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JAMES GRADY SANDERS. Interactions Between Arsenic Specie§ and Marine
Algae (Under the direction of Herbert L. Windom). -

The arsenic concentration and speciation of marine algae varies
wideiy, from 0.4 to 23'ng-mg‘], with significant differences in both
total arsenic content and arsenic speciation occurring between algal
c]as§es. The Phaeophyceae contain more arsenic than other algal classes,
and é greater proportion 6f the arsenic is organic. The concentration
of inorganic arsenic is fairly constant ih macro-algae, and may indicate
a maximum level, with the excess being reduced and methylated.

Phytop]anktbn take up As(V) readily, and incorporate a small

percentage of it into thé'cell. The majority of the As(V) is reduced,

- methylated, and released to the surrounding media. This uptake, and

subséquent're]ease in a reduced or'metﬁylated form, causes large changes
in the speciation of arsenic in the culture media; up to 50% of the
As(V) may be reduced. The arsenic speciation in phytoplankton and
Valonia also éhanges.when As(V) is added to cultures. The addition
generally causes an increase in the proportion of organic arsenic.

Arsenate and phosphate compete for uptake by algal cells. Arsenate

s taken up readily due to its chemical similarity to phosphate, and

~ inhibits primary production at concentrations as low as 5 ug-1-1 when the

phosphate concentration is low. The inhibition is competitive. A
phosphéte enrichment of > 0.3 pM alleviates thié inhibition; however,

the ‘As(V) stress causes an increase in the cell's phosphorus requirement.
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Arsenite is also toxic to phytoplankton at similar concentrations.

Methylated arsenic species, such as DMA, did not affect cell productiyity,.‘

even.at concentrations of -25 ug-1-1. Thus, the methylation of As(V) to
DMA by the cell produces a stab]e,'non-reactive compound which is non-
toxic. |

| The uptake and subsequent- reduction and methy]ationAof As(V) is a
s%gnificant factor in determining the arsenic biogeochemistry of ﬁkOduc-'

tive systems, and also the effect that the arsenic may have 6n algal

productivity. Calculations based on the measured reduction rates indicate

that 15 to 20% of the total arsenic is reduced during the spring aﬁd fall

bloom. Therefore, the role of marine algae in determining the aréenic

" speciation of marine systems cannot be ignored.
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INTRODUCTION

e Arsenic species are present in rather low quantities in marine
systems. Earlier studies reportedfarsenic concentrations up to 75 ué-]']
(Rakéstraw and Lutz, 1933; Gorgy et al., 1948; Fondekar and Reddy, 1974), 
but more recent studies indicate that actual concentrations are much
lower. Results fdr the continental shelf between North Carolina and
Florida indicate that total arsenic ranges between 1 and 1.5 ug']“1

' (Was]enchuk; 1977, in press), similar averages have beén obtained for
the Pacific (this study; Andreae, 1978)..

Arsenfc can occur in four oxidation states, +5, +3, 0, or -3, and
all can be stable under varying Eh conditions that occur in natural
waters (Ferguson and Gavis, 1972); however, As® (metal) is very rare,
and the -3 state occurs only under very low Eh values.

In oxygenated natural waters arsenate (As(v)) is the stable
oxidation state, with the predominant dissolved form beinngAso42'
(Ferguson and Gavis, 1972; Lowenthal et al., 1977).. Arsenious acids
.(As(III)) and organic arsenicals are stable only under mildly reducing
Eh conditions, and are not norma]]y “found 1n large concentrations. On
occasion, however, both arsenite (As(IIl)) and organic arsenicals {mainly
dimethylarsinic acid, DMA) have been found to comprise significant
amounts. of the total arsenic (Waslenchuk, 1977, in press; Braman et ai.,
',1977; Johnson and Pilson, 1975; Andreae,'1978) and are thought to be the

result of biological reduction of arsenate (Pilson, 1974; Johnson, 1972;

Blasco, et al.; 1971, 1972).
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Very little is known about the arsenic_cohtent of marine algae, and
even less about arsenic speciation. Johnson and Braman (1975) reported
that arsenic in Sargassum sp. ranged from 4.2 to 12.7 ppm, 80 to 95% of
" which was As(V). Vinogradov (1953) reported concentrations of 0.1 to
'30 ppm. Jones (1922) and Portmann and Riley (1964) found arsenic
concentrations of 1.7 to 125 ppm in British algae, Ni]]iams and Whetstone
(1940) report concentrations of 1 to 12 ppm from Puget Sound, and Young
and Langille (1958) found 2 to 50 ppm in algae from the Atlantic coast
of Canada. Trefry and Presley (1976)'réport that phytoplankton in the
“Gulf of Mexico contajh 3 to 52 ppm arsenic.
| Arsenic specfes are classically considered tb be biological poisons,
and a féw investigations concerning the toxicity of arsenic to organisms
have been conducted. Studies performed on yeasts and a]Qae ihditate that
both As(V) and As(III) inhibit celdular functions at generally low levels
(DaCosta, 1972; Scarborough, 1975; Rothstein, 1963; Lewin, 1954, 1955;
Jung et al., 1965; Button et al., 1973; Blum, 1966), but in different
ways. Arsenite probably reacts with the ?SH groups of proteins (DaCosta,
1972; Lewin, 1954, 1955). Arsenate competes wifh‘phosphate, a chemical
analogue, for transport into the cell, inactivates this active transporf
" system, and then may also inhibit glucose metabolism (Rothstein, 1963;
Scarborough, 1975). It also competes with phosphéte in oxidative
phosphorylation {DaCosta, 1972) and esterfi;ation reactions (Jung et al.,
1965). Since As(V) Competes with phosphate the external phosphate - '
cbncentrafion may be very important in determining the toxicity of As(V),
éna %ts inhibition of cellular growth may be greatest in areas where T
phosphate concentrations are ]o@est. |

| Algae may also play a role in regulating arsenic speciation in
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natural waters. Arsenic and many other trace elements are known to
-barticipate ip a “bio]ogical.cycle“ of speciatipn changes and_!
transformatjbns by means of the oxidative and reductive reactiGns of‘
organisms (VWood, 1974). ChlqreZZq sp. has been found to reduce As(V)

. to As(I1I) (Blasco et al., 1971, 1972). Reduction and methylation of
tnorganic arsenic by bacteria and fungi have been shown tb occur both
aerobically and anaerobically (McBride et al., 1971; Challenger, 1945; .
.Johnéon, 1972) and organic arseno compounds have been identified in
Sargassum sp. (Johnson and Braman, 1975) and marine phytopiankton (Lﬁnde,
1973; Irgolic et al., 1977; Andreae, 1978). | |

The pathways of these reductions and transformations, whether they
occur’to any extent in marine algal communities,kand their re]ative
importance have yet to be determined.. Since algae may cgntain_arsenic
~1in cqncentrations more than 1000 times greater than the surrounding
water, they may be a significant reéervoir for the marine system. They
may also contribute reduced and organic forms of arsenic to'highgr Tevels
of the food chain, and to‘the water column as well.

Since arsenic may occur in several different forms, its spéciation
is jmportant in determining arsenic.toxicity_in any system. Rresumably,-
an algal cell will react differently to separate speciés of the same
element. Several investigators (Sundé and Gui]]ard; 1976; Morel’et al.,

1978; Anderson and Morel, 1978) have demonstrated that copper inhibition

2+

of marine phytoplankton is related to the Cu® "ion concentration and

not the total copper concentration.
This dissertation presents the results of investigations into the
interactions that occur between different arsenic species and marine

algae. The objectives of this study were:



1. to measure the concentration of each arsenic species
in phytoplankton. and macro-a]gae in natural systems,

2. to determine the relative toxicity of the separate
arsenic species to phytoplankton,

3. to measure the rate of uptake, reduction, and
possible release of arsenic species by algae, and

4. to determine the effect of external nutrient
concentrations on the uptake, release, reduction, and
toxicipy of arsenic. :



" MATERIALS AND METHODS

Analysis of arsenic

’

Measurement of the separafe'arsenic species was performed on aqueous
samples using the D.C. arc-induced-plasma emission technique of Bréman et
al. (1977), modified somewhat for use with biological samples. The
technique involves placing an aliquot of a sample into a glass reaction
veése]; acidification with oxali¢ acid, and reduction of the arsenic
present to AsH3z gas With a strong reducing agént, NaBH4; Each separate
aréenic~species is reduced to its unique arsine species; i.e., As(V)
forms arsine and DMA forms dimethylarsine. Arsenate is separated from
As(IiI) by a éhange in the bH of the sample within the reaction vessel.

