrients and light) (Reed et al. 2008). To determine whether
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variable mass-transfer rates observed in this chapter could drive differences in biomass, it

would first be pertinent to measure the growth rates and other physiological parameters (e.g.

pigmentation) as an indication of potential differences in productivity. Interestingly, the con-

centrations of seawater nutrients (NO3
- and NH4

+) did not vary across the bed or across depth

supports the hypothesis that the residency time of water masses moving through kelp beds is

low. While this is not surprising, it is important to consider simultaneously with the variation

in rates of mass-transfer because if there is variation in growth of Macrocystis within a given

kelp bed, these data imply that it is not directly attributed to nutrients in the seawater but

perhaps to the acquisition of the nutrients (influenced by the rates of mass-transfer). This

work is carried-out in Chapter 3.
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Chapter 3

Mass-transfer gradients across kelp beds
influence Macrocystis pyrifera growth
over small spatial scales

Requested notification from publisher – The work from this chapter was published in a peer-reviewed journal, and is reproduced under

license from the copyright holder with the following limitation: The complete article is not to be further copied or distributed separately

from the thesis within 5 years of the article's original publication. Stephens TA and Hepburn CD (2014) Mass-transfer gradients

across kelp beds influence Macrocystis pyrifera growth over small spatial scales. Marine Ecology Progress Series 515: 97–109. doi:

10.3354/10974.

43



3.1 Introduction

Waves and currents influence the physical and biological composition of marine coastal

communities (see Cotton 1912, Dayton 1971, Denny and Gaylord 2010). Currents are im-

portant in the fertilisation of spores and larvae and also their transport to suitable habitat

(Pearson and Brawley 1996, Marshall et al. 2004, Gaylord et al. 2012), wave energy can

alter community structure via dislodgement of species (Paine and Levin 1981, Denny 1987),

some algae change their morphology to better suit hydrodynamic conditions (Neushul 1972,

Wing et al. 2007), and water motion influences the thickness of boundary layers surrounding

organisms and directly affects the transport of food and nutrients to filter feeders and al-

gae, respectively (Lubchenco and Menge 1978, Blanchette 1996, Fram et al. 2008, Pedersen

et al. 2012). All of these processes can change the abundance and biodiversity or coastal

communities (Thompson et al. 2005, Nishihara and Terada 2010).

Several physiological functions in macroalgae – like photosynthesis, respiration, and cal-

cification – depend on the uptake and/or removal of dissolved nutrients and gases (Sebens

et al. 1997, Cornelisen and Thomas 2004). These uptake rates are potentially limited by the

transport rates of dissolved materials between the surface of an organism and the surrounding

water (Gerard 1982, Patterson and Sebens 1989, Stevens and Hurd 1997). As water flows

over algae, for example, a concentration gradient in dissolved metabolic products forms be-

tween the bulk seawater and the surface tissue (Lin et al. 1953, Hurd et al. 1996, Sanford

and Crawford 2000), which has the potential to inhibit photosynthetic processes (see Mass

et al. 2010). In this region, known as the diffusion boundary layer (DBL), the movement of

dissolved substances is predominately through molecular diffusion. The DBL is often mil-

limetres thick (Jørgensen and Revsbech 1985). Increased water motion decreases the DBL

thickness, and therefore increases the relative flux of wastes/nutrients at the blade surface

compared to microenvironments under slower flows (Hurd 2000); therefore, water motion

can ameliorate physiological stress. The movement of dissolved molecules across the DBL

is termed “mass-transfer”. Anderson and Charters (1982) suggest that mass-transfer is faster

through turbulent boundary layers (i.e. wave induced) than laminar boundary layers (i.e.

current induced), and the mechanism may be crucial for increasing algal nutrient acquisition

during limitation events (Gerard and Mann 1979, Kregting et al. 2008).

During the summer, temperate coastal waters typically have low nitrogen concentrations,

which can reduce algal growth and overall productivity because nitrogen is essential for

metabolic processes involved in growth and tissue maintenance (see, Hanisak 1979, Raven

and Hurd 2012, Chapter 1, Section 1.4 and references therein). Both lab experiments and in
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situ studies have described enhanced nutrient uptake and growth rates in macroalgae and sea-

grasses exposed to increased water motion (Hurd et al. 1996, Thomas et al. 2000). Hepburn

et al. (2007) found that Macrocystis in wave-exposed sites displayed higher growth rates and

higher tissue nitrogen concentrations than individuals growing in wave-sheltered sites. Fur-

thermore, Macrocystis is unique in that it is an ecosystem engineer (Jones et al. 1994) and has

the ability to alter the physical environment in which it lives by modifying light penetration

to understory algae (Reed and Foster 1984, Stewart et al. 2009) and by slowing water motion

by up to 70% (Jackson and Winant 1983, Gaylord et al. 2007). Such water motion buffering

may increase the thickness of the DBLs associated with Macrocystis blades for individu-

als located in the interior of the kelp bed, thus reducing mass-transfer rates. Stewart et al.

(2009) showed that Macrocystis growing on the edge of a kelp bed displayed higher growth

rates and higher tissue carbon and nitrogen concentrations than kelp found in the interior of

the same bed, but attributed these differences primarily to edge individuals receiving more

light than interior individuals; mass-transfer was not measured. Besides water motion and

light, nutrients and temperature are other primary factors that influence macroalgal growth;

however, with regular wave and current induced water exchange, ambient nutrient concen-

trations within a kelp bed are not expected to differ from those outside the bed (Fram et al.

2008). Using the same logic, water temperature inside and outside a given bed should also

be similar. Therefore, intra-bed variability in nutrient uptake and productivity may be driven

by variability in mass-transfer rates. Jackson (1997) reported that cross-shore water motion

penetrates 400 m into Californian kelp beds. Not all algal beds occupy such a large area

and it is unclear whether smaller beds experience uniform or heterogeneous mass-transfer

rates; research is therefore warranted to investigate whether intra-specific differences in kelp

growth, physiology, and tissue chemistry can be attributed to differences in mass-transfer

within the same bed.

The aim of this chapter is to investigate whether a mass-transfer gradient across Macro-

cystis kelp beds exists, and then whether this exposure gradient influences growth, erosion,

pigment concentrations, tissue nitrogen and C:N ratios. To test whether a mass-transfer gra-

dient is a general phenomenon that occurs in different habitats with similar algal structure,

two regions within SE New Zealand that differ in light and fluvial regimes were selected: the

Otago coast and NE Stewart Island. The mass-transfer gradient was investigated in relatively

small fringing beds (10 to 20 m wide), which paralleled the rocky shoreline, and also in small

open kelp beds (20 to 30 m diameter) growing on isolated submerged rock benches (approx.

10 m deep) close to, but not directly linked to, the shore. Two subsites were established in

fringing beds (interior and exterior) and one subsite established in open beds (exterior); these
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three subsites were expected to experience a range of water motion intensity and therefore

vary in mass-transfer. This study includes two observation periods, one during low nitrogen

conditions (summer) and the other during high nitrogen conditions (winter). Nitrate (NO3
-)

and ammonium (NH4
+) in the seawater were analysed to help determine if variation in growth

could be attributed to variation in nutrient concentrations across the bed. Pigments were mea-

sured because their concentrations and/or ratios change with environmental factors and can

be used as physiological markers in algal populations (see Geider et al. 1993, Riegman and

Rowe 1994). Nitrogen stable isotopes (δ15N) in were also quantified; stable isotopes can give

insight into nitrogen utilisation in conjunction with nitrogen availability; lighter nitrogen iso-

topes are preferentially assimilated over heavier isotopes (see Sigman et al. 1999, Fry 2007)

so a lighter signature may indicate exposure to a larger nitrogen pool (e.g. ambient NO3
-

and NH4
+). The following is hypothesised: (1) Because floating canopies of Macrocystis are

known to alter their physical environment, mass-transfer rates will increase across the expo-

sure gradient (fringing interior < fringing exterior < open bed). (2) Due to the expected low

or limiting nitrogen concentrations in the ambient seawater during the summer (see Brown

et al. 1997, Hepburn et al. 2007), growth rates, tissue nitrogen, and pigment concentrations

in the summer will be positively correlated to mass-transfer across this gradient. No patterns

in growth or tissue chemistry will be observed during the winter because seawater nitrogen

concentrations are expected to be replete. (3) Higher rates of mass-transfer should increase

the transport of nitrogen from the seawater to the surface of algal tissue, therefore, δ15N

signatures within Macrocystis tissues will be lighter in bed types with increased rates mass-

transfer because preferential assimilation of 14N is more likely when nutrient availability is

higher. (4) Higher C:N mol ratios suggest nitrogen limitation (see Hanisak 1983), therefore

C:N molar ratios quantified during the summer will be negatively correlated to rates of mass-

transfer and higher than those measured during the winter. Winter values will not vary across

the bed/exposure gradient because ambient nitrogen concentrations will be replete.
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3.2 Methods

Study sites. This study was conducted along Otago and Stewart Island coastlines,

which are situated in SE New Zealand (refer to Chapter 1, Figure 1.4). Three replicate sites

per region were selected (Otago: Mataı̄naka, Karitāne, Black Rocks; Stewart Island: West

Head, Horseshoe Point, High Point). All sites were east-facing and established on points

or small headlands sheltered from prevailing wind and swell and therefore were moderately

exposed to waves and currents (refer to Chapter 1, Section 1.6 for a detailed site description).

Within each site, three subsites were established to test a gradient of exposure and kelp bed

position: fringing reef interior, fringing reef exterior and open reef (Figure 3.1).

3m
10m

Shore

C
B

10m

Sandy benthos, 10 m to 15m

Submerged rock benchRocky reef

A

Figure 3.1: Spatial arrangement and depths of subsites within Macrocystis beds, within each site
(three replicated sites for each region). Open bed distances from shore ranged from 0.29 to 0.52
km. Darkened kelp blades indicate where tagging occurred in each bed type: (A) fringing interior,
(B) fringing exterior and (C) open bed.

Light, temperature, and seawater nutrients. For the duration of the study, light and

temperature loggers (HOBO® Pendant 64K UA-002-64) were deployed at 2 m at each site;

this depth was chosen because 75% of the kelp biomass and productivity occurs in the top 2

m of the water column (North 1971). To prevent shading, surround erect macroalgae were

removed around the logger every three months, as well as diatoms and corallines growing

on the logger itself. The HOBO sensors recorded light intensity in units of Lux and it was

necessary to convert these data to PAR values. Calibration was achieved through simultane-

ous recording using the HOBO logger and a LI-COR underwater quantum sensor and then
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appropriate calibration, the full methods of which are described in Desmond et al. (2015),

who share similar field sites as this study. Separate temperature loggers (HOBO® Water

Temperature Pro v2 U22-001) were also deployed across the kelp beds; these were attached

to kelp individuals at 2 m depth in each subsite. Due to risk of thallus loss, these loggers

were deployed for only one week in April 2013.

Seawater nitrate (NO3
-) and ammonium (NH4

+) concentrations were determined at the

beginning and end of each growth observation period. Seawater samples, in replicates of

three, were collected from 2 m below the surface at each subsite. In both regions, all samples

were collected within a 1 hr time frame to minimise any temporal influence on nutrient

concentrations. HCl-washed equipment was used throughout sampling and seawater was

immediately filtered (Whatman® GF/C) and frozen. Samples were analysed using a Lachat

QuikChem® 8500 automated ion analyser.

Mass-transfer. Block dissolution rates were used to quantify mass-transfer in Macro-

cystis canopies at each of the 18 subsites. This is an appropriate technique to measure mass-

transfer in environments subject to different flow regimes (see Porter et al. 2000). Block

preparation followed the exact methods described in Chapter 2 (Methods⇒Mass-transfer).

In each subsite, 10 canopy fronds from separate Macrocystis individuals (haphazardly se-

lected) each received one dissolution block in their canopy (attached approximately 1 m

below the surface) in each subsite. After approximately 48 hrs, blocks were re-collected,

dried at 65 °C, and final weights recorded. Dissolution rates were expressed as weight lost

per hour.

Growth and erosion. Macrocystis growth was determined at seasonally low and high

nitrogen conditions, which coincided with summer (mid December 2012 to mid January

2013) and winter (mid July 2013 to mid August 2013), respectively. Growth rates were de-

termined using methods modified from Hepburn et al. (2007): thirty Macrocystis individuals

were haphazardly selected at each of the 18 subsites; the top 1-2 m of adult fronds were

pulled aboard a small boat and tagged at the pneumatocyst-stipe joint using labeled flagging

tape. Tape was fluorescent pink and approximately 1 m long to facilitate re-location. In each

tagged blade, a disc of tissue (1.5 cm diameter) was removed about 100 mm from the blade

meristem to monitor blade growth. Four growth metrics were then collected: blade elon-

gation, stipe elongation, blade erosion and new blade production (Figure 3.2). Kelp fronds

were returned to the sea and about one month after tagging events, the fronds were re-located

via snorkelling, cut below the tagged blade and held in opaque plastic bags for transport to

48



a laboratory. The four growth metrics were re-measured and fronds that were compromised

(i.e. broken stipe) were not included in growth analysis. Daily relative growth and erosion

rates (RGR d-1) were calculated using methods from Evans (1972) (see Equation 3.1). Tissue

replacement rates (mm d-1) were calculated by subtracting the change in blade erosion from

the change in blade elongation (see Equation 3.2).

RGR =
(ln Wf )− (ln W0)

∆ t
× 100 (3.1)

ln = natural logarithm; W0 = initial measurement of growth parameter; Wf = final measure-

ment of growth parameter; and ∆ t = the number of growth days.

Rate of tissue replacement =
∆Bel −∆Ber

∆ t
(3.2)

∆Bel = raw change in adult blade elongation measurements, ∆Ber = raw change in adult

blade erosion measurements, and ∆ t = number of growth days.

Pigments, tissue carbon and nitrogen, and isotopic status. After frond collection,

the blade below the tagged pneumatocyst-stipe joint was removed and tissue that had grown

during the duration of the study's seasonal periods (circa basal 85 mm) was excised. A leaf

corer was used to remove discs of tissue (1.5 cm diameter), which were immediately frozen,

before storage at -80 °C until pigment extraction; these discs were also used to measure blade

wet weight (WW, g cm-2). Pigment concentrations (chlorophyll a, chlorophyll c and fucox-

anthin) were determined using methods modified from Seely et al. (1972) and Duncan and

Harrison (1982), where 100% DMSO was used for the primary extraction and 90% acetone

for the secondary. Results were expressed in µg cm-2 of tissue. The remainder of the ex-

cised blade tissue was freeze-dried and ground into a fine powder using a ball mill (Retsch®

MM400), then stored in 5 ml tubes. %C, %N, C:N, δ13C and δ15N samples were prepared by

weighing 1.5 mg of homogenised tissue into tin capsules (n = 3 per subsite). Nitrogen and

carbon isotopes were assayed by combustion of the whole material in a Carlo Erba NC2500

elemental analyser (CE Instruments, Milan) and measured using a Europa Scientific 20/20

Hydra (Europa Scientific, UK) isotope ratio mass spectrometer (IRMS) in continuous flow

mode. Raw isotope ratios were normalised to the international scales using IAEA (Interna-

tional Atomic Energy Agency) reference, using standards USGS-40 and USGS-41. C:N data

are represented in the form of molar ratios instead of total carbon and nitrogen ratios.
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C

A

B

Figure 3.2: Shown is the apical end of a frond, and the strategy for measuring growth in all research
chapters. (A) Blade erosion – distance from the bottom of the hole to the blade's distal tip; (B) blade
elongation – distance between the top of the pneumatocyst and the bottom of the hole on the tagged
blade; (C) stipe elongation – distance from the tagged joint to the stipe apical tip. New blade
production was measured by counting the number of blades within the stipe segment (C).
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Statistical analyses. First, data from Otago and Stewart Island are pooled for all anal-

yses because the purpose of this study is to determine general physiochemical patterns that

relevant across habitats and regions, the purpose is not to determine specific patterns in a

specific reef or region. The differences in means of selected categories of data (gypsum

dissolution rates, seawater nutrients, growth rates, erosion rates, tissue chemistry, pigmen-

tation, tissue wet weight) from each subsite (fringing interior, fringing exterior, open bed)

were determined using a hierarchical linear model (HLM). The HLMs included a fixed factor

(region), random factors (subsite nested within site) and the dependent variable (i.e. growth

rate or %N). These models were separately run for each season because it was expected that

the mechanism of interest (cross-bed mass-transfer gradient) would not be present during the

winter due to high ambient seawater nitrogen concentrations. The differences in means of

data from the light + temperature loggers were determined using a one-way ANOVA, while

the means of the data from the temperature-only loggers were tested using nested ANOVA.

Differences in means were determined using Tukey's honestly significantly different (HSD)

post-hoc test. Significance was set at the 5% level (α = 0.05). Temperature and light data

fulfilled prerequisites of normality (Kolmogorov-Smirnov test with Lilliefors correction) and

equal variance (Levene median test) for parametric tests; HLMs do not require homogeneity

or independence (Field et al. 2012) and were therefore not tested for such. All statistical

analyses were carried out using the software package R® version 3.0.2.

51



3.3 Results

Light, temperature, and seawater nutrients. Otago and Stewart Island had similar

mean daily quantum doses (mol photons m-2 d-1) during the summer, averaging 2.88 (SE =

0.19) and 3.23 (SE = 0.18), respectively (df = 1,184; F = 1.64; p = 0.202). Winter light was

lower in Otago, averaging 0.48 mol photons m-2 d-1 (SE = 0.04); Stewart Island light levels

averaged 0.92 mol photons m-2 d-1 (SE = 0.02) (df = 1,121; F = 91.97; p < 0.001). Temper-

ature in Otago and Stewart Island were significantly different during both seasons (summer:

df = 1,184; F = 375.3; p < 0.001; winter: df = 1,121; F = 1175.0; p < 0.001); Otago waters

were warmer than Stewart Island's during the summer (15.23 (SE = 0.06) and 13.92 (SE =

0.03) °C, respectively) but colder during the winter (9.69 (SE = 0.04) and 11.10 (SE = 0.02)

°C, respectively). Temperature data from secondary loggers did not vary across bed type

(Table 3.1). Both NO3
- and NH4

+ showed seasonal patterns, with low concentrations during

the summer and high concentrations in the winter (Figure 3.3) and there was no significant

difference in these nutrient concentrations across bed type (Table 3.1). Seawater nutrients in

Otago were lower than those measured at Stewart Island during the summer, but higher in

the winter (Figure A.3.1).
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Figure 3.3: Mean seawater NO3
- and NH4

+ concentrations from Otago and Stewart Island; Decem-
ber 2012 to January 2013 (summer) and July 2013 to August 2013 (winter). The horizontal dashed
line marks 1 µM, which indicates the concentration described as limiting the growth of Macrocystis.
Error bars: ± 1 SE (n = 6). Letters above the bars represent post-hoc grouping.
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Table 3.1: Statistical values derived from hierarchical linear models (HLMs) test-
ing for differences of means across the mass-transfer gradient (bed type effect) for
listed parameters. Otago and Stewart Island, were pooled into the same HLM, with
region included as a fixed factor. Significant results are highlighted in bold.

SUMMER WINTER
Factor df F p df F p

Abiotic
Nitrate (NO3

-) 3,201 1.01 0.393 3,191 1.43 0.234

Ammonium (NH4
+) 3,201 0.09 0.971 3,190 2.38 0.069

Temperature 2,1240 1.55 0.214 - - -

Block dissolution 2,78 21.38 0.001 2,52 15.78 0.001
Growth / Erosion

Blade elongation 2,8 9.14 0.009 2,9 2.42 0.143

Stipe elongation 2,8 8.22 0.012 2,9 0.38 0.698

New blade production 2,8 2.18 0.175 2,9 0.70 0.520

Erosion 2,8 6.07 0.025 2,9 1.91 0.203

Tissue replacement 2,8 12.3 0.004 2,9 3.04 0.098

Tissue wet weight 2,8 7.67 0.014 2,9 8.51 0.008
% knobbed kelp 2,8 0.08 0.922 2,9 0.537 0.587

Pigmentation
Chl a 2,8 7.98 0.012 2,9 0.49 0.629

Chl c 2,8 5.28 0.036 2,9 1.50 0.274

Fucoxanthin 2,8 8.29 0.011 2,9 0.42 0.669

Total pigments 2,8 8.24 0.011 2,9 0.28 0.760

Tissue Chemistry
% C 2,8 0.32 0.733 2,9 0.13 0.878

% N 2,8 5.63 0.029 2,9 5.89 0.023
C:N 2,8 8.88 0.009 2,9 5.57 0.027

Stable Isotopes
δ13C 2,8 4.74 0.044 2,9 0.02 0.983

δ15N 2,8 4.70 0.045 2,9 0.35 0.712
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Mass-transfer. The dissolution rates of the gypsum blocks significantly varied across

the exposure gradient (Table 3.1) and the regions did not significantly differ from each other

(df = 1,4; F = 6.02; p = 0.070). The pattern of dissolution rate was consistent, blocks in

fringing interior bed locations had lower rates than blocks in the fringing exterior, which had

lower rates than those in the open beds (Figure 3.4). The mean dissolution rate of the open

bed blocks was 6.0% (SE = 2.4) higher than fringing exterior blocks, which exhibited a mean

dissolution rate of 17.4% (SE = 2.7) higher than the fringing interior blocks.
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Figure 3.4: Mean gypsum dissolution rates from each bed type, averaged across Otago and Stewart
Island. Blocks were deployed/received in August, October and December 2013. Error bars: ± 1 SE
(n = 4). Letters above the bars represent post-hoc grouping.

Macrocystis growth. During the summer, growth rates were similar between Otago

and Stewart Island, but Stewart Island exhibited much higher blade erosion (Figure A.3.2).

Collectively, bed type significantly influenced all growth and pigment parameters during both

seasons (Table 3.1); however, summer patterns were different than winter patterns. During

the summer (low nitrogen), blade elongation, stipe elongation and tissue replacement rates

increased across the mass-transfer gradient – increasing towards open (Figure 3.5). Blade

erosion followed an inverse pattern; erosion rates were lowest in the open beds and highest

in the fringing interior. Summer new blade production was the only growth parameter to

not align with the mass-transfer gradient pattern observed in other parameters. During the

winter, growth and erosion rates did not follow a consistent trend. Bed type did not influence

the percentage of kelp individuals the developed signs of determinate growth after tagging

(Table 3.1). However, more individuals developed knobbed ends during the summer than

they did during the winter (df = 1,692; F = 44.19; p < 0.001) (Figure 3.6).
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Figure 3.5: Mean growth and erosion rates of fronds from each bed type in both regions, during
summer and winter. (A) Blade elongation, (B) stipe elongation, (C) new blade production, (D) blade
erosion and (E) tissue replacement. Error bars: ± 1 SE (n > 6). Letters above the bars represent
post-hoc grouping.
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stipe, notice that it tapers and blade divisions get smaller and smaller. The other three pictures are
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each season; data from each region are pooled. Knobs take the form of modified pneumatocysts
located where the apical meristem should be; such likely signifies the onset of determinate growth.
Error bars: ± 1 SE of total pigments (n = 6). Letters above the bars represent post-hoc grouping.
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Pigmentation and wet weight. Summer pigment concentrations significantly increased

across the mass-transfer gradient, while bed type had no effect on winter concentrations (Fig-

ure 3.7, Table 3.1). Total pigment concentration was much higher during the winter (df =

1,153; F = 653.91; p < 0.001). Bed type also affected blade tissue wet weight. Summer

blade weight (g cm-2) increased across the mass-transfer gradient (Table 3.1) fringing inte-

rior weights were consistently lighter than fringing exterior, which were lighter than open

bed values (0.039 (SE = 0.002); 0.045 (SE = 0.002); 0.052 (SE = 0.002) g; respectively).

