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patterned (1006). Error bars = SE. Bars sharing the same letter are
not significantly different (Leastquare means test, p>0.05)................ 57
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Figure 4.1.Randomized setpiof the onditre Florence flasks stocked with
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Figure 4.2. Bectral power distribution of the 6500K fluorescent tubes
F54W/T5/865/ECO. Power measured as microwatt per nanometer of
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Figure 4.3 Effect of irradiance and stocking density on ammonium uptake
efficiency of Chondrus crispusultured under artificidight
(Photosynthetic Photon Flu»)Fluence R
with a photoperiod of 16:8 (light:dark) at 10 °C. A) Light saturation
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Figure 4.4.Effect of irradiance and stocking density on orthophosphate uptake
efficiency of Chondrus crispusultured under artificial light
(Photosytt et i ¢ Photon Flux Flué&slcte Rate of
with a photoperiod of 16:8 (light:dark) at 10 °C. A) Light saturation
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the high stocking density (10 g'lFW). Dotted lines the predicted
curve, the difference between the solid line and the dotted line
represents the effect of stocking density. Error bars = SE, n = 16, four
samples X four repliCates...........oovi i) 94
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Figure 4.5 Effect of irradiance and stocking density on specific growth rate of
Chondrus crispusultured under artificial light (Photosynthetic Photon
FluxFl uence Rat e o¥fs?!)withaphotopbriddof € mol m
16:8 (light:dark) at 10 °C. A) Light saturation curves. B) Effect of
stocking density on specific growth rate. Dashed lines represent low
stocking density (2 g LFW). Solid lines the hightocking density
(10 g L1 FW). Dotted lines the predicted curve, the difference
between the solid line and the dotted line represents the effect of
stocking density. Error bars = SE, n =12, three samples x four
=T 0] o= (=P 96

Figure 4.6 Effect of irradiance and stocking density on the photosynthetic rate of
Chondrus crispusultured under artificial light (Photosynthetic Photon
Flux Fluence Rate of 30 0 5 0 0 2 sh)mwithla phatoperiod of
16:8 (light:dark) at 10 °C. A) Effect of stocking density on
photosynthesis. B) Light saturation curves. Dashed lines represent
low stocking density (2 g'LFW). Solid lines the high stocking
density (10 g ! FW). Dotted lines the predicted curve, the difference
between the solid line and the dotted line represents the effect of
stocking density. Error bars = SE, n = three replicates...................... 98

Figure 4.7 Dark respiration rate @@hondrus crispusultured under artificial light
(Photosynthei ¢ Phot on Flux Fluersle Rate of
with a photoperiod of 16:8 (light:dark) at 10 °C. Dashed line
represents low stocking density (2 g EW). Solid line the high
stocking density (10 g'LFW). Error bars = SE, n = three replicates..99

Figure 4.8 Tissue pigment content @hondrus crispusultured at two stocking
densities (2 and 10 g1FW) under artificial light (Photosynthetic
Photon Flux Fluence?®R)aitha of 50 to 500
photoperiod of 16:8 (light:dark) at 10 °C. Horizontal hatch pattern
corresponds to chlorophydl(Chl a), solid to phycocyanin (PC) and
diagonal hatch pattern to phycoerythrin (PE)............cccoeeeiiiiieecnnnnnns 100

Figure 4.9 Relationship between the phycobiliproteins to chloropdygitio and
the specific growth rate @hondrus crispusulture under artificial
light (Photsynthetic Photon Flux Fluence Rate of 50 to 500 pumél m
s1) with a photoperiod of 16:8 (L:D) at 10 °C. Squares represent low
stocking density (2 g L FW) and circles the high stocking density (10
g LY. Error bars = SE of growth rate, n = 12. F@gnpénts ratio n =
A e ———— e et e e n—————————n 114

Figure 4.10 Relationship between the tissue nitrogen content (n = 4) and the net
photosynthetic rate (n = 3) @hondrus crispusulture under artificial
light (Photosynthetic Photon Flux Fluence Rate of 50 to 500 prifol m
s1) with a photoperiod of 16:8 (L:D) at 10 °C. Squares represent low
stocking density (2 gL FW) and circles the high stocking density (10
G L), EIOrDarss SE.....coooiieieceeeeee e, 115
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Figure 4.11 Relationship between tissue nitrogen content (n = 4) and specific
growth rate (n = 12) i€hondrus crispusultured under artifi@l light
(Photosynthetic Photon Flux Fluence Rate of 50 to 500 prifah
with a photoperiod of 16:8 (L:D) at 10 °C. Squares represent low
stocking density (2 g £ FW) and circles high stocking density (10 g
LY. ErrOrDars = SE.......cceoeecieeee e ceemee s emeaas e 115

Figure 4.12 Relationship between tissue nitrogen content (n = 4) and specific
growth rate (n = 12) o€hondrus crispusultured under artificial light
(Photosynthetic Roton Flux Fluence Rate of 50 to 500 umot at)
with a photoperiod of 16:8 (L:D) at 10 °C. Squares represent low
stocking density (2 g £ FW) and circles high stocking density (10 g
LY. ErrOrDars = SE.......oceoeecieeee e ceeeeee st emeaas e 116

Figure 4.13 Relationship between nitrogen content and phycobiliproteins
(phycoerythrin + phycocyanin) content in the tissu€bbndrus
crispuscultured under artificial light (Photosyntheticdbn Flux
Fluence Rat e o¥fs?)wih aphotopgridodof 16:60 | m
(light:dark) at 10 °C. Squares represent low stocking density 2 g L
FW) and circles the high stocking density (10Y.LError bars = SE,

T PP 116
Figure 5.1. Annual fluctuation of abiotic variables that affects the culture of red
macroal gae at the Atlantic halibut f a

Irradiance, dotted line, corresponds to the mean daily values for total
irradiance (198.984) at Halifax, NS (Craigie and Shacklock 1995).
Photoperiod, solid line, corresponds to the mean of the daylength in
2013 at Yarmouth (NRC 2013). Seawater temperatlaghed line,
corresponds to the mean daily values for temperature recorded in the
inflow to the halibut farm (2002 2011; P. Corey, pers. comm.)......... 121

Xi


file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412284
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412284
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412284
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412284
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412284
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412284
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412285
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412285
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412285
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412285
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412285
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412285
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412286
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412286
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412286
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412286
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412286
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412286
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412286
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412287
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412287
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412287
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412287
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412287
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412287
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412287
file://WATER2/DATA/USERS/MANRIQUEZJ/Thesis_Manriquez_Hernandez.doc%23_Toc368412287

ABSTRACT

In land-based integrated aquacultufenarine finfish anamacroalgagrearing
space is #éargeexpense. Increasirgjgalstocking densitganincrease efficiency, but
this may require greater irradiance because ofstelfling To determine the irradiance
neededexperiments were conducted in ditee flaskswith enriched seawater under
natural and artificial iluminationUnder natural illuminationa Daily Photon Dose of
17 molm2d?tat 10 and 14 °Ralmaria palmatacultured at 10 ¢ grew 100% faster
and absorbed 2% more nutrientshanChondrus cispus However, Atlantic halibut
farm effluent can reach up to 19 fCsummeytoo high forP. palmata Under artificial
illumination, C. crispusperformed better than under natural illuminatidunght
saturation curveindicatednutrient uptake b{. crispusat 10 gL ! and 10°C was

highest a3 mol m2d irradiance, equivalent @00 pumol m2s? for 16 hours
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CHAPTER 1 INTRODUCTION

In Atlantic Canada, therpduction of farmed salmonids has grown%(@n the
last five years, while in the same period in Pacific Canada it has falke(Sttistics
Canada2012) Atlantic salmon is the masalmonidspecies cultured (7%) using net
pens as the culture syste8igtistics Canada2012). The expansion of the salmon
farming industry in Canada has bemmstrained bgoncerns abolts environmental,
health and social impacts (Fraser et al. 2010; Grant 2010; Loucks et al. 2012). Nutrients
releasedlirectly to the avironment without any treatment ane iacreasing concern
Faeces and unconsumed feed result in the organic enrichment of the sediment and
dissolved nutrients can resultlotalizedeutrophication of the water column
(Buschmann et al. 2009; Holmer 201@n initiative to decrease the nutrient impact is to
incorporate bivalves and macroalgae withfibl culture, a system known as Integrated
Multi-Trophic Aquaculture (IMTA). Accordingly, the bivalves and macroalgae use the
waste nutrients to grow (Chiopet al. 2008; Abreu et al. 2009). However, these open
water systems suffer the disadvantage of not being able to quantiyntierationof
the integrated culture because nutrients are diluted in the ocean and come from numerous
sources, not just tHarm assessefChopin et al2001). Envirmmental organizations,
such ashe World Wildlife Fund, the David Suzuki Foundation, The Conservéiom,
and the Atlantic Salmon Federation, among others, promote the establishment of only
land-basecclosedcontainmentaquaculture systems (Pendleton et al. 2005; Summerfelt et
al. 2013). The integrated culture of macroalgaefesids also an ecological way to treat

land-based aquaculture effluents (Abreu et al. 2011; Kang et al. 2011). Irstisésms,



a mas balance approach can be used to account for inputs and outputs. The advantages
of using macroalgae over traditional effluent treatment systems are that they can remove
the dissolved nutrienesxcretedoy the fish to generate a vatadded product

(Buschmann et al. 1994)The fraction of nutrients excreted by the fish as dissolved
compoundghough the gills and urineorrespondto 80% of nitrogen (N), 16% of
phosphorugP) and 63% of carbon (C)respectively{Ackefors and Enell 1994;

Buschmann et aR009). Theremaindey20% of N, 84% of P and 3®6 of C,
respectivelycorresponds to solid wastegraditional recirculation or effluent treatment
systems only transform N into less toxic forms, through aerobic processing by
autotrophic nitrifying bateria (Lekang 2007)Phosphorusas been removed from
aguaculture effluents using aluminum sulfate (alum residual), with 94%&fficiency

in seawater and 68 in freshwater buthis has nobeen attempted at an industisahle
(Mortula and Gagnon 27; Sharrer et al. 2009). However, the culture system must not
only be environmentally friendly, its installation and operation aosistbe

commercially viable. Lanthased integrated systems are expensive because they require
a high investment in lantiank construction, pipmstallation,and purchase of equipment

for aeration, watecirculation,and lighting. Their operation is also costly because of the
electricity required to run the equipment mentioned above and its associated labour
demand (Tithanov and Titlyanova 2010; Hafting et al. 2012). For these reasons, it is
important to optimize this culture system, by increasing nutrient removal and decreasing

costs.



The use ofmacroalgado treat effluent is not new, having been used
independently om conjunction with microalgae and bivalve molluscs to treat domestic
waste (Ryther et al. 1972; Haines 1976), to treat effluent from bivalve molluscs (Ambler
et al. 1988)fish (Vandermeulen and Gordin 1990) and gastropod molluscs (Shpigel and
Neori 1996. However, it has long been recognized that these systems aispeasi;
each system has to be adjusted to the local variables of illumination, temperature,
nutrients,and species (Ryther et al. 1978). For th@sonijt is not possible to
generalze, and optimization of these systems necessitates -ddongesearch program.

The Faculty of Agriculture, Dalhousie University (formerly the Nova Scotia
Agricultural College until 2012) and Scotian Halibut Lickre awarded a Strategic
Project Grant fro the Natural Sciences and Engineering Research Council of Canada
(NSERC)to investigate the integrated culture of Atlantic halibtippoglossus
hippoglossugLinnaeus 1758)], and two red macroalgae, Irish mGs®pdrus crispus
Stackhouse] and dulsBdlmaria palmataLinnaeus) Weber and Mohr]. Atlantic halibut
was selected because it is the principal product of the industrial partner. Red macroalgae
are good candidates for integrated Hoaded culture because there are several species
with known cultwe technology, and an established market. Furthermore, these algae
require loweirradiancethan other macroalgae (Raven and Hurd 20Taj)s 3-year
NSERChproject was the first stap developing an integratexystem thatocused on the
optimization ofmacroalgalulture. The main factors studiedlring the first phase of the
projectwere temperature, nutrient concentration and stocking dewsitig my study
concentrated in the effect mfadiance at both low (2 g1) and high (10 g 1) stocking

dersity.



1.1 REVIEW : LAND -BASED INTEGRATED MULTI - TROPHIC AQUACULTURE
EXPERIENCES WITH THE SPECIES SEL ECTED FOR THIS RESEARCH

The combination of Atlantic halibut, Irish moss and / or dulse has never been
studied, except in the context of tiNSERCproject (Caoey et al. 20122013; Kim et al.
2013. Moreover, Atlantic halibut has not been used in any integrated culture study.
Irish moss (hereafte€hondrus crispushas been considered a good candidate for
integrated culture since the earliest IMTA experiersaus®f its economic
importance as source otarrageenan (Ryther et al. 1972; Tenore et al. 1973).
Originally, local wildC. crispusfrom Massachusetts, USA (43°1Ny 70°4 O0V&) was
integrated in tertiary domestic wastewater treatment. Wastewasediluted in seawater
and treated with microalgae. Microalgae were used to feed oyMarsoalgaevere
utilized to successfully remove nutrients excreted by oysters and nutrients not removed
by the microalgae. The whole system reduced the megnmidilent load into the
environment from 4.0 to 1.6 kglabf ammoniumnitrogen (NH*-N) and from 0.7 to 0.5
kg d* of orthophosphatghosphorus (P&-P; Goldman et al. 1974 A similar study
was conducted in Florida, USA (23°2Ny 81°1 5V&) with two strains ofC. crispus the
same wild strain from Massachusetts and the clone T4. The clone T4 was a frond
selected among 440 thalli in the beginning of the daasked aquaculture @f. crispusin
Nova Scotia (N§)Canada Clone T4 was selected for hgyh growth, bwer
susceptibility to epiphyte@acteria and opportunistic miecror macroalgae thatrgw
uponanother algg)and vegetativpropagatiorby fragmentation. Igotits name because
it was thallus numbdour in tank T (Neish and Fox 1971Although it was originally

thought that T4 was a sterile clone, it was later determineddariade gametophytavith

1 Original loads in meatoms d



viable sexual reproduction (Guify981) Chondrus crispusas a triphasic isomorphic

life history with male and female gametophytes, caporophytes parasitic on the female
gametophyte and frdeving tetrasporophytes (Chen and McLachlan 1972). The results
in the Florida experiment were unsuccessful because fronds suffered heavy epiphytism
andclone T4 wagjuickly damaged by high tempena¢s, which ranged between 48d

33°C (Ryther et al. 1978). The failure of the Florida study was not a surprise&ince
crispuswas out of its natural latitudinal distribution. More details about the distribution
and physiological characteristics©f crispusappear in Chapter 2.

More recently, in a pilot scale systeliatos et al. (2006) used. crispusin
conjunction withP. palmatato treat effluent of 4@ of another flatfish, turbotqsetta
maxima(Linnaeus 1758)], and European seabBssdntrarchus labraxLinnaeus
1758)]. In northern Portugal (42°2Nj 08°4 6\8) effluent from thefish was circulated
into six1500.L tanks filled withC. crispusstocked at 4.4 g't. The resulting effluent
was transferred to a second stage wRengalmatawas stocked in six 36D tanks at 5.0
gLt This system was call ethetinksavereiad e 0 by
series In spring conditions with temperatures between 17 ai®€2hd salinity of 33
psu,P. palmataperformed better tha@. crispus Accordingly,P. palmatagave 40 g dry
weight (DW) n? d* andremoved41 % of theN excreted by the fishhis compared to 8
g DW n?2 d'* anda removal ofl4 % of the N by C. crispus However, not all the nutrient
removal corresponded to algal uptaKénere was an external factor roited by the
authors the mean concentration at the output of the first set of tanks wasigher
than at the input of the second set of tariRsgrettably P. palmatadegenerated rapidly

when the temperature reacH2@C (Matos et al. 2006). In another experiment in central

t



Portugal (409 7Ny 08°4 0W@), also conducted with turbot efflued, crispusyield was
independent of stocking dengslietween 6.3 and 10 gllwith a mean yield of 20 g DW
m?2d?! (Matos etal. 2006). This experiment was conducted in 16@@nks in summer
conditionswith a mean temperature of 2@ and a mean salinity of 20 psu (Matos et al.
2006). The authors also evaluated another red macréaigeijaria bursapastoris
(Gmelin) Silva,which performed better thad. palmataandC. crispusat this latitude.
However, the authors concluded that usthdursapastorisandC. crispusin a
Acascaded system was optimal, Géwsause of
pastors and the hgh commercial valuef C. crispus They estimated that to remove 50
% of the N generatelly 40t turbotper yeay it would be necessary to have 3,271 oh
algal surfacearea By comparison, in a lower temperature environment, a wild strain of
C. crispuscollected in the Irish Sg®4°2306N06 05°3 3W8) was cultured in effluent of
sea trout $almo trutta truttgLinnaeus 1758)], in Northern Ireland. In-RGanks, 4 to

10 cm frond lengths dE. crispuswere cultured in spring conditions, 10 to°3 pH 8.8
and salinity 30 to 33 psu (Holdt 2009t a stocking density of 3 g1, the mean yield
was 2.9 g DW it d?, 36 % of thatfound by Matos et al. (2006) ahigher stocking
density anda higher nutrient concentratidipoldt 2009). In theseatrout effluent
experiment,hie nutrient removal was 3% of the nitrate (N@), 58% of the nitrite

(NO2) and 50% of theorthophosphatePQs*). Holdt (2009) suggested that stocking
densities much greater than 3 ¢ Wwere likely required for macroalgaedbsorb all
available nutrients. My research foauasto optimizeirradianceneeded to culturthe

selected red macroalgae at high stocking density (1 ghius minimiing the light

2 Data were reported originally as fresh weight (FW), a FW/DW ratio of 4.2 was consideredke tem
comparable with Matos et al. (2006)



limitation identified by Matos et al. (200@)hen they increased tl@&aciliaria stocking
density from 6.3 to 8.3 g1, and the nutrient uptake limitation identified by Ho(2009)
at low stocking density, 3 gL

These results with European strains need toolbsidered with some caution
because several parameters diffem NS, especially those carried out in Portugal where
strains were adapted to higher temperatures (annual range 13GptBanin NS (annual
range 0 to 18C). In addition, both species were not evaluated in the same condiions
crispusandP. pdmatahad different stocking densities and wgrewnin a sequential
tank systemthis meangachspecies received different amounts of nutrients. However,
in North America there are no other studies with the selected species inta&atd
IMTA system. Currently there is onlgpnestudy usingP. palmatan the integrated
cultivation of Atlantic salmon$almo salatinnaeus 1758)], but in this case in sea net

pens in New BrunswickNB, Chianale et al. 2012).

1.2 LAND -BASED INTEGRATED MULTI -TROPHIC AQUAC ULTURE IN NOVA
SCOTIA

The initiative ofDalhousie Universityand Scotian Halibut Ltd. was supported by
a Strategi®rojectGrant from NSERMetweer2009and2012 As indicated earlier,
Atlantic halibutwasutilized asa source of nutrients to study theokemediation of the
effluent by red macroalgae. This carnivorous species is native to coastal waters off NS,
and it is cultured on a small scale in the Maritime Provinces. @raomarket sizeccurs
mainly in landbased facilities using either flethirough or recirculating systems (Brown

2010). Estimates of thexcretion rate of dissolved N in Atlantic halibahge from4 to



14 mgN kg fishi! hl, a wide rang¢hatinverselyrelated tabodysize (Davenport et al.

1990; Fraser et al. 1998; Davies andsBl&2003). Nitrogen is mainly excreted as

ammonia (83%), with the remaining 1% as urea (Fraser et al. 1998). However, the

form and excretion rate depend on the N concentration in the feed, feed rate, the size of
the fish and the culture conditions @ty and Poxton 1993)hosphorugxcretion has

been less studied, and it is mainly excreted in the faeces as particulates. No values have
been published on dissolved P excretion by Atlantic halibut. However, turbot excreted
dissolved P at a rate of ®@0.7mg P kg fish! h! (Aubin et al. 2006, 2099

Macroalgae use N to synthetize amino acids to make protein, some of which are
incorporated into photosynthetic pigments and enzymes utilized in the photosynthetic
process.Phosphoruss used for the sythesis of nucleic acids, lipids and prosthetic

groups and finally, in the formation of adenosbidriphosphate (ATP, Falkowski and
Raven 2007). In my study, | considered both N and P since both nutrients are important
in the development of fish and maalgae, and because of their potential environmental
impact. In addition, to determine the absorption of the nutrients, it is important to
analyze their accumulation in the algal tissue and their incorporation in the
photosynthetic pigments.

At the Scotan Halibut Ltd. farm at Wodd Harbour, NS (438 1 . R, 85

4 4 .| \B/Qtbe highest nutrient concentration in the efflugasca.56 0 € M N and 25
e M, up to 106fold higher thann coastakeavater(Corey 2011). Currently there are

no regulations in Gaada for the disposal of marine aquaculture effluent, and for this
reasonthere is no target to meet. In July 2012 the CandtlisstewateSystems

EffluentRegul ati onso were published, but these



(Department of Justice 2012By comparison, Chile has regulations for the disposal in
the coastatonethat are applicable to all industriescludingaquaculture. With respect
to nutrients, the standards are 50 mig(8570 uM)of Total Kjeldahl nitrogen [sum of
organic nitrogenurrionized ammonia (N and ammoniunion (NH4")], and 5 mg £
(161 pM) of phosphorugMINSEGPRES 2001)Due to the large water volumes used in
aguaculture, these concentrations are rarely excebdegver, nutrient loading may be
harmful to the envonment, especially if circulation in the receiving water body is low.
For marine aquacultureffluents,the global trend is to follow guidelines for best
management practices or codes of conduct rather than specific regulations (van Rijn
2013). This is bcause of the variability in dynamics of different coastal ecosystems and
the characteristics of different farnssich as species and culture conditioAs Scotian
Halibut farm, &er 10 years of treatment with bacterial biofilters and one year of
treatrrent with redmacroalga@nd / or bacterial biofilters, the halibut effludra@shad no
apparent deleterious effect on the receiving water body (White et al. 2011).
Eutrophication indicator speciesuch adJlva spp, were not found.On the contrary, the
immediate aquatic ecosystem has benefited from the increased grahghdoiminant
intertidalbrown macroalggaeockweed Ascophyllum nodosughinnaeus) Le Jolis].
Ammonia excreted by th&tlantic halibut could bedundin the effluentasthe
ammonium ion(NH4") or as the toxic wionized ammoniaNHs), depending oiits
temperature, pH, and salinity (Bower and Bidwell 197B)erefore to reuse or
recirculate this water to the halibittjs necessary teeducethe NH concentrationd less
than 3. 6 3 €007 MygRHs L) to prevent a reduction in the growth rate (Brown

2010; Paust et al. 2011). The Nid toxic to fish because it can enter through the gills



into the blood system aridenpenetrates into the bragausing neural damagaffeding

the feeding behaviour and inducing stress (Weber et al. 2012). The toxic concentration of
NHs, 3.6e6 MNH3,i s equi val ent to 3 gNodD6ngHRoNni a ni
N L, which is the concentration of N present as ammonia (Handy and Po@®n 19

Corey (2011) reported a nitrogen concentration in the Atlantic halibut effluenta§®to

MM N. Before any treatmenit is expected thadll the N would be Total Ammonia

Nitrogen TAN, NHz-N + NH4*-N). Consideringhat an IMTA system coulbawe an

efficiency of B % of N removal(Matos et al. 2006}he treated water still could be toxic

to the fishwhen its temperatune@ashigher than 6C (Fig. 1.1). This evaluation was
conducted with the daily temperatures recoraletthe Atlantic halibut farnbetween 2002

and 2012 (PCorey pers. comm.), the pH recorded in 2011 (8.0, Corey 2011) and the
percent ionize@mmonium (Bower and Bidwell 1978). The period and toxicity

depended if the calculation was conducted with the maximum daily temperatur3(2 to

°C) or the minimum daily temperature (0 to43. Thisis an exercise tdemonstrate the
importance of reporting the final nutrient concentration, not only the percent removed

and the need to increase thigalnutrient removal or maintainteaditional biofilter after

themacralgae
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Figure 11. Un-ionized ammonia nitrogefNHz-N) in Atlantic halibut farm effluent afte
50 % Total Nitrogen Ammonia (TAN) removal. Considering an initial value of 560 |
TAN, thehighest (dotted line) and thawest(solid line)daily temperature between 20
and 2011, marum pH recorded in the effluent, and Bower and Bidwell (1978) tabl
The horizontaline represents the threshold level of toxicity (3 uM4N¥ Brown 2010).

The two species of redacroalgaeelected to integrate the culture with Atlantic
halibut,C. crispusandP. palmata wer e once identified as
aguaculture in North Ameasa (Cheney 1999). The author consideZedrispusa
valuablecarrageenan source aRdpalmataa desirablehealth food, as well asoth being
potentialsource of eicosapentaenoic acid and pigmenritsaddition these species met
the requirements to becluded in an IMTA system: both are native to NS, are fast
growing, have a known life cycle and their culture technology has been developed
(Morgan et al. 1988 Bidwell et al. 1985; McHugh 2003). Similar to other macroalgae,
these species are suscemittl diseases and epiphytes (Craigie and Correa 1996; Gachon

et al. 2010; Saunders and Clayden 2010).
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The strain ofC. crispusused in this projeawas from Basin Head, Prince Edward
Island. This strain was selected because it is the only one in theéaritovinces in
which the population is 10% gametophytic and has asexual reproduction by
fragmentation (Garbary et al. 2011). This strain can tolerate up°0 &td can live
unattached in the water column (McCurdy 1980). In relocation studiesatie Bead
strain showed better growth than the traditiaml@heT4 which has been more
intensivelystudied for cultivation (McCurdy 1980; Cheney et al. 1981; Chopin et al.

1999). The strain d®. palmatawas derived from a commercially harvesvett

population(Garbary et al. 2012)t Point Prim, NS4 4 U 41 . 50 Nandwas U 4 7.

first cultured by Corey et al. (2012, 2013) as part of this NSERC project.

