ABSTRACT

GEDDIE, ALEXANDER WHITAKER. An Evaluationof Copper, Zinc, and Other Limiting
Factors inthe Expansion of Macroalgae Cultivatiginder the directiof Dr. Steven G. Ha)l
Macroalgaeepresent a large focus of the aquaculture economy with immense poldostl.
species areultivated primarily for food, buseveral also showotential uses in mamgther
applicationstoa Though cultivation is primarily regionalominatedoy Asia,uses for

macroalgae and its derivatives are growing around the wagldatic contamination has been
recognizedaspotentially limiing the expansion of macroalgae cultivati@uopper and zinc are

two contaminants that exhibit a complex relatlupswvith macroalgae, with a fine threshold of
toxicity separating the limit of micronutrient and devastating phycotoxin. The high ionic activity
of marine environments further complicates this matter, as metal toxicity and accunmaration

dependent on weat quality and chemistry.

The objectives of this research were to determine 1) to what extent different sea water
parameters and constitueintsalinity, alkalinity, and calciuri influenced the toxicity and
accumulation of copper and zinc in macroalgaml 2) the optimal location of potential
macroalgae cultivation operations in the United States. The macradigatasciataand
Gracilaria verrucosawere used as representative species in both assessments since both are
native species with immediate market potential. Results fromrtveth-inhibition and
accumulation studieshow that copper is toxic to macroalgae in small quantities (50 ug/2%nd
ug/L), though zinc was nait 50 ug/L The results alssuggest that salinitlyad nasignificant
effect on the toxicity of copper 1d. fasciataandG. verrucosaAlkalinity was not observed to
affectthe inhibitory effect of copper on the growdhU. fasiata either.Though the parameters
were not a significant incluence of the growth of the macroalgzte salinity and alkalinity did
show significant effects in the accumulation of the metals in the macroalgae, with salinity
reducing the accumulation obpper inG. verrucosaand alkalinity reducing copper
accumulation irlJ. fasciata while increasing zinc accumulation. Calcium did appear to have

asignificant effect with regards to copper and zinc toxicity or accumulation.

Determination of the optial location for macroalgae cultivation wasianovativethreestep

analysis compounding different economic and environmental fact@ESisuitability indices,



followed by insitu verification using a representative location. Economic and environmental
analyses indiated that the Southeastern United States, in particular North Carolina;is well
suited for future macroalgae cultivation. From this, the Bogue and Back Sounds of North
Carolina were selected as representative water bodies for evaluation. Copper and zinc
concentrations were shown to fall below the recommended environmental limits, suggesting that
the bodies of water are hospitable, further supporting the notion of macroalgae cultivation in the

region.

Overall,this research showibat copper is a potenthibitor of macroalgagpotentially limiting
cultivation around the worldy contrast zinc may not be, arghows potentialo possibly

enhance the value of macroalgae, particularly through the use of alkaline substances like sodium
bicarbonate. Finallythe Southeastern United States, in partichianth Carolinaappears to be

safe from copper and zinc contamination and should be considered for future cultivation where

appropriate.
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Abstract

Macralgae are an economically significant and fast-grow ing glohal commodity. However, pollution significantly affocts the
prosdie tion and quality of macroalgae. Vanious studies have shown copper and Zind conconirations above 20 ppb | Cu) and 30 ppb
{Zn) general ly inhibit mac roalzae growth. However, accumulation of nnetal s in nac roal gae isa fiacted by several diffe nent factors,
substances, and processes. Currenthy, not all of these factors, such as salinity, ane well-understosod and roguine furter reseanci
This review provides spme background information on the biology and wses of macroalgae, a5 well as the kinctics of metal
accumulation, the role of copper and Zine as todic substances in macroalgae, and defensive mechanisms that macroal gae wse to
prodect against meta] toxicity from fwse metals Finally, it describes various ways in which copper and zine accumulation in

macralgae could be usod in nmultiple bene ficial applications.

Keywords Macroalgae - Copper- Zinc - Auguatic pollution

Intreduction

Alpae are an important comgsonent of the aquatic ecosphane.
Macmalgse, commonly called “seaweed, ™ comprise the major-
ity {=95% by mass) of all commencially cultivated aguatic
plants, Annual global producton of macroalgee oowcoeds
TIS$5.5 billion (FAQ 2016). Worldwide, macroalgae are one
of the fasest-mowing soctors of aguaculve with an anmial
groswth raie excooding £% (FAO 201 6). Macroa lgse ane primar-
ily harvesied for fond pumposes—hoth for humean and andmal
conaumpion, though several other uses exdst, inchding in fer-
tilizers, and 83 biofuck, phammomiticals, mineral exiraction,
environmental monitoring, and environmental remeadiation
(Muse et al 1999, Hennques of al. 2015; Konda of al 2005;
Tuhy at sl H15; Cabrita ot al 20016; Racioen-Gomez ot al
0l6; Paivaet al. A7, Porse and Rudolph 201 7; Moutinho et
al 2018). While overwhelmingly locatod in eagomn Asia for
fosnd prosduction, 8 greater demand for te derivatives has in-
creasved the popul arity of macrealgae globally (FAQ 2016).
Pdlution s & major ssue that limits the open-waier culti-
vation of macal gae. How ever, nocent rescanch has nevealed

= Alexander W. Geddie
awgeddie Encsedn

' Morth Carolina Staie University, Raleigh, NC, USA

Eral zhed oodioaze X ek ool

s firl applications of macroal gae i address isswes asociabed
with watker polhution, bath throwgh bicsompton—ihe physio-
chemical process wsing biomass to remove metals by surface
acc unmlation—and a5 instruments of biolegical remediaton
{Fowrest et al 1994). Additionally, rocent rescarch has ne-
vizalod the potency of variouws metallic phycotootins, especially
copper and zine, while providing insight into the curment state
of pollution globally, which will be elaborated wpon in this
e

This paper will specifically fiscus on copper and zine, as
recent resgarch indicaies that these metals are more critical
than previowsly fwowght in macooa lgse cultvation and forvar-
s other potential uses For this reason, te primary focus
will b on mctal accunmilation in manne macroal gae for the
purpose of cultivaton. Whene information is unavailable, in-
formation on wild-grown macroalgse is weed. Additional by,
microa lpae and termestrial plant species ane wsed a5 reforencs
in cases where information is unavailable or limited on
macalgss. In summary, the focus hae & on the bioksgical
interacton betwoen macalgae and metal pollutant, as well
as applications of such acewmlation.

Macroal gae

Macroalgse encompass a larpe variety of different agquatic
plant species. Traditionally, they ane placed in three divisions:

£ Sl



1 gl Py

Chlorophyta, Phacophyta, and Rhodophyta These gnoups ane
alsn called “green,” “hrown,” and “red™ macnalge, espoc-
tively, basoed upon the presence of various defining pigments
{McHugh 2003). Within the groupings of macroalgae, e
Tischeemnical composi tion of the species varies extonsive by be-
tweon species, among ofeer fhctors (Paiva etal 217 With
thousands of species within cach division, macroal e repne-
sent significant diversity (Guiry 2012). Despite this diversity,
relatively fow spocies of macralgae have been evensvely
studied, paticularly in commercial applications. How ever,
e recent surge incommencial popularity has kedto a growing
interest in el ese esesnch.

Thouwgh algse research has only rocently gained momen-
wm, human wse of macroalgse has existed for millennia
Archoological evidence found in modem-day Chile sugoests
that macroalgae have bom cosumed a5 food for more than
10,06 wears (Dillehay ot al. 2008). Written meconds of
macroal gae comsumpion daie back mone than 2504 years in
ancient Chinese literatwre, where it has remained an ingsoetant
regional fpod product since { McHugh 2003, Teeng 2004). As
a while food, macroalgse provide many key nutrients in the
human diet (Madden etal 2012; Paiva et al. 2007, Wellzetal
2017). Beyond the macronutritional favorability of
macrnalgae, many spocies ako contain significant levels of
heneficial hicactive compound: and norganic micronuricns
(Fugserez 200 Cabrita et al 2006, Liv et al. 2007).

T thee peasst Cienitury, mscroal gae consumgption has increasod
acroas the world. Much of the rocent popularity can be atrib-
wied to an incresse in te use of te algae-derived hydroocol
loids (camageenan, agar, alginate, ete.), which are used ina
vanety of food and indusinal applications (Mayar and Bobt
2014). This is reflocied by the ncrease of over 400% in the
production of Kappaphyois alvaresil Ewchewma spp, amnd
Grnedariz spp. from 2005 to 2004 (FAOD 2016). Despite this
growth in production, the high demand for these hypdnoool-
loids, such as in the case of agar, has resultod in eritical short-
ages of the product (Callaway 2015, Sanios and Melo 2008).

Beyond human consungption, macnsal gae have boom wsod
as & ford component for vaniows livestock operations. Variows
sndies within the past 20 years have shown macroalgae o be
a vishle substitule in animal foed (Evans and Critchley 2014;
Rjiba-Etitaet al 2017). Table | shows a few recent examples
ofeffoects of dictary macroalgse inchsion observed in various
freshwater and marine fish. There exists a strong potential for
partial meal replacement with macroalgse withowt
compranizing fish growth, tough the realts vary and ane
apocies-spocific with respect to both fish and macroal gae
(Wassef et al. 2013; Sotowdeh and Mardani 2001 7).
Additionally, dietary macroalge substintion has shown im-
proved inmune response in fish copesed to disease (Ali etal
2016; Yangthwong et al 2006, Chod et al. 2007).

Macroalgae dietary inchusion has shown similar benefis in
lower-trophic aguatic organisms a5 in finfish. Alalone

£ Spinger

(Haliovs loevipeis) and sea urchins ( TRpasustes gradila)
have shown improved growth with 5% macnoal gae-mesl in-
clusion {Cyrus ot al. 2015; Bansemer o sl 2016). An ovalu-
ation of Dlver laefives substitution in the diets of Pacific white
shrimp {Litgpenaews vanname) showod no significant ¢ foct
on growth at a 50% inchsion, though other sudies showed
reduoed growth rateabove 6% inclhsion. This change may be
explined through methodology, as the later replaced individ-
ual foed mgredents, while the former used gradusied replace-
ment of the whaole foed (Pallaoro et al. 200 6; Ciu ot al. 200183,
2001 8b). Harvest periodand location may alzo coniribuie i the
wariahle perfbrmances, a5 macnsal Ese mvtritionsl conkent vanioes
Tsivthy o tengsora ] and spatial seales | Wit etal 2004; Makloar et
al. 2016).

Macmalgae have boen included interrestrial livestock dies
with some sucoess. Writings from 46 B.C. noiod that Girecks
would foed algae to their catte, indicating sufficient palats bil-
ity fior the animals (Cacsar etal 1962). Macroalgae have beon
shown i be viable alternative protein sources o conventimsal
food crops for termestnial livestock, though furdwer work isre-
quired iy assess the digestibility of these proteins (Tayyab et
al. 2016; Tibbets et al. 2016). However, in sheep, dietary
substibution usng maoroal gac appear i have no significant
negative effect on animal growth performance at 5% inclu-
sion, compancd bo normal feed, with the Orlmey shoep haw-
ing adapted to moeting most of teir dietary neads from
macroalgae (El-Waziry et al. 2015, Hansen et al. 2003)
Macralgae has beon further investigated as a possible car-
bon mitigation solution, 85 a species of rod macnalgae
{Asparagopsis fodformis) has been shown to reduce the
mithene—a potent groombouse gas— penerated from rumi-
naants by 95%, at an incluson rate of just 2% organic mater
without compromising growth (Machado et al. 2016).
However, cane must be taken when attempting to translate
these successes acnpss agricultural lvestock, as with figh,
since sucorss varies by species, both animal and algal
{(Machado et al. 20015, Makkar et al. 201 6). Caution must
alsp be owercised with regard to palatability, as a high mate
of meal replacement with macroalgae can result in a lower
feoding rate. Furthermone, since many temestrial animals
are not adapted to digest the fibrous material inmacnsaleae,
exncessive meal replacement with macroalgae canresult inoa
lower fead comversion ratio (Bjiks-Etit etal 2017: Cabrita
et al 2017). Despite such concerns, macroalgae remains a
cheap and viable feed substitite for most Tvestock at low
levels of inclusion (= 109).

Macroalgae wsed a5 biofiek may save i furter reduce
greenhouse gas emssions. As a third-generation biofuel
macroalgas doos not requine termestrial PesoURess OF inEnsive
processng that is roguined by first and seoomd-gemeration
biofuels, respectively (Alam et al 2015). Furthermore, the
high biomass productivity compared to terrestrial crops,
coupled with a low lignin condent, alkvws for high yields of
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Tabie 1 Maooalgae indusion in finfish diess
Aurthor Fish spedies Age Maaroalgae spedies Tnchesion Nuotes
EI
i pecsively)
Montinho etal.  Semegaless sole(Solan Juvenile fop o Liva rigida 105 Similar conditions using Uindarsa
218 seacgalencic) 9 momths ald) prvurgids weare dinachvanageous,
showing lower gmowth retes in later
Jvemile sges; maaroal gae primarily
st tied wheat meal, some soyhean
meal
Morshedietal — Bamamumdi/fsian sea Fry Graciloris pulumats 3 Inceased maannalgee coment aoaplad
A8 Thass { Lates calrariier) with inareased soybean meal, lower
fish meal and whet meml
Wassef etal 3013 Eompmn bass Parrodadia capiBarm, 5% Macenalgae primarily substituied wheast
{ Diormiranoiu 5 kafwaxy [T fardara meal, some fish meal
Sotondeh and Rainhow oot Gracilaria mywaca k] Macenalgae sabs titnied whent mend
Mardami 2017 {Cmero iy s
mplits s}
Fmetal 2016  Storsapper{lagonus  Joveniles Gracilaria 16.44%, 15% Cal coladed mancimom moloesion raie;
sl sux) Tomane g rmis, mmasaroadgae o masily sobs timed
Sargacam homen sauch, some fish menl
Wanetal 2016  Atlntc mimon (Sabmo  Smolt Pabmaria palmaza 15% Mxcmalgae primarily substitoed sandh,
salar) some fish meal
Peixoto etal Fompmn bass (rracilaria sp. 755" Macmalgae sobe titmed wh st menl
e (1 { Diormer grofi x Iafwaxy
Silvaeal. 2014 Nile dlapia (Orecknoms  Joyaniles Porplyra dicica, UTa 106 TMTA-grown maanoal gae; (rnas laria
miliogrug) SPR. vermescubonii s showed negative
efiecs at | 09; macmalgae sobetitmed
fish meal

“Waximum leve of distary indusion with either posi tive growsh tends or no significant diference hetoveen macroal gee indosion and comtwl diet

B % i . inc e om e tescher]

biofuck from macroalgae (Wi et al. 200%). However, high
metl content in macialgme can lmit teeir use in bicenazy
applications. Metals can inhibit the production of biofiels
T machoalgse (Mkemba and Muris 2002,

High metal content can limit many ofer applications of
el gae. Exposune tonumanus abiotic substances includ-
i lead and mercury for example, limit safe consumption of
macreal gae from pollued aress (Balina et sl 2016; Desider at
al. 201 6) As a fortilizer, macal gae metal content can signif-
icantly contribute i the motal content of sumounding soils and
groumdwaier sources, resulting in metal accurmelation i top-
w0l (Greger ot al 2007, O'Neaill of al ONeill et al 2014
Simitarly, high metal concentrations in alzal biofue] digestat
limit ifs vse in land application (Mkemla and Murie 2002).
However, the high metw] contents of macroalgse ako may
offier benefits. High intermal coppser content aids in te pyrol-
yais of alginaes derived from macroal gae by destahilizing the
alginate polymers (Fowhotham ot al. 200 3). Copper was alsn
shown to incease the ital sugar content of Cladaphons spp
peobentially enha ncing te value of the algse a3 8 biofuel feed-
sick (Cap etal 2015). The aforementionsd examples ilus-
trate the importance of understanding the accunmlation of
metals in macrosalgae,

Metal accumulation kinetics
Aquatic metal bicavail bility

In aquatic environments, algae ane exposed to 8 variety of
trace metals. These metnk originate from a varisty of spuroes,
Ity meatuera | amed artificial While natural levels of metals ane a
significant source of trace metak, often such concentrations
{= 1) pydy) &me relativel y harmless t many agusatic oroanisms.
The primary concem regarding trace metk in aguatic envi-
monmens stem from human activity (Givsti 2001 ; Ryan et al
2002 Gubelit et al. 2016). Anthropegenic emizsions of metls
contribute to greater sccumulation of metals i aguatic organ-
isms ¢ompaned o on-impacted locations, often contributing
i biokegical deterioration within the organism (Chaloraborty
et al 2014 Cabral-Oliveira et al. 2006).

However, niat all metals ane ina form that is usable by the
ofganism. Varous water constiteents and biological com-
pounds infleence which metals are available for wse or accu-
mmtlation in the algse. Bisavailability has a direct impact on
the ability of macalgss to accunmlate pollutants (Pemcira ot
al. 200%). Much like the direct influence of aguafic metal
concentrations, te availability of the metak is impacied
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directly a5 well as indirectly by anthropozenic activity, such as
e acidification of waters which may increase the availahility
of trace metals (Milleno et al . 2009, Harrison et al. 2000 Gao
etal 200 7Ta). Thus, poluton and environmental degradation
canmt be messured splely 85 concentration of various metals
a5 mmnerols ofver constiteents a ffact te form, fimction, and
poental teeat of the metals (Ko et al. 20014). Among te
many walker constituents affecting the availability of metals
in water, salinity and the concentration of various compleing
apents are some of te most uncermin and powerfil factors
influencing metal availability.

Salinity is a factor that is often discussed with respoct to
metl sccwnulation in marne macnalese. Chemically, salin-
ity affocts the solubility of ndividual metal spocies twough
e common don effect, whene higher concentrations of dis-
sl vod salts generally reduce the amount of dissohtion possi-
ble for other sals. In aguatic envimnnments higher salinitics
should result in lower dissobvedmetal concentrations. In many
hiologcal sysiems, e lower splubility often correlaies with
lower mineral availability for cellular uwse or accummilation
(Riba et &l 2003). In macmalgse research this effect ofien
results in fhe lower sccumulation rate of metals (Twmer et al
2008 Connan and Stenge]l 2001 Yireherg et al. 2001 Oh et
al. 2012, Farias etal 2017

While past research has atiribuied lower metal accumula-
tiom rEtes in macnoalgse 0 increased salinity, ineonsistencies
in the methodology betwoon studies allow for much uneertain-
ty. Many studies have sssessed salinity by diluting scawaier
with clean, freshwater to achieve lower salimities {e.g.,
Mamboya et al. 2009, Connan and Stengel 201 1; Manin ot
al. 2001 Oh et al 2012). The lower growth rates and odwer
algal activity observed in these studies may sem fom ower
concentrations of beneficial mirients, resulting in the apparent
metabolic depression. This is reinforced by studies that
assessed macroalgse performanc: under various salinity
levels, finding that the macralgse performod botter at e
higher salinities when using similar dilotion technigues, even
in low-metal envimnments (Gancsan ot al 1999 Manr et al
200 1; Mejrup and Podersen 2012, Tie et al 2016). As fresh-
water intrusion often cames nutnents and a higher metal con-
centration then seawater, it & difficult to translate these find-
ings to realbworld settings (Howardh et al. 20402; Hurd ot al
200 4). Thus, withow furteesr research, the eact relatonship
betwoen salinity and meetal accumulation in macroalgae ne-
FR=TRIE e E T

Metal complexes heavily influence the fiorm of metals in
aguatic avvironments. Metal -compleding ions and molecules,
called ligands, interact with metal cations in waker & fom
varios large compsounds. These molocules fiorm ooorndi netion
complees with the metal ion. Such comploves can affoct the
way that the metal inkeracts with e envinonment and agqustic
life. For nstance, the presence of dissplved organic carbon
melecules can attract metal ions, preventing accurmelation
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sty o wihin the macroalgae (Santone et al. 2001 ). In brown
macalgse, for example, this occurs primanly in cafboxyl
thiol, sulfonste, smine, and amide groups {Raize et al. 2004).

The nutrents wsed by macroalzgae can affect the: fommn and
availability of oxic mewls. In the macroalgs, DT musiralis
gowth in arcas with higher nitrogen- and phosphaie- based
nuirient concentrations has been shown to contribute to a
greaier accumulation of metals, especially zine, sugmsting
that the nutrients may have acceleraied the uptake of the
metals (Farias et al 2017 In Dlve fasciats nitrate-basad
nutrition resulied in higher accumulation of metals and asso-
ciated toxic effects than ammonda (Loe and Wang 2001 ). The
higher ace ummlation of these metals reveals that nutnents can
pomtially interact with the ability of macoalgse to regulate
et | aoe urrmlatiom.

Chelaioms ane ligands that form multiple bonds with 8 metal
i, Chelation of these metals can reduoe the hinding affinity
of the metal i surface sites on macroalgae, effectvely reduc-
ing the surface accumulation of the metal . Additionally, the
large compound formed betwoon the chelating agent and the
met] ion is 0o big for most algse © pass through teir ion
transpont sites directly ind their cellk. However, this may not
always be the case, & some chelstors have boen shown to
incresse bicavailshility for macrosalgse such as EDTA with
Tesoct b i, copyeer, and zine (Luoma 1983 Olabeau: ot al
2013). Macroalgae may produce apch chelairs, in the form of
profins, a5 a proective responss to oxidative stress cansod by
an abundance of metls (Mormris etal 1999 Marifield ot al
200, Suresh Kumaret al. 2008 Costa et al. 2015).