The arsines are trapped on a glass bead-packed U-tube cooled in 1iquid.

N2. Separation and sequential release of the arsines occurs when the U-tube
is removed, and allowed to warm. The arsines are swept- into the D.C. arc

by helium carrier gas, where the arsenic plasma is formed. The arsenic
emissioh’wave]ength (234.98 nm) is monitored by a GCA-McPherson Model EU-

700 spectrophotometer, the resulting pulse is graphed on a Fisher Model
5000 recorder. The detection limit (signal = 2x background) is approximately
0.5 ng for As(IIf) and As(V) and 1 ng for the methyl arsenicals. The maxi-
mum sample size is 40 ml; giving minimum concentrations of 0.01 pg As-1-1
and 0.03 ug As-1-1, respectively. The precision for aqueous samples based

on replicate analyses is approximately 210%.

Digestion of biological samples

It was necessary to perform a wet digestion on both phytoplankton

and macro-algae before afsenic analyses could be performed. Up to 1
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liter of phytoplankton culture was filtered through either a Nucleopore
| or Millipore mémbrané'fi]ter df 0.45 um pdre.size. The filter apparatus
used was cpnstructed of polycarbonate, and soaked in 20% HNO3 between
uses. The preweighed filters were placed in small, polycarbonate petri
dishes, qnd dried at 60-800 C in an oven. After drying, the filters
were re-weighed and the amount of p]ant‘material was deterhined from
ﬁhe weight gain. Macro¥a]gae were dried in an oven at 60-800 C. The
digestions werevcarried 6ut on known amounts of plant material (approx-
imately 10 mg of phytoplankton, 20-100 mg of macro-algae). Known .
quantities of NBS certified orchard leaves, a filter blank (if applicable),
- and a reageht blank were digested along with each groub of samples
processed. Analysis of 21 replicates of NBS certified orchard ieaVes
gave an average value of 13.5 ppm with a standard'deviation of 2.2 ppm.
" NBS orchard leaves are cértified to contain 14 *+ 2 ppm arsenic.

The digestions were performed in loosely capped teflon QiaTs, of 20
ml capacity on'a'hotplate under low heat (900 C, slightly higher than the
| ~boiling point of HN03). The vials were placed under a teflon hood, and
N> gas was used as an inert atmosphere to minimize contamination. The.
acid used for digestion was originally 5 ml of concentrated NBS certified
redistilled HNO;. Later, Baker "Ultrex" HNO3 was found to be sufficiently
c1ean.to replace the more expensive'NBS acid. The acid was evaporated
néar]y tn dryness and, if necessary, more acid was added to complete
the digestion. The residue remaining was dissolved in 5 ml of -10%
"Ultrex" HNO3. This solution could then be analyzed for arsenic with
no further modifications.

On several occ&sions, filters spiked with all three Species of

arsenic were digested to determine if speciation changes occured during
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digestion. With the exception of As(IIl) no changes were observed. -

Arsenite was sometimes in part (0-50%) oxidized to As({V).

Algal co]lection

Macro-algae was collected from the intertidal zone of several diff-
erent habitats (Maine, Massachusetts, Geofgia,_F]orida, California, and -
British Columbia) to be analyzed for arsenic speciation. The algae was
collected by hand, p]aéed in plastic bags, then oven dried in the labo-
ratonyAaf 80° C. Thé'dried algae was Higested'and analyzed for arsenic

as detailed above.

Culture techniques .

1. Macro-algae. The only alga cultured in bu]k was Valonia
macrophysa, obtained in pure culture from Carolina Biological Supply
Company. In addition to this species, an attempt was made to culture
V. ventricosa collected in the Florida Keys; these cells did not survive
for more than 2 mdnths,.probab]y due to degradation of thé numerous
attached epiphytes. The Valonia Were kept in 200 ml1 glass culture
dishes under artificial light and a 12 hour photoperiod (intensity =
]00 uE-m'z;sec']) at 20° C. Various culture media were used including
a commercially prepared medium ("Alga-Gro") from Carolina Biological
Supply Company. - The basic medium used for all arsenic studies was
prepared from seawater collected 50 to 60 miles offshore, with NO3~
added to increase the concentration by 20 ﬁﬂ, No other additions were
made. Valonia cultured in this media remained viable for more tﬁan 1
year when the medium was changed monthly. Arsenic enrichment studies

were performed by adding the appropriate arsenic species to this basic

mediuimn.
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. thonia,was selected for these experihents'because each plant is
one large cell, 0.2-3 cm in diameter. Because of its size, the cell
could easily be separated into 3 components: the vacuolar sap, the cell
wall, and the cytoplasm. This sepqration was accomplished by first draw-
ing off the vacuolar sap with a micro-syringe. 'The cytoplasm was then
cérefu]]y scraped from the cell wall. The sap was directly analyzed
for arsenic. - Both the cytoplasm and cell wall were dried and digested

before analysis. The analysis of live tissue (Juhnson and Braman, 1975)

was attempted on two occasions, but was discontinued due to poor recovery

of arsenic.

2.f Phytoplankton.. Axenic stock cultures: of Skeletonema costatum

isolated by R.R.L. Guillard (clone Skel, WHOI) and Peridiniwm trochoidiwm

(isb]ated by M. Darley, University of Georgia) were maintained in
Guillard's f/10 media (Guillard and Ryther, 1962). The Skeletonema
culture was transferred weekly, the slower gfowing Peridiniwn was
transferred monthly (250 -ul into 50 ml). :Care was taken to use- cultures
of the same age and physiological state for culture experiments, i.e., |
week 01d Skeletomema stocks and 1 month old Peridinium stocks were used.
Inoculum size varied from culture to culture, depending on culture size;
Batch cultures were prepared.in 2, 4, or 12 liter glass vessels.
The medium was‘seawater'co]lected-wé]].offshore, and membrane filtered

to remove all other possible biota. Approximately 20 uM NO3™ and-5i04

were added to promote growth, phosphate was not usually added.

" The inoculum of cells from the stock cultures was designed to give
anjinitial cell dénsity'of ]06 ce]]s;lf]. “A11 cultures were placed in )
large aquaria and maintained at a temperature of 200 C and a light

intensity of 80 uE-m~2-sec™1, Arsenic-was added,-and the cultures were
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-.run‘qntil the population had .reached stationary phase, usually 6 to 8
days. The culture density was monitored daily by measurement of in vivo
~ fluorescence; subsamples were taken periodically for cell counts,
arsenic concentration and speciation, and particulate carbon concentra-
tion. ~After reaching stationafy growth, the cultures were filtered
through cleaned membrane filters and digested as above.

The productivity of various culturgs was determined by the 14¢
‘method. 100 m1 aliquots of cultures wefe,p]aced in 125 ml bottles,
inoculated with 5 uCi of Ve as HCO3™, and incubated in place for 4 hours.
These bottles were filtered, the filters dried, placed in 15 ml of
"Omniflgor";‘and counted in a Packard "Tri-Carb" liqﬁid scintillation
spectrometer. . I .

3. Phosphate-arsenate interactions. A series of experiments was
designed to sfudy the effects of phosphate and As(V) on growth and
nhtrient uptake by Skeletonema costatum. Thirty test-tube cultures:
in duplicate containing approximately 104 cells-ml~1 of P-starved cells
received varying concentrations of As(V) (0, 5, and 25 ug']"]) and
phosphate (0, .007, .02, .07, .17, .33, .67, 3.3, 6.7, and 33 uM).
After 24 hours of incubation, the cultures were fixed with Lugol's
solution and the increase in cell number determined.