Although bed type had an effect on winter weights (Table 3.1), the pattern was not consis-

tent with the mass-transfer gradient; the fringing subsites were grouped together and lighter

than the open bed subsites (interior; exterior; open: 0.048 (SE = 0.003); 0.047 (SE = 0.003);

0.057 (SE = 0.004) g). Mean winter tissue weights were not heavier than summer weights

(df = 1,154; F = 3.69; p = 0.057).
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and winter from bed type in Otago and Stewart Island regions (pooled). All tissues were
collected in the basal 100 mm of each blade. Error bars: ± 1 SE of total pigments (n = 6).
Letters above the bars represent post-hoc grouping.

57



Macrocystis tissue chemistry. During the summer, the nitrogen status of Macrocystis

blade tissue, as indicated by %N and C:N, significantly decreased as mass-transfer rates

increased (Figure 3.8, Table 3.1). During the winter %N significantly decreased as mass-

transfer rates increased, but C:N significantly increased (Table 3.1) – opposite to the trend

observed in summer. Summer δ13C and δ15N values were significantly heavier than winter

values (δ13C: df = 1,93; F = 145.5; p < 0.001. δ15N: df = 1,92; F = 208.0; p < 0.001). Otago

summer isotopic signatures (Figure 3.9) were collectively lighter than Stewart Island values

(δ13C: df = 1,43; F = 12.78; p < 0.001. δ15N: df = 1,41; F = 54.66; p < 0.001). Bed type had

an effect on both summer and winter δ13C and δ15N values (Table 3.1), perhaps surprising

as it appears that Otago summer δ15N values are similar (Table 3.2); however, p-values are

close to the 0.05 α level.
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Figure 3.9: Nitrogen and carbon stable isotope signatures (δ15N and δ13C) determined for adult
blades in the surface canopy from each bed type in Otago and Stewart Island. The dashed ovals
represent summer values and the solid oval represents winter values.

Table 3.2: Mean (± 1 SE) summer and winter stable isotope signatures (δ13C and δ15N) across bed
type for Otago and Stewart Island.

Summer Winter
δ13C (h) δ15N (h) δ13C (h) δ15N (h)

Otago
Fringe Interior -17.12 ± 0.41 7.87 ± 0.13 -13.82 ± 0.31 6.07 ± 0.30

Fringe Exterior -19.11 ± 0.58 7.90 ± 0.12 -14.42 ± 0.47 5.34 ± 0.23

Open Bed -17.43 ± 0.38 7.86 ± 0.06 -14.44 ± 0.30 5.56 ± 0.17

Stewart Island
Fringe Interior -17.35 ± 0.36 9.79 ± 0.41 -14.26 ± 0.17 5.35 ± 0.26

Fringe Exterior -17.37 ± 0.34 10.74 ± 0.27 -14.26 ± 0.26 5.59 ± 0.32

Open Bed -16.30 ± 0.57 11.09 ± 0.21 -13.96 ± 0.29 5.43 ± 0.24
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3.4 Discussion

While variation in kelp growth has previously been demonstrated to occur between sites

(Gerard and Mann 1979, Hepburn et al. 2007), this study provides the first evidence that

Macrocystis growth within a single site is not uniform and that differences in growth rates

presented here can be explained by hydrodynamic gradients over relatively small spatial

scales (tens of metres). Stewart et al. (2009) reported intra-bed growth patterns akin to those

described in this study but suggested that growth patterns were a result of light attenuation

due to self-shading. Because of logistical difficulty, this study did not measure light atten-

uation in the top 2 m of the water column at each of the 18 subsites. However, if light was

a significant variable in determining intra-site growth rates, one would expect (1) equivalent

frond growth rates between fringing exterior and open bed types because these kelp were

tagged along both bed edges and should experience similar light conditions and (2) also see

higher growth rates along the bed edge compared to the interior during winter because am-

bient light is limiting during this period – exterior kelp would benefit from increased light

availability from a theoretical reduced self-shading. Furthermore, according to Falkowski

and LaRoche (1991), algae acclimatised to lower mean light should have higher pigment

concentration per unit area, but this study found that summer exterior kelp tissues had higher

pigmentation than interior tissues.

Pigment differentiation across the canopy of the bed during summer is likely due to dif-

ferences in tissue %N, where interior kelp could not assimilate enough nitrogen to properly

maintain pigmentation and/or tissue structure. This is consistent with other studies describ-

ing that Chl a and accessory pigments were positively responsive to external NO3
- assimila-

tion potential (Smith et al. 1983, Shivji 1985). It is also possible that a decline in photopig-

ments is an indication of internal nitrogen reserve depletion because pigments have been

suggested as another form of internal nitrogen pools in Macrocystis (Chin 1989, Kopczak

1994, Hepburn 2003). The higher pigment concentrations observed in winter is likely a sea-

sonal response to both high nitrogen (see Boussiba et al. 1999) and low light (see Lapointe

and Ryther 1979, Aguilera et al. 2002).

Ambient seawater nitrogen concentrations were unlikely to directly contribute to the ob-

served heterogeneity in growth because concentrations within and outside of kelp beds were

statistically similar, as predicted by Fram et al. (2008). However, because the rate of nutrient

uptake is dependent on both ambient nutrient concentration and water motion (Gerard 1982a,

Zimmerman and Kremer 1986), low summer nitrogen concentrations likely had an impor-

tant interaction with mass-transfer and total nitrogen assimilated. In fact, summer tissue %N
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did significantly increase with increasing mass-transfer. Summer %N and seawater NO3
-

values were around 1% and 1 µM, respectively, which are thought to inhibit and/or reduce

Macrocystis growth (Hanisak 1979, Gerard 1982b). However, ambient NH4
+ levels raised

the total seawater nitrogen above 1 µM and is therefore possible that total seawater nitrogen

was high enough to ameliorate severe nitrogen limitation, as suggested in other Macrocystis

studies (Hepburn et al. 2006, Brzezinski et al. 2013). C:N values decreased with increasing

mass-transfer and corroborate the apparent summer nitrogen depletion as the values in both

regions exceed 15 (values ≥15 indicate nitrogen exhaustion; Hanisak 1983). Despite signs

of nitrogen exhaustion, summer growth rates were sustained in both regions, especially blade

elongation. These findings are consistent with Gerard (1982b) and Brzezinski et al. (2013),

who both found that overall algal growth did not decline as a result of low NO3
-.

Macrocystis is a species with high morphological, physiological and life-history plas-

ticity, allowing it to adapt to different nitrogen environments around the globe (see Graham

et al. 2007, Buschmann et al. 2014). Specific to wave exposure, Hurd and Pilditch (2011) de-

scribe that Macrocystis blades from wave-exposed locations have thicker tissue and are more

narrow than blades collected from wave-sheltered locations; furthermore, exposed blades

exhibited surface corrugations while sheltered blades were smooth. They found that DBLs

associated with sheltered blades were thinner than those measured around wave-exposed

blades, and determined that the lack of surface corrugations on sheltered blades caused more

drag. Understanding morphological variation/adaptation in Macrocystis, and other macroal-

gae, has important implications further research investigating intra-site nutrient acquisition

and the excretion of wastes and, therefore, for primary productivity.

It cannot be overlooked that the interior kelp reside in shallower depths than the other

two bed types, as is the nature of reefs in SE New Zealand. Is it possible that the stipe

elongation of interior kelp is depth limited – i.e. is growth rate lower because depth is

more shallow? Current literature concerning the direct relationship between depth and adult

Macrocystis frond growth is sparse. Jackson (1987) presents a model that predicts higher

Macrocystis biomass in shallower water (6 to 12 m) compared to deeper water (15 to 18

m), and assumes that frond length is 40% greater than the depth in which the kelp grow.

Although it is conceivable that depth could influence stipe elongation, by comparing summer

and winter values it is clear that summer growth of interior fronds did not reach maximum

rates because rates observed during winter were higher. Not only were interior growth rates

higher during the winter, but also they were equivalent to and/or higher than rates measured

in fronds growing at 10 m depth. In addition, the occurrence of knobbed kelp – potentially a

sign of determinate growth (North 1971 – suggest that growth was not more depth-limited in
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any one subsite within a season. In addition, it is not expected that depth would reduce blade

elongation because these tissues have the highest contribution to photosynthesis/productivity

(Colombo-Pallotta et al. 2006) and it is not logical that depth would inhibit blade surface

area potential, especially considering the high plasticity of this species. Lastly, if depth was

important, interior kelp would be expected to have higher %N or lower C:N ratios because

nitrogen could be allocated for tissue maintenance instead of new tissue generation; our data

do not reflect this.

Nitrogen assimilated during summer was most likely used for rapid growth than for the

maintenance of existing tissue. This is supported by net positive blade growth despite high

erosion rates during summer. Blade erosion was highest for interior individuals, for which

nutrient uptake potential was lower due to thicker DBLs – these individuals would have

less nitrogen available for tissue maintenance. It is interesting to note differences in tissue

integrity. When handling blades belonging to interior kelp during the summer, the distal tis-

sue appeared frayed and would disintegrate if not handled with care; winter interior blades

were much more robust and the distal tissues still relatively thick but appeared fractured or

torn (pers. obs.). It is possible that water motion has a secondary effect on blade erosion

for kelp located directly adjacent to shore; waves may throw the interior kelp against the

rocky shoreline and cause blade damage beyond passive erosion. These two forms of ero-

sion reduce the amount of photosynthetic active tissues, which further reduces productivity

of interior individuals to a point where new blade growth cannot keep up with tissue loss,

therefore producing negative net tissue replacement rates throughout the year. This might

also explain the low blade growth rate of interior kelp observed during the winter (when

storms are often stronger and more frequent) because mechanical damage stresses have been

described as reducing biomass production in terrestrial ecosystems (Zangerl et al. 1997). It is

curious that interior kelp manage to persist with apparent negative tissue replacement values;

the mechanism behind such survival is unclear. During fieldwork, it was noted that interior

fronds had fewer basal blades or that basal blades were shorter; with less biomass in the basal

section, the individual might allocate more of its internal resources to new blade growth be-

cause older tissue is compromised. This could explain why new blade production in interior

kelp was higher than predicted (by mass-transfer patterns) during the summer (Figure 3.5c).

Nutrient availability, ambient productivity and nutrient origin influence isotopic signa-

tures. Otago and Stewart Island neritic waters are primarily resupplied by cross-shelf trans-

port of subantarctic surface water (SASW) (Van Hale and Frew 2010) and Tasman Sea sur-

face water (TSSW) (Jillett 1969, Heath 1985), respectively, and do not experience typical

large-scale coastal upwelling events (Heath 1985, Greig et al. 1988). Otago and Stewart Is-
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land δ13C and δ15N values group together during the winter because nutrient availability is

high and allows both populations to preferentially select lighter isotopes (12C and 14N). Sum-

mer signatures are heavier because autotrophic plankton populations bloom and reduce ambi-

ent NO3
- concentrations to near depletion levels, and thus reduce 14NO3

- availability. Otago

and Stewart Island summer values group separately because they are subject to nutrients

from different water masses (subsidy pools). SASW has high nitrogen and low chlorophyll

(HNLC), and has a δ15N-NO3
- of approximately 8h (Van Hale and Frew 2010). TSSW is

not HNLC and thus likely has a δ15N-NO3
- closer to 14h like other Pacific regions (Wankel

et al. 2007). It was expected that bed type would influence isotopic signatures, in which

kelp exposed to increased mass-transfer would exhibit lighter signatures because of higher

potential for preferential selection, but the data do not support this hypothesis. Instead, sum-

mer δ13C signatures were heavier in open beds in both regions compared to fringing kelp, as

were Stewart Island summer δ15N values. These results are difficult to interpret, but might

highlight a bias of this study's tissue sampling design. By removing a standard basal 85 mm

of tissue from all blades, tissue grown over a longer temporal scale was potentially excised

from interior blades (due to slower growth rates) and over a shorter temporal scale in more

exterior blades (faster growth rates). Lighter δ13C and δ15N values are expected prior to sum-

mer productivity (see winter values). Therefore, if excess tissue was excised from interior

blades, the results from this study may partially reflect pre-summer isotopic values and thus

bias the values towards lighter signatures.

Different oceanographic water masses are also a likely explanation for the differences

in mean seawater temperature between Otago and Stewart Island. Otago neritic waters are

constrained by a dominant front (Southland Front; Burling 1961), while Stewart Island wa-

ters are not (Heath 1985), and therefore Otago water masses have a relatively long nearshore

residency time, which results in higher summer and lower winter temperatures (Jillett 1969).

Although kelp productivity is known to have a positive relationship with seawater temper-

ature (Dayton et al. 1992), regional differences in temperature did not affect the cross-bed

patterns in growth and tissue status seen in this study.

I propose that the bed-wide boundary layers created by kelp – i.e. along-shore and

cross-shore (Jackson 1997, Gaylord et al. 2007, Gaylord et al. 2012) – cause variation in

mass-transfer within a given kelp bed, inducing intra-bed heterogeneity in growth and tis-

sue status of Macrocystis individuals observed in this study. Such heterogeneity in biomass

and/or tissue %N could influence mobile herbivore feeding behaviour or bed position occu-

pied because nitrogen is important for growth and reproduction (Mattson Jr. 1980) and some

fishes actively select nitrogen-rich algae (Goecker et al. 2005). Understanding mass-transfer
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patterns and consequences of variability in these rates is also critical for algal aquaculture en-

deavours because the layout and density of deployed macroalgal lines would likely influence

mass-transfer and therefore productivity, especially if ambient nitrogen concentrations reach

seasonal lows. In addition, this study may help correct estimates of total macroalgal carbon

production and biomass estimates in a defined area, which are potentially over-estimated

if current models are based on the offshore/high flow studies that dominate the literature.

Finally, although decreased mass-transfer reduces kelp growth and productivity, such a hy-

drodynamic regime could increase population resilience to changes in seawater chemistry

associated with climate change, such as ocean acidification (see Cornwall et al. 2013a). The

chemical environment within the DBL can be very different to that of the ambient envi-

ronment (Hurd and Pilditch 2011) as increased pH is associated with slower water motion

(Cornwall et al. 2013b). This effect was measured just millimetres above the tissue surface,

but similar properties may occur in large-scale macroalgal canopies that experience reduced

flow (Okubo et al. 2001, Kregting et al. 2008). Therefore, although self-buffering by Macro-

cystis may reduce mass-transfer and also nitrogen uptake, this mechanism may alleviate the

effects of ocean acidification via increased pH within boundary layers.
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Chapter 4

Nitrogen-use strategies in Macrocystis
pyrifera during limitation events and
evidence of physiological differentiation
across multiple tissues

Publication status: TA Stephens and CD Hepburn (in review) A kelp with integrity: Macrocystis pyrifera prioritizes tissue maintenance in

response to fertilisation. Oecologia.
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4.1 Introduction

In both terrestrial and marine systems, nitrogen may reach concentrations that reduce or

limit primary productivity (Tilman 1984, Chapin et al. 1986, Howarth 1988). Some terres-

trial plants from low-nitrogen environments have more efficient nitrogen-use strategies due

to physiological adaptations that increase tolerance to nitrogen stress (Pastor et al. 1984);

this often involves functional differentiation across tissues, leading to strategies in resource

acquisition and/or allocation (Chapin 1980). With regard to marine macroalgae, most phys-

iological research assumes homogeneity across tissues (Graham et al. 2007) but recognises

that there may be different nutritional strategies between annuals, ephemerals and perennials

(see Pedersen and Borum 1996, Pedersen and Borum 1997, Martı́nez et al. 2012). Macroal-

gal growth often parallels seasonal changes in seawater nitrogen (Zimmerman and Kremer

1986, Hernández et al. 1997), but the way in which different tissues within an individual

respond to such conditions is largely unknown. If any group of macroalgae is likely to show

physiological differentiation across tissue types, as happens in terrestrial plants, it is the rel-

atively complex and large habitat-forming Laminariales.

The largest of the laminarians, Macrocystis pyrifera, has multiple distinct tissue types

within an individual (Neushul 1971, Perissinotto and McQuaid 1992). It is typically de-

scribed as a seasonal responder, indicating that its productivity and/or reproduction are

tightly associated with changes in environmental parameters (Kain 1989). Macrocystis beds

support some of the highest rates of primary productivity compared to other ecosystems

(North 1971, Mann 1973), in which frond elongation rates can exceed 50 cm d-1 (Clenden-

ning 1971) when ambient concentrations are sufficient (estimated as 0.14 – 1.03 g N m-2 reef

d-1; Konotchick et al. 2012). When concentrations are low, important metabolic processes

like pigment synthesis and RuBisCO activity (Shivji 1985, Beardall et al. 1991) can be im-

paired, leading to declines in productivity and reproduction (Gerard 1982a, Zimmerman and

Kremer 1986, Brown et al. 1997).

While the literature is replete with observational evidence of these phenomena coincid-

ing with low nitrogen availability, in situ experimentation testing the direct physiological

response in kelps (i.e. fertilisation using selected nutrients) is surprisingly rare. Pfister and

Van Alstyne (2003) enhanced the nutrient environment surrounding intertidal Saccharina

sessilis and, despite a notable increase in seawater nutrient concentrations, fertilisation had

no effect on growth or tissue %N. Ambient nutrients in their study, however, were never

limiting and it is not logical to expect a response to fertilisation when nutrients are already

high. When fertilised during low nitrogen conditions, the growth and soluble NO3
- within
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Laminaria longicruris increased (Chapman and Craigie 1977), as did the thalli length and

biomass of juvenile Macrocystis (Dean and Jacobsen 1986). One study (North and Zimmer-

man 1984) attempted to experimentally enhance nutrient conditions for adult Macrocystis

sporophytes. They found that fertilised canopies had higher biomass and tissue %N com-

pared to unfertilised tissues; however, they compared in situ controls to ex situ fertilised

sporophytes. This comparison was likely compromised by differences in physical, chemical,

and microbiotic parameters between treatments.

Fertilisation methods, to date, have involved constant and excessive nutrient input. This is

unrealistic. Considering that nutrients in kelp forests occur in pulses via upwelling and inter-

nal waves (Zimmerman and Kremer 1984, Konotchick et al. 2012), river discharge (Howarth

et al. 1996), and localised epifaunal excretion (Hepburn et al. 2011), a more interesting ques-

tion is how do kelps prioritise short-term nitrogen pulses when on the precipice of nitrogen

limitation or depletion? Do they first allocate nitrogen resources to growth, storage, or pig-

mentation? The majority of the literature focuses on growth, indicating that it is the primary

response to nutrient enhancement in phytoplankton (Granéli and Sundbäck 1985), seagrasses

(Ferdie and Fourqurean 2004, Armitage et al. 2011), and macroalgal communities (Teichberg

et al. 2007, Maloney et al. 2011). Macroalgal literature is nearly devoid of information on

the physiological priority and associated energetic costs of tissue preservation or restoration

compared to growth. Some terrestrial plants are sensitive to low nitrogen (see Grime 1977)

but respond to limitation in a variety of ways, including increasing photosynthesis, investing

in different types of compounds, changing compound allocation, or inducing compensatory

growth (Chapin 1980, Poorter et al. 1990, Anten et al. 2003). Macrocystis is structurally

complex yet few authors have adopted a holistic approach when investigating the nitrogen

physiology across tissue types. To support tissues thallus-wide, Macrocystis can mobilise

photosynthates using a network of sieve cells (a phloem-like system) that is more advanced

than those in other brown macroalgae, the transport optimisation of which similar to that

in terrestrial plants (see Drobnitch et al. 2015). The direction of transport is likely to be

dictated by structural or physiological needs. For example, Macrocystis may mobilise ex-

isting resources to replace damaged or lost canopy biomass (see Fox 2013). If algae were

flexible in their resource storage and translocation, it could mitigate nutrient limitation, as is

observed in terrestrial plants.

I aimed to investigate how Macrocystis existing in a nitrogen-limited system (in situ),

but with favourable light and temperature conditions, prioritises nitrogen uptake and allo-

cation within entire fronds when provided with short-term pulses of NO3
-. To achieve this,

gypsum dissolution blocks prepared using aqueous KNO3 were used to enhance the nitro-
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gen concentration in the seawater surrounding Macrocystis canopies. Canopy growth rates

(elongation, blade production, and blade biomass) and tissue chemistry were analysed to

determine if fertilised fronds prioritised nitrogen pulses for growth, tissue maintenance, stor-

age, or a combination of the three. The chemistry of six different tissues (scimitar, stipe,

adult blade, mature blade, sporophyll and holdfast) was also analysed to investigate frond-

wide response to fertilisation. δ13C was quantified to better determine if nitrogen enrichment

increased productivity in fertilised fronds I expected heavier δ13C signatures in fertilised

fronds because of increased demand in CO2 and HCO3
- (see Fry 2007). In a subset of KNO3

blocks, a 15N tracer was added to measure the assimilation of nitrogen from the blocks, and

its translocation throughout the frond (modelled using δ15N signatures). As Macrocystis is a

seasonal responder, I hypothesised that stipe and blade elongation would increase in response

to fertilisation. I also predicted that pigmentation, soluble NO3
-, and %N in canopy tissues

would be enhanced in fertilised frond compared to the controls. Significant enhancement of

the nitrogen chemistry in basal tissues were not expected because soluble NO3
- and %N in

these tissues are suggested to accumulate only when nitrogen is in excess to requirements

for growth (Zimmerman and Kremer 1986).
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4.2 Methods

4.2.1 Experimentally evaluating the release of NO3
- from KNO3 blocks

Preparation of blocks. The aim for KNO3 blocks deployed in the field was for them to

release pulses of NO3
- at concentrations similar to typical elevated concentrations observed

in coastal waters in SE New Zealand (approx. 10 µM; see Brown et al. 1997, Hepburn et al.

2007). To determine the appropriate KNO3 concentration for field experimentation, we eval-

uated NO3
- release from gypsum blocks of six different treatments (see Table 4.1). These

concentrations were decided upon by first assuming that the release rates of NO3
- would be

at least partially coupled with block dissolution, then the total NO3
- (61.3% the weight of

KNO3) required for each block was determined by back-calculating potential release rates,

which were estimated by referring to previous dissolution rates measured in the same reef

(0.35 to 0.50 g h-1; see Chapter 3, Figure 3.4). Blocks were prepared using gypsum (CaSO4

hemihydrate 100%) mixed with an aqueous KNO3 solution in a ratio of 3:2 (w:v; g:mL). For

the aqueous KNO3 solutions, crystallised KNO3 was dissolved in Milli-Q water; the con-

centration of KNO3 for each treatment was determined by multiplying the number of blocks

needed by the weight of KNO3 necessary for one block in the respective treatment (refer to

Table 4.1). The gypsum-KNO3 mixture was then poured into 3 cm-3 moulds and, before the

mixture set, each block received a looped cable tie for attachment purposes.

Table 4.1: The amount of KNO3 (mg) within each experimental block.