Macroalgal metal accumulbtion

Metal accumulation in macroalzae, iluetraed with copper in
Fig |, cccurs by two procssses adeonption and intracel lular
accumulation. Adsorpiion represents the sccumulation of
mctals upon the surface of macralgse. Inracellular metal ac-
curmilation entils all accummbation of metsls tat pass across
ther e lular membrane of the macral gae. The twophases eocur
simulmnemsly, accunmlating towsand an equilibriom concen-
tration based wpon multiple water, metal, and spocies-gpoci fic
paramciers (Perez et al. 2007, Hennigues et al 201 7a). Forthis
reson, metl accumulation may vary on aspatial and tengoral
scake (Tung etal 2006). Addtonally, the macnoalgal biochem-
ical compsos tiomn and toxicokegical history can also affect metal
accumulation wsen oF within macoalzas.

Compared to intrace lular sccummlation, adsorption is the
faster accumulation moechanism. The clocmonegative forces
invoblved batween the positively charged meil cation and
the negatively charged cell wall induce a relatively rapid ac-
cumulation of metals on the algae surface. For this reason,
mita] adsprption is highly influencod by the chemical compo-
sition of the algal cell wall. The concentrations of various
chemical compounds, such as carboxyl groups, affect the
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Fig. 1 nacelllar acomm lstion of copper. = AqUATS COpp,
On{m)= mellic oo pper, Cod. = orgam mily complexed copper, Colee,

= adsorhed copper, Cul = imemal copper. fudapted from Gledhill et al
{1997}, Hagemarm (2014}, and Qrigg (2014)

ability of & macroal gae to adsorba variety of metals (Yo etal
2001} These functional groups can be further nfleenced
beased ugomn & numnber of agqueatic constitueyts and ¢ ontam nants
(Dameshvar o al. 2017). The functionsal groups act 85 biotic
ligandds {demnied 52 L, " in Fig. 1), which can adsorb metals
independe ntly of live algal cell function, since dead alzal cells
mainmin these functional groups, but ane not nhibited by
chemical treatment to incresse adsoiphion capacity.

Studies suggest that polysaccharide conient affecks accu-
mulation in metal adsorption, particularly the ratio of
saturatod -to-un saturated polysascchandes. Possibly as the
dominant ligands affocting accunmilation within the cells of
e macroalgae, sulfated polysacchandes are believed i inder-
cept metal ions before e cations can harm cellular fime tion
{Garcia-Rios et &l 2007 Husng et al. 2003; Moonmne et al
2016). Addtionally, differences in thalles hickmness as well
as seasonal growth patierns may influence e rate and con-
conitrations of accumulation. Fast- growing annusl macroalgae
accumulaie metsls at a higher rate than the dower-growing
perennials, while thallus thic kness a ffoc s the concentration of
surface accumulation with respect to total biomass { Stengel et
al. 2004 Romera et al 2007).

The sompitive properties of macnoal gae have lod neseanc hers
i explore the wse of the biomass as a low-cost biosorbent
material for the removal of various polluting metals.
Pulverized biomass has demonstrated sucosss a3 a hiosorsent,
ofien produc ing significant levels of removal at relatioeby ap-
id rates (Yun ot al. 200 1; Rangabhashiyam et al. 2016).
Furthermore, the namre of the surface binding allows for po-
iential recycling of both the metals and biosorbent with proc-
exsd biomas (Kadukovd and Virlikova 2005). However,
while dead biomas may quickly remove free metals in an
aguatic environment, the lack of an active ion transpornt

fumction resuls ina lower overall removal of metals companed
o live binmass { Henrigues et al 20015).

Intrace lular accumulstion oocwrs sz an active ol ular pro-
cess acros the cell membrane. Companed © accumulation
through bisomption, intracel ular accumulation & a relatively
slow process. While sorption sites may satraie ina mather of
houwrs, intracellular accumulation can continue for days
(Henrigues et al. 200 Th). The adsorplion of metals can have
a direct effoct on intracellular accumulation, limiting the in-
fluemee of extracellulsr metsl concontrations on metal secu-
mulation (Romera et al. 2007). As a result of the lowerad
accunulation rake, macnsalEse may eperience a delayed tos-
ic response, inde pendent of the dissolved metal ¢ oncentration
{Andrade ot al 2006). To limit the potential toocicity of differ-
ent metals, algae possess a number of defenses to limit many
ahintic metls.

Intracellular metal accomulstion in algse is regulated se-
lectively by ion transport sysiems. Compared with other, non-
essential metals at equal concentrations, biotic metals, like
coppor and zine, accumulate v @gnificantly higher concen-
trations within an algal cell (Jarvis and Bielomy er-Fraser
2015). Since algal cells normally take up these essential
metk as part of normal bioksgical fimction, te propensity
o accumulate these essential metals implies thet excessive
zinc and copper can potentially overload the cell"s ahility to
regulate te metals by damaging critical intemal compon:nks
with the production of damaging oxidant molecules (Collén
et al. 23). This has also boen observed with ammonia
nitrates, and phosphates, which allow for greater aceumuls-
tion of these race metals, especially zinc (Loe and Wang
2(ei]; Farias etal A7)

Toxicological response and antioxidant
defense

Many factors influence the toxicological response of
macroalgae to metal pollution. In addition & algal and metal
apecies, time of exposure is & major facor thet greatly nflu-
enoes metal tolerance in macalgse. Toxic effocts have beon
observed at lower metal concentrations: for relatively long pe-
rindk of expoare (3 weeks) (Amado Filo et al. 1997, Under
steady periods of accumulation, live machna lzae ReEmove e
diszolved metals than dead macroalgal biomass (Hennigues et
al. 201 Ta). However, afier periode of metal-induead ooicity,
macioalgse tend to adapt for futere instances of polhetion
{Costa et al. 2015). These adapmtions inclde alierstions in
varipws defense mechanims, a5 companed with algase from
pristine envirnments, inchuding olevated baseline antocidant
levels snd more efficient eneyme activity (Shez ot al 2015).
TUnder mild to moderate levels of metal pollution, the con-
centrations of vanous biechemicals in macroalgse may in-
crease i defond against future oxidative stress. When exposed
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o increased levels of copper, several spocies of (Tadaphara
respondod with an increased total sugsr content (Can et al
2015 The increased sugar condent functions by thickening
e cell wall, bether probecting the algse from surface damage.
However, e increased thickness does not limit indrace lular
accumulation conmpaned to nn-exposed algae oclls (Andrade
et al 200, While the raie ofaccumulation in the cell does ot
docrease, the damaging polential of te metals does doc rease,
as algae develop a stronger iniemal detoe fication mockanism
following past episodes of metal mwxicity (Reod and Mottt
1983).

Companed with slgae from low-pollution amvinnments,
algae inseverely polluted sress mey experence naduced cel-
hular memhalic activity bocause of past metal accumulation
{Costa et al 2005). Although the effecs of chronic polluton
can be parially reversed and ropaived and socomulation ne-
viorsod, whenmac roal gae ane immersad inoclea ner water, acuie
e lutiom hesss oo shown to cause imeparable damage to algal
cells (W etal. 2000 Wang et al. 2014). Acwie metal pollution
reduces an alga’s ahility to sccumulate metals as cells mpime
undier intense oxidative stress (Andrade et al 2006). Some
resgarchers point to this issuwe with live biomass as a reason
ey s e tre e dead biomass: for agqueatic nemedistion of met-
al pollution, such ascopper, which can severely damage algae
cells, even at relatively low concontrations (Kadukowd and
Wintiloowa 2005).

Copper and zinc

Copper is an important meta] in both bioksgical and indusirial
applications. Copper s a transition metal with two primary
oxidation stes copper 1 {reduced) and copper T (ooidized).
In many biological systems, the respective oxidation and ne-
duc tion of these ims is essential for eneyme function | Eoch ot
al. 1907 Coppeer is requinad for bothalzgal photsynfess and
respiration (Quige 2016). Reguired concentrations wary by
species| Peemetal HME). While easential i ol hular fimction,
coppor can easily bocome ipxic 0 macal gae.

Zinec, like copper, is a critical micronutrient in e biokegi-
cal sysiems of photogynthetic organisms. Zine is an ingsortant
cofac e in many eneymes that ane vital to key plant procsses,
mcluding protin synfhwss, and cell membrane strocture. In
e bikzical fumections of plants, Zine, wnlike copper, doesnot
partakoe in redox reactions woithin the cell, existing eoclusvely
in the Zn{Il) form (Broadley et al. 2012). In algae, minc defi-
ciency hinders cabon assimilation, indicating that e micnn-
nutrient may be a imiting factor for some algae growth
{Malasam et al 201 3). Furthermone, zine arichment—below
a towie threshold—haes boen shown to incresse growth rates
(Eumaret al 2004, Cao et al 201 5). However, while it has the
poiential i acoeleraie growth in algae, often the dissolved
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concentration of zine evceeds beneficial levels, thus posing a
threat 85 & phyisbosdn.

Copper and zinc as bioddes

Macroalgae, like microalgae, ae sensitive to fluchations of
aquatic metal concentrations. Unlike most finfish, relatively
low concenirations of copper and zinc canindwee a toxic effoct
in macroalgse (Bielnmyer et al. 2012). Concentrations at which
copper and zine significantly reduced the growth raes of var-
s macroalzae are shown in Tables 2 and 3, respoctively.

In muany agquatic 2y sems, copper-based compounds are
used &5 oan algsecide (Wiriyatum and Boyd 2016). Copper
fimctions as a pesticide in multiple ways. In excess copper
can cause te formation of reactive oxypen spocies (ROS)
within the algal cell (Bhenezer et al 2014). These oxidanis
cam damage critical biechemical components in the ofll of the
algae, reaulting in protein denateration and lipid perootdation
{Collén et al 2003). Severe ixicolegical effect from the
formation of free radicals can result in deferioration of the cell
strnctiene, eventeally culminating in cell necrosis (Baumann et
al. 2009, Contreras et al 200% . Excessive copper may ako
imhibit photosynthesis Ina study observed using a vanety of
aquatic plant, copper free radicals replaced magnesium in
chlorophyll. The mesuling copper-substituted chlomophyll
could ot undergo photosynthesis (Kuppor o al. 1996).
Though other metaks have demonsraied similar effects, cop-
e i often the moat potent froe radical in chlorophyll due to
the higher affmity for it in chlorophyll companed to otwr
metals (Baumanm et al 2009,

In marine environments, copper is wsod in the painks on the
exterior of various ships and stroctunes as an st fouling sgent
{Girling et al. 2015). While often intended to curtail
v croe bzl i fera tioay, the additionof coppe e based hiocidos
toaquEatic emvimnnments can greathy inhibit mac roal g growth
a5 well (Wendt et al 2013). These bincidal painis represent a
signi ficant sounce of aqueatic copper, which can pose a theeat to
mezartyy e ol gae | Tomer ot al 2009 . Inthe case of copper,
hipsorption ropresent a strong potential ndicair of acute
toesic effioet, with greater toxic effects linked to increased cop-
per sompion (Ma et al. 2003). Additionally, copper supple-
ments often as copper sulfsle are wsed to reduce the disease
prevalence in agquacelme aperations, swch as Colismneris dis-
ease in channel catfish (Fameret al 2017). These antifouling
painis and pesticides have contributed to significant levels of
COPPT CONEMInEion in aguatic avvirnments (Boxall et al
20, Boyle et al 2016).

Much like copper, Zine is & major component of many
commercial algaecides. Common zine compoumnds inelude
zinc sulfate and pyrithione zine (Boxall et al 200, Girling
et al. 2015). These compounds affect the processes of the
algae cell ina similar manner to copper by inducing oxidative
stress. The oxcidation of cellular lipids such as those within the
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Table 2 Concentmtion of

dlizsal ved oo pper at wich e Spedies Amihor Tmibribyited g wovevtth oom oemirati on Salimity

e v Sonetly Cladaphara spp Can et ol 3015 100 WA
Uva flexuosa Andmde o al 2004 80 35
Ulva laum Wendtet al 2013 127" 32
[va lasrum Jarvis and Bidmmyer Foser 2015 108* 32
(Fraclariopsisfongisima  Bmwn etal 3012 3 33
Sarpataum cymamm Costy etal 2015 H15° 15
Fraclaria lonandformis  Fmng = ol 3013 &F 25
(Fra el aria Nichano ides Humang = al. 2013 =00 25
* Tisicity memsmed hy phoiosymhetic e
* Wnhiibiiied, reporied = BC-50

“Thelowest conentration mpored

oell membrane affect the algal cells ability to regulate the
esvchange of ims, which can lead to a higher degree of accu-
mimtlation smd subeequent oxidative stress (Fhang et al. 2006).
However, such periods of unregulated aocummlation ane brief,
a5 algae incnease intrace] ul s antiosddant levels i megsonse to
Fime toacic ity (Hamed et al 200 7). Additionally, zine & a less-
potent phycotorin to many macroalgae then oter majoer
metals {e.g., copper, cadmivm, and lead), though it ranks
among the most poientally oxic ecwsential metals (Mondes ot
al. 20130

I addition to purpese fitl dosing a5 an algascide, aguatic
copper and zinc contaminaton can result from & number of
diffirent sources, both natral and anthropogenic. MNatral

sources, such as from weathered rock or volcanic activity,
contribute to & relatively low concentration of metal—oom-
monly refemed to a5 the “backomomd concentration.” While
natral spurces can account for some concentrations of cop-
por, the concem in many aquatic sysems is pollution from
human activity (Dai etal. 2007, Gao et al. 200 Th).

Environmental copper and zinc contamination

Copper and zine pollution is 2 widespread sswe. The 115 EPA-
recommendad limit of twese metak for aquatic 1ife in salws-
fer, a5 well & a few contaminated sites from around the world,
are anmmanzed in Table 4. Figure 2 represents e soope of

Table 3 Concentmtion of

dissol ved Einc & which ghe Spedies Amthar Tnihibited jgeowih concentration pph) Salimity

Emwih of varions maoroalge

win signi ficandy inbibited Cladaphora spp Canetal 2015 500 A
[Mva flouosa Amado Filhoetal 1997 b i g 15
[Mva lacfum Amado Filhoetal 1997 b i g 15
Pading gimacspara Amado Filhoetal 1997 b i g 15
Sargacmm filinendula Amado Filhoetal 1997 i g 15
Hypmea meuseii mis Amado Filhoetal 1997 b i g 15
Spyadia filaveninza Amado Filhoetal. 1997 i 15
Ufva {msestinalic Girling e al. 2015 ki 33
Flurus spimalic iGirling o ol 2015 loger 13
Aseophlium nodosum Bammam = ol 2009 &al” Nk
Flurus vesicub s Bammam = al. 30 &4l° A
[T d mieciinallic Bamam = al 3R [ i WA
Cladaphana rupes s Bammam = ol 2009 &al” Nk
Chondrus crigpus Bammam =t al. 2009 Al NiA
Palmana pabmaza Bammarm o al. 3009 [ NiA
Polysiphonia lanasa Bammam e al 3008 &4 A
N not reposied
“Hassd on o booesk semment
™ s Tinc sl fue

“Comcentmutions wer assessed a5 bog mioroma b concentmution s, commvestad ta ppb
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Table 4 Copper and zinc

«om cemination ranges {ppbl Amthor Couniry Rmgeof copper comcentmutions Rmge=afzing
mrficewaes Fom polluied sies {ppt {ppth
aronmd ghe waorld
Craete Olhvazes atal 2016 hils =2 Fr-69"
Wan et al. 2007 Chima QLT3=132 02101
Womms =tal 2015 Malaysia  752-421.58 11.92-30.52
Ok e et 2017 Higesia 2691 104-252
Bams etal 2003 Spain L4=32 0360
Saflan and Akgay 2016 Ty 127 6833
Varol and §en 3012 Ty < | 2=165 < 1 5=37
CGrumgom et al. 1994 Tudoey 1040 40140
Emvimmmens] Potecion.— 1/SA RA L E o 81"
Agmoy
“Rangs of memn valnes
B Crieri I . .

“Critesion maximum oom cemination

e issue for copper in context of recorded instances of
marine pollution. Compared to copper and other potent
phycotoxic metals, there is less d sta reganding zine toxicity
i macralgae. From limited data zine contamination has
resulted in decreased growth rates in macroslgae subjecied
i concentrations at or below 100 ppb (Amado Filho et al
1907, Girling ot al. 2015). These algae would expericnos
inhibited growth in a numbser of locations amund te world
(Beiras et al. 2003; Wan et al. 2007, Achary et al 2017;
Okoghue et al. 2007).

Among anthropogenic sources of copper and zine palu-
tion, minig has demonstrated some of the longest-lasting

effect of contamination. Chile, a major producer of copper,
has experienced lasting effects of aquatic copper contamina-
tion. In an area of norhem Chile, mine tailings have been
shown o contribuge 4 a high concentration of copper in mear-
by coastal waters (Comea ot al. 199°9). Mone than two docades
i, the same site maintained high concontrations of the met-
al. Though still contaminsted, the site has experienced a re-
surgence in biotic diversity, tough primarly from opportu-
nistic species (Medina et al 2005). Similarly, zine contamina-
tiom may originate from mining activities, sugeesting that zine
mining sites may alkeo compromise neary coastal waters, just
like copper {Saglam and Algay 2006).
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T addition w0 ore extraction, ofer industria) processes can
canse significant metal pollution in agestic envino nmens.
Tnchstrial wastes, both solid and ligud, contribue & copper
and zine polletion n waterways. Bocause copper is usad ina
variety of processes, indusirial waste effluents consisiendy
contribuie o copper pollution (Srinivess Gowd and Govil
200E). Refinement and recycling processes hawe beon idemti-
fied as major polluiers. Metal processing and keakage from od
refinery oporations have alse boon shown to significantly con-
bkt aquatic copper polution (Beg ot 2l 2001 Tones et al
2003; Mikolic et al 2011; Chae et al 2014). Recycling pro-
cesses, particularly those involving discanded electronic de-
wices, have alko boen shown to signi ficanty contribute & cop-
et peollwtion {Leung of 1. 20046; Tang ctal. 20 10; Dammongsn
atal. 2016).

Altough indestrial activiies may contribute the majority
of the copper pollution, anthropogenic copper poluton can
result from a vanety of domestic actvities. Mumnicipal ronoff
can significantly and negatively influence the metal concen-
trations in an aguatic emvirenment (Padhi ot al 2013). Sourcs
of thiz metal contamination inchude awomobile brake dust,
buwilding roofing and siding, and atmospheric deposition
{Davis et al. 2001 Gunewsrdena et al 2013; Charters etal
2006). Ths, in high-density wiban aress particulary those
affocted by infrequent rainfall, copper pollution from munic-
ipal activity can severely affect aquatic hiokgy. However, in
such an environment, copper i not the only metl of comoom.

Asa pollutant in te aquatic environment, Zne contam ina-
tiom is derived many of the same applications as copper. This
nchudes profective coatings, paint, bocides, and metal alloys
{Boocall et al. 200 Girling et al 2015; Feng etal 2017; Ren
et al 2007 Other major sounces of aguatic zine polluton
il wide minee dira inage, atmospheric deposition, amnd moumicipal
rumsoff (Friba et a1 2003; Turmer and Rice 201 0; Fongmoon ot
al. 2014). Additionally, sz with copper, anthropsogenic pollu-
tion has significantly ncressed the concmitration of zine in
estarine and marine wakrs (Jomes et al. 2003).

Interactive metal toxicity

Metak interact in aquatic environments with different effects
Three general melationships exist between metals that influ-
ence their relative toedicity: additive, antagonistic, and syner-
gistic. Relationships vary by metal and plant spocies. Forex-
ample, zine and calcium displayed an additive toxicity in the
red macroalgae Graciliris dom ingensis (Mendes ot al. 2014).
This ¢ ffact demonatrats a difforence from te expocted result
ohserved in an sssortment of Sergassiom spocies, whene calei-
um accumlation has boon shown to reduce the ace wmnul stion
potenitial of zinc {de Franga et al. 2003).

In an additive tosic relatonship, each metal exerts their
inxic potential independent of the concentration of the other

metk present. In swch & relationship the detriments] e ffects
catsad by one todic constitment neither exacahats nor de-
tracts fiiom the potential oocicity of another metal . An exangple
of additive oaicity oocurs between coppsor (1) and cadmivm
(I (Memsdies: et al. 2014). While both are damaging to essential
components of algae cells throwgh the formation of neactive
oxygen species (ROS), the procsses are difforent, 85 copper
participates in redox reactions unlike cadmivm (Babu et al
2014, Sinoe the metals geveraie ROS independenty, the con-
centration of copper does not afect the teticity of cadmim.