Early in the aquaculture development of these spetigs)g thel9701 1 9 8 0 6 s
many culture vaables were studied and algal performance analysas{Chapter Zor
detaily. However, these studies were conducted with specific strains and in a wide range
of growing conditions, as well as on differ¢nallus portionsfrom millimetresegments
to whde fronds In addition there have been many changes in instrumentation and units.
For example, over 30 years ago, Ramus (1981) noted six different methods for measuring
photosynthetic activity, and 1ihits, whichinvolved theevaluation okither carboror
oxygen. Currently, one of the techniques most utilized is chloroaplfiglbrescence of
photosystem I(PSIl) by pulse amplitude modulated (PAM) fluorescenttes a
nonintrusive technique, which allewapiddetermination of photosynthetic activin
the field or at the farfras well asuinderwater (Schreiber et al. 1986; Figueroa et al.
2006). However, ihas the disadvantage that respiration cannot be deter(iagdn

and Hurd 2012).In my research, the traditional ligdark bottle method wagilized to

12



measure photosynthetic activity by analyzing oxygen evolution (Thomag. 1988t
has beemeasurd with a range oinstruments that record different fractions of the
electromagnetic spectrurand express intensity by a variety of naraedunits (Arditti
2008; Bjorn 2008Kirk 2011). To describe the effect of light on photosyntheinc
nutrientuptakp r ocesses, i n the present study the
according to Falkowski and Raven (200%yadiance was measured as the
Photosynthetic Photon Flux Fluence Rate (PPFFR) in urifadimwhich is the integral
of photon flux of the Photosynthetic Active Radiation (PAR, #00®0 nm waveband)
from all directions measured byspherical sensqRamus 1985).The values of
irradiancemeasurediiffer depending oithe type of sensor utilizedA flat sensor, which
measures the Photosynthetic Photon Flux RREE-R) recorded 606 of thevalue
measured with a spherical senaaderthe same conditioners. observ.). However,
this difference will depend on the culture and illumination conditions. This point is
important becauseoth sensors express irradiance in the same (umitsl m2 s4);
thereforejn any studyit is necessaryo specifythe modelof sensoused In Appendix
A, there are examples the different type of light measuresaedtunits used in the
scientificliterature and the conversion to the current unitise great variability in
published results) terms of culture conditions and measurenmeethodsmears that
they cannot be used directly to optimize the integrated culture with Atlantic halibut
Consequentlyit is necessary to validate them with the available sttaider farm

specific conditions
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To determine the effect of temperature, nutrient sourdecancentration,
laboratory scale experiments were conductethin the NSERC projectynder
controlled conditionsirradianceas PPFFRof 1 2 5 & Wed, Iphotoperiod of 16:8
(ligh:dark,L:D) and a stocking density of 2 gtl(Corey et al. 2012; 2013)Both species
were culturedinN@at a similar concentration to hal
natur al S e a wBhtee tempér&@wes wekk ewhluated, 6, 10 af€lthese
coveedthe range of temperature during the growing season (May\erioer)of the
southwest of NS, where the Atlantic halibut farm is locat€&hondrus crispugrew best
at 17°C, while P. palmatagrew best at 6C. According to Corey et al. (2012) the
highest specific growth rate @f. crispusandP. palmataa t 3 ONOwas5M and 5.%
df, respectively; whereas at%d®d.ONitmwgdn N, gr owt
removal inC. crispusof ca.1 mgN g DW? d! was independent of temperature, while in
P. palmataN removal decreased with temperature. For my rebgidue intermediate
temperature (10C) was selected to not skew the response towards the temperature most
favourable for each specieb addition, 10 °C was the only temperature witihi@ range
recommended to grow Atlantic halibut juvenile, 10 t@4Brown 2010). Thenitrogen
source was tested f@. crispusandP. palmatain similar conditionsPPFFR ofL25
e mo 2sm6:8 L:D, 10°C and 2 g . Nitrate and NH" were combined from 0 to
300 uM. Both species take up Ntbetter than N®, and total N uptake was highest at
300 & 4.8imHgN gDW!d?for P. palmataand 3.4 mgN g DW1d* for C.
crispus(Corey et al. 2013). Hence, MHvas selected as the N source in my research;

moreover, it is the formf N excreted by fish.
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A longterm pilot experimentdf 11 monthsvasconducted irtwo independent
recirculation systesiatthe Atlantic halibutfarm,with a third systenoperatingwith raw
seawate(Corey 2011).Palmaria palmatawasculturedin nine 125-m? plastic cages
(1.32 nt surfacéarea x 0.95 m deep) suspended inside ehtihe threeconcrete sump
tanks (39 to 65 ). The stocking densitincreased fron3 to 10 kg it as the study
progressed. Ae natural lightyia opaque roofing fibreglass panelss supplemented
with fluorescent tubet ensure a minimurinradiance asPPFFR of 100 pmol n? s,
One of the main conclusions fromdlipilot experiment was thain winter conditionsto
remove 50% of the dissolved N generated by 1t06f Atlantic halibut, would requirea.
34,000 nt of algal rearing surfacarea P.Corey, pers. comn). This rearing surface
area isl1.3 times larger thn the area needed to culture the tt@DAtlantic halibut, and
would not be cost effectivieecausef land cost, and the aeration and illumination
operational expensed o be economically feasiblthe tank space devoted to madgze
culturemust be dereased.In addition, his surfaceareawas five-fold higher tharthe
surfacearea estimated by Matos et al. (2006) to remove the paroeniof N generated
by 100t of turbot per year. The main difference in both estimatwsssthe stocking
density Matos et al. (2006) suggested 6.3 Yfor G. bursapastorisand 8.3 g I for C.
crispus Corey (2011) expressed temcking densityf P. palmataas surfacearea 4.4
kg mi2. If the stocking density is expressed in terms of the volume of the chiges, i
equivalent to 4.6 g L. However,although thealgae were contained in the cages, they
had available all the volume water contained in the sump tank, so it is more raalistic
express their stocking density by the sump volume. In this scenargipttkéng density

would bel.1 t02.4 g L, similar to the laboratory scale experimenits both cases, the
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stocking densityvas lowcompared with Matos et al. (200@)nd the total algal rearing
surfacearea could be reduced by increasing the stockemgity. Anothesmaller scale
experimenin 50-L tanks was conducteds part othe NSERC project. Eobjectiveof
this experiment was tdetermine the best stocking density to cul@rerispusandP.
palmatain Atlantic halibut effluent (Kim et aR013). Five stocking densities from 1 to
50 g L* were evaluated under saturateddiance PPFFR ofL40 pmol n¥ s* and witha
photoperiod ofl6:8 L:D. This experimenindicatedthat 10 g L is a good stocking
density to culture these red macroalgadilantic halibut effluent (Kim et ak013. A
high stocking density can result in sselfadingthus,a higherrradiancemay be needed
to sustain the photosynthetic rate. For this reason, the focus of my research was to
determine the effect afradianceon the performance of these red macroalgae cultured at
this high stocking density (10 g4, while taking into account previous experieneigh
this type of integrated culture.

To determine thdrradiancerequired to culture these red macroalgae igh h
stocking density, it is necessary to determine the light saturation pbims is achieved
by producinglight saturation curves to express the dependence of a response variable on
the lightirradiance(Ramus and Rosenberg 1980). In a general cuiheefirst phase
corresponds to the light limited phase, where the response increases linghrly
irradianceup to the saturation point (Fig. 1.2). In special cases, the light compensation
point is also determined; this is tireadiancewhere the rate fophotosynthesis exactly
matches the rate of respiration. The change in the slope of the curve indicates the
efficiency in the use of the lighwvith the highest slopendicatingthe highest efficiency.

The second phase is a plateau wheaalianceis no longer a limiting factor. Potential
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limiting factors during the plateau phase could be some of the nutrients, such as carbon
dioxide, nitrogen, phosphorus, and micronutrients. Assuming nutrients talimiiog,

at somepoint, irradiancebecomes exces/e and photoinhibition occurs (Lobban and
Harrison 1994).In nature, light saturation for growth occursadbwer irradiance than

that for photosynthesispossibly because ofutrient limitation in seawater (Lining

1990).

—>

Initial slope © maximumn value
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Response variable

Light compensation point nght saturation pOint
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Figure 12. General light saturation curvdrradianceasPhotog/ntheticPhotonFlux
FluenceRate versus the different response varigldash as photosynthetic rate

1.3 OBJECTIVES AND STRUCTURE OF THE  THESIS
The primary goal of my research wadind thebest irradiancéo cultureC.
crispusandP. palmataat the stocking density of 10 g'L To achieve this objective,
three experiments were conducted on a laboratory scBlgato u si e Uni ver si ty.
Agricultural Campus@AL-AC) in 2011 and 2012. During the summer of 2011 both
species were cultured simultaneously under natural light to determine the effect of

irradianceat high stocking density (10 g1) compared tahe low stocking density
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evaluated previously (2 gl Coreyet al.2012, 2013). This experiment was carried out
twice, at water temperatured 10 and 14C. This is the first experiment where both
species have been evaluated at the same time and under the saraecgatitions. In
previousstudiesthey were evaluated consecutively, and they were not exposed to the
same conditions (Corey et al. 2013; Kim et28113. The null hypothesis was that the
performance of both species would be the same, independasthastocking density and
irradiance

Thethird experiment was conductedtimefall 2012 exclusively witlC. crispus
at the same two stocking densiti2sand 10 g L, under six levels of artificial light and
10°C. In this case, the objective was &termine the light saturation point bginglight
saturation curvesandto test the null hypothesis thiie light saturation point for growth
and photosynthesis are different even when nutrient levels are not limiting. In addition,
wanted tadetermire the light saturation points for nutrient uptake and the effect of
irradianceon dark respiration anthe nutrient and pigment content.

The thesis is divided into five chapte@hapter 1 being the Introductio@hapter
2 reviews thditeratureabout phgiology, ecology and cultuie C. crispusandP.
palmatg to provide thebackground needed for the optimization of theiegration in the
IMTA system Chapter 3 describes experimettsducted under natural ligahd
Chapter 4 describes the artificimht experiment. Finally, Chapter 5 synthesizes the
earlier chapters from the perspective of applying the results to integrated aquaculture at a

commercial scale.
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CHAPTER 2 ECOLOGICAL AND PHYSIOLOGICAL
CHARACTERISTICS OF IRISH MOSS AND DULSE

To optimize the capdty of Irish moss and dulse to remove the nutaémm the
effluent of Atlantic halibut it is necessary to understand their performance ithieoth
natural environment and cultur@heir evolutionary background, their microhabitat
preferences, and thegeographic distribution determine the potential of these alfjhe
totality of thesdeatureswill determine the physiological performance of individual algal
strains and the ability to manipulate this for cultivation proposes. Understanding these

varables is necessary to optimizatrient uptake.

2.1 CLASSIFICATION  OF STUDY ORGANISMS
Taxonomy is dynamiand interpretation oftedepend on the tools used to

analyze thespecmens The currently accepted classification is indicated in Table 2.1.

Table 21. Taxonomic classification of Irish moss and dulse (Guiry and Guiry 2012).

Phylum Rhodophyta

Subphylum Eurhodophytina

Class Florideophyceae

Subclass Nemaliophycidae Rhodymeniophycidae
Order Palmariales Gigartinales

Family Palmariaceae Gigartinaceae

Genus Palmaria Chondrus

Species I\PA.opr)]e:lngagz;(Llnnaeus) Weber and C. crispusStackhouse 1797
E;)rr:;non Dulse Irish moss
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Dulse has a distinctive life cycthat wadirst descriledby van der Meer and
Todd (1980) The life cycle is characterized hygreat sexual dimorphism, with
macroscopic male gametophy{e3 and microscopic female gametophytey
Tetrasporophyte@ n)haveasimilar size and morphology those ofthe mae
gametophytes. Tetrasporophytes develop directly on fertilized females without
producing carposporophytes. These characteristics are shared with other members of the
order Palmariales (van der Meer 19Bbld and Wynne 1985)Dulse has a solid and tla
thallus like other members of the genRalmaria Its blade structure is
pseudoparanchymatous andévelops from multiaxial apical systems.cdin become
cartilaginous with agandthalli can reach one metre in length (Bold and Wynne 1985;
Guiry 2012a). The specific characteristics of dulse are its palmate branching with its
finger-like extensions and its marginal proliferations at the base (Guiry 2012a).

Irish moss, like other members of class Florideophyceae has apical growth and
multicellular thadli (Lee 2008). Like other members of the ge@sndrus Irish moss
has a compressed to flattened thallus, with subdichotomous braactimgultiaxial
apical systemslt is smaller than other species within the gernfagr exampleC. crispus
grows to a maximum of 20 cm in length comparedb0 cm inC. giganteusfendo
(Yendo 1920Guiry 2012b). lthas highly variable branching, colour and thickness
(Guiry 2012b). Some of the factors that aff€ctcrispusmorphology are water motion,
temperature angeneticstructure(Gutierrez and Fernandez 1992; Kubler and Dudgen

1996; KruegeiHadfield et al. 2013).
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2.2 HABITAT AND DISTRIBUTION

Palmaria palmatas indigenous to the North Atlantic Ocean. Its distribution also
extends into the Arctic Oceatongboth the American and European codst80° N Its
southern limits are New Jersey, USA and nemtiPortugal, respective)yt0° N(Provan
et al. 2005; Matos et al. 2006).

Palmaria palmatacommonlyinhabits the lower intertidal zone, ktican live to
dephs of20 m in clear water (Guiry 2012a). It attaches to rocks or other hard substrates,
such as mussels or submerged woodjthstalso an epiphyte of other algae such as
LaminariaandFucus(Garbary et al. 2012)Since it inhabits a wide variety of bigats
and shows polymorphism, it is important to select a morph suitable for cultivéion.
general, a high surface area:volume ratio favautrient uptake (Rosenberg and Ramus
1984). Palmaria palmatas characterized as a perennial with high vegetagrowth,
which facilitatescultivation (Bird and McLachlan 1992; Guidy 2012a). The wild strain
used in this project was collected in the low intertidal zone of the Bay of Fundy (Point
Prim; 440 4 1. 50). TNiscoasthnéls expdsed2ada ta¥\range of up to eight
metres and thevatertemperature does not usually excee@@8Chang et al. 2005;

Corey et al. 2012; Garbary et al. 2012).

Chondrus crispuss also found in the North Atlantic Ocean, but its distribution
extenddo the North Paci@i Ocean. In the northwest Atlantic, it is present from
Newfoundland, Canad&1°® Nto New Jersey, USA39° N,and in the northeast Atlantic
from Norway, 65° Nto Moroccq 39° N(Pringle and Mathieson 198Provan and

Maggs 2012 In contrast td®. palmda, C. crispuss not found in polar areas.
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Chondrus crispugmhabits the intertidal and subtidal zones, from littoral pools to
18 m depth. Because this species is highly polymorphic it can grow well in a range of
habitats, and it also tolerates a widega of salinity 10 to58 psu(Bird et al 1979. It
lives almost exclusively attached to rocky subsfratit some strains, such as the one
from Basin Head, can be found floating in sheltered waters or entangled with byssus
threads of mussels (McCurdy8®). It is a perennial species, with great power of
regeneration (Guiry 2012b). The Basin Head strain used in this project is characterized
by its tolerance to both high temperature aratliance In its natural habitat, due to the
shallow depth (0.40t 1.5 m) of this body of water, it experiences up t6Q&nd up to
1600 pmol n? st (McCurdy 1980 DFO 2009). However, the specific biological
material used for my thesis work has been cultivated for at least four years in controlled
conditionsat theMarine Research Station of the National Research CoQINRI{, Ketch
Harbour, NS$so its characteristics may have changed. The conditions of its natural
habitat have also changed and the populasiendangered; there is less tha¥h bf the
biomass tham 1980 (Sharp et al. 2010). Consequently, it is difficult to compare the

results published in the literature withe biological materialised in this NSERC project

2.4 AQUACULTURE

Early in thedevelopment o€. crispusandP. palmatacultivation, seeral factors
affecting the growth rate, nutrient uptake and photosynthesis were studieddhiish
Fox 1971 Morgan et al. 198§). These included nutrient concentration and sources,
temperature, stocking density, and salinijowever, these studies warenducted with

differentstrains; mainly clone T4 a. crispusand a wild strain oP. palmatafrom NB.
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In addition, the experiments were condudted wide range of grotl conditions as

well as on different parts of thalli. For this reason, thesaltecannot be used directly to
optimize the current integrated culture with Atlantic halibut, and it is necessary to
validate them with our own strains. Nevertheless, it is valuable to review culture

conditions and light response curve parameters fir fjgecies

2.4.1 Chondrus crispus

Growth studies The focus ofny researclwasthe effect ofirradianceon the

performance o€. crispus Howeverother factors modifyts effect therefore, it is
important to consider these interaction®mperatures one of these factors, and
tolerance to higlrradiancegenerally increases with temperature ug@8C (Mathieson
and Norall 1975Enright and Craigie 1981). A wide temperature rabgéwveen 10 and
20°Chas been identi fi edfCacaspus dipstrangadependsf or gr
upon temperature acclimation (season), temperature adaptation (stadignceused,
nutrient level and culture conditiongcclimation time response to environmental
changesnay behours or days, in contrast to adatpin where the time response is in
thousands or millions of years (Raven and Geider 2008&lower limit for optimal
growth,10°C, was reported in fronds from the North Sea (B&N, 07°5 3K) when2-
cmsegments where cultivated in-6Gaquaria ab to 25°C. However, no significant
difference was found in the growth rate of fronds cultured at either 109G (Eortes
and Luning 1980). The upper linidgr optimal growth20°C, was reported in wild
fronds from Cape Sambro, NS (428N 63°3 3\@) cultured in 10€L tanks at 5 g I

and ambient temperature, pH and photoperiod between February and December (Neish et
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al. 1977). The same optimal temperature®@0was found when theloneT4 of C.
crispus was cultured in 406Q tanks at 1 g i2 under natural light and temperature
between 3 and 2%C. However, its growth rate was only 1.2 times higher than &€C15
(Simpson et al. 19#. Since 1982 theloneT4 was replaced by another clone of the
Basin Head strain in experiments by the@becase thdatter grew bette(Craigie
1990). Prior to this NSERC project, the optimal temperature for growth of the Basin
Head strain was unknown. The last revisions of culture proto€dl ofispuswere based
on studies withthe cloneT4 (Craigie and Sh&éock 1995). The Basin Head strain grew
better at 1PCthan at 6 or 10C, when 4 to 7-cm segmentsvere culturedn laboratory
scale at 2 g &£, an irradiance of Photosynthetic Photon Flux FlueRate (PPFFR) of
125 ¢ ¥ad lat both 30 and 300 piitrate (Corey et al. 2012). However, because
temperatures higher than 9C were not assessed, we cannot determine ibptienum
temperature for cultivation of the Basin Head strain is the same tiefoloneT4.
Information on the photosynthetic resse ofC. crispusunder natural light is
scarce.Moreover, aturation pointyary depenéhg on the experimental conditions and
strains Growth of a strain from the North Seza(58°1 4Nj 11°2 6K) was saturatedt
aDaily Photon Dos¢DPD) between 5 and 5 mol id d, when it was tested between
15 and 1@C (Stromgren and Nielsen 1996 Daily Photon Dose is the integration of the
PPH-R during the time that thalgaeareexposed to theradiance(Sagert and Schubert
2000). Under artificial lightthe compensation point f@. crispusalso from the North
Sea (569 7Ny 10°2 OH) at 7°Cwas 0.44 pmol m s, as Photosynthetic Photon Flux
Rate(PPFR Markager and Sandensen 1992). The saturation point for growth of NS

strains, varied betwee®and145 pmol n¥ st at 15°C and 14to 17°C, respectively

3 Original irradiance 10 and 20 Whover 14 h
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(Bird et al. 1979; Enright and Craigie 1981 As a DPD, the saturation point ranged
from 3 to 8 mol if dX. Fronds from the English Channel (482N 03°0 8\&) did not
show a saturatiopoint for growth in the range afradianceevaluatechs PPFRDPD up

to 11 mol n? d* (Braud and Delépine 1981 These fronds were cultured at a low
stocking density (2 g£) and temperatures between 8 an@Q0 However,
photoinhibition for growth bcloneT4 from NS only occurred whenPD mean of 29
mol nm? d* was reached (Enright and Craigie 1981in this case, fronds were cultured at
temperatures between 14 and°Cavith a photoperioaf 16:8 L:D, equivalent to the
summer solstice at 45° N'here is a wide range afadianceat whichC. crispuscan be
cultured. My research evaludta range ofrradiancethat includel the lowest light
saturation point for growth (50 pmolfis?) and the highest value where photoinhibition

was found DPD of 29 mol m? d%, equivalent ta PPFFR 0600 pumol n¥ st over 16h).

Photosynthtic studies The light saturation point for photosynthesiLotrispushas

been reported only under artificial light. A wide range of saturation points has been
repored from 116 to 450 pmol ts? (Mathieson and Norall 1975CabelloPasini et al.
2000). However, this range overlaps itmadiance leveteported by photoinhibition, 324
umol m2 s (Brinkhuis and Jones 1994 As stated earlier, macroalgasponseo
irradiancevary with externalenvironmentafactors, particularly temperature acclimation.
The lowest lighsaturation poinf116 umol n? st) was in fronds from New Hampshjre

USA (ca.42°5 9N 70°3 7V8) collected in fallwinter. Fronds from theame area

4 Original irradiance 4 MJ rad* of PAR over 16 h
5 Original irradiance 198 PE s over 16 h

6 Original irradiancel4.4 MJ e d! PAR

7 Original irradiance unitgE nr? st

8 Original irradiance 24004t
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collected in springgummer had a higher saturation point, 263 pmélsth(Mathieson

and Norall 197%. The saturation point was more affected bgsoal temperature
acclimationthanthe depth and reproductive phase (Mathieson and Noral) 19T
highestsaturation pointPPFRu p t o 4 % §'wasreaotded inonfronds from

Maine, USA (ca.43°4806N, 69°546W) cultured in Ensenada, Mexico (326N, 116°

4 0Wg) at 17°C and measured as electron transport rate (CaPeksini et al. Q00;
ZertucheGonzalez et al. 2001). Temperature also affects the photoinhibition point.
Accordingly, fronds collected in winter from Long Island Soud8A (ca.40°5 7Ny
73°07W8) wer e phot oi nhishiviereas fromds cole2tdd intamer | m
were not photoinhibited at the saim@adiance(Brinkhuis and Jones 19%%. Another

factor that affects the photosynthetic activity is salinity. Changes in the salinity alter
intracellular water potential, intracellular ion concentrations, andlaeliurgor pressures

and volumes (Kirst 1989; Reed 1990). Hyposaline environments inhibited the
photosynthetic activity in more species of red macroalgae than hypersaline environments
(Krist 1989). For examplé&;. crispusperforms well between 10 to $8u, but better at

30 psu (Craigie 1990)This is consistent with its habitat preferences, sexposed

shores and estuaries (Chopin 198@)the present studyhesalinity used was 30 psu,

thesame as conditions at the Atlantic halibut farm.

9 Original irradiance units pHE s?
10 Original irradiance 24004t
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2.4.2 Palmaria palmata

Growth studies Themethods for vegetative culture Bf palmatahave not advanced

over the last 20 yeagraccording to the literatureFronds from the Bay of FundyBNca.
44°4 2N)66°4 4 6 W) , at a st ocliadihghiglest grewithtaty o f
temperatures between 6 and°Cbwhen a range of 3 to 3C was evaluated (Morgan et
al. 198@). Similarly, a wide range olight saturation poirgtfor growthalsohas been
reported foP. palmatafrom the North Sed)PD of3 to 8 molm? d* (Kiibler and Raven
1995 Sagert and Schubert 2060 By comparison, fofronds from NB cultured at 6 g
L at temperatures between 6 ancPC5the rangef the light saturation poirwas

narrower DPD of5to 7 mol m? d* (Morgan and Simpson 198,1).

Photosynthtic studies. The light compensation point for photosynthesiP ipalmata

fronds collected in Duncans Cove, N%.(44°3 ONj 63°3 0V8) was 6.6 pmol ni s?, at
10 to 15°C (Robbins 1978"). This temperature rangeasdefined asioptimumo for
photosynthesis by Robbins (1978 he saturation point for photosynthesis varied
between 200 and 400 umotas?. This range was found in both stand shade
acclimated wild fronds from the Bay of Biscaya(43°3 4Nj 06°1 1\, Martinez ad
Rico 2008). The lowest value agrees withligkt saturation pointietermined in wild
fronds from NS 212 pmol n¥ s, Robbins 1978). Photosynthesis iR. palmatais also
affected by salinitypH and total carbon dioxide (GPconcentrationoptimum

conditions were 32 pspH between 6.5 to 7.8nd CQ between 6.0 to 7.0 mRobbins

11 Original irradiance 75 pumol photon#ts! over 12 h
12 Original irradiance 113 mol photonha 4 over 16 h
13 Original irradiance 53 and 88 d* during 16 h

4 QOriginal irradiance units PE st

15 Original irradiance units PE st
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1978). Temperature acclimation affects photosynthetic activity, and winter fronds had a
higher photosynthetic activity than summer fronds at 5 #CMshereas summerdnds

had the highest photosynthetic activity at 20 an8Q@5In contrast, temperature

acclimation did not affect the respiration rate. Consequently, the photosynthesis to

respiration ratio decreased as temperature increased between 5°@{&abbins1978).

2.5 FACTORS AFFECTING OPT  IMIZATION OF NUTRIEN T UPTAKE BY RED
MACROALGAE

2.5.1 Nutrient uptake

Nutrient uptake is the removal of nutrient from the environment and its transport
into cells (Berges 1997). Algal nutrient uptake depends on chemigalcphand
biological factors. The main chemical factors are available nutrient concentrations and
their chemical form. The physical factors are primarily light, temperature, water motion
(diffusive boundary layer) and desiccation. Biological factoctuide surface
area:volume ratio, filament formation, type of tissue, age, nutritional history, and inter
thallus variability (Lobban and Harrison 19%arrison and Hurd Z11). In an integrated
culturesystemthe nutrient concentration depends on tleslileg regimen of thésh and
the nutrient concentratiaof the fish feed (Handy and Poxton 1993). The chemical form
of the nutrients depends on the pH of ¢théure wateand on the species of fish; some
species excrete more urea than ammonia (BoweBalveell 1978;Handy and Poxton
1993) In the integrated culture system with Atlantic halibut, the pH varied from 7.0 to

8.0 (Corey 2011). In this pH range, nutrients are mainly as ammonium iail)(NH
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hydrogen phosphate ion (HPX) and bicarbonati®n (HCOs'; Kester and Pytkowicz
1967; Ip et al. 2001; Emerson and Hedges 2008).