Treatment
Control A B C D E F

KNO3 0.00 0.00 70.77 141.54 282.09 566.18 1132.36

Experimental design. Experimental design: Release rates of NO3
- from experimental

blocks were measured to determine which concentration would best fit the field fertilisa-

tion experiment. This was achieved by attaching blocks to plankton stirring platforms, from

which blocks were suspended in a bucket (one block per bucket) containing 10 L of treated

seawater (preparation described below). The plankton stirrers were intended to mimic oscil-

latory flow common at the moderately wave-exposed study site. All treatments were repli-

cated by three, and all were run simultaneously. Seawater NO3
- was measured before blocks
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were added (0 min), and then at 10 min, 30 min, 1 hr and every hour following, for up to 10

hours. To control for background variation in NO3
-, it was measured in a further set of three

buckets that included inert, plastic blocks instead of KNO3 blocks. The experiment was run

in a temperature controlled room set at 14 °C to reflect temperatures expected during the

field experiment. AAll seawater samples were immediately filtered (WhatmanTM GF/C) and

frozen. HCl-washed equipment was used throughout sampling. NO3
- samples were analysed

using a Lachat® QuikChem 8500 automated ion analyser.

Treatment of seawater. Treatment of seawater involved holding natural seawater con-

taining Ulva spp. (approx 3 kg) in a 250 L barrel with overhead full-spectrum lights for 24

hrs; this allowed the water to acclimate to the desired temperature and also facilitated the

removal of excess NO3
- via uptake by Ulva spp. After 24 hrs, the water was thoroughly

mixed and siphoned through a polypropylene singed felt filter bag (PONG; 200 µm) into

each experimental bucket.

4.2.2 Enriching kelp using KNO3
- blocks

Study site and experimental design. This experiment was conducted in Horseshoe

Bay, Stewart Island, which is situated off the southeast corner of New Zealand (Chapter 1,

Figure 1.4). The reef reaches 10 to 12 m in depth and is dominated by beds of Macrocystis;

six sites were identified along the stretch of reef. Half of the sites were designated as con-

trols and the other half for NO3
- fertilisation; treatment type alternated along the reef (Fig-

ure 4.1B). Within each site, 10 Macrocystis individuals were haphazardly selected along the

exterior edge of the kelp bed and tagged using flagging tape. The tape was fluorescent pink

and 1 m long to facilitate frond re-location. Selected fronds received three gypsum blocks,

for which blocks without added KNO3 were used in control sites. The three blocks were

attached, evenly spaced, between the 10th and 15th adult blades from the apical meristem.

The canopy was prioritised for block attachment because most of the biomass available for

nutrient uptake is located in the canopy (North 1971), and it is described as the site with the

most rapid uptake of NO3
- (Gerard 1982a). Lastly, small floats where attached between these

blades to counteract potential negative buoyancy induced by the blocks (Figure 4.1C). All

blocks were replaced during low slack every 3-4 days and all tagging and block replacement

was achieved using kayak. The experiment was maintained for 30 days, from mid-January

to mid-February 2014, during which blocks were replaced nine times. Ambient nitrogen

concentrations are typically limiting during the summer months of January and February in

SE New Zealand (see Brown et al. 1997, Hepburn et al. 2007, Chapter 3, Figure 3.3).
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Each fertilisation block contained 1.132 g KNO3 (0.157 g N; Treatment F from the lab

experiment). We chose the highest concentration because lab experimentation suggested that

NO3
- release was decoupled from block dissolution and we aimed to maximise N availability

during the 10-hr pulses. Finally, to quantify and trace block-derived N that the kelp assimi-

lated and translocated within their fronds, three individuals within each fertilisation site were

enriched with using K15NO3 (2.5 atom h).

Control

Fertilized

100 m

BA CFloat

Dissolution blocks

10 km

Dissolution BlockNorth 

Figure 4.1: (A) Stewart Island and (B) control and fertilisation sites on the reef inside Horseshoe
Point; the light grey indicates the extent of the kelp bed while the dark grey indicates land. The
block and float attachment points on each Macrocystis frond are shown to the right (C).

Light, temperature, and seawater nutrients. Light and temperature were recorded

for the duration of the experiment using one logger (HOBO® Pendant 64K – UA-002-64),

which was deployed at -2.0 m (MLLW) in the middle of the reef. This depth was chosen

because the depth of water above the logger ranged from 0.78 to 3.31 m (MLLW; Mr. Tides

version 4.08 based on NOAA predictions), the average of which is 2.05 m, and 75% of the

kelp biomass and productivity occurs in the top 2 m of the water column (North 1971). The

HOBO sensors recorded light intensity in units of Lux and it was necessary to convert these

data to PAR values. Calibration was achieved through simultaneous recording using the

HOBO logger and a LI-COR underwater quantum sensor and then appropriate calibration,

the full methods of which are described in Desmond et al. (2015), who share the same field

site as this study. Seawater NO3
- concentrations were measured five times (once before

fertiliSation and four times during). After deploying new blocks, we waited 30 min to return

to each site to collect seawater nutrient samples (n = 3) at the water's surface.

Growth, pigments, tissue carbon and nitrogen, and isotopic status. To investigate

the effect of fertilisation on the growth of Macrocystis, blade elongation, stipe elongation,
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new blade production, blade erosion, and tissue replacement rates for the 30-day period

were measured following the same methods and equations described in Chapter 3 (Methods

⇒ Growth and erosion). Using tissue plugs collected via leaf corer (diameter = 1.5 cm), we

also quantified the blade mass (g cm-2) of adult blades; these data were collected once at the

end of the 30-day period for a direct comparison between treatments after experimentation.

Adult blades adjacent to block attachment points were collected 5 times (once before

fertilisation and four times during). From these blades, the basal 85 mm of each blade was

excised and discs of tissue were removed to measure blade mass (g cm-2). The remainder

of the excised tissue was processed for soluble NO3
- and pigments to monitor the status of

canopy tissue over time. To investigate the effect of fertilisation on the entire frond, soluble

NO3
-, pigments, %C, %N, δ13C and δ15N were quantified in six tissues (scimitar, stipe, adult

blade, mature blade, sporophyll and holdfast; refer to Chapter 1, Figure 1.2). These data

were collected once at the end of the 30-day experimental period. All blade tissues used

for analyses were collected within 50 mm of the blade meristem, stipe tissue was excised

between 2-3 m from the apical meristem, and only holdfast tissues uncolonised by epifauna

were collected.

Pigment and stable isotope methods used for tissue chemistry analysis are described in

Chapter 3 (Methods ⇒ Pigmentation and tissue carbon, nitrogen and isotopic status). The

methods for the extraction of soluble NO3
- are as follows: methods modified from Hepburn

et al. (2007) were used to determine soluble NO3
-concentrations. One disc (from blades,

diameter = 1.5 cm) or small piece (from stipe and holdfast, no heavier than 0.5 g) of kelp

tissue (n = 3 per tissue type) was added to a test tube, filled with 10 mL of Milli-Q water, and

the meniscus marked on the tube using a permanent marker. A number of these were placed

into a water bath within a large beaker and brought to a rapid boil using a heating plate. The

tissues were allowed to boil for 20 min. To account for evaporation, fresh Milli-Q was added

to each test tube after they cooled so that the volume was again 10 mL (using the previously

marked meniscus line). The contents of each tube were then filtered (Whatman® GF/C) and

frozen, and the NO3
- measured using the same methods as those for determining seawater

NO3
-. Soluble NO3

- results are expressed in µM g-1 fresh weight (FW).

Statistical analyses. The effect of fertilisation on combined growth parameters (e.g.

blade elongation, erosion, blade weight, etc.) were tested for overall statistical significance

using nested MANOVA. This was followed by univariate analysis within the MANOVA

model, in which the differences in the means of individual growth parameters were deter-

mined using nested ANOVA (sites nested within treatment for both MANOVA and ANOVA).
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For seawater samples collected throughout the 30-day period, the differences in means were

determined using repeated measures ANOVA. For tissue chemistry samples collected at the

end of the 30-day period (e.g. soluble NO3
- and %N), the differences in means in the six ob-

served tissue types were determined using nested ANOVA, in which fertilised tissues were

nested within individual fronds and, again, the site nested within treatment. 15NO3
- uptake

efficiency and translocation within individual fronds was modelled using a Bayesian mixing

model for stable isotopes (MixSIAR GUI; Moore and Semmens 2008). Statistical signifi-

cance was set at the 5% level (α = 0.05). All data fulfilled prerequisites of normality and

equal variance for parametric tests. All statistical analyses were carried out using the soft-

ware package R® version 3.0.3.
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4.3 Results

4.3.1 Testing the release of NO3
- from KNO3 blocks

NO3
- release was consistent, with total concentrations beginning to plateau close to the

10-hr mark (Figure 4.2). The percent block weight lost after 10 hrs did not significantly vary

by treatment (df = 5, F = 0.09, p = 0.99), nor did the percent NO3
- released after 10 hrs

(df = 4, F = 0.02, p = 0.99). By 10 hrs, the blocks had lost a mean of 11.30% (SE = 0.79;

across treatments) of their initial weight but released a mean of 97.23% (SE = 1.26; across

treatments) of their initial NO3
- (Table 4.2), indicating that N release was uncoupled from

block dissolution.
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Figure 4.2: Cumulative NO3
- release from KNO3 dissolution blocks during the laboratory experi-

ment. The different symbols represent the different amounts of KNO3 (g) within each block (refer
to Table 4.1). Error bars: ± 1 SE; (n > 3).
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Treatment
Total block

dissolution (%)

Total NO3
-

released (g)

Total NO3
-

released (%)

Control – – –

A 11.77 ± 0.48 – –

B 11.06 ± 1.58 0.041 ± 0.031 95.28 ± 3.29

C 11.28 ± 1.29 0.085 ± 0.025 98.01 ± 1.26

D 10.98 ± 0.33 0.171 ± 0.35 98.47 ± 0.92

E 11.38 ± 0.33 0.339 ± 0.40 97.82 ± 0.52

F 11.34 ± 0.75 0.694 ± 0.16 96.55 ± 0.10

Table 4.2: Experi-
mental gypsum blocks;
the total percent of
block dissolution, total
weight NO3

- released,
and total percent NO3

-

released over the 10-hr
experiment. All ±
values indicate 1 SE.

4.3.2 Enriching kelp using KNO3
- blocks

Light, temperature, and seawater nutrients. Over the course of the experiment, irra-

diance averaged 4.33 mol photons m-2 d-1 (SE = 0.30) and daily temperature averaged 14.37

°C d-1 (SE = 0.04). These values are similar to those observed the previous year in the same

region and time of year (Chapter 3, Results⇒ Light, temperature, and seawater nutrients).

Seawater NO3
- surrounding experimental fronds was an order of magnitude higher than those

in control sites, averaging 10.55 µM (SE = 1.33) across all sampling periods; control values

averaged 0.95 µM (SE = 0.04) (Figure 4.3). NO3
- concentrations within treatments and

across sites were not significantly different (df = 1,70; F = 1.42; p = 0.237). Concentrations

varied significantly across sampling days (df = 4,70; F = 7.38; p < 0.001) without detectable

trend, ranging from 7.95 to 13.89 µM in fertilised sites, and from 0.83 to 1.11 µM in control

sites.

Growth, tissue status and N assimilation. Nested MANOVA including all metrics

for growth suggests that fertilisation significantly influenced overall growth compared to the

control (df = 5,30; approx. F = 5.43; p = 0.001) and that site did not affect growth (df = 5,30;

approx. F = 1.30; p = 0.295), nor was there an interaction between treatment and sites (df

= 5,30; approx. F = 2.27; p = 0.076). Nested ANOVA for each growth parameter, however,

suggest that there was no significant fertilisation effect on blade elongation, stipe elongation

or new blade production rates (Table 4.3), though blade mass (g cm-2), blade erosion, and

tissue replacement rates were significantly influenced by fertilisation (Table 4.3). For the

77



latter three, fertilised treatments showed a reduction in erosion rates but enhanced tissue

replacement and blade weight per area (Figure 4.4). On average, adult blades from fertilised

fronds had nearly double the concentrations of soluble NO3
- (Figure 4.5) (df = 4,78; F =

27.37; p < 0.001). Pigmentation in adult blades was significantly (df = 4,46; F = 10.84; p =

0.002) higher in fertilised fronds, as well (Figure 4.5).

Fertilised whole fronds – including scimitar, stipe, adult blade, mature blade, sporophyll

and holdfast – had significant net increases in both soluble NO3
- and pigment concentrations

(Table 4.4). Within each tissue type, fertilised fronds had significantly higher soluble NO3
-

concentrations (Table 4.5, Table 4.6). Although whole frond pigmentation was collectively

higher in fertilised tissues (fertilised fronds averaged 637.09 µg g-1 FW, SE = 118.66; control

tissues averaged 473.01 µg g-1 FW, SE = 97.96), only the comparison between control and

fertilised adult blades was significant (Table 4.6). The largest disparities between the two

treatments were found in adult blades and holdfasts; fertilised adult blades showed a very

large increase in total pigments compared to the other five tissues and fertilised holdfasts

showed a disproportionate increase in soluble NO3
- (Figure 4.6).

The %C throughout fronds (across tissues) was significantly higher in controls (Ta-

ble 4.4); fertilised fronds averaged 27.18 %C (SE = 0.75) and control fronds averaged 29.64

%C (SE = 0.68) (Figure 4.7). The %N throughout fertilised fronds (across tissues) was

higher than control fronds (Table 4.4); fertilised fronds averaged 1.58 %N (SE = 0.11) and

control fronds averaged 1.31 %N (SE = 0.12) (Figure 4.7). The δ13C values from control

fronds averaged -17.70h (SE = 0.27) and fertilised fronds average -17.38h (SE = 0.15);

the mean δ13C values for each tissue, ignoring treatment, are as follow: scimitar, -17.24h

(SE = 0.14); stipe, -17.07h (SE = 0.28); adult blade, -16.70h (SE = 0.38); mature blade,

-18.38h (SE = 0.33); sporophyll, -18.10h (SE = 0.32); holdfast, -17.74h (SE = 0.38).

δ15N values were more enriched throughout fertilised fronds (Table 4.4). The δ15N signa-

tures of control fronds were similar across all tissue types (df = 5,12; F = 0.92; p = 0.500),

averaging 8.76h (SE = 0.11). In fertilised fronds, however, δ15N values varied by tissue

type (df = 5,12; F = 24.71, p < 0.001), means are as follow: scimitar, 39.02h (SE = 8.79);

stipe, 56.08h (SE = 3.00); adult blade, 65.06h (SE = 4.29); mature blade, 21.29h (SE =

2.10); sporophyll, 14.41h (SE = 1.14); holdfast, 15.21h (SE = 2.15). The variation in δ15N

values across tissues supports the MixSIAR stable isotope model, which suggested that the

fertilisation blocks contributed the following percent nitrogen to each tissue type: scimitar,

5.2% (SE = 1.55); stipe, 8.3% (SE = 0.55); adult blade, 9.9% (SE = 0.76); mature blade,

2.0% (SE = 0.35); sporophyll, 0.77% (SE = 0.14); holdfast, 0.93% (SE = 0.27).
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Figure 4.3: Mean seawater NO3
- concentrations adjacent to experimental fronds. The dashed line

separates pre-fertilisation (left) and fertilisation (right) sampling. Error bars: ± 1 SE (n = 3).
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Table 4.3: Physical attributes: statistical val-
ues derived from nested ANOVA testing for
differences in means between control and
fertilisation treatments for listed parameters.
Significant results are highlighted in bold.

df F p
Blade Elongation

Treatment 1,35 0.46 0.503

Site 1,35 3.21 0.082

Treatment:Site 1,35 0.10 0.756

Stipe Elongation
Treatment 1,35 1.62 0.211

Site 1,35 1.50 0.228

Treatment:Site 1,35 0.36 0.551

Blade Production
Treatment 1,35 0.20 0.660

Site 1,35 0.29 0.593

Treatment:Site 1,35 0.38 0.544

Erosion
Treatment 1,35 9.70 0.004
Site 1,35 1.63 0.210

Treatment:Site 1,35 1.52 0.226

Tissue Replacement
Treatment 1,35 5.73 0.022
Site 1,35 2.10 0.156

Treatment:Site 1,35 2.21 0.146

Blade Weight
Treatment 1,35 4.90 0.033
Site 1,35 2.41 0.130

Treatment:Site 1,35 0.25 0.620
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df F p
Soluble NO3 (µg g-1)

Treatment 1,97 32.7 < 0.001
Tissue 3,97 48.8 < 0.001
Treatment:Tissue 3,97 6.22 <0.001

Total Pigments (µmol cm-2)
Treatment 1,47 9.37 0.004
Tissue 5,47 41.1 < 0.001
Treatment:Tissue 5,47 1.65 0.165

% C
Treatment 1,25 6.47 0.018*
Tissue 5,24 16.4 < 0.001
Treatment:Tissue 5,24 0.10 0.991

% N
Treatment 1,25 8.95 0.006
Tissue 5,24 115.6 < 0.001
Treatment:Tissue 5,24 0.66 0.659

Total C
Treatment 1,24 5.14 0.032
Tissue 5,24 16.7 < 0.001
Treatment:Tissue 5,24 0.12 0.960

Total N
Treatment 1,24 11.33 0.003
Tissue 5,24 163.41 < 0.001
Treatment:Tissue 5,24 0.42 0.831

C : N
Treatment 1,25 10.26 0.004*
Tissue 5,24 47.10 < 0.001
Treatment:Tissue 5,24 1.01 0.431

δ13C
Treatment 1,25 1.68 0.207

Tissue 5,24 4.65 0.004
Treatment:Tissue 5,24 1.54 0.214

δ15N
Treatment 1,25 217.62 < 0.001
Tissue 5,24 24.26 < 0.001
Treatment:Tissue 5,24 24.97 < 0.001

Table 4.4: Thallus-wide chem-
istry: statistical values derived
from nested ANOVA testing
for differences in means be-
tween control and fertilisation
treatments for listed parameters,
across the six tissue types. Sig-
nificant results are highlighted in
bold. * indicates that control
treatment values are higher.
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Table 4.5: Mean soluble NO3
- and pigment concentrations in each of the six tissue types from control

and fertilised fronds; samples were collected at the end of the 30-day experimental fertilisation. FW
= fresh weight.

Soluble NO3
- Pigments (µg g-1 FW)

(µM g-1 FW) Chl a Chl c Fucoxanthin

Control
Scimitar 24.57 ± 6.8 433.8 ± 59.9 37.3 ± 13.0 146.9 ± 23.6

Stipe 11.78 ± 4.6 117.4 ± 8.9 24.4 ± 7.9 47.3 ± 3.3

Adult blade 20.77 ± 5.6 313.9 ± 43.4 59.4 ± 14.5 124.2 ± 9.4

Mature blade 1201.53 ± 178.9 820.3 ± 89.3 62.5 ± 19.0 225.4 ± 27.6

Sporophyll 792.75 ± 124.2 394.6 ± 52.5 28.0 ± 8.7 130.4 ± 14.7

Holdfast 992.74 ± 144.8 45.8 ± 4.9 71.2 ± 42.6 21.9 ± 2.1

Fertilised
Scimitar 170.79 ± 24.8 476.6 ± 88.2 30.2 ± 10.1 128.5 ± 26.1

Stipe 57.54 ± 24.8 155.9 ± 16.5 37.1 ± 11.2 145.1 ± 51.8

Adult blade 89.51 ± 24.3 627.4 ± 49.8 54.9 ± 9.4 219.3 ± 28.6

Mature blade 1739.99 ± 152.6 892.8 ± 53.8 61.6 ± 9.4 197.8 ± 47.1

Sporophyll 1904.12 ± 401.5 464.8 ± 97.5 40.4 ± 23.1 110.9 ± 38.1

Holdfast 1768.78 ± 141.3 145.2 ± 53.4 28.7 ± 2.9 165.1 ± 63.1

Table 4.6: (Left) Statistical values derived
from 2-way ANOVA testing for differences in
means of soluble NO3

- and total pigments be-
tween control and fertilised fronds for each of
the six tissue types. Significant results are high-
lighted in bold.

df F p
Soluble NO3

-

Scimitar 1,17 23.95 < 0.001
Stipe 1,15 6.40 0.023
Adult blade 1,18 9.14 0.007
Mature blade 1,14 8.53 0.011
Sporophyll 1,17 6.86 0.018
Holdfast 1,16 15.41 0.001

Total Pigments
Scimitar 1,28 1.03 0.318

Stipe 1,28 2.76 0.107

Adult blade 1,28 6.18 0.019
Mature blade 1,28 0.75 0.394

Sporophyll 1,28 1.14 0.294

Holdfast 1,25 2.13 0.156
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Figure 4.7: The %C, %N and C:N ratios
for each tissue type from control and fer-
tilised fronds. The %Nblock shows how
much of the tissue %N is estimated to be
comprised of block-derived nitrogen. On
the x-axis are the tissue types: (SC) scimi-
tar, (ST) stipe, (AB) adult blade, (MB) ma-
ture blade, (SP) sporophyll, (HF) holdfast.
Error bars: ± 1 SE (n = 3).
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Figure 4.8: Mean δ13C and δ15N signatures for the six tissues types in control (left) and fertilised
(right) Macrocystis fronds, samples were collected at the end of the 30-day experimental period.
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4.4 Discussion

Despite successful N enhancement of the study population (as evidenced by δ15N val-

ues) during limited N conditions (%N in the stipe and adult blades were lower than 0.7%

and 1.1%, respectively, criteria described by Gerard 1982b), fertilisation did not result in the

predicted increases in blade elongation, stipe elongation, or new blade production. Thus the

hypothesis that fertilisation would result in elongated growth was not supported. Blade mass

per area (thickness), however, did increase in fertilised blade tissues (excluding the scimi-

tar), which was unexpected and suggests that existing tissues ‘bulked up but did not increase

stipe length or blade surface area; the implications of such are discussed later. These results

are surprising because numerous studies have described that the elongation of Macrocystis

fronds quickly and strongly respond to increases in ambient N (Gerard 1982b, Dean and Ja-

cobsen 1986, Zimmerman and Kremer 1986). The primary difference in our study is that we

aimed to capture prioritised physiological response to more realistic N enrichment when kelp

are N limited akin to those delivered by internal waves or by wastes from associated epi-

fauna (see Konotchick et al. 2012 and Hepburn et al. 2011, respectively). Other experiments

saturated the nutrient environment surrounding kelp and results may not be ecologically rel-

evant. Konotchick et al. (2012) suggest that 0.14 to 1.03 g N m-2 d-1 (m-2 of reef) is necessary

to support Macrocystis populations. Supplementary calculations from fertilisation literature

reveal that approximately 5.20 to 7.43 g N d-1 per nutrient bag (Dean and Jacobsen 1986)

and 91.07 g N d-1 per nutrient pot (Chapman and Craigie 1977) were used for kelp fertil-

isation. North and Zimmerman (1984) did not report the amount of N used. In our study,

KNO3 blocks collectively released 0.12 to 0.16 g N d-1 to each frond, which is close to the

minimum N requirement suggested by Konotchick et al. (2012) and instils confidence that

our data demonstrate how Macrocystis prioritises the use of N within its tissues when nutri-

ent pulses reflect concentrations that are similar to those observed in its natural setting (see

Hepburn 2003, Konotchick et al. 2012).