Some metals compete for binding and transpont sites, These
metk interact antagonistic ally, reducing the overall toxic ef-
fict experienced by the alese. Companad with fe toxic ne-
aponses gendrated by individual metals, metal miximes often
produwce 3 lower toxic response due to the increased oo ti-
tion betweon the metals i solution { Brvis and Biclmyer-
Fraser 2015). A similar relationship explains the reducad too-
icity usually experienced in hard waler emvironment, com-
pared i soft waters with the same individual metal concen-
trations | Santore et al 2001). Ankmgonistic meia] ineractions
can help o proect algse. Suchis fe case between cadmivm
(I and zinc {IT), whene zinc accunmulation in algae roeduces
accumulation of cadmivm, 85 zine exhibits a stwonger affinity
than cadmivm for a vanety of biotic ligands {Lee and Wang
201, Sdncher-Thomas et al. 2016). Though zine accumuls-
tiod cam be i to the oell, the tosic potency of Zine iz much
less than cadmivm at equal comoenira tions

Synergistic behaviorn betwoomn metaks case an increased
poiency of the ivtal michere damaging similar regul ation sies
The increased toxicity largely depends uwpon the target organ-
m. For instmce, copper and zine behave synergistically i
the marine vod algs Grocileris domingensis (Mendes et al
201 4. By comparison, the same binary mictune given i sev-
eral species of the freshwater distom Mrvisds presents the
oppEie case, instead exhibiting an antagonistic relationship
{Magai and De Schamphelacre 2016). A possible explanation
stens fromn the ¢ombing fion of metals and bischemic als with-
in the algae. Metls interact with photogynithetic pigment in a
variety of manners, which may cxplain the variations bebweo
algae (Fargafovi 1999, However, the interactions betweon
metals and biological compounds occur differently than
e tal-metal relationships

Towic metal interactions do not always follow the same
trendd, though While copper and calcium demonstrated 8 syn-
ergiatic toeicity in Gracfari: domingeags, the opposite was
observed in Cysiosaire barbate, with calcium redwcing the
iicity of te copper (Pellegring et al. 1993; Mendes et al
2014). The differences in tocicity may be atributed i the
differences betweon species, though differences in metl-
metal concentrations may explain the dissmilar fndings, a
Pellegrini et al {1993) found changes in metalmetal inderac-
tipns as concenirations varied. However, very litfle data exist
on the matier, sugmeating the nead for furtver reseanch,
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Interactive effocts may occur via substitution of metak in
varios biokgical compounds and enzymes. Companed with
oither traneition motals zine has a relatively fledble fimction
in varioe proeing. Substtetion of zine with anotwr metal
such sz copper, often reduces or inhibits the function of the
proin. A s copper posseses a higher affinity for binding sites
in these cpordine tion comples, the prosence of froe copper
in an aquatic envirpnment can be detrimental to celhlar func-
tion (Bertini and Luchinat 1904, Metall psubstitution can af-
fiect the toxicity of metal compounds, too. For instance
pyrithione zinc & added a5 an algsecide booster, increasing
e towic poental of copper. Copper jons replace the zine
ions, frming copper pyritioms {CuPT) The combination of
e froe zing ions and the CuPT inflicts more biscidal damage
than the indopendent constinents (Bao et al. 2004). The sn-
sitivity of algae to various metals, combined with algal aceu-
mmtlation progertics, hes lod reseanchers to invest gake variows
species of macroalge fora range of envirnmental punposes.

Biomonitoring and remediation applications

Macroalgse have boen extensively studiad as aquatic scosys-
iem health indicators (Chaudri et al. 2007; Momizon et al
20E; Rajfir and Klos 2014). Some widespread spocies of
opportunistic macmalge, such as those of the Dler gemis,
have demonsiraied strong polential a5 biomondiiors in polle-
tiom spplications, in part dwe i a high ratio of intracel ular-to-
excirace] lulsr me ] accomulation (Muse ot al 1993 Baumanmn
et al. 2009, Farias etal 2017, Ozyigitetal 2017, Valkdés etal
201E). The dverse biokegical conmposition betwomn specics
allows reseanchers to evahste changes in different pol lutants
using a range of macroalgae (Chakraborty et al. 20014).
Similarly, macroalgae have boen usad to assess the envinn-
mental impact of nuclear activity (Nonova and Tosheva
2016). In combination with sediment samples, macmal gae
can provide 8 comprehensive sssessment of long-erm metal
pollution in different bodies of water (Fostier et al. 2016:;
Gubelit et al. 2016).

In addition i biomonitoring, macromalgse have ako beon
investigated as i0ls of hioremediation. As a sorbent material,
macroalgal biomass offers cheap, rapid pollution miti gation
with minimal negative environmental side effocts (Murphy et
al 200 Dhitbert et al. 201 3; Kidgellet al 2004). When used in
conjunction with a chemicsl desorbent, the macroalzse bio-
mess can be wed multiple imes to remedate polluted waters
{Senthillumar ot al 2006, Hemero ot al 2008). Given the
higher accumulation capacity companad i dead biomass live
macmalgas may be used for remedistion purposes, Do
(Henrigues et al. 201 7a, 201 7Th). In terrestrial applications,
ytoremodiaiion has shown promise 85 a low-cost, effective
metal remediation technigue (Vangronsveld et al. 2009,
Recent mesearch shows promize with microalgae for
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snmltEneos removal of mesl polluents snd enemy poodu -
tion (Arora et sl 2017; Palma et al. 200 7). Given the posible
hislogical similaritics betworn mico- and macalgase, this
wpmess & dnong pesibiity for macoalese, dowgh forther in
situ tests are requined for further evahstion. This, macmoal ge
may provide an effective low-cost, byw-maintensnse option for
mital removal inaguatic anvimnments.

In addition to the environmental benefis that they offer,
remndiating ma cnoal gae may alsoprovide a sownee of valuable
metls. For high-vale metals, such as rhenim, the oomcen-
tration in macmoalgae may provide 2 vishle source metal
(Racimero-Gomezet al. 2016). Additiomaly, ive mac moalgae
provide for the remediation of various non-metal ol utants
such as nitrogen, phosgphorus, snd organic carbon (Suwtan ot
al. 2006; Nwoba ot sl 2017). However, rescanch fscused on
using live algae for metal pollution remediation & lacking
when compared & the etensive reseanch porformed on dead
biomass,

Nutritional supplementation and dietary
enrichment

The mctals sequestrad by macroslgse may have value inoa
b of other beneficial applications. Beyond phiyiomning,
e high trace metal content in some samples of macmoalgae
can be wsed for nutrient enrichment punposes. Many of the
metals that sccumulate in machoalgae—zine, cOpeT, imm,
etec.—ame ¢ssential nutrents to humans and livestock
(Ruperez 2002; Gancla-Casal et al. 2007; Cabrita et al.
2016, As viable sources of macro- and micronutnents, alike,
macroalEse also may serve s dietary supplements.

Compared to terrestrial plants, macroal gae possess 3 stron-
gor pokential for nutrient suppleme ntstion. Macroal gae con-
win lower concentrations of the atinutrient, phytic acid, than
many common orops, including beans, wheat, com, and sop-
e | Oliveira et al. 2009). Fhotic acid fumdctions as a chelator,
hinding a froe metal jon to be unusable by an organism
Though potentially a metal detosifior, plytic acid mosthy re-
siricts intake of essential metals, such as calem, potassivm,
aned imom { Kunar et al 20000, Phoytic acid is particulary prob-
kematic conceming #ne consumption, because te human
Tsinchy sz & st e fhis i meeral | e cessitating daily consump-
tiom by humans (Rink and Gabrie] 20000

In many deve loping countries zine deficiency has resulted
in severe developmentsl isswes. This represents muone than
one-sioth of the entire global humen population. High dictary
phytic acid i a significant contributing facir & global zine
deficiency (Wessclk and Brown 2013). Supplementation of
zinc using macroaleae may help o alleviate this nutricnt in-
adoquacy. The low phytic acid content in macralgse allows
for higher utilization of micronutrients by humans,
Furthermore, while macroalgae may contain elevated
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concentrations of vanous metals, the health risk posed by
el gae is mininal, espocially when grown in a more de-
libserate and controllod manner (Yong ot al 2015; Desiderni ot
al. 2016 Rubio et al 2007). With zine conoenirations poton-
tially greater than that of many staple foods, macroal gae may
ez s fial b reduce the prevalence of zine deficiency {Malea
and Haritonidiz 1990, Sengel et al 2004; Chamey 2013).

The results from variows studies support te possibility of
coppor and zine supplementatiion wsing macroalgae in humsan
diets. A coording i the Institte of Modicine, dwe recomanend-
ed daily intake of copper and zinc for an adult s approcimate-
by 2 aned 10 g, mespsoctivel y {Tromibso et al . 200 1) Macroalgae
of the genus DTve are uwseful reference organisms when
asspssing e nutritional benefits of macroalgae. With high
growth potential and a range of habitats many DT spocies
can be used to assess both water quality and macroalgae me-
writion pobential in cosstal commumitics (Patarra et al. 2011;
Tabarsa et al 2012; Paiva et al. 2016. Studies havwe shown
that various Dl species, when exposed to aguatic conoenira-
tions of 1 ppb each of copper and zinc, concentrate te
i crnutrients well ewwgh i meet human dietary nosds with
less than 100 g of dry biomass. Higher dissolved concenira-
i o metals in other macroalzse could meetswch a target in
less than § g (Amado Filho et sl 1997; Ervis and Bielnmper-
Frazser 2015).

Macroalgae also represent a suitable source of
micronuriens for livesinck. Evans and Critchley (2014) iden-
tified macroalgae as potential sounces for agriculiural setings,
with the many benefits outweighing poiential ssues. Since
then supplementation and dictary enrichment have shown
promise using in vitre lvestock trials Macoalgae contain
the mecessary minerals for livestock diets (Cabrita et al.
2016). Traditionally, many livestock operations supplement
mimerals with enriched salt mivtres When companed to an
enric hed salt misture, mineral suppleme ntation vis macroalzse
rovides more bioaeailable metak for growing pigs, while atill
mecting dictary salt roquinements (Michalak ot al. 20015).
Similar benefits were shown in laying hens, whene
mac rodalEac-spunced mincrals improved eoe quality, comparad
i raditional supplements (Michalak ot al 201 1) Macoalgae
improved the mineral levels of dairy cows, leading i higher
mineral concentrations i the milk, &0 (Rey-Crespo et al
A4

Indlirect ennchment of foeds may be achieved via the Land
application of macroalgs: biomass As 3 sounce of nitrogen,
phosphorus, and an aray of micronutnents, macnalese pro-
vide many of the necssary component of Emestrial plant
fiortilizer. Beach cast mac roalgae from shore lines increase bio-
mas in plans, companed o plhns grown in compost void of
algae (Greger ot al. 2007). Zinc-enriched macmalgae wene
shown to improve both growth performance, & well as zine
concentration in soil and plant biomass (Tuhy et al. 2015;
Bidescuetal 200 7T). This enrichment could be achieved using

macialEse where the sccumulated content is too great for
direct consumption, such as macroslgae wsed for bioremedis -
tion {Farias ot al. 2017, Even bicchar from remediating
macalEae provides te nocesary micronutrionts for vegets-
bile growth (Roberts o sl 201 5). However, salinity remains a
critical challenge in macmalgss land application treaments,
&5 the high salinity content of marine macal gae can contrib-
uie to a soil salinity level beyond tokerable by many crops
{Greger of al 2007). Thus, macroalgae below food quality
meay still be wsed to fortfy the dies of populations in low-
ZinG areas, 20 long as the accompanying elevated salt condent
can e proper]y managed.

Thouwgh macmalgs: may be enriched with essential
micronutrients, the accunm laton potential of tosic abiotic
metk rmises conoem. The non-hamaoge neows nature of polu-
tion from antwopogenic activities can result in widespread
increases inaguatic polltanes, as the cmtaminants display a
positive relationship with each other {Chae ot al. 2014;
Okogbue et al. 200T). These pollutant may subsequenty ac-
cumulate i neafy macroal gae, resuling inclevated levels of
multiple metsls in the organisms, possibly endering the
macmalgse unsafe for human consumption (El Din and El-
Sherif 20012 Omyigit et 8l 2007T). However, bioremeodiation
for non-consumptive pumpeses sl remains & vishle option
in these cases.

Conclusions and future research

Polhution has boen a pervasive sswe in macroalgae cultivaton
and remaing a major ohatacle for mardet growih, Coppor and
Finc—potent &lgaecides—ane among the most critical metals
to consider for future macroalgse production. However,
throwgh a stronger understanding of the relationship betveen
metk and macroalzae, and methads of meanipulating tis in-
eraction, the isae may be mitigated. The incease in market
share and wiility of algae wamant further rescanch conceming
metal accummulation. Both low-meta] and high-metal algae
clearly demonatraie whility, but the dearth of live algae models
represents a significant dats gap.

There are serious reasons why copperand zine compounds
are likely to contimee to be wsed in aquatic applications but
finding ways to minimize and remediste will likely be even
more important in the future, For example, the Aguacultre
Stewandship Council {2012) aclnowledged challenges with
fouling of net pens and noted that variows compomsds (often
organic wins of copper alloy or coppor coating materials)
wore uwsad © educe fouling, which is itself a multibillion
dollar issue in fe ndusiry. The Stewardship Council ac-
knowlodged that the addition of these toxins is an issee and
& searching for mone sustainable methods to reduce net foul-
ing (among other ssues). Braithwaite and McEvoy (2005)
nvied that if neither copper alloy or biocide trestment were
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appliod 0 nets, then agrnessive net cleaning or changing was
mobdod. Various ofer tochnolegies ame being considened now,
but cleaning of copper alloy e would #ill elease some
amout of coppser ing the environment

A better understanding of zine Dlorance and toxicity is
neceszary in macroalgae. Though itself a potential
plyvcoixin, zine offers a proiective function to prevent the
accumulation of ofver, more dama ging metals. This approach
heas boen explored in the case of oysters, whene treatment of
oysters with zine has boen suggested a5 an approach & man-
aging cadmium sccumulation in the bivalves (Munksgaard et
al. 2017y Widespread adoption of this practice may elevai
AquEtic e Conoentratios, equiring & stronger understand-
ineg of the inmgeact omithe local macnoalzae populations. Further
reseane b may also help to determine the i bility of this zine
fior human constmption.

In parallel, the imporanee of disary zine, and the lack of
dietary zine coperioncod in many aeas aound the world war-
rants further research in zinc-rich food products. The success
of macral gae in ivestock applications sugpests a stromng pos-
sibility for enriched macrosalgse a5 8 nurient supplement for
human use. While other dissolved contanminants must firs be
addressed, the vishility of macroalzae &5 8 dicEry zne soume
lendds the possibility of macroalgal biomass wsed for the
plytoremediation of zine and other cssential micronutrients
as enriched food sources. However, to explore this potential
the relationship botwen dissolved zine and accumulstod zine
kst e rescanched furtver, as well as the nteracton betwean
zinc and other metals.

Throwgh further research, environmental engineers, agea-
culiurists, and agriculturist can determine optimal times and
envirmanents appropriate for macnoal gae cultivation, de pend-
ing wpon application. Thowgh numerous factors affect accu-
mmlation, salinity is one of the easiest to manipulae through
inland tank culture, allowing aquaculurists possibilities to
enrich their algal product. Inland tank cultivation, such & in
integrated muwlti-troghic aquac ulure sysems, abo provides an
alermative to effectively manage metals in macroal gae culti-
watiom | Rabclif et al. 2006). However, open water cultivation
of macmalgae represents 8 much bigger portion of total
prodnc ion.

Some of the challenges sssociated with polhetion of open-
water cultivation sites may be addressed fwough several ma-
jor engingering projects. Remoke sensing echndogies, long
established in agriculure, may soon allow Farmers to eval sk
cpastal environments to identify poental cultivation sites for
open-water cultivation by sssessing vanous WaleT paramsters
(et et &l 200 7). River diversions and daws may provide a
e dinect means of manipulating salindty in coastal envinon-
ments, though poiential ccolegical inpacts warrant further
mvestigation into the feasbility of these engineered flow con-
o] meeasures (Dhay et al. 200 6). However, these means are not
within consideration for many small operations due to both
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oot and scale. Ths, identifiying neturs] processes and mech-
aniams to prevent of reduee the teie effect of pollution is
critical

Thouwgh sewveral sudies have demonstrated the appanent
relationship between saliniry and the bicavailahility of 2 range
of me ks, including copper and zine, the connection has yet toe
b completely established using macroalgae as the misdel or-
ganizm. A stronger understandng of the relationship bebveen
salinity and meta] accumulation will inprove the viability of
machoalgss a5 & biomonitor, agustic remodiator, snd a fome-
tipnal fond source. Furtermore, & greater understanding of
accumulation capacity will help remediation spocialists toin-
vestigate poluted areas The information will further assist in
future designs of hislogical remediation systems in manine
settings.

Macroalgae ropresent & splution to problems associaed
with envirmmentsl change. Macroalgae represont a signifi-
cantly large potential carbon sink {Sondak o al. 2017)
Additionally, the low carbon emissions associabed with
macroalgas biofuel prodection, as well as the methane reduc-
tion observed inruminants could help to curb the effocts of the
global warming. However, the consequences siemming from
atmosphernc change are present and comendy affecting the
environment (Hughes et al. 2007: Yietal. 2017). Due to sea
lewel rise amd an increase in te global populstion, land will
bocome & scancer resmrce (Godfray et al 2000; Kemp ot al
2001). Thus, it is critical that food production shift to areas
previously thought unanitable for farming, now nepresenting
underutilized readily available farmland.

Cultivation of macroalzae fhoowgh aguacubiure will e crit-
ical i this economic ransformation. Even now, with oceans
covering mast of the workd, saltwater remains one of the most
umdderutilized respurces. However, sustainable, proactive mea-
sures must be adopted to ensure long-term success of the
industry, managing challenges such s mea] polletion while
loodeing fior ways toadd valwe. With a growing prosence in the
world economy, macroalgss will play a critical ok in the
growing world econpmy and changing evvironment.
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Naorth Carolina State University Department of Biological and
Agrimltoral Engineesing and the William White Endowment of ghe KC
Agrion ke Foundstion and the Kot Caroling St Univessity Caollage
of Agricn e and Life Sciences.
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CHAPTER 2: THE EFFECT OF SALINITY AND ALKALINITY ON THE TOXICITY
AND ACCUMULATION OF COPPER AND ZINC IN THE CHLOROPHYTA Ulva

fasciata

2.1ABSTRACT

Copper and zinc accumulation in macroalgae is a complex issue. While these metals exist as
micronutrients and can serve to add nutritional value to the macroalgae when consumed by both
plants and animals, elevated levels of the metaisreduce growth or even kill the algae. Many
water parameters can influence the toxicity of the metals, though these studies have rarely
isolated individual water parameters. This stadgedto determine independently the effects

that salinity and alkatity have on the growth and accumulation of these two metals on the
macroalgadJlva fasciata This research aimed to distinguish the effects of salinity and alkalinity
as whole parameters from the collective effects of the different constitliaeteffet of

salinity was determined using sodium chloride adjustments rather than seawater dilution, as
performed in past studies, while alkalinity was tested using sodium bicarbonate additions to
artificial seawater. The results of the study reinforce previodaigs that copper is very toxic

to macroalgae, even at low concentrations (5Q figthough the effects of zinc remain
inconclusive at 50 pg 2, since the experiment was conducted over only aveek trial period.
The research suggests that salinitg alkalinity have no significant effect on the toxicity of
copper to the macroalgae, but alkalinity significantly reduced copper and increased zinc
accumulation inJ. fasciata The results of this study warrant further research in the field to
investigatewhich other components of seawater and macroalgae reduce metal toxicity in the
macroalgae. Additionally, these findings suggest the need for further refinement of toxicity

models when adapted to macroalgae.

2.2INTRODUCTION

Metal pollution in marine environments is wdlbcumented (Dai et al., 2007; Padhi et al., 2013;
Okogbue et al., 2017; Sanch@uiles et al., 2017). Among an array of important trace metals,

copper and zinc are some of the most important in aquatic emards, not only as damaging
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pollutants, but also as essential micronutrients in aquatic biota (Boxall et al., 2000; Peers et al.,
2005; Malasarn et al., 2013; Geddie and Hall, 20883umulation of these metals, and others,

in macroalgae have led reseahto use macroalgae bioassays as a tool to evaluate both metal
prevalence and environmental thr&diesebioassaysre limited, though, as thegly heavily

upon water quality analyses for contesihcemetal accumulation largely depends upon the
concentrations of various biotic and abiotic factors (Lee and Wang, 2001; Ma et al., 2003; Gao et
al., 2017).

Past research suggests that bioavailability of copper and zinc may be influenced by the salinity of
the polluted water (Riba et al., 2003; Deruyteal., 2015). Marine waters reduce the toxic

effect of the metal pollutants experienced by the macroalgae, as compared to estuarine waters,
due to higher ionic activity (Connan and Stengel, 20Q/k)ile seawater appears to reduce metal
toxicity, sudies ®ing macroalgae have failed to identify which ionic components in seawater
reduce the bioavailability of the metals. Often, these studies dilute natural or artificial seawater
with fresh water to mimic estuarine environments and rainfall events to detezh@nges in

toxic potential to algae. Though a reduction of toxicity may be observed with higher salinity
simply through increased competition between ions, known as the common ion effect, the higher
nutrient content may have contributed to the incregsedth rates, sporulation, and higher
photosynthetic activity (Mamboya et al., 2009; Connan and Stengel, 2011; Mantri et al., 2011;
Oh et al., 2012). Thus, diluted seawater may falsely represent the chemistry of toxicity (Eklund,
2005).

Alkalinity is a major component of salinity in seawater, as total alkalinity is positively correlated
with salinity (Lee et al., 2006). Alkalinitya measurement of the aameéutralizing capacity of a
liquid - is dominated by the carbonate system andlibsolved inorganic carbon content of a
water sample (Dickson, 2010). Total alkalinity, particularly the carbonate portion, is highly
influential in marine metal chemistry, affecting the availability of copper and zinc for use by
aguatic organisms (Milleret al., 2009). Previous research further supports this claim, as higher
alkalinity contributed to lower toxicity of copper in both macroalgae and aquatic fauna, alike
(Gledhill et al., 1997; Hyne et al., 2005). Likewise, zinc pollution was reduced indraimage

through the addition of calcium carbonate (Sibrell et al., 2007glation to the aquatic
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ecosystemvery little research has been performed using marine flora, especially macroalgae,
which are often the most sensitive to elevated levelspgeoand zinc (Gledhill et al., 1997,
Geddie and Hall, 2018).

Macroalgae of the genlidlva are ubiquitous and opportunistic algae found around the world
(Guiry and Guiry, 2018). These algae are edible by humans and quite nutritious, with high levels
of esential macroand micronutrients (Mantri et al., 2011). The global distribution of the algae
may be attributed to the high tolerance of a number of environments, including a strong
resilience under different salinities (Han and Choi, 2005; Oh et al.).ZDli2 global prevalence

and quick growth rate of the algae has warranted its use in biomonitoring and remediating
applications (Nielsen et al., 2012;-Alafedh et al., 2015; Henriques et al., 2017). The fast

growth rate, high relative protein content, anidespread habitat has led to further use of the
macroalgae as a feed supplement in both aquaculture and agriculture uses (Silva et al., 2014;
Korzen et al., 2016; Tayyab et al., 2016). These traits, as well as a high bioaccumulation

potential, have ledbtan increase in popularity as a biomonitor (GaBgaane et al., 2018).