. Thps (as As(V)) and 32P'(as PO4) were used to determine the effect
-of As(V) concentration on the uptake of phosphate and conversely, the
effect of phosphate concentrations on As(V) uptake. 100 ml cultures
of ‘Skeletonema costatum containihg approximately 103 qe]lstm1“] Qere
inhoculated with varying concentrations of As(V) (0, 5, and 25 ug-]f]),
phosphate (0, .007,..17, and 3.3 uM), and 10 uCi of 745 per flask, and

“incubated fdr-ZS hours. Periodically, 5 ml aliquots .were removed and
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filtered through 0.4 um Nucleéopore fflters. The filters were placed

in 10 m1 of "Aquasol", and counted in a Packard liquid scintillation
counter. Other cultures Were_preparedAusfng four conceﬁtrations of
As(v) (0, 5, 15, and 25 ug-l']), four phosphate concentrations (0, .007,
.17, and 3.3 um); and 2 uCi of 32P per flask, and incubated for 5 hours.
Periodic samples were taken, filtered, and counted by Cerenkov radiation
in 5 ml of water in the Packard counter:

ABofh the phytoplankton and Valonia grown under arsenic enrichment
were analyzed for C and N fo determine their ratio. 100 ml of culture
were filtered through a tombusted’g]assjfiber filter, dried at 600 C,
and then ana1yzed.in a Perkin-Elmer model 240'e]ementa] analyzer. Whole

Valonia cells, dried at 60° C were placed in platinum boats and analyzed

as above.
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Arsenic concentration and speciation in marine algae

The arsenic concentration of marine algae varies widely (Table 1).
Arsenic concentrations range from 0.4 to 23 ng-mg" in macro-algae
collected on the east and west coasts of North America. The arsenic

speciation also varied, with inorganic species comprising from 1 to 80%

of the total concentration.. Note that inorganic arsenic contains both

the As(V) and As(III) fractions, as the digestion procédure often

~oxidized ‘the As(I11) to As(V). Attempts to determine the As(IIT)/As(V)

ratio by-]ess‘drastic procedures such as grinding the fresh algae in

~0.2N NaOH (Johnson and Braman, 1975) did not give satisfactory results.

| The three algal classes contain significantly different arsenic
concentrations and speciation (Table 1, p > .99). -Brown algae contain
the highest average total arsenic concentration and have the lowest
percentage of inorganic arsenic. Both red and green algae contain
apbroximate]y equal percentages of ﬁnorganiC'arsenic, but green algae
have a higher average total arsenic concentration.
Arsenic concentrations in cultured phytoplankton ranged from 5

(Peridinium trochoidium) to 23 ng'mg"] (Skeletonema costatwm). Arsenic

speciation in both algal species was approximately 50% inorganic, 50%

organic (Table 2).

The cultured Valonia macrophysa had very low arsenic content, 0.16 ~

ng-mg'], 75% of which was inorganic (Table 3).



Table 1. Arsenic concentration and spec! ay1on in marine macro- a1gae Concentration is in ng-mg“.
Classification acccrding to Fritsch, 1971. ‘

% %

» + - Species ~ Collected Total As Inorganic v'_Organic' Comments
CHLOROPHYCEAE . ) | |
Order III - Ulotrichales
Enteromorpha sp. #3 o 1%, 3/77 . 23.3 45 (42-38) 55 (54-56)
Enteromorpha sp. #1 ; 2%, 7777 - 7 0.93 57 (46-68) 43.{41-45)
Enteromorpha sp. #2 ' 2, 7/77 0.97 29 (26-32) 71 (67-75)
. Ulva lactuca = . 2, 7/77 1.19 29 (24-34) 71 (62-79)
Ulva sp. 6%, 7/17 0.56 38 62 .
- - S | 5.39 40 60
s : - | ~10.0 1.8 11.8
Order 1V - C]adophora]es' |
. Cladophora sp. #1 o2, UM 0.96 49 (47-51) 51 (45-57)
Cladophora sp. #2 1, 977 3.91. 49 (48-50) 51 (50-52)
X o 2.44 49 51
s 2.10 1.80 5.00
" Order VIII - Siphonales
. Caulerpa sp. . 3Y, o/76 2.55 39 (30-48) 61 (47-75)
Derbesia sp. 48, /77 "~ 0.61 75 (69-81) 25 (19-31)
Codium fragile 2, 177 3.68 12 (11-13) 88 (82-94)

. .zl



TabIe 1., continued.

Species

Halimeda sp.

Udotea sp.

Valcnia macrophysa. .
Valcnia ventricosa
Anacyomene sp.

X

s
CHLORCFHYCEAE, overall
PHAEOFKYCEAE

Order I - Ectocarpales
Ectccarpus sp.
Haplcgloia sp.
Petalonia sp.

Seytosiphon bullosus

X
s

Order V - Desmarestiales

Desmarestia sp.

Collected
3, 9/76
3, 9/76
4, 1/77
3, 6/77
3, 9/76
1, 3/77
2, 7/77

2, 1/77
2, 7/77

2, 111

o/
n

Total As Inorganic
1.47 37 .(36-38)
2.04 75 (69-81)
0.17 76 (73-79)
3.14 34 (33-35)
0.58 79 (34-96)

.78 52
1.30 26.4
3.10 48
22.2 53 (50-56)
3.83 51 (46-56)
3.21 33 (31-35)
7.44 . 24 (22-26)
9.17 40
8.90 13.5
2.68 30. (22-38)

%
Organic

63 (54-72)
25 (20-30)
24 (18-30)
66 (60-72)
21 ( 4-66)

48"
27.2

52

47 (46-48)
49 (44-54)
67 (65-69)
76 (70-82)

60
3.7

70 {62-78)

-~

Comments

Calcareous:

Calcified - -

€L



Table 1., continued.

Species
Order VI - Laminariales

Cymathere triplicata
Postelsia palmoeformis
Nereocystis luetkeana -
Macrocystis pyrifera
Alarta marginata
Alaria marginata
Eisenia arborea

X
S
“Order VIII - Dictyotales

Dictyota sp.

Order IX - Fucales
Ascéphyllﬁm sp.

Fucus sp. #1
Pelvetiopsis limitata
Fucus sp. #2

X
s

PHAEOPHYCEAE, overall

Collected

7/77
/77
7177
1/77
177

Qe
-

-

7/77

Tctal As'

%

Inorganic

/77

10.3
5.88
20.6
23.0
20.6
18.9
5.58

15.0°
7.50

6.68

12.5
1.06
5.23
. 19.0

9.45
7.90

-—
= JTON N — O -~

~nN

— . —

| PO -
e e ]
N S
Sa® .

[eoN o] ON P —— 00N
!
—_ OO | —ie—

W
o

23

3

38 (21-55)
26 (26)

14

24
19.5

21

. .

Organic |

79 (71-87)
91 (88-94)
83 (85-93)
98 (97-98)
95 (95-96)
95 (92-98)
99 (97-100)

92
7.60

i

€2 (61-63)
74 (71-77)
76
13.8
79

Comments

Blades
Blades

Blades
Sporophylls

‘vl



Table 1., continued.

Species

* RHODOPHYCEAE

Sub-Class I - Bangioideae
. fbrphyra nereocystis
" Sub-Class II - Florideae
"Order IV - Cryptonemiales
Corallina sp.
.Order V - Gigartinales
Iridaea cornucopiae
Nzoagardhiella sp.
Sracilaria blodgettii
X
s
. Order VI - Rhodymeniales

Halosaceion glandiforme

Collected

2,. 7/77

2, 1/77

s 1/77

2
-3, 1/78
3

s 1/78

2, 7/771

%

Total As Inorganic
3.16 48 (47-49)
0.43 28 (23-33)
1.80 29 (27-31)
0.65 22 |

- 2.23 40
1.56 29
0.82 . 6.80
1.02 38 (31-45)

4
Organic

52 (46-58)

72 (67-77)

71 (68-74)
78
60

7.
6.90

. 62 (51-73)

Comments

Calcareous

]



Table 1., continued.

Species Collected

Order VII - Ceramiales

Antithamion sp. 2, 1/77
Microcladia sp. 2, 7,77
Ceramium sp. 3, 1,78
Chondria sp. #1 3, 1,78
Chondria sp. #2 3, 1,78
X
S

RHODOPHYCEAE, overall i

1* - Skidaway River ,

2% - Vancouver Island, British Cclumbia
3% - Florida Keys _

46 - Carolina Biological Supply Company
50 - Southern Califo=nia:

6% - Fort Pierce, Florida

77 - Woods Hole, Massachusetts

8% - Maine

g

Total As  Inorgani
1.44 22 (19-25)
0.73 67 (51-83)
0.89 38
0.73 65
3.04 75
1.37 51
0.98 - 24.7
1.40 43

Organic

78 (73-83)
33 (32-34)

62
35,
25

49
123.0

57.