Because dissolution blocks were replaced every 3 to 4 days and because the laboratory

experiment revealed that the blocks released nearly all of their NO3
- after 10 hrs, we estimate

that fertilised fronds were exposed in elevated NO3
- concentrations (approx. 10 µM) for

approximately 10 to 12% of the 30-day period. At the site of 15N enrichment (adult blades),

the stable isotope mixing model suggests that block-derived NO3
- contributed 9.9% N to

total tissue N. While this value is similar to the estimated exposure time to enhanced NO3
-,

one might expect Macrocystis to capitalise upon the increased N concentrations during NO3
-

pulses and observe an even higher contribution from the fertilisation blocks. Adult blade

88



values may not reflect this for two reasons: (1) all 15N was not accumulated in the adult

blades because it was translocated to different portions of the thallus and (2) the history of

N stress from extended low concentrations could have temporarily reduced or delayed N

uptake capacity, as is sometimes observed in Chaetomorpha linum and Undaria pinnatifida

(McGlathery et al. 1996, Gao et al. 2013).

The former possible explanation highlights long-distance transport of N. Hepburn et al.

2011 showed slow transport of N and the transport mostly reached tissues adjacent to the

site of 15N enrichment (i.e. short-distance); a longer incubation time might have allowed for

increased mobilisation to the rest of the frond. The study presented here is the first to demon-

strate long-distance transport of N, in which N was introduced in the top of the canopy and

translocated to basal tissues (including the holdfast) approximately 10 meters down the stipe.

In what form is N translocated? In terrestrial plants, NO3
- and amino acids are known N car-

riers used during translocation within individuals (Raven and Smith 1976). Although studies

have previously identified that C and P are transported throughout Macrocystis individuals

using elongated sieve cells (reviewed in Raven 2003), the mechanisms of N transport, and in

what form, are poorly investigated, but it is postulated that free amino acids aid in the long-

distance transport of N (Schmitz and Srivastava 1979, Manley 1983). Whether soluble NO3
-

is also an N carrier has not been addressed but given the large increase of NO3
- in holdfast

tissues in this study, and that holdfasts do not have high rates of NO3
- uptake (Gerard 1982a),

it is plausible that N can be transported throughout Macrocystis in the form of NO3
-.

Instead of allocating resources towards blade and stipe elongation, fertilised fronds sta-

bilised their canopy tissues by increasing blade mass per area and reducing erosion rates.

Few studies have reported Macrocystis erosion rates. Brown et al. (1997) discuss that blade

erosion is a function of blade age, in which older blades display higher erosion rates re-

gardless of ambient nutrients. Although we did not measure erosion in blades of different

ages, it was observed that blades of the same age exhibit significantly different erosion rates

under different N conditions (lower rates in fertilised blades), suggesting that N is at least

a secondary factor that influences blade erosion. Likewise, Hepburn et al. 2007 measured

reduced erosion in sporophytes that were subject to higher mass-transfer rates (translating

into increased N acquisition). Some terrestrial plants show similar traits. Cell walls within

their leaves can accumulate N compounds (up to 10% of cell wall material) to increase the

mechanical toughness of leaves (Lamport 1965, Reiter 1998), allowing the leaves to persist

over longer periods of time (Reich et al. 1991, Wright and Cannon 2001). This strategy also

increases the mean residence time of N within leaf tissues and is advantageous in low N

regimes (Aerts and Chapin 1999). It is possible that Macrocystis employs a similar strategy
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to reduce the loss of N over time by reducing tissue loss. This might not be evident in control

kelp in this study because their nitrogen pools are likely exhausted (as evidenced by 0.89%

N in adult blades, which is below 1.1% N exhaustion levels described by Gerard (1982b),

therefore they may not have enough N within their tissues to promote increased mechanical

toughness of blades. N stress is slightly alleviated in fertilised kelp; given that the rates of

passive erosion were lower, that biomass (cm-2) and %N increased, but that %C decreased,

it is likely that some of the experimental N was assimilated into N-based structural com-

pounds that might have increased mechanical toughness. Although fertilised bladed tissues

felt slightly thicker and more resistant to tearing (pers. obs.) we did not measure mechanical

toughness in this study because results were unexpected and appropriate facilities were not

immediately available to accommodate fresh tissues.

Canopy pigmentation, particularly in adult blades, increased in response to fertilisa-

tion. In a laboratory study, pigments in experimental Macrocystis (Shivji 1985) increased

in response to N enrichment, but sporophyte elongation in their study was also significantly

higher and it is therefore impossible to tease-apart which response is a physiological priority

when N is limited, or if both share priority. In this study, the N-associated tissue chem-

istry (e.g. %N, pigments) was enhanced by fertilisation but blade elongation and new blade

production (ultimately the expansion of blade surface area) were not, indicating that N as-

similation is decoupled from these forms of growth in Macrocystis and contradicts studies

by Gerard (1982b) and Zimmerman and Kremer (1986) (i.e. elongation a primary response

to fluctuations in ambient N).

It is likely that much of the additional N from blocks assimilated by the canopy was

used to increase photosynthetic capacity per area (instead of increasing blade surface area),

especially when considering that over 50% of tissue N might be allocated to chloroplasts

(Huppe and Turpin 1994). Interestingly, Chapin (1980) describes that higher plants often

limit growth before photosynthesis. Although the pigments in basal tissues (mature blade,

sporophyll, holdfast) increased after fertilisation, there was a much larger increase in soluble

NO3
-, particularly in the holdfast. Even in the control fronds, basal tissues harboured higher

soluble NO3
- concentrations than canopy tissues (by 20-fold). The most likely explanations

for such disproportionate N allocation in basal tissues are (1) their use as preferred storage

sites, (2) that they are important NO3
- reduction sites, or (3) that they serve as transitory

tissues before further translocation of N to other fronds within the same sporophyte. Gerard

(1982a) describes mature blades functioning as nutrient storage sites (sinks); therefore, Zim-

merman and Kremer (1986) suggest that these tissues should be the first to lose N content

when nutrient demand exceeds ambient supply. Thus they should release N to canopy tissues
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(the source) when N stressed, and should be the last to build reserves when N is again avail-

able in excess. In unfertilised tissues in this study, the %N in mature blades (1.73%) was

higher than in adult blades (0.89%), indicating that the canopy tissues were more N limited

and potentially depleted (see Gerard 1982b). If the mature blades are supplying N to canopy

tissues, it is at a very low concentration and the sporophyte teeters on N exhaustion. Soluble

NO3
- comprises a large proportion of the %N in these basal tissues, and NO3

- needs to be

reduced to NH4
+, then to amino acids, before it can be assimilated into algal tissues (Syrett

1981, Raven et al. 1992, Barsanti and Paolo 2014).

The clear dichotomy in the responses of soluble NO3
- and total pigments in canopy ver-

sus basal tissues highlights that physiological processes within Macrocystis fronds are not

homogenous, but instead show functional differentiation. Despite the prevalence of Macro-

cystis research, few have integrated physiological measurements throughout an entire frond

(Graham et al. 2007), and most research utilises single measurements (i.e. only growth,

nutrient uptake, or photosynthetic rates) from specific parts of the thallus, usually canopy

blades. Colombo-Pallotta et al. (2006) measured photosynthetic performance of blades along

entire fronds and concluded that canopy tissues significantly contribute to algal production

while basal blades are likely important nutrient uptake sites. They did not measure N up-

take, but Gerard (1982a) found slower uptake rates in basal mature blades compared to those

measured in the canopy. If this is the case, then the high NO3
- concentrations in basal

tissues described in our study suggest that translocation is likely responsible for accruing

NO3
-, which is supported by the 15N data. But why expend energy to mobilise NO3

- such

a long distance down the stipe? Other than potential translocation to juvenile fronds arising

from the holdfast, there is evidence that basal tissues may be an important region for the

reduction of NO3
-. Research on N physiology in higher plants shows that the respiratory

metabolism donates electrons to NO3
- reduction (Schilling et al. 2006). Basal Macrocys-

tis tissues have higher respiratory rates because of reduced light and increased pigmenta-

tion (Colombo-Pallotta et al. 2006) and it therefore may be an energetically efficient site to

translocate NO3
- for reduction processes. In fact, Konotchick et al. (2013) reported higher

upregulation of nitrate reductase (an enzyme required to reduce NO3
-) in deeper tissues com-

pared to surface blades.

Semi-related is the issue concerning lower %C in fertilised tissues. One might assume

that higher pigmentation would increase photosynthetic rate and therefore would increase

photosynthate production, providing tissues with more carbohydrates to build compounds

that support growth (e.g. polysaccharides, C skeletons, proteins). This was not observed and

the differences in %C between treatments are slight. We did not quantify major C compounds
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in this study and it is therefore difficult to interpret why %C is lower in fertilised tissues, but

the fact that δ13C values did not change across treatments indicates that their was not a

significant surge of productivity in fertilised kelp. If there were a surge, we would expect

heavier δ13C signatures due to more rapid assimilation of C (see Shemesh et al. 1993, Fry

2007). Therefore the lower %C in fertilised tissues may be an artefact of one of the following:

(1) With increased NO3
- availability, increased activity of nitrate reductase is necessary for

N assimilation. This reductant is often generated by carbon oxidation via respiration (Foyer

et al. 2001). The %C, therefore, might have decreased because C could have been lost as CO2

as the tissues respired during the reduction of NO3
- and eventual N assimilation (Schilling

et al. 2006). (2) C and N metabolisms compete and the competition is often related to the

synthesis or utilisation of important enzymes (e.g. RuBisCO; Barsanti and Paolo 2014),

during which the fixation of C is sometimes reduced in favour of allocating energy to N

processes (see McGlathery and Pedersen 1999). In this study, %C may be higher in control

fronds because the rates of C fixation were not impaired by the N metabolism responding to

elevated concentrations of NO3
-.

Lastly, tissue replacement rates in the adult blades, coupled with tissue %N provides

an opportunity to re-visit Gerard's 1982a modelled critical %N values necessary to support

Macrocystis thallus growth. We are not proposing an alternative model in this paper, but it

is important to entertain the idea that more than 30 years of physiological data since Gerards

model may warrant an update. Gerard defines that tissue N≥ 2% is a necessary concentration

to sustain growth and N ≤ 1% as a concentration that limits or reduces growth. While adult

blades from control and fertilised fronds sustained growth despite low %N in this study

(0.89% and 1.07%, respectively), tissue replacement rates cannot keep up with erosion rates

and therefore total blade length decreased over the 30-day period, indicating net biomass

loss. Tissue replacement rates were -1.63 mm d-1 and -3.39 mm d-1 in fertilised and control

fronds, respectively. A linear model using these rates and associated tissue %N suggests that

replacement rates could stabilise or become positive when canopy adult blade tissue N is ≥
1.24%. These data imply that the model provided by Gerard (1982a) over-estimates the N

requirements for the kelp population used in this study.

Summary In a system where nutrients are limiting, tissue senescence could intensify a

negative feedback loop in photosynthesis and nutrient uptake, in which increased tissue loss

will decrease surface area available to carry out such processes. When nitrogen stressed,

Macrocystis prioritises tissue maintenance over frond or blade elongation but instead grows

by increasing the mass of its blades per unit area, probably resulting in increased biomechan-
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ical integrity and thus reducing blade erosion. Reduction in erosion may be a mechanism to

ensure continued photosynthesis and nutrient uptake in canopy tissues, allowing for delayed

frond/blade elongation after critical tissues stabilise, as seen in some terrestrial plants but

poorly described in marine macroalgae. The clear dichotomy in both pigment and solu-

ble NO3
- response between canopy and basal tissues demonstrates physiological functional

differentiation within sporophytes, highlighting the importance of the long-distance translo-

cation. However, it is unclear whether the soluble nitrate pools exist for fixation, storage

or transport to adjacent fronds. The results from this study calls for more holistic and inte-

grative methodologies when characterising the physiological processes within marine algae,

especially in more complex taxa like Laminariales.
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Chapter 5

Temporal variation in nitrogen pools
across tissues and their influence on
growth
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5.1 Introduction

Environmental conditions are highly variable in temperate ecosystems, where abiotic

factors frequently fluctuate on daily (Anthony et al. 2004), seasonal (Drew 1983), and an-

nual (Tegner and Dayton 1987) scales. The influence of such heterogeneity on macroalgal

productivity is well documented, where growth and tissue chemistry often reflect seasonal

light and nutrient conditions (Wheeler and North 1980, Van Tussenbroek 1989, Kopczak

et al. 1991, Pedersen and Borum 1997). As discussed in previous chapters, ambient nitrogen

can reach concentrations that limit macroalgal growth and productivity, typically occurring

during the summer. This is because nitrogen is crucial for the formation of amino acids,

proteins, pigments, and nucleic acids (Lobban and Harrison 1994), all of which are criti-

cal components of algal metabolism and physiology. Because environmental change affects

the performance of macroalgae, continuous adjustments of their physiology are necessary to

achieve sufficient energy and nutrient status for growth and reproduction while withstanding

abiotic stresses (Walters 2005).

Some macroalgae have developed strategies that facilitate survival in systems stressed by

nutrient limitation, especially slow-growing perennials (see Martı́nez et al. 2012). NO3
- is

considered the primary source of nitrogen for temperate macroalgae (Syrett 1981) and can

be stored in vacuoles for extended periods (Chapin 1980). Laminaria longicruris, for exam-

ple, accrues NO3
- within its tissues when ambient concentrations are higher than required

for immediate use (Chapman and Craigie 1977). These reserves are metabolised during

times of low nitrogen availability, during which the reserves can last up to three months (see

Buggeln 1978, Gerard and Mann 1979, Naldi and Wheeler 1999). Initially, it was suggested

that the nitrogen pools within Macrocystis were much smaller, supporting growth for just

two to four weeks (Gerard 1982b, Wheeler and Srivastava 1984, Zimmerman and Kremer

1986, Van Tussenbroek 1989). More recent observations in SE New Zealand contradict these

shorter periods, where growth rates did not exhibit signs of nitrogen limitation until three to

four months after peak concentrations of nitrogen in the seawater (Brown et al. 1997, Hep-

burn and Hurd 2005).

For NO3
--derived nitrogen to be assimilated, the NO3

- must first be reduced to NO2
-

(catalysed by nitrate reductase) and then further reduced to NH4
+ (catalysed by nitrite re-

ductase; Arnstein 1975, Solomonson and Barber 1990) (see Figure 5.1). The NH4
+ is then

incorporated into organic forms (i.e. amino acids) via the glutamine synthetase / glutamate

synthase pathway (GS / GOGAT; Arnstein 1975, Guerrero et al. 1981). Such amino acids are

used for various physiological processes during growth and development (e.g. protein and
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pigment formation) (Miflin and Habash 2002). Organic nitrogen can move between different

compounds through activity of transaminases and glutamine-amide transferases, a significant

portion is reassimilated via the GS / GOGAT pathway (Miflin and Habash 2002). Thus, over

temporal scales, endogenous nitrogen is recycled several times (see Lea and Miflin 1980).

NO2
-

NH4
+NH4

+NH4
+

NO2
-NO2

-

NO3
-NO3

-

UreaUrea

CO2

Amino Acid Amino Acid Amino Acid

Chloroplast

Vacuole

M
itochondrion

Figure 5.1: Schematic of nitrogen uptake and assimilation in an algal cell (modified from Syrett
1981).

In Chapter 4, it is discussed that mature blades are a location for NO3
- storage and assim-

ilation. Some amino acids are known to be efficient carriers of nitrogen within autotrophs –

including arginine, aspartine, glutamate, and glutamine (Lam et al. 1996, Amir et al. 2002)

and may be useful in translocating nitrogen incorporated into amino acids throughout Macro-

cystis fronds (see Rosell and Srivastava 1985, Zimmerman and Kremer 1986). The literature

on nitrogen limitation of at least some kelp populations during the summer (Chapman and

Craigie 1977, Chapman and Lindley 1980) suggests that the translocation of nitrogen may

play an important role in the maintenance of summer growth, particularly since amino acids

can account for up to 50% of the translocated photosynthate in Laminaria hyperborea and

Laminaria saccharina (Schmitz et al. 1972).

The seasonal maxima and minima of both growth and nitrogen reserves have been quan-

tified for Macrocystis populations around the world, including soluble NO3
- (Wheeler and

Srivastava 1984, Hepburn and Hurd 2005), pigments (Hepburn and Hurd 2005, Buschmann

et al. 2014) and amino acids (Wheeler and Srivastava 1984, Zimmerman and Kremer 1986,

Rosell and Srivastava 1985). However, it is difficult to compare results across studies be-

cause observations are not holistic (i.e. they don’t include multiple nitrogen compounds)

and it is unclear how different nitrogen compounds interact to support productivity. There-

fore, it is not known which nitrogen compounds are most important in explaining growth and
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whether the differences in the duration of the reserves are due to differences in their sizes or

in the efficiency of their utilisation. Finally, Macrocystis has complex morphology but most

physiological research assumes homogeneity across tissues (Graham et al. 2007), in which

the majority of tissue chemistry data are derived from adult canopy blades. While some have

included multiple bladed tissue types in their research (see Wheeler and Srivastava 1984,

Brown et al. 1997, Hepburn and Hurd 2005), there is very little known about temporal vari-

ation of the nitrogen physiology in the stipe, sporophyll and holdfast (see Gerard 1982b).

In this chapter, a holistic approach is used to investigate the temporal nitrogen physiol-

ogy belonging to entire Macrocystis sporophytes, and how growth relates to the partitioning

of tissue nitrogen. To accomplish such, a kelp bed was observed for one year. This study

describes the different nitrogen pools within six distinct tissue types, observes how the ni-

trogen chemistry within these tissues change temporally (with respect to environmental pa-

rameters), and describes how both environmental forcing and specific nitrogen compounds

influence kelp growth. Soluble NO3
-, pigments and specific amino acids were quantified to

characterise the nitrogen physiology of Macrocystis because previous studies (cited above)

suggest them as important nitrogen reserves.

It is hypothesised that the concentrations of soluble NO3
- within tissues would parallel

the NO3
- in seawater due to rapid uptake followed by assimilation/conversion into other

compounds (i.e. the N being donated to amino acid synthesis). Because observed frond

regeneration (see North and Zimmerman 1984) implies that the holdfast can have enough

reserves for the individual to regrow, it is hypothesised that, during the winter, soluble NO3
-

will primarily accumulate in holdfast tissues. That accessory pigments in Macrocystis store

little to no nitrogen – i.e. there are no N atoms in the fucoxanthin molecule – pigments are

not expected to be important nitrogen reserves. As such, amino acids are hypothesised to be

important forms in which nitrogen is stored, and that it will take longer for concentrations to

decline following observations of low NO3
- in the seawater.
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5.2 Methods

Field site. This study was conducted at Harington Point in Otago, New Zealand (Chap-

ter 1, Figure 1.4). Because of its location, the kelp bed experiences frequent water exchange

(due to proximity to the harbour mouth) and strong, tidal-induced currents (due to harbour

constriction; Hepburn 2003). The subtidal at Harington Point is characterised by a gentle

sloping patchy reef, dominated by Macrocystis pyrifera and sea sponges. All kelp used in

this study colonised depths between 4 and 10 m (MLW).

Light, temperature, and seawater nutrients. For the duration of the study, a light and

temperature logger (HOBO® Pendent 64K – UA-002-64) was deployed at 2 m (MLW); this

depth was chosen because 75% of the kelp biomass and productivity occurs in the top 2 m

of the water column (North 1971). To prevent shading, algae were removed from around the

logger every two months. Seawater NO3
- concentrations were determined at the beginning

and end of each growth observation period, the concentrations of which were measured

using the same methods as described in Chapter 2 (Methods⇒Mass-transfer and Seawater

Nutrients).

Macrocystis pyrifera growth and erosion rates. Growth rates for Macrocystis were

determined monthly throughout a one-year cycle (September 2013 to August 2014). Each

month, 20 individuals were haphazardly selected, tagged for growth measurements and left to

grow for approximately 4 weeks. Blade elongation, stipe elongation, blade production, blade

erosion, and tissue replacement rates were determined using the same methods described in

Chapter 3 (Methods⇒ Growth and erosion).

Tissue soluble NO3
- and pigments. Scimitar, stipe, and adult blade tissues were col-

lected via snorkelling, while mature blade, sporophyll and holdfast tissues were collected via

SCUBA. All tissues were transported to the lab for processing, where epiphytes were gently

removed using the spine of a knife. For all blades, a leaf corer was used to remove discs of

tissue (1.5 cm in diameter) within 85 mm from the blade meristem, which were immediately

frozen at -80 °C until soluble NO3
- and pigment analysis. The remaining blade tissues (basal

85 mm) were also frozen at -80 °C for later amino acid analysis. Stipe tissues were collected

2 to 4 m from the apical meristem (scimitar) and whole holdfast haptera segments (growing

close to the stipe with fingers extending away) were sampled, each finely chopped before

freezing. All sampling materials were rinsed with seawater between samples. The concen-

trations of soluble NO3
- within tissues were determined using methods described by Hepburn
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et al. (2007). Pigment concentrations (chlorophyll a, chlorophyll c and fucoxanthin) were

determined using methods described in Chapter 4 (Methods ⇒ Growth, pigmentation and

tissue carbon, nitrogen and isotopic status). Soluble NO3
- and pigment data were first quan-

tified as mg g-1 dry tissue, then converted into mg N g-1 dry tissue using their respective

molecular formula.

Measuring amino acids. Tissues were freeze-dried and ground into a fine powder us-

ing a ball mill (Retsch MM400), then stored frozen in 5 ml tubes. Samples for amino acid

analysis were prepared by weighing 120 mg of homogenised tissue into 15 cm Kimax tubes

(n = 3 per tissue type). Next, 25 µL of an internal standard prepared at 1 M (γ-Aminobutyric

acid, GABA; Sigma-Aldrich, prod. no. 56-12-2) was added to each tube, as well as 3 mL

of 6 M HCl. Then the tubes were securely sealed and the samples were hydrolysed at 100

°C for 24 hrs. After hydrolysis, the samples were centrifuged and the supernatant of each

carefully pipetted into new Kimax tubes. To minimise potential amino acid loss as an arte-

fact of sample transfer, 2 mL of 0.1 M HCl was added to the original tubes, centrifuged,

and again pipetted to maximise residue transfer. Amino acid samples were then placed in a

heated tray (60 °C) and dried under N2 gas to prevent oxidation. After the samples dried,

they were resuspended with 10 mL MilliQ H2O and filtered through 0.2 µm glass fiber filters

(single-use) into 2 mL eppendorf vials and immediately frozen until further preparation for

high-performance liquid chromatography (HPLC) analysis. The frozen samples were pre-

pared at a concentration higher than required for HPLC analysis, serving as stock samples

that could be diluted and used for multiple runs if necessary.