The aim of this study is to determine if, and to what extent salinity and alkalinity may affect the
toxicity of copper and zinc td. fasciata Furthermore, this study seeks to deti@e how

salinity and alkalinity may affect the accumulation of the metals in the macroalgae. An
understanding of these interactions will allow coastal scientists and biological engineers to better

develop sustainable and effective remediation systemstirarine environments.

2.3METHODS AND MATERIALS

2.3.1Algae

Thirty-six individualU. fasciatacultures were sourced from the UTEX 11822 (Carolina

Biological, NC, USA) collection for each test. The macroalgae were allowed to acclimate to the
indoor envionment for one week before testing. Prior to testing, fresh weights were collected on
each of the algal units. Then, one uniti¥a fasciatawas placed in 8.8 L (one-gallon) glass

jar, such that the average ratio of biomass to water was 24.1 mg/h stiéimdard deviation of
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14.7 mg/L The algae were exposed for a total of two weeks at a temperatur 6X25 he

jars were situated on shelves axghosed to constant moderate aeration and cool fluorescent
light at an intensity 0£00 pmol photons rdis® on a 16:8 (light/dark) cycle. Copper was
supplied with copper sulfate (Carolina Biological, NC, USA) and zinc was supplied via zinc
sulfate (SigmaAldrich, St. Louis, MO, USA)AIl treatments were prepared in triplicate using a
completely randomized bt design (3 blocks one replicate in each block) to account for

potential environmental differences related to shelf locations.
2.3.2 Experimental Setup

The study was divided into two distinct experiments 1) a salfotysed experiment and 2) an
alkdinity -focused experiment.

2.3.2.1. Salinity Tests

Twelve different combinations of salinity and metal concentrations were prepared. Three salinity
levels (15, 25, 35 PSU) and four dissolved metal concentrations (0/0, 0/50, 50/0, 507519 L
Cu/Zn), denoted as LL, LHHL, and HH, respectively. Every test unit contained a baseline
addition of 15PSU of Crystal Séaatrtificial salt mixture (Marine Enterprises International,
Baltimore, MD, USA) and 3.8 liters of deionized (DI) water. Preliminary amalysihe marine

mix using ICPMS showed that both copper and zinc concentrations were beddwgOL™?) at a

salt concentration of 15 p@alinities beyond5 PSU were achieved with sodium chloride
(anhydrous, freélowing, RediDrif, ReagentPI8 O 8a@litbn chloride, Sigmaldrich, St.

Louis, MO, USA).
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Table 2-1. Salinity treatments

Treatment Salinity Level Copper Added Zinc Added
(PSV) (hg L) (ng L)
157 Low Copperi Low Zinc 15 0 0
157 Low Copperli High Zinc 15 0 50
157 High Coppefi Low Zinc 15 50 0
1571 High Coppeli High Zinc 15 50 50
2571 Low Coppeli Low Zinc 25 0 0
251 Low Coppeli High Zinc 25 0 50
2571 High Coppeifi Low Zinc 25 50 0
257 High Coppefi High Zinc 25 50 50
3571 Low Coppeli Low Zinc 35 0 0
3571 Low Copperi High Zinc 35 0 50
3571 High Coppeli Low Zinc 35 50 0
357 High Coppeli High Zinc 35 50 50

2.3.2.2 Alkalinity Tests

Twelve different combinations of alkalinity and metal concentrations were prepared. Similar in
manner to the salinity tests, fometal combinations (0/0, 0/50, 50/0, 50/50lyas CuZn) and

three alkalinity concentrations (100, 200, and 300L.mgs CaCQ) were prepared. To avoid

interactions between metals, alkalinity was supplied via sodium bicarbonate (Eastern Minerals,

INC., North Carolina, USA). The salinity of the test units was maintained at 25 PSU, achieved

only through the Crystal Seamixture.
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Table 2-2. Alkalinity treatments

Treatment Alkalinity Level Copper Added Zinc Added
(as mg L' CaCQ) (hg L) (ng L)
1007 Low Copperi Low Zinc 100 0 0
1007 Low Copperi High Zinc 100 0 50
1007 High Coppeli Low Zinc 100 50 0
1007 High Coppeli High Zinc 100 50 50
2007 Low Coppeli Low Zinc 200 0 0
2007 Low Coppetfi High Zinc 200 0 50
2007 High Coppeii Low Zinc? 200 50 0
20071 High Coppeii High Zinc® 200 50 50
30071 Low Coppeli Low Zinc 300 0 0
30071 Low Coppeli High Zinc 300 0 50
3007 High Coppeii Low Zinc 300 50 0
30071 High Coppeli High Zinc 300 50 50

A number of replicates = 2

B: numberof replicates = 4

2.3.3 Determination of Accumulated Metal Content

After experimentation, the macroalgae were removed from the culture vessel and weighed. Then,
each unit was dried in a desiccator for 24 hours &%, using silica gel desiccant (AES

Industries, Florida, USA), which was determined to be sufficient based on preliminary trials.

After desiccation, dry weights were collected for each of the units. Then, each sample was
weighed quantitatively to the neard®0ug. Each macroalgae sample was mixed with 1 mL of

15.8 M Optima Nitric Acid (VWR, PA, USA) in 15 mL polypropylene tubes. The samples were
then predigested overnight with caps loosely fitted. Next, the samples were heaté@ &©5
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two hours. Aftethe samples cooled, the mixture was brought to 5 mL volume with DI water.

Since the samples were completely digested, no filtration was needed.

Samples were analyzed on an {@Rss spectrometer in standard range mode (Elan DRCII,
PerkinElmer Life and Argtical Sciences, CT, USA). The samples were diluted with DI water

as necessary to fall within the multipoint calibration rang25fig L ™). After every 12 samples,

a lab check solution was analyzed. If the reading was not with@%o of the nominal value, the
calibration curve was repeated, after which analysis resumed. The calibration curve was verified
using a Continuing Verification Standard prepared from a different primary stock. Calibration
standards and samples containetlum, which was used as an internal standard to correct for

small errors associated with sample transport.

2.3.4 Calculations

The relative daily growth rate (RGR) of the algae were estimated as a percent growth per day,

using the following formula (Gadry et al., 2018):

Relative Growth Rate (% per day):

RGR=——zpnmn (1)
Where,

W - Fresh weight after two weeks
W - Initial fresh weight

t - Time, in days

2.3.5 Statistics

Tukey posthoc analysis was performed for each of the three measured variables: growth rate,
accumulated copper, and accumulated zirmdi#onally, athreeway ANOVA was performed
for supplemental analysié. block design wasitilized with the aim to minimize potential
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interference of environmental factors not accounted for in the experiments. Blocks were
designed such that treatments within each block were exposed to similar light and temperature
conditions. A total of threeltccks was used, such that one replicate of each treatment was
assigned to each block.two-sample WilcoxorRank Suntest was also used to compare the
accumulation rates of copper and zinc within each experiment, as well as the growth rates
between the exgriments. All statistical analyses wegrerformedand all graphs weneroduced

using R software (R Core Team, 201Significance in this study amounts to statistical analyses

with a pvalue less than 0.05.

2.4RESULTS

24.1 Experiment 1

Specific growth rate, accumulated copper, and accumulated zinc are shown in Fifjures
through 23., respectively. After the 14 days of cultivation, the samplés édsciatashowed
variable growth rates. Treatments with elevated dissolved copper c@ticerst (50ug L) were
observed to correlatgith increased frequency of thallus discoloration, indicating possible
toxicity. Despite these apparent signs of toxicétysignificant growth inhibition was only

observed among the 25 PSU treatments whenveas not added to the water (Fzgl).
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Figure 2-1. Specific growth rates dfi. fasciataexposed to different concentrations of dissolved copper and zinc
under varying salinity levels for 14 days. Different letters represent significant differerce(5). Data are means
+ standard errofn=3)

Regarding metal accumulation, salinity apgekto have no significant effect on either the
accumulation of copper or zinc (Figr2 and Fig2-3). Dissolved copper concentration had a
statisticallysignificant effect on the accumulation of copper, thotigheffectwas only

observed in the treatmeat 15 PSU salinity without zinc. This treatment also displayed the
highest variability out of all copper accumulation results. By comparison, zinc accumulation
results were relatively stable, with all treatments with elevated dissolved zinc concentrations
showing significantly higher accumulated concentrations of the zinc. Results from the/dyree
ANOVA indicate an interaction between salinity and dissolved zinc on the accumulation of zinc,
in addition to the aforementioned significant effects. By théOAM, the blocking of the

experimental replicates was shown to be insignificant on growth or accumulation of either metal.
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Figure 2-3. Accumulated zinc ifJ. fasciataexposed to different concentrations of dissolved copper and zinc under
varying salinity levels for 14 days. Different letters represent significant differeric8.05). Data are means
standard errofn=3)
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2.4.2 Experiment 2

Specific growth rates and accumulation of copper and zinc in the alkalinity experiment are
shown in Figure2-4 through 26, respectively. Compared to the growth rates observed in the
accompanying salinity experiment, growth rates observétkialkalinity experiment were
much more variable (Fi@-4). These results again show that copper is a growth inhibitat. for

fasciatg though the trend was not observed across all treatments.
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Figure 2-4. Specific growth rates U. fasciataexposed to different concentrations of dissolved copper and zinc
under varyingalkalinity levels for 14 days. Different letters represent significant differemee0(05). Data are
meanst standard errofn=3, except where denoted otherwise in Table 2

Copper accumulation results show that increased sodium bicarbonate decreased the accumulation
of copper across the different treatment levels (&#). Higher dissolved copper concentrato

were significantly correlated to higher copper accumulation findings. Within the highest

alkalinity level tested, 300 mg, copper accumulation was also significantly related to the
concentration of dissolved zinc, with the treatment containing eléVevels of both dissolved

copper and zinc showing a significantly different accumulated copper content. As for zinc, the

findings in the alkalinity experiment were mostly similar to the findings in the salinity
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experiment (Fig2-6), however, thenclusion of copper did significantly reduce the

accumulation of zinc at the 100 mgf hlkalinity level.
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Figure 2-5. Accumulateccopperin U. fasciataexposed to different concentrations of dissolved copper and zinc
under varyingalkalinity levels for 14 days. Different letters represent significant differepmee0(05). Data are
meanst standard errofn=3, except where denoted otherwise in Table 2

A
A
5600 ; T T AB
g £ T A8 |
N 400 B
2
=
E
3 200
- C C ¢ C C C
o [ i —
100 200 300

Alkalinity (mg/L)
Treatments [ | 0-0 [] 0-50 [ 50-0 [ 50-50
(Cu-Zn)

Figure 2-6. Accumulatedzincin U. fasciataexposed to different concentrations of dissolved copper and zinc under
varyingalkalinity levels for 14 days. Different letters represent significant differgmeed(05). Data are means
standard errofn=3, except where denoted otherwise in Tal)le 2
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Results from the threway ANOVA of the alkalinity experiment suggest a higher interaatfon
factors. The ANOVA results suggests that alkalinity was a significant factor affecting the
accumulation of zinc. Furthermorese resultshowed a significant interaction with dissolved
zinc on the accumulation of zinc in the macroalgae. The analgsishowed a significant
interaction between all three factors affecting the growth rate of the &gaelts from the
Wilcoxon Rank Sumtest showed a significant difference<(p001) between the growth rates in

each experiment, with Experiment 1 possgs a higher average growth rate than Experiment 2.

2.5DISCUSSION

ControHH evel concentrations of the accumul ated me
Figures2-1 through 26, reflect both the prevalence of the metals in cultivation envirorsment

and the nutritional necessity of both copper and zinc for algal function. The zinc dewnélol
concentrations are consistent with values observed in naliveatpeciesin comparisonthe

copper content is somewhat higher than found in previousest(iderez et al., 2007; Malea et

al., 2015; Gubelit et al., 2018Based on the measured growth rates achieved without growth

media, these higher accumulated copper contents in the eopenl treatments are not

suspected to have greatly interferedna growth rates of the macroalgae.

Growth inhibitionfrom the metalsfor the most part, was consistent with results from past
studies. ThaJ. fasciatain this study was vulnerable to copper concentrations at 30'ug
experiencing significantly lower growth rates in some of the treatmEnmitsresult for copper is
consistent with the response observed.ipertusaat the same concentration of copper (Han et
al., 2008). The inhibited growth likely resulted from eftheduced photosynthetic activity of the
macroalgae, or intracellular oxidative damage (Connan and Stengel SH¥} al., 2015
Compared to coppethe algae did not experience any signeedficed growtlat the same
concentration of zincThetoleranceof the macroalgae to zins supported by other studies,
which showed that growth was not significantly affected by concentrations below 30bipg
otherUlva species (Baumann et al., 2009; Oh et al., 2012; Farias et al., 2017).
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Comparison of groth rates between Experiments 1 and 2 using the Wilc®amk Suntest
showed thathtere was a significant difference between the growth,natdssignificantly lower
growth in Experimeng. Considering that light, temperature, water source, and algaéspe
were all identical, these results suggest that differences either in the treatment of the algae prior
to arrival and acclimation, or the different levels of marine mixture led to the discrepancies in
growth rates. Though both experiments used algae fne same genetic line and supplier,
differences in shipping or pighipping care may have varied enough to represent slight
differences in the performance of the algaeong all of the possible factqrthe different

marine mixtures are the most likadylprit. Macroalgae in Experiment 2 were exposed to
approximately 67% higher concentrations of many other micronutrients with the higher
proportion of the marine mixture than the macroalgae in Experiment 1. These higher
concentrations may have exceedesldbtimal concentrations for thé fasciata resulting in the

depressed growth rates.

In comparison to other studies, experiment duration may be a major factor in growth rate. The
present study was performed over a duration of 14 days. Few other stagksesing copper and

zinc toxicity in macroalgae were performed over durations of two or more weeks (e.g. Han et al.,
2008; Baumann et al., 2009; Gao et al., 20T duration of the experiment is a critical factor

in the toxicological response of theaaroalgae to the metals. Regarding copper, 50hyas

found to only be toxic to othéslva species in lower salinity<@5 PSU) in experiments lasting

no more than 7 days (Andrade et al., 2004; Mamboya et al., 2009; Oh et al., 2012). The present
study, & well as findings from Gao et al., show that toxic effects of copper are significant at
concentrations under 50 jigt (Gao et al., 2017). A similar trend was observed with zinc, as
shown in Amado Filho et al., who showed lower growth rates after threlesvilean the first or

second week for multiple species (Amado Filho et al., 1997).

The inverse relationship between exposure time and growth rate may stem in part from
accumulation. At the same concentration, the algae in the present study accumulatdimo

twice compared to algae with shorter exposure periods (Andrade et al., 2004; Mamboya et al.,
2009). This effect demonstrates the importance of intracellular accumulation, which can account

for more than 90% of total copper accumulatiot/iva macioalgae and continues even after
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saturation of surface adsorption sites (Valdés et al., 2018). Overall, copper accumulated at a
higher rate than zinc in both of the experiments, whether compared as mass or molar
concentrations. These results support paslties, which found a much higher affinity for
dissolved copper ibllva macroalgae than zinc and many other metals (Oh et al., 2012; Jarvis
and BielmyefFraser, 2015; Ismail and Ismail, 2017).

The relationship between copper and salinity remains unceiranmeasing salinity did not
significantly affect (p>0.05) the toxicity of copper Onfasciata This result seems to contradict

the Biotic Ligand Model, which suggests that increasing salinity should reduce the toxicity of
copper to aquatic organismsafgore et al., 2001). Furthermore, salinity did not appear to reduce
copper accumulation, as there was no significant effect of salinity on the accumulation of copper.
Unlike salinity, alkalinity significantlydecreasethe accumulation afopperin U. fasiata. This
appears to support the notion that salinity is not the major factor in seawater that affects the
interaction of copper and macroalgae, but rather select constituents within the ionic composition
of a marine environmenthealteration in water chemistrpay have alsaffected the

physiological response of the macroalgae, altering its accumulation activity.

Copperand zinc appeared to significantly reduce accumulation of each other in the alkalinity
experimentThe antagorstic effect of dissolved copper on the accumulation of zinc was
significant at the lowest alkalinity level, though not observed at higher levels. This change may
have occurred due to the reduced copper available for accumulation. With the lower ionic
compeition from copper, this environment would allow for easier accumulation of zinc.
Alternatively, as previously discussed, a change in the water chemistry may have altered the
physiological activity of the macroalgae, altering the accumulation preferetioe miacroalgae.
Further testing is required tdentify which factor is primarily contributing to theffect and to
determine the extent of its impact. Additionally, as this has only been obsetvethstiata,
uncertainty remains as to whether or th@se interactions cdreviewed in other species of

macroalgae.

In terms of global food production, these results can be applied to the possible use of macroalgae

for zinc enrichment for food purposes (Geddie and Hall, 2018). The highest mean cowcentrati
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of zinc determined in this study was 631 pdfy. In a 59 dried snack pack, an individual could
achieve nearly half of their recommended daily zinc requirements (Institute of Medicine: Food
and Nutrition Board, 2001). In an area with high levels afegmaetals, the results of this study
suggest that increased alkalinity through the use of sodium bicarbonate can potentially help to
reduce the accumulation of undesired metals like copper. This possibility broadens the.use of
fasciataand othemacroafjae andtan add value to the produEurtherresearch is required to
determine the long¢erm effects of elevated alkalinity on the growth and reproduction of the
macroalgae, as well as what other metals may be affected by changes in seawater alkalinity.

Global climate change will have an impact on the accumulation of copper and zinc in
macroalgae. The lower pH associated with increased atmospheric carbon dioxide will influence
the carbonate system of seawater, reducing the effective alkalinity of theeraavironment.

This effect will increase the dissolution of both copper and zinc (Edwards et al., 1996). Based on
the findings of this study, this result will cause an increase in the accumulation of cogper in
fasciatg however, the increased carbowxide content in water are likely to improve the growth
rates of many macroalgae, even in the presence of elevated copper concentratioRéa(€elis

al., 2017; Gao et al., 2017). Assuming that the benefits from the carbon outweigh the negative
effects fom the increase in dissolved copper, this effect will serve to increase the total
bioremediation capability of macroalgd#ehigher copper content, as well as other harmful
metals, may limit the use of some macroalgae as food and soil conditionersiheheigh metal

contents could cause greater harm than good.

2.6 CONCLUSION

For the first time, salinity and alkalinity have been independently tested in the accumulation of
copper and zinc in macroalgae, as well as how each parameter influences the toxicity of either
metal on the growth dfilva fasciata The results of this studsuggest that increasing alkalinity
reduces the accumulation of coppelinfasciata while higher salinity (as sodium chloride) was
insignificant in relation to the accumulation of these metals. Neither salinity nor alkalinity were
shown to significantlyaffect growth. Furthermore, 50 jig* as copper was significantly

detrimental to the growth &J. fasciata while the same concentration of zinc was tolerable at 50
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ug Lt over a 14day trial period. The results from both experiments demonstrate thiigjka

is an important factor to metal accumulation in macroalgae. These results suggest that increasing
marine acidity associated with global climate change will likely increase the accumulation of
copper. To fully understand the impact of this trendgémterm studies and tests of different

species are needed to determine threshold concentrations of tolerance. The findings of this study
support a use for macroalgae in the remediation of metal pollution in meaiaes angrovide

a better understandirgg limiting factors to copper and zinc accumulation. The findings also
support a need for research of the use of enriched macroalgae in human diets, as well as
investigations into the differences between macroalgae species and how marine chemistry differs

among the different species.

36



2.7REFERENCES

Al-Hafedh YS, Alam A, Buschmann A{015 Bioremediation potential, growth and biomass
yield of the green seaweddlva lactucain an integrated marine aquaculture system at the

red sea coast @audiArabiaat different stocking densities and effluent flow rates..Rev
Aquacult 73, 163171. 10.1111/raq.12060

Amado Filho GM, Karez CS, Andrade LR, Yoneshigtedentin Y, Pfeiffer WC (1997 Effects

on growth and accumulation of zinc in six seaweed speciesoooit Environ Saf 373,
223-228. 10.1006/eesa.1997.1541

Andrade LR, Farina MAmado Filho GM(2004) Effects of copper oEnteromorpha flexuosa

(Chlorophytg in vitro. Ecotoxicol Environ Saf 581, 117125. 10.1016/S0147
651303001064

Baumann HAMorrison L, Stengel DB(2009 Metal accumulation and toxicity measured by

PAMA Chlorophyll fluorescence in seven species of marine macroalgae. Ecatoxicol
Environ Saf 724, 10631075. 10.1016/j.ecoenv.2008.10.010

Boxall ABA, Comber SD, Conrad AU, Howcital, Zaman N(2000 Inputs, monitoring and fate

modelling of antifouling biocides in UK estuaries. Maollut Bull. 4011, 898905.
10.1016/S0028326X00000217

CelisPla PSM, Martinez B, Korbee N, Helpencer JMFigueroa FL(2017) Ecophysiological

responses to elevated CO2 and temperatuBystoseira tamariscifoligPhaeophyceae)
Climatic Changd421-2, 67-81. 10.1007/s1058817-1943y

Connan S, Stengel DB (2011) Impacts of ambient salinity and copper on brown algae: 1.
interactive effects on photosynthesis, growth, and copper accumulkagjoat Toxicol104
(1-2):94-107

Dai J, Song J, Li X, Yuan H, Li Nheng G(2007) Environmental canges reflected by

sedimentary geochemistry in recent hundred yeal®mofhouBay, North China.Environ.
Pollut. 145 656 667. 10.1016/j.envpol.2006.10.005

Deruytter D, Vandegehuchte MB, Garrevoet J, De Laender F, Vergucht E, DelbBkesKR,

De Schamphelaere KAC, Vincze lanssen CIR015 Salinity and dissolved organic carbon

both affect copper toxicity in mussel larvae: Copper speciation or competition cannot explain
everything. EnvironToxicol. Chem 346, 13301336. 10.1002/etc.2924

DicksonAG (2011) The carbon dioxide system in seawater: Equilibrium chemistry and

measurements. In: Riebesell U, Fabry VJ, Hansson L, Gatidgeds) Guide to best

practices for ocean acidification research and data reporting. Publications Office of the
European Union Luxembourg pp 17-40.