Comments

I T



‘Téble 2. As spe61at1on in cells gfown in enriched As med1a As concentrations in ng* mg'1
Al cu]tures were S. costatum except PT-9-77 was P trochoidium.

As (V) Enr1chment

As(V) R Inofganic Organic ' Y 2
Cu1ture F]ask Added, pg-1- As | % , As (%) Total ~of Control

2-77-AS A 0 10.8 {(10-11.5) 49 11.2 (8.7-13.5) 51 22.0 ---
: [ 6 7.2 {6.7-7.6) 23 26,3 (24-24.6) 77 31.5 143

C 12 11.0 (9.4-12.6) 35 20.0 (18.1-21.9; 65 31.0 141

D 25 9.6 (812-10.9) 32 20.2 (18.6-21.8 68 - 29.8 135

| ,8,C,0 9.3 30 21.5 70 30.8 140

SC-3-77 A 0 7.3 (5.8-8.8) 33 4.7 (14.6-14.8) 67 22.0 ---
. B 12.5 8.2 (8.0-8.4) 29 20.4 (18.3-22.5) 7 28.6 130
c 25 8.8 (8.2-9.4) 30 20.4 (19.2-21.2) 70 29.2 133

A %,8,C 8.5 29 20.4 71 28.9 131
PT-9-77 A 0 2.3 (2.3) a5 2.7 (2.0-3.4) 55 5.0 ---
C 5 5.9 (5.8-6.0) 37 10.3 (9.7-10.8) 63 16.2 323

D 10 25.3 (22.7-27.9) - 57 18.8 (14.9-22.8) 43 44.1 880

B 22.5 35.3 (30.3-40.3) 55  28.4 (26.7-30.2) 45 63.7 1270

%,C,D,B - 50 - 50

‘(1



Table 2., continued.

“As(III) Enrichment

DMA Enrichment

‘ As(III) Inorganic
Culture Flask Added, ug: -1-1 As
SC-4-77 A 0 14.6 (12.9-16.2)
B 1 20.8 (18.5-23.2)
C 20 25.8 (25 2-26.5)
%,8,C
DA fnorganic
Culture Flask Added, yg: .1-1 As
5C-4-78 B 0 © §.35 (8.10-10.6)
. C 5 1G.6 {9.80-11.4)
D 12 1C.3 (10.1-10.5)
x,C,D

(%)

42
47

- 44

46

0rgan1c
As

11.3 (10.8-11.9)

15.2 (14-16.4)
22.8 (21-24.7)

b4

Total of Control
25.9 - .-
36.0 139
48.4 187
4

Tota1 of Control
22.4 -
22.6 10
23.5 105

'8t



Ta5le 3. As conten:i and speciation in Valonia cells grown in'med1a enriched with As for 34 days.
concentrations in ng-mg-1 fcr cell wall and cytoplasm, ug-1~ for sap and culture media.

Cell Wall and‘Cytop1ésm

Enriched - As ] Inorganic Organic
. _As sp. Added, pg-17"' _As : % : As (%) Total
~ Control ‘ 0 0.12 (.12) : 75 0.04 (.01-.06) 25 0.16
hs(V) 15 .71 (.57-.86) - 52 .66 (.46-.86) 48 1.37
As(11I) ‘ 15 - 1.78 (1.44-2.12) 64 .98 (.94-1.02) 36 2.76
DMA 15 .22 (.03-.41) - 59 15 (

14-.16) a1 .37

Vacuolar Sap

Enriched As -1 Inorganic - | Organic

A5 sp. Added, ug-°1 As %) .. As (%) Total
Control 0 .9 - 39 1.4 61 2.3
As(V) 5 .7 26 2.2 76 2.9
As(III) 15 4.6 70 2.0 30 6.6
oA - 15 .2 1 14.0 99 14.2
. ~ Culture Media _
Erriched As ] Inorganic “ Organic ,

As sp. Added, ug-1~ As (%) As- (%) Total
Control 0 .03 ~100 trace 0 >.03
As(V) 15 - 2.04 49 2.09 51 4.13
As(III) 15 ' 4,72 - 84 I 16 5.63

DMA . 15 21 3 6.40 97 6.61

‘61
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.Arsenic uptake by phytoplankton and Valonia

| 1. AS(V). Phytoplankton batch cu]turesAsubjected to added amouhts
of As(V) take up_additiona] arsenic during the log phase of growth.
Studies using 74As(as As(V)) indicate that the net uptake rate varies from
0.15 ng~As(V)-hr'1-106 cells=1 in unenriched cultures to 2.3 ng As{V)-hr-]

106 cells-1 in cultures containing 25 pg-]"l (Tab]e 4, Figure 1).

- Cultured Skeletonema costatum increase their arsenic concentrations

approximately 40%, from 22 to 29 ng'mg‘1 (Table 2, cu]tures'2;77-As,
5C-3-77) in response to arﬁcnic additions of 6 to 26 Mg'1-]a This
arsenic fncrease appears to be largely independent of external arsenic
éoncentnations, above 6 ug:]‘] As(V) added.: Peridinium tr&éhoidium,

on the other hand, qoncentrated large amounts of arsenic, and the concen-
tration within the cells varied directly with the As(V) concenfration of
the media (Table 2, éu]turg PT-9;77). Enrichments of up to 10 times
occured when culture medium was enfiched with 22 ug']'1 As(V).

2. As(III). When cultures of S. costatum were enriched with As(III)

(Table 2, culture SC-4-77), cellular arsenic concentrations also increased

as above, about 40% with an enrichment of 1 ug-1'1, and 90% with a 20
ug'I'] enrichment.” |

3. DMA. Cultures grown under cdnditions of DMA enrichment showed
no increase in cellular arsenic concentration over the contrcl (Table 2,
culture SC-4-78).

- Additions of phosphate to culture ﬁedia affected the uptake of
74As(as'As(V)), at the several different arsenic concentrations tested
(Table 4, Figure 1). Increased phosphaté concentrations significantly
decreased the uptake of arsenic in the culture (p > .90-.99). Phosphate

enrichment also reduced the total arsenic concentration found in S.
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Table 4.. The uptake of 74p¢ by Skeletonema costatum subjected to a
variety of As and P04 concentrations, and linear regression analysis’
of the particulate activity over time. Significant differences
between the slope of the control flask (no P04 addition) and the
treatment flasks are indicated.

As(V).  POg, ugigxg ng As-hr=1. Significance
Flask g-1-1 M ng-hr-1 . 106 cells-] t of t |
AA 1.6  0.07. 1.3 15 ———- e
B .5 .08 1.2 14 1.34 .80 < p < .90
AC 1.5 .24 1.2 4 .94 .80 < p< .90
A 1.5 3.4 1.1 13 1.90 . .90 < p < .95
AE . 6.5 .07 5.2 .61 S —
AF 6.5 .08 4.4 .52 2.72 .95 < p < .975
AG 6.5 .24 5.1 .60 - .34 .60 < p-< .70
AH 6.5 3.4 4.9 .58 - .81 .70 < p < .80
Al 26.5 .07 20 72 T —
‘AJ . 26.5 .08 16 - 1.9 2.09 .95<p< .975
AK 26.5 .24 19 2.2 .3, .60 <p<.70
AL 265 34 1 1.3 9.15 p > .99%



Figure 1. The effect of external As(V) concentration (in ug‘l']) and
phosphate concentration: (in uM) on the AE(V) uptake'rate,nj{ of
Skeletonema costatum (in ng As(V)-hr']'lo6 cel]s']). Both significantly

affect the uptake rate (p > .99).
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costatum grown under arsenic enrichment (Table 5), by an order of hagni-
tude compared:to ceiis.grown wifhout phosphate enrichment (Table 2).

The 1increased uptake of the various arsenic species from the culture
media was small in comparison to total arsenic concentrations, so conse-
quent]y,-tota] arsenic concentrations .in the‘various cultures remained

unchahged (approximately 10 mg cells per liter, uptake of approximately -

10 ng/mg = 100 ng, or less than 2% of total arsenic).