For HPLC analysis, stock samples were thawed; 100 µL of stock sample was allocated to

a 1.5 mL glass HPLC vial and 900 µL MilliQ H2O was added to bring each prepared sample

to 1.0 mL. Concentrations of individual amino acids were measured by HPLC (ThermoTM

ScientificTM DionexTM UltiMateTM 3000 Rapid Separation LC) with the following modifica-

tion of Kuznetsova et al. (2004): fluorescent o-Phthaldialdehyde (OPA, see preparation steps

below) amino acid derivatives were separated on a 25 cm Phenomenex ProdigyTM C18 (5 µm;

prod. no. 00G-4097-E0) column with a gradient of 0.05 M sodium acetate/5% tetrahydrofu-

ran solvent and MeOH (from 5% to 20% MeOH in 12 min, from 20% to 65% in 35 min, from

65% to 100% in 4 min, and a 5 min hold at 100%). Samples and OPA were injected into the

column at the ratio of 1:9, respectively (100 µL total). Injection speed was 1 mL min-1 and

the column was kept at 40 °C while running. The separated derivatives were quantified with

the use of an FLD-3400 TS fluorometric detector (same system as HPLC, plus a DAD-3000

Diode Array) with an excitation wavelength of 342 nm and emission wavelength of 418 nm.
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The external standard (Amino Acid Standard H; Thermo Scientific Pierce, prod. no. 20088)

and internal standard (GABA) were diluted to approximate sample concentrations for use as

standards; Figure 5.2 shows which amino acids were analysed and their chromatogram peak

distribution. Amino acid data are expressed in mg g-1 dry tissue.

OPA preparation: First, two stock solutions were prepared, (1) aqueous OPA at 375 mM,

which was then stored in an amber glass vial (to slow degradation) at 4 °C for no longer

than 3 weeks, and (2) a borate buffer at pH 9.5 (approx. 125 mM buffered with 10M NaOH).

Due to the small OPA concentration required for HPLC analysis, the following dilutions were

necessary: an intermediate solution was prepared by adding 20 µL 2-Mercaptethanol (to help

stabilise the OPA) to 40 mL of the borate buffer solution. Then 10 mL of the intermediate

was transferred to a new vial, to which 20 µL of the 375 mM OPA was also added to make

a final solution. This final solution was transferred to a 1.5 mL amber glass HPLC vial and

allowed to react at 4 °C for 24 hrs before first use in the HPLC. The final OPA solution

needed to be prepared daily because of instability of the solution; it was viable for approx.

48 hrs after mixing, which included a 24-hr reaction time and 24 hrs for use in the HPLC.
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Figure 5.2: (Top) A chromatogram showing a run of the concentration of standard used (200 µM)
and the amino acid peak distribution; the x-axis is arbitrary and the y-axis is the sample run time
through the HPLC column. The total run time was 70 min, but there were no identifiable amino
acids after 52 min. The tall peak in the middle (amino acid no. 9, GABA) is an internal standard.
(Bottom) The specific amino acids analysed in this chapter, their peak number on the chromatogram,
and their 3-letter identification.
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Statistical analysis. [ANOVA] – The differences in means of growth parameters (blade

elongation, stipe elongation, new blade production, erosion) and of environmental parame-

ters (seawater nitrate, light, temperature) were determined using one-way ANOVA across

months and seasons (fixed factors). The differences in means of tissue nitrogen compounds

(soluble nitrate, pigments, amino acids) were determined using two-way ANOVA across

tissues, months and seasons (fixed factors). Differences in means were determined using

Tukeys honestly significantly different (HSD) post-hoc test. Significance was set at the 5%

level (α = 0.05). Data fulfilled prerequisites of normality (Kolmogorov-Smirnov test with

Lilliefors correction) and equal variance (Levene median test) for parametric tests. All statis-

tical analyses were carried out using the software package R version 3.0.3. [Regression for
growth] – Relationships between growth parameters and environmental predictor variables

were tested using regression, but because these variables (i.e. light, temperature, nutrients)

are frequently correlated, potential collinearity could increase the instability of regression

analysis. These variables were first tested for collinearity; pairs of highly collinear variables

were regressed against each other and the less important variable was replaced with the resid-

uals from the regression (see Graham 1997, Graham 2003). Subsequent regression analyses

(residual regressions) can be ran normally and is unbiased since the explanatory variables

are no longer statistically collinear. This was applied to the regressions described below, as

well. [Regression for N compounds] – Relationships between the specified nitrogen pools

(e.g. total amino acids) within each tissue type and the predictor variable(s) (e.g. seawa-

ter NO3
-) were tested using singular regression (for soluble NO3

-) and multiple regression

(for pigments and amino acids). [Distance-based linear modelling] – Multivariate relation-

ships between individual nitrogen compound predictor variables and collective algal growth

parameters were investigated using distance-based linear modelling (DistLM). The same

analysis was also run on environmental predictor variables and the collective tissue nitrogen

compounds (nitrogen pool). To prep the dataset for analysis, the environmental data were

first normalised and a resemblance matrix was then formed (using Euclidian distance) on

the normalised data. The biological and chemical data were prepared by applying a fourth-

root transformation, and the resemblance matrix was built using Bray-Curtis similarity on

the transformed data. The DistLM procedure was conducted using the step-wise selection

procedure to maximise the Akaike information criterion (AICc). These analyses partition the

multivariate variability of the dependent parameters along best-fit axes and then test the in-

dependent variables that are most closely related to these axes. A square-root transformation

was applied to the dependent variables in each model (growth parameters and nitrogen pool,

respectively) prior to parametric testing to reduce skewness, and prior to multivariate analy-
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ses to reduce the contribution of exaggerated values (e.g. stipe elongation rates) relative to

low values (e.g. new blade production rates) in resemblance matrices. Resemblance matrices

for multivariate tests of algal growth parameters were based on Euclidian distances. [PER-
MANOVA] – Permutational multivariate analysis of variance (PERMANOVA; PRIMER v6

with PERMANOVA+; Clarke and Gorley 2006; Anderson et al. 2008) was used to test for

differences in the nitrogen pools across season (fixed), tissue type (fixed) and ambient sea-

water NO3
- (random). These analyses used the same normalisations and transformations for

environmental and biological/chemical data described above.
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5.3 Results

5.3.1 Environmental factors

Light, seawater temperature, and seawater NO3
- all exhibited seasonal highs and lows

(Figure 5.3). These fluctuations significantly varied over time, monthly and seasonally (Ta-

ble 5.1). Light peaked in January (2.17 mol photons m-2 d-1; SE = 0.23) and was lowest in

June (0.50 mol photons m-2 d-1; SE = 0.12). Seawater temperature was highest in February

(14.89 °C; SE = 0.04) and reached a minimum in August (9.60 °C; SE = 0.15). Seawater

NO3
- concentrations were highest in July (6.76 µM; SE = 0.35) and lowest in January (0.82

µM; SE = 0.07).
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Figure 5.3: Seawater NO3
-, light and seawater temperature values at Harington Point throughout

the 12-month study. Error bars: ± 1 SE (NO3
-, n = 3; light and temperature, n > 27).

Table 5.1: Statistical values from one-way ANOVA testing for differences in monthly and seasonal
means for listed environmental and growth parameters. Significant results are shown in bold.

Monthly Seasonally
df F p df F p

Environment
Seawater NO3

- 11,22 117.40 <0.001 3,22 367.87 <0.001
Light 11,328 122.21 <0.001 3,328 1228.74 <0.001
Temperature 11,33 94.78 <0.001 3,333 1112.52 <0.001

104



5.3.2 Tissue nitrogen: temporal variation of specific compounds

Soluble NO3
-. Soluble N-NO3

- significantly varied across season and tissue type (Ta-

ble 5.2), in which mean concentrations (averaged across all tissues within selected fronds)

were lowest during the summer and highest in the winter (Figure 5.4a). The seasonal pat-

terns between canopy and basal tissues were similar, excluding spring, when canopy tissues

had much lower concentrations of soluble NO3
-. Mature blades had the highest soluble

N-NO3
- concentrations (in the winter) but these values also fluctuated with the largest mag-

nitude, reaching very low concentrations during the summer (Figure 5.5a, Table 5.3). The

soluble N-NO3
- within holdfast tissues never reached concentrations as high as those in the

mature tissues, but concentrations were relatively high compared to the others (Table 5.3)

and exhibited stability throughout the year (Figure 5.5a). Sporophyll tissues had the lowest

concentrations, and the rest of the tissues generally paralleled NO3
- in the seawater. Concen-

trations in canopy tissues reduced much more quickly than those in mature tissues, and there

is evidence that mature tissues were slowly releasing soluble NO3
- to canopy tissues (Fig-

ure 5.6). Regression analysis indicates that seawater NO3
- explained much of the variance

observed in soluble N-NO3
- across all tissues (see Table 5.4), explaining as much as 77.5%

of the variance (adult blade tissues) and as little as 21.1% (sporophyll tissues).

Pigments. Total pigment-derived nitrogen (N-pigment) significantly varied across sea-

son and tissue type (Table 5.2), in which mean concentrations (averaged across all tissues

within selected fronds) were lowest during the summer and highest in the spring/autumn

shoulder seasons but canopy tissues had slightly higher concentrations (Figure 5.4b). This

summary is somewhat misleading, however, because it was only the non-reproductive bladed

tissues (scimitar, adult blade, mature blade) that showed seasonal patterns (Figure 5.5b),

while the N-pigment concentrations in the other tissues (stipe, sporophyll, holdfast) remained

constant. Multiple regression analyses did not produce any significant models that explained

variance in N-pigment in any tissue type (see Table 5.4).

Independently, Chl a, Chl c, and fucoxanthin significantly varied across tissue type, how-

ever, only Chl a and fucoxanthin significantly changed temporally (Table A.5.1). Concen-

tration trends for all three pigments were similar to those seen in N-pigment (total); in non-

reproductive bladed tissues values were lowest during the summer and highest in the shoulder

seasons, but concentrations in stipe, sporophyll and holdfast tissues were consistent through-

out the year (refer to Table A.5.2). Chl a accessory pigment relationships were highly linear

(i.e. Chl a : Chl c = r2 = 0.867; Chl a : fucoxanthin = 0.956. Figure A.5.1).
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Amino acids. Total amino acid-derived nitrogen (N-amino acid) significantly varied

across both season and tissue type (Table 5.2), in which concentrations in all tissues were

lowest during the winter (Table 5.3). The seasonal pattern observed in canopy tissues dif-

fered to those in basal tissues (Figure 5.4c); in the canopy, N-amino acid concentrations

were reduced in the summer, while concentrations in basal tissues increased during the sum-

mer. Sporophyll tissues consistently had the highest mean values and stipe tissues the lowest

(Figure 5.5c). The relationship between N-amino acid and NO3
- in basal tissues is negative,

while there is no clear relationship in canopy tissues. Multiple regression analysis suggests

that both seawater NO3
- and soluble NO3

- are important predictors of variance in N-amino

acid concentrations. NO3
- explains 57.8% of the N-amino acid variance in holdfast tissues

and marginally (p = 0.052) explains 27.5% of the variance in stipe tissues. In sporophyll

tissues, a combination of seawater NO3
- and soluble NO3

- explains 78.0% of the variance in

N-amino acid concentrations (see Table 5.4).

N-amino acid concentrations of specific amino acids (Figures A.5.2 – A.5.18) signifi-

cantly varied across both season and tissue type; most also exhibited a significant interaction

between tissue type and season, excluding Arg, Cys, Pro, and Met (refer to Table A.5.3).

Asp, Glu, Arg, Ala, and Pro were the five acids that contributed the most N in each tissue

type (Figure 5.7). Sporophyll tissues were especially high in N-Ala and N-Pro, and holdfast

tissues exhibited high concentrations of N-Asp.

Table 5.2: Statistical val-
ues from two-way ANOVA
testing for differences the
means of nitrogen from listed
sources across both tissue type
and season. The differences
in means across amino acid
species were also tested for N-
amino acid. Significant results
are shown in bold.

df F p
Soluble N-NO3

- (mg N g-1 DW)
Tissue 5,306 38.89 < 0.001
Season 3,306 144.42 < 0.001
Tissue:Season 15,306 16.53 < 0.001

Total N-pigment (mg N g-1 DW)
Tissue 5,306 142.58 < 0.001
Season 3,306 9.94 < 0.001
Tissue:Season 15,306 4.08 < 0.001

Total N-amino acid (mg N g-1 DW)
Tissue 5,59 65.10 < 0.001
Season 3,59 61.30 < 0.001
Amino Type 5,59 123.99 < 0.001
Tissue:Season 15,59 2.28 0.013
Tissue:Amino 5,59 1.12 0.358

Season:Amino 3,59 1.71 0.175
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Table 5.3: Values of mean nitrogen (± 1 SE), derived from soluble NO3
-, total pigments and total

amino acids pools, within each tissue type across seasons.

Spring Summer Autumn Winter

Soluble N-NO3
- (mg N g-1 DW)

Scimitar 0.196 ± 0.046 0.004 ± 0.001 0.358 ± 0.076 0.642 ± 0.016

Stipe 0.414 ± 0.029 0.039 ± 0.012 0.257 ± 0.050 0.440 ± 0.016

Adult blade 0.361 ± 0.088 0.015 ± 0.009 0.427 ± 0.115 1.253 ± 0.117

Mature blade 1.104 ± 0.174 0.065 ± 0.024 0.437 ± 0.077 1.667 ± 0.145

Sporophyll 0.296 ± 0.032 0.042 ± 0.008 0.096 ± 0.011 0.238 ± 0.036

Holdfast 0.632 ± 0.043 0.144 ± 0.019 0.365 ± 0.029 0.629 ± 0.036

Total N-pigments (mg N g-1 DW)

Scimitar 0.348 ± 0.017 0.227 ± 0.018 0.423 ± 0.022 0.328 ± 0.023

Stipe 0.077 ± 0.003 0.073 ± 0.004 0.074 ± 0.002 0.080 ± 0.004

Adult blade 0.305 ± 0.016 0.201 ± 0.013 0.262 ± 0.018 0.318 ± 0.014

Mature blade 0.396 ± 0.018 0.319 ± 0.029 0.395 ± 0.026 0.277 ± 0.021

Sporophyll 0.141 ± 0.008 0.139 ± 0.017 0.139 ± 0.012 0.154 ± 0.016

Holdfast 0.025 ± 0.001 0.021 ± 0.003 0.018 ± 0.003 0.021 ± 0.003

Total N-amino acids (mg N g-1 DW)

Scimitar 11.11 ± 0.34 8.93 ± 0.26 9.52 ± 0.40 8.45 ± 0.24

Stipe 7.80 ± 1.35 6.97 ± 0.42 7.22 ± 0.72 4.91 ± 0.47

Adult blade 10.12 ± 0.81 9.23 ± 0.51 11.71 ± 0.96 7.46 ± 0.64

Mature blade 8.84 ± 1.13 9.92 ± 0.63 8.36 ± 0.26 7.33 ± 0.79

Sporophyll 14.26 ± 2.13 15.60 ± 0.63 13.63 ± 0.20 9.82 ± 1.13

Holdfast 10.10 ± 0.57 10.77 ± 0.67 9.05 ± 0.49 6.64 ± 0.57
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5.3.3 Tissue nitrogen pools

MDS plots show how nitrogen pools (NPs) group by season and by tissue (Figure 5.8).

PERMANOVA suggests that the NPs significantly vary by both season (df = 3,72; F=4.49;

p = 0.001) and tissue (df = 5,72; F = 71.02; p = 0.003), but that there is no season:tissue

interaction (df = 15,72; F = 3.29; p = 0.094).

SIMPER analysis comparing seasons (Table A.5.4) supports the visual separation be-

tween summer and winter NPs (see Figure 5.8a), suggesting that they are the two seasons

that are most different (7.90% dissimilar) from each other, driven primarily by differences

in soluble NO3
- (29.22% contribution to dissimilarity) and Pro (10.67% contribution to dis-

similarity). Across all tissues, the same SIMPER analysis also reveals that there were no

salient contributors to grouping within seasons but that soluble NO3
-, Glu, Asp, Ala, Arg,

Pro and Cys were important drivers, each contributing about 6% to each tissue grouping in

each season grouping (Table A.5.5).

SIMPER analysis comparing tissue type (Table A.5.6) supports the visual split of the

NPs between bladed tissues and non-bladed tissues (Figure 5.8b), in which the mean stipe

dissimilarity from bladed tissues is 8.81% (SE = 0.4) and the holdfast averages 7.83% (SE =

0.2) dissimilarity from bladed tissues. The primary contributing drivers of this split are Chl

a (stipe: 7.78%, SE = 0.7; holdfast: 13.11%, SE = 1.6), soluble NO3
- (stipe: 10.48%, SE =

1.5; holdfast: 13.38%, SE = 0.6) and fucoxanthin (holdfast: 10.81%, SE = 0.4).

The NPs in sporophyll tissues are on average 6.44% (SE = 0.1) dissimilar than those in

other blade tissues, and 8.99% (SE = 0.9) dissimilar than those in non-bladed tissues. The

primary contributing drivers are soluble NO3
- (17.03%, SE = 1.8) and Pro (12.34%, SE = 1.0)

(refer to Table A.5.6). The NPs in remaining bladed tissues (scimitar, adult blade, mature

blade) have the lowest dissimilarity amongst pairings (approximately 4% each). Across all

seasons, the same SIMPER analysis suggests that there were no salient contributors to tissue

grouping, but that soluble NO3
-, Glu, Asp, Ala, Arg, Pro and Leu were important drivers,

each contributing about 6% to each tissue grouping (refer to Table A.5.7).

113



Tissue
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Stipe
Adult blade
Mature blade
Sporophyll
Holdfast

2D Stress: 0.16

Tissue

Tissue
Spring
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B

A

Figure 5.8: Multidimensional scaling (MDS) plots showing the similarity of the nitrogen pools
across both season (A) and tissue type (B). Drivers behind the grouping are further outlined using
SIMPER analyses (Table A.5.5 and Table A.5.7, in appendix).
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5.3.4 Temporal variation in growth and erosion

Blade and stipe elongation rates significantly varied across both month and season (Ta-

ble 5.5), in which blade elongation was highest during the spring and autumn and stipe elon-

gation highest in the spring (Figure 5.9). Erosion and tissue replacement rates varied across

season, only (Table 5.5); erosion was highest during the summer and tissue replacement was

much lower in the summer compared to other seasons (Figure 5.9). New blade production

rates significantly varied across month (Table 5.5), in which the lowest rates showed no dis-

tinct temporal trend (Figure 5.10). Blade elongation, erosion and tissue replacement rates

exhibited the most prominent temporal trends (Figure 5.10).

Table 5.5: Statistical values from one-way ANOVA testing for differences in monthly and seasonal
means for listed environmental and growth parameters. Significant results are shown in bold.

Monthly Seasonally

df F p df F p

Growth

Blade elongation 8,122 2.35 0.022 3,122 9.93 <0.001

Stipe elongation 8,110 4.65 <0.001 3,110 5.24 0.002

New blade production 8,108 2.08 0.044 3,108 0.43 0.734

Erosion 8,120 1.30 0.251 3,120 10.39 <0.001

Tissue replacement 8,122 1.43 0.190 3,122 10.71 <0.001
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Figure 5.9: Mean seasonal growth, erosion, and tissue replacement rates of Macrocystis individuals
at Harington Point. Error bars: ± 1 SE (n = 3). The letters above the bars represent post-hoc
grouping.
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5.3.5 Predicting drivers of growth

Considering environmental factors, alone, a DistLM identified that the combination of

light, seawater NO3
-, and temperature explain 88.12% of the growth of Macrocystis (blade

elongation + stipe elongation + new blade production combined in one model). Within the

model, seawater light explained 59.00% (AICc = 76.50, F = 516.64, p = 0.001), NO3
- ac-

counted for 18.96% (AICc = 267.27, F = 28.09, p = 0.001), and seawater temperature ex-

plained 10.16% (AICc = 290.75, F = 11.99, p = 0.001) of growth.

Pre-growth. Pre-growth models used predictive factors (e.g. NO3
-) from tissues collected

the day that kelp were tagged for growth measurements and compares them to the growth

that occurred the following 3-4 weeks. A DistLM using the NPs averaged across pre-growth

tissues explains 53.4% of growth; Val (12.2%), soluble NO3
- (7.4%) and Ala (6.8%) were

the largest contributors to the pre-growth model (see Table A.5.9).

Because PERMANOVA suggested that the NPs significantly vary by tissue type (refer

to Section 5.3.3 above), DistLMs explaining growth were run for each tissue. Grouping

nitrogen compounds within tissue type to explain growth produced models that were better

fit, each tissue type explaining 50.7% (scimitar), 88.5% (stipe), 35.5% (adult blade), 69.1%

(mature blade), 29.2% (sporophyll) and 74.2% (holdfast) of overall growth, and that different

compounds (10 out of 20 total compounds) were important predictors in different tissues (see

Table 5.6). The most important predictors of growth (> 10% predictor of variance) were

soluble NO3
- > Ala > Gly. Other selected N compounds (< 10% contribution to models)

were Thr > Cys = Met = Phe > Leu > Ile > Arg.

Post-growth. Post-growth models used predictive factors (e.g. NO3
-) from tissues col-

lected on the last day that tagged kelp were allowed to grow and compares them to the

growth that occurred during the previous 3-4 weeks. A DistLM using the NPs averaged

across post-growth tissues explained 64.0% of growth; Arg (22.0%), Tyr (12.2%) and Ala

(11.2%) were the largest contributors to the post-growth model (see Table A.5.8).

Models for each tissue type explained 67.2% (scimitar), 90.0% (stipe), 83.4% (adult

blade), 94.4% (mature blade), and 67.2% (holdfast) of overall growth, and that different

compounds (9 out of 20 total compounds) were important predictors in different tissues.

The most important predictors of growth (> 10% predictor of variance) were Ala > Gly >

soluble NO3
- > Chl c > Pro. Other selected N compounds (< 10% contribution to models)

were Arg> Thr> Phe>Glu. No N compounds in sporophyll tissues significantly explained

overall growth (see Table A.5.10).
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Table 5.6: Pre-growth values (derived from multiple DistLMs) show how identified amino acids
(from each tissue) explain variance in overall Macrocystis growth. Values are shown as percentages
(%). “Cum. %” represents the cumulative % that the model explains growth. Not all N compounds
measured in this study are shown below; only the compounds selected by the models are included.

Nitrogen Compound
Ala Arg Cys Gly Ile Leu Met NO3

- Phe Thr Cum. (%)
Tissue Type

Scimitar 39.9 – 10.8 – – – – – – – 50.69
Stipe 31.6 – 8.9 6.2 – – 7.1 12.3 – 22.3 88.47
Adult Blade – – – 35.4 – – – – – – 35.36
Mature Blade – – – 19.1 13.6 – – – 19.7 16.7 69.12
Sporophyll – – – – – – – 29.2 – – 29.16
Holdfast – 12.1 – – – 14.2 12.6 35.3 – – 74.22

Average 11.9 2.0 3.3 10.1 2.3 2.4 3.3 12.8 3.3 6.5

Rank soluble NO3
- > Ala > Gly > Thr > Cys = Met = Phe > Leu > Ile > Arg

Table 5.7: Post-growth values (derived from multiple DistLMs) show how identified amino acids
(from each tissue) explain variance in overall Macrocystis growth. Values are shown as percentages
(%). “Cum. %” represents the cumulative % that the model explains growth and “n.s.” indicates that
the model was ‘not significant’. Not all N compounds measured in this study are shown below; only
the compounds selected by the models are included.

Nitrogen Compound
Ala Arg Glu Gly Phe Pro Thr NO3

- Chl c Cum. (%)
Tissue Type

Scimitar 16.8 – – – – 24.1 – 26.3 – 67.23
Stipe 63.1 17.9 – 5.3 – – 3.5 – – 89.99
Adult Blade – – 4.6 55.4 – – – 9.7 13.7 83.47
Mature Blade – 6.5 – 18.1 7.7 3.5 5.7 – 52.8 94.28
Sporophyll – – – – – – – – – n.s.
Holdfast 16.4 – – – – 24.1 – 26.3 – 67.23

Average 16.05 4.1 0.8 13.1 1.3 10.8 1.5 10.4 11.1

Rank Ala > Gly > Chl c > soluble NO3
- > Pro > Arg > Thr > Phe > Glu
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5.4 Discussion

5.4.1 Tissue chemistry

Soluble NO3
-. As expected, the mean soluble NO3

- throughout the fronds were closely

related to seawater NO3
- concentrations, transitioning from summer lows to winter highs.