37



EdwardsM, Schock MR, Meyer TE (1996) Alkalinity, pH, and copper corrosiompimduct
release. Journal (American Water Works Association) 88 (3481

Eklund B(2005 Development of a growth inhibition test with the marand brackish water red
algaCeramium tenuicorneMar. Pollut Bull. 509, 921930.
10.1016/j.marpolbul.2005.02.005

Farias DR, Schmidt E, Simioni C, Bouzon ZL, Hurd CL, EriksenR&;leod CK(2017)
Photosynthetic and ultrastructural responsddled awstralisto Znstress. Microrl03, 45
52.10.1016/}.micron.2017.09.010

Gadberry BA, Colt J, Maynard D, Boratyn DC, Webb K, Johnson RB, Saunders GW, Boyer RH
(2018) Intensive lanthased production of red and green macroalgae for human consumption
in thePacific Northwest: An evaluation of seasonal growth, yield, nutritional composition,
and contaminant levelélgae, 33109125. doi:10.4490/algae.2018.33.2.21

Gao G, Liu Y, Li X, Feng Z, Xu Z, Wu H{u J (2017 Expected COanduced ocean
acidification modulates copper toxicity in the green tide &llya prolifera. Environ Exp.
Bot. 135, 6372. 10.1016/j.envexpbot.2016.12.007

GarciaSeoane R, Fernandez JA, VillaresARpal JR(2018 Use of macroalgae to biomibor
pollutants in coastal waters: Optimization of the methodology.. Hudic. 84, 7106726.
10.1016/j.ecolind.2017.09.015

Geddie AW Hall SG, J. Appl. Phycol2018 https://doi.org/10.1007/s1084018-1580-5

Gledhill M, Nimmo M, Hill SJ,Brown MT (1997 The toxicity ofcopper(ll) species to marine
algae, with particular reference to macroalga@hycd. 331, 211. 10.1111/j.0022
3646.1997.00002.x

Gubelit Y, Polyak Y, Dembska G, PazikowsRapota G, Zegarowski L, Kochura Exjvorotov
D, Podgornaya FBurova O Maazouzi (2016 Nutrient and metal pollution of the eastern
Gulf of Finland coastline: Sediments, macroalgae, microbiota.T®tal Environ 550, 806
819. 10.1016/j.scitotenv.2016.01.122

Guiry MD, Guiry GM (2018 AlgaeBaseWorld-wide electronic publication, National
University of Ireland, Galway. http://www.algaebase.org; searched on 09 August 2018

Han T,Choi G(2005 A novel marine algal toxicity bioassay based on sporulation inhibition in
the green macroalddlva pertusaChlorophyta). Aquat Toxicol. 753, 202212.
10.1016/j.aquatox.2005.08.003

Han T, Kang S, Park J, Lee Brown MT (2008 Physiological responses Ofva pertusaand

U. armoricanato copper exposure. Aqudtoxicol. 862, 176184.
10.1016/j.aquatox.2007.10.016

38



Henriques B, Rocha LS, Lopes CB, Figueira P, Duarte AC, VaRaftial MA,Pereira 2017
A macroalgaebased biotechnology for water remediation: Simultaneous removal of cd, pb
and hg by livingUlva lactuca J. Environ Manag 191, 275289.
10.1016/j.jenvman.2017.01.035

Hyne RV, Pablo F, Julli MMarkich SJ(2005 Influence of water chemistry on the acute toxicity
of copper and zinc to theéladoceran ceriodaphniaf dubia Environ Toxicol. Chem 247,
166775.

Institute of Melicine: Food and Nutrition Boaf@001) Dietary reference intakes for vitamin A,
vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese, molybdenum, nickel,
silicon, vanadium, and zinc. Washington, DC: National Academies Press.

Ismail GA, Ismail MM (2017) Variation in oxidative stress indices of two green seaweeds
growing under different heavy metal stresses. Environ Monit Assess 189 (2):68

Korzen L, Abelson Alsrael A(2016 Growth, protein and carbohydrate contenttliva rigida
andGracilaria bursapastorisintegrated with an offshore fish fard.Appl. Phycol 283,
18351845. 10.1007/s108101506915

Lee K, Tong LT, Millero FJ, Sabine CL, Dickson AG, GoyetRark GH, Wanninkhof R, Feely
R, Key RM (2006) Global relationships of #dtalkalinity with salinity and temperature in
surface waters of the world's ocea@gophys Res Lett 339).L19605

Lee W,Wang W(2001) Metal accumulation in the green macrodlfjea fasciata Effects of
nitrate, ammonium and phosphate..Satal Environ 2781 3, 11:22. 10.1016/S0048
969700008846

Ma M, Zhu W, Wang ZWitkamp GJ(2003 Accumulation, assimilation and growth inhibition
of copper on freshwater al§@enedesmus subspica@&81 SAG in the presence of EDTA
and fulvic acid. Agat Toxicol. 633, 221228. 10.1016/S016645X02001790

Malasarn D, Kropat J, Hsieh SI, Finazzi G, Casero D, LodP&Negrini M, Wollman FA,
Merchant S$2013 Zinc deficiency impacts CO2 assimilation and disrupts copper
homeostasis i€hlamydomonas rahardtii. J. Biol. Chem 28815, 10672.0683.
10.1074/jbc.M113.455105

Malea P, Chatziapostolou Kevrekidis T(2015 Trace element seasonality in marine
macroalgae of different functionrfdrm groups. MarEnviron Res 103, 1826.
10.1016/j.marenvres.2014.11.004

Mamboya F, Lyimo TJ, Landberg Bjork M (2009 Influence of combined changes in salinity

and copper modulation on growth and copper uptake in the tropical green mathwalga
reticulata. Estuar Coast Shelf Sci 843, 326330. 10.1016/j.ecss.2009.03.034

39



Mantri VA, Singh RP, Bijo AJ, Kumari P, Reddy CR&ya B(2011J) Differential response of
varying salinity and temperature on zoospore induction, regeneration and daily growth rate in
Ulva fasciata(Chlorophyta,Ulvales. J. Appl. Phycol 232, 243250. 10.1007/s1081010
95444

Millero FJ, Woosley R, Ditrolio BWaters J2009 Effect of ocean acidification on the
speciation of ratals in seawater. Oceanogra@d, 7285.

Nielsen MM, Bruhn A, Rasmussen MB, Olesen B, ear8M, Mgller HB (2012 Cultivation of
Ulva lactucawith manure for simultaneous bioremediation and biomass produdtidppl.
Phycol 243, 449458. 10.1007/s1081011-976 7z

Oh J, Choi E, Han Y, Yoon J, Park A, Jinlkee 3W, Choi H, Kim S, Brown MTHan T(2012
Influence of salinity on metal toxicity tdlva pertusa Toxicol. Environ Health Sci41, 9
13. 10.1007/s1353011-01070

Okogbue CO, Oyesanya OU, Anyiam G@monona VQ(2017 Assessment of pollution from
produced water discharges in seawater and sediments in offsiggeDelta. Environ
Earth Sci 7610, 359. 10.1007/s12668.7-6682Xx

Padhi RK, Biswas S, Mohanty AK, Prabhu RK, Satpathy KKyak L(2013 Temporal
distribution of dissolved trace metal in the coastal waters of southwéagraf Bengal,
India. Water EnvironRes 858, 696705. 10.2175/106143012X13560205144975

Peers G, Quesnel SRrice NM (2005 Copper requirements for iron acquisition and growth of
coastalind oceanic diatoms. Limnddceanogr504, 11491158.

Perez AA, Farias SS, Strobl AM, Perez LB, Lopez CM, PineirBdses OFajardo MA(2007)
Levels of essential and toxic element®orphyra columbinandUIlva sp. from SanJorge
Gulf, PatagoniaArgentina. Sci Total Environ 37613, 5159.
10.1016/j.scitotenv.2006.11.013

R Core Teanf2013 R: A language and environment for statistical computing. Vienna, Austria

Riba I, GarciaLuque E, Blasco Delvalls TA (2003 Bioavailability of heavy metals bound to
estuarine sediments as a function of pH and salinity values. (Gpeuid. Bioavailab.154,
101-114. 10.3184/095422903782775163

Saez CA, Roncarati F, Moenne A, Moody AJ, Brown MT (2015) Copyukrced intraspecfic
oxidative damage and antioxidant responses in strains of the browBchdgarpus
siliculosuswith different pollution historiesAquat Toxicol159:8189

SanchezZuiles D, Marba NTovarSanchez A2017) Trace metal accumulation in marine

macrophytesHotspots of coastal contamination worldwide.. Satal Environ 576, 520
527.10.1016/j.scitotenv.2016.10.144

40



Santore RC, Di Toro DM, Paquin PR, Allen H#&eyer JS2001) Biotic ligand model of the
acute toxicity of metals. 2. application to acutepspoxicity in freshwater fish and
Daphnia Environ Toxicol. Chem 2010, 23972402.

Sibrell PL, Chambers MADeaguero AL, Wildeman TRReisman DJ2007) An innovative
carbonate coprecipitation process for the removal of zinc and manganese from mining
impacted waters. Envirokng Sci. 247, 881896. 10.1089/ees.2006.0126

Silva DM, Valente LMP, SousRinto I, Pereira R, Pires MA, SeixasHema R2014)
Evaluation of IMTAproduced seawee@acilaria, Porphyra andUlva as dietary
ingredients irNile tilapia, Oreochromis niloticud.., juveniles. effects on growth
performance and gut histology.Appl. Phycol 274, 16711680.
10.1007/s1081:014-04539

Tayyab U, NovogGarrido M, Roleda MY, Lind VWeisbjerg MR(2016 Ruminal and intestinal
protein degradability of various seaweed species measured in situ in dairy cowsFéadn
Sci. Technol 213, 4454. 10.1016/j.anifeedsci.2016.01.003

Valdés FA, Gabriela Lobos M, Diaz P, Saez CA (2018) Metal assessment and cellula
accumulation dynamics in the green macro&lbe lactuca J Appl Phycol 30 (1):66871

41



CHAPTER 3: THE EFFECT OF SALINITY AND CALCIUM ON THE TOXICITY AND
ACCUMULATION OF COPPER AND ZINC IN THE RHODOPHYTA Gracilaria
verrucosa

3.1ABSTRACT

Copperand zinc have been shown to be important factors in aquatic sy3teeisteraction®f

the macroalgawith other constituents in a marine environment are not fully undersibed.
research assesses growttGoécilaria verrucosaunder different combinieons of copper and

zinc in varying salinity and calcium environments. The research also looked at accumulation of
the two metals in these treatments. After 14 days of cultivation, saimityoppeappeared to
influence growth of the macroalgd@arthemore, salinity appeared to affect the accumulation of
copper in the macroalgae, with the lowest salinity level (15 PSU) corresponding with the highest
accumulation of copperhis studyalso shows how sensitive macroalgae are to copper toxicity.
Thefindings of this study, when assessed in the context of results from other studies, shows that
algal species may be important when investigating what water parameters affect trace metal
activity in relation to bioaccumulation and growth inhibitidime results ad recommendations

of this study should be considered in future metal toxicity assessments.

3.2INTRODUCTION

Metal pollution is a globallrecognized threat to aquatic ecosystems (€hag 2014; Fostier

et al, 2016; Okogbuet al, 2017). Among thenost common metals in seawater, copper and
zinc exhibit some of the most biologicaltpmplex relationshipwith macroalgaeln small
concentrations, copper and zinc act as vital micronutrients to macroalgaeetkadcth997;
Malasarn et al., 2013)n excess, these metals can damage critical cell components in algae,
especially on the cell wall and cell membrane (Co#i£al.,2003; Zhanget al, 2016). This
sensitivity coupled with a high accumulation rate have made macroalgae a favorite as marine

biomonitors (GarcieSeoanest al, 2018).

Many different water parameters affect both the accumulation and toxicity of copper and zinc.

Among commonlymeasured parameters, salinity has been identified as one of the most
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important affecting the growth andxioity-resistance of macroalgae. Several studies have
identified a general positive trend between salinity and the growth rate of marine macroalgae, up
to normal marine salinity levels (Ceit al, 2014; Ganesaet al, 1999; NygarcandDring, 2008;
Yamashiteet al, 2009). Similarly, past research has shown a negative trend between salinity and
copper and zinc toxicity (ConnamdStengel, 2011; Mamboyet al, 2009; Ytreberg et al.,

2011).In comparisonthe results oChapter Zhowedhat salinity appearet have no

significant effect on copper toxicity or accumulatiorUiva fasciata thoughhigher salinitydid

appear taeduce zinc accumulation. Many of the studies analyzing the effect of salinity on
toxicity and accumulation sintated reducedalinity via dilution of seawater. This practice,

while representative of dilution events like rain storms, does not accurately illustrate the
relationship between salinity and macroalgae survival and growth. Rather, a number of
constituentsare diluted in the process, such as both maurd micronutrients. Additionally, this

practice complicates toxicity studies through the dilution of protective angnodective ions.

One such possible ion is calcium. Numerous studies have identifeaégncas a probable ionic
competitor to copper and zinc, showing reduced toxicity in hard waters compared to soft waters
(Kosaiet al, 2009; Liortiet al, 2016; Vardyet al, 2014).The extent of the effect of calcium in
limited, though asthese studiebave focused primarily on animal models rather than aquatic
flora. Among the research that does exist, the findings are rather inconclusive. Rather than
competing against copper, Mendes et al. found that calcium enhanced the toxic potential of
copper to mcroalgaeln comparison to coppecalcium appeared to show no interaction with

zinc (Mendet al, 2014). Conversely, no significant effect with copper toxicity under

increasing concentrations of calcium in a freshwater microalgae (Markich et al., 2a@5)m
decreased zinc accumulationSargassum sppseemingly contradicting the findings by Mendes

et al., though these results were experienced at elevated zinc levels (>100 mg/L), suggesting a
potential change in activity based on metal concentrdtie Francat al.,2002).The miniscule
guantity of informationthough Jeaves much uncertainty as to the influence of calcium in cation

competition.

Macroalgae of the genwaracilaria have a wide appeal in many commercial applications. The

primary praluct ofGracilaria is foodgrade agar, a hydrocolloid used in food processing as a
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gelling agent (BixleandPorse, 2011). High concentrations of agar, coupled with a fast growth
rate, have led researchers to cons@lexcilaria as a potential feedstockrfbiofuel production

(Wu et al, 2014). Higher agar content has been linked to an increased propensity for the
accumulation of trace metals, particularly copper, which suggestStheitaria are at an
increased risk of copper toxicity compared to othacralgae (Cechinel et al., 2018; dos Santos
et al., 2014)Gracilaria have also shown promise as a bioaccumulator of zinc in natural and

experimental environments (Holmesal, 1991; MaleaandHaritonidis, 1999).

In recognition of the past researchttbaplored the effect of seawater dilution on the toxicity

and accumulation of copper and zinc in macroalgae, this paper seeks to determine how two of
the major components, salinity and calcium, affect these processes. This paper aims to compare
these findhgswith theUlva fasciatastudies in Chapter, vith the intention tacompae and

contrast any differencadentifiedbetween théwo different algae. Furthermore, this paper seeks

to provide information to environmental and commercial interests on the effect of seawater

chemistry and its role in macroalgae health and safety.

3.3METHODS AND MATERIALS

3.3.1Algae

G. verrucosawere source from the UTEX LB2206 collection for each of the 36 experimental
units per test. The algae were acclimated to the laboratory environment for one week prior to
testing. Before testing, each algal sample was retrieved, lightly patted to remove excesg,moist
and weighed to obtain an initial fresh weight. E&ctverrucosasample was placed in a ene
gallon glass jar filled with its designated artificial seawater mixture. The algae were etgosed
the treatments for two weelsiring each experiment. Durimxperimentation, temperature
fluctuated between 2728°C for the salinity experiment and 28°C for the calcium experiment.
The algae were exposed to 3000l photons & s* of cool fluorescent light on a 12:12 diurnal
cycle with constant moderate aeration. Copper was supplied with copper sulfate (Carolina
Biological, NC, USA) and zinc was supplied via zinc sulfate (Sigdaaich, St. Louis, MO,

USA).
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3.3.2 Experimental Setup

3.3.21 Salinity Tests

Salinity tests were performed in a manner describasédtion 2.3.2.1 i€hapter 2.

Table 3-1. Salinity treatments

Treatment Salinity Level Copper Added Zinc Added
(PSV) (ppb) (ppb)
157 Low Coppefli Low Zinc 15 0 0
157 Low Copperi High Zinc 15 0 50
157 High Coppefi Low Zinc 15 25 0
157 High Copperi High Zinc 15 25 50
257 Low Copperli Low Zinc 25 0 0
257 Low Copperi High Zinc 25 0 50
2571 High Coppeii Low Zinc 25 25 0
2571 High Coppeifi High Zinc 25 25 50
3571 Low Copperi Low Zinc 35 0 0
357 Low Coppefi High Zinc 35 0 50
3571 High Coppeii Low Zinc 35 25 0
3571 High Coppeili High Zinc 35 25 50

A preliminary experiment was performed using the methods and materials listed previously, with
copperelevated samplesontaininga 50-ppbconcentration of coppérthe same concentration

used in Chapter.Z'his preliminary rurthrough was abandoned preoraty, as all algae

exposed to the elevated copper concentrations displayed signs of toafoity the first week
Therefore, the copper concentration was halved to ensure that the algae would survive the two

week duration of the experiment.
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3.32.2Calcium Tests

Twelve different combinations of calcium and metal concentrations were prepared. Similar in
manner to the salinity tests, four metal combinations (0/0, 0/50, 25/0, 25/50 pplZa} &haf
three calcium concentrations (300, 450, and 600 rag/Ca) were prepared in triplicate for a
total of 36 test units. So as to avoid interactions between metals, alkalinity was supplied via
calcium chloride. The salinity of the test units was maintained at 25 PSU via Crystal Sea
Additional calcium was supied via calcium chloride (calcium chloride dihydrate 99+, ACROS
Organics, NJ, USA).

Table 3-2. Calcium treatments

Treatment Calcium Level Copper Added Zinc Added
(as mg/L Ca) (hg L) (Mg L)
30071 Low Coppeli Low Zinc 300 0 0
30071 Low Coppeli High Zinc 300 0 50
3007 High Coppeii Low Zinc 300 25 0
3007 High Coppeli High Zinc 300 25 50
45071 Low Coppeli Low Zinc 450 0 0
45071 Low Coppeli High Zinc 450 0 50
4507 High Coppeifi Low Zinc 450 25 0
45071 High Coppefi High Zinc 450 25 50
6001 Low Coppeli Low Zinc 600 0 0
6007 Low Copperi High Zinc 600 0 50
60071 High Coppeli Low Zinc 600 25 0
60071 High Coppeli High Zinc 600 25 50

3.3.4Determination of Accumulated Metal Content

After experimentation, the macroalgae were removed from the culture vessel and weighed in the

same manner as described previously. Then, each unit was dried in a desiccator for 24 hours.
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After desiccation, dry weights were collected for each of the uriena mixture of 4.5mL of

65% nitric acid and 0.BL of 30% HO, was added to each sample. The volumes were chosen
to ensure dissolution of all samples. The samples were sealed and heated overnight. After
digestion, the samples were then dried. After that] %f 2% nitricacidwere added to each
sampleand allowed tdurther digest until all of the samples were completely dissolved. Prior to

analysis, the digested algae samples were diluted tteotte of the original concentrations.

Diluted samples were then analyzed for calcium, copper, and zinc concentratngnarusi
Agilent™ 7900 Quadrupole Inductively Coupled Plasma Mass Spectromet@RM®S) at the
Plasma Mass Spectrometry (PMS) Laboratory at University of North Cardlihapel Hill.
Prior to analysis samples were syringe filtered through Cellulosetd¢€A) Membrane Filters
(0.22 um pore size) filters. An internal standard comgitt0O0 ppbof Gewasused to correct
instrumental drift. Calibration standards with aggmateconcentrationsf Ca, Cu andn were
prepared from single element standards purchased from Inorganic V&htusebaric
interferences from oxides were monitored during-I@® analysis, with oxide presence in the
plasma stream controlled to be ~0.1% and all three elemental analysedowerin Helium
collision cell mode. On average, analytical precision for each sample have RSD (Relative
Standard Deviation) below 5% for Ca and 10% for Cuzmd

3.3.5Calculations

Specificgrowth rate §GR) was used to estimate the growth percettt@flgae per day, using

the specific growth equation in Chapter 2 (Equation 2.1).

3.3.6Statistics

Statistical significance among growth rate, accumulated copper, and accumulated zinc was
determined using Tukey peBbc test. A threevay ANOVA was alsgerformed for further
statistical contextA block design was used in the experiment to accommodate potentially
different treatment conditions among replicates. Thus, three separate blocks (one for each

replicate) werarranged such that light and temparatconditions were similar among within
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each block. The influence of the blocking factor was assessed in the AN&¢Amulation

rates of copper and zipas well as growth rates between the salinity and calcium experiments,
were compared using a tvgampe WilcoxonRank Suntest.All statistical analyses were

performed and all graphs were produced using R software (R Core Team, 2013). Significance in

this study amounts to statistical analyses withvalpe less than 0.05.