Light, specifically its irradianceyas selected as the experimental factor because
of its importance to nutrient uptake. Red macroalgae can passively uptakezed
ammonia NHz) and carbon dioxide (COReed 1990Raven and Hurd 2012). However,
as indicated above, due to the pH of the effluent, these forms are not very abundant. To
uptake the other nutrient forms, red macroalgae need to expend energy, which comes
from photsynthetic procegs(Raven and Hurd 2012). Therefopotosynthetic
activity affects nutrient uptakeand the use of these nutrients affects the photosynthetic
activity in a feedback systenirradianceprovides the energy for algae to fix carbon (C)
andto combine it withphosphorugP) and nitrogen (Nabsorbed These elements are
used to maka wide variety obrganiccompounds, such gshotosynthetic pigments,
photosynthetic enzymes and adeno$ihiphosphate (ATPFalkowski and Raven

2007).

2.5.2 Effect of light on algal physiology

Light actson plantsn three ways: time of exposure or photoperiod, light quality
or spectral energy distribution measured in wavelengthireagianceor the number of
photons reaching the algal photosynthetic mgia Falkowski and Raven 2007 In the
present study, a constant photoperiod was used, equivalent to that at the summer solstice
ataNS latitude (45°N, 16:8 b:D). There is a little difference in the photoperiod if the
hours of illumination are conseéded between the Civil Twilight Time, 16.93 h, or

between the sun rise and sun set, 15.67 h (NRC 2011). The latter was selected because
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the irradiance was not detected in the dawn or gasikods The effect of the light

guality was not considered in nexperimers. To avoid the interference of the light
quality, lamps selected where the closest to sun light with a wavelength range between
350 to 750 nm. However, the spectrum wasavaluatedn any experimentand
irradiancewasthe principal experinentalfactor analyzed and quantified (more

information about the artificial light use@n be foundn Chapter 4).

The effect ofirradiance on algae isspeciesspecific (Enriquez et al. 1994).
Moreover, different populationsvithin the same species exhihdifferent responses
depending on photoacclimation (Hader and Figueroa 1997). However, a common trait is
that photosynthesis, nutrient uptake and growth increaseinattianceuntil nutrients
become limiting, oirradiancebecomes excessive (Luning 198 Thealgal responsgto
light saturation pointaredetermined by light saturation curves, which are mathematical
models to express the dependence of a response variable iomadiece(Ramus and

Rosenberg 1980).

Red macroalgae have physiologicaaddcteristics that reduce the energy cost of
photosynthesis, which allow them to adapt to loadiance Accordingly, even at a low
irradiance such as 12 pmol ¥s?, they have a positive photosynthetite, whichallows
them to grow (Eggert and Wieke 2000). Red macroalgae, includi@gcrispusandP.
palmatg the species selected for this project, have phycobiliproteins (PBP) as
photosynthetic antenear accessory pigmegtwhich allow them to capture low
irradiance levels Due to the high energyost necessary to generate these
phycobiliproteins (Sargert et al. 1997), red macroalgae reduce their energy expenditure

by favouring the uptake of Nffand CQ as opposed to nitrate (NPand HCQ
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(Kibler and Raven 1994&Raven and Hurd 2012). Shadeclimated redmacroalgaalso
displaya physical changeheir thalli are thin to redudde amountof non-photosynthetic
tissue and to increase the light absorption per unit of photosynthetic tissue weight (Hader
and Figueroa 1997).

As irradianceincreaseseither because of the sun rising or improved light
transmission through the watémne ratio ofPBPto chlorophylla (Chl a) declines due to a
decrease i’PBP anchn increase i€hl a concentratior{LopezFigueroa 1992). These
changes correspond to phatclimation, actions to mitigate photoinhibition (Hader and
Figueroa 1997). Macroalgae use the energy captured to generate photosynthetic enzymes
and photoprotective structurgbeyalsoreduce photosynthetic antenna size to prevent
photoinhibition (Raen and Hurd 2012). Photoacclimation can also occur over a longer
time scale, causing morphological changes, such as increasing frond thickness or
complexity (Hader and Figueroa 1997). Photoinhibition occurs in two stages: dynamic
photoinhibition (or phaiprotection) and chronic photoinhibition (or photoinactivation).

The first includes a process of decreasing the excitation of photosystermll) {{fPthe

reaction centres (Raven and Hurd 2012). The second process occurs when the function
of PSII is lost, especially by destruction of the reaction centre proteinClw can be

repaired in dim light, but if the damage rate exceeds repair, photodaesatjs(Hader

and Figueroa 1997). Repair of Btimulates synthesis ahtioxidants, whiclare by

produds that may be extracted for pharmaceutical uses (Raven and Hurd 2012). The
recovery time depend on the species and-lgiatimation. A high stocking density

could prevent photoinhibition because it allows the frdndsve more time to recover

underdim light, due toself-shading(CabellePasini et al. 2000). Extra nutrients are
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necessary for epid recoveryrom photoinhibition. BRosphoruss necessary to produce
the enzymes angbonucleic acidRNA) to synthetize [ andiron (Fe) is nededto
synthetizephotosystent (PSI, Raven and Hurd 2012). Red macroalgae exposed to
higher irradiancean use N® as source of N. Although NQassimilation requiresore
energy than Nk, because N©®must be transformed to NH NOz™ has the advantage
thatits accumulation is not toxic to red macroalgae (Raven and Hurd 2012). However, in
addition to energyalgaerequire more Fe to synthesize the nitrate reductase enzyme
(Morel et al. 2003).

In conclusion, e responsef the macroalgae taradiances notuniform, and it
is regulated by number of factors. Thiselps toexplainthedifferences in results from
similar studiesoverthe last 40 yeanwith the same speciedvacre and micrenutrient
concentrations are very important, and these differ iem@x@nts with effluents, natural
or enriched seawater. Therefore, it is importarsipecify not onlythe conditions in
which experiments were carried duit alsothe conditions precedingn my research
enriched seawater, specially formulated for rextroalgae (von Stosch 1964), and
supplemented with CQwas utilized to optimize growth and évaluatehe effect of

irradiance

2.5.3 Effect of stocking density

Nutrient uptake is ultimately limited by the contact surface of the macroalgae with
the aquat environment\\Vallentinus1984;Baird and Middleton 2004). To increase the
nutrient uptake it is necessary to increase the contact surface, a simple approach being to

increase the algal biomasdowever, the contact surface will depend on the morplyolog
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on the thalluswhich varies among species and depends on culture cosdi@atierrez

and Fernandez 1992; Kubler and Duoly&996). In natural populations, maximum
productivity is when the biomass is about 10 k§(iiining and Pang 2003). In cultyre

this same value was determined as the optimal stocking densitydospuscultivated

in tanks in NS (Bidwell et al. 1985). In the coastal zone, light absorption by macroalgae
is determined by the algal and substratum suréaiea; however, in tankanattached
macroalgae can use the whole water column. Therefore, biomass on a givenaedace
can be increased. To ensure all fronds are exposed to light, it is necessary to keep them
moving. The most suitable system has been the tumble cultumaapmeveloped by
Bidwell et al. (1985). This system generates water circulation cells within the tank by
placingparallelperforated tubes in the tank floor through whichasid seawater are
injectedindependently Previous systesonly injected air iHuguenin 1976t.apointe et

al. 1976;Waaland 1976 The correct air pressure, bubble size, duration and interval of
aeration will dependn the physical characteristics of the species and tank design (Msuya
and Neori 2008). Circulation of fronds increasagrient uptake and photosynthetic

activity because it gives them time to recover in dim light, minimizes the diffusive
boundary layer and homogenizes temperature, nutrients and gases (Neish and Knuton
1978 Greene and Gerard 199ang and Lining 2004)l'he water circulatiorin tumble
culturealso favours atwater gas exchange. However, excessive agitation can damage
the fronds and result in loss of €énd NH" to the atmosphere (Braud and Amat 1996).

In addition, excessive aeration increases theabipg cosof prodiwcing compressed air
without benefits.DuringtheWo o d 6risourléxperimentghe highest incremental cost

of theinclusion of macroalgae to the Atlantic halibut cultwasthe electrical power
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needed to produce compressed a@inisis a serious limiting factor to the economic
viability of land-based IMTA(Corey 2011).

In tumble culture, a high stocking density can result ing®diding, thus a higher
irradiancemay be needetd sustain the photosynthetic rate. At the other extreme,
excessiverradianceproduces photoinhibition (Cabelasini et al. 2000). Hence, to
optimize an integrated culture system incorporating red macroalgae, it is necessary to
identify the correctrradiancefor a definedstocking density. This was the ceadtfocus
of my research.

Increasing the stocking density increases productivity, but also decreases the risk
of one of the main problems in algal culture, the growth of epiphytes (Neish and Knutson
1978). Epiphytes are bacteria and opportunistic mmranacroalga¢hat generally
exhibitfastgrowth Thisinhibitsthe growth of the target speciegcompeting for
nutrients and reducing the exposed surface of the algae for absorption of light and
nutrients (Luning and Pang 2003). Another way to avoiphgges isto establishaxenic
cultures with antibiotisand disinfectants (Liu and Kloareg 1992). Germanium dioxide
(GeQ), a silicon metabolism inhibitoit, is commonly usetb avoid the growth of
diatoms It is also toxic to other algade dose degnds on the species to control: to
diatoms, 0.2 mg Gefd}; to Phaeophyta, 1.1 mg't.and to Chlorophyta, especially
Ulva spp., 2.2 mg it (Markham and Hagmeier 1983hea and Chopin 2007;
Tarakhovskayat al. 2012 Unfortunately, tis approachs impractical inIMTA
systemsthe algal rearing tanks are microcosms, similar to a tidal pool. (geserv.).

There are different herbivore invertebrate species, which can help to keep clean the

fronds (Fletcher 1995). Another treatment is to increase andinmutrient
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concentration, depending on theiphytethatone wants to control (Bidwell et al. 1985).
However, this last method is also not applicable to a recirculation system, because the
goal is to clean the actual rearing water, not manipulateglection of algal strains
resistant to local epiphytes would be a lgagn solution (Santelices and Ugarte 1990).
In my research, toeducethe problem withepiphytes, only the cleanest fronds from the
Atlantic halibut farm were selected, and for thk@eriments, only the firdew
centimeterdelow the apexvere used.

In conclusion, increasing stocking density increases nutrient upékenit tank
spaceif the irradiance is adequate. Considering that red macroalgae are adapted to
absorb low irradiace leveldecause their high concentration of phycobiliprotdins
hypothesizedhe irradiance needed to maintain the photosynthetic activity and nutrient

uptakewould not be extremely high.
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CHAPTER 3 EFFECT OF NATURAL IRRADIANCE ON
PERFORMANCE OF RED MACROALGAE C ULTIVATED AT TWO

STOCKING DENSIT IES

3.1 ABSTRACT

In land-based algal culture, the rearing space is a high investment expense. The
goal is to maximize productivitgerrearing surfac@rea. Increasing stocking density is
a way to increase productivity, bilis may require greateradiancebecause of self
shading. Performance of red macroalgae was assessed at laboratognedate (
flasks in two experiments at 10 and 9@, respectively. Three levels of irradiance: 100,
50 and 2% of incidentsunlight, two stocking densities: 2 and 10 g &nd two species
Chondrus crispuandPalmaria palmatawere used. Nutrient uptake By palmatawas
25 % higher tharthat byC. crispusat the mean of theix treatment conditions of both
experiments.Palmaia palmataalso showed higher tissue carbon retention Gan
crispusat both stocking densities; this retention was directly relatedatiance
Nitrogen retention was inversely relatedrtadiance due the consumption of the 500 puM
ammonium corgined in the flasksMoreover it waslower inP. palmatathanC.
crispus resulting in a high molar C/N rat{@2 and 18 at 10 and 14 °C, respectively)
Photosynthetic rate was higherRnpalmatathan inC. crispus In the range studied?,
palmataperfarmancebetter tharC. crispusand its use is recommended at 10 k§ m
undera Daily Photon Dosef 17 mol m? d1. However, in the Atlantic halibut farm, the
effluent temperature carach 19 °C, temperature at whihpalmatadegraded

Chondrus crispscan better withstand these high temperatures.
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3.2 | NTRODUCTION

Land-based integrated culture of macroalgae fésfdis expensive because it
requires a high investment in land, tank construction, ipgtallation,and purchase of
equipment for aerationyatercirculation,and lighting. Its operation is also costly
because of the electricity required to run the equipntieatnecessary laboand the
nutriens monitoring(Troell et al. 2003; Titlyanov and Titlyanova 2010). &pproacltio
offset these cds isto maximizethe algal stocking density. More algal biomass increases
the contact surface for nutrient uptake, gives algal fronds time to recover in dim light, and
decreases the risk of one of the main problems in cudfureacroalgagthe growth of
epiphytes (Neish and Knutson 1978; Hanelt et al. 1992; Pang and Lining 2004).
However, high stocking density may result in stlading. Thus, a higheradiance
may be needed to sustain the photosynthetic rate (Bidwell et al. 1985). Conversely,
excesive irradiance may produce photoinhibititime decliration ofphotosynthetic
activity (CabellePasini et al. 2000). Consequently, determinaticth@test irradiance
at high stocking density is necessaryrtaximizeproductivity (increase of biomass pe
time unit)and nutrient uptake.

The optimal stocking density to cultutee red macroalga€hondrus crispus
(Irish mos$ andPalmaria palmatgdulsg under artificial lightin Atlantic halibut
effluentwassuggested to b2 kg m? (Kim et al.2013. This stocking density,
equivalent to 10 g t, was the best compromise between growth and nutrient uptake.
Kim et al. 013 evaluated five stocking densities from 1 to 507y &atan irradiance
(Photosynthetic Photon Flux Fluence R&BFFR)of 140 pmolm™ s?, that was

assumed to bgaturatedat the lower stocking density studieshd with a 16:8.:D
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photoperiod.Artificial lighting has hardware investment and operational ¢eets more
cost effective approach is to use natural light.

In addition toirradiance photoperiod is an important factor in macroalga
cultivation. Photoperiod determines the time that the algae are exposed to light, which
allows them to photosynthesize and grow. In some species, it also controls reproductive
phenology (LUnindl993). Although continuous ligli24 h)resulted in higher growth
rate ofC. crispuscomparedo shorterphotoperiodstheuse of artificiallighting during
thenight increases operations costs (Shacklock et al. 1975; Fortes and Liining 1980).
The photoperiod recommendetb cultureboth specie€. crispusandP. palmatan land
based systems is 16:8D (Bird et al. 1979; Morgan and Simpson 1981&lis is the
maximumnaturaldaylight between sunrise and sunset in Nova Scotid I@tiide45°
N (NRC 20L1).

Working with natural irradiance increases uncertainty becthesseathey
specifically the cloud covers unpredictable. Consequently, experiments under these
conditions are difficult to replicate. For this reaslotgnsideredt isimportant toassess
the performance of both species simultaneously. Timadiancdevels were selected
basedon the mean daily local irradiance curve of Halifax, NS (Craigie and Shacklock
1995). Considering summeghune)conditions as 10% irradiance, fal(Octoker)
conditions represent 3% and winter(Decemberyonditions 20% irradiance. To
analyze the performance of these species at different temperature conditions, two
temperatureslO and 14 °Gyere selectetbasedn thetemperature range recommended

to cdture Atlantic halibut juvenile, 10 to 14 °C (Brown 2010).

38



Laboratory scale experiments allow for better control of culture conditions to
determine the effect of a specific factor. However, in batch culture systems inorganic
carbon (CQ) becomes limitingsince it is quickly consumed by macroalgae during
photosynthesis, resulting in an increase in pH of the medBimpSon et all978g. The
optimal pH for photosynthesis @. crispusandP. palmatais ca.7.0 and it is
significanty reduced at pH 9.(Rokbins 1978;Simpson et al. 198 Craigie 1990).
However, pH 8.5 is recommended as optimal for culture, since excessive addition of CO
does not generate benefisince ittends to escape to the atmosphere (Braud and Amat
1996).

The aim of this researahas to determine the bestadianceto cultureC. crispus
andP. palmataat high stocking density (10 g'), using 2 g t* as controlwhen they are

simultaneously exposdédo natural light in a controlled laboratory experiment.

3.3 MATERIALS AND METHODS

Algal material The Basin Head strain @hondrus crispusnd the Point Prim strain of

Palmaria palmataver e obt ained in April 2011 from Sc
Harbour, NS (433 1 . Q,46554 4 . \B/)0 Both species were maintained from June

2009 inAtlantic halibut effluent witithe nutrientconcentratiomranging from 6 to 564

MM N, at natural temperatufeom 1 to 18°C, andnaturalillumination via opaque

roofing fibregrass panels supplemented with fluorescent tubes to have atH@&$tRof

100 pmol 2 s (Corey 2011). PreviousI. crispushad been cultured fat least four

years at the Marine Research StatidRC, Ketch Harbour, NS (442 8Ny 63°3 3V&).

Palmaria palmatawvas collected from the wild at Point Prim, Digby County, (M&° 420
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N, 65°4 7V@, Corey et al. 2012)Segments3.5 cm long, were trimmed from the apical
parts of thalli.

Place and dateIwo experiments were conducted in Greenhouse NDalabusie

Universityd Agricultural Campus@AL-AC), Truro, NS (452 2 . N,B331 5. W) 0

The first experiment waoaductedoetween May 31 and June 25, 2011, and
photosynthetic rates were measured on June 28 and 29, 2011. The second experiment
was carried out between July 18 and August 12, 2011 and photosynthetic rates were

measured on August 17 and 18, 2011.

Experimental designForty-eightonelitre Florence flask¢4060-1L, Pyrex, MA, USA)

were arranged in a split plot factorial design with four blocks (four rectanigalaglass
troughs, 2.8 m L x 0.4 m ¥ 0.2 m H). Three whole plots (thrderadianceevels: high,
100%; medium, 50% and low, 20% of thesunlightinside of the greenhouse) were
randomized within each block. A syiot with 2 x 2 factorial of stocking density (2 and
10 g ! fresh weight [FW]) and spéss (C. crispusandP. palmatd were randomized

within eachirradianceevel (Figs. 3.1 3.2 Appendix B.
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Figure 31. Experimental facility in Greenhouse N° 1 at Cox Institute, EXT, Truro.
Four troughs (blocks), threeradiancelevels(100, 50 and 20 % of incident sunlight;
achieved witlzero, one and three layers of fiberglass cloth screen), two stocking
densities (2 and 10 gtFW) and two speciehondrus crispuandPalmaria palmat

Figure 32. Onelitre Florence flasks stocked wibhondrus crispust the two stocking
density treatments (2 and 10 g EW)
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Set up and operationAmbient irradiance and photoperiod inside the greenhouse were

the only illumination. The 58nd 20% levels of irradiance were achievading one and
three layers of fibreglass cloth scremspectivel(FCS7350 Micro mesh, Sa#@obain,
NY, USA). The full Photosynthetic Active Radiation (PAR, 40000 nmwavebanl

was logged every 15 min dtd level of the culture flasks using a spherical quantum
sensor (L1193SA, LI-COR, NE, USA). This sensor measures the irradiance as
Photosynthetic Photon Flux Fluence Rate (PPFFR, urfaéth Since PPFFR varied
constantly due the cloud cover, to impeahe reproducibility of the results, Daily Photon
Dose (DPD, mol ™ d1) and Total Photon Dose (TFD, mot46 d') were calculated,

integrating the PAFR during daylight hours (Sagert and Schubert 2000).

To maintain a constant temperaturesither10 or 14°C, the flasks were placed in
a water bath in each trough using freshwater recirculated through two chillers (Arctica
DA-500B, Aquarium Products Inc., CA, USA). Water temperature was logged every 10
min (Minilog 8-bit, Vemco, NS, Canada).

To achiee the tumble culture, air was bubbled into each flask vicaylic tube
(4.76 mm OD16007, Dynamic Aqu&upply Ltd., BC, Canada) connected to the air
manifold by silicone tubing (4.78 mm ID, 518 3, Dow Corning, MI, USA), and
regulated individually wh a brass valve (VBR1, Dynamic Ag&apply Ltd., BC,
Canada). Aeration was generated by a diaphragm air pump (SL94 Sweetwater, Aquatic
Eco-System, Inc., FL, USA). To control pkbur 1/2' PVC air manifolds were set up,
one for each speciestocking densy condition. The carbon dioxide (GCsupply to
each manifold was controlled by a globe valve '(1&/A005VT, Chemline Plastics

Ltd., ON, Canada). The valves were connectel@®; cylinder with clear PVC tubes
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(6.35 mm ID, ClearforceRH28504, EATONON, Canada). pH was monitored
manually everywo hours during daylight, in four flasks of a random-gidst, with 100
% irradianceusing a handheld mete(Electrode 13620-AP50 and Accumet AP61,
Fisher ScientificSingapore If pH exceeded 8.5 in artgeatment combination, Gvas
bubbled in through the air supplies of this spesitegking density condition manifold

(See details in Fig. 3.1).

Culture medium and samplefiltered (0.5 um) and UAéterilized seawater from the

Marine Research StatioNRC was enriched with a modification of von Stosch’s

enrichment mediunwhich hasan concentration ofimogenandphosphorus equivalent to

the maximuntoncentratiofound in Atlantichalibuteffluents(von Stosch 1964Corey

2011). Unenrichedseawaterhad mean of 14 &M of ammoni um,
0. 2 emhgbobphateNutriente nr i ched seawater contained
chl oride as the nitrogen sourplosphoausd 30 e M
source. Vitamins were added, accordimghe specifications for this medium (Andersen

et al. 2005, p. 518). Each flask contained one litre of culture medium (Fig. 3.23.and

25 and 125 initiabegmentst 2 and 10 g t, respectively.The alture medium was

replaced twice per week (batchtawe system). In addition to regular pH monitoring, at

each exchange of the culture medium, temperature and pH were recorded to determine

the conditions inside each flaskeekly, the lgaewere dried with paper towéb

remove excessf water,and weidped, after which, wholsegmentsvere removed to

return each flask to the original stocking density. Specific growth rate (SGR) was

expressed in percent per day (Bd., Evans 1972).
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Eq.3.1 SGR =[In (FW/ FW1) / (27 t1)] x 100
where: In is the natal logarithm, FW and FW are the final and initial fresh weights

and ¢ and { are the final and initial day of the sampling period.

To analyze C and N, tissue samples were dried &C @D the start and end of
each experiment. These samples also wsed to calculate the fresh weight /dry weight
ratio (FW/DW ratio). To determine ammonium and orthophosphate uptake, seawater
was sampled at each medium exchange and froz20 &€ (APHA et al. 2005). During
the culture media exchange, fronds wereng@rad, photographet register the colour

changeand epiphytesvere removedising a scalpel.

Net photosynthetic rate (NPRAt the end of each experiment, a sample of fronds from

each treatment was used to determine the NPR using thedighbottle nethod

(Thomas 1988). Dissolved oxygen was measured with a polarographic electrode
(Accumet SeHStirring Biological Oxygen Demand [BOD] Probe, Fisher Scientific,

USA) connected to benchtopdissolved oxygen meter (AB40, Fisher Scientific,

Singapore) The segmentsvere stocked in triplicate in 3a@L BOD bottles at the same
stocking density as the Florence flasks (2 or 1¢*§W). The BOD bottles werédeldin

the same troughs that the experimental Florence flasks to maintain the same experimental
tempeature and exposed iwadiancefor aboutoneto two hoursuntil oxygen bubbles

were observed in the light bottles. Photosynthetic rate was determined sequentially for
each species and ligtteatmenbver the course of two days. The light treatmergllev

(20, 50 or 10@% irradiancé corresponded to the percent of the natural solar radiation
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inside the greenhouse, at the measurement time. During each measurement, PPFFR was
recorded every minute with the spherical semsticated abovéLI-193SA) To
determine therradianceduring the NPR measurement, the mean PPFFR was calculated.

Net photosynthetic rate (m@ g* FW h') was determined with E§.2 (Thomas 1988).

Eq.3.2 NPR = [(FBi IB) x 375.9]/ (T x PQ) / (FW x 3333)

In this equation, FB andBlare the final and initial oxygen levels in the light bottle in mg
L1, 375.9 is the factor to standardize volume €], i is incubation time in h, PQ is the
photosynthetic quotient (1.2 was assumed), FW is the fresh weight of the fronds in g and

3333 isthe factor to standardize to a litre basis.

Tissue analysisDried tissues were groundagpowder for 1.5 min at a vibrational

frequency of 19.5in a ball mill (MM301, Retsch, Germany), and thee200 mg DW
aliguot wasanalyed in an elemental anyaer (CNS100, Leco, MI, USAsing
sulfamethazine as a standafdesults were expressed in percent of total N and C in dry
tissue, and molar C/N ratio was calculated for each sample (Atkinson and Smith 1983).
Due to the small amount of dry tissue avalgain the lowlight treatmentsamples from

the four blocks were pooleBlock 1 was pooled with Block 2, and Block 3 with Block 4.

Water nutrients Ammonium and orthophosphate in the water samples were determined

on an auteanalyzer (Technicon Auto Ahger Il, Technicon Industrial Systems, NY,
USA) by the Greenhouse Gases and Nutrient Analysis Laboratory at the Department of

Environmental Sciences, DARC. Ammonium was determined using the salicylate
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hypochlorite method (Bower and Holhlansen 1980),rad orthophosphate was measured

usingthe molybdenum blue method (Murphy and Ripley 1962).

Culture conditions Both experiments were carried out during summer conditions.

Experiment | included the summer solstice, therefitsghotoperiod showed less
variation than Experiment Il, when the daylight declined through time (Table 3.1).
Despite the shortelaylengthduring Experiment Il, it resulted mhigha Daily Photon
Dose (DPD)and TotalPhoton Dose (TPD) because cloud cover wasthessduring
Expeaiment [(Table 3.1). The irradianceexposure of the fronds at the mid and layit
treatmenhadan overlapue to the inevitable changes in cloud cover between each
culture medium exchang@gpendix D,TableD.1; nutrient uptake) andetween each
weighing (Appendix D,TableD.2; specificgrowth rate).Daily changes in the angle of
incidentsurlight, alsoaffectedtheirradianceentering the greenhouse during Experiment
II, when thesuright entered through the lateral window wafighe late afternoo(Fig.
3.3).