The uptake of arsenic by Valonia macrophysa i$ much slower however,
ce]]s grown 1in arsenic-enriched media for a period of 34 days (Table 3)
did increase their arsenic content cons1derab1y. Cells grown in either
As(11I) or As(V) enriched}media showed - 1arge increases in ersenic content,
while cells grown in media enfiched with DMA showed very little uptake.

The increase that occured in Valonia cells was found primarily in
the cell wall and cytoplasm. The central vacuole, which originally had
been postulated to be a storage area for excess arsenic had concentra-
tions three orders of magnitude Tess than the cell wall and cytoplasm, '

the arsenic concentration and speciation was similar to the concentration

“4in the surrounding medium (Table 3). The reduetion in total arsenic in

the medium was due to uptake by the Valonia, and not to loss of any kind

from the culture dish.

Arsenic cpecwatmn changes

Arsenic spec1at1on within the cell changes when cells are grown in

arsenic enriched media. The inorganic/organic arsenic ratio in

Skeletonsma cootatwn changed significantly (.90 < p < .95) from

approxfmateTy 45/55 to 30/70 when grown in media enriched with As(V)
(Table 2). No speciation changes were seen when S. costatum was grown

in an As(III) or DMA enriched medium, or when Peridiniwn trochoidium was



Tabie 5. As content and speciat‘on in 5. costatum cells grown in media enriched with As(V) and phosphate..
As concentrations in ng-mg~

As conc P con

? Inorganic Organic : % -
Flask _pg-1-1  pg-17' As:P04 As (%) As (%) Total of Control
A 0 16 1:15 1.04 (.64-1.44) 70 0.45 (.3-.59) 30 1.49 -——-
B 15 16 1:1 1.55 (1.41-1.69) 64 .86 (.7-1.03)} 36 2.41 162
c - 15 3 5:1 1.39 (1.23-1.55) 63 82 (.8-.83) 37 2.21 148
C 15 82 1:5 1.51 (1.23-1.79) 72 59 (

.45-.73) 28 2.10 14

"t
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grown in an As(V) enriched medium (Table 2).

V&Zonia cells grown in arsenic-enriched medium had significant
(p > .95) 1norgan1c/organ1c arsenic rat1o shifts of 75/25 to 58/42,
with the largest change occurring under As(V) enrichment (Table 3).

Arsenic speciation changes within the seawater med1um are much mQEe
drastic (Table 6). After one week of Skeletonema costatum growth, the
concentration of As(V) in the medwa is reduced by approximately one-half,
while both As(III) and DMA increase. Flgureo 2 a,b,c show the rate at
which the above speciation changes occurred in SC-1-78. It is interest-~
jng to note that all of the As(V)vreduction (and subsequent iricrease of

As(II1) and DMA) occurs during the log phase of cell growth. No As(V).

" reduction occurs while the population is in the stationary growth phase.

When cultures were enriched with As(III), as in SC-4-77 (Figure 3),
the As(III) concentration rapidly decreased with time. This decrease is
due mainly to the chemical oxidation of As(III) to As(V) (Figure 4,

discussed below) and is difficult to separate from any bib]ogical]y

. mediated transformations. However, the concentration of As(III) in the

control sample did increase (Figure 3), and DMA increased in all three

flasks.

No significant speciation changes occurred in cultures that had

been enriched with DMA (Table 7), other than the changes caused by the

addition of the DMA itself.

Chemical oxidation of arsenite '

The chemical oxidation of As(III) was studied by adding 5 ug-17' of

As(III) to filtered seawater that had been treated in 3 different ways:
1) glass fiber filtered, 2) filtered then autoclaved, and 3) filtered

then UV irradiated. These three samples were.placed in 2 temperatures,



Table 6. As speciation changes in culture media, culture SC¥3—77, one Yeek after
-inoculation with Skeletonema costatum. As concentrations in pg-1-'. :

As(V) - As(I1I) '- DMA

Flask . uge1”! () pg1-l (3) pg-1-1 (%)
A, no As 1.2 80 2 8 .18 12
A, control 1.1 74 12 8 .27 18
B, 12.5 ug As(V)/1 7.0 50 2.5 18 4.5 32
B, control 12.5 89 .56 4 .98 7
C, 25 g As(V)/1 10.6 40 7.2 27 8.5 32
C, centrol . 23.6 11 4 1.9 7

‘92



Figure 2. Arsenfc speciation changes with~time in a Skeletonema costatum
culture, SC—i-78. 2a. Reduction of As(V). 2b. Formation of As(III).

2c. Formation of DMA. Quantities are expressed as % of total aksénic.
Arsenic enrichment: A-no As(V) added, B-5 pg As(V)-]'], C-25 ug As(v)-1-T.

Total arsenic remained unchanged during the course of the experiment.
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Figure 3. The oxidation of As(III) with time in a Skeletonema costatuml

culture, SC-4-77. Arsenic enrichment: A-no As(II11) added, B-1 ug As(III)-

171, €-20 yg As(111)-17.
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Table 7. As speciation chances in culture SC-4-DMA-77, at beginhing of experiment, f

and 7:days after inoculation with Skeletonema costatum. As concentrations in

ué-T']. - - . ) '

| o As(v) C o As(IID) oM L L

Flask’ - pg-1-1 B pgddd & pgdl (®)
A, no DMA - 1.2 79 s 9 a8 2
A, after 7 days - 1.2 80 o ..06 ' 4 § .24 - 16
B, 5 ug DMA/1 1.2 18 .26 & 51 718
B, after 7 days 2.1 33 .32 5 4.0 62
C, 10.pg DMA/1 .~ 2.3 2 .34 3 .89 7
Cy after 7 days 2.9 2 .46 4 . 8.2 71

"LE
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170 and 279 C, and allowed to incubate for 50 days. Aliquots were
W1thdfawn at frequent intervels; and-the arsenic speciation determined.
The chemicelloxidation of As(iII) was found to be slow; concentrations
decreased exponentially (Figure 4), There was no significant difference .
~ between the rate of oxidation in any of the three treatmehts, but the
oxidetion_rate was somewhat faster at 279 C (significance, .80 < p < .90).

The equations generated for the~two different, temperatures'are:

log ¥ = -0.0126 X +1.77, at 179 C, and - (1)

log Y = -0.0161 X + 1.49, at 27° C, (2)

where X is time in daye‘and Y is As(III) expressed as % of total arsenic.

Speciation changes in controlled ecosystem enclosures (CEPEX)

"The COntro]]ed'Eeosystem Poi]ution EXperiment (CEPEX) is e
cooperative, multidisciplinary Eesearch effort designed to test. the
“effects of chronic exposure to lew levels of po]]utants on pelagic
. marine organisms" (Menzel and Case, 1977). |
As part of the on-going CEPEX project, three %-sca]e enclosures
4 (68 m3) were used to study the biogeochemical eyeling of arsenic. .The
enc]osuree are described in detail-by Menzel and Case (1977). One
enclosure was used as & coﬁtro] ‘while the other two received arsenic
enrichments of either As(V) or As(III) equa11ng 5 ug-1- 1. Arsenic
concentrat1on and specwation, nutrient concentrat1on, ch]orOphyll a,
partlculate carbon, and phytOplankton abundance and productivity were
monitored periodically from 30_Jﬁne to 21 July 1977. The total arsenic
concentration of both enc]osures did not vary during the course of the o
experiment. ' .

" The speeiation of arsenic in»the'contro11ed ecosystem enclosures

(CEE).fo]lowed a pattern'similar to that seen in cultures, but the



‘Figure 4. The chemical oxidation of As(I11) at‘17° and 27o C over the

long term. F=filtered, UV=UV irradiated, A=autoclaved
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- speciation changeé were not as large. CEE-B, which received As(V)'
enfichment.equiva]ent'to 5 ug']'], had a gradual, significant.(p > .999)
decrease in.the As(V) concentration from a maximum of 88% of total
arsenic at the start of the experiment to a minimum of 72% on 11 July,
lZAdays after As(V) addition. After this period, no significant changes
in arsenfc speciation océured (Figure.S). Although the enclosures were

- sampled at three different depths, no significant differences were Seen
between them, and the results from all depths were averaged. Primary
productivity in CEE-B increased until 11 July, and then decreased (not
shown). Both As(III) and DMA increased steadily during the 21 days from
approximately 6 to 14% of total arsenic. » ’

Arsenic speciation changes in CEE-C, the enc?osure contaiﬁing
5 ug‘]'] of As(III) was quite different (Figure 6). As(III) concentration
decreased from an initial 82% of total to 24% by 11 July, then began to
in;rease slowly. Arsenafe increased with decreasing As(III), and thenv
decreased slightly. DMA 1ncreased from approx1mate1y 4% to 12%.