3.4 RESULTS

3.4.1 Experiment 3

The measured responses of specific growth rate, accumulated copper, and accumulated zinc from
theG. verrucosasalinity experiment are shown in Figure4 8hrough 33, respectively. The

growth rates were quite variable over thedbd cultivation periodthough the results do

indicate that both salinity and dissolved copper were significant factors in the growth rates of the
G. verrucosaSalinity was a significant factor between 15 and 25 PSU, with higher growth

among the latter group, though this sfgr@ince was only observed in the treatments without

elevated concentrations of either copper or zinc. Elevated dissolved copperl(3pwas

shown to significantly reduce the growth rate€=ofverrucosaat every salinity level tested (Fig.

3-1). Elevate zinc (50ug L) was not observed to be a significant factor affecting the growth of

the macroalgae during the-tiay span of the study.
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Figure 3-1. Specific growth rates db. verrucosaexposed to different concentrations of dissolved copper and zinc
under varying salinity levels for 14 days. Different letters represent significant diffeead(5). Data are means
+ standard errofn=3)

In comparison to the results from the growth rates, the metal accumulation aesuttg each
individual treatmentvere inconclusive. Among the accumulated copper results, only copper
treatments in the lowest salinity (15 PSU) were significantly diffédrent corresponding
treatments without coppdn this case, too, salinity appeared to significantly affect the
accumulation of copper iB. verrucosgFig. 3-2). As for zinc, only the 25 PSU treatment
exposed to elevated zihaw copper displayed any siditiant accumulation of zinc (Fig-3).

These results both contained highly variable readings in the dataset. In addition to the factors
previously listed, results from the thramy ANOVA suggest that zinc was also a significant
factor affecting the accumtation of copper in the macroalgae. The blocking factor did not
produce a significant effect on any of the measured respdsegarison of copper and zinc
accumulation via the Wilcoxon Rank Sum test showed that copper accumulated at a significantly

higher rate than zinc during the experiment.
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3.4.2 Experiment 4

Specific growth rates, copper accumulation, and zinc accumulation results from the calcium
experiment are shown in Figuregt3hrough 36, respectively. The results from this experiment
were among the most variable compared to ExperimeBt<hly one goup (300 mg Ca, g

Lt Cu andzn) was significantly different from the others among specific growth rate (F4y. 3

This result supports the findings from the previous experiments, showing that elevated copper
(25 ug L) is significantly detrimental tthe growth rate of the macroalgae. The result similarly
suggests that increasing calcium produces a detrimental effect on the growth of the macroalgae.
From the WilcoxorRank Suntest, there was a significant difference@®01) between the

growth ratesn each experiment, with Experiment 3 possessing a higher average growth rate than

Experiment 4.
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Figure 3-4. Specific growth rates db. verrucosaexposed to different concentrations of dissolved copper and zinc
under varyingcalciumlevels for 14 days. Different letters represent significant differemeed(05). Data are means
+ standard errofn=3)

The highly variable nature of the mesaicumulation results resulted in no significant differences

between treatments (Figs53and 36). Comparison of the accumulation of both copper and zinc
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using the Wilcoxon Rank Sum test showed that copper accumulated at a significantly higher rate

than 2anc over the trial period.
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3.5DISCUSSION

In general, the growth rates of the macroalgae observed in the present study are within the
expected range f@rowth, especially for macroalgae without nutrient supplementation. Though
the growth rates were highly variable, particularly between the two experiments, the average was
within the range observed by other studies (Ajgttal, 2018; Cui et al., 2014YWhile growth

rates were within the range of other studeepper accumulatioat the elevated concentrations

was much higher (x100) than observed in past studi€sadfilaria spp.(Huanget al, 2010;

Wanget al, 2014). Accumulation of both copper azidc at similarly high concentrationgere

much higher in the present study than in a previous study Usinagactuca too (Jarvisand
BielmyerFraser, 2015). The different accumulation capacities could stem from a few different

factors or combination dactors.

One major difference in methodolothat may have contributed to the increased accumulation

of the metals, which was absent from the present studies and those in Chapter 2 but were
included in past studieBlutrients appear to increase the analation of metals, rather than
decreasing them, thouglisLee and Wang (2001) showed that higher nutrient concentrations
increased metal accumulation in the casd.dfsciata Alternatively, the initial size and growth
stage of the macroalgae may bigigfactor in this apparent difference, with larger algal units

used in the aforementioned studies. Similarly, environmental exposure history could be a major
factor, since the algal material used in the other studies was collected from the wild, while the
material used in the present studies were sourced from a controlled laboratory environment.
Interspecieslifferences could have also influenced the different accumulation potentials, as
differences within the same genus have been known to influence datom(Huang, H. et al.,
2013). Finally, analytical methods may have influenced the different measured metal contents,
since ICPMS was used in the present study, while atomic absorption spectroscopy was used in
the others (Huangt al, 2010; Wanget al, 2014). Most likely, a combination of all of these

factors resulted in the distinctly different accumulation rates.

The two experiments displayed significantly different growth rd&®esnounced premature

deterioration was observed in Experiment 4 thas wot observed in ExperimentThough both
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experiments used the same algal species and water, temperature was differerixpehibeent

3 was conducted at approximately@8Experiment4 was conducted at 5 degrees lowidre

algae may haviavored a varmer environment, with lower growth rates observed during cooler
month forG. verrucosgPadhi et al., 2011). However, Choi et al. (2006) failed to distinguish a
significant difference in growth rates of the algae betweeB(PT. Alternatively, the

differences may stem from a reason, as discussed in Chapter 2, where the higher concentration of
artificial seawater mixture resulted in a lower growth ratdXofasciata This possibility is
contradicted by the results apreliminary experimenusng /2 growth media (Pentair Aquatic
Ecosystems, NC, USA) with the same straiGoerrucosaised in the present studsimilar
temperature22-25°C), and 30 PSU Crystal Sgahich produced a mean growth rate of 7%.
Without conclusive evidence on the matterther testing will be needed to identify the culprit.

The high variability of the results in the two experiments, particularly in the calcium experiment,
limited the potential to distinguish significant effects on the algae. The presence of some
unidentified factor affecting the growth and function of the macroalgae in calcium experiment
may have contributed to the higher relative variability among the different measured responses
when compared to the salinity experiménirther investigation into ghmeasured responses of

the macroalgae show that analysis of both the salinity and calcium experiments suffers from
outlier interference in the copper and zinc statistical comparison. Given the relatively small
sample size (36 total values), these outleesmayjor factors of interference in each analyi$ie.
outlier is inconsistent among the response analyzed, with different samples interfering in each
Tukey test. Considering these results, the authors recommend the use of a greater number of

replicateger treatment (n>3) to limit potential interference in the future.

As noted in Chapter 2, comparisons of metal toxicity to other studies are limited due to
differences in the durations of the experiments. The apparent sensiti@tywefrucosa

observedver the span of two weeks in the present study suggests that experimental duration is
critical in observation of metal toxicity. In a study on the accumulation of cop@r in
tenuistipitata impaired growth was observed at‘5§)L, on par with the findigs in Chapter 2

and close to what was observed in Experiment 3 of the present chapter (Huang et al., 2010).

Other studies usinGracilaria spp.observed higher tolerances to copper when tested over one
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week or shorter (Collén et al., 2003; Huang et 8l1L32 Mends et al., 2013 By comparison

the typical cultivation period fdBracilaria macroalgae is longer than one month (Santefoels

Doty, 1989; Veeragurunathat al, 2015). This observation suggests that cultivation of

Gracilaria macroalgae may be vulnerable to copper concentrations even lower than gie 25
copper concentration used in the present experiment. The present uncertainties related to toxicity
and exposure time warrants further research to truly understand thkimgtact on cultivation,

as well as biomonitoring and remediation practices.

Unlike the results observed in Chapter 2, salinity appeared to significantly affect copper
accumulation in Experiment 3. This may be due to a difference in macroalgal biochewitbt

the higher NaCl content interacting with the copper accumulation sites @Gf thegrucosdo
prevent copper accumulation. Huang et al. (2010), when assessing the interaction between
salinity and copper in relation to metal accumulatio® ienustipitata, showed similar results,
with higher salinity significantly reducing copper accumulation potential in the macro@lyae
observed relationship between copper and salinity suggests that cultivaBaacoéria in

marine environments will acowlate lower levels of copper compared to freshwater and
brackish environment&uch a relationshiplso demonstrates the need for more comprehensive
studies, as the biochemical composition of different species of macroalgae may interact

differently in poluted environments.

3.6 CONCLUSION

The findings in this paper suggest that salinityy beinfluential in the accumulation of copper,
thoughnot zinc, in the macroalg#&@. verrucosaFurthermore, the findings in this paper, in
conjunction with findings in Chapter 2 and other papers, suggest that variations in biochemical
composition plays an important role in copper and zinc accumulation capacities. The low
tolerance to copper obsed in Experiment 3 warrants further research in assessing the toxic
threshold of copper i. verrucosaSimilarly, a lack of apparent toxicity observed from zinc
suggests further need to determine toxic levels. The effect of calcium on the toxicity and
accumulation of the two metals is still unclear due to uncertainties in the results of Experiment 4

suggesting the need for future research using more replicates to limit the potential for
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interference The results of this study, as with the findings in @@ea2, show that the
constituents of an aquatic system can be quite influential on the effect of copper and zinc

accumulation in macroalgae
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CHAPTER 4: DEVELOPMENT OF A SUITABILITY ASSESSMENT MODEL FOR
THE CULTIVATION OF INTERTIDAL MACROALGAE IN THE UNITED STATES

4.1ABSTRACT

Intertidal macroalgae cultivatiorepresentsanimmense opportunity in the United States. The
market demand for these macroalgae is consistently growing and is expected to continue with the
discovery of new uses. Currently, the coastal waters of the United States are extremely
underutilizel, particularly for macroalgae production. Ti@veltyof this study wasn aimto
determine the comparative suitability of intertidal macroalgae production along the coast of the
contiguous United States and determine the optimal locatiamgder comercialcultivation

using geographic information systems (GIS) softwa@hes study considered economic and
environmental factors at a national scale, finally assessing the viability in a representative body
of water with insitu water sampling. The resuwit this study suggests thatertidalmacroalgae
cultivation is most ideally suited for the southeastern United States, primarily due to lower costs
of production and shallower coastlines. However, due to the informational deficits cited in this
study, nore work is required to refine and enhance the assessment model. This paper identifies

these gaps and lists recommendations to overcome these knowledge gaps.

4.2INTRODUCTION

Macroalgae is a promising global commodity wstibstantiapotential for market gmwth and
expansion. Global macroalgae cultivation represents an annual production of more than thirty
million tonnes of freslalgae ands currentlyexpanding at approximately 3% a year. This
production represents more than US$11 billion (FAO, 2018). WHaitetionally consumed as

food products almost exclusively by coastal communities, recent growth can be attributed to
expanded uses of macroalgae derivatives, including food additives and cosmeticsa(iixler
Porse, 2011; Chojnaclet al, 2018). Further possibilities are emerging in biofuel production and
environmental remediation (GeddiadHall, 2018; Ghadiryanfagt al, 2016).
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Intertidal macroalgae represent a particularly desirable group of macroalgae for immediate
exploration. Inértidal macroalgae, such as the gendlve andGracilaria, are abundant and
opportunistic macroalgae capable of rapid utilization of nutrients (Thornber et al., 2017). When
left uncontrolled, these macroalgae blooms can negatively impact coastal ecesystesome
coastal industries (Yangt al, 2018; Zhowet al, 2015).From another perspectivihese

macroalgae also represent enormous potential and economic opportunity (FAO, 2018).
Furthermore, the versatility afitertidalmacroalgae allow for coultivation with fish in

integrated multtrophic aquaculture systems (IMTA) (Neori et al., 2004; Sameth&,2015).
Considering the ease of cultivation and expanding market demand for these products and their
derivatives, intertidal macroalgae warrani@es consideration for cultivation by many coastal
regions around the world, particularly locations without an existing marine aquaculture industry.
In addition to these market products, the ecosystem services provided by intertidal macroalgae,

such as ernronmental remediation, may further enhance their value.

Macroalgae production remains largely a regional practice, dominated by the coastal countries of
eastern Asia. In th region macroalgae production is largely dominated by aquaculture, as
opposedd fisheries. In the emerging markets of Europe and the Americas, macroalgae
production is almost entirely limited to forage ratbéwild biomass, rathehan cultivation

(FAO, 2018). In order to compete with the lower cost of labor in the East, Wesdgtatewiill
need to use a combinationinhovativestrategies and technologies to increase labor efficiency
in order to be competitive in tlgpobalmacroalgae industry. Bomparablease is already
observed in the production of fishroughaquaculturewhere European and North America
countries are able to develop and expand their finfish aquaculture due in part to the higher
worker productivity (>900%) than that of the average Asian country (FAO, 2D&8jite such

an apparent present advantagere esearch is needed to develop these tools and increase
efficiency, particularly in the field of macroalgae, where low market ptigasally necessitate

lower labor costs (Stévaat al, 2017; van den Buret al, 2016).

One way to reduce the costs obguction is to identify geographicalgdvantageous cultivation
sites.The importance of geospatial tools has beeanlyirestablished in many fields of

aguacultureMany of these applications have been focused on finfish and shellfish operations
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(Nath etal., 2000).By comparisonapplicationsn macroalgae cultivation have been

comparatively limitedGIS tools have been used to identify suitable sites for macroalgae
cultivation in Asia, Africa, and South America (Radiagtal.,2011; Segbefiat al, 201.8; Sousa

et al., 2012Yuliantoet al, 2017).A large-scale assessment of the United States has been carried

out, too, though, as far as the authors are aware reggrdingkelp (Roesijadi et al., 2011).

In general, these analyses have been quiitelihin scopeFor examplethese studies have not
explored potential pollutants in their assessments, notably copper and zinc, which have been
identified as both potentially harmful and beneficial to macroalgae cultivation (Gauttliall,

2018). This sidy intends to determine the most suitable location to begin$aaje cultivation

of intertidal macroalgae in the United States. Furthermore, this study seeks to assess the viability
of intertidal macroalgae cultivation considering copper and zinc asthgsersuitable harvest

locationfor representatiaon

4.3METHODS AND MATERIALS

This assessment was conducted in three distinct stages, with the first part assessing the economic
suitability of the whole United States, the second part assessiaguinenmental suitability of

the contiguous United States, and the third part aitinassessment of a local reference area.

All geospatial evaluations were performed in ArcGIS (v.10.5.1).

4.3.1Assessment of macroalgae cultivation potential along thitet) States coast using census

economic data

To determine the most suitable location for macroalgae cultivation in the United States, both
sociaeconomic and environmental factors were considered. These factors were then weighed as

assessment criteriacuollected into two suitability calculations: economic and environmental.

Table4-1 represents the soegzonomic criteria used to assess the optimal location for
macroalgae cultivation based on census data represented at the county cegoivatgntevel
(U.S. Census Bureau, 2016). This suitability index used botkrelaséd criteria (income and

63



property costs) to determine the likely locations to minimize labor and property costs, as well as
poor local economic metrics (represented by maximum pleyment and poverty ratio) to
determine where new employment opportunities would best serve the local economy. This
assessment assumes that coastal tidal leases correspond to property values and assumes high
accessibility to lease sites. This assessmees dot account for pestiltivation processes,

including transportation, processing, or marketing.

Table 4-1. Economic suitability index for the assessment of macroalgae cultivation potential in the United States (a
score of 6506 r ephleeandtion) s t he most favor

Suitability Score Suitability
Weight
Parameter Census Dataset 1 2 3 4 5 (%)
Per Capita Incom{ ACS_16 5YR_DPO03] 35893- | 30765- | 26119- | 20556- | 12564- 25
(in 2016 $US) 66522 | 35892 30764 26118 | 20555
Housing costs ($| ACS_16_5YR_S2509 1698- 1248- 980- 714- 393- 25
per month) 2450 1697 1247 979 713
Unemployment | ACS_16 5YR_DPO3[ 0-2.7 | 2.8-4.1| 4.2-5.0 | 5.1-6.2 6.3- 25
(%) 8.0
Population ACS_16_5YR_DPO3[ 3-6.9 7.0- 10.5- 14.6- 22.6- 25
earning below 104 14.5 225 35.5
poverty line (%)

All criteria were weighed equaliyp an attempto represent the interests of potential investors, as

well as nonprofits and governments. Suitability scores)(lere applied to even increments in

the data, using Jenks NatuBat e a ks, with a score of 656 indic:
6016 indicating the |l east favorability. The as

countyequivalents.

4.3.2Assessment of macroalgadtivation potentiablong the United @tes coast using

national environmental data

The environmental section of the macroalgae suitability assessment utilized a combination of

satellite and agglomeratedsitu data. mformation regarding these dagds are listed in Table
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2. Based on theatk of available or reliable data, Hawaii and Alaska were excluded from this

assessment.

Table 4-2. Data used in environmental suitability assessment

Parameter Dataset Organization | Resolution Notes Reference

Temperature| Aqua/MODIS NASA 0.1 degree Averageof monthly NASA, 2014a
mean sea surface
temperature from March
to September 2017

Salinity GLODAP V2 NOAA 0.1 degree Kriging interpolation Olsen et al.,
using insitu sampling | 2016; Lauvet et
from 1981 to 2012 al., 2016; and
Key et al., 2015

Depth US Coastal NOAA 3 arecsecond Mosaic of regional National
Relief Model bathymetry rasters Geophysical
Data Center,
1999ab, 2001a
¢, 2003ac

Chlorophyll A| Aqua/MODIS NASA 0.1 degree Average of monthly NASA, 2018
mean chlorophyll A
from March to
September 2017

Diffuse Aqua/MODIS NASA 9 km Average of monthly NASA, 2014b
Attenuation mean diffuse attenuatio
from March to
September 2017

Five basic water quality parameters and geographic characteristics were analyzed in the
environmental suitability mode&verage temperature, salinity, depth, average chlorophyll A, and
average diffuse attenuation. Monthly temperature, chloroghylind diffuse attenuation values
were averaged over the spring and summer months, from March to September, as the ideal
cultivation period (Boltoret al, 2009). The diffuse attenuation coefficient @90), an indicator

of water clarity, strongly correlates to the turbidity of water ¢@tuWang, 2010). The diffuse
attenuation coefficient was used in place dfractturbidity or a suspended solids metric due to
overall consistency of the measureméiot. the purpose of this assessment, this measurement
was used as a turbidity indicator. GLODAP V2 water quality datieinterpolated using a

Kriging method bound by a land maskigén et al., 2016; Lauvet et al., 2016; Key et al., 2015).
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Environmental criteria were assessed using two representative species of intertidal macroalgae
with established market potentibllva fasciataandGracilaria verrucosa(PorseandRudolph,
2017;Rejekiet al, 2018) These species generally thrive in intertidal waters, thus allowing
cultivation to occur close to shore, as well as reduced loss from epiphytic infection (Choi et al.,

2006). Favorable conditions for the species are listed in BaRle

Table 4-3. Favorable environmental conditions for the cultivatiotJofasciataandG. verrucosa

Temperature Salinity Depth Chlorophyll A Diffuse
(°C) (PSU) (m) (mg m®) Attenuation (m™)
20- 25 25-30 0-5 Minimal Minimal

Information from: (BirdandRyther, 1990; Choi et al., 2006; Cui, Wang, lamdYuan, 2014; Mantri et al., 2011;
Radiarta et al., 2011; SchneidardSearles, 1991; YarisindPereira, 2008)

The conditions listed in Tabke 3 represent optimal growth aneters for the macroalgasing
rope cultivation These parameters consider growth rate and product quality. For example,
though higher temperatures ¢(35°C) have been shown to increase growth raté. in
verrucosathese conditions also coincided widhver quality agar gel (BirdndRyther, 1990).

As for chlorophyll A, no definitive data could be fouindregard tceitherU. fasciataor G.
verrucosa Chlorophyll Ais recognized to correspomdth increased nutrient loads in estuarine
and marine water@&eith, 2014). Rather, this study assessed minimal chlorophyll A
concentrations as the most suitable to prevent shading of the macroalgae from microalgae
blooms, as well as any potential product fouling for harmful algal blooms (Batiuk et al., 2000;
Lapoirte et al, 2015). Similarly, no direct values could be sourced regarding diffuse attenuation.
Nonethelessclearer waters are generally more conducive to algal growth (Aeistin2017).
Thus, minimizing this value suggests higher suitabilitycidtivation purposes.

Table4-4 contains the suitability criteria for the countrywide environmental assessment.
Temperature, salinity, and depth were all segmented from interpretations of the data used in
Table4-3. As no specific data could be sourcecchlorophyll A as gotential production

limitation criterion the scores were assigned using natural breaks in the data, which correspond
to general recommendations proposed for submerged aquatic vegetation (Batiuk et al., 2000).
Diffuse attenuation coeffient scores were interpreted from past studies and separated as deemed
appropriate (Radiarta et al., 2011; §hdWang, 2010).
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Table 4-4. Environmental suitability index fdd. fasciataandG. verrucosa

Suitability Score Suitability
Weight

Parameter 1 2 3 4 5 (%)

TemperatureqC) <15,>40 | 35.1-40,10| 15-19.9, 25.1- 30 20-25 30
-15 30.1- 35
Salinity (PSU) <10, >45 10-14.9, 15-19.9, 20-24.9, 25-30 20
40.1- 45 35.1-40 30.1-35

Depth (m) >30 20.1-30 10.1- 20 5.1-10 0-5 20

Chlorophyll A 51.6-59.9 | 37.0-51.5 | 24.0-36.9 | 13.2-239| 0-13.1 5
(mg )
Diffuse Attenuation >1.00 0.76-1.00 | 0.51-0.75 | 0.25-0.50 <0.25 25
(m)

4.3.3Evaluation of Bogue Sound

In addition to the largscale assessment performedaactions 2.1 and 2.2, a field study was
performed to collect hsitu water quality data to verify the potential of macroalgae cultivation

near larger residential and industrial activity.