The water bath system worked well, each target temperature of the freshwater in the
troughs was constant during both experiments (Table 3Hg.®awater temperature
inside the flasks was not significantly influenced by incicemtight atthe different
treatmentsAppendix D,TableD.3). By contrast, pH was significantly affected by light
treatmenin both experimentg(< 0.05;Appendix D, Table [B). In both experiments,
the mean pH was maintained below the threshold ah8te 100% light treatment
However, at lowerrradiancesthe pHwas lower(7.7) because of the lower need for £0

dueto the low photosynthetic activityThis effect was clearest in Experiment |
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(Appendix D, Table D.3)pecifically inP. palmataat high stockig density Appendix
D, Table D.4) This occurred because at the highest stocking deRsipalmata
required greater addition of G@ maintain pH, and this was followed By crispus at
the same stocking density. At the low stocking density, bottiepshowed the same
trend Accordingly,C. crispusneectdvery little supplementary C£o maintain pH, and

the pH was similar at all lighteatments

Table 31. Culture conditions inside the greenhouse in Experiment | and Experime
The hotoperiods according to NRC (2011). Total Photon Dose and Daily Photon |
arecomputed from the Photosynthetic Photon Flux Fluence Rate recorded every 1
with a spherical quantum sensor-193SA). Three light treatments: 100, 50, and20
of the incidensurlight. Water temperaturgasrecorded every 10 min with a datalogc
(Minilog 8-bit). All meanst SE.

Experiment | Experiment Il
Period dates May 31-Jun. 25  Jul. 18i Aug. 12
Photoperiod(L:D), h 15.6:8.4+ 0.02 14.8:9.2+ 0.06
Total PhotonDose mol m? 26 d* 343 414
100% Daily PhotonDose mol mi? d* 13.1+1.3 16.6+ 1.6
50 % Daily PhotonDosg mol ni2 d? 6.5+0.6 8.3+0.8
20 % Daily PhotonDose mol ni? d* 2.6+0.3 3.3+0.3
Waterbath systentemperature, °C 10.0+0.01 14.0+0.01
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Figure 33. Photographs showing the maximum difference of the angle of incident
surlight during Experiment | and Experimemtcbnducted in earhjgummer (May 31 to
June 25, 2011) and disummer (July 18 to August 12, 2011), respectively. The
experiments were conducted in the comwfethe greenhouse indicated witlith the red
icon. The yellow line represents the sunrisiee orange curve th8und &ajectory, and
thered line the sunset. The light yellow area is the variation of sun trajectories du
year; the closer is the yellow line to the centre, the closer is the angle of irstidegtit
to the azimuth.http://www.suncalc.net
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In Experiment |, irradianceuting the Net Photosynthetic RateRR))
measurementsas more stable than in ExperimentMean PPFFR from 123 to 313
umol m? st and from 41 to ¥#35 pmol n? s?, respectively. Thereforethe PPFFR,
which photosynthesisrzas measured at each ligreatmentor both species, exhibited no
significant difference (Appendix D,TableD.5). In contrast, in Experiment || #te
same lightreatmentboth species were exposed to a significantly different PPFFR
(Appendix D,TableD.6). However, in both experiments, the PPFFR was significantly

different at the three ligliteatmentgor both species.

Statistical analysis Data wereanalyzedusing a mixed effects model where block was

the random factor. The fixed factors were the whole plot (threelégéls 20,50, and

100% incidentsurlight), and the factorial suplot: two species. crispusandP.

palmatg x two stoking densities (2 and 10 g'lFW). This model allows determination

of the differences in the means of the response variables. For nutrient uptake and specific
growth rate, a repeated measures analysis was conducted to include the effect of the
differentsampling periods. Different types of covariance structure were tested, and those
with a | ower Akaikeds I nformation Criterio
were selected to run the Mixed procedure (Elliot and Woodward 2010). The Anderson
Darling normality test (Anderson and Darling 1952) was conducted in Minitab 16

(Minitab Inc., State College, PA, USA), using the residuals of the Mixed procedure of

SAS statistical software (SAS 9.2, Institute Inc., Cary, NC, USA). Uptakes for both
nutrients fom Experiment | were square transformed to meet the normality criterion. In

Experiment Il ammonium uptake was also square transformed, while orthophosphate
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uptake was cubic transformed. For tissue nutrients and molar C/N ratio, a single time
was analyzé. Leastsquares means analygs-(.05) was used asp@st hodest to

determine pairwise relationships among@htmentombinations.

3.4 RESULTS

Nutrient uptake efficiency In Experiment lonly ammonium (NH") uptake efficiency

was significantlyaffected bythe interaction oéll the four experimental factors,

irradiance stocking density, species and sampling period (TaB)e By contrast,

nutrient uptake efficiency was not affected bgthreeway interaction between
irradiance, stocking deity and sampling period (p = 0.133, Tabl®)3.This can be
explained by the overlap the irradiance among the different light treatments and
sampling periods indicated in the culture conditions section (Appendix D, Table D.1).
For the same reason, NWHiptake efficiency also was nsignificativelyaffected by the
interactionbetweerstocking density, species and sampling period (p = 0.153, Table 3
3.3). Ammonium uptake efficiency wasgnificantlyaffected by stocking density alone
or in combinatiorwith the other experimental factors. However, as indicated above, in
combination with sampling period and a third factor (irradiance or species) vixid not
significantlyaffected The effect of sefshading at high stocking density wag awvident

in P. palmatabecause at both stocking densities fronds consumed, between each media
exchange almost 100 % of the NHwailable in the flasks (Fig. 3.4.APDrthophosphate
(PQ:*) uptake efficiency was signifiodly affected by anynteractionbetweerthreeof

the four experimental factar£Q:> uptake efficiency, swith NH4" uptake efficiency,

was not significantly affected by the interaction between sampling period, light treatment
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and species becausetbéoverlapin theirradiancebetweerthe differant light treatments
(Table 3.3).However, it was possible ttetectthatP. palmatahadan overallhigher
uptake efficiency tha€. crispusfor both nutrientsand the uptake was higher at 104 L
thanat 2 g %

Chondrus crispusat 2 g ! wasthetreament mossensitiveto irradiance, and
NH." uptakeefficiencywas significantly different at the three lightatmentst all four
measurement intervaffig. 3.4A.a). In contrast, at 10 g't, NHs" uptake waso
significantly different at the 50 andQ % light treatments. At the lowest light treatment,
NH4" uptake efficiency increasehroughthe sampling periodsp to beingndependent
of irradiance at the fourtsampling period (Fig. 3.A.b). Palmaria palmataNH4"
uptake at 2 g ttwas similar atL00 and 5@ light treatmen{p > 0.05), ad atthe 20 %
light treatment was lowebutthere was high variation (Fig. 3Atc). At 10 g L%, P.
palmatauptakeof NH4*, in most of the periodsvasindependent of irradiance
consumingalmost100 % of theNHs available in the flask&Fig. 3.4A.d).

Orthophosphate (PO) uptakeefficiencyby C. crispusat 2 g L' consistently
increased in a stepwise manner with irradiaiffig. 34.B.a). At 10 g L}, PO uptake
was equally higl§78 % of the PQ?* available in the flasks)n 50 and 100 % light
treatment, botisignificantlyhigher than at the 20 % light treatméhRity. 34.B.b). At
both stocking densitiesf P. palmata there was no significant difference in BQuptake
between the 100 and 8@light treament in both casefondsconsumed0 % of the
PQ¢> available in the flask&Figs. 34.A.c andd). However, at 26 light treatment

PQ:® uptake wasignificantlyhigherat 10than at2 g L.
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Table 32. Significance of gperimental factors alone and in combination for Experiment
| and Experiment 1l. N uptake = Ammonium uptake, uM. P uptake = Orthophosphate
uptake, UM. SGR = Specific Growth Rate, % dvalues highlighted indicate no
significance (U at 0.05) .

Experiment | Experiment II
N P N P
Factors uptake uptake SGR uptake uptake SGR

Irradiance(20,50,and 100

%)

Stocking density (2 and 10 ¢

LY <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

SpeciesC. crispusandP.

<0.001 <0.001 <0.001 <0.001 <0.001 <0.001

<0.001 <0.001 <0.001 <0.001 <0.001 <0.001
palmaa)

Sampling period (1, 2, 3 anc
0.002 <0.001 <0.001 <0.001 <0.001 <0.001

4)

Irradiancex density <0.001 0.043 <0.001 <0.001 0.117 <0.001
Irradiancex species 0.004 0.008 <0.001 <0.001 0.432 0.031
Irradiancex sampling period 0.013 0.381 0.649 <0.001 <0.001 0.192
Density x species 0.011 0.010 0.003 0.029 <0.001 0.636

Density x sampling period 0.018 0.033 <0.001 0.015 0.489 0.669
Species x sampling period  0.001 0.144 0.010 <0.001 0.007 <0.001
Irradiancex dersity x species 0.001 <0.001 0.209 <0.001 <0.001 0.596

Irradiancex density x
_ _ 0.133 0.004 0.491 <0.001 <0.001 0.416
sampling period

Irradiancex species X
_ _ <0.001 0.006 0.087 <0.001 <0.001 0.087
sampling period

Density x species x samplin
o 0.153 0.010 0.036 0.003 <0.001 0.010
perio

Irradiancex density x specie:
_ _ 0.008 0.370 0.856 <0.001 0.037 0.034
x sampling period
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In Experiment Il, conducted later in the summer at 14 °C, uptaleth nutrients
was influenced significantly bthe interaction of tl four experimental factars
irradiance, stocking density, species and sampling period (Ta)leABnmonium
uptake efficiency also was significantly affected by the experimental factors alone or in
any combination However, PG> uptake wasndependenof the interaction between
irradiance and stocking density, irradiance and species, and stocking density and
sampling period (Table 3.3). Thigas because thgadiance was riesignificantly
different atthefour sampling periods and there wasauerlapin the irradiance between
the light treatments (Appendix D, Table D.Bimilar to Experiment |, Nk available in
the flaskawvas almost 1006 consume@t each media exchangethe 50 and 10% light
treatmerg. In the case of PQ), the uptake was al:a significantlydifferent at 50 and
100% light treatmerd, ca. 85 % of the PG> available. In Experiment |l, mtrient uptake
efficiency byP. palmatawas higher thac. crispus and at 10 g t the nutrient uptake
efficiency was higher than at 2 gtLmainly at the lower light treatment.

At 2 g LY, NHs" uptakeefficiencyin Experiment Ilby C. crispuswas
significantly affected byrradiance(Fig. 35.B.a). At 10 g L}, NH4* uptakeby C. crispus
at 100 and 50¢ light treatmenwas similar (p > 0.9, Fig. 35.A.b). Ammonium uptake
by P. palmataalso was not significantly different at 100 and%dight treatment, all
nutrientwereabsorbedFig. 35.A.c). At 20% light treatment,m contrast tcC. crispus
NH4" uptake byP. palmatawas more constd. At 10 g LY, NHs" uptake byP. palmata

was independent afradiancebecause the high nutrient consumptibrg. 35.A.d).
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A. Ammonium

a. Chondrus crispus 2g L b. Chondrus crispus 10 g L
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B. Orthophosphate
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Figure 34. Nutrientuptake efficiency in ExperimentMay 31i June 25, 2011A)
Ammonium. B) Orthophosphaté&hondrus crispugaandb) andPalmaria palmatgc
andd) were cultivated at 10C at two stocking densities (2 g'IFW, aandc and 10 g £}
FW, b andd) under three levels of natural light (8D and 10@% incidentsuright).
Nutrientuptake was measured at each culture medium exchange, twice a week. |
Daily Photon Dose (DPD) at 1086 irradianceis reportedat each sampling period
because natural light varied in time (Period N° / DPIadiancdevels: solid bar (20
%); clear bar (5@6) and patterned (10®). Error bars <SE. Bars shang the same
letter are not significantly different. astsquare means test, p>0.05)
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Orthophosphate uptalegficiencyby C. crispusat 2 g L' wasvariablein the
different sampling periods. In some periaggake wasleaty influencel by the light
treatment, while in othgreriodsthe PQ* uptake efficiency at 50 % light treatment was
similar tothe 20 and 100%ight treatmers (Fig. 3.5.B.a). At 10 g t, the difference
between 100 and 50 % light treatments was not significant throughout the experiment
both resulting in consumption of ab@®8§ % of theavailablePQs* (Fig. 3.5.B.b).In C.
crispus PO uptake efficiencyatthe 20 % light treatment wasmilar at both stocking
densities At 2 g L', PO uptakeefficiencyby P. palmatashowed the same trend@s
crispusat 10 g L* (Fig. 3.5.B.c), with no significant differentetweerthe 100 and 50
% light treatments, it mean PG uptake efficiency was lower at the 20 % light
treatment. At 10 g £, PQ* uptake byP. palmatawas significantly lower at the lowest
light treatment compared to 50 and 100 % light treatwete the fronds consumed
86% of theavailablePQs* (Fig. 3.5.B.d). In P. palmata PQ* uptake efficiency at the

20 % light treatment was lower at 2 ¢ than at 10 g 1 atall the sampling periods.

Specific growth rate (SGR)In Experimentl, SGR wasat significantly influenced by

the interactio of the four experimental factoiisiadiance, stocking density, species and
sampling period (Table 3). The highest level interactiomas a threavay interaction
betweerstocking density, species and sampling period (p = 0.036, Tablel@&}iance
affected significantly SGRwhen it wasanalyzedalone and in combination viistocking
density or speciedbutat highest interaction levels, the irradiance effect was hidden
(Table 3.3). Thiswasdue to the high nutrient consumption at the 50 and 10916 |

treatmers indicated above Specific growth ratelso was not significantly influenced by
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the interaction amonigradianceandsampling period becaus$ige overlapin the
irradiance among all the light treatmgat the different sampling period indied in the
culture condition section (Appendix D, Table D.&pecific growth ratéollowed the
same trend asutrientuptake, with a higher growth rate fh palmatathan inC. crispus
However, contrary to nutrient uptake, growth rate was highetrarat 10 g 1 (Fig.
3.6.A).

In Experiment Il, SGR was significantly influenced by the interaction of the four
experimental factors, irradiance, stocking density, species and sampling period (Table
3.3). However, SGR was not significantly affected bg ttherhighinteractionlevels,
with exception of thénteraction among thstocking density, species and sampling
period p = 0.01,Table 3.3).In Experiment Il, iradiancealsoaffectedsignificantly SGR
only when it wasanalyzedaloneor in combinatian with stocking density or species.

This, due to the high nutrient consumption at the 50 and 100 % light treasndrttse
overlapin the irradiance among the light treatmantiicated aboveln Experiment Il, at
the 50 and 100 % light treatments, St&Rowed the same trenthat in Experiment la
higher growth rate ifP. palmatathan inC. crispusandat 2 g L'* than at 10 g & (Fig.
3.6.B). However, at the lower light treatment, the difference between speagesot

evident
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Figure 35. Nutrientuptake efficiency in Experiment, lJuly 18i August 12, 2011A)
Ammonium. B) Orthophosphate&Chondrus crispuga andb) andPalmaia palmata(c
andd) were cultivated at 12C at two stocking densities (2 g'lFW, aandc and 10 g £
FW, b andd) under three levels of natural light (BD and 10®%6 incidentsurlight).
Nutrientuptake was measured at each culture medium exchavige,a week. Mean
Daily Photon Dose (DPD) at 106 irradianceis reportedat each sampling period
because natural light varied in time (Period N° / DPIadiancdevels: solid bar (20
%); clear bar (506) and patterned (10%). Error bars sSE. Bas shaing the same
letter are not significantly differenL éastsquare means test, p>0.05)
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The highest mean SGR of the three sampling periods was the same in both
experiments (7.66 d1), which corresponded ®. palmatacultured at 2 g £ at 100%
light treatment At the same culire conditionsthe highest mean SGRr C. crispuswvas
5.0% d* at 10°C (Experiment I) and 6.90 d* at 14°C (Experiment Ij Fig. 36). In
Experiment, thehighestSGRwas during the second sampling periathenthe Daily
Photon Dose§PD) was 11 mom2 d. ForC. crispusat 2 g L' was6.3% d, in the
other two periods, SGR was not significantly different at theat@D50% light
treatmens, but at 20%, growth was poor or even negatifég. 36.A.a). At 10 g L%, the
highestSGRof C. crispis decreased to 3% d* (Fig. 36.A.b). In the case d?.
palmata,thehighestSGR at 2 g I* was 10.86 d* (Fig. 36.A.c). In the other periods,
there was no significant difference between the 100 afd kght treatments. At 10 g
L1, the same ptdrn was observed, withhagherSGR of 5.8% d?, but this was at a
different sampling period (Fig. @A.d). In Experiment Il, SGR o€. crispuscultured at
2 g L' was affected significantly bgach increase in irradiance within eagmpling
period and overthe whole experiment (Fig.®B.a). The highesBGR was7.1% d* at
100 % light treatment in thiird sampling periodDPD of 7 mol m? d?. At 10 g L%,
thehighestSGRof C. crispuswas 3.6% d, but there was no significant difference in
growth at the 100 and 3@ light treatmenrt (Fig. 36.B.b). The highelISGRof P.
palmatawas at the higher DPQ19 mol m? d?), 8.7% d'at 2 g .!and 5.6% dtat 10 g
Lt within each sampling periodtradiancehad a significant effect on SGR Bf
palmatg with higher irradiance resulting in highgrowthrate(Fig. 36.B.c andd).
However, theoverallmean SGR of the three sampling periods showed that at 10 g L

there was no significant difference between growth at then8QL00% light treatmats
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Figure 36. Specific Growth RateA. Experiment (10 °C). B. Experiment Il (14 °C).
Chondrus crispuga andb) andPalmaria palmaa (c andd) were cultivated at two
stocking densities (2 g1FW, aandc, and 10 g ! FW, b andd) under three levels of
natural light (20, 50, 10® incidentsurlight). Algaewere weighed every week
(sampling period). Mean Daily Photon Dose (DPD)@@% irradiancefor sampling
perioddifferedbecause natural light varied (Period N° / DPDjadianceevels: solid
bar (20%); clear bar (5@6) and patterned (10%). Error bars =SE Bars shang the
same letter are not significantly differehiegstsquare means test, p>0.05).
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Tissue nutrient contentin Experiment |, carbo(C) content, nitrogeiiN) content and

molar C/N ratio wer@ot significantly affected byhe interaction of the thee
experimental factorsrradiance stocking density and species (Tabk)3Carbon
content also was not significantly affected by the interaction stocking density and species
because the high effect of irradiaraeP. palmataC content At the lowestight
treatmentC content inP. palmatawas similar toC. crispus(Fig. 3.7.A). In P. palmata
at the lower light treatmentie C content remained constémioughout the trial at 28%
However,in the100 % light treatment C content increaseddd35 % C at both stocking
densities (Fig. 3.7.A)By contrastthe C content of. crispus(30 % C) remained
constant independent of treatment (Fig. 3.7.A). This explalmyghe significance in the
interaction irradiance witepeciesvashigherthanin the nteraction irradiance with
stocking densityp = 0.024;Table 3.4).Nitrogen contenélso was not significantly
affected by the interactidmetweernirradiance and stocking density, onlyRn palmataat
2 g Lt wastherea significant effect of irradianaan N content (Table 3.4, Fig. 3.7.B).

Nitrogen content wamverselyrelated tarradiancein each factorial treatment
(stocking density species, Fig. 3.7.B)Nitrogen content decreased from 4.5 t0%.Bl
in C. crispusand from 4.7 to 1.9 N in P. pdmata The most pronoundalecrease was
in P. palmataat 10 g I, and less marked i@. crispusat 2 g X. The molar C/N ratio
wassignificantly affected byachof theexperimental factorand byall of their
combinations (Table 3.4). The initial naoIC/N ratio wag.8 and 7.0 foC. crispusand
P. palmatarespectively.Molar C/N ratio increased witliradiancein both speciegFig.
3.7¢). The highest molar C/N ratio w2 in P. palmataat 10 g ! and 100% light

treatmentnd 13 inC. crispusat the sameareatmeniFig. 3.7c).
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Table 33. Significance of experimental factors alone and in combination for tissue
analysis in Experiment | (10 °C) and Experiment 1l (14 °C). C = Tissue carbon content,
%. N = Tissue nitrogecontent, %. C/N ratio = Tissue molar carbon/nitrogen ratio.

Val ues highlighted indicate no significanc
Experiment | Experiment Il
Factors C N C/N ratio C N C/N ratio

Irradiance(20, 50,
and 100%)
Stocking density (2
and 10 g %)

SpeciesC. crispus

0.023 0.002 0.002 0.137 0.003 0.004

0.011 <0.001 <0.001 0.113 <0.001 <0.001

<0.001 0.019 <0.001 <0.001 <0.001 0.068
andP. palmata

Irradiancex

. 0.024 0.080 <0.001 0.236 <0.001 <0.001
density
Irradiancex

_ <0.001 <0.001 <0.001 0.003 <0.001 <0.001
species

Density x species  0.063 0.033 0.001 0.009 <0.001 <0.001

I[rradiancex
, . 0.814 0.394 0.060 0.105 0.043 0.001
density x species
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Figure 37. Experiment ] May 311 June 25 2011Tissue nutrientontent oftwo red
macroalgae culturefbr 26 daysat 10°C at two stocking densities under three levels
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In Experiment Il the threeway interaction between speciefcking density and
species had a significant effect on N content buthobnten{Table 3.4). Moreover,C
contentwas not affected by irradiance, stocking density or their combination (Table 3.4).
Only in P. palmatacultured at 10 g tt wastherea spnificant effect of irradiancen C
content, the initial C content (33 % {Drreasedo 36 % C at the highest light treatment
(Fig. 3.8.A). The C tissue content©f crispusremainedunchanged in atkeatmens at
29% C. Nitrogen content was signifintly affected by each experimental factors and by
all of their combinations (Table 3.4). The initial N conten€Cotrispus(4.0 % N) only
was reduced at the highest light treatment at 13 (215 % N). The initial N content of
P. palmata(4.1 % N) wa increased dhelowest light treatment at both stocking
densities but was reduced at highest irradiances, mainly at 1§2y3.% N; Fig. 3.8.B).

The molar C/N ration Experiment liwas significantly affected bihe threeway
interaction between irthance, stocking density and spedj€able 3.4). Thisvasdue to
the molar C/N ratio o€. crispusremaining relatively constanivhile inP. palmatathe
C/N ratio decreased significantly at low irradiance and increased significantly at high
irradiancethen the mean ratio of both species was similar (Fig. 3.8.C). The initial molar
C/N ratio ofC. crispus(8.6) only increased at 100 % light treatment at 10tg By
contrast, inP. palmatathemolar C/N ratio was proportional to irradiance. Howevep, at
g L' all the values were lower than the initial ratio (9.3). At 10’gthe ratio also
decreased at the 20 % light treatment but increased to 18 at the 100 % light treatment
(Fig. 3.8.C). In Experiment IR. palmatahad lower C/N ratios than in periment I, but
still it presented the highest and lowest molar C/N ratios (Fig. 3.8.GJ. drispusmolar

C/N ratio was higher in Experiment Il than in Experiment |.
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Net photosynthetic rate (NPR)n Expeiment |, NPR was greater at the highest

irradianceevel for each species under both stocking densities (FIgAB. At the
highest irradianceht highest NPR was @. crispusat 2 g 'Y, 0.34 mg C g FW! h'l, at
a mean Photosynthetic Photon Fluxdflue RatéPPFFR) of 699 pmol ras? (Fig.
3.9.A.a). By contrastthe lowest NPRvas in the same speciasthe same PPFFR bait
10 g L%, 0.21 mgC gFW 1 h (Fig. 39.A.c). Palmaria palmataNPRhad ahigherNPR,
slightly lessthanC. crispusat 2 gL stocking densityput slightly greater thac.
crispusat 10 g L}, at a mean PPFFR of 717 pumof s (Figs. 3.9.A.b and d)At low
stocking density2 g L, both species showed a lower NPR a#®light treatment
(PPFFR ofca. 150 umol n? s1) thanat 20% light treatmen{PPFFR ofca. 125 pmol
m? s Figs. 39.A.aandb). However, this difference wasgnificantonly in P. palmata
In Experiment Ilthe NPR ofC. crispuswas similarat 50 and 100 % light
treatments at both stocking densitiegys. 3.9.a and c)Palmaria palmatashowed the
same trend only & g L (Fig. 3.9.b). The highest NPR was . palmataat 2 g L
(0.33 mg C g FW h'!y ataPPFFR of 435 pmol n? s. The lowest NPR at 10%
light treatmen{PPFFR of 817 umol rAs?) wasin C. crispus(0.21 mg C g FW hl) at
10 g ! (Fig. 39.B.c). Chondrus crispust 10 g ! andP. palmataat 2 g L'* maintained
the same NPR in both experimedespitethe change in the irradiance. In Experiment I,
C. crispusat 2 g L' reduced & NPR with respect to Experiment |1, white palmataat 10

g L'tincreased its NPR.
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Figure 39. Net Photosynthetic Ra{®&lPR). A. Experiment | (10 °C). B. Experiment |
(14 °C). Chondrus crispuga andc) andPalmaria palmatgb andd) under natural light
after their cultivation during 26 days at two stocking densities (2,@hndb, and 10 g
L1, candd) under three Meels of natural light (20, 50 and 1@®incident light). Error

bars =SE
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Macroalga colour and epiphyte&rond colour was affect bgradiance At low

irradiance fronds were bright rednd this wasssociateavith limited growth. In
contrast, fronds exposed to higradiancewere greenishQ. crispu$ or pale pink .
palmatg.

During Experiment |, starting in the second we@kgrispusat 2 g L exhibited
bleaching of the apical and/or basal part of fronds, mairtlyesg0 and 50% light
treatmers (Fig. 3.10.A). Epiphytes also appeared in the second wetie&0 and 100
% light treatmend, and in week three they were more abundant. Epiphyéee mainly
Ulva spp. (Fig. 3.0.B). At 10 g L%, bleaching also began in week two at 20 ané650
light treatmentbut even in week one, a few fronds presented bleaching &b 1igbt
treatment Epiphytes began appearing in week two avdi@ht treamentand in week
three at 1000 light treatment There were no epiphytes at 20light treatmentt either
stocking density.Palmaria palmataat 2 g L%, developed small white holes that turned
green, indicating a secondary infection of endophyticryedgae (Fig. 3.A.C). This
occurred throughout the experiment at?2light treatmentbut at 50 and 10% light
treatmentit occurredonly during week®ne and two Small epiphytes were present only
at week three, and only at 10®light treatment At 10 g L'*'green spots' were present at
20 and 50 light treatmentduring weeks one and two, but at 280ight treatmentit
was only during the first week.