Arsenmc concentratinn and qper1at1on in the surround1nq Saanich
Inlet did not vary during the course of the experiment. Total arsenic
concentration was 1.41 ug'l’l, with'As(V) equaling 1.16 ugTT']. Small
amounts of As(III) (0.06) and DMA (0.19) were also present.

Bacterial interactions with arsenic speciation

On one occasion, freshly collected offshore water was filtered
'through a 0.6 um Nucleopore f%]ter This filtration effectively removes
autotrophs, but 1eaves 60- 804 of all bacterial activity (Azam and Hodson,
1977). The water was placed in a 2 liter ‘flask, and incubated just as

the phytop]ankton cultures.

" ‘Culture BAC-4-78 was monitored for 10 days. No significant changes



Figure 5. Arsenic speciation changes with time, expressed as % of
total arsenic, and phytoplankton'carbon, in mg C-l'], in CEE-B.

5 ug As(V)'1-] were added on 20 June 1977,
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Figure 6. Arsenic speciation changes with time, expressed as % of

total arsenic, in CEE-C. The calculated As(III) oxidation rate is

-also plotted. 5 ug As(III)ol'7 were added on 30 June 1977,

&



in arsenic speciation occurred during this period. Arsenate remained about

1 ug-1-1, As(1II) éveraged 0.09 ug-]'], and DMA remained at 0.20 ug-l'l;

Arsenic volatility

. In December 1977, a 12 liter culture of Skeletonema costatum Was
'grown in media énriched with 25 ug-1-1 of As(V) to determine if arsenic
is volatilized by phytoplankton. After the cu1ture‘reached stationary
growth, the airspace was pumped througHAa silver coated, glass bead
packed tube (Braman, 1975) which adsorbs arsenic species. The tubes

were then rinsed with a 2N NaOH solufion to remove the arsenic. - The
resulting solution was then neutralized, and analyzed for a;senic species.
No volatile species were released, even though a large amount of arsenic

was reduced by‘the culture.

‘C:N ratio .
| The C:N ratio in Skeletonema costatum and Valonia cultured in
enriched arsenic media was found to vary significantly from the control
(Téb]e 8). In both cases, the C:N ratio of'cells.grown in As(V) was "
less than cells grown in other enrichments, or in control media. Tﬁis
reduction of the Eatio was primarily-due to reduction~in the carbon

content of both the Valonia and the Skeletonema cultures.

Arsenic inhibition of productivity

The effect of arsenic on primary productivity over the gntire growth
" cycle was evident in cultures enriched with As(V). Growth rate in

culture 2-77-As (Figure 7, Table 9) was significantly inhib{ted'by concen-
trations greater than'12;5 ng-1-1. It is ﬁnterestiﬁg to note that the
lowest As(V) addition, 6 ug-1-1, caused a significant grbwtﬂ enhance~

‘ment; however, this population peaked four days early and did not



Table 8, Carbon and'Nitrogen content of Valonia and Skeletonema
costatun grown under conditions of As enrichment.

-Vhlonia .

As added, ug.1-1 %C N C:N
Control, no As 14,8 & 2 1.3+ .15 11.4:]
As(V), 15 8.8+0 1.6 + .1 5.5:1
As(III), 15 14.3 £ 2.5 1.2+ .1 11.9:1
" DMA, 15 14.8 + .3 1.7 £ .1 8.7:1
Skelefonema costatum
As added, pg-17} €, mg-1-] N, pg-1-) C:N
Control, no As 2.17 + .06 115 +-.5 19.7:1
As (V), 25 1.07 * .05 120 = .7 13.3:1
As(II1), 20 2.71 £ 0 145 + .3 18.7:1
" DMA, 20 2,29 + .13 104 + .8 22.2:1



Figure 7. Re'lativg‘ growth of a Skeletonema costatwm culture, 2-77-As.
Arsenic énm’chment: A-no As(V) added, B-6 ug'As(V)-l-], C-12 ug As(V)-
17V, D-25 ug As(v)-171.
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‘Table 9. Linear regression analysis of log transformations (log
relative fluorescence versus time) of batch culture growth curves
durin? the ]o% phase of growth. Significant differences between
the slope of the control flask and the treatment flasks are indicated.

2-77-As (As(V) enrichment, Figure 7)

Added
As(V)1 o Y Significance
Flask =~ ug-1- Slope Intercept t of t
A 0 .09 1.2 -——- . eemeee-
B 6.2 .16 1.1 2.98 . .975 < p < .99*%
c 12.5 .06 1.3 1.86 p=.95
D 25 .06 1.1 2.22 .95 < p < .,975

*B has greater slope than control, indicating increased growth due to
As(V) addition; however, see text.

SC-3-77 (As(V) enrichment, Figure 8)
Added

As(V) Ly | - Significance
Flask  wgq 11 Slope  Intercept  _t_ of t
A 0 .09 2.1 . [
B 12.5 04 2.3 89  .995 < p < .9995
2.3 12.7 .95 < p < .9995

C 25 -.08.
PT-9-77 (As(V) enrichment, Figure 9):’
Added -

As(V) ) Y Significance
Flask Eg-]-1 Slope Intercept t of t
A 0 13 0.8 --- . mme————
B 2.5 . .10 1.1 .65 .70 < p < .80
C 5 .12 0.9 1.58 .90 < p < .95
D 10 13 0.8 77 .70 < p < .80
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enter a stationary growth phase, but inmediately died. Inhibition of ‘

growth following -As(V) addition‘was also seen in cultures SC—3-77
(Figure 8, Table 9) and in PT-9-77 (Figure 9, Table 9), although the
“significance of the inhibition was not as strong in the latter.
Arsenite additions also caused significant growth inhibition, as

| demonstrated in culture SC-4-77 (Figure 10, Table 10). Enrichment with
OMA, however, apparently had nd effect on growth (Figuré 11, Table 10).

Arsenic additions also affected short-term productivity, as méasured
by 14¢ uptake. Arsenate additions of 5 ug-]'] or greater significantly |
inhibit carbon uptake by cells dufing both log and stationary growth
phases (Figure 12),' Arsenite also inhibits carbon uptake (Figure 13),
however, DMA additions.apparently do not significant]y affect product-
ivity (Figure 14).

Addiyioﬁs of phosphate (20 uM) to the média eliminated the As(V)
inhibition of carbon uptake (Figure 12). Cultures grown under conditiqns
of phosphate enrichment of 0.1 to 2.5 uM (SC-11-77, Figure 15, Table 10),
" were also not affected by As(V) additfons of 15 ug-1"Y.  The culture
in flask D was even stimulated because of the higher‘levei of phosphate
present.

The results of the As(V)-phosphate test-tube experiment indicate
the reduction of arsenic toxicify by increased concentrations of phos-
phate. The growth rate (u) of test-tube cultures grown under varying
As(V) and phosphate concentrations Was calculated using the following
~équation:

(Inng - 1In no)
p (in divisions per day) = 35 --c-cmccmeomco (3) . l

(Eppley and Strickland, 1968), where ny = population density at time t,



Figure 8. Relative growth of a Skeletonema costatum culture, ‘SC-3-77.
Arsenic énrichment; A-no As(V). added, B-12.5 ug As(V)-1'], C-25 ug -
As(v)-1-]. '
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Figure 9. Relative growth of a Peridiﬁium trochoidium culture, PT-9-77.
Arsenic enrichment: A-no As(V) added, B-2.5 ug As(V)‘l"I (on day 6,
20 ug-1-" added), C-5 ug As(V)-17}, D-10 ug As(v)-17'.
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~ Figure 10. Relative growth of a Skeletonema costatwm culture, SC-4-77.
Arsenic_enrichment: A-no As(III) added, B-1 g As(II11)*17', C-20 yg
Cas(uin-at.