4.33.1 Site description

The Bogue Sound area, located in N@#rolina, USA, was selected as a representative location
for analysis. The study location is a relativshallow body of water, separated from the ocean

by a 25mile strip of land, called Bogue Banks, punctuated at each end by sfletgn in Figure

4-1. The landuse bordering the Bogue Sound is mixed, with residential, commercial, industrial,
and research entities lining the shores (U.S. Army Corps of Engineers, 2014). By comparison,
the influence of anthropogenic activities is much f@Essmouncedn the Back Sound. The Back
Sound is primarily bordered by residential property and protected natural areas. Both bodies of
water are observed habitat for a variety of aquatic animals and plants, including several species

of intertidal macroalgae, includiridlva andGracilaria macroalgae. This site was selected for
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study due to this diverse land use, as well as the capacity to support potential macroalgae

cultivation.

Figure 4-1. Map of thestudy area in North Carolina

4.3.3.2 Sample collection

Water samples were collected from seventeen locations around the Bogue Sound. Four

additional reference samples were collected to the east in the Back Sound, as well as one location
on the Intracoastal Waterway, north of the Newport River, shown in Hgaiend Tablel-5.

Sample locations in the sampling area were selected based on local land use and proximity to
coast line, as locations near the shoreline were hypothesized to represent the worst conditions in
the body of watefThe samples were collected three different dayduring the growing season,

as outlined previously regarding the environmental suitability intlle& sampling dates for each
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location are listed in Table 8. Samples were collected in pneashed polypropylene bottles
approximatelyone meter below the water surface. Temperature and salinity were measured at the
time of collection, using an Extech 500 Exstik Il pH/Conductivity/Temperature meter (FLIR

Commercial Systems Inc., New Hampshire, USA) and a salinity refractometer, resgectiv

A
A
A a
A
A A a

A

A A A
A < AL A
A

0 3 6 12 18 24 .
™ ™, | Kilometers 4 Sample Sites

Figure 4-2. Map of water sampling locations in the study area
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Table 4-5. Locations of sampling sites

Location Longitude Latitude Date(s) of Collection
Pump Station -76.7640 34.7240 4/26/2018, 5/4/2018, 6/20/201¢
Hotel -76.7676 34.7240 4/26/2018, 6/20/2018
Back Sound Deep 1 -76.6480 34.6955 4/26/2018
Back Sound Deep 2 -76.6011 34.7007 4/26/2018
Back Sound Deep 3 -76.5486 34.6362 4/26/2018
Back Sound Deep 4 -76.7509 34.7202 4/26/2018
Shackleford Banks -76.6493 34.6885 4/26/2018
UNC Boat Ramp -76.7511 34.7219 4/26/2018, 5/4/2018, 6/20/2014
NC Wildlife Public Boat Ramp (loading  -77.0064 34.6716 5/4/2018
NC Wildlife Public Boat Ramp (pier) -77.0076 34.6737 5/4/2018
Hurst -76.9919 34.6731 5/4/2018
Kelly -76.9833 34.6747 5/4/2018
24th St. -76.9524 34.6785 5/4/2018
Mini Golf -76.8804 34.6903 5/4/2018
Pine Knoll -76.8322 34.7017 5/4/2018
Pelican Drive -76.7812 34.7041 5/4/2018
Atlantic Bridge S. -76.7370 34.7123 5/4/2018
Intracoastal Waterway -76.6905 34.8469 6/20/2018
Gulf Harbor Ramp -76.8466 34.7303 6/20/2018
SalterPath Ramp -76.9266 34.7184 6/20/2018
Bayshore Boat Ramp -77.0675 34.6799 6/20/2018
58 Bridge N. -77.0666 34.6793 6/20/2018

4.3.3.3 Laboratory Analysis

Seawater samples were analyzed for calcium, coppdrzinc concentrations using an Agiféht

7900 Quadrupole Inductively Coupled Plasma Mass Spectromet@R®IS) at the Plasma
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Mass Spectrometry (PMS) Laboratory at University of North Carel@aapel Hill. Prior to
analysis samples were syringe figdrthrough Cellulose Acetate (CA) Membrane Filters (0.22
um pore size) filters. An internal standard contagriO0ppb Gewasused to correct

instrumental drift. Calibration standards with appreciate amount of Ca, (Znarwhcentrations
were prepared ém single element standards purchased from Inorganic VeRfu@ertified
reference material for seawater (NA$Bfrom the National Research Council of Canada was
analyzed along with the water samples to evaluate accuracy of analysis. Isobaric icesferen
from oxides were monitored during IEN®S analysis, with oxide presence in the plasma stream
controlled to be ~0.1% and all three elemental analyses were done in Helium collision cell mode.
On average, analytical precision for each sample havedRBBative Standard Deviatiah

below 5% for Ca and 10% for Cu a#d.

4.3.3.4 Statistical Analysis and Geospatial Interpolation

Geospatial autocorrelation using Morands | sp
of the measured variables: satjnicalcium, copper, and zinc. The factors were also subjected to

an analysis of variance (ANOVA) to determine the significance of a temporal factor in the

measured values. Factors influenced by spatial autocorrelation were appropriately corrected for
ANOVA. From the ANOVA, the factors which were not significantly influenced by the temporal

factor were interpolated over the whole study area using the inverse distance weighted method
(IDW). Spatial autocorrelation and ANOVA were determined using R softiat&ofe Team,

2013).

4.4RESULTS
4.4.10utcome of economic assessment
Based upon the economic suitability index for macroalgae cultivation, nine counties (and

pari shes) wer-uiassdgnedti angBesepreseBted by bl

These nine counties (and parishes) are Tyrell and Hyde Counties in North Carolina, Colleton and

71



Jasper Counties in South Carolina, St. Bernard and Iberia Parishes in Louisiana, and Kliberg,

Willacy, and Cameron Counties in Texas.
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Figure 4-3. Map of theeconomic suitability index for the United States

4.4.20utcome of environmental assessment

The environmental suitability assessment identified the southern North Carolina coastline as the
optimal area fotJ. fasciataandG. verrucosaultivation in the Wited States, which is

highlighted with a red rectangle shownFigure4-4. The Gulf Coast and the Southeastern

United States, as well as the southern-iithntic, were identified as above average suitability

based on the assessed environmental criteria.
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Figure 4-4. Map of environmental suitability index for the cultivationlbffasciataandG. verrucosdn the United

States

4.4.3Assessment of the Bogue Sound, NC

A summary of the water quality data for the studyisisompiled in Tablel-6. All sites were

below the EPA recommended limit for both copper and Zih8.(Environmental Protection
Agency, 2000).

Table 4-6. Descriptive statistics of the different water quality parameters for the BogliBack Sound sampling

sites
Temperature Salinity Calcium Copper Zinc
(°C) (PSU) (mg L) (ug L) (ug L)
Mean 25.5 29 314.2 0.770 0.588
Min/Max 18.6/32.1 9/37 127.0/368.7 0.342/2.510 0.080/2.902
IQR 8.2 5.8 22.1 0.303 0.415
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From the statistical analysis of the data, both calcium and saitiipited spatial trends, while
copper and zinc did not. Similarly, after correction for spatial autocorrelation, salinity and

calcium were significantly affected by the sampling date, while both copper and zinc appeared to
not be influenced by the samgdidate. When compared with the other factors, calcium showed

a significant (p<0.05) positive relationship with salinity. Calcium was also significantly (p<0.05)

linked to zinc, showing a slight antagonistic relationship between the two.

The interpolatedidsolved copper and zinc concentrations for the study area are shown in
Figures4-5 and4-6, respectively. The highest concentrations of dissolved copper were found in
the Bogue Sound area, with the three highest concentrations located near two boahdaanps
hotel. Some of the highest levels of zinc were also found at the hotel samplmeitpectedly

the geographic distribution for zinc was different from that of copper, with the highest levels of
zinc found near an oyster sanctuary in the Back Sanddcomparatively low levels found

within the Bogue Sound.
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Figure 4-5. Map of dissolved copper distribution in the Bogue and Back Sounds, NC
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Figure 4-6. Map of dissolved zinc distribution in the Bogue and Back Sounds, NC

45 DISCUSSION

4.5.1 Economic suitability

The assessment generally indicates that the southeastern United States has strong potential for
the cultivation of macroalgae at large scale. A major reason for this result likely stems from the
higher per capita income and properbgis associated with many of the ritlantic and

northeastern states. Similarly, this was observed to be a major economic impediment to the West
Coast, Hawaii, and Alaska. These areas are more likely to benefit frorsel@pacroalgae
production, in whib property costs are replaced by the cost of a watercraft. Counties containing

a major metropolitan are@ere disadvantaged based on this metric. Similarly, counties including
popular tourist areas may have been ranked unfairlyhlowever, this impedimeémwas only

observed in very few instances, such as along the North Carolina Outer Bagkssults from

this model further justify the exclusion of Alaska and Hawaii from the subsequent environmental
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model, since the average or belawerage economic sas would have impeded production,

despite potential environmental compatibility.

Economically, largescale macroalgae cultivation has the potential to providejar positive

impact to the most suitable areas. Aquaculture operations not only suppl{oviioekfarmers

and laborers in charge of thaltivation butcan also create new jobs in material processing

(Buck et al., 2018). These additional jobs can provide work for the suitable areas identified in the
study, with the potential to reduce unempl@rhand poverty. Additional economic benefits

may be realized as a remediation source of environmental pollution. As nutrient sinks,
macroalgae can remediate areas subject to nutrient pollution (K2616). Through the use of
nutrient credits, this serm@ may help offset some costs of cultivation. Alternatively, this

property may reduce the feed cost, in addition to the environmental impact of finfish aquaculture
in IMTA systems (Buck et al., 2018)s noted in Chapters 2 and 3acnoalgae, particularly

Ulva andGracilaria, are effective aquatic trace metal bioaccumulators, too. While effective
yearround, the highlstolerant nature of intertidal macroalgae may be particularly useful in the
aftermath of powerful storm events, which may result in massfitexes of nutrients and other
pollutants into the ecosystem (Mallin et al., 1999). The low cost of production combined with the
high accumulation potential suggests that intertidal macroalgae is-effaative remediation

tool.

Further developments itultivation techniques and technology could increase the viability of
macroalgae cultivation. The United States Department of Energy has recognized this, funding
projects that are currently underway as of this writing. Some of these projects include
environmental modelling, new cultivation systems, and autonomous techntiaggdition to

these inventions and innovations, advantageous environmental conditions can add value to
macroalgae product. For examps, mentioned in previous chaptdhg higher mieral content

in remediating macroalgae could be used as an enriched food source or soil conditioner. This
technique can be utilized with greater efficiensyngGIS applications. In conjunction with
cheaper water quality test methods, impacted locatande identified in need of remediation

with relative ease and accuracy. Alternatively, these same locations may be avoided by
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cultivators aiming to avoid possible contamination. Further research in this subject can

potentially improve the market value iotertidal macroalgae.

45.2 Environmental suitability

The results of the environmental suitability assessment laagedewith past sightings and

reports documenting the habitatldffasciataandG. verrucosan the United States (Schneider
andSeales, 1991). The green and blue regions in Fige#eindicating above average and
optimalsuitability, respectively, cover the vast majority of the coastline in the Southeastern
United States. This suggests that the growth criteria and weights usemnvitloemental

suitability index were quite accuratnce these macroalgae are native to the areas identified in
these green and blue zon&be West Coast, with steeper submarine slopes, colder currents, and
moreturbid waters, was largely deemed averagbelowaverage suitability. This result

suggests that the West Coast is likely not \salted for intertidal macroalgae cultivation, but
rather deegwater production. In addition to the higher property and labor costs in the Northeast,
the region alssuffers from seasonal freezing periods, which have been a hindrance to

macroalgae production in the area (Yarish et al., 2017).

The results of the environmental suitability assessment generally align with the results of the
economic suitability assessmt. The optimal zone identified in the environmental analysis, the
North Carolina coast, also happens to be near counties identified -asliibedteconomically for
large-scale macroalgae cultivation. This suggests that North Carolina isuvgt for ntertidal
macroalga@roduction ananay benefit the most from largeeale cultivation of the product.

North Carolina macroalgae production may also benefit from higher coastal nutrient contents as
well. High nutrient loads from agricultural runoff Yaincreased the nutrient content of coastal
waters in North CarolinéMallin et al, 2015).This suggests that nutrient concentrations in the

coastal waters of North Carolina are lesstrictive when compared to the waters of other states.

The other optimal economic zones, located in South Carolina, Louisiana, and Texas, were
identified as abovaverage suitability for macroalgae cultivation-depth analysis of the water

quality criteria revealed that turbidity was a major limiting fagbarticularly in the Mississippi
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River Delta around Louisiana. Compared to North Carolina, coastal waters around the

Mississippi River Delta suffer from higher concentrations of total suspended solids (TSS) and a

higher frequency of hypoxic episodés$.$. Environmental Protection Agenc015. The

higher TSS may limit the cultivation of macroalgae, as the increased turbidity reduces the

available light for photosynthesis. The higher number of hypoxic instances indicates a higher

chance for microalgae bloa{Berdalet et al.,, 2015).h ough not i eearn ttiefdibed as
waters categaverzege@dssoviababiel ity are still wel
cultivation andshould still be investigated further as potential cultivation sites.

45.3 Assessment of the Bogue Sound area

Overall, the study results indicate that both the Bogue and Back Sounds are suitable for
macroalgae cultivation with respect to the water parameters tested. The low concentrations of
copper and zinc are particularlyteavorthy, as many of the sampling locations in the Bogue

Sound were along roadways or near areas of high boat traffic, both of which are known sources
of both copper and zinc pollution (Bighat al, 2017). The higher industrial activity around the
BogueSound would suggest higher concentrations of these pollutants than the Back Sound (Yao
et al, 2014). Despite the different land use bordering each body of water, the two Sounds were

not significantly different (p>0.05) with respect to either dissolvegbeopr zinc.

Caremust be taken when assessing the {targ environmental suitability of the area. First,
regarding pollution, the sampling may not provide a complete report on theoyeal suitability
of the area, due to the relatively small time period in which sampktcurred. Given the higher
anthropogenic activity in the area, the sediment of the Sound may contain elevated
concentrations of the metals, which can be remobilized with changes in the weathergiLundy
al., 2017). Furthermore, the area may contaieiogollutants of concern, including mercury
(North Carolina Wildlife Resources Commissj@@15. Other, norpollutant factors may need
to be considered, too, including protected pests, weather events, or submerged aquatic
vegetationAdditionally, the limited sampling represents findings during the early half of the
growing season assessed in this study. The observed vakamiy and temperature are likely

to change during different seaso8gnilar fluctuationsmay occur on a shorter temporal scale.
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Thus, precautions should be adopted when interpreting-ituievaluation of the Bogue and

Back Sounds as representative water bodies.

454 Considerations and precautions

While the aim of this study was to include as many reliable data sourcealtish the

suitability of intertidal macroalgae cultivation in the United States, the findings should not be
interpreted definitively. Site characteristics which represent major deficits in the available data
may alter the conclusions of this study. Ajona@nvironmental example of this is the
geomorphology of the intertidal zone. Substrate material has been shown to affect macroalgae
colonization and quality (Gerg al, 2015; Leet al, 2018; Rejeki et al., 2018)s of this

writing, veryfew geograptu datasetsould be sourced regarding intertidal geomorphology.
Though negligible in rope cultivation practices, this feature may be critical in the broadcast
cultivation techniquedn general, local conditions may ultimately limit cultivation in favoeabl

regions, or, conversely, allow for successful cultivation at ssealle in unfavorable regions.

Considerations should be likewise adopted when considering the results of the economic
analysis. The purpose of the study was to identify the most suibabkson based upon a

number of U.S. Census criteria. The study should not be interpreted to determine the profitability
of such an endeavor. The lack of a truly comparable scenario limits this determination. A study
in New England assessed the economabiity of longline cultivation ofSaccharina latissima
estimating the cost of farming at $0.86 per kilogram of fresh weight (Yetrish 2017).When
compared to th8&. latissimacultivation of intertidal macroalgae, liké fasciataandG.

verrucosa would likely cost less to produce in materials, particularly inémergy

environments, since cheaper watercraft could be soudeitk these other factors would lower

the cost of macroalgae productjgmoperty costsvould beexpected to be a greafector near

shore.

Weather conditions must also be considered when siting macroalgae operations. The warmer
waters of the Southeast and the Gulf of Mexico are often disturbed by tropical storm and

hurricane eventtdNOAA, 2018. These storms can be detrimed to marine aquaculture
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operations, resulting in billions of dollavgorth of damage from intense regional stofBsck,

2005. Without the protective infrastructure necessary to withstand these storm events, intertidal
macroalgae operations are vulri#eato damage and destruction. These potential losses must be
accounted for when locating macroalgae operationstder to reduce the losses associated with
major weather eventplanning and appropriate accommodation of weatilated events can

greatl reduce losses.

As previously established in the paper, intertidal macroalgae farming is a sustainable enterprise
with numerous potential benefits, economically and environmentally, for the southeastern United
StatesImproper implementation can revetbese benefits, resulting in a destructive practice

with lasting impacts. For instance, Indonesia implemented-gpdead cultivation of intertidal
macroalgae, growing to become the seelamgest producer of macroalgae over the past decade
(FAO, 2018). Tle rapid expansion contributed in part to the decline of natibbenerged aquatic
vegetation $AV), resulting in large removal of native seagrasses in favor of algae farms
(Unsworth et al., 2018).ocal ecosystemmust be maintaindtirough the cultivatiof native
macroalgae species. Nortive macroalgae may displace native populations, potentially causing
harm throughout the ecosystetinough these concerns are largely speculative regarding
macroalgae, based on cases of invasive terrestrial plantegPajdMooney, 2009). Due to
relatively sparse distributions, nomtive macroalgae have yet to cause any observable damage
(Palomoet al, 2016). Nonethelessultivation ofnative macroalgaes preferred, ag avoid any

potential ecological issues.

4.6 CONCLUSION AND FUTURE WORK

The purpose of this study was to determine the most suitable locations for the cultivation of
intertidal macroalgae in the United States. Such an assessment had never been performed
previously, with particular novelty in th@so-economic and wsitu aspects of this study. The
analysis was performed using a combination of government data files-ad water samples

in a GIS environment. The results indicate that the southeastern Atlantic and Gulf of Mexico
region of the cantry are the bestuited for cultivation purposgas the region is the native

habitat of the macroalgae assessed in the environmental suitability index, as well as having a
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more favorable environment, economicalDespite the general agreement betwéesé
models Jlimitations in the analysis leave a great deal of uncertainty. Further research on the

matter is required before definitive recommendations can be made.

As discussed in the paper, further research is required to improve the suitability. iukds

the environmental model was assessed udirfgsciataandG. verrucosaa more

comprehensive model is needed using a variety of macroalgae. Though the species selected in
this assessment were selected based upon their adaptive characteriatizedlepecies of
macroalgae may tolerate a labgamic environment. In an effort to promote the cultivation of
local species in an effort to create a more diverse and sustainable industry, futuresktuddes
focus on a variety of species. Just as nermiphasis should be placed on the selection of species
for atarget locatioras the selection of sites to accommodate species of interest.

Further ecological information could expand the productivity of macroalgae cultivation
practices. Given differenemperature and depth tolerances, researchers should explore the
potential for cecultivation of species through both parallel or rotating cultivation practices. In
the former, intertidal macroalgae may be cultivated alongside other aquaculture operations,
includingoysters ananacroalgae ofiiffering coastal zonatioLi et al., 2014 Perkins et al.,
2016) In the latter, warnwater macroalgae may be cultivated in conjunction with-agdter
macroalgae through rotating crop cycles. Further research isgedqaidetermine what effect

these practices will have on each other, as well as the natural environment.

Finally, further research could benefit from the development of geospatial technology focused on
the environmental remote sensing in coastal settings. Current remote analytical methods rely
upon the adaptation of terraimiented sensors or a limited arm@fyaquaticfocused sources.
Alternatively, insitu sampling methods are too infrequent, sparse, and costly. The methods used
in this study relied upon a limited number of water parameters for analysis. Though the results
generally agree with historical sérvations, potential limiting factors may result in local
discrepancies between the real culture conditions and model predictions. In an effort to lower the
cost of productionjimprovements in suctechnologyare necessarfpr accurate redime

monitoring of both neashore and ofshore systems. These endeavors will also benefit from the
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implementation of public access services dath sharingo allow all cultivators the ability to

access data, regardless of resources and technical prowess.
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CHAPTER 5: SUMMARY OF STUDIES AND RECOMMENDATIONS FOR FUTURE
RESEARCH

5.1 Summary of Studies

Macroalgae is a major global commodity with enormous potenti&016, total global

production was Maed at over $US 11 billion (FAO, 2018)lacroalgae is used for a variety of
applications including food and biofueWaterpollution threatens to limit further expansion of
cultivation and development. While the threatafic heavy metals, such as lesatd mercury,

are recognized and regulated, phytotoxic trace metals, such as copper and zinc, are monitored
much more infrequently. Due to the longevity of these contaminants, it is imperative to
understand the interaction of these contaminants with \&gomponents in a marine

environment. Through an understanding of the rrtgeenvironment interactions, farmers

and engineers alike can identify suitable locationgifiver cultivation or remediation, as well as
influence the accumulation capacitytbé macroalgae. This thesis aimed to examine these
system interactions to determine how to improve cultivation potential in an open marine
environment. This thesis also attempted to identify suitable locations for cultivation at a national
scale to deterime optimal locations to begin cultivation in the underexplored environment of the
United States. Throughout this thesis, the ultimate goal of the work \easlttate the potential

for the expansion of macroalgae aquaculture, particularly through tizatigih of efficient and
available methods.