During Experiment lIC. crispusat 2 g L exhibited no bleaching in any
treatment, and epiphgg werdJlva spp. and diatoms. These epiphytes appeared in week
two at 100% light treatmentand in week three at 30 light treatment At 20% light

treatmentonly diatoms were present. At 10 g,lsome fronds exhibited bleachiogly
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in week oneand were removed when the stocking density was reduced to the initial
level. Epiphytes were absent Gncrispusat 10 g L. In Experiment IIP. palmataat 2

g L't also showed 'green spots', but only during week one, a0 00% light

treatmers. However, at 200 light treatment'green spots' were present in wegko

and three. Several fronds were infected with a cdigeepiphyte at 5&nd 100% light
treatmens, which was difficult to remove (Fig. 01D). At 10 g L', P. palmata
exhibited'green spots' during week one and two aa2 50% light treatmens, but at
100% light treatment'green spots' appeared throughout the experiment. Only a few

carpetlike epiphytes were present at 1%(ight treatment

)

Figure 310. A) Bleaching inChondrus crispusB) Epiphytes Jlva spp.)on C. crispus
C) 0O Gr e enPalmmapacgpalmalin Carpetlikebepiphyteson P. palmata
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3.5 DiscussIioN

Daily Photon Dose (DPD) between 6.5 and 8.3 mélhhwere sufficient forC.
crispusandP. palmatato removeall the nutriens present in theulture flasksn 3 or 4
days whichinitial concentratior(500 uM NHs*, 30 uM PQ*) were similar ¢
concentratiosin the Atlantichalibut effluent. However, in effluent with a constant
nutrients supplycould be a difference between lightatment®or species Theabove
irradianceevels corresponded to the mid light treatment dueach of myexperiments.
Nevertheless, the summer of 2011 was cloudier than previous years (Environmental
Canada 2011). Usually, in NS, the highest DPD is in June (43 rhdYjnfollowed by
July (42 mol n? d') and August (36 mol rhd?; Craigie and Shacklock 1995Because
of cloudiness and a screen on greenhouseoof, theirradianceat the leveof the flasks
was only 30 and 4% of the theoretical summer value during Experiment | and Il,
respectively. The high illuminatioPD of 13 and 16 mol M d?, respectively)
corresponded to winter conditions. For this reason, maximizing nutrient uptake
efficiency in full summer light conditionsill require thatrradianceshould be reduced
to 60 % but with constanmonitoringof the DPD becausef weather change
Irradiancedid not change the overall trendf palmataout-perforning C. crispus
However, thisvasnot clear in some response variailecause both species consumed
almost 100% of the ammonium available at mid and higjhnt treatments At the
highestlight treatmenttheammoniumuptake efficiency wasimilar in bothspecies. At
the lowestlight treatment C storage was not significantly different in Experiment I, nor
was the specific growth rate in Experiment Il. However, the combined effect

irradianceand stocking density showed more cases in which the difference between
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species was not significant. The exception to this trend was in Experiment Il,avhere
the low lighttreatmentand low stocking density;. crispushad betteammoniumuptake
thanP. palmata

The similar nutrient uptake efficiency between speatéise high and mid light
treatmers can be explainenh two ways First, high variabilityof the Photosynthetic
Photon Flux Fluence Rate (PPFRRRJscaused by variable clouawer. Thisresulted in
the mean PPFFR of the high light treatment being similar to the ofi¢la@ mid light
treatment.In addition, &these light conditiondoth species consumed almost all the
nutriens available in the flask Thiswas a limitationof the batch culture system, where
culture medium was exchanged twice per week. Although this procedure has been
extensively used in previous experiments (Kiibler and Dudgeon 1996; Pereira et al. 2006;
Corey et al. 2012, 2013), this was the first time thaas used at a high stocking density
(10 g LY. Neverthelesshie total consumption of the nutrient does not invalidate the
results. We can expect an improvement in the uptake efficiency when the macaoalgae
cultured infish effluent, where nutants are not a limiting factor. Effluents are a constant
source of nutrients for the macroalgae, at level up to 560 uM N and 25 uM P (Corey
2011). However,despitethe constannutrientsupply, the studies with Atlantic halibut
effluent showed lower sgecific growth rateno more tharl % d* (Corey 2011; Kim et
al. 2013, compared taip to 9% d in the present studyThere areat leasthreepossible
explanationgor this largedifferencein growth rate among studi@ssociated with
irradiance speamen size and micronutriesxtoncentration. The experiments in Atlantic
halibut effluent were conducted 8 to 14 mol m? d! asthe Daily Photon Dose, wéreas

in my study the maximum specific growth rate was obtained at 16 rAdI'mAn
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increase in tairradiancewould havehelpedto improve the growthAt a DPD 0f15 mol
m2d?, C. crispuscultured in the effluent, increased $pecific growth rate t8.2% d*
(S.Cainespers. com. May 2012). In the effluent experinseapical segments up te 6
cm longwere usegwhile at laboratory scaleusedapical segmestup to3.5cm long.
The effectof specimen sizen growth ratevas verified in laboratory conditions when
segmentsvith different initial sizes, 1 to 7 cm, where cultured in the same tonsdli
Onecentimetre segmentgew 130% more than ftm segment@Fig. 3.11,Manriquez
Hernandez anwalkerunpubl. data Another factor could be the low concentration of
iron in the seawaterron limitation may limit the conversion of nitrate to ammnmum at
the necessary rate (Hurd et al. 1995; Maldonado and Price 1996).itTep®ssible that
the macroalgaalespite havindpigh nutrientavailability (mainly nitrogen as nitraje
could notusethe entireavailablenitratebecause thegould notassimilate it. In the
laboratory studies, enriched seawater was used, which contained ufotd #@ iron
concentration in thélorth-West Atlantic OceafAchterberget al. 2001). Iron is
normally supplemented in biomass lamased production, for exahegor C. crispus
(Neish and Fox 1971)Thusin integrated culture micronutrients supplementati@y be

critical for maximizing algal growtfDemetropoulos and Langdon 200¥aaland2004).
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SGR =[0.0473 * (size)?] -[0.9672 * size] + 7.0246

R2=0.9999
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Figure 3.11. Specific growth rate a€hondrus crispusultivated at 17 °C under a Photosynth
Photon Flux Fluence Rate of 300 umof st with a 16:8 L:D photoperiod. Four initial segme
size, 1, 3, 5 and cm were evaluated in a block design with four replicates. All are means.
bar = SE, n = 16 (Four replicates x four weeks).

The effect of stocking densityithout interactiorwith irradiance showed the
same trend aheoverall analysisP. palmatahad a higher performance th@ncrispus
at both stocking densitie®oth species grew better at 2 g than at 10 g 1, regardless
of culture temperature. Under the former dtods, fronds had comparatively more
nutrients available, consumed lessA&@d had more time exposed to light. These are
the conditions that commercial biomass producers are looking for (Craigie and Shacklock
1995). However, this low stocking densitg@has disadvantages, as it favours epiphyte
growth and, depending ammadiance there could be photoinhibition, which limits
photosynthesis and growth (Cabeasini et al. 2000)Stocking density alsmfluences
the tolerance to ammoniuaoncentratia. At 0.1 g L', P. palmatagrew better ab0 or
100 uM NH;* thanatthe500 uM NH:" used in my experimen{Sanderson 2006). tA
highe ammoniumconcentratioagrowthrate decreased furthevhile 3520 uM NH;*
was toxic(Sanderson 2006)Despite the fet that in my experimerg in themid-

illumination treatment, both species consumed the same amount of nutriahtsgis
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illumination, they showed a higher growthtagh illumination. This means macroalgae
can uptakenore nutrierd than needed fahe immediateneeds for growth and
maintenance, anstorethemfor subsequenise whenrradianceconditions are optimal
for growth;this processs known as luxury nutrient uptakeining 1990.

The fact thaP. palmataaccumulated C indicates that, despié®ing a greater
SGR tharC. crispusit did not uset to grow,butaccumulatect as fixed C.This is also
reflected in the percent tissue N, which decreased from its initial level under the same
conditions ofirradianceand stocking density, while Cas accumulatg. This indicates
that fronds could not continue to grow due to nitrogen limitation. That was clearly
reflected in the high values of the molar C/N ratio, mainly.ipalmataat high light
treatmentin both experiments. However, at 2 ¢ and lowirradiance both nutrients
accumulated, indicating thatadiancewas limiting for growth. Fo€. crispus this
effectof irradianceon nutrient uptakevas not so markedOnly at high stocking density
and the high lightreatmentvastherepossibly an effectsuggesting that. crispus
quickly usedthe absorbedutrients In nature, the molar C/N ratios in macroalgae vary
from 6 to 60 with a mean of 22 (Atkinson and Smith 1983). There speaficvalue
for molar C/N ratio to determine & macroalga is growing under nitrogen limiting
conditions. Currently, values from 10 to 20 have been aseutrogen limiting criteria
in studies with red macroalgae (Alafedh et al. 2012; Corey et al. 2012). Howewuver
should considethat the highst value wa®riginally determined for brown algae (Dean
and Hurd 2007). Brown algae tend to haveghermolar C/Nratio than red macroalgae
because of the nitrogenous pigments in the latter, for exampbyieebiliproteirs

(Raven and Hurd 2012)n addition, the molar C/N ratio varies within species and
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reproductive stages, and therefore depends on the metabolism of both nutrients, and the
place and mechanism of storage (Atkinson and Smith 1983; Hanisak 1990; Dean and
Hurd 2007). To define the crtl values of nutrients for growth for a species (or strain),
it is necessarto analyze the growth rate as function of the molar C/N ratio under
irradianceand nitrogen limitatiorfLapointe and Duke 1984)or this reason, | prefer to
compare the changesnutrient tissue levels to the initial value, rather than refer to a
specific value for the molar C/N ratio.

Despite my experimentgeingconductedat arelativelylow irradiance DPD, 13
and 19 mol it d'1), theirradianceto which the segments weregosed wadn the range
of light saturation point$or growthdescribedor both species. These light saturation
ranges, as DPre3.2 to 80 mol nt2 d? for P. palmataand2.7 to 13.0mol m2 d* for
C. crispug(Stromgren and Nielsen 1986; Greene anthk1990K Ublerand Raven
1995;Sagert and Schubert 2000rheirradianceto whichthe fronds were exposed
during the photosynthetic rate measurenveas greater than thight saturation poirg
for photosynthesiseportedfor these speciesa.2 0 0 | enAsd (Mathieson and Noralll
1975;Robbins 1978Martinez and Rico 2008 During Experiment |, the mid light
treatmentvas close to this threshold; however, at low stocking density both species
showed a very lowet PhotosynthetidRate NPR). The NPRwas evendwerthan athe
low light treatment, although there was not much differentledinradianceevels This
measurement was carried out in the afternean4 PM), so the fronds were
photoinhibited by the high miday illumination (Sagert et.al997). Due to this low
NPRvalue, it cannot be determined whether or not photoinhibition was occurring at 700

¢ mo ?2stmPrevious studies of the photosynthetic activit€otrispusandP. palmata
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used a great variety of methods and expressedréweilts in different units, making it
impossible to compare the value of this response varidblExperiment llat 14°C, C.
crispuswas photoinhibited It presented a lower, or no, significant difference in the NPR
between mid and higlight treatmeh despite theelativelow irradiance, PPFFRf 817
¢ mo ?slmincontrastdespitethe fact thaP. palmatawas exposedt a higher
irradiance, PPFFRf 1,4 3 5 ¢ %, lit wam nad photoinhibited. At both stocking
densities, théighestNPR ofP. palmatawas at the highestradiance Thus,the
photoinhibition ofC. crispusexplairsits lowe growth tharP. palmata

In conclusionP. palmataat 10g L is the best candidate to include in an
integrated aquaculture system with Atlantic halibld. maintain ammonium as the main
nitrogen sourcéhebacterial filter should be placed after édgae rearinganks The
temperature must be maintairetcho more than 14C, the highest temperature
recommended to grovenile Atlantic halibut (Brown 2010) Regrettablythe Woods
Harbour farndoesnot meet theseequirementsthe main nitrogen source is nitrate and
temperaturdias a seasonal fluctuation up to-1 °C in summeconditions For this
reasonp. palmatastarted to degeneraite summeydue tosexual maturationin the
short termC. crispuscould be used. However, it is necessary to deveppalmata
hatchery because its highest nutrient removal efficiency and potential midektetal
irradianceshould be reduced @DPD of17 mol m? d. Based ortheNova Scotia
annual irradiace curve, it would be necessaoysupplement this with artificial lighanly
during winter(Craigie and Shacklock 1995). Regardless, this model needs to be tested at
a pilot scale with effluent to determine if daily fluctuasam nutrient concentratian

havea greater effect than expected from my batch culture experimiétite culture of
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Atlantic halibutat Woods Harbour doesot change to a closecbntainmensystemwe
can expect that the red macroalgae will be exposed to highest temperatuseseha
recordedn this study. This means that the red macrolagae will be increase their light
saturation point and then need more irradiance than the determined in thisUtaley.
these conditions, the responseéCofcrispuscould changeainceit is better adapted to
highest temperatures and irradiation tRapalmata Another important change at farm
scale is the size of the fronds, in my experimentm3ips were used, wheRe palmata
had a higher surfaearea:volume ratio. Fronds of the santggkl had differentvidth, in
generalP. palmatawere wider tharC. crispus If whole thalli are used, this relation

could increasenarkedlyin C. crispusbecaus®f its branched morphology.
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CHAPTER 4 LIGHT SATURATON CURVES AND NUTRIENT

ASSIMILATION OF Chondrus cri spus UNDER ARTIFICIAL LIGHT

4.1 ABSTRACT

Irradiance is an important factor in macrodigeowth. The determination of the
light saturation point for growth and photosynthésisritical for theoptimization of
cultivation in landbased integrated cultusystems, especially when stocking density
was incremented. The light saturation curves for growth, photosynthetic aethdty
nutrient uptake was determinéat Chondrus crispusultivated in onditre flasks atl0
°C, attwo stocking densities (2 arid g L* fresh weight) under six lighteatments
(Photosynthetic Photon Flux Fluence R&@to 500 umol nfs?). At high stocking
density (0 gL, the light saturation point for growth wasa PPFFR a835 pmol n¥
s?, andfor netphotosyntheticate was at a PPFFR ®86 pmol n? s. At high stocking
density C. crispusconsumedn three dayslmost allnutrient available in the flasks,
therefore the saturation pagwerelower than forthe low stocking density or contrd (
g LY. There wasx marked effect of irradian@m the accumulation dfssue nutrient and
pigmentcontents, mainly at high stocking density. PRFFR< 200 umol n? s, the
highestitrogen and phycoerythrin percentagere recorded At low stocking densityif
was posible to determine targetfor optimal culture conditioné % N). If the content
is lower, there isa possibility to optimize the culture condition fGr crispus In Atlantic
halibut effluent witha continuous nutriengupply,a PPFFR o100 pmol n? stis
recommendedAt highe irradiances, the stocking density could be incréaser10 g

L, reducing the rearing surfaegea,andthe installation cost
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4.2 | NTRODUCTION

Irradiance is a key factor in the ecology and culture of macroalgae;éixpdain
65 % of photosynthetic activity, 6% of growth,and 42% of nutrient uptake Nutrient
concentrations the other key factdiapointe and Duke 1984)These processes increase
in proportion tarradiance until it become excessive (photoinhibitjoor nutrients
become limiting (Hader and Figueroa 1997). In general, the response of each plant to
irradiancedepends on photoacclimation more than its phylogenetic origin (Enriquez et al.
1994). Hence, there is no consensus on the opitiraelancefor cultivation of
macroalgae. For example, 8hondrus crispushe range of light saturation points
reported is from 46 to 450 umol n¥ st (Stromgren and Nielsen 1986; CabeHasini et
al. 2000). Red macroalgae have accessory nitrogenous pignteyaskijiprotens,
PBP which allow them to absorb lower irradiances than other algal phyla (Rhee and
Briggs 1977). Plants acclimated to low irradiances havepigyhentconcentrations to
maximize the absorption of the scarce photons available (RoseariieRpmus 1982).
In contrast, plants acclimated to high irradiances have low concentratiBB$ai
avoid photoinhibition (Hader and Figueroa 1997). Forréssonthe ratioPBPto
chlorophylla decreases agadianceincreases (LopeEigueroa 199 The acclimation
to specificirradiancesmplies a diminution in the photosynthetic activity when plants are
exposed to a change in their light environment. Plants acclimated todovanceare
quickly photoinhibited in high irradiance, whereas higadianceacclimated plants have

insufficient pigment to photosynthesize at low irradiance (Lapointe and Duke 1984).
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In nature, macroalgae live in environments with continuously changing
irradiances Irradiancechanges with respect to time of dayate depth (tides), cloud
cover,and turbidity. Day length also changes seasonallyaltieeecliptic orbit of the
Earth around the Sun (Kirk 2011). In controlled Hoaged facilitiesncorporating a
tumble culture system, variation in irradiance alsaltesrom changes stocking
density. In tumble culture individual plants are exposed only momentarily to full
illumination, which normally only comes from the tank surface, and they have time to
recover their photosynthetic systems (Neish and Knuts@8;¥9ader and Figueroa
1997). Increasing the stocking density reduces the growtbfratdividual thalli but
increases the yield per area uttierefore nhutrient uptake efficiency increases (Neish
and Knutson 1978; Chopin et al. 2001). Increasirigent uptake efficiency is essential
for optimizingtheintegrated culture of macroalgae drsth (Pereira et al. 2006).
Increasing the algal stocking density also has other economic advantages: it reduces tank
space requirements and other installatiod eperational costs (Chopin et al. 2001),
increases formation of mycospagilike amino acids which haveraarket as antioxidant
and UV screening agesiFigueroa et al. 2008), reduces epiphytism (Bidwell et al. 1985)
and prevents photoinhibition (CabeRasini et al. 2000).

The goal of this NSERC projeuatas to optimizehe integration oC. crispusand
P. palmatawith Atlantic halibut in NS. In previous laboratory experimemsth natural
light (Chapter 3 of this thesisl. palmataperformed better #n C. crispusin the range
of temperature studied,0 and 14°C. However, in the third year of its cultivatioR,
palmatadeteriorated because of the high summer temperatirep to © °C at the

Atlantic Halibut farm. Therefore, it might be necesstryropagateP. palmatafrom
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spores, whiclwould make it incorporation in the IMTA system more costly and risky.
Hence,in the current culture condition€. crispuscouldbe incoporate at a commercial
scale The Basin Head strain &. crispusused inthis project reproduces through
fragmentation, thus avoiding having to start cultures from spares grove well
througlout the year (Corey et al. 2012)hereforeC. crispuswas selected to determine
the saturation curve under artificial lightUse ofartificial light incurs extra installation
and operational costs than natural lighut it allows irradiance to be accurately
controlled to produce macroakgaith a consistent quality as required by the food and
pharmaceutical industry (Hafting et aQ12; Ibafiez and Cifuentes 2012).

Chondrus crispugrew better under artificial light than natural light when it was
evaluated in a preliminary trial using the same culture conditions as in the greenhouse
experiments described in ChapterBsimilar resut was observed iR. palmata
(Morgan and Simpson 1981bJhe difference in growth ratef C. crispusbetween
artificial and natural light was inversely relatedXtaly PhotonDose(DPD), 300%
higher under artificial than under natural light at 3 mdidrt and only 8% at 17 mol n?

d. TheDPDswith artificial light, in my preliminary trial,wereachievedwith a

photoperiod of 16:8:D undera Photosynthetic Photon Kléluence Rate (PPFFR) of

50 and 300 umol rAs?, respectively. However, as ingtlgreenhouse experiments, the
nutrients in the culture medium were consumed quickly by the algae. For this feason,
was not possible to conclude if the reduction in the difference in the growth rate was an
effect ofthe irradiancer due to nutrients lreg limiting. To resolve this question, a new
experiment, which is described in this chapter, was conducted at a highent

concentratior{1,300 uM NH;*). Other studies within this NSERC project were also
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conducted under artificial light. In labdoay scale experiments at 2 ¢ in onelitre
flasks undea PPFFR o025 umol n? st (DPD,7 mol m? d%; 16:8L:D) C. crispus
absorbecimmonium(NH4") fasterthan nitratgNOs), up to 300 uM NH" in 24 hvs. up
to 111 uM NQ' in 24 h(Corey et al. 203). However, this stocking density is low
compared t@ commercialscalefarm, whichreass C. crispusat 5.6 to 11.1 g £ in large
tanks (2000 rhx 0.9 m depth, Craigie and Shacklock 1995). An additional trial in
Atlantic halibut effluent was conduct&u 50-L tanks to determinate the best stocking
density to cultureC. crispusata PPFFR 0f.40 umol n? s* (DPD, 8 mol m? d!; 16:8
L:D). A stocking density of 10 g'twas identified as thieest compromisbetween
nutrient uptake and productivity (Kiet al.2013. A recent study indicated a higher
irradiancels neededo increase biomass @f. crispug(Cornish et al. 2013). They used
155 to 165 pmol M st butwith a shorter photoperiod (14:10D), hence th®PD was
similarto Kim et al. 013, 8 mol m2dX. An irradianceof 75 to 80 umol it s (DPD,
4 to 5 mol n? d!; 16:8L:D) was indicated as staaturated (Cornish et al. 2013). By
comparison, the 50 pmol st (DPD, 3 mol m? d?; 16:8L:D) was considered the light
saturation point fogrowth for a strain from NS (Bird et al. 1979).

The aim of my research was to determine the light saturation point for nutrient
uptake efficiency, growtlandphotosynthetic rate, and the effect on dlaek respiration
rate, andissue nutrients and pigmisn This information will allow the determination of
theirradianceneeded for the cultivation &. crispusin Atlantic halibut effluent with
nutrient levels 10@old higher than seawater (Corey 2011). The approach was to
compare the response ©f crigpusculture in onditre flasks at low stocking densifg g

L1 FW) and high stocking density (10 g EW). Theirradianceevels tested were
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within the range indicated for light satuoat of this speciesRPFFD of50 to 500 pmol

m?2 st DPD of 3 to ® mol m? d? over 16 h ligh.

4.3 MATERIALS AND METHODS

Biological material Chondrus crispusBasin Head strain, was obtained from Scotian

Hal i but Ltd., Woodos-6Hal b4odu r3,0 6N SV)(.4 3 Ul h3i1s. Os
maintained since June 200PAtlantic halibut effluent at ambient seawater temperature

(1 to 18°C), with nutrient concentrati@ranging from 6 to 564 uM N and daytime

illumination overa PPFFR ofl00 pmol m? s (Corey 2011). Previously, this material

was cultured for severgkars at the Marine Research StatldRC, Ketch Harbour, NS.

Segments, 3.0 to 3.5 cm long, were trimmed from the apical part of the thalli.

Place and date3he determination of the light saturation curve€o€rispuswas

conducted in the Aquacultut@entre aDalhousie Universit§y Agricultural Campus
(DAL-AC) , Trur o, NG&3AA453.A,explotayy.addayas
conducted to determine the initial nutrient concentration to ensure nitrogen was not
limiting (March 29 to April 2, 2012). Téexperiment ran from April 22 to May 17, 2012

and photosynthetiand respiratiomates weremeasured on May 18 and 19, 2012.

Experimentabesign: Forty-eight onelitre Florence flasks (4060QL, Pyrex, MA, USA)

were arranged in six fiberglass circulanka (1.5 m diametefFig. 4.). Eight flasks
were randomly placed in each tank, four flasks at low stocking density comprised the

control (2 g I fresh weight [FW]) and the other four $ks had the high stocking density
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(10 g L* FW, Appendix B. To ranove any organic residue, flasks were cleaned and
rinsed with 10% hydrochloric acid, then were filled withV-sterilized seawater

enriched with a modification of von Stosch’s enrichment medium (von Stosch 1964).
Ammoniumwas used as nitrogen sourtestead ofthe original nitrate. Vitamins were
added, according to the specifications for this medium (Anderson et al. 2005, p. 518).
The culture medium was replacedery third or fourth dagbatch culture system).

During the experiments the mean nutrieomtent ofunenrichedseawater was 14 uM

NH4*, 0.4 uM NQ, 0.2 uM PQ* and 30 psu salinity. Previous experiments (Chapter 3)
determinedhatt he ori ginal 500 €M of nitrasgen prop
limiting to C. crispusn this batch cultureystem. An assay with four nutrient levels

(500 to 2900 uM ammonium, Nkf) determined that,300 uM NH;s" is suitable forC.
crispusin this condition(Appendix F) The modification required increasing by 2.6

times the concentration of all the nutrientsl aitamins used in Chapter 3.

Figure 41. Randomized set up of the chige Florence flasks stocked witbhondrus
crispusat 2 and 10 g i FW. Tubing from the right fech mixture ofair and carbon
dioxideto the flasks stocked a0 g L while the tubesrom the left fed the flasks atg
Lt
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A light fixture (132 cm Lx 37 cm W) with up to six 6500K fluorescent tubes
(F54W/T5/865/ECO, General Electric, China) was suspended a set height (11 to 78 cm)
abovethe flaskqo achievethe experimentarradianceevels PPFFRof 50, 100, 200,
300,400a nd 5 0 02s#¥).nThd speatral composition of the fluorescent tubes
included Photosynthetically Active Radiation (PAR, 40®@0 nm) and a fraction of the
UV-A spectrum (350 400 nm, Fig. 4.2).To avoid possible interference among the light
treatments, each circular tank was isolated with a double black plastic curt&s0®1
Polytarp Products, ON, Canad&hotosynthetically Active Radiatiomas logged every
15 min on consecutive days in eyéank, using a spherical quantum sensof1(@3SA,
LI-COR, NE, USA). Due to the shape of the Florence flask and the size of the spherical
light sensor, it was not possible to measurartiagianceinside the flasks, but the sensor
was set up at the sanheight as the flasks. This sensor measures the total number of
photons incident on a point from all directions, denominated Photosynthetic Photon Flux
Fluence Rat e 2% A&doRpare withexperiments under natural light,
Daily Photon Dos (DPD, mol ni? d1) and Total Photon Dose (TFD, mot26 d%)
werecalculatedintegrating the PPFFR during the time that the lights were on (Sagert
and Schubert 2000). Photoperiod was controlled with a digital timer§8526, Noma,
China) and settahe maximum daylength at the latitude of Nova Scotis§ L.