This is consistent with other studies that describe the relationship between ambient nutrients

and internal NO3
- in Macrocystis and other kelps (Chapman and Craigie 1977, Wheeler and

Srivastava 1984, Hurd et al. 1996, Young et al. 2007). All tissues in this study exhibited

temporal variability in soluble NO3
- concentrations that were mostly aligned with seawater

NO3
-. Concentrations within adult and mature blades, however, had the highest values and

highest fluctuation. Hepburn and Hurd (2005) found that the soluble NO3
- in blades closest to

the apical meristem was most correlated to environmental conditions (i.e. light and ambient

NO3
-) compared to blades near the base of the frond.

Mature blades have been suggested as important sinks for N storage (Gerard 1982b),

invoking Zimmerman and Kremer (1986) to postulate that mature blades should be the first to

disseminate N resources to other tissues when ambient N becomes limiting, and then the last

to accrue N stores when available N is again in excess. Although this was suggested 30 years

ago, it has not been properly addressed until this study and the data presented in this work

do not corroborate their theory. Instead, it is observed that canopy tissues are the first to lose

soluble NO3
-, while the NO3

- in mature blades remains relatively high (refer to Figure 5.6).

As evidenced by the gradual decline of NO3
- in mature blades and the concurrent, relative

stability of NO3
- in the stipe, it appears that mature tissues slowly mobilise NO3

- to depleted

canopy tissues via translocation (N translocation also observed by Hepburn et al. 2011).

This process continues until whole-frond depletion is reached in mid-summer (January).

However, it is not certain that N was translocated in the form of NO3
- because the N in

the sieve tube exudates was not analysed separately from the stipe tissues; it is therefore

possible that the NO3
- stored in the mature blades was first assimilated and incorporated into

an organic form. In any case, the translocation of N is likely important for maintenance of

photosynthetic tissues in the canopy as ambient nitrogen declines (discussed in Chapter 4).

Post-summer, the build-up of NO3
- is initiated in mature tissues, surpassed by accumulation

in canopy tissues, and eventually accrued in synchrony during the autumn until reaching

maximum concentrations in winter.

It is important to note that NO3
- in the holdfast never reaches depletion. This partially

supports the holdfast hypothesis in this study, which predicted that the holdfast would accu-

mulate the most N to aid in survival in the event of nutrient-related canopy loss (see North
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and Zimmerman 1984). While the holdfast did not have the highest concentrations of NO3
-

throughout the year, they were the most stable and were, in fact, the highest during the sum-

mer when all other tissues were more depleted.

Pigments. Total pigments varied across tissues, in which concentrations in the scimitar,

adult blades, and mature blades (i.e. non-reproductive blades) were much higher than those

in the stipe, sporophyll and holdfast. There was very little seasonal variation in the latter

three – probably because photosynthesis is not the primary function in these tissues – and it

is therefore unsurprising that regression analysis did not link their variation to environmental

parameters. In contrast, scimitar and adult blades are important photosynthetic tissues and

available nitrogen and light are known to influence chlorophyll (Antia et al. 1963, Piorreck

et al. 1984, Aguilera et al. 2002, Lüder et al. 2002, Lichtenthaler and Babani 2004). It is

therefore surprising that regression analysis did not produce viable models predicting drivers

influencing pigmentation in non-reproductive blades because their values displayed strong

temporal variation, appearing to align with both seawater and soluble NO3
- and, inversely,

with light. One might expect low summer and high winter concentrations (due to low ni-

trogen and low light, respectively), but pigments were highest during spring/autumn and not

winter in this study. Hepburn et al. (2006) also observed high spring pigmentation at the

same site as this study. It is probable that such temporal observations are due to an inter-

action between light and nutrients (at intermediate levels during spring/autumn) instead of

solely being driven by only light or only nutrients. This interaction effect, could have been

missed by the regression.

The highest pigment concentrations were measured in the scimitar. This was unexpected

as pigmentation often increases as depth increases (Fairhead and Cheshire 2004), even along

Macrocystis fronds (Colombo-Pallotta et al. 2006). However, most studies represent pig-

ments as units per surface area instead of units per weight, as used in this study. Pigments

are situated at the blade's surface and scimitar blades are the thinnest (and therefore light-

est per cm2), so even if other tissues have higher pigmentation per surface area, the total

per weight is ‘diluted’ because other tissues are thicker/heavier. Because this study is inter-

ested in the proportion of multiple N compounds within tissues of different morphologies

(e.g. scimitar vs holdfast) and not photosynthetic performance across tissues, reporting as

units per weight is appropriate. Simply put, pigments in the scimitar account for a higher

proportion of total tissue weight compared to other tissues.

Regardless, the N contribution from total pigments across all tissues is small compared

to the N contribution from soluble NO3
- and amino acids. Although it has been suggested
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that pigments could be an important strategy for N storage (Bird et al. 1982, Levy and Gantt

1990), this is likely constrained to members of Rhodophyta (red algae) because their acces-

sory pigment, phycoerythrin, is typically present at a high ratio (phycoerythrin : chlorophyll

a≈ 1.75, Durako and Dawes 1980) compared to N containing accessory pigments in Macro-

cystis (chl c : chl a ≈ 0.10, this study); fucoxanthin contains no N atoms.

Amino Acids. It was hypothesised that total amino acids (AAs) would reflect ambient

NO3
- concentrations. This relationship, however, was also expected to lag behind the sea-

sonal variation in NO3
- because it was anticipated that AAs would accumulate as N stores

in basal tissues and be slowly released to the canopy when ambient N was limited. These

hypotheses are partially supported by the data. Instead of paralleling ambient NO3
-, total

AAs in basal tissues were highest in the summer (low NO3
-) and exhibited winter lows (high

NO3
-). These data are corroborated by Castro-González et al. (1994), but their tissues were

collected from canopy blades. Canopy blades in this study showed reduced concentrations

of AAs in the summer, similar to patterns observed by Gerard (1982b), who found that AAs

in canopy tissues decreased when ambient NO3
- was low.

AA synthesis requires not only N but also C (Gómez and Wiencke 1998), and N metabolism

is closely linked to C metabolism (Vergara et al. 1998). Because light is not limited during

the summer (which is important for C fixation), Young et al. (2007) suggest that it is rea-

sonable to expect high AA concentrations within tissues. But why is this observed in basal

and not canopy tissues? It is not uncommon for Macrocystis canopies to lose biomass when

nutrient stressed (see North 1971; North and Zimmerman 1984), and in response to nutri-

ent stress, it is possible that some AAs are translocated from the canopy to basal tissues for

storage until environmental conditions are again favourable. Similar responses are observed

in terrestrial plants (see Chapin 1980, Cooke and Weih 2005). Light may also help explain

why total AAs in all tissues are lowest during the winter. Despite high concentrations, sol-

uble NO3
- does not appear to be assimilated into AAs, as evidenced by reduced AA values;

NO3
- must be converted to NH4

+ before assimilation, which is energetically costly (Syrett

1981), and AA synthesis during the winter could be limited by available ATP and fixed C,

the synthesis of which are limited by reduced photosynthetic rates caused by limited light. In

addition, winter seawater temperature could further contribute to lower AAs because synthe-

sis requires multiple enzymes and enzyme activity is reduced by low temperatures (threshold

at ≈ 10°C) (Gao et al. 2000, Berges et al. 2002). Winter seawater temperature ranged from

approximately 9.5 to 10.8 °C in this study.

The temporal patterns of specific AAs are not consistent with each other, nor are they
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consistent across tissues. Because of the number of specific AAs quantified, it is difficult

to discuss them all, especially across different tissue types, but the concentrations in basal

tissues for most parallel the temporal patterns described for total AAs above (high summer

and low winter values). There is no consistent pattern in the canopy (refer to Figures A.5.2

through A.5.18). Out of all specific AAs, aspartic acid, glutamic acid, arginine, alanine,

glycine, and proline were of the highest concentrations and will be discussed here – exclud-

ing alanine and glycine, which were also identified as important predictors of growth and are

discussed later (Section 5.4.2, Nitrogen compounds).

Aspartic acid and arginine are consistently present in high concentrations in multiple

species of algae (see Madgwick and Ralph 1972, Amico et al. 1976), including Macrocystis

(Gerard 1982b, Wheeler and Srivastava 1984, Rosell and Srivastava 1985, Castro-González

et al. 1994). In addition, they often account for half of the AA pool in marine algae (Amico

et al. 1976). These two AAs are important to multiple metabolic processes and the forma-

tion of other AAs (transamination) via N-donation to cellular reactions (see Shaul and Galili

1992, Lam et al. 1996, Amir et al. 2002). Metabolic activity involving aspartic acid and

arginine often increases growth (Nassar et al. 2003) or improves tolerance to environmen-

tal stressors (see Zeid 2009). Arginine, especially, is important in the storage and internal

distribution of N because it has four N atoms (Amir et al. 2002).

Proline has also been correlated to stress adaptation; under stressful conditions, plants

can accumulate proline to be used as N storage (see Verbruggen and Hermans 2008, and

references therein). It is also of special importance to reproduction and early growth in

terrestrial plants (Mattioli et al. 2009), in which the upregulation of proline is high in repro-

ductive organs and it also promotes germination (Nakashima et al. 1998). This is a likely

explanation as to why proline concentrations observed in sporophyll tissues in this study are

much higher than concentrations in other tissues.

Glutamic acid is a key player in N metabolism because it is easily converted into glu-

tamine and glutamate via enzyme glutamine synthetase / glutamate synthase. There is lit-

tle doubt that glutamine and glutamate is a central molecule in amino acid metabolism in

photoautotrophs because it is directly involved in both the assimilation and dissimilation of

NH4
+ (Rees 2003, Forde and Lea 2007); in fact, the rate of glutamine production is some-

times equivalent to the rate of NH4
+ assimilation in the macroalgae Enteromorpha sp. and

Osmundaria colensoi (see Taylor and Rees 1999). It should also be noted that glutamate

is the precursor for chlorophyll synthesis (Yaronskaya et al. 2006) and that both glutamine

and glutamate can serve as organic N shuttles from sources to sinks (Lam et al. 1996). In

terrestrial systems, a large amount of NH4
+ is produced as a result of protein hydrolysis
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in the senescing leaves of plants (Hörtensteiner and Feller 2002). With the help of glu-

tamine / glutamate, this NH4
+ is reassimilated into N-carrying AAs (i.e. aspargine, arginine,

and alanine) and translocated to elsewhere in the plant (Miflin and Lea 1976, Rees 2003,

Masclaux-Daubresse et al. 2006).

Combined contribution to N pools. It is clear that pigments are unlikely to be important

contributors to reserve-oriented N pools in Macrocystis because of their small N contribu-

tion. However, soluble NO3
- and total AAs account for approximately 1.86 and 9.27 mg N

g-1 dry tissue, respectively (annual means across tissues). Total N was not measured in this

study so it is only possible to empirically compare N compound concentrations relative to

each other instead of to total N in tissues. However, referring to seasonal %N data from the

same kelp bed in earlier studies (see Hepburn 2003, Hepburn et al. 2006) and in nearby beds

(refer to Chapter 3), crude estimates are possible. Based on those studies, %N could account

for approximately 1.8% N and 2.3% of total tissue weight (during the summer and winter,

respectively). Using these values, N compounds in this study likely contribute the following

percentages to summer / winter total N: soluble NO3
- ≈ 1.28% / 15.60%; total pigments

≈ 0.91% / 0.85%; total AAs ≈ 56.87% / 32.14%; combining to account for ≈ 59.06% /

48.59% of total N. Clearly these are rough estimates, but they are not too dissimilar from

those described in other studies. Naldi and Wheeler (1999) reported that proteins accounted

for 25% to 44% of total N in Ulva fenestrata and Gracilaria pacifica, respectively, and that

free amino acids ranged from 30% to 50% of total N in Gracilaria tikvahiae and Chaetomor-

pha linum, respectively (Bird et al. 1982, McGlathery et al. 1996). Chapman and Craigie

(1977) found that soluble NO3
- can account for up to 33% of the total N within Laminaria

longicruris tissues, but this study also showed more robust NO3
- stores compared to those

typically measured in Macrocystis. The soluble NO3
- in experimental Macrocystis tissues in

Chapter 4 was 2.4% to 4.5% (unfertilised versus fertilised, respectively) in N limited tissues,

but these values were collected when ambient nitrogen was limited.

5.4.2 Growth

Of all growth parameters, blade elongation and tissue replacement were the most respon-

sive to changes in environmental/physiological conditions, as well as blade erosion. These

rates had the widest range throughout the year, which corresponded to environmental varia-

tion in light, seawater NO3
- and temperature (see subsection 5.4.2). Summer blade erosion

was 9.9 times higher than winter erosion, and blade elongation rates were 7.9 times higher

than their lowest in summer/winter. Stipe elongation and blade production rates were only
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1.5 and 2.2 times higher than their respective low rates.

Environmental drivers. The most important drivers of productivity in Macrocystis have

been identified as ambient NO3
- (Zimmerman and Kremer 1986, Brown et al. 1997), light

and temperature (Lobban 1978, Van Tussenbroek 1989), a combination of these (Hepburn

and Hurd 2005), or even that there is no temporal variation in growth/productivity (North

1971, Gerard 1976, Wheeler and North 1981, Brzezinski et al. 2013). All of these studies

align with the established theory that Macrocystis is a seasonal responder (see Kain 1989)

and highlight that temporal patterns in growth are globally inconsistent, relying primarily

upon regional levels of light and nutrients, followed by temperature and water motion. In

this study, seawater NO3
- was the most important predictive factor influencing kelp growth,

in which ambient concentrations explained 59% of the variation. Light and temperature ac-

counted for approximately 19% and 10%, respectively. It must also be noted that previous

work at Harington Point has demonstrated that epifaunal communities living on Macrocys-

tis blades can enhance the nitrogen pools in and growth of Macrocystis (Hepburn and Hurd

2005); however, the same work also concluded that the seasonal variation in these param-

eters was primarily controlled by light and seawater NO3
-. While important, including the

contribution from associated epifaunal communities was beyond the scope of this chapter.

Nitrogen compounds. Although soluble NO3
-, aspartic acid, glutamic acid, arginine, ala-

nine and proline are the largest contributors to N pools, they were not all important in predict-

ing variation in growth. Models including all N compounds for each tissue type, before and

after growth observation periods, collectively identified approximately half of the available

N compounds as important predictors, with great overlap between both sets of models. Pre-

growth compounds that were distinctly important (each > 10% predictor of variance) were

alanine, glycine and soluble NO3
-. Distinctly important post-growth predictors were again

alanine, glycine and soluble NO3
-, as well as Chl c and proline. All of these compounds

were positively correlated with growth, where growth rates increased as N compound con-

centrations increased.

Soluble NO3
- was primarily important in sporophyll and holdfast tissue models. This is

not surprising because these tissues displayed elevated NO3
- compared to the canopy and

Chapter 4 provides evidence that basal tissues are likely important sites for NO3
- reduction

(corroborating the findings in this chapter). An increase in the reduction of NO3
- provides N

for amino acid synthesis and these compounds can then be translocated throughout the frond

to support metabolic processes, like growth.
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Alanine was primarily important in scimitar and stipe models. Although it can be used for

N storage (see Vanlerberghe and Turpin 1990), concentrations were high during the summer

and decreased in winter; it is therefore unlikely that alanine is used as N storage in this study

because concentrations would be expected to accumulate during the winter when ambient

NO3
- is high. Instead, it appears to be most abundant when productivity is highest, perhaps

highlighting why it is selected as an important compound in stipe models – stipes being

the zone for translocation. Alanine can act as an N and C shuttle, playing a key role in

these metabolisms in both algae and terrestrial plants (Vanlerberghe and Turpin 1990, Good

and Muench 1993, Fan et al. 1997). However, some report that alanine is a poor N source

compared to inorganic N, like NO3
- or NH4

+, causing reductions in growth (Miyashita et al.

2007). Even if growth is reduced, alanine may be more important for other functions like

improved N uptake (see Shrawat et al. 2008) or stress tolerance (see Good et al. 2007, Good

and Beatty 2011) to help survive N limitation and/or depletion events.

Glycine was an important predictor in adult blade models. The exact function of glycine

is difficult to elucidate, but it is a byproduct of the photorespiration system and can be

metabolised to release NH3 / NH4
+ (and CO2), which can then be incorporated into glu-

tamine and glutamic acid (Hartung and Ratcliffe 2002). In autotrophs, these latter acids play

key roles in primary and recycled N assimilation (Lam et al. 1996). In adult blades in this

study, glutamic acid did increase when glycine increased (r2 = 0.437, but it isn't the sole

influence on Glu), so it is possible that models selected glycine as an important predictor

because its formation releases of NH3 / NH4
+ that could have been used in growth or related

metabolic processes.

5.5 Summary

As a seasonal responder, it is well known that the physiology of Macrocystis varies as

ambient conditions change, but the temporal N chemistry within specific tissues and how

these N pools relate to growth had not received explicit attention. This is surprising consid-

ering that the complexity of this species is often referred to, as is its ability to translocate

macronutrients throughout fronds.

Pigments do not appear to play a direct role in the nitrogen storage within Macrocystis

because of their small contribution to total N pools. Chlorophyll c concentrations in mature

tissues, however, deserve more attention as they could be important in NO3
- reduction due to

electron donation via photorespiration. Further studies that quantify enzymatic activity (i.e.

the GS and GOGAT pathway, as well as nitrate reductase) in mature blades are necessary.
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Soluble NO3
- accumulated in all tissues during the winter and was rapidly utilised in

spring (coinciding with accelerated growth). Mature blades exhibited elevated concentra-

tions even when ambient NO3
- concentrations were dropping; data suggest that mature blades

were disseminating NO3
- to canopy tissues until they reached N depletion in January. It is

unclear in what form these N pools were being translocated, but soluble NO3
- measured

in stipe tissues was more elevated than other canopy tissues when ambient NO3
- were low,

suggesting that at least some of the N was transported as NO3
-.

During the summer, amino acid concentrations were reduced in canopy tissues but in-

creased in basal tissues. It is possible that this pattern reflects redistribution of N from

the canopy to basal tissues. This process is observed in terrestrial plant species, in which

N is reabsorbed from senescing leaves and transported to more stable locations within the

plant until conditions favour growth. If Macrocystis is indeed reabsorbing N from senescing

blades, it would be the first time that this has been shown using macroalgae; an investigation

using isotope tracers is necessary to test the mechanism. Additionally, it is suspected that the

elevated amino acid concentrations in the basal tissues may be used to support accelerated

growth in the autumn because canopy concentrations increased in synchrony with a decrease

in basal tissues.

Growth models indicated that soluble NO3
-, alanine and glycine are the largest predic-

tors of frond growth. Specifically, soluble NO3
- in sporophyll and holdfast tissues, alanine

concentrations in the scimitar and stipe, and glycine concentrations in adult blades are the

key predictors. It is important to note that adult blades lost alanine the quickest and hold-

fast tissues the slowest, where the holdfast might be gradually releasing alanine to canopy

tissues to support tissue maintenance and/or growth. Other important amino acids that were

not linked to growth are aspartic acid and arginine, which accumulated in sporophyll and

holdfast tissues during the summer and could be important temporary N stores. Like Chap-

ter 4, this study provides strong evidence of functional/physiological differentiation within

a singular Macrocystis frond, describing collective N pools within distinct tissues and how

specific N compounds within these pools influence kelp growth.
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Chapter 6

General Discussion
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6.1 Summary of Results

The catalyst of this work was the paradox that Macrocystis is a perennial kelp that is also

fast-growing with high nutrient demands. It has, repeatedly, been shown that fast-growing

photoautotrophs dominate when nutrients are elevated (Chapin 1980, 1986, Sand-Jensen and

Borum 1991, Duarte 1995) but are absent or inconspicuous in nutrient-poor systems (see

Pedersen 1995). As a temperate perennial, Macrocystis is exposed to both nutrient poor and

replete conditions but still thrives even when ambient nitrogen is low. Although Macrocystis

is well studied, relatively little is known about the physiological processes within an entire

individual because most research has focused on only the canopy bladed tissues. This thesis

expands the current knowledge of the nitrogen ecophysiology of Macrocystis by investigat-

ing differences in the mass-transfer of nutrients at a community level as well as adopting a

holistic approach to testing and observing its whole-frond physiology.

6.1.1 Intra-bed variation in nitrogen uptake

Stratified biogenic structures within Macrocystis beds (e.g. floating and stipitate canopies)

interact with and modify water flow. The macroalgal architecture of these three-dimensional

communities were quantified using a model kelp bed. It was determined that the density and

biomass of stipitate canopies (e.g. Ecklonia radiata, Marginariella urvilliana) were high-

est in the middle of the kelp bed at 6 m depth, and that the density and biomass of floating

canopies (from Macrocystis individuals) were highest at the bed's interior and lowest at the

exterior. Additionally, biomass of the floating canopy near the surface of the water col-

umn was particularly high – this biomass doubles when the tide transitions from MHW to

MLW. The biomass density (kg m-3) of the stipitate canopy explained 68.7% of the variabil-

ity observed in mass-transfer near the bottom, and the biomass density of the floating canopy

explained 66.7% of the variation near the surface.

That the architecture of Macrocystis beds influences the attenuation of water flow through-

out the bed (i.e. buffering by the bed's leading edge) is not novel information. However, the

rates of mass-transfer throughout small beds (≈ 10-20 m wide) may have been assumed uni-

form because previous studies have described variability in hydrodynamic forces over 100's

of metres (see Jackson 1977, Jackson and Winant 1983) or across sites (see Hepburn et al.

2007). Evidence from the work in this thesis shows that mass-transfer rates can significantly

vary across small beds. Mass-transfer rates decreased both vertically (e.g. 2 m > 6 m > 10

m) and horizontally (e.g. open bed > exterior fringe > interior fringe). The growth met-

rics and tissue chemistry (pigmentation, tissue %N and C:N) of Macrocystis paralleled this
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cross-bed pattern of mass-transfer, but only during the summer.

6.1.2 Stabilisation of tissues prioritised over growth

In a nutrient limited system, tissue senescence in macroalgae could intensify a nega-

tive feedback loop in photosynthesis and nutrient uptake, in which increased tissue loss will

decrease tissue surface area available to facilitate such processes. The work in this thesis

demonstrates that, when nitrogen stressed, Macrocystis prioritises tissue maintenance over

growth by increasing the %N and the weight/thickness of their canopy blades, both of which

likely increase the mechanical toughness of leaves (see Lamport 1965, Reiter 1998), allow-

ing leaves to persist over longer periods (Reich et al. 1991, Wright and Cannon 2001). These

responses are likely to be stronger in perennial species with higher morphological complexity

and/or biomass, like Macrocystis, because it is energetically more efficient to preserve/main-

tain existing tissues than to regrow entirely – such responses are observed in some terrestrial

plants (see Aerts and Chapin 1999, Wright and Cannon 2001).

The response of canopy tissues to fertilisation was different than that of basal tissues.