The objectives of Chapter 2 (TE#fect of Salinity andAlkalinity onthe Toxicity and
Accumulationof CopperandZinc in the ChlorophytaUlva fasciatd were to compare the growth
rates, copper accumulation, and zinc accumulation of the macradigatasciataexposed to
different salinity and alkalinity level§.he results of this study suggest that higher salinity does
not necessarily reduce coppedainc accumulation, as past papers have state, but rather other
seawater components, such as carbonate alkalinity, which significantly reduced copper
accumulatiorwhile increasinginc accumulation. The findings of this chapter will be useful for
growers.environmentalists, and researcherghasresultshowdefinitively, thatincreases in

alkalinity, in the form of sodium bicarbonate, can reduce the accumulateoppér This
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finding may serve to reduce the vulnerability of macroalgae exposed tteel@omcentrations

of phytotoxic pollution and increase the desired mineral content of the product

Chapter3 (TheEffect of Salinity andCalciumonthe Toxicity andAccumulationof Copperand

Zinc in theRhodophytaGracilaria verrucosa was quite similato Chapter 2n experimental
design and purposBecognizing that species and biochemical composition of macroalgae is
important to accumulation trendSracilaria verrucosawas usedn these experiments to help
determine differences among speciésrthemore, calcium was explored as a water quality
parameter due to abundance and demonstrated interaction pgidatides et al., 2034The
results of this study show that while salinity did not influencegtiovthrinhibition potential of
copper on the nwioalgaethe higher salinityid reduce the accumulation of coppefGn
verrucosa Early mortalities in the calcium experiment prevented any further understanding of

the role of calcium in copper and ziaccumulation and toxicity in macroalgae.

Themain goalof Chapter 4[Pevelopment of a Suitability Assessment Model for the Cultivation
of Intertidal Macroalgae irhe United Statgsvasto identify optimal location$or intertidal
macroalgae cultivatioaround the coast of the United States via esbo@nd environmental
suitability models.Using a sample location of above average suitability, further investigation
was performed to characterize water qualityelationto macroalgae healtifhe result of these
analyses suggest that the southern Aitsstates, as well as states along the Gulf of Mexico are
well-suited for intertidal macroalgae cultivation, both economically and environmeradiju
testing revealed the waters of the Bogue and Back Sounds to be wellpeitiiissible levels of
all measured parameters for successful cultivation of macrodlgaechaptealsodiscussed
limitations of the modehnd site analysjss well as precautions about adaptations from the

model.

Overall, this thesis has shown that the cultivation of macaedlgs the potential to expanmto
areas whereultivationwas previously considered unsuitaleirrent limitations can be
overmme through careful sHelanning and lowcost chemical treatmentShough copper and
zinc can be major pollutants of concern, identification of favorable water bodies can reduce

issues associated with these metals. Furthermore, zinc may even add value to the final product
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under the right conditions. Additionally, economaied macreenvironmental factors can too be
overcome with strategic planning and clever water treatment methodology to enhance cultivation

efficiency and profitability while ensuring longerm sustainability.

5.2 Recommendations for Future Research

Though the work in this Thesis has demonstrated the opportunity for expansion in macroalgae
cultivation, there still exists plenty of research to be perforfiecbughout the design,

execution, and review of the experimemsismecritical limitations became de apparent. These
limitations represent the need for further research and developorgnow the discipline of
phycology and expand the productivity of macroalgae cultivaBome recommendations have
been made in previous chapters of fesis however, the recommendations listed in this

chapter are major limitations for multiple disciplines regarding macroalgae.

In the field of macroalgae metal toxicology, quite a lot of information is currently lacking.
Firstly, and perhaps most importantly, i€theneral lack of information regarding the
relationship between exposure time, total accumulation, and toxicological response. Though
plenty of research exists biosorption kineticsa major component of macroalgae metal
accumulationthelessunderstod active accumulation activity of live macroalgae biomass
ensures a prolonged accumulation potential. The lower threshold for toxicity observed in
Chapters 2 and 3 of this thesigpports this hypothesis pertaininghe longetterm impact of

metal exposte to macroalgad.helength of the studies conducted in Chapters 2 and 3 lasted
two weeks, with théongest study identifieth the literature search lastififfeen daysAs noted

in Chapters 2 and 3¢ majority of toxicity experiments lastlless tharone weekWhen

compared with typical cultivation timgthese test periodse quite shortFuture toxicity studies
should attempt to reflect this timespan to provide a clearer idea of the true toxic thresholds of
different metals in macroalgae. In congtion with tests covering a broader range of macroalgae,
an accurate and effective accumulation model could be developed to provide researchers,

growers, and policynakers the information that they need to make-imétirmed decisions.
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Another major obstde in the field of macroalgae research is a lack of technology suitable for
macroalgae experimentation and marine toxicity studies in geReediminary trials of the
experiments in Chapter 2 attempted to monitor dissolved copper concentrationgriificred a
seawater on a daily basis, using an ionic selective electrode (ISE). However, the high ionic
activity rendered the ISE unreliable, due to the high interference from other ions in the matrix.
Chemical reagents were also investigated in spectroptatty, but due to the relatively low

target metal concentrations (50 ppb), the accuracy and precision of could not be verified. Thus,
this method was not used either. While reliably accurate and precise, the methodology adopted
throughout this Thesis, ICMS, is a costly test procedure that can limit the scope of trace metal
tests, as well as accessibility to such experiments. Development ofcasband reliable metal
testing procedure will greatly assist to benefit the field of marine toxicology aciatgae

metal tolerance.

Importantly, macroalgae research requires morsiin experimentation. Through the use of
research plots, researchers can observe real issues challenging growers and remediation
specialists that may otherwise be missed in laboratory experiments. Furthermore, findings and
improvements made in opevater research sitesn directly improve cultiation practices,
immediately affecting growers is positive ways. Though some plots exist for purely research, the
frequency of these efforts is few, particularly in the Southeast United States, resulting in a slow
connection between research and prackoethermore, without experts with experience
overcomingvarious cultivation obstacles, prospective growers will be more hesitant to attempt
cultivation themselves. Thus, for the expansion of macroalgae cultivation, it is imperative that a
supporting netwdk of researchers and extension affiliates with real field experience exist to
instill confidence in the industry.

Finally, macroalgae will be critical in adapting to global climate change and ocean acidification.
Rising sea levels are projected to flandny coastal environmeniscluding major metropolitan
areagNichollsandCazenave, 2010yVhile this may increase potential cultivation zones for
macroalgae, anthropogenic contaminants hmaiy the habitability othis new potential

cultivation aredOd Sh e a e t Fughermore, @dbdl @imate change is projected to

increase storm frequency and intensity, potentially harming future macroalgae cultivation
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(Bender et al., 2010kurther research is needed to determine the magnitude of these potentia

limiting factors.

While global climate change mg@pssiblycause some issues for future macroalgae cultivation
thehigher temperatures and increased oceanic carbon may potentially benefit macroalgae
cultivation, too.The higher temperature and aquaacbon content associated with a projected
climate change scenario has been shown to increase the growth and nutrient utilization of
macroalgae (Chen et al., 2018he increased cultivation space combined with the higher
available nutrient contents wllkely improve potential yields in many coastal areas.
Consequently, the high&O; levels are projected to increase the frequency of microalgae
blooms(Verspagen et al., 2014)arge-scale macroalgae cultivation may help to prevent or

lower the intensityf such bloomsMost importantly, in an effort to feed and accommodate a
growing population, macroalgae need to be further researched in an effort to improve cultivation

efficiency.
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APPENDIX B: FURTHER ANALYSIS OF CHAPTER 2 AND CHAPTER 3 DATA
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Figure B-1: Comparison of growth rates of the salinity experiments for botfasciataandG.
verrucosaData are means standardleviation(n=3)
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Figure B-2: Comparison of copper accumulation of the salinity experiments forlhdtsciata
andG. verrucosaData are means standardieviation(n=3)
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Figure B-3: Comparison of zinc accumulation of the salinity experiments for bofhsciata
andG. verrucosaData are means standardieviation(n=3)
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Figure B-4: Copper accumulation id. fasciatasalinity experiment without outlier 15L-1.
Compare to Figure-2. Data are means standardieviation(n=3)

125



3000 !

2000

1000

Accumulated Copper (ug/g)

15 25 35
Salinity (PSU)

Treatments [ |o-0[_]o-50[]25-0 [l 25-50
(Cu-Zn)

Figure B-5: Copper accumulation i6. verucosasalinity experiment without outlier 15L-3.

Compare to Figure-3. Data are means standarderror (n=3)
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Figure B-6: Copper accumulation i6. verrucosasalinity experiment without outlie?5-LH-2.
Compare to Figure-3. Data are means standarcderror (n=3)
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Figure B-7: Copper accumulation i@. verrucosacalcium experiment without outlier 300H-
3. Compare to Figure-B. Data are means standarcerror (n=3)
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Compare to Figure-8. Data are means standarderror (n=3)
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APPENDIX C: LIST OF TIPS, RECOMMENDATIONS, AND GENERAL ADVICE FOR
FUTURE STUDENTS

Over the course of Isarnedvadewtthengsdhat weuld hassade ray, I hav
life easier had | know about them sooner. Here is a list of things that will hopefully make the
lives of future students easier:

General Recommendationgor Seaweed Cultivation in Lab

Try sourcing macroalgae from a laboratory source (suthr&x or Carolina Biological).

These strains have been genetictdisted and adapted to artificial cultivation conditions.

Water quality may be quite variablse DI water when available or filtered water if not
Artificial sea mixtures are designed ficsh not macroalgae. | cannot affirm whether or not this
had a negative effect on Experiments 2 and 4, but those were the experiments with the higher
ratio of marine mix. If possible, try to use filtered and autoclaved natural seawater (if looking
at factas other than seawater parameters). Otherwise, a special salt mixture may need to be
prepared

Lights can be an issue. Fluorescent bulbs were used to cultivate experiments, but required
improvised dimming (plastic sheets were put in front of the bulbssetethe light intensity).
This may vary by species as well

Lights can also determine whether or not algae take over your experimental unisedlue
grow lights influenced a higher level of green macroalgae when grdsviaglaria

Nutrients can also benassue. Too much can kill the algae and too little can hinder its growth.
Prior to any experiment, perform a preliminary experiment to determine the optimal nutrient
loading rate (this will change by growth stage and algae species). This will also sletpvto
whether or nothe experimental setup is at risk of microalgae infestations

Air pumps are key to ensure that the macroalgae survive during cultivation. Forced air helps to
mix salts and nutrients, and also ensure that all parts of the macroalgee saffecient light

If using glass jars for cultivation, make sure to manually wipe the insides of the jars after
cleaning. Though they may look clean, they are probably still dirty

General Recommendations for Trace Metal Analysis in Macroalgae

Though t may be quite expensive (we paid $125 per sample), inductteelyled plasma
mass spectrometry (ICMS) is a reliable form of trace metal analysis. If using small quantities
of macroalgae, this may be the only way to go, since most other accessibldswethoot
accurately read such small quantities.
0 This process may take a while, so plan out 3 months ahead just to ensure enough time
0 Make sure to ask about Certified Reference Material. These are material that have been
tested several times by differentiependent labs to ensure consistency artesimg
protocols. It may be difficult to find macroalgae, but any plant material should suffice as long
as blanks and calibration solutions are used
o Different labs may specialize in different analyses. For exantipe E.A.T.S lab at NCSU
performs more plant analysis than the PMS lab at UNC, which is gefdogged.
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1 Chemical reagents are suitable for higher concentrations of ptetaisver, the concentrations
used in the experiments were too low for the methodsrrectly analyze. Als@mbient
temperature fluctuations can cause issues in dissolved metal concentrations.

f lonsel ective electrodes (1 SEO0s) ,hvwevwethephghee nt i al
ionic activity in saltwater mixtures may cause much interference, particularly in the more
sensitive | SE6s.

General Recommendations for Future Graduate Students Interested in Macroalgae
Research

1 Intertidal macroalgae farms are not very difficult to develop. If possible, connect with
researcheren the coast to look at potential research plots

i Start reading the extension literature as soon as possible. These documents will give you good
advice for cultivation techniques, as well as potential ideas for development

1 Phycology is still a youndiscipline. This leaves much to be explored, but also limits the
amount of support that you will have

o0 After reading a few dozen papers, the names of different authors will become quite familiar.
Follow their line of research to figure out what has yetetodsearched

1 Explore possible applications of recent technological innovations and inventions to the field of
macroalgae cultivation or processing. If choosing research, this is a great way to get started.

1 Economic analyses of macroalgae are quite sppastgularly in emerging regions of
production.This would be some valuable research for the field.
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APPENDIX D: RESEARCH PHOTOGRAPHS
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Figure D-1. setup fotJ. fasciataandG. verrucosaexperimens in hapters 2
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Figure D-2. Ulva fasciatabefore experimentatiofteft) andGracilaria verrucosaafter
experimentationr{ght)
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Figure D-3. G. verrucosaat the conclusion of Experiment 3 (from left to right:135-3, 15HH-
3, 25HL-1)
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Figur D-4. View of Bogue Soun from Pump Statioon 6/20/2018
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Figure D-5. Vféw of macroalgae farm i Sea Level, and eeding of ropes with
Gracilaria spp.for cultivation potton) courtesy of Phyta
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APPENDIX E: VISUAL MINTEQ ANALYSIS

PURPOSE

The use of Visual MINTEQ was intended to provide greater depth to the understanding of the
metal treatments in Chapters 2 and 3. This modeling software waprusadly to understand

the role of sodium chloride, sodium bicarbonate, and calcium chlotieleacting with the added
copper and zinc sulfates. These model results were omitted from the main body of the thesis due
to a lack of verificationFurthermore, the analysis was wholly dependent on an array of data

about the Crystal Sea Marine Mix fronffdrent labs and analytical procedures, with only

calcium, copper, zinc, and alkalinity verified by laboratory analyses during the thesis research.
However, while the actual values are subject to intense scrutiny, the general trends observed in

the model senarios do provide some useful insight into the chemical variations by treatment.

METHODOLOGY:

Visual MINTEQ 3.1 software (Gustafsson, 2018) was used to model ionic species in the culture
vesselsAs previously mentioned, the model inputs relied uporddta from a variety of sources

to describe the general ionic chemistry of the artificial sea mixture. The majoitity ddta

regarding the mixture composition was borrowed from manufaeba®ed sources. Components
were added as total concentrationghvaation and sulfate concentrations of the marine mixture
estimated from manufacturer data and validated for copper and ziB®&i&lethods 200.2

(Martin et al., 1994)Carbonate content was determingal EPANERL Method 310.1, with all
alkalinity assurad to be carbonate alkalinity (ASTM, 201B)oactive compounds and organic
complexing compounds were assumed inconsequential to the general water chemistry due to the
high water volume to algal volume in each experimental unit. Simulations were run with
elevated levels of both copper and zinc (50Ltg except for Experiments 3 and 4, where only

25 pgL* of copper was us@dSimulations for Experiments 1 andh2re run at 2%, while
Experiment 3 used a temperature of@and Experiment 4 used a tempera of 28C. Tables

of inputs are given in Tables C1 through C4 for Experimeigsréspectively.
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Table E-1: Table of VMINTEQ inputs for Experiment (lons of interest are highlighted)

Total Concentratiortg

Total Concentrationg

Total Concentratiorg

Component 15 PSU 25 PSU 35 PSU
Name (mg/L) (mg/L) (mg/L)
H+1 0.004285714 0.004285714 0.004285714
Al+3 0.072857143 0.072857143 0.072857143
Ba+2 0.021428571 0.021428571 0.021428571
Ca+2 175.7142857 175.7142857 175.7142857
Cr(lll) 0.000428571 0.000428571 0.000428571
Cu+2 0.05 0.05 0.05
Pb+2 0.001714286 0.001714286 0.001714286
Li+1 0.047142857 0.047142857 0.047142857
Mg+2 552.8571429 552.8571429 552.8571429
Mn+2 0.000428571 0.000428571 0.000428571
K+1 162.8571429 162.8571429 162.8571429
Na+1 4457.142857 8391.092207 12325.04156
Sr+2 5.357142857 5.357142857 5.357142857
Zn+2 0.05 0.05 0.05
CH 9000 15066.05065 21132.1013
C0O32 38.57142857 38.57142857 38.57142857
S042 52 52 52

Table E-2: Table of VMINTEQ inputs for Experiment (@ons of interest are highlighted)

Total Concentratiorg

Total Concentratiorg

Total Concentratiorg

Component| 100 mg/L Alkalinity 200 mg/L Alkalinity 300 mg/L Alkalinity

Name (mg/L) (mg/L) (mg/L)
H+1 1 2 3

Al+3 0.121428571 0.121428571 0.121428571
Ba+2 0.035714286 0.035714286 0.035714286
Ca+2 293 293 293
Cr(ll) 0.000714286 0.000714286 0.000714286
Cu+2 0.05 0.05 0.05
Pb+2 0.002857143 0.002857143 0.002857143
Li+1 0.078571429 0.078571429 0.078571429
Mg+2 921.4285714 921.4285714 921.4285714
Mn+2 0.000714286 0.000714286 0.000714286

K+1 271.4285714 271.4285714 271.4285714
Na+1 7452 7475 7498
Sr+2 8.928571429 8.928571429 8.928571429
Zn+2 0.05 0.05 0.05

CH 14571.42857 14571.42857 14571.42857
C032 60 120 180
S042 86 86 86
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Table E-3: Table of VMINTEQ inputs for Experimer& (ions of interest are highlighted)

Total Concentratiortg

Total Concentratiorg

Total Concentratiorg

Component 15 PSU 25 PSU 35 PSU
Name (mg/L) (mg/L) (mg/L)
H+1 0.004285714 0.004285714 0.004285714
Al+3 0.072857143 0.072857143 0.072857143
Ba+2 0.021428571 0.021428571 0.021428571
Ca+2 175.7142857 175.7142857 175.7142857
Cr(lll) 0.000428571 0.000428571 0.000428571
Cu+2 0.025 0.025 0.025
Pb+2 0.001714286 0.001714286 0.001714286
Li+1 0.047142857 0.047142857 0.047142857
Mg+2 552.8571429 552.8571429 552.8571429
Mn+2 0.000428571 0.000428571 0.000428571
K+1 162.8571429 162.8571429 162.8571429
Na+1 4457.142857 8391.092207 12325.04156
Sr+2 5.357142857 5.357142857 5.357142857
Zn+2 0.05 0.05 0.05
CH 9000 15066.05065 21132.1013
C0O32 38.57142857 38.57142857 38.57142857
S042 52 52 52

Table E-4: Table of VMINTEQ inputs for Experiment (@ons of interest are highlighted)

Total Concentratiorg

Total Concentrationg

Total Concentratiorg

Component 300 mg/L Calcium 450 mg/L Calcium 600 mg/L Calcium

Name (mg/L) (mg/L) (mg/L)
H+1 1 1 1

Al+3 0.121428571 0.121428571 0.121428571
Ba+2 0.035714286 0.035714286 0.035714286
Ca+2 293 450 600
Cr(Il) 0.000714286 0.000714286 0.000714286
Cu+2 0.05 0.025 0.025
Pb+2 0.002857143 0.002857143 0.002857143
Li+1 0.078571429 0.078571429 0.078571429
Mg+2 921.4285714 921.4285714 921.4285714
Mn+2 0.000714286 0.000714286 0.000714286

K+1 271.4285714 271.4285714 271.4285714
Na+1 7452 7452 7452
Sr+2 8.928571429 8.928571429 8.928571429
Zn2 0.05 0.05 0.05

CH 14571.42857 14987 15402
C032 60 60 60

S042 86 86 86
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RESULTS AND DISCUSSION:

Theoutput for the copper and zinc ionic species from the Visual MINTEQ simulations are

shown in Tables & through G8 for Experiments -4, respectivelylncluded in these tables is a

col umn ent it | e ahich shews th€dimalatgdeon¢estrptivames between

the highest and lowest concentrations of the corresponding seawater parameter (i.e. salinity,
alkalinity, and calcium). The largest negative changes are highlighted in orange, while the largest
positive changes are highlighted in blllaesevalues assume that the test environments were
completely mixedand given enough time for all speciation to occur. Preparation of the

experimental units was performed in such a manner to ensure that these assumptions are valid, as
the marine mix, adjustedater parameter, copper, and zinc additions were given sufficient time

to mix.

The largespositivechanges in both salinity experimefitsand 3were CuOH+ an@nCl+,

while CuCO3(aq) andn(OH)2 (aq) decreased the mobhe addition of the sodium bicanate

in Experiment 2ecreased the predicted concentrations of the free radical species of copper
(Cu2+) and zinc4n2+) the most, while increasing the agueous carbonate species of both metals
(CuCO3(aq) an@nCO3(aq)) the most. Finally, the addition ofatam chloride in Experiment 4
increased the predicted concentrations of Cu2+Za@i+ the most among copper and zinc

species, while decreasing CuCO3(aq) Zng+ the most.

The results of these simulations may provide some explanation as to theakthdtstudies.

The biggest increase in the simulated environment of the alkalinity expe(@teyter 2was,
predictably, the copper carbonate ion. This form of copper is likely not readily accumulated
compared to the free radical copper, as the higtesticted concentrations of copper carbonate

and lower ionic copperoincided with lower accumulated copper measurdd ifasciata The
magnitude of change of the zinc species was approximatelieatteof the concentration

changes of the copper speci€bis may have been a major factor limiting the detection of
significant changes in zinc accumulation in Experiment 2. In the other experiments (both salinity
experiments and the calcium experiment), magnitude of change may have been a major factor
limiting detection of significant changes, as the concentration changes in these experiments was

between ten and one hundred times smaller than predicted in Experiment 2. These predictions
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suggest that within most marine environments, of the three tested waterepers (salinity,
alkalinity, and calcium) in the forms that were tested, only alkalinity presents any observable

significant effect on the accumulation of either copper or zinc.
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