The effect of the flask glass amadiancetransmittance was assessed with a three
litre beaker (1006BL, Pyrex, MA, USA) which had the similar optical propertéshe
flasks. Both aredrosilicate glass code 7740 but have a different shape. When the
beaker was inverted above the spherical light sensor, the PPFFR was tedséed It

was not possible to determine the effect of seawat@ramiancetransmittance but it
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could be lowethan the flasks because the seawater refractive index, 1.33 (Quan and Fry

1995) is lower than the refractive index of the borosilicate glass, 1.47 (CORNING 2008).
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Figure 42. Sectral power distribution of the 650 fluorescent tube
F54W/T5/865/ECO. Power measured as microwatt per nanometer of waveler
lumen (UMW / nm x Im). It includes peaks in the violet, green, and orange portion:
spectrum.
http://www.gelighting.com/LightingWeb/na/images/28345 _Starcoat_T5_Ecolux_tc

-21063.pdf

To maintain the flasks at a constant temperature, the fibreglEsditanks were
used aswater batheachsupplied with constaritow-throughof 10 °C-groundwater.
Water temperature was logged every 10 min (Minildgt8Vemco, NS, Canada). To
achieve the tumble culture, each flask was supplied with air viadadlegr acrylic tube
(4.76 mm OD, 16007, Dynamic Aq¢ggau ppl y Lt d., BC, Canada) <co
PVC tubing manifold by translucent silicone tubing (4.78 mm ID, Silastie(B1 Dow
Corning, MI, USA). Each manifold had four brass valves (VBR1, Dyn#gic
Supply Ltd., BC, Canada) to control the aeration of diash. Each manifold was
connected to a twbtre Florence flask (406QL, Pyrex, MA, USA) with silicone tubing,

where the air was mixed with carbon dioxide EOThe CQ supply to each twditre
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flask was controlled manually with a brass valve. The @Quirement waassessed

indirectly by monitoring the pH of the culture medium twpex daywith a hanehdd
meter(Electrode 13620-AP50 and Accumet AP61, Fisher Scientific, Singapore)hdf

pH of a specific stocking densityight condition was above 8.5, G@as added to this

mix flask. The CQ supply from the cylinder was controlled by a higtessure solenoid

valve (Series 8223, ASCO, ON, Canada). The solenoid valve, controliath ibyta

digital timer, opened one hour after the lights were turned on and closed one hour before
lights were turned off Air (4 psi) was generated by a positive displacement blower

(Sutorbilt GABL DPA, Gardner Denver, ON, Canada). The air input to ®azhtre

fl ask was contr ol | e-050®TyKing Brdther2 industriey @A, v al v e

USA).

Sampling protocol At each exchange of the culture medium, the temperature and pH

were recorded inside each flask. Two seawater samples were takexafibrilasko
determineammonium and orthophosphatesorptiorusingthe same methodolo@gs
describedn Chapter 3 for water nutrient analysis addition fronds were evaluated and
cleaned of epiphytes using a scalpel.

Each week, fronds were photognal, dried with paper towel and weighed
(0.001 g precision balance), after which, whole segments were removed to return each
flask to the original stocking density. The initial number of segments in each flask was
ca.25 and 125 at low and high stockingngity, respectively. The number was
decreased depending on the growth at each treatment and replicate. Specific growth rate

was expressed as percent per day for each replicate flaskIEgvans 1972).
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At the start and end of the experiment, tissaara@es (1 to 4 g FW) were dried at
60°Cto analgecarbon and nitrogeasingthe same methodologlescribedn Chapter 3
for tissue nutrient analysisThese samples also were utilized to calculate the fresh
weight/dry weight ratio (FW/DW ratio). In addin, tissue samplesd.1 g FW) were
frozen at20°C for subsequerdnalysis of the pigments content (chloropla#ind

phycobiliproteirs).

Net photosynthetic rate (NPR) addrkrespiration ratelRR). At the end the

experiment, the NPR ar@RR of asample of segments from each treatment was
determined using the methaldgy described in Chapter Bark respiration rat¢mg C

gl FwW h) was determinedith Eqg.4.1(Thomas 1988).

Eq.4.1 DRR = [(IBi DB) x 375.9] / (T x RQ ) / (FW x 3333)

where: IBis the initial oxygen levein mg L%; DB is the final oxygen level in the dark
bottles in mg L'}; 375.9 is the factor to standard volume ();il is incubation time in h;
RQ is the respiration quotient (1.0 was assumed); FW is the fresh weighsefjthents

in g and 3333 is the factor to standardize to allifrsis.

Tissue pigments analysi®igment concentratisnwereanalyzed with a modification of

the methods described for phycoerythrin (PE) and phycocyanin (PC), and chloeophyll
(Chl a) by Beer and Eshel (1985) and Chapman (1988), respectively. Samples of frozen
tissues (100 mg FW, 0.001 g precision balance) were ground with fine sand-mla 50

porcelain mortar (60310, CoorsTek, China) using a porcelain pestle (60311, CoorsTek,
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China). To &tract phycobilprotens4 mL of orthophosphate buffer (0.1 M, pH = 6.6)
was gradually addeduring the grindingand then the homogenatastransferred to a
10-mL translucent polypropylene test tube (149567A, Fisherbrand, Mexico). To avoid
pigment degrdation, the grinding was done in a dark room under dim red light (3 lux,
Light Meter 840022, Sper Scientific, AZ, USA). Samples were kept overnigine in
dark at 4°C andthencentrifuged at 129 (6,500 rpm, maximum speed) for 30 min at 4
°C (Harrier18/80 refrigerated, Measuring and Scientific Equipment, UK). The
supernatant was transferred tpadystyrenecuvettewith a10-mm pathlength
(GD14955125, Fisherbrand, Chinalsa@under dim red lightandabsorbance was
measured at 455, 564, 592, 6&A] 645 nm with a visible and near infrared
spectrophotometer (DR2700, Hach, Germany). To ex@thka, the resulting
centrifugation pellet was ground with 4 mL of @buffered acetone with magnesium
carbonate 26, andcentrifuged at #12g for 20 min a4 °C. The supernatant was
collected in a 19nL test tube and the new pellet was ground again with the acetone
buffer and centrifuged at the same conditions. The new supernatant was combined with
the previous and then the absorbance was measured an665 n

Pigment concentration was calculated using a modification of the equations used
for phycoerythrin (PE) and phycocyanin (PC; Beer and Eshel 1985), aGtilfar

(Chapman 1988ith equations £, 4.3and4.4, respectively:
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Eq. 42 PE (mg gt FW) ={[(A5647 A592)i (A455i A592) * 0.20] *0.13 * (V / g)

Eq.43 PC (mgd FW) = {[(A6187 A645)i (A592i A645) * 0.51] *0.15 * (V / g)

Eq.44 Chla(mg g!FW) = (A655 /74.5) * (V/ g)

where A is the absorbance at each wavelength; 0.12 and 0.18 afestrption

coefficients derived from the specific absorbance of PE and PC, respectively; V is the
extraction volume in mL (4.0 mL of orthophosphate buffer or 8.0 mL of acetone buffer)

and g is the fresh weight in grams of the sample used.

Culture condibns The nominalrradianceshowed some variation with respect to

measurements made with the sengRegardlessirradiancesverestill significantly
differentamong treatmenf@ppendixG, Table G.L After the lamps switched on, they
emittedca. 20 % moreirradiancefor the initial 1.5 h then stabilized; this could have
affected the mean PPFFR. The temperature in the water bath tanks was statfe) 10.1
°C. Nevertheless, the short distance between the light fixtures and the flasks to meet the
highes irradianceevels, affected the temperature inside the flaJktse mean

temperature inside the flastanged between 10.1 to 10C, with an overall mean of
104+0.0°C (AppendixG, Table G2). pH of the culture media was also affected by the
light treatment, requiring the addition of higher flow £10 help maintain a low pH in
most treatments. However, at high stocking densityPREFR 0200 and 500 pmol rh
s?, the mean pH was #R.3 and 8.60.1, respectively (Appendi®, Table G2), with

pH 85 being the upper limit for optimum photosynthesi€otrispus(Craigie and

Shacklock 1996
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Statistical analysisTo evaluate the light saturation points, the equation for light

saturation curves of Jassby and Platt (1976) was used.@tq.The slog of the initial

phase of the saturation curve was calculated with a linear regression without an intercept,
by the REG procedure of SAS (SAS 9.3, Institute Inc., NC, USA). Outliers were
identified running the Univariate procedure of SAS and then inlah@gesidual through

the AndersofDarling normality test (Anderson and Darling 1952) in Minitab 16

(Minitab Inc., State College, PA, USA). Mean and standard error were calculated in the

Surveymeans procedure of SAS.

Eq.4.5 R=Rn* tanh *g[(U * 1) [/ R
where R is the response variable at a specridiance Rn is the highervalue of the
response variable, tanh is the hyperbolic
saturation curve and | is tlreadiance level

For nutrient uptake and sp&cigrowth rate, a repeated measures anabfsis
variancewas conducted to include the effect of the different sampling periods. Different
types of covariance structure were tested,
Criterion (AIC) that met theormality requirement were selected to run the Mixed
procedure (Elliot and Woodward 2010). The AnderBamling normality test (Anderson
and Darling 1952) was conducted in Minitab 16, using the residuals of the Mixed
procedure of SAS statistical softwar@rthophosphateptake phycobiliproteins, and
respiration ratelataweresquare transformed to meet the normality criterion. For tissue

nutrients angbigments, and their ratipa single time was analyzed. Leaquares means
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analysis =0.05) was useds apost hodest to determine pairwise relationships among
all combinations.

In a factorial designiffadiancex stocking density the interaction betwedyoth
factors can be analyzed by first determining the regression of effect of irradiance at each
stocking density. Then a predicted curveampued using the regression model at low
stocking density but using the initial value of the regression at high stocking density. The
difference between the predicted curve and the actual curve at1& the effect of the
interaction between stocking density and irradiance (Bhujel 2008). To determine the
effect of stocking density on the response to irradiaeadratic regressismwere
computed in the GLM procedure of SAS. Graphs were created in EXt@l(Microsoft

Corporation, WA, USA) with the data obtained from the regression models of SAS.

4.4 RESULTS

At low stocking density (2 g1, C. crispusconsumed a maximum of 888 uM
NHs*ata PPFFR 06 0 0 ¢ %sd in thneeto four days (Fig. 4.3a)This amount
represented an uptake of &Bof the available ammonium. The light saturation point
wasata PPFFR 03 8 6 & Aad (Tabim4.1). At high stocking density (10 g)Lthe
highestammonium uptake was2Z1uM NH4" (98%) at 2 02 witmao | m
saturati on p o%sn Becaagathig9stockingmensitZ ncrispus
removed almost all the ammoniwaxailablein the flasks, was not possible to determine
the effect of the stocking densibyp ammonium uptakeThe predicedammonium
uptake ahigh stocking densitwashigher tharwas availableca.1,5 0 0 ¢ M(Fipl H

4.3b). Thehighestorthophosphate uptal@2 gL*wa s 4 4 5 at e hRylest
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irradiancPPFFR o6 0 0 ¢ ¥ns)| whioh corresponded to 36 of the available

ot hophosphate (Fig. 4. 4a). 2sT(hable4slp tAlOr at i on
gL thehighestor t hophosphate up@®&keawa30%E%atmdl P
the highestrradiancethe uptake decreased@o8 ¢ M (87 ®@). The satuation point

atthehi gh st ocki ng de?s$ The gredistadsorthdphdsphaterupthke m
indicated a positive effect of increasitigg stocking densityt was 20% lower than the

actual orthophosphate upta&el0 g L*. However, the predictedhlueat5 0 0 ¢ ¥o | m
s! coincided with the actual valuthen at high irradiance the effect of stocking density
decreasedFig. 4.4b). Nutrient uptake was sigincantly affected by the experimental

factors, irradiance and stocking depgAppendix H,Table H.1). According to the

slopes of the initial phase of the saturation cur@esrispususedirradiancemore

efficiently to uptake nutrients 40 g L! than a2 g L'* (Table 4.1).
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Figure 43. Effect ofirradianceand stocking density on ammonium uptake efficiency
Chondrus crispusultured under artificial lightRhotosynthetic Photon Flux Fluence
Rateof5 0 t o 5 @ 6% wathragphotoperiod of 16:8 (light:dark) at 20. A) Light
saturation curves. B) Effect of stocking density on ammonium uptake. Diastwed
represent low stocking density (2 ¢ EW). Solid lines the high stocking density (10
LT FW). Dotted lines the predicted curve, the difference between the solid line an
dotted line represents the effect of stocking density. Error b8IEs == 16,four
samples x four replicates.
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Figure 44. Effect ofirradianceand stocking density on orthophosphate uptake effic
of Chondrus crispusultured under artificial lightRhotosynthetic Photon Flux Fluenc
Rateof 50 t o 5 &%) withmeogphotoperiod of 16:8 (light:dark) at 20. A) Light
saturation curves. B) Effect of stocking density on orthophosphate uptake. Dashe
represent low stocking density (2 ¢ EW). Solid lines the high stocking dsty (10 g
L1 FW). Dotted lines the predicted curve, the difference between the solid line an
dotted line represents the effect of stocking density. Error bars = SE, n = 16, four
samples x four replicates.
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Table 41. Parameters of the light saturation curve€loéndrus crispusultured at 10
°C under six lightirradiancesPhotosynthetic Photon Flux Fluence Rat&@to 500
pmol m? st

Maximum value of Saturation point,
Slope : o
response variable pmol m* s
Stocking density, g £ 2 10 2 10 2 10
Response variable
mmon'“m uptake, 60  17.7 888 1271 386 190
S&hOPhOSphate uptake, 53 g 44 76 267 217
;}pgf'f'c growthrate, (o5 003 6.8 5.3 234 335
Net photosynthetic rate,
mgC gt FW ht 0.002 0.001 0.15 0.07 249 186

The light saturation point for growth at low staogidensity wasat a PPFFR of
2 34 ¢ %, lwithra maximum SGR of 6% d* (Fig. 4.5a). At high stocking
density thehighestSGRwas5.3 % d',withas at ur ati on point for
m?2 st (Table 4.1) The pedicted SGRshowed a positiveffect of stocking density, it
was 10% lower thantheactualSGR  mai nl y f r-oshto Highed irragliancds m
(Fig. 4.5b). Specific growth rate was sigrcantly affected by the irradiance and stocking

densitytreatmentgAppendix H, Table H.1).
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Figure 45. Effect ofirradianceand stocking density apecificgrowthrateof Chondrus
crispuscultured under artificial lighthotosynthetic Photon Flux Fluence Rat®&@to
500 ¢ ¥%=)lwithra photoperiod of 16:8 (light:dark) at 30. A) Light saturation
curves. B) Effect of stocking density specificgrowth rate. Dashed lines represent
stocking density (2 g EFW). Solid lines the high stocking densif\0 g L'* FW).
Dotted lines the predicted curve, the difference between the solid line and the dott
represents the effect of stocking density. Error bé8&m = 12, three samples x four
replicates
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TheNet PhotosynthetidRate (NPR) at the high stocking density was independent
of irradiance Fig. 4.6a Appendix H, Table H.2) It was lower than the NPR latv
stocking density at eveiyradiancetested because the photosynthetic rate was expressed
in terms of the fresh weight (Fig. 4.6a). Tdféect of the stocking density was not clear,
thepredicted curve was lowest at the lowestdiancesand highesat the highest
irradiances At the highest NPR, the light saturation points for photosynthesisatvare
PPFFRoR2 49 and 1°8%atlewrand higmstocking density respectively (Fig.
4.6b).

The dark respiration rat®RR) of the fronds exposed towestirradiances
(PPFFRo65 0 and 1 8®%) wasmgual at both stocking densities, and increased
asirradianceup to2 0 0 & ¥ Wherma plateau was observed (Fig; Agpendix H,
Table H.3. However, the maximum respiration rate was higite? than at 10 gt
because it was expressed as in term of the fresh welglhelow stocking density, the
respiration rate was inversely related toithadianceto which the fronds were
acclimated while atthehigh stocking density it was indepdent & photoacclimation

Tissue carbomandnitrogen content and the molar C/N ratio, at low stocking
density remained close to their initial values (Table 4l2)contrast, at high stocking
density the tissue carbon and nitrogen content decreaseddiancancreased up ta
PPFFRo# 0 0 ¢ ¥at.| However, the decrease in nitrogen content was an order of
magnitude greater than the decrease in carbon conte¥ita#d 3%, respectively.
Consequently, the molar C/N ratio increased uptoamarimo f 12 at?s400 & mo
All the tissue nutrient variables were affected significantly by the experimental factors

(Appendix H, Table H.3).
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Figure 46. Effect ofirradianceand stocking density on the photosytitheateof
Chondrus crispusultured under artificial lightRhotosynthetic Photon Flux Fluence
Rateof5 0 t o 5 @ 6% wathraophotoperiod of 16:8 (light:dark) at 10. A)
Effect of stocking density on photosynthesis. B) Light saturation curves. Dashed
represent low stocking density (2 ¢ EW). Solid lines the high stocking density (10
LT FW). Dotted lines the predicted curve, the difference between the solid line an
dotted line represents the effect of stocking density. Error b8E = three replicate
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Figure 47. Dark respiration rate d@hondrus crispugultured under artificial light
(Photosynthetic Photon Flux Fluence Raté & t o 5 &%) watmeophotoperiod
of 16:8 (light:dark) at 10C. Dashed line represents low stocking density (2 §W).
Solid line the high stocking density (10 ¢ EW). Error bars = SE, n = three replicate

Table 42. Tissue nutrient contenf €hondrus crispusultured for 26 days at two
stocking densities (2 and 10 ¢¢ EW) under sixrradiancegPhotosynthetic Photon Flux
Fluence Rate d50 to 500 umol nf st) at10°C. Percent of carbon in dry weight @),
percent of nitrogen in DW (%) and molar ratio of carbon to nitrogen (C/N ratio).
MeantSE, n = 4. Means shiag the same letter are not significantly differelneéést
square means test, p >0.05)

% C % N C/N ratio
Initial 31.0 4.7 7.7
Stocking
density, 2 10 2 10 2 10
gL*
Irradiance,
umol nm? st
50 31.3+0.220 31.9+0.12 5.2+0.18€0  4,9+0.0°CP 7.1+0.1% 7.6+0.0
100 30.8+0.4ccde 31 7+0.12 5.1+0.18¢P 5.0+0.14 7.1+0.17 7.5+0.17Y
200 312+0.30¢  30.3+0.1%f 5.2+0.18CP 3 440.1CPE 7.1+0.17 10.5+0.2Y
300 31.3+0.3%c 29.9+0.3 5.2+0.3F¢ 3.3+0.1PE 7.0+0.37 10.6+0.3Y
400 30.9+0.4¢d  30.1+0.0°f 5.0+0.3CP 2.9+0.0°F 7.4+0.4% 12.0+0.2
500 31.3+0.3°  30.6+0.1cdef 5.4+0.28 3.5+0.1CPE 6.8+0.27 10.2+0.3Y
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Tissue pigment content at both stocking densities was inversely related to
irradianceup toa PPFFR o2 0 0 ¢ W (Fig. @.8). Above 200e mo 2 stmpigment
content was independienty of irradianget 5 0 “%sfmpidmerncontent increased
from their initial concentratiasiof 1.86 mg ¢ FW of phycoerythrin (PE), 0.29 mg'g
FW of phycocyanin (PC) and 0.74 mg BW of chlorophylla (Chl a). This effect of
irradianceon pigment contenwas more evident dt0than at2 gL, where
phycobiliproteing PE + PC)decreased by 7 while Chla decreased 5%. At the
lowestirradiance the ratio of PE/Chh and ratio of PE+PC/Cla also increased from the
original ratio 2.5 and 2.9, respectively. The pigment ratios were l@avest 50 02 € mo | m
stwhenC. crispuswas cultivated a2 gL', and was2Za&00geifladle m
4.3). The effect of the treatment factors was more evident ira@dn in

phycobiliproteins (Appendix H, Table H.4).

4 2gL! 10 g L

3 Bchla

mPC

Tissue pigment content, mg g-' FW
nN

Initial 50 100 200 300 400 500 Initial 50 100 200 300 400 500
Photosynthetic Photon Flux Fluence Rate, pmol m?2 s

Figure 48. Tissue pigment content @hondrus crispusultured at two stocking
densities (2 and 10 gFW) under artificial light Photosynthetic Photon Flux Fluenc
Rateof5 0 t o 5 @ 6% wathragphotoperiod of 16:8 (light:dark) at 20.
Horizontal hatch pattern corresponds to chloropaythl a), solid to phycocyanin (PC
and diagonal hatch pattern to phycoerythrin (PE).
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Table 4.3. Ratio between pigments in tissue Ghondrus crispuscultured at two
stocking densities (2 and 10 ¢t EW) under artificial light Photosynthetic Photon Flux
Fluence Rate dB0 to 500 pmol n? s1) with a photoperiod of@:8 (light:dark) at 10C.
Phycoerythrin (PE)phycocyanin (PC) and chlorophyl (Chl a). Mean+ SE; n = 4.
Means shang the same letter are not significantly differebeéstsquare means test, p
>0.05)

PE / PC PE/Chla PE + PC/Chla
Initi al 6.5 25 2.9
Stoc"g‘?__f'e”s'w' 2 10 2 10 2 10
Irradiance,
umol nt? st
50 6.140.3%  6.1+0.3° 37+0.8  2.740.3° 4.3+0.9"  3.1+0.4%
100 6.6+0.1  5.6+0.88 1.900.3% 2403 224049  2.9+0.3Y
200 6.240.28  57+0.18 17403 1.3+0.19 2.000.32 1502
300 5.9+0.28  5.8+0.38 16040  1.6+0.3¢ 1.80.57  2.1+0.5%
400 5.6+0.08  6.2+0.58 1.9¢0.40 14403 22405% 1603
500 5.4+0.F  5.9+0.38 124000 1.4+0.3 1407  16+0.%

4.5 DISCUSSION

According with the literature, increasing stocking dens#iguiresirradianceto be
increased to maintain nutrient uptakecausef sel-shading. However, in bath culture
systemself-shading was evidewinly atthe light saturation point for growthrhe Ight
saturation point for photosynthesis@fcrispusat high stocking density (10 g was a
little less than at low stocking density (2 g)Lmaybe because the carbon dioxide
limitation in the small Biochemical Oxygen Demand bottles (300 mL). lsghiration
point for nutriens uptake alsavaslower atl0than at2 g L' because the highutrient
uptake at this high stocking density; almost all the nutrients available in tHgrene

Florence flasks (800 uM NH:" and 78 pM PG@*) were consumed beeen each media
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exchange.The ammonium uptake efficiency at high stocking density was higher than the
uptake expected from the preliminary assessment, where 300, 2100 and 200 pM
NH4" were evaluated (Appendix F). In the assessment, the tinetébconsumptiorof
1,300 uM NH;* was 5.3days;therefore it was in the range of the media exchange (3 or 4
days). According with the predicted curve developed from the quadratic regression at
low stocking density, the maximum ammonium uptake could ®@01uM NH:", an
intermediate value between the evaluated concentrations.

The light saturation point for growth @f crispusat 10 g L* was 2.5 to 7.5old
higher than the values reported in the literature for strains from Nova Scotia (Bird et al.
1979; mright and Craigie 1981; Table 4.4). The range indicated as the saturation point
for growth increases further if studies from other geographic areas are considered, but
they were still lower than the values found in the present study (Table 4.5). Tsthig
value found in the literature was in plants acclimated to inighiance while the lowest
was in shadacclimated plants (Stromgren and Nielsen 1986; Greene and Gerard 1990;
Table 4.5). Despite photoacclimation, increasing the size of the specsaein the
experiment tended to increase the saturation point, indicating thahseling affected
the results. Inhecaseof my experimentsthe selishading was consequenaaf the
stocking density.In an experiment within this NSERC projeCt, aispuscultured in
Atlantic halibut effluent at 10 g'tand 17°C, was not saturated for growth up to 322
umol m2 st (S. Caines, pers. comm. May 2012). This value was consistent with that
obtained in my laboratory experiment at the same stocking gensitwever Caines
useda flat sensor (L-IL.92SA), which in my laboratory conditions registered only the 6

% of theirradianceregistered by the spherical sensor. In ecological studies and in tank
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culture of macroalgak is normal b useaflat sensor bcause the light only comes from
the surface (Ramus 19859)everthelessin laboratory studies with glass flaskss
morerealisticto use a spherical sensor becauseliancereaches the macroalgae from
all directions (Chopin et al. 199Bgrreiraetal. 2006;Corey et al. 2012, 2013).
Unfortunately, few studies repdrtetype oflight sensor use@nd whilesome studies
indicate the lightmeter;this can be connected different sensorsThe lowestight
saturation point for growtbf C. crispuswvasdetermined with a flat sensfrable 4.5;
Stromgren and Nielsen 1986). If this value is extrapolated tossadeasured with a
spherical sensor, @ould be 75umol m? s, similar to that found in another studth

C. crispusfrom the same arg@ able 4.5; Fortes and Lining 198Mowever, it is not
possible tqredict preciselylifference inlight reading of the twosensors in these

experimental conditions
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Table 44. Light saturation points for growth @fhondrus crispugonducted in Canada.
Irradiancandicates the saturation poiandthevalues in brackettherange studied

Irradiance, Temperature, Specimen Source and Light sensor and Reference
pumol m? st °C size cm method original unit
Lower Gulf of  Unknown Light
5071 60 15 05 St. Lawrence. 3C meter LF185 pE  Bird et al.
(5-150) : segments 250 m m?st (1979)
glassflasks
Clone T4 Nova Unknown Light
114 10 2.4 Scotia. 2.6 g X. meter L+185 UE Enright
(24- 188) 6.4-L flow- m?st (1978a, b)
trough
Clone T4 Nova Unknown Light
115 5 2.4 Scotia. 2.6 g 2.  meter LF185 puE Enright
(24- 188) 6.4-L flow- m?2s? (19784, b)
trough
Clone T4 Nova Unknown Light
120 15 2.4 Scotia. 2.6 g 2.  meter LF185 puE Enright
(24- 188) 6.4-L flow- m2s?t (19784, b)
trough
Clone T4 Nova Unknown Light
121 20 2.4 Scotia. 2.6 g . meter L+185 pE Enright
(24- 188) 6.4-L flow- m2s?t (19784, b)
trough
145 (Natural Clone T4 Nova Unknown MJ m Enriaht and
light and Scotia. 2.6 g £. 2d* of PAR over gnt.
. 14-17 2-4 Craigie
five reduced 6.4-L flow- 16 h (1981)
levels) trough
Basin Head,  Spherical sensor Present
234 10 314 PEL. 2 g Ltin 1- LI-193, tud
L glassflasks umol n? st study
Basin Head, Sphericakensor Present
335 10 314 PEIL. 10 g Ltin LI-193, tud
1-L glassflasks umol n? st study
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Table 45. Light saturation points for growth &€hondrus crispusonductedn Europe
and USA Irradiancandicates the saturation poiand the values in bracketse range

studied.
Irradiance, Temperature, Specimen Source and Light Sensor
Py o ) and original Reference
pmol m< s C size method unit
North Sea. Unknown
46- 91 (natural Subtidal (100 Meteordogic  Stromgren
light andfour 15-17 2-3cm 12 m). 6L radiometeyW  and Nielsen
reduced levels) outdoor m?over 14 h (1986)
aguaria
North Sea.  Unknown LI-
Individual COR Fortes and
70 g
(0- 250) 2cm segmer_lt. guantameter LlUning
Growth in UE nm? st (1980)
area
English Flat sensor L
198 Whole Channel. 100 19288_,1uE It Brau,d and
(13- 198) 810 20 thalli L tanks in S Delépine
recirculation (1981)
system
New York, Spherical
USA. Subtidal sensor, Greeneand
224 12 37 4 em (1-2m). Six  Biospherical Gerard
(8-490) segments in-7  Instruments,
) (1990)
L Plexiglas pmol quanta
tanks m?2st

This is the first report of light saturation point for photosynthesi€farispus

from Canada.There are photosynthetic studibsit theydeal with seasondluctuatiors

of the photosynthetic activity, not the light saturatboinves evaluated heréidwell et

al. 1985; Juanes and McLachlan 199%a, The values in the present study were within

the range indicated as saturating light points for strais ofispusfrom both sides of

the Atlantic Ocean (Table 4.6). At 10 ¢,lthe saturation point for photosynthesis was

closeto that reported for plants from the subtidal zoii (m, Mathieson and Norall

1975). In addition,the fronds athe high stocking density were exposed to a high

irradiance however becausef self-shadingtheywere acclimated talow light
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irradiance At 2 g L, the saturation point for photosynthesias close tdhe upper

range indicated in the literatub@ased orthe oxygen evolution method (Brechignac and
Andre 1984). The highest light saturatians have been reported when either carbon
evolution or electron transport rate methods have been used (Tabl&He&)ifference

in the saturation point for photosynthesis measured as oxygen evolution and electron
transport rateouldbethe results ophotorespiratiorat high irradiance@CabellePasini

et al. 2000). There is a wide range of light saturation points reported for the oxygen
evolution method. This is due to differences in instrumentation, the extent of phdto
thermoeadapted specimethe diverse nutritional conditions of the media and the plants
themselvesas well aghe different light sensewused. This could explaiheoverlap
between the upper values indicated as light saturation with the irradiance indicated as
photoinhibitay to C. crispus(Table 4.7). For thiseasonijt is important tadescriban

detail the experimental conditions to allow a comparison of the results.