The increase in pigment concentrations was disproportionately large in canopy blades, while

basal tissues exhibited a large increase in soluble NO3
-, suggesting functional differentia-

tion in physiological performance within Macrocystis sporophytes. Increased pigmentation

in canopy tissues is a logical response as these blades are near the surface and are more

photosynthetically active. The localisation of soluble NO3
- in basal blades could indicate

that they are an important site for nitrogen storage. While there is evidence that storage is

a real function of some basal blades (refer to Chapter 5), this study was conducted during

a nitrogen limitation event and it is unlikely that nitrogen reserves would accumulate when

ambient conditions are limiting. Instead it is possible that NO3
- temporarily accumulated in

mature blades because (1) nitrate reductase activity was low due to previous inactivity (see

McGlathery et al. 1996, Gao et al. 2013) and (2) mature blades are an important site for

NO3
- reduction – increased rates of respiration (from increased pigmentation, see Colombo-

Pallotta et al. 2006) increases the efficiency of reduction via electron donation (see Schilling

et al. 2006).

6.1.3 The importance of different nitrogen pools

The identity and utilisation of different N reserve pools within Macrocystis tissues has

long garnered attention, but attention at low resolution. This work adopted a holistic ap-

proach to describe temporal variation in N reserves (and the relationship to growth) by quan-
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tifying multiple types of potential reserves (i.e. pigments, soluble NO3
-, amino acids) in

multiple distinct tissue types. N-pigment was highest in bladed tissues (excluding sporo-

phylls). Because maximum pigment concentrations in all tissues were small compared to

the maximum concentrations of soluble N-NO3
- and N-amino acid, it is unlikely that pig-

ments are major N reserves within Macrocystis. It was determined, however, that soluble

N-NO3
- and N-amino acid (total) are important endogenous nitrogen sources that support

tissue maintenance and growth.

Soluble N-NO3
- accumulated in all tissues during the winter. In the spring, pools were

rapidly utilised in canopy tissues (coinciding with accelerated growth), but mature blades

maintained elevated concentrations for much longer (until early summer), appearing to re-

lease NO3
- to canopy tissues until complete internal depletion of soluble NO3

-. The patterns

of N-amino acid concentrations differed between canopy and basal tissues. In canopy tissues,

N-amino acid decreased during the transition from spring to summer, while concentrations

increased in basal tissues. The loss in canopy tissues is similar to the gain in basal tissues,

and it is possible that amino acids in canopy tissues were relocated to basal tissues; nitro-

gen redistribution is observed in some terrestrial plants and is considered a survival strategy

(e.g. deciduous plants reabsorbing NO3
- and phosphate from leaves during autumn; Vitousek

1982). In the event of nutrient-related canopy loss (see Wheeler and North 1981), the relo-

cation of amino acids from canopy to basal tissues could facilitate frond regeneration by

using these stored amino acids, but further investigation using labelled (15N) amino acids is

necessary.

Growth models indicated that soluble NO3
-, alanine and glycine are the largest predictors

of variation in frond growth. Specifically, the key predictors are soluble NO3
- in sporophyll

and holdfast tissues, alanine concentrations in the scimitar and stipe, and glycine concen-

trations in adult blades. It is important to note that adult blades lost alanine the quickest

and holdfast tissues the slowest; by observing the temporal variations, it appears that the

holdfast gradually releases alanine to canopy tissues as ambient nitrogen conditions reach

low concentrations. Other important amino acids that were not linked to growth are aspartic

acid and arginine, which accumulated in sporophyll and holdfast tissues during the summer

and could be important temporary nitrogen stores – arginine especially because it has four

nitrogen atoms and is a nitrogen donor (Amir et al. 2002).
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6.2 Implications to measuring growth and predicting nitro-

gen limitation within macroalgae

Measuring growth. Variation in the supply of resources leads to fluctuations in pri-

mary productivity, thallus/blade morphology, and rates of tissue turnover (Hikosaka 2005,

Herbert and Fourqurean 2009). Numerous Macrocystis studies primarily utilise growth met-

rics (blade and stipe elongation) to investigate the kelp's response to environmental forcing

(see North 1971, Gerard 1982b, Zimmerman and Kremer 1986, Brown et al. 1997, Hep-

burn et al. 2007). Reed et al. (2008) argues that quantifying biomass is a better method

for tracking bed-wide productivity, but removing entire Macrocystis individuals from reefs

to measure biomass is both invasive and logistically difficult/expensive (as highlighted in

Chapter 2), and inherently reduces sample size. In addition, removing an individual thallus

and measuring its biomass represents a single point in time and does not capture intra-thallus

fluctuations in biomass – it is, therefore, difficult to interpret the actual growth and/or pro-

ductivity of that individual, which is especially important when extrapolating across the bed.

The work in this thesis introduces a modification to growth measurements: tissue re-

placement (∆ blade erosion subtracted from ∆ blade elongation, over time; Chapter 3,

Equation 3.2). Although biomass is not directly measured, tissue replacement rates pro-

vide an indication as to whether the blades measured are in a state of net growth or net tissue

loss. This is more useful than growth alone because Macrocystis can grow even when tissue

chemistry reflects nitrogen limitation (see Zimmerman and Kremer 1986, Brown et al. 1997),

but sometimes the variation in ambient nutrients has no affect on growth (see North 1971,

Wheeler and North 1981, Brzezinski et al. 2013). Determining whether photosynthetically

active tissues are at a net loss or net gain has larger physiological and ecological implications

than determining whether growth rates are reduced (e.g. tissue replacement can be positive

even when growth is reduced). In addition, comparing tissue %N and C:N to blade metrics

using regression analysis (Table 6.1) shows that tissue chemistry better predicts the varia-

tion in tissue replacement rates compared to blade growth or erosion (note: no significant

relationships with blade elongation and erosion using Otago data).
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Table 6.1: The relationships between %N and C:N in adult blade tissues and their respective
growth/erosion metrics. The values in bold indicate stronger relationships and asterisks represent
which relationships were not significant. The dataset from Chapter 3 was used for these analyses.

Tissue Replacement Blade Elongation Blade Erosion
p r2 p r2 p r2

%N
Otago 0.013 0.607 0.222 0.343* 0.115 0.501*

Stewart Island 0.002 0.772 0.018 0.573 0.037 0.484
C:N

Otago 0.002 0.763 0.076 0.586* 0.115 0.502*

Stewart Island 0.001 0.785 0.030 0.513 0.033 0.501

Nitrogen limitation models. The majority of literature concerning nitrogen limitation

in Macrocystis refers to the work of Gerard (1982b), which defines that tissue nitrogen ≥
2% is a necessary to sustain maximum growth rate and that nitrogen ≤ 1% limits or reduces

growth. Many also refer to Hanisak (1983), who suggests that C:N molar ratios ≥ 15 in-

dicate nitrogen exhaustion in macroalgae (not specific to Macrocystis). Determining what

is sustained growth versus reduced growth can be subjective and lacks physiological and/or

ecological context (i.e. are tissues at a net loss or net gain at 1.1% nitrogen?). Remark-

ably, more than 30 years of physiological data have accumulated since these models were

suggested and, to my knowledge, they have not been corroborated.

Data from this thesis somewhat align with these models, but the data suggest that critical

values are change across geographic location. During seasonally low concentrations sea-

water N, the mean %N of Macrocystis tissues in Otago were lower than those measured in

Stewart Island tissues (≈ 0.8% versus 1.3%), and mean C:N ratios were higher in Otago (≈
50 versus 30) (see Figure A.3.1). Based on these data, one would expect higher growth rates

in Stewart Island kelp because Otago tissues are beyond the depletion values suggested by

Gerard (1982b) and Hanisak (1983), but growth rates between the two regions were similar

during the summer but erosion rates were much higher in Stewart Island kelp (Figure A.3.2).

This suggests that the existing models need to be refined for Macrocystis populations in SE

New Zealand, at least, especially considering that the relationship between blade elongation

and tissue %N and C:N is not significant for Otago populations (determined using regres-

sion, Table 6.1). Using tissue replacement instead of growth, nitrogen depletion models (for

%N and C:N values (x)) were plotted for both regions (Figure 6.1). In these models, nitrogen

depletion is defined as point of transition from positive tissue replacement rates to negative

rates (y = 0).
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Figure 6.1: The relationships between tissue replacement rates and the %N (left) and C:N molar
ratios (right) measured in adult canopy blades from Otago and Stewart Island. The dashed line
indicates where y = 0, the transition point between positive tissue replacement rates (y > 0) and
negative (y < 0); this defined as the threshold of N depletion within Macrocystis in this study.
[%N] Otago: r2 = 0.607, y = 2.461x - 1.335, depleted when x = 0.54% (SE = 0.07); Stewart Island:
r2 = 0.772, y = 4.025x -6.103, depleted when x = 1.52% (SE = 0.04). [C:N] Otago: r2 = 0.763, y
= -0.044x + 2.781, depleted when x = 63.78 (SE = 3.68); Stewart Island: r2 = 0.785, y = -0.244x +
6.176, depleted when x = 25.34 (SE = 0.64). These data are from Chapter 3.

These models indicate that adult canopy blades reach nitrogen depletion when %N is

≤ 0.54% and 1.52% and when C:N values are ≥ 63.78 and 25.34 for Macrocystis growing

in Otago and Stewart Island, respectively. This implies that populations across regions have

different tolerances to low nitrogen conditions. It is unclear what drives these differences, but

there is inherent variability in the light environments between Otago and Stewart Island (see

Chapter 1, Section 1.6) that might have resulted in ecotypic differentiation in the nitrogen

metabolisms (see Gerard 1988), as well as the source of nitrogen subsidies (see discussion

in Chapter 3). Are data from one year sufficient? Ideally, these models would be built using

data from multi-year sampling to improve model rigour by including annual variability in

kelp response to fluctuations in environmental conditions. Data from Chapter 4, however,

supports the Stewart Island model, suggesting that tissue %N values ≤ 1.60% in kelp from a

different year indicated nitrogen exhaustion, which is close to the 1.52% modelled here.

Although similar (particularly models for Stewart Island kelp), the nitrogen limitation

models presented by Gerard and Hanisak do not wholly align with the data in this thesis.

This highlights the importance for new discussion within the scientific community about

what parameters best define nutrient limitation/depletion in marine macroalgae. Discussions

should include physiological consequences beyond reduced growth (e.g. net tissue loss or

gain), as well whether different ecotypes (e.g. turbid versus clear waters; sensu Gerard 1988)

or subsidy sources impose predictable influences on the physiology of macroalgae.
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6.3 Future research

6.3.1 Ammonium fertilisation

The study in which Macrocystis was fertilised with NO3
- was a novel approach in deter-

mining how it prioritises the use of nitrogen when ambient concentrations are limiting. While

NO3
- is considered as the dominant form of nitrogen available marine algae because it is the

most stable in aquatic environments (Syrett 1981, Sharp 1983), it has been suggested that

NH4
+ is often at adequate concentrations to relieve nitrogen stress during limitation events

(see Brzezinski et al. 2013). Seawater nitrogen concentrations from Chapter 3 (Figure 3.3)

corroborate this suggestion.

NH4
+ cannot be stored in vacuoles within algal tissues like NO3

- (Chapin 1980) and it

is suggested that NO3
- grown cells have the predisposition to use NH4

+ towards amino acid

synthesis (Flynn 1991). In fact, the source (i.e. NO3
-, NH4

+) as well as the concentration of

N being assimilated has been shown to affect the free amino acid pool in algae (Bird et al.

1982, Vona et al. 1992). Adrian (1994) did not measure significant differences in tissue

%N or Chlorophyll a concentrations from algae grown using NO3
- and NH4

+ treatments, but

the amino acid composition was observed to reflect the different N sources. Glutamic acid,

alanine and citrulline concentrations were higher in the NO3
- treatment, while the NH4

+ treat-

ment resulted in a marked decrease in alanine and increase in phenylalanine (Adrian 1994).

To determine the importance of NH4
+ when NO3

- is limiting, a fertilisation study similar to

that in Chapter 4 should be conducted, but using blocks inoculated with NO3
- only, NO3

-

+ NH4
+, and NH4

+ only. Not only would this elucidate how Macrocystis utilises these two

species of nitrogen when physiologically stressed, but it would also help determine whether

NH4
+ is indeed an important/equivalent substitute for NO3

- for Macrocystis physiology, as

suggested by Brzezinski et al. (2013).

6.3.2 Importance of basal tissues

The importance of mature, basal blades within Macrocystis fronds is unresolved. These

tissues undergo passive erosion, which can be accelerated by physical stresses imposed on

them by epifaunal colonisation (see Hepburn 2003). The loss of basal tissues is often con-

sidered inconsequential to growth because they are located below the canopy and therefore

do not receive optimal light for photosynthesis (Foster 1975, Gerard 1984, Reed and Foster

1984) and because of reduced nitrogen uptake rates (see Gerard 1982a). If this is the case, it

is unknown why Macrocystis maintains its basal tissues – even if only partially, as evidenced
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by sustained and increased pigmentation (see Colombo-Pallotta et al. 2006, Chapter 5) –

instead of shedding the blades to conserve energy and resources. Perhaps it is that they are

important to nutrient storage, as suggested by Gerard (1982b) and supported by work in this

thesis (see Chapter 5), or an important site for NO3
- reduction (discussed in Chapter 4).

The importance of basal blades needs to be directly tested via experimentation. Can

Macrocystis fronds survive without basal tissues? If they survive, is productivity reduced

when basal tissues are absent? Are basal blades, in fact, important sites for nutrient storage

or NO3
- reduction? The most obvious experimental strategy is to remove basal blades and

then monitor Macrocystis growth and tissue chemistry in these experimental fronds as well

as undisturbed, control fronds. It would be necessary to remove basal blades from all fronds

on the same individual to control for intra-thallus translocation to neighbouring basal blades.

Of course, it would also be interesting to remove blades from one frond and then monitor the

activity (e.g. soluble NO3
- and nitrate reductase) in basal blades of neighbouring fronds; do

blades within the experimental frond compensate for the removal of basal blades (i.e. do the

new bottom-most blades adopt basal blade characteristics?) or are physiological processes

preferentially ‘outsourced’ to neighbouring basal blades?

6.3.3 Nitrogen reabsorption from canopy blades and mode of transport

Referring back to the seasonal concentrations of N-amino acid (total) in canopy versus

basal tissues (Chapter 5, Fig 5.4c), it appears that some resources might have been translo-

cated from canopy to basal tissues for summer storage. During the summer, erosion of

Macrocystis blades in the canopy is high (see Chapters 3 and 5) due to nutrient stress and

it is possible that amino acids are ‘reabsorbed’ or translocated to basal tissues to reduce re-

source loss via erosion. Similar responses are observed in terrestrial plants (see Chapin 1980,

Cooke and Weih 2005).

Whether Macrocystis reabsorbs nitrogen can be directly investigated using KNO3 la-

belled with 15N. To test such, Macrocystis fronds should be fertilised prior to N limited con-

ditions (e.g. spring, October and November) using methods similar to those used in Chapter

4, but with a higher proportion of 15N (e.g. 10 atom h). Tissues throughout the frond

should be sampled immediately after fertilisation and the frond should be left to grow for

1-2 months before tissues are again sampled when ambient N is low (e.g. summer, January

and February). If the δ15N signature of basal blades during the summer is higher than that

measured in the spring, it is an indication that N from the canopy was translocated to basal

blades instead of assimilation of non-experimental N (fronds that were not fertilised would

be used to control for natural variation of δ15N).
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The use of 15N labelling in this study would also lend itself to identifying which com-

pounds are used in N translocation. Data from Chapter 5, for example, suggests that N is

stored as soluble NO3
- in mature blades and is perhaps disseminated to canopy tissues in the

form of soluble NO3
- (as evidenced by slightly elevated concentrations in the stipe). This

can be verified using labelling methods because it is possible to quantify the isotopic signa-

tures belonging to specific compounds and/or amino acids (e.g. δ15N - Ala) using advanced

HPLC methods (pers. comm. with Amadine Sabadel). These methods can also be used to

determine which compounds or amino acids are used during ‘reabsorption’.

6.4 Conclusions

The catalyst of this work was the paradox that Macrocystis is a perennial kelp that is also

fast-growing with high nutrient demands. It has, repeatedly, been shown that fast-growing

photoautotrophs dominate when nutrients are elevated (Chapin 1980, 1986, Sand-Jensen and

Borum 1991, Duarte 1995) but are absent or inconspicuous in nutrient-poor systems (see

Pedersen 1995). As a temperate perennial, Macrocystis is exposed to both nutrient poor and

replete conditions but still thrives even when ambient nitrogen is low. What facilitates such

success?

The position within a kelp bed (even a small one) can enhance nitrogen uptake.
Despite relatively uniform concentrations of nitrogen in the seawater throughout small beds,

results from Chapters 2 and 3 demonstrate that some kelp individuals have a physiological

advantage due to their bed location and associated mass-transfer rates. Namely, kelp growing

near the bed's exterior is subject to increased water motion (both from waves and currents),

this enhances its rates of mass-transfer with the surrounding body of water, which then en-

hances nitrogen uptake. This mechanism is especially important during summer limitation

events. Kelp at the interior of the bed are at risk of being mass-transfer limited.

A kelp with integrity: tissue preservation is prioritised over growth. Macrocystis

individuals that were fertilised with ecologically relevant concentrations of NO3
- did not

respond by growing, instead, they displayed increases blade thickness, %N within their tis-

sues, pigmentation, tissue replacement rates, and reduced erosion rates. These responses

suggest that preserving already existing tissues is more important than growing new tissues

for Macrocystis. It is probable that this strategy facilitates a quicker physiological response

to future nutrient enhancement due to reduced loss of blade surface area that is critical for
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both nutrient uptake and photosynthesis.

Different nitrogen reserves are used in different seasons. Soluble NO3
- rapidly ac-

cumulated in mature blades when ambient concentrations were replete during the winter.

This NO3
- persisted in mature tissues even after ambient concentrations began to drop, but

appear to have been slowly translocated to canopy tissues to facilitate tissue maintenance

and growth during the spring/early summer. Soluble NO3
- reached high concentrations only

during the following winter. In canopy tissues, amino acid concentrations decreased dur-

ing the summer but increased (in synchrony) in basal tissues; these data indicate that amino

acids were potentially redistributed from canopy to basal tissues when the kelp were nitrogen

stressed during the summer. Then basal amino acid concentration decreased in the autumn –

coinciding with accelerated growth – while concentrations in canopy tissues increased, indi-

cating that amino acids from basal tissues could have partially fuelled autumn growth. It is

unlikely that pigments were important contributors to nitrogen reserves, but more research is

warranted to investigate their role in NO3
- reduction in mature blades.

Final remarks This collective work has used a holistic approach to better understand

ways in which Macrocystis is successful in mitigating nitrogen limitation. The most striking

findings are: (1) Macrocystis has a nitrogen-use strategy to reduce tissue loss instead of using

all of its resources on growth like other fast-growing algae do; (2) that there is clear func-

tional differentiation amongst tissues, which changes the physiological research platform for

complex algae because previous studies generally assume homogeneity; and (3) that Macro-

cystis relies on different forms of endogenous nitrogen in different seasons. In the current

literature, Macrocystis is already considered complex relative to other algal species, but the

work presented here highlights that the field is wide open for further physiological studies

and that we, in fact, don’t actually know much about specific processes and mechanisms

within Macrocystis thalli (let alone species that receive little to no attention), and much of

what we ‘know’ about more advanced macroalgal physiology is extrapolated from terres-

trial research. Applying the same amount of scientific rigour to macroalgal research that

is applied to terrestrial studies is becoming increasingly important because of the changing

coastal environment (due to urbanisation and climate change), to the current and planned

proliferation of algal aquaculture, and because of the potential use of algae as biofuels.
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Lüder, U. H., Knoetzel, J., and Wiencke, C. (2002). Acclimation of photosynthesis and

pigments to seasonally changing light conditions in the endemic Antarctic red macroalga

Palmaria decipiens. Springer.

Lüning, K. (1984). Temperature tolerance and biogeography of seaweeds: the marine algal

flora of Helgoland (North Sea) as an example. Helgoländer Meeresuntersuchungen, 38(2),

305–317.
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A.2 Chapter 2 Appendix

Table A.2.1: Density (individuals m-2) of individuals from selected macroalgal species,
across depths. Values represent means ± 1 SE (n = 5).

Depth
Species 2 m 4 m 6 m 8 m 10 m

Macrocystis pyrifera (mature) 3.0 ± 0.45 1.6 ± 0.24 1.0 ± 0.32 1.0 ± 0.32 0.8 ± 0.20
Macrocystis pyrifera (juv.) 9.0 ± 1.92 2.6 ± 1.69 – – –

Ecklonia radiata – 3.2 ± 0.73 4.4 ± 1.96 3.6 ± 0.75 3.8 ± 0.73
Carpophyllum flexuosum 0.2 ± 0.20 1.4 ± 0.93 0.8 ± 0.37 0.8 ± 0.37 1.4 ± 0.40
Marginariella urvilliana 2.0 ± 0.84 5.6 ± 1.21 7.8 ± 2.31 2.8 ± 0.86 0.6 ± 0.24

Sargassum sinclairii 0.2 ± 0.20 0.4 ± 0.24 0.4 ± 0.24 0.4 ± 0.24 0.4 ± 0.24
Landsburgia quercifolia 0.4 ± 0.24 0.6 ± 0.24 – – –

Cystophora scalaris 1.0 ± 0.55 0.2 ± 0.20 – – –
Cystophora platylobium 0.8 ± 0.37 0.2 ± 0.20 – – –

Xiphophora gladiata 1.6 ± 0.93 – – – –

Table A.2.2: Biomass (kg m-2) of individuals from selected macroalgal species across
depths; the biomass of juvenile Macrocystis was not determined. Values represent means ±
1 SE (Macrocystis, n = 3; other browns, n = 10).

Depth
Species 2 m 4 m 6 m 8 m 10 m

Macrocystis pyrifera 12.99 ± 1.94 – 12.24 ± 3.87 – 13.30 ± 3.32
Ecklonia radiata – 2.28 ± 0.23 2.71 ± 0.17 2.82 ± 0.27 1.80 ± 0.10

Carpophyllum flexuosum 0.14 ± 0.06 1.01 ± 0.23 0.35 ± 0.09 0.55 ± 0.21 0.64 ± 0.09
Marginariella urvilliana 1.18 ± 0.16 2.26 ± 0.07 4.20 ± 0.13 1.37 ± 0.12 0.23 ± 0.06

Sargassum sinclairii 0.12 ± 0.04 0.20 ± 0.08 0.24 ± 0.14 0.32 ± 0.28 0.10 ± 0.03
Landsburgia quercifolia 0.07 ± 0.01 0.11 ± 0.04 – – –

Cystophora scalaris 0.20 ± 0.02 0.08 ± 0.04 – – –
Cystophora platylobium 0.77 ± 0.41 0.19 ± 0.07 – – –

Xiphophora gladiata 0.35 ± 0.09 – – – –
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df F p
Chl a

Tissue 5,306 234.66 < 0.001
Season 3,306 14.13 < 0.001
Tissue:Season 15,306 6.72 < 0.001

Chl c
Tissue 5,306 10.82 < 0.001
Season 3,306 1.59 0.192
Tissue:Season 15,306 0.52 0.926

Fucoxanthin
Tissue 5,306 195.48 < 0.001
Season 3,306 10.67 < 0.001
Tissue:Season 15,306 4.69 < 0.001

Table A.5.1: Statistical values from two-
way ANOVA testing for differences the
means of specific pigments across both tissue
type and season. Significant results are shown
in bold.
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Table A.5.2: Mean pigment concentrations (± 1 SE) measured in each tissue type, across season (n
= 3).