- v



a.

W

RELATIVE FLUORESCENCE

N
o @
1 . |

o
o .

A As(lil)= 0.1 ugeI~!

'\):"‘A" B As(l)= L} ugeli-!
So ¢ As(i)=20. ugel-!

0 — ] AI i
0 4 6 8
| DAYS



45.

Table 10. Linear regression analysis of log transformations (log
~relative fluorescence versus time) of batch culture growth curves

during the log phase of growth. Significant differences between

the slope of the control flask and the treatment flasks are indicated.

SC-4-77 (As(III) enrichment, Figure 10)

Added _ ~ : L S
As(III? ~ Y Significance
Flask _ug-1- Slope Intercept t of t
A -0 . .09 1.9 ———- e '
B 1 .08 1.9 ' 1.03 . .80 < p <..90
C - 20 05 1.9 4.78 .995 < p < .9995

SC-4-DMA-77 (DMA enrichment, Figure 11)

Added :
DMA Y Significance
Flask Apg-lf] Slope Intercept t of t
A 0 .M . 2.0 e :
C

10 RN 2.1 .220 p < .60

SC-11-77 (As(V), PO4q enrichment, Figure 12)

Added . Added . ' -
As(V) P04, Y . Significance

-FTaSk Eg']’] uM Slope - Intercept t of t
A 0 0.5 - .22 21 O
B 15 0.5 .21 2.1 194 p < .60
c , 15 0.1 21 2.1 221 p < .60
D 15 2.5 ©.25 2.1 .606 .70 < p <.80*

*D has greater slope than control, indicatipg enrichment caused by
excess POg. ; :



*e

~ Figure 11. Relative growth of a Skeletonema costatum éulture, SC-4-DMA-77.

1

Arsenic enrichment: A-no DMA added, C-10 ug DMA-1"'. Culture flask B

received a smaller inoculum of cells, and is not shown.



46.

RELATIVE FLUORESCENCE

500 -
300 -
100 - ' o—,—oA—CONTR'OL, DMA=0,2ug-l-!
‘w--aC-DMA=10ug--!
O 1 ¥ T
0 2 4 6



Figure 12. Four hour ]4C uptake by Skeletonema costatum cultures in
both log and stationary growth phase that have been exposed'to As(V)
additions. Expressed as % of control activity. Each point is the

average of 5 feplicate determinations. The effect of additional

phosphate (20 uM) is also shown. The reduction in uptake is significant

(p > .99).
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Figure 13. Four hour 14c uptake by Skeletonema costatum cultures in
both log and stationary growth phase that have been exposed to As(III)
additions. Expressed as % of control activity. Each point is the |

average of 5 replicate determinations. The reduction in uptake is

significant (p > .99).
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Figure 14. Four hour [0 uptake By Skeletonema costatwn cultures in
both Tog and stationary growth phase that have been exposed to DMA
additions. Expressed as % of control activity.  Each point is the

average of 5 replicates. There was no significant reduction in

" activity (p < .60).
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Figure 15. Relative growth of a-Skeletonema costatum culture, SC-11-77.
Arsenic enrichment: A-no As(V) added, B-15 ug As(V)°1'1, C-15 ug As(V)-
11, D-15 ug As(V)-17'. Phosphate enrichment: A-0.5 yM P, B-0.5 uM P,

C-0.1 uM P, D-2.5 uM P.
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n, = popuTation density at time 0, and t = hours; The results are o
plotted in Figure 16, for each As(V) concentration. A two-way analysis
of variance of u by AS(V) and phosphafe, including the AS(V);phOSphate
interactions, indicates that both significantly affect u (Table 11).

A Linéweaver-BuEk plot of 1/u versus 1/P (Lehhinger; 1970) gave good
correlations (r = .97-.98). This plot allows ca]pulations of dpax and
K» the concentfation of substrate at which u =‘]/? Ymax» for each 6f the
As(V) concentrations (Table ]2).A The plots show fhat moderate additions ~
of As(V) increase K, without affecting umax..,Large additions of As(V)
not only increase KS’ but also depress umax- A |

The effect of As(V) cohéentrations on uptake of phosphate by
phytoplankton was studied by examining uptake-ofA32P in Skeletonema
costatum.cultures subjected to various levels of As(V) and phosphate
. (Table 13). Arsenate additions at each feve] of phosphate concentration
caused significant (p > .95) decreases in phosphate uptake. The
phOSphate uptake in unenriched cultures (P = 0.07 uM) averaged 3.5 nM ?-

' hr'1-105 cells). The addition of 25 ugq As(V)‘l'].reduced the uptake

by approximately one-half to 1.7 nM P~hr"‘1-106 ceTls'].

Similar
veductions in uptake rates due to As(V) additions accurred even under

phosphate enrichment (Table 13, Figure 17).



Figure 16, The growth rate, yu, in divisions per day, of test-tube
~cultures of Skeletonema costatum exposed to varying levels of As(V)_
and phosphate-enrichment. Arsenic enrichment: A-no As(V) added,

B-5 ug As(V)-17T, C-25 ug As(V)-17).



P CONCENTRATION,

2.0
2 s
o . e 7 »5‘
>
<
o
(0 o
88
W
N
<
O
@
=
8 05-
S S A
0 1 T ‘ » $
0 05 1o T 34

uM o



53.

Table 11. Two?way analysis of variance of u by As and P04, including
As-P interactions in the As-P test tube cultures of Skeletonema

costatum. '
Source of Variation F Significance of F
As © 26.26 000
. POy 13.62 .001
As-P interactions 3.06 .005

Table 12. Kg and upyy for phosphate uptake by Skeletonema costatum
calculated using a Lineweaver-Burk plot for each As concentration
in the As-P test tube experiment. :

As conc . K
ug-1-1 - Kg, uM Umax
0 : 02 1.80
5 .08 1.78

25 - .61 1.68
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Table 13. The uptake of 32P by Skeletonema costatum subjected to a

variety of As and POg concentrations and linear regression analysis
of the filtrate activity where Y = In filtrate activity. Signifi-
cant differences between the siope of the control flasks (no As)

" and the treatment flasks are indicated.

As(V) POs, _4ugggke, nM P-hr=1- Significance

Flask pg-1-1 uﬁ nM-min'] 106 cells-] t of t. '
PA 1.5 0.07 .36 3.5 S

PB 6.5 .07 .23 2.2 14.5 p > .995

PC 16.5 .07 a8 . 1T 5.42 .99 < p < .995

PO 26.5 .07 .18 1.7 3.27 .975 < p < .99

PE 1.5 .08 .55 5.3 —— R

PF 6.5 .08 .48 4.6 1.18 .80 < p < .90

PG 16.5 .08 .33 3.2 2.51 .95 <p< .975

PH  26.5 .08 28 2.7 4.23 .975 < p < .99

PI 1.5 .24 .38 3.7 e mmemeen

PJ 6.5 .24 .14 1.4 3.22 .975 < p < .99

PK 16.5 .24 .07 0.7 5.54 .995 < p < .9995

PL. 26.5 .24 Jo L9 5.20 .995 < p < .9995

PM 1.5 3.4 1.9 0 N5 eeee e

PN 6.5 3.4 . 7.8 76 1.89 .90 < p < .95

PO 16.5 3.4 5.8 56  4.07 .99 < p < .995

PP 26.5 3.4 5.8 56 13.3  p > .9995



Figure 17. The effect of external phosphate concentration (in uM)

and As(V) concentration (in ug°1']) on the phosphate uptake rate,n),

of Skeletonema costatum (in nM P‘hl"-]"IO6 Cen's'1). Both significantly

affect the uptake rate ( p > .99).
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DISCUSSION

Thé cdncentration and speciation of arsenic'in marine algae}varies
widely. Since total arsenic concentrations in ;eawater are relatively
constant, between 1.0 and 1.5 ug-l'] (Waslenchuk, 19?7, in press; Andreae,
1978; this study), variations in its concentration in algae are probably
not due to differences in natural levels. This conclusion is supported
by the observation that arsenic concentrations in algal species collected
from a sing]é location vary widely (Table 1). |

The significant variation in arsenic concentration and sbeciation
befween algal classes is especially striking in the brown algae, in
particular the Laminariales (kelps). 'In this order the inorgdnic to
organic ratio is 10/90, and the total arsenic concentration averages
15.0 ng-mg ], much d1fferent than observed in other orders. |

Vinogradov (1953) reported differences in the total arsenic
-1

concentration of macro-algae, with browns containing 7.6 ng-mg , red

algae 4.2, and green algae 3.8. Tagawa and Kojima (1976) also found
that brown algae contained significantly more arsenic than did red or
green algae (34 ng-mg’] versus 4), and that the arsenic content
increased with the age of the plant. Further study is required before
a complete understanding of these observations can“he gained.