Enright and Craigie (1981) indicated thia¢ clone T4 ofC. crispusincreased its
respiration rate asradiance increasagp to180 umol n? s®. In my study, the same
trend was observed in the same range of irradgibce at midand highirradiancesthe
respiration rate was stabMhenC. crispuswvas cultured at0 g L. At low stocking
density,regiration ratewaslower when fronds were previously exposed to high
irradiance However thedark respiration rate &. crispusfrom the English Channel
evaluatecat similar irradiance (50 to 600 umol 1? st) was relatively constant
(Brachignac and Aneé 1984). Rerettably, the authors did not gidetaik of their
acclimationconditiors and specimen sizand thisprecludesa direct comparison. The

response of red macroalgadn@adiance(depth) varies depending their
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photoacclimation strategiesérquardt et al. 2010). They studithree species
Mazzaella laminarioide@Bory de SairVincent) Fredericq an8arcothalia crispata
(Bory de Sainvincent) Leister wereonsistentvith my resultsjn thatthedark
respirationrateincreagdwith increagng irradiances. Howeverthedark respiration rate
of the third species;racilaria chilensisBird, McLachlan and Oliveiravas independent
of irradiance indicatingarestricted physiological acclimati@bility (Marquardt et al.
2010). A similar resut wasfound inAhnfeltia tobuchiensi@Kanno and Matsubara)
Makienko (Cherbadgy et al. 2010). Unfortunately, in thetadiesthe highest irradiance
wasca. 300 pmol ¥ st; thereforejt is not possible to know if highérradiance would
result inphaoinhibition. In addition, both studies used different type of sensors, which
increase the difficultyo interprethe resultsMarquardt et al(2010') used a spherical

sensor (PPFFR) arherbadgy et g2010"") used a flat sensor (PPFR).

16 Spectroradiometer SB910, Macam Photometrics Ltd. Livingston, Scotland with spherical sensor
17 Underwater quantum senggikely L1-192a flat light sensor
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Table 46. Light saturation points for photosynthesisGdfondrus crispuslrradiance
indicates the saturation point atie value in bracksthe range studied.

i Temperature, i i
Irrad|anzce,l P Speqmen Source and method L|gh.t sensor and Reference
pmol m# s oC size original unit
Subtidal (12 m). .
116 5 1-2cm New Hampshire Unknown Light g/lnadthl\'l%ig”
(7 - 585) (NH), USA. & meter L+185, pE (1975)
evolution
Intertidal and . Mathieson
182 . Unknown Light
- 10 1-2cm  subtidal (12 m). NH, and Norall
(7-585) USA. O, evoluton ~ MeterLH8S, LE 1975
Subtidal (12 m). . Mathieson
a ?225) 15 1-2em  NH,USA G UMCOWALION - ang Noral
evolution ' H (1975)
Baja California, . .
Mexico but leelgeizgerlcal Cabelloe
200 17 originating from Biospherrical Pasini et al
(0-800) Malcnheérgsepr" gmL Instruments, umol  (2000)
- quanta it st
evolution
216 5 and 15 0.6 cm NH, USA. Oxygen  Unknown, foot- I;/I:éhéeusrcr)]g
(40-1080) @ disc evolution candle
(1971)
New York, USA. Spherical sensor, Greene and
224 12 1.5cm Subtidal (1- 2 m). Biospherical Gerard
(8-490) @ disc 5-mL chamber. @  Instrumentspumol (1990)
evolution guanta it st
. . Likely sphercal  Brechignac
2(30 '538;) 17 g;'g“;z g\?jzggh sensor Megatron, and Andre
Y9 pumol n? st (1984)
Tetrasporic and Mathieson
263 5 1-2¢m carposporic plants.  Unknown Light and Norall
(7 -585) Subtidal (6 m). NH, meter L}185, pE (1975)
USA. G; evolution
Unknown Gossen Brinkhuis
270 Whole New York, USA. .
(40 -270) 10-12 thdli Carbon evolution light meter, foot and Jones
candle (1974)
Baja California, . .
Mexico but leelgeizgerlcal Cabelloe
>450 originating from i0sph f | L |
(0 - 450) 17 Maine. USA Biospherica Pasini et al.
' ‘ Instrumens, pmol (2000)
Electron transport sl
rate quanta nf s
Basin Head, PEI. 1¢ Spherical sensor
(501_85?00) 10 3-4cm g Ltin300mL L1-193 Fresent
flasks. Q evolution pumol m2 st y
Basin Head, PEI. 2 Spherical sensor
(502_45?00) 10 3i4cm g Ltin 300-mL LI-193 Psrt(lajzent
flasks. & evolution pmol 2 st y
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Table 47. Photoinhibition of photosynthesis Ghondrus crispusirradiancandicates
the photoinhibition point anthe bracketshe range studied.

Irradiance

Temperature,

Specimen

Source and

Light sensor

pumol m? st °C size method andﬂ;gmal Reference
New York Unknown
324 610 7 Whole USA Carbé)n Gossen light  Brinkhuis and
(277 338) thalli evcl)lution meter, foot Jones (1974)
candle
Baja California, S“A‘;'?éal
Mesxico but Sensor Cabelle
?OOFIZ(?(())(?) 17 Onl\/(f];?r?;mgéfm Biospherical Pasini et al.
Ef‘feétive ' Instruments, (2000)
guantum vyield “mr?:_zqst_jf nta
. Likely
570 CI:Et?agrLIr?QI spherical Brechignac
(07 570) 17 Oxygen. sensor and Andre
evolution Megatron, (1984)
umol n? st

Light saturation curves are traditionally used to analyze the photosynthetic

activity of macroalgaeSince he main prpose of my research was to determinetibst

irradiancefor nutrient uptakeo be implemented to bioremediate a fish farm effluent

adopted the same approach to evaluate its effect on nutrient uptake, the first study to do

so. At low stocking densitythe light saturation points for orthophosphate and

ammonium upke efficiency were in the same raragdor net photosynthetic rateln a

preliminary assay, wher@. crispuswas cultured at a lower nutrient le8D pM PQ?),

the light saturation point for orthophosphate wimsilar tohigh orthophosphatiat was

found in my experimena PPFFR 0272 umol n¥? s®. This indicates that despite the

orthophosphate concentration, the light saturation point for orthophosphate uptake

efficiency at low stocking density is constaiht. the case of ammoniuratlow stocking

density the light saturation point waslittle higher than the other parameters because the



highest uptake efficiency was at the highestdiancehowever, the uptake was similar
from 200to 500umol photon i st. At thehigh stocking density thigght saturation
point for orthophosphate uptake efficiency vadistle lower than athelow stocking
density, possibly becauséthe higleruptake efficiency athelowestirradiance In turn,
thelight saturation point for ammonium uptake was lolecause it was consumed
quickly even at low irradianceThe light saturation points for orthophosphate and
ammonium uptake efficiency were lowatr10than a2 g L', but in the range dheir
particularlight saturation point fonetphotosyntheticate

The pedicted curve for ammonium upta&ticiencywas higher than the actual
curve, while predicted curve for orthophosphate uptake efficiency was lower than the
actual curve.This indicates that. crispusat different stocking densities needed
different ammonium to orthophosphataaat Chopin and Wagey (1999) indicatiht
the concentratiorof nitrogen angphosphoruss more important rather than their ratio,
because the same ratio can be reached by different nutrient concentrations. However,
they reported tha€. crispusfrom NB was saturated 4t5 to 6.0 uM PG, a
concentratior6 to 14fold lower than the nutrient consumed in my experiment at 2 and
10 g L%, respectively.Chondruscrispuswas cultured under similar conditions to my
experimen(at2 g L', a PPFFR of.00 pmol n? st and 13 to 14C), but in 85L tanks
with aweeklymedum exchanggChopin et al. 1995; Chopin and Wagey 199Bhis
may be due to the difference in nitrogen concentration or sastey used 12.5 to
56 UM NOg, ordue tothe highest irradiancesed in my experimentRaven and Hurd
(2012)indicated thathat as thérradianceincreasesalgae need more orthophosphate to

synthetizethe enzymes roessay for cellular proteins and photosynthetic structures
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Stocking densityaffected bottthe light saturation curves and the tisauérient
and pigmentoncentrations At low stocking density, the nutrient uptake efficiency was
highest at the highestadianceshowing that the nutrient concentration was not a
limiting factor. This means that the response was only affectechdiance The
highestspecificgrowth rate of 6.86 d* corresponds to the maximum potential of the
species at these culture conditions. However, this value was about half that o%he 13
d? reported by Greene and Gerard (199D)ey achieved this very high growth rate by
culturing 3 to 4cm segments d. crispusattached to the wall of al7 Plexiglass tank,
i n the t ank 0 sartfiwial light soarpep AnsriadiaacdPHRR of 490 pumol
m? st was deliveredntermittenty with pulses every one second (1 HAL the same
irradiance, but constant light delivetize growth rate also was high, 9&d?, mainly
becausef the low stocking densifyd.07 g L. A similar valie,ca.9 % d?, was
reported by Enright and Craigie (198hpwever, the authors did not give detailglod
culture conditions. Other values similar to my result have been repaned/ery small
segments (5 mmyere cultureditca. 3.5 g Lt under100umol m?2 s?, 7.3% d?, and in
individual 2cm segments cultured at 250 umof st, 7.0 % d* (Bird et al. 1979; Fortes
& Luning 1980). The latter experiments were conducted with smaller segments than |
used. In addition, different growth rates abtéained depending on which approximation
was used, discrete or continuous growth (Kain 1987; Yong et al. 2013). | selected the
continuous growth approach because it fits better to the grov@hooispus sinceit
grows during the night (Stromgren ancelen 1986). The specific growth rate of my
data would have been overestimated up ¥ ibthe discreteapproach had been used.

The growth rate also changes if the mean of the data is calculated before or after the
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logarithmic transformation (Hoffmanmed Poorter 2002). For these reasanis,
difficult to compare absolute values reported in the literature.

In C. crispus growth has been associateith carbon assimilation (Greene and
Gerard 1990). However, at low stockidgnsity,the specific growthate was
independent of tissue carbon confemtd thee was an overlap in the carbon content
among the light treatmentshis indicates high individual variability among fronds.
Specific growth rate was also independent of tissue nitrogen contenéacethe molar
C/N ratio. However, nitrogen storage varied depending oimrtidiance At the lowest
irradiance(50 pmol n¥ s1), the phycobiliproteincontent vas3-fold higher than a©100
umol m2 st A highphycobiliproteinconcentration is expected at lamadiance(Hader
and Figueroa 1997)Howeverin my experimenthe nitrogen content was similar at all
irradiances In C. crispus apossiblenitrogen sinkcould be L-citrullinyl-L-arginine,
which is normally found in winter conditions (Laycock and Craigie 1977). In the
laboratorycondiions its synthesis was higher at 8 than af 5 and at 140 pmol ¥s?

t h a n50arhol ni s* (Laycock et al. 198%). However, the @sence of this
compound, athe highest irradiancejeeds to be investigated

Growth rate at low stocking density was affectedrlbgdiance anddecreased at
the highestrradiance(500 umol n¥? s1). Because tissue nutrients were stable and
nutrient upéke highest at thisradiance this decrease was clearly due to photoinhibition.
At highirradiance plants protect their photosynthetic appardiyseducing their
phycobiliproteinto chlorophylla ratio (LOpezFigueroa 1992; Fig. 4). The change in
the pigments ratio wasainly due to the reduction phycoerythrin thats easily cleaved

from the phycobiliprotein compleXCornishet al. 2013). Tis explains whythe

18 Original irradiances 64 and22 ly d?, respectively

112



phycoerythrin to phycocyanin ratio decreased at high irradsaaspeciallyat low
stocking densityTable 4.3).Photoacclimation to high irradiance (500 pumofst)
increasedhlorophylla concentrationand thisallowed the fronds to achieve the highest
photosynthetic rate. The high nitrogen content found intfadiancecould berelated to
the high chlorophyla concentration (Chopin et al. 1995; Fig.®.1

At high stocking density (10 g1), the situation was different from at 2 ¢.L
Ammonium uptake efficiency was almost 1%0ata PPFFRD100 umol n¥ s* and
orthophosphat a200 uMol n¥ s*. Consequently, the specific growth rate \siasilar
at0200 pmol n? st. However, in spite of the fact that the nutrients were quickly
consumed, the fronald not experiencenutrient limitation. Tissue nitrogen level was
always higher than the value indicated as criticalGocrispus(2.5% N, Chopin et al.
1995 Table 4.2. The samealue, 2.9% N, was reportedby Holdt (2009)for C. crispus
growing in a low nutrient concentration effluendr sea trout

Investigators havproposed various ways to assegegether or notnitrogenis
limiting, these include theslatiorship betweespecific growth rate to tissue nitrogen
content (DeBoer 1981)herelatiorship betweerspecific growth rate to molar C/N ratio
(Lapointe and Duk&984) and theelatiorship betweemitrogen to phycobiliprotein
content (Lapointe 1981; Mizuta et al. 2002Zccording with these criteria, in my
experimennitrogenwas not a limitingactorbecausepecificgrowth rate increased as
tissue nitrogen deeased (Fig. 41). That specifiqgrowth rateincreased asolarC/N
ratio increasedndicates thergvaslight limitation, not nutrient limitation (Fig. 42). Itis
expected that nitrogen apthycobiliproteincontent decreasasirradianceincreases.

The relationship between nitrogen gtd/cobiliproteincontent at high stocking density
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decrease with irradiance but the projected critical nitrogen values still slightly

higher than the critical value indicated above (Fig.3}. This confirms tha€C. crispus

at high stocking density effectivelisedthe nutriens absorbed to grow, taking advantage
of the availablerradiance If more nutrientsvereavailable,C. crispuscould uptake and

storethemsimilarto whatoccurredatthelow stocking densy treatment
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Figure 49. Relationship between the phycobiliproteins to chloropyditio and the
specfic growth rate ofChondrus crispusulture under artificial lightRhotosynthetic
Photon Flux Fluence Rate 58 to 500 pmol nf s) with a photoperiod of 16:8.(D) at
10°C. Squares represent low stocking density (2'dFV) and circles the high stkiag
density (10 g 2). Error bars = SE of growth rate, n = 1Ror pigmensratio n = 4.
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photosynthetic rate (n = 3) &€hondrus crispusulture under artificial light
(Photosynthetic Photon Flux Fluence Rat&@to 500 pmol it s1) with a photoperiod
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Figure 413. Relationship between nitrogen content phgcobiliproteirs (phycoerythrii

+ phycocyanin) content ithetissue ofChondrus crispusultured under artificiaight

(Photosynthetic Photon Flux Fluence Raté & t o 5 % §") wittmagphotoperiod

of 16:8 (light:dark) at 16C. Squares represent low stocking density (2*drV) and
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Dark respiration rate influencede specifiogrowth rate because it supply noh
of the energynd carbon skeleton requiréat biosynthesigFalkowski and Raven 2007).
At high stocking density, the highegitowth rate was & PPFFR of00 pmol n¥ s?,
whereaghe respiration rate was lowatr irradiance©200 pmol ¥ s®. This meaathat
carbon and nitrogen were used §rowth andthatstorage was lowest. Presumably, the
decrease in growth at 500 pmofrsit was an effect of the high pH at this ligheatment
(AppendixG, TableG.2), sinceC. crispis growth at pH 8.5 was 2% lower than at pH
7.5 (Simpson et al. 19B8 However, at botlrradiancesthe pigment content were
similar and the ratios gdhycobiliproteinpigments to green pigmenwere almost
identical. Thisndicatesthat nutrient stage at 500 pmol rhs® was not as pigments.

Consequently, optimization @. crispusgrowth when stocked at 10 g'lshould
usea PPFFR o#i00pumol m? st at 10°C. Highertemperaturewill need ahigher
illumination because the saturation point incesawith temperaturdutits
guantification wadeyondthe scope of this studyn my experimentC crispusgrew
well at thisirradiancein a batch system, using all the nutrients availah@0@uM NH;",
78 uM PQ®). In a recirculation systerwith constant nutrients supply aming this
irradiance a higher growth ratean be expecteithan the ®6 d* foundata PPFFR of
100 pmol m? stin the Atlantic halibut effluentCorey2011) After thepresent studyif
will be necessary to revaluate the gtimum stocking density to cultuf@. crispusandP.
palmatain Atlantic halibut effluent. There shigh possidity that the 10 g X (= 2 kg
m) proposed by Kim et al2013 as optimum to balance productivity and nutrient
uptakewasunderestimatedThe studies were conductedeaPPFFR 0140 pumol n¥ s,

therefore the performance® g L'* and highewas affected by #hlow irradiance My



data indicatd that highe stocking densities requitggherirradiances A factorial study
(stocking denisy x irradiance will benecessary to determine the appropriate
combination of both factors. Wi the appropriatéradiance the surfacerea for algal

rearing could be reduceiticreasing the stocking densttymore than 10 g
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CHAPTER 5 CONCLUSIONS

The pesent studytogethemwith theresults from other investigations within the
larger NSERC Strategic Projebave shown that red macroalgae are good candidates for
land-based integrated culture with Atlantic halibut. They have high nutrient uptake
efficiency and can remove a high percentage of the nitrogeplaogphorugontained in
the effluent. Laboratory scalexperimentallows oneto isolate the experimental
factor(s) ofinterestand reveal the potential of the species investigated Chondrus
crispusandPalmaria palmatan batch culture systems at 10 g &nd inthe range of
temperature recommended for juvenile Atlantic halibut grodhto 14 °C,He best
irradianceunder natural illumination was Daily Photon Dose (PDP) &7 mol m? d.
While under artificial illuminatiorand highest nutrient concentratidne best irradiance
for C. crispuswill be 23 mol n? d. The artificial illumination isequivalent taa
Photosynthetic Photon Flux Fluence Rate (PPFFRP6fumol n? st with a
photoperiod of 16:8 L:D.

A simultaneous evaluation @ crispusandP. palmataat this temperature range
atthelaboratory scaleinder naturairradianceestablishedhatP. palmatahad a higher
potentialfor integraton with Atlantic halibut culturghanC. crispus At 10 g L%, P.
palmatahad a higher nutrient uptake efficien@®6) and growth rat¢225 %) thanC.
crispus Under naturalight, aDPD of 8 mol m? d* was sufficient to allowP. palmata
absorhin three days500 uM of ammonium and 30 puM orthophosphatevith
laboratory scale cultureonditiors. Thisirradiances equivalent to & PFFRof 140 umol

m?stoverl6 h. Growth continued &tehighestDPD up to 7 mol m? d* (PPFFR of



295 umol n? s, 16:8 L:D) using nutriemeserves.In Atlantic halibut effluent, with a
constant supply of nutrienis palmatacould grow athis daily photon doseithout
using its nutrient reserves.

Under equivalenhutrient and temperatuogilture conditionsC. crispusgrew
better under artificial lighthan under natural light, mainly atDPD of8 mol m? d. At
17 mol m? d* the difference betweehelight sources was lowesPalmaria palmata
also grew better under artificial light (Morgan et al. 198b)wever, this was not
evaluated in the presat study.Nutrient uptake and growth rate Gf crispuscan be
improved using artificial light and high nutrient concentragioA PPFFRof 400 pmol
m2 s for 16 h per day is recommeesd forgrowth ofC. crispusat 10 g !, equivalent to
aDPD of 23mol nt2d. Using optimal culture conditions allows deteration of the
maximum tissue nitrogen content for species. The maximum nitrog&ncispus
culture at 2 g I* was 5% N, regardless dfradiance nutrient uptake, or specific growth
rate. Therefore, it is possible to establis&EN as a target of optimal culture conditions.
If tissue nitrogen is lowehanthis targetthen culture conditions can be further
optimized.

The seasonalhange irculture conditionst thewWo o d 6 s  fdrenmakesut r
impossibleto apply the optimal culture conditions determiriexin laboratory scale
experimentdo a farm scal€Fig. 5.1) TheDPD determined as optimum under natural
illuminationis not available in winter conditionagccordingto measurement condted in
Halifax, NS(Craige and Shacklock 199%. In accorcance withthe same sourcee
DPD determinedin the artificialillumination experimenonly could bereachedetween

April and September. Theaximumphotoperiod at tafarmis 15 h 28 minatthe

19 Original irradiance measured as total radiation Moy pyranometer
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summersolstice(NRC 2013) Henceit would benecessary to supplement with artificial

light to meet the 16:8 L:D recommendked both species
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Figure 51. Annual fluctuation of abiotic variables that affects the culture of red macroalga
the Atlantic halibutfarmWood 6 s Har bour , NS. l rradi an

daily values for total irradiancd9801984) at Halifax, NS (Craigie and Shacklock 1995).
Photoperiod, solid line, correspondsthhe mean of the daylength in 2013 at Yarmouth (NRC
2013). Seawater temperature, dashed line, corresponds to the mean daily values for terr
recorded in the inflow to the halibut farm (2002011; P. Corey, pers. comm.).

The mean monthly temperature for ten years of daily reairthe seawater
pumped onshor® the halibut farm varied from 0 to 2@, with a maximum range from
-2 to 17°C (P. Corey, pers.comm.). However,from November2009 to October 210 the
temperature in the effluerdngedrom 0 to 19°C indicating that the reotulating system
increaseshe temperaturby ca.2 °C (Corey 2011). Assuming this increase? °C, the
temperature recommended to juvenile Atlantic halibut culil@eo 14°C) wasachieved
only 33 % of the time four monthsper year Accordingly,for six months the effluent

was below, andor two months above #target temperatun@ange Therefore, it is

121



necessary to evaluate if this increment in temperature is coretdrtomonitor the
effluent throughout the year.

Thetemperaturdluctuaions also affect nutrient concemations, because the feed
rate of the halibut is reducedlaithlow and high temperature3.he nitrogen
concentration in the effluent was highest in summer condiffoesn 245 pM N)
following by fall, winter and spring conditions (P. Corey, pessnm), while ambient
seawater had the highest nitrogen concentration in winter conditi@as) 116 uM N)
Phosyiorus conentration in the effluent was hingst in fall conditiongmean 11 pM B)
following by summer, spring and winter conditions, while indah#ient seawater it was
highest at winter condition8 uM P)and equdy low in the other season$n addition,
the ammonium excretion rabg the fishis not constant during the dagnd isdependat
upon the feeding regimertence, dued seasonal ahdaily variationn nutrient
concentrationcomposie sampling desigis recommended, where the number of samples
and teirfrequency depends on the flow (Spellman 201)is monitoring should
consider physical and chemical variables, such as flow,@anpeandsalinityin the
former, and pH, wionized ammonium, ammonia ion, nitrate, nitrite, orthophosphate,
carbon dioxide, bicarbonate, iron and manganese in the latter.