Spring Summer Autumn Winter

Chl a (mg g-1)

Scimitar 4.83 ± 0.24 3.17 ± 0.26 5.99 ± 0.32 4.63 ± 0.33

Stipe 1.08 ± 0.05 1.02 ± 0.06 1.04 ± 0.03 1.16 ± 0.05

Adult blade 4.38 ± 0.25 2.92 ± 0.20 3.80 ± 0.26 4.57 ± 0.21

Mature blade 5.55 ± 0.26 4.53 ± 0.46 5.52 ± 0.38 3.87 ± 0.29

Sporophyll 1.98 ± 0.12 1.95 ± 0.23 1.93 ± 0.17 2.12 ± 0.23

Holdfast 0.33 ± 0.02 0.27 ± 0.03 0.17 ± 0.02 0.26 ± 0.04

Chl c (mg g-1)

Scimitar 0.489 ± 0.026 0.318 ± 0.028 0.514 ± 0.026 0.418 ± 0.027

Stipe 0.088 ± 0.014 0.092 ± 0.016 0.094 ± 0.018 0.073 ± 0.003

Adult blade 0.315 ± 0.013 0.190 ± 0.010 0.267 ± 0.020 0.331 ± 0.019

Mature blade 0.511 ± 0.024 0.371 ± 0.025 0.509 ± 0.036 0.371 ± 0.033

Sporophyll 0.201 ± 0.010 0.166 ± 0.021 0.184 ± 0.015 0.217 ± 0.025

Holdfast 0.042 ± 0.003 0.047 ± 0.009 0.030 ± 0.003 0.037 ± 0.004

Fucoxanthin (mg g-1)

Scimitar 2.060 ± 0.110 1.262 ± 0.099 2.125 ± 0.115 1.801 ± 0.133

Stipe 0.467 ± 0.020 0.484 ± 0.028 0.471 ± 0.013 0.515 ± 0.026

Adult blade 1.622 ± 0.102 1.160 ± 0.070 1.377 ± 0.095 1.538 ± 0.067

Mature blade 1.917 ± 0.111 1.593 ± 0.152 1.824 ± 0.135 1.334 ± 0.096

Sporophyll 0.772 ± 0.052 0.785 ± 0.093 0.747 ± 0.057 0.816 ± 0.090

Holdfast 0.166 ± 0.013 0.127 ± 0.017 0.079 ± 0.010 0.114 ± 0.017
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Table A.5.3: Statistical values from two-way ANOVA testing for differences the means of specific
amino acids across both tissue type and season.

df F p df F p
Aspartic Acid Cystine

Tissue 5,84 35.92 <0.001 Tissue 5,84 2.12 0.071
Season 3,84 60.44 <0.001 Season 3,84 3.69 0.015
Tissue:Season 15,84 3.40 <0.001 Tissue:Season 15,84 0.44 0.960

Glutamic Acid Proline
Tissue 5,84 38.57 <0.001 Tissue 5,84 7.30 <0.001
Season 3,84 50.82 <0.001 Season 3,84 2.32 0.081
Tissue:Season 15,84 4.65 <0.001 Tissue:Season 15,84 1.03 0.438

Serine Methionine
Tissue 5,84 36.25 <0.001 Tissue 5,84 10.63 <0.001
Season 3,84 7.81 <0.001 Season 3,84 8.50 <0.001
Tissue:Season 15,84 2.55 0.004 Tissue:Season 15,84 1.28 0.234

Histidine Valine
Tissue 5,84 30.97 <0.001 Tissue 5,84 32.57 <0.001
Season 3,84 14.51 <0.001 Season 3,84 34.74 <0.001
Tissue:Season 15,84 2.79 0.002 Tissue:Season 15,84 3.61 <0.001

Glycine Phenylalanine
Tissue 5,84 125.45 <0.001 Tissue 5,84 42.91 <0.001
Season 3,84 11.45 <0.001 Season 3,84 14.09 <0.001
Tissue:Season 15,84 3.71 <0.001 Tissue:Season 15,84 3.40 <0.001

Threonine Isoleucine
Tissue 5,84 67.60 <0.001 Tissue 5,84 58.30 <0.001
Season 3,84 20.85 <0.001 Season 3,84 22.45 <0.001
Tissue:Season 15,84 2.63 0.003 Tissue:Season 15,84 3.74 <0.001

Arginine Leucine
Tissue 5,84 7.46 <0.001 Tissue 5,84 37.28 <0.001
Season 3,84 34.87 <0.001 Season 3,84 96.53 <0.001
Tissue:Season 15,84 1.32 0.207 Tissue:Season 15,84 2.82 0.001

Alanine Lysine
Tissue 5,84 41.36 <0.001 Tissue 5,84 26.92 <0.001
Season 3,84 29.34 <0.001 Season 3,84 10.47 <0.001
Tissue:Season 15,84 4.11 <0.001 Tissue:Season 15,84 2.77 0.002

Tyrosine
Tissue 5,84 19.61 <0.001
Season 3,84 30.02 <0.001
Tissue:Season 15,84 2.15 0.015
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Table A.5.4: SIMPER analysis showing mean dissimilarity values (in brackets next to seasons) that
drive seasonal nitrogen pool grouping, as seen in the MDS plots (Figure 5.8a); for example, the
nitrogen pools in summer and winter are 7.90% different from each other. Listed under the season
comparison identification (e.g. Spring vs Summer) are the top five individual nitrogen compounds,
within the pool, responsible for causing dissimilarity between selected seasonal comparisons. Avg.
Diss. = average dissimilarity; % Cont. = percent contribution; Cum. % = cumulative percent.

Avg.
Diss. % Cont. Cum. % Avg.

Diss. % Cont. Cum. %

Spring vs Summer (5.20) Spring vs Autumn (4.35)
NO3

- 1.62 31.23 31.23 NO3
- 0.83 19.05 19.05

Cys 0.57 10.89 42.12 Pro 0.51 11.66 30.71
Pro 0.31 5.99 48.11 Cys 0.30 6.99 37.7
Ala 0.30 5.84 53.95 Glu 0.28 6.45 44.15
Met 0.23 4.42 58.37 Arg 0.27 6.10 50.25

Spring vs Winter (5.98) Summer vs Autumn (5.47)
Pro 0.88 14.71 14.71 NO3

- 1.33 24.28 24.28
NO3

- 0.86 14.38 29.10 Cys 0.52 9.55 33.83
Leu 0.39 6.59 35.69 Pro 0.42 7.65 41.48
Asp 0.39 6.54 42.23 Arg 0.38 7.01 48.49
Arg 0.38 6.43 48.66 Ala 0.35 6.40 54.90

Summer vs Winter (7.90) Autumn vs Winter (5.04)
NO3

- 2.31 29.22 29.22 NO3
- 1.51 19.30 19.30

Pro 0.84 10.67 39.89 Pro 1.44 17.72 37.01
Cys 0.53 6.66 46.54 Ala 1.80 8.17 45.19
Arg 0.50 6.38 52.92 Met 1.32 4.57 49.76
Asp 0.45 5.72 58.64 Leu 1.94 3.81 53.57
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Similarity % Cont. Cum. %

Spring (96.60)
NO3

- 3.08 6.58 6.58
Asp 13.12 6.33 12.91
Glu 20.15 6.33 19.23
Ala 13.13 6.32 25.55
Pro 15.96 6.14 31.69

Summer (96.15)
Asp 15.08 6.71 6.71
Pro 14.36 6.33 13.04
Glu 22.31 6.28 19.32
Ala 15.57 6.22 25.54
Arg 22.11 5.98 31.52

Autumn (97.72)
Ala 27.9 6.69 6.69
Pro 4.71 6.27 12.96
NO3

- 5.94 6.10 19.06
Asp 16.82 5.96 25.01
Glu 53.46 5.90 30.91

Winter (96.28)
NO3

- 5.37 8.42 8.42
Ala 15.61 6.12 14.54
Glu 20.39 6.00 20.54
Asp 8.64 5.91 26.44
Cys 26.86 5.39 31.83

Table A.5.5: SIMPER analysis showing
mean similarity values (in brackets next to
season) that drive nitrogen pool grouping seen
in the MDS plots (Figure 5.8a). For example,
the nitrogen pools across tissues are 96.60%
similar in the spring. Listed under each sea-
son are the top five individual nitrogen com-
pounds, within the pool, responsible for driv-
ing similarity within the season. % Cont. =
percent contribution; Cum. % = cumulative
percent.
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Table A.5.6: SIMPER analysis showing mean dissimilarity values (in brackets next to tissues) that
drive the nitrogen pool grouping in tissue types, as seen in the MDS plots (Figure 5.8b); for example,
the nitrogen pools in scimitar and stipe tissues are 8.96% different from each other. Listed under
the tissue comparison identification (e.g. Adult vs Mature) are the top five individual nitrogen com-
pounds, within the pool, responsible for causing dissimilarity between selected tissue comparisons.
Avg. Diss. = average dissimilarity; % Cont. = percent contribution; Cum. % = cumulative percent.

Avg.
Diss. % Cont. Cum. % Avg.

Diss. % Cont. Cum. %

Scimitar vs Stipe (8.96) Scimitar vs Adult (3.92)
NO3

- 0.80 8.87 8.87 NO3
- 0.59 14.95 14.95

Chl a 0.65 7.24 16.11 Pro 0.59 14.94 29.89
Pro 0.62 6.96 23.07 Cys 0.38 9.58 39.47
Cys 0.60 6.67 29.74 Ala 0.27 6.78 46.25
Gly 0.54 6.02 35.76 Arg 0.25 6.50 52.75

Scimitar vs Mature (4.74) Scimitar vs Sporophyll (6.29)
NO3

- 1.12 23.72 23.72 NO3
- 1.03 16.41 16.41

Pro 0.60 12.57 36.29 Pro 0.96 15.22 31.63
Cys 0.37 7.79 44.09 Chl a 0.40 6.33 37.97
Ala 0.24 5.04 49.13 Cys 0.35 5.53 43.49
Asp 0.18 3.70 52.83 Ala 0.35 5.52 49.01

Scimitar vs Holdfast (8.13) Stipe vs Adult (8.19)
Chl a 1.12 13.80 13.80 NO3

- 1.05 12.85 12.85
NO3

- 1.03 12.62 26.42 Chl a 0.62 7.56 20.41
Fux 0.86 10.62 37.04 Cys 0.54 6.63 27.03
Pro 0.63 7.72 44.76 Pro 0.54 5.41 32.44
Chl c 0.55 6.83 51.59 Gly 0.44 5.13 37.57

Stipe vs Mature (8.20) Stipe vs Sporophyll (9.88)
NO3

- 1.07 13.07 13.07 Pro 0.77 7.76 7.76
Chl a 0.70 8.55 21.62 Ala 0.76 7.67 15.43
Pro 0.60 7.35 28.98 NO3

- 0.70 7.12 22.56
Fux 0.45 5.43 34.41 Gly 0.61 6.17 28.73
Cys 0.44 5.43 39.83 Thr 0.59 6.01 34.74

Stipe vs Holdfast (7.06) Adult vs Mature (4.30)
Asp 0.64 9.06 9.06 NO3

- 0.83 19.34 19.34
NO3

- 0.60 8.49 17.55 Pro 0.58 13.44 32.77
Pro 0.57 8.01 25.56 Cys 0.33 7.70 40.47
Chl a 0.52 7.42 32.98 Ala 0.24 5.52 45.99
Cys 0.47 6.67 39.65 Arg 0.24 5.51 51.50

Adult vs Sporophyll (6.40) Adult vs Holdfast (7.87)
NO3

- 1.23 19.30 19.30 NO3
- 1.18 15.04 15.04

Pro 0.71 11.14 30.43 Chl a 1.09 13.90 28.93
Ala 0.52 8.18 38.61 Fux 0.80 10.20 39.14
Cys 0.37 5.81 44.43 Pro 0.53 6.80 45.93
Chl a 0.37 5.79 50.22 Chl c 0.44 5.63 51.56

Mature vs Sporophyll (6.64) Mature vs Holdfast (7.22)
NO3

- 1.39 20.99 20.99 Chl a 1.17 16.21 16.21
Pro 0.81 12.24 33.24 NO3

- 0.96 13.33 29.54
Ala 0.50 7.53 40.77 Fux 0.84 11.63 41.17
Chl a 0.45 6.78 47.55 Pro 0.62 8.62 49.78
Cys 0.34 5.11 52.66 Chl c 0.56 7.71 57.50

Sporophyll vs Holdfast (8.10)
NO3

- 1.01 12.52 12.52
Pro 0.87 10.79 23.31
Chl a 0.69 8.54 31.85
Fux 0.52 6.41 38.26
Met 0.45 5.51 43.77
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Table A.5.7: SIMPER analysis showing mean similarity values (in brackets next to tissue type) that
drive nitrogen pool grouping seen in the MDS plots (Figure 5.8b). For example, the nitrogen pools
(across seasons) are 97.20% similar to each other in scimitar tissues. Listed under each tissue are
the top five individual nitrogen compounds, within the pool, responsible for driving similarity within
each tissue. % Cont. = percent contribution; Cum. % = cumulative percent.

Similarity % Cont. Cum. % Similarity % Cont.

Scimitar (97.20) Mature Blade (96.58)
Ala 6.18 6.35 6.35 NO3

- 2.05 6.98 6.98
Glu 5.94 6.11 12.47 Asp 13.94 6.00 12.98
Asp 5.81 5.98 18.44 Glu 33.81 5.87 18.85
Leu 5.32 5.48 23.92 Ala 21.34 5.79 24.64
Arg 5.30 5.46 29.37 Leu 12.47 5.38 30.03

Stipe (95.57) Sporophyll (96.34)
NO3

- 2.78 6.51 6.51 Ala 27.22 6.68 6.68
Pro 7.41 6.41 12.93 Glu 32.74 6.22 12.90
Ala 18.39 6.25 19.18 Asp 24.62 6.11 19.02
Asp 6.60 6.23 25.40 Pro 4.22 6.00 25.01
Glu 17.75 6.14 31.55 Arg 15.88 5.66 30.68

Adult Blade (96.30) Holdfast (96.24)
Asp 12.56 6.11 6.11 NO3

- 4.12 7.28 7.28
Glu 19.36 5.94 12.05 Asp 24.80 7.25 14.53
Ala 14.93 5.87 17.92 Glu 35.90 6.52 21.05
Pro 7.15 5.68 23.60 Ala 18.35 6.41 27.47
Leu 14.91 5.53 29.13 Arg 16.59 5.89 33.36
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Table A.5.8: Results from a DistLM identifying which nitrogen compounds are the most likely to
explain collective Macrocystis growth (blade elongation + stipe elongation + blade production pooled
into one model), and the strength of each compounds as a predictor. This DistLM includes nitrogen
data across all tissues (whole frond). For example, the combination of nitrogen compounds selected
by the pre-growth model explains 49.5% of kelp growth, where Val predicts 12.2% alone.

AICc Pseudo-F P % Cont. Cum. %
Pre-growth

Val 167.07 17.21 0.001 0.122 0.122
NO3

- 187.58 8.51 0.001 0.074 0.196
Ala 181.44 8.33 0.001 0.068 0.264
Cys 162.40 6.76 0.002 0.045 0.309
Met 146.95 7.55 0.002 0.041 0.350
Tyr 152.53 6.75 0.003 0.039 0.389
Thr 143.21 5.75 0.006 0.030 0.419
Ile 157.27 4.86 0.012 0.030 0.449
His 160.46 4.03 0.026 0.026 0.475
Ser 139.39 4.03 0.028 0.020 0.495

Post-growth
Arg 260.88 34.64 0.001 0.220 0.220
Tyr 227.52 26.77 0.001 0.122 0.342
Ala 289.55 13.32 0.001 0.112 0.454
His 250.27 13.05 0.001 0.074 0.528
Pro 219.52 10.15 0.001 0.043 0.571
Ser 213.50 8.07 0.005 0.032 0.603
Chl c 209.21 6.33 0.017 0.024 0.627
Lys 203.46 3.71 0.058 0.013 0.640
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Table A.5.9: Pre-growth measurements: results from multiple DistLMs identifying which nitrogen
compounds, separated by tissue type, are the most likely to explain collective Macrocystis growth
(blade elongation + stipe elongation + blade production pooled into one model), and the strength of
each compounds as a predictor. For example, the nitrogen compounds selected in scimitar tissues
explain 50.7% of frond growth, where Ala explains 39.9% alone.

AICc Pseudo-F P % Cont. Cum. %
Scimitar

Ala 27.60 10.63 0.001 0.399 0.399
Cys 26.95 3.27 0.045 0.108 0.507

Stipe
Ala 29.92 7.40 0.004 0.316 0.316
Thr 25.72 7.28 0.003 0.223 0.539
NO3

- 23.49 5.10 0.012 0.123 0.662
Cys 21.86 4.69 0.028 0.089 0.751
Gly 18.28 6.76 0.012 0.071 0.822
Met 21.34 3.98 0.049 0.062 0.884

Adult Blade
Gly 28.82 8.75 0.001 0.354 0.354

Mature Blade
Phe 32.82 3.92 0.034 0.197 0.197
Gly 30.85 4.68 0.017 0.191 0.388
Thr 25.81 7.04 0.018 0.167 0.555
Ile 29.68 4.01 0.01 0.136 0.691

Sporophyll
NO3

- 30.56 6.57 0.005 0.292 0.292
Holdfast

NO3
- 28.93 8.73 0.004 0.353 0.353

Leu 25.58 5.23 0.021 0.142 0.495
Met 27.93 3.64 0.047 0.126 0.621
Arg 22.57 6.11 0.004 0.121 0.742
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Table A.5.10: Post-growth measurements: results from multiple DistLMs identifying which nitro-
gen compounds, separated by tissue type, are the most likely to explain collective Macrocystis growth
(blade elongation + stipe elongation + blade production pooled into one model), and the strength of
each compounds as a predictor. For example, the nitrogen compounds selected in scimitar tissues
explain 67.2% of frond growth, where soluble NO3

- explains 26.3% alone. The results for sporophyll
tissues did not produce a model of nitrogen compounds that significantly explained kelp growth (Pro,
p = 0.129).

AICc Pseudo-F P % Cont. Cum. %
Scimitar

NO3
- 44.78 7.95 0.017 0.263 0.263

Pro 49.53 5.09 0.03 0.241 0.504
Ala 40.70 7.12 0.01 0.168 0.672

Stipe
Ala 36.54 27.41 0.001 0.631 0.631
Arg 27.41 14.28 0.001 0.180 0.811
Gly 24.76 5.55 0.033 0.054 0.865
Thr 23.74 4.55 0.078 0.035 90.00

Adult Blade
Gly 39.95 19.91 0.001 0.554 0.554
Chl c 32.82 9.07 0.005 0.137 0.691
NO3

- 38.46 4.16 0.077 0.097 0.788
Glu 32.30 3.64 0.062 0.046 0.834

Mature Blade
Chl c 40.99 17.90 0.001 0.528 0.528
Gly 35.22 9.29 0.004 0.181 0.709
Phe 33.09 5.03 0.021 0.077 0.786
Arg 26.73 18.66 0.010 0.066 0.852
Thr 31.46 4.67 0.044 0.057 .909
Pro 25.24 4.86 0.044 0.035 0.944

Sporophyll
Pro 51.92 2.44 0.129 0.132 0.132

Holdfast
NO3

- 44.80 7.95 0.017 0.263 0.263
Pro 49.53 5.09 0.030 0.241 0.504
Ala 40.70 7.20 0.011 0.168 0.672
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Figure A.5.1: Correlation plots of Chl a : Chl c (top) and Chl a : fucoxanthin, with all
tissues included in the same plot. The black line represents the trend line.
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Figure A.5.2: Mean aspartic acid (Asp) concentrations in each tissue type across temporal sam-
pling. Error bars: ± 1 SE (n = 3).
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Figure A.5.3: Mean glutamic acid (Glu) concentrations in each tissue type across temporal sam-
pling. Error bars: ± 1 SE (n = 3).
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Figure A.5.4: Mean serine (Ser) concentrations in each tissue type across temporal sampling. Error
bars: ± 1 SE (n = 3).

Scimitar Stipe Adult

Mature Sporophyll Holdfast
0.0
0.5
1.0
1.5
2.0
2.5

0.0
0.5
1.0
1.5
2.0
2.5

Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug

H
is

tid
in

e 
(m

g 
g-1

 D
W

)

Figure A.5.5: Mean histidine (His) concentrations in each tissue type across temporal sampling.
Error bars: ± 1 SE (n = 3).
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Figure A.5.6: Mean glycine (Gly) concentrations in each tissue type across temporal sampling.
Error bars: ± 1 SE (n = 3).
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Figure A.5.7: Mean threonine (Thr) concentrations in each tissue type across temporal sampling.
Error bars: ± 1 SE (n = 3).
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Figure A.5.8: Mean arginine (Arg) concentrations in each tissue type across temporal sampling.
Error bars: ± 1 SE (n = 3).
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Figure A.5.9: Mean alanine (Ala) concentrations in each tissue type across temporal sampling.
Error bars: ± 1 SE (n = 3).
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Figure A.5.10: Mean tyrosine (Tyr) concentrations in each tissue type across temporal sampling.
Error bars: ± 1 SE (n = 3).
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Figure A.5.11: Mean cystine (Cys) concentrations in each tissue type across temporal sampling.
Error bars: ± 1 SE (n = 3).

196



Scimitar Stipe Adult

Mature Sporophyll Holdfast
0

10

20

30

40

0

10

20

30

40

Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug

Pr
ol

in
e 

(m
g 

g-1
 D

W
)

Figure A.5.12: Mean proline (Pro) concentrations in each tissue type across temporal sampling.
Error bars: ± 1 SE (n = 3).
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Figure A.5.13: Mean methionine (Met) concentrations in each tissue type across temporal sam-
pling. Error bars: ± 1 SE (n = 3).
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Figure A.5.14: Mean valine (Val) concentrations in each tissue type across temporal sampling.
Error bars: ± 1 SE (n = 3).
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Figure A.5.15: Mean phenylalanine (Phe) concentrations in each tissue type across temporal sam-
pling. Error bars: ± 1 SE (n = 3).

198



Scimitar Stipe Adult

Mature Sporophyll Holdfast
0
1
2
3
4
5
6

0
1
2
3
4
5
6

Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug

Is
ol

eu
ci

ne
 (m

g 
g-1

 D
W

)

Figure A.5.16: Mean isoleucine (Ile) concentrations in each tissue type across temporal sampling.
Error bars: ± 1 SE (n = 3).

Scimitar Stipe Adult

Mature Sporophyll Holdfast
0

3

6

9

12

0

3

6

9

12

Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug

Le
uc

in
e 

(m
g 

g-1
 D

W
)

Figure A.5.17: Mean leucine (Leu) concentrations in each tissue type across temporal sampling.
Error bars: ± 1 SE (n = 3).
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Figure A.5.18: Mean lysine (Lys) concentrations in each tissue type across temporal sampling.
Error bars: ± 1 SE (n = 3).
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