It is 1nterest1ng to note that phosphorus content of macro-algae
varies similarly with arsenic. Data presented by V1nogradov (1953) for
the brown, red, and .green algae, and by Whyte and Englar (1974, 1975)

for the brown algae show that thé latter contain more phosphorus (as %
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dry weight) than either red or green élgae (0.37% versus .24 and .26).
Although the means are not significantly different (.75 < p < .90, with
the available data),:the tfehd is the same és thaf found for total

arsenic. - R . |
The growth of phytoplankton and V&Zonié in media enriched with_As(V)
© .in most cases caused both an increase in total -concentration and a shift
in the inorganic/organic ratio towafds a gfeater proportion of orgahic
arsenic. The uptake of arsenic by Skeletonema costatwn is rapid, ranging
from 0.15 ng As(V)-hr“]-lo6 cells~1 in unenriched cq1tdres to 2.3 ng
As(V)-hr-1.106 cel1s-] in cultures containing 25 ugAAs(V)-1°] (Table 4).
In Skeletonema costatum, this uptake resu]fed in total arsenic concentra-
tions approximately 30% higher in enriched cultures than in unenriched
cultures. The uptake by Peridinium trochoidium was different from that
of Skeletonema costatum in that arsenic was concentrated to a much gréater
extent, and increased As(V) concentrations in the media led to increased
ce11'cdncentrations. | |

Andreae (in press) recently combleted éimi]ar studies on /%As (as
As(V)) uptake.by Platymonas suecica. At ambient arsenic concentrations,
he found a rapid initial increase over the first 2 minutes, then a |
constant uptake equiva]ent'to 0.003 ng As(V)~hrj']'106 ce1ls°], or
approximately 50 times iess than the uptake measured above for Skeleton-
ema costatum. . Although not evident from the presentation, the lower
uptakelrate could bé;dﬁe to the much higher phosphate concentration; in
| the culture media,.and also to the different algal species used>
The uptake of AékV) is dependent on both the As(V) and phosphate

concentrations in the media.  Radiotracer experiments have shown that

‘ increased As(V) concentrations caused increased uptake, and at each

1
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arsenic1coﬁcentfationAstudied; increasing phosphaté concentration de-
creased the arsenic uptakeg(Tab]é 4; Figure 1). Rothstein (1963) found
that As(V) ubtéke by yeasts was similarly depressed by increasing
phosphate concentration. Andreae (in preés), however, found that increas-
ing phosphate.concentrations actually increased 7855 uptake from
phosphaté concentrations of O.4‘uﬂ to 2.4 uM, and ihat uptake decreased
significantly only after additions of 100 uM phosphate were added. This
observation may be due to simple equilibration kinetics. As phosphate
concentration increases, the phosphorus metabolism rate is increased
causing faster equilibration between the internal cell pool and the
‘external medium. He did not investigate the effect of very low
phosphate concentrations 6n As(V) dptake.'
| Not only the uptaké rate, but also the total arsenic concentration
" of Skeletonema costatum grown in batch cultures was affected by the
additioﬁ of phosphate (Table 5). Arsenic concentrations in SC;11-77
were an order of magnitude lower than those grown under phosphate
“limited conditions (2-77-As, SC-3-77, Table 2).

The reduction in the C:N ratio in both Valonia macrophysa and
Skeletonema costﬁtum exposed to As(V) enrichment (Table 8) may be caused
by reduced carbon uptake and incorporation. However, reduction in l4c
dbtake was also 6bserved in phytoplankton exposed to As(IIl), but no
reduction in ce]]dlar'éafbon content occurred. Very little data are
available, and~a1though significantly different; the reduction may
therefore merely represent the natural variability in the C-and N
composition of algae.
| The fépid speciation changes that occur within the surrounding media

indicate that algal cells are able to reduce, methylate, and release



arsenic in these forms to the wateu column. Although some of the
additional afsenic is incorporated into the ceii, much of it is
apparently metabolized and rapidly released io the surrounding uaeer
column. Arsenate reduction is rapid. Rates calculated for SC-1-78
(Figure 2a,b,c) ranged beeweeu 2 ng-106 ce]]s"-day;].in unenriched
cultures and 50 ng-’lO6 ce]]s‘]-day‘] in cultures enriched with 25 ug.
As(V)-]']. These rates are S1m11ar to the uptake rates of 74As

(as As(V)) ca'lcu]ated for Skeletonema costatum (Tab]e 4, 3.6 to 55
'ng- 108 cells” -1. ~day” ]) '

Andreae (in‘press) Has also documented reduc;ion‘and subsequent
production of methyleted arsenic for several species of elgae. A]ga]'
growth in chemostat cultures caused large increases of As(III).'DMA and
mono-methylarsonate. Interesting]y, almost a]]lcultures showed a
| significant dep]eﬁion.fn the total arsenic concentration. Unfortunately,
no data on either the arsenic content of the cells in eulture or the
population density is available, so it is not possib]e to deterﬁineA
no vo]at1lnzaﬁ1on of arsenic has been detected from cu]tures dur1ng this
study, it is likely that the loss is due to ce]]‘uptake.

The concentration of As(III) in fhe oxidation experiment decreased
exponentially as descr{bed by equatious 1 and:Z listed ebove and shown
in Figure 4. The chemical oxidation.is s]ow, averaging 0 09‘ug As(I11)
oxidized:1” 1 day'l at the 1n1t1a1 concentrat1on of 5 ug- 1 ]. This‘is
- very similar to the rate obta1ned by Johnson and Pilson (1975) of 0.09
ug As(III)'l’]'dayf] at an initial Ab(III))CQHCEUthCIOH of 9 ug-1” '
The o§idation rate is dependent upon the As(III) coucentration, end is

more.rapid at higher_eoncentrapions, as evidenced by the results of
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- Johnson and Pilson (1975) and the rapid loss of As(III) from SC-4-77 -
(Figure 5).

Arsenic in large-volume CEPEX enclosures (CEE-B and CEE-C) exper-
ienced speciation changes siﬁi]ar to fhose occurring in bqtch cultures.
. The As(V) decrease in CEE-B was similar to decreases observed in cultures
enriched with As(V), SC-3-77 (Table 6) and SC-1-78 (Figure 2a). The
rate of reduction was also very similar, approximately 140 ng As(V)
reduced.mg of phytopianktdn C’1-day71 in CEE-B versus 190 ng As(V)
reduced-mg C']-day'] in flask B of SC-1-78, which had also been enriched
with 5 ug'As(V)-]'] (the carbon content of flask B was estimated from
an average of theicarbon conient of Skeletonema costatwn in 1og phase
from SC-1-78, SC-10-77, and SC-3-77). Arsenate reducfion ceased after
primary productivﬁty declined and phytoplankton popUiations reached
stationary phése in both fhelbatCh culture and in the CEPEX enclosures,
indicating that only actively growing populations reduce As(V) (Figure
2a,5). | |
| The oxidation of As(III) in CEE-C was also similar to observat1ons
made on culture SC-4-77 (Figure 3), and during the As(III) oxidation
experiment. Using equation 1 calculated from the oxidation study at
17° ¢ (the mean temperature in Saanich Inlet in July, 1977 was 16° C),
Jog ¥ = -.0126 X + b, where Y = #As(III) and X = time in days. Setting

= 1.91 (initial As(III) concentration, Y, =.82%) the As(III) concen-
trations within CEE C should be approx1mately 43% of total at the end
of the experiment. The observed As(I111) concentrations were 30%. Both
the actual and calculated curves for As(I11) oxidation are plotted in
Figure 6. The calculated As(III) oxidation shows the rate due to chemi-

.cal oxidation only, oxidation by bio]bgical means (i.e., bacteria) may