Standardizatiof the effluent sampling design is important to allow comparison
with other studiesand these should refleitte variables and analytical techniques
utilized. For the fish farmpoint of view, it is important to report the ressudif the
nutrient analysigsa concentratiorbecausehe removalpercentageloes not show the
water thais returredto the fish still has toxic levels of tinnizedammonia Fromthe

perspectivef the algae culturghe concentratiorof the different nutrierstaffects the
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absorptiorof other nutrients anthe growthperformance.lt is mare importanto report
the nutrient concentration than the ratio between the nutrients. dieenany
tedniques and equipment to analyze nutsemtd the other physiological variablesich
asphotosyntheti@ndrespiration ratg, andirradiance whicharedifficult to standardize.
However, it is important to descriltiee details of the tediniques and equipment to
facilitate comparison with other studiels1 addition it is difficult to standardize the size
of the specimen used in the experimeatst depends on the vessel sizéis important
to report the sizef the thallito allow a better interpretation of the resulfhis is
especially importanfor thecompaison ofthe specific growth rateasalgae grow at
different rats dependingpn their size and fragments or whole organisms

In this study, 10 g i was used as the high stocking density condition based on a
screening study with Atlantic halibut effluezdnducted at the beginning of the NSERC
project in 2009 bKim et al.(2013. Ten grams per litrevasdeterminedo be the
optimumstocking density to balance productivity and nutrient upbaklothC. crispus
andP. palmata Howeverthe study was conductedaPPFFR 0f40 pmol n¥ s?,
assuminghatthis irradiance exceeded thght saturation point. Neverthelessere is a
high probability that the optimum stocking density propdsg&im et al. 013 was
underestimated. My research found, the light saturation point for gadW@hcrispus at
this stocking density, wasPPFFR o#00 pmol n? st Kim et al.o6s resu
biased towards lower stocking densities affected by the low light intensity. It is expected
that witha higherirradiance, th@erformance at higher stocking densities could be
significantly beter. Forthis reason, iteanspossibe to furtherincrease the stocking

density andtherebyredue the surfacearea rearing space and the number of tanks
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necessarto treat the Atlantic halibut effluenTherefore, it is recommendéiatfuture
studiesdeterminghis new optimum stocking density irfactorial studywith bothhighe
stocking densiés andrradiance In onelitre glass flasksit was not possilelto culture
eitherC. crispusor P. palmataat 20 g [*. There were problems with the higarbon
dioxide consurmtionand the low capacity of movement of the algal segments in this
vessel type at this stocking density. It would be better to conduct this study datesctly
pilot scale in tanksthatmeet the size proportions indicated@aige and Shacklock
(1995), specifically alength to width ratio of 2:1 or 3:1, and 0.9 m depth.

To remove 50% of the nitrogen produced by 100f Atlantic halibutcultured in
winter conditions and a feeding rate of 0.4&% day Corey (2011) estimated thiatthe
sump tanksat a stocking density of 1.1 g'|.98.8t of macroalga@nd a rearing surface
area of 34,000 Awould be necessarHowewr, if this biomass is cultuckat this
stocking densityn 1-m depth tanksas it is recommended f@. crispus(Bidwell et at.
1985), the rearing surfaggeawould be 89,818 n¥. If this biomassvere cultivated at 10
g L%, as is proposed imy study,the surfacere required would be 9,68¢*mCorey
(2011) determinechts algal biomass undarDaily Photon Dosef 12.6 mol n? d?, a
lower irradiancehanthat recommended by my stu(®8 mol m? dl). Extrapolating the
resultsfrom the artificial light experimenincreasing the stocking density we could
reduce the biomass needed to achieve the same nutriekélpé3 %, this means only
56.3 t of macroalga&ould be neededIncreasing irradiance from 12.6 to 23 mof dt',
could reduce the algal biomass nedtg a further 7% Then by cultivatingat 10 g L2,

the tank space might be reduced @48 nf. Of course, the accuracy of these estimates
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depend on how well the data derived from experiments in glass flasks can be scaled up to
farm operation.These assumptions need to be tested in future studies.

The main conclusion of my study is that the cultimatof C. crispusandP.
palmatacan continue to be optimize®oth species can lggownat a stockingdensity
greater than 1@ L if the correctirradianceis used A starting point for such
experiment would b&0g L™ C. crispussaturing ata PPFFR 400 umol photon nf s,
The morethe stocking densitganbeincreasd, thesmaller theearing surfaceareawill
beneecd. Therearingsurfacearea will determinéhe quantityof lampsthat will be
neededand theinnstallation cost; anthetargetirradianceand thdamptype will
determine th@perationaktosts. Whatever improvements can be made it is still
uneconomic to culture red macroalgae in a{bagdedMTA system, with current

markets for the algal product.

5.1 FUTURE OF LAND -BASED INTEG RATED AQUACULTURE

Land-based integrated aquaculture hggamisingfuture. The pharmaceutical
and food industries requirecanstansupply of rawmacroalgamaterial both in quantity
and quality, to be able to develop their prodEtsurence et al.®.2; Hafting et al.
2012 Ibafiez and Cifuente2012). Wild macroalgagelMTA in theopen oceaand IMTA
in landbased flowthroughsystems cannot guarantee this constant production, which can
only be met by landbasedecirculation system with a high coatiof their culture
conditions(Stengel et al. 201 Hafting et al. 2012) Dueto the high production cosof
land-based macroal¢§yanonoculture, integrated aquacultines been seen as the only

optionto satisfy this demandr{gueroa et al. 201 Pereiraet al. 2013). Whilehis will
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increasegroductioncosts, if the correct speciaseselectedthe product can pay for these
costs. Kang et al. (203) propogdan indexto select macroalgal species for inclusion in

an IMTA system. This index is based mmysiological criteria and has only a general
economic variable. However, becaus¢hafexpected high operational costs, it is
necessary to include more economic criteria to make a complete evaluation. These must
include production cosof the seed stk (spores vs. vegetative propagules), operation
costs (controlling the culture variables to meet fish and macroalga requirements), as well
as the market price of products that can be obtained from each algal spethescase

of C. crispusandP. palmatg most of the values for the physiologiparameters

includedin Kangetal. 28 6 s i ndex can be found in the
observed in my research, there is a high variation in rdseiigeen studiedepending on
thegrowthconditiors, in the wild or culture with seawatef herefore, it is necessary to
reassess alhese variables in the actual effluent conditioRalmaria palmata

performed better in my study conditions. However, in the third year of its cultiattion

Wo o d 0 s urHt detebovatedadlybecause of the high summer temperatwipgo

18°C. Therefore, itnight be necessaty propagatd®. palmatafrom spores.There are
different approaches with laboratory scale cultivatiom Gallet al. 2004fang ad

Luning 2006;EdwardsandDring 201]). Neverthelessthetechnologyrequiredto

controlP. palmatareproduction at aommercial scale is ngetdevelopedWatson and

Dring 2011) However, if the temperatuis controlled between 10 to P&, as was
suggested imy conclusionsP. palmatacould be propagated by vegetative reproduction.

In contrast, the Basin Head strain@fcrispusused in this projeawas successfully

maintainedn temperatures up to 20 ¥USingvegetative reproduction. \wasmaintained
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in culture for several years at the Marine Research Station of the National Research
Council, Ketch Harbour, dlvaScotia. Therefore, commercial cultivation@fcrispusis
feasible in controlled conditions without requiring costly and uncertain reproddiciian
spores.

The high cost oproducingmacroalgaérom sporeghatchery)ymakest necessary
to find a niche in the market that genesdéegedividends(Dring et al. 2013).An
alternative is human consumptiandselling directly torestaurarg, howeve, in the
Western markstthis strategyis limited (Edwardset al. 2012Dring et al. 2013Tacon
and Metian 2018 To export tahe Asian market it is necessarfor at least dimited
processg, such as dryings carried out bjicadianSeaplans Ltd. with their sales of
C. crispusto Japar(McHugh 2003).The controlof culture conditions is very important
for edible macroalghecausef the seasonal variatian their physical characteristics
andchemicalcomposition This is particularly importardecausesomeculture
conditionsmay result irelevated levels of heavy metalr other compoundsotentially
detrimentako human healtiHoldt andKraan2011; Mouritsen et al. 20L.3However,
only France has regulations facceptableoncentratioa of harmful compounds algal
tissues (Fleurence et al. 201Rjouritsen et al. 2013 In Canada, th€anadian Food
Inspection Agencynade a specific notice to avoid the consumptioHipki seaweed
[Sargassum fusiform@larvey) Setche]lbecause®f its high arsenic contenthowever,
therearenoregulatiors relating tothe consumption of macroalgae generated in IMTA
systemgChopin and Robinso2004) Palmaria palmatehasa high protein content,
essentiabminoacids and minerad (Morgan et al. 1988 Gallard-Irmouli et al. 1999;

Mouritsen et al. 2013). ¢Wwever thedigestibility by humanof the proteis present irP.



palmatais controvesial, because the antiutritional effect of the polysaccharides
(GallandIrmouli et al. 1999; Fleurence et al. 2012; Msen et al. 2013).
Anotherpossibilityis indirect human consumptiona extracton of the
compounds present in the macroalg@be chemical composition of bokh palmataand
C. crispushas been studied with respect to compounds potentially releVianirtan,
animal and plant healthThese compounds asecondary metabolites generated by
macroalgae agdefense against excessive irradiance, mainly in the UV spe(tuiam
et al. 2005 ogan et al. 2006Figueroa et al. 2008)These secondary metabebtcan be
produced witHessthan24 hexposure to stress conditions, hence their production can be
stimulated artificiallyFigueroa et al. 2011)Some of the properties studiedRn
palmataareantiproliferative (Yuan and Walsh 2006uan et al. 2009 antioxidant
(Cornish and Garbary 2010; Liu and Pang 20Qi@t al. 2012, antimicrobial (Cox et al.
2010), antiviral (Jiao et al. 2012), antihypertensive (Fitzgerald 2048, and
antidiabetic (Harnedy and FitzGerald 201Bglmaria palmatas alsoan important
source of commercial phycoerythrin (Gallamohouli et al. 2000; Wang et al. 2002;
Dumay et al. 2013). Phycoerythrin and other phycobiliproteins are commodities used as
pigments in a wide range of industries, such as food, cosmetic ancdapalit;
fluorescent contrast in medical assays (GaHentbuli et al. 2000; Sekar and
Chandramohan 2008; Dumay et al. 201B3/maria palmataalso has been studied as a
source of methane for energy production (Jard et aR)2(8o far,C. crispushas been
lessstudied but antioxidanand antimicrobiaproperties have been descril{@thza et al.
2008; Cornish and Garbary 2010; Cox et al. 2010; Sangha2&d. It should be noted

that antioxidanand antinicrobialactivitiesdepend on the extraoti proceduresand

12¢



with ethanol and acetorextractionghe antmicrobial activity washigherin C. crispus
thanP. palmata(Wang et al. 2009Cox et al. 2010) Extracts ofC. crispusalso have
potential asntifouling agents (Chambers et al. 2011) orlaatics (Liao et al. 2003).
In conclusionC. crispusandP. palmatagrow well in fish effluentbut to be
commercially viable theclusion into a landbased IMTA system nesdb solidify the

market demand for these valuable byproducts.
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APPENDIX A Conversion of ir radiance units

Conversion of irradiance units (Thimijan and Heins 1983)

e E 2at = 1.000%stmol m
ft-c (cookwhite fluorescent) = 0.135%sEmol m
ft-c (incandescent lamp) = 0.216%stmol m
W m2 (natural light) = 4.570%stmol m
W m2 (cookwhite fluorescent) = 4.590%stmol m
ly d* (natural light) = 2.212°sEmol m
ly d? (cookwhite fluorescent) = 2.222°sEmol m

Conversion ofDaily Photon Dose units (Ting and Giacomelli 1987)

MJ m?2 d?! of PAR = 2.0804 mol rnt d?

Daily Photon Dose calculation froma constantPhotosynthetic Photon Flux Fluence
Rate (artificial light)

e mo 2sm = (Daylight, h * 0.0036) mol md*
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APPENDIX B Experimental

design

greenhouse experiments

(Chapter 3)
Block 1 Block 2 Block 3 Block 4
&) (=) @ @ (=)
Whole plot 3
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Whole plot 2
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&9 &9

Whole plot 1

@ &

Distribution of flasks in a Split Plot- Factorial design. Four blocks, three whole plots
(irradiancé: 100%, clear circles; 504, light patterns and 2&, dark patterns. Subplot 2
x 2 factorial: Stocking density, 2 and 10 (2 and 10'dgrW, respectively) and species, C
Chondrus crispusnd R Palmaria palmata
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APPENDIX C Daily fluctuation of the irradiance inside the

greenhouse (Chapter 3)

Experiment |
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Examples of the daily fluctuation of the irradiance inside tireenhouse duringne week
of Experiment |, Jun&7 to 24,2011 andone week oExperiment Il July24 toAugust

1%, 2011. A peak was observed in both experiments between 16:00 and 17:00
Coordinated Universal Tim&.
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APPENDIX D Culture conditions du ring experiments in the

greenhouse  (Chapter 3)

Table D.1. Daily Photon Dosémol n? d!) to whichChondrus crispuandPalmaria
palmatawere exposed to in each experiment during the nutrient ugtakeling period
(meant SE). The sampling period corpemnds 3 or 4 days between culture medium
exchanges, twice a week. Means sharing the same letter within each experiment are not
significantly different T u k etgst) 5>0.05)

Experiment 1 Experiment I1
Nutrieint Light treatment, % Light treatment, %
sampling
period 100 50 20 100 50 20

1 11.5+1.17% 5.7 40.58b%d 2340234 13.0 +2.108B¢ 6.5+ 1.05FP 2.6+0.42P
2 7.8 +1.52bd 3.9+0.76% 1.6 +0.304 17.9 +3.264B 8.9+ 1.63P 3.6 +0.65P
3 1224237 6.1 +1.19%d 2.4 40474 19.7 £3.414 9.8 + 1.708¢P 3.9 +0.68P
4 17.3 £2.567 8.7 + 1.28% 3540510 142 +£2.172B¢ 7.1 +1.08P 2.8 +0.43D

Table D.2. Daily Photon Dosémol m? d'1) to whichChondrus crispuandPalmaria
palmatawere exposed in experiment during the growth rate assessment{8&anThe
sampling period corresponds to the days between each weighing which happen one a
week. Means sharing the same letter within each experiment are not significantly

diff erent at each growth period (Tukeyds t

Experiment 1 Experiment 11
Growth Light treatment, % Light treatment, %
sampling period 100 50 20 100 50 20

1 13.0+ 1.13%  6.5+0.56° 2.6 +0.23¢ 19.4+1.99% 9.7+ 1.00%¢ 3.9+0.40°
2 11.4+1.67° 57+0.84 23+033% 154+2.16™™ 7.7+1.08" 3.1+043°

3 14.7+1.74" 7.4+087* 2.9+0.35¢ 169 +2.07* 85+1.04° 34+041°
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Table D.3. Temperature and pH inside culture flask€bbndrus crispuandPalmaria
palmatarecorded twice a week in Experiment | and Experiment Il in each light treatment
(meant+ SE). Mans sharing the same letter within each experiment are not significantly
different (Leastsquare means test, p>0.05)

Temperature, °C pH
Light treatment, % Light treatment, %
Experiment 100 50 20 100 50 20
| 10.1 +£0.07° 10.0 +£0.08" 10.0+0.07° 8.2+0.06° 8.0+0.05 7.7+0.04°
1l 144 +0.09% 143 +0.09° 142 +0.07° 83+0.05° 8.1+0.04° 7.7+0.04"

Table D.4.pH at each treatment combination of spedi&sofdrus crispusndPalmaria

palmatg, stocking density (2 and 10 glLFW) and light treatment (100, 50 and 20 %

incident light) in Experiment | and Experiment Il. Values indicate me&®&; means
sharing the same | etter within each experi
test, p>0.05).

Experiment I Experiment 11
Light treatment, % Light treatment, %
S“’"’“ﬁf‘:"”s”y’ Species 100 50 20 100 50 20
2 C.crispus  8.2+0.06" 8.1+0.04" 79+0.04" 82+0.07*" 80+0.05%" 7.8+0.03°
10 C. crispus 8.0 +0.14™ 7.8 +0.12° 7.6 +0.08 84+0.11%  82+0.10°° 7.6+0.08°
2 P. palmata  8.2+0.10" 8.1+0.09™ 7.8+0.06™  80+0.08%" 80+0.07%" 7.7+0.06"
10 P. palmata 83 +0.11° 82+0.11" 7.7+0.10% 8.4+0.14" 82+0.10" 77+0.11°
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Table D5. Experiment I. Irradiance conditions for photosynthesis rate measurement.
Photosynthetic Photon Flux Fluence Rate (PPFFR) recorded every one minute with a
spherical quantum sensor {L93SA). Values indicates mearSE; means sharing the

same letterare ot si gni ficantly different (Tukeyods

Species Chondrus crispus Palmaria palmata

Light
treatment % 100 50 20 100 50 20
Date Jun. 28 Jun. 28 Jun. 29 Jun. 28 Jun. 28 Jun. 29
Initial time, 11:48 1548 1051 12:05  16:06  11:08
hh:mm
Final time, 13:14 1824 1421 13:32 18:05  14:08
hh:mm
rF;iFglR’ UMOl  pog4 8  153+40 123+2¢  T717+9*  149+4> 126+ 3

Table D6. Experiment Il. Irradiance conditions for photosynthesis rate measurement.
Photosynthetic Photon Flux Fluence Rate (PPFFRYyded every one minute with a
spherical quantum sensor {L93SA) Values indicateneant+ SE, means shamng the

same letter are not significantly different (Tukey , p>6.85).

Species Chondrus crispus Palmaria palmata
e a';:ﬁgat % 100 50 20 100 50 20
Date Aug. 18 Aug. 17  Aug. 17 Aug. 18 Aug. 17 Aug. 18
'h“r']t_'r?}'r;'me’ 9:40 12:39 17:37 12:34 15:11  16:23
E'h”_fgrtr']me’ 11:24 14:31 20:14 14:11 16:54  18:41
Eri':l%’_z g1 B17+4% 575+31° 41+3 1435+71° 369+6° 85+4°
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APPE NDIX E Experimental design experiment with artificial

R
O

light (Chapter 4)
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Distribution ofFlorenceflasks inartificial light experiment witftChondrus crispuat two
stocking densities. |I€ar circlescorrespond to 2 g't. Patterred circles correspond to 10
g L'L. Flasks were randomized distribd insix circle fibreglasstanks (water battank)
under sixirradiance level¢Photosynthetic Photon Flux Fluence Rat&®@to 500 pumol

2 S—l)
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APPENDIX F Best initial nutr ient concentration determination

assay (Chapter 4)

Four nutrient levels were tested 500, 1300, 2100 and 2900 pi. NB¢lection of
these levels was based on the original nitrogen level of the VS medium (von Stoch 196
500 uM NG and the modificatioproposed by Guiry and Cunningham (1984, 2500 puM
NOz). Orthophosphatand other compounds wemaintained at the same molar
proportionto nitrogenindicated by von Stzh (1961).

The time of nutrient uptake was determined using the multiple flasks method
(Pedersen 1994). Fourteen ditie Florence flasks were filled with each concentration
level, four levels in duplicate. One pair of flasks of each level was sampled at time zero
(March 29, 2012 at 7 pm) and the other six pairs were random set ugircslarlight-
isolated tanks. Two flasks of each nutrient level were removed &0éryonly during
illuminated periods) and a water sample was taken. This continued until completed six
samples. Samples were frozen2i°C for further analysis.

Theonelitre Florence flasks were stked with 10 g* FW of 3.5 cm fronds of.
crispus The lightisolated tanks were maintainedsalPhotosynthetic Photon Flux
Fluence 0600 pmol n? s?, a photoperiod of 16:8 L:D and temperature of°@ The
aerationdistribution systemvas adaptetb mix CQ with air before injection intdhe
flasks. The CO. from the cylinder was controlled manualbpened one hour after lights
were turned on and closed one hour before lights were turned@tegfCQ required by
the frondsvasdeterminedndirectly by the pH of the culture medihe lattewas
checked twice a day (Electrode-&@30-AP50 and Accumet AP61, Fisher Scientific,

Singapore). If the pH in some flaskceeded®.5, CQ flux was incrementeth theflask
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Fronds ofC. crispusat a stocking density of 10 g'lFW, exposed to 500 pmol
m?2s®for 16 h per day at 19C and a mean pH of 748.06 (range 6.4 to 8.6) showed a
similar ammonium consumption trend at the four nutrient levels (500, 1300, 2300 and
2900 uMNH4"). Consumptiorwas high in tle first 40 h and then tended to stabilize
(Fig. F.1). Theslope of the decay phase increased with the increasing of the nutrient
levelsup t02300 uM NH;*. At the highest nutrient level (2900 uM Nhithe slope
decreasedgain (Tabld=.1). The results confirmed that at 500 uM NHall the
ammonium were quickly consumed by the macroalgageammonium levebf 1300 uM
NH4" was selected to conduct tegperiment because, according with the linear
regression, itakesbetween 4.4 to 5.3 days consume all the ammoniunit low
stocking density the ammonium uptake is lower than at high stocking density
consequentlyat a highest concentratiorof ammonium the ammonium consumption
couldbetoo low to be determirmkanalyticdly. In addition, high levels of ammonia
couldbe toxic to algagdt has been reported thidite presence aimmonium encourage
green spot and green rotting diseaseS.inrispug(Craigie and Correa 1996).
Concordant with that, after 50 h in cultureyrids started to present white tips (bleaching)
at all the nutrient levelfyut the problem was greategtL300uM NH4" or higher. The
proportionof fronds with white tips increased with the tim&t the end othe assaythe
fronds were pooled to conduibie next experiment but after two daygstof the fronds
the white damage were turned green because a secondaryrgagtmn, which affected

60 % of the biomass.
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FigureF.1. Ammonium uptake bg€hondrus crispusultured at 1@ L under 500 pmol
m? st and 10°C at four initial nutrient concentrations.

TableF.1 Estimateof the time(days)which Chondrus crispusultured at 10 g £ under

a Photosynthetic Photon Flux Fluence Rat&@d umol n¥ st and 10°C took upall the
ammonium of four culture media with different initial nutrient concentrations.
Regressions correspond to curves inf=ig.

Ammonium, Slope IntercepE Time to total ammonium uptake, d
UM UM NH4 intercept initial concentration
500 -4.80 341 3.0 4.3
1300 -10.19 1082 4.4 53
2300 -7.90 1705 9.0 12.1
2900 -4.18 2739 27.3 28.9
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APPENDIX G Culture conditions during determination of

saturation curves (Chapter 4)

TableG.1. Photosynthetic Photon Flux Fluence Rate (PPFFR) measured with a apheric
guantum sensqil 193). Daily Photon Dose (DPD) calculated by a photoperiod of 16:8
(light:dark). MearSE. Means which share the same letter are not significantly different

(Tukeyd s , p>6.85)

Nominal PPFFR, pmol m? st DPD, mol m? d?
50 51+ 0.07 3.0+ 0.00
100 104 +0.18 6.0+ 0.01
200 200+ 0.61° 11.5+0.03
300 325+ 0.2 18.7+0.01
400 384+ 2.28 22.1+0.13
500 480+ 1.17 27.6+0.07

TableG.2. Temperature and pH of the culture medium inside thditree-lorence flasks
at each exchange water. Me&kE. Means which share the same letter are not
significantly different (Tuke§y s , p>6.85)

Stocking density, g £

2 10 2 10
Nominal irrazdia}nce, Temperature, °C oH
pmol N s

50 10.1+0.0Z 10.1+ 0.0 7.9+0.03BC¢ 7.9+0.03€C
100 10.2+0.02"* 10.2+0.04® 7.6+0.1F® 7.8+ 0.115¢P
200 10.2+0.03% 10.2+0.03¢ 8.1+0.03"8¢ 7.2+0.2¢°
300 10.3+0.04° 10.4+0.0# 8.2+0.02® 7.6+0.27¢P
400 10.6+0.03 10.6+0.02 8.1+0.02®¢ 7.5+ 0.24°°
500 10.7+0.02 10.7+0.03 8.0+0.03*®¢ 8.6+0.13




APPENDIX H Significance of experimental factors during the

determination of saturation curves (Chapter 4)

Table H.1. Significance of experimental factors alone and in combination.ptiske =
Ammonium uptake, uM. P uptake = Orthophosphate uptake, uM. SGR = Specific

Growth Rate, % d. Val ues highlighted indicate no
Factor N uptake P uptake SGR

Irradiance(50 to 500 pmol ¥ st) <0.001 <0.001 <0.001

Stocking density (2 and 10 g¥) <0.001 <0.001 <0.001

Sampling period (1, 2, 3 and 4) <0.001 <0.001

Sampling period (1, 2 and 3) <0.001

Irradiancex density <0.001 <0.001 <0.001

Irradiancex sampling period <0.001 <0.001 <0.001

Density x sampling period <0.001 <0.001 <0.001

Irradiancex density x sampling period <0.001 <0.001 0.0004

Table H.2. Significance of experimental factors alone and in combination for

photosynthetic parameters. Values highlighted indicate noisigné nt at U = 0. 0
Factor Net photosynthetic rate Dark respiration rate
Irradiance(50 to 500 pmol 1f s?) <0.0001 <0.0001

Stocking density (2 and 10 g'). <0.0001 0.3334

Irradiancex density 0.0626 0.1579
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Table H.3. Significance of experimdal factors alone and in combination for tissue
analysis. %C = Tissue carbon content, %. 6= Tissue nitrogen content, %. C/N ratio

= Tissue molar carbon to nitrogen ratio.
0.05.

Factor %C %N C/N ratio
Irradiance(50 to 500 pmol it st 0.0008 0.0072 0.0028
Stocking density (2 and 10 gi). 0.0130 0.0321 <0.0001
Irradiancex density 0.0003 0.0063 0.0057

Table H.4. Significance of experimental factors alone and in combination for pigment
tissue analysis PE = phycoerythrin content. = PC phycocyanin PE+PC =
phycobiliproteirs (addition PE and PC). CH = chlorophyll a content. Values
highlighted indicate no significant at U =

Factor PE PC PE+PC Chla

Irradiance(50 to 500 pmol 117 s <0.0001 <0.0001 <0.0001 <0.0001
Stocking density (2 and 10 g} 0.0250 0.4182 0.0402 0.0012
Irradiancex density 0.2481  0.3356 0.2493  0.0069
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APPENDIX | Changes in algal colour and size during the

determination of saturation curves (Chapter 4)

Chondrus crispuscultured at six irradiances (Photosynthetic Photon Flux Fluence

Rate of50 to 500 pmol n¥ s?) during 26 daysat 10 °C with a photoperiod of 16:8

L:D. Photograph scalel:1.

Irradiance, PPFFR 50 pmol n? st
Stocking density2 g Lt

April 22, 2012

Stocking density10 g L*

April 22, 2012

-
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May 17, 2012

May 17, 2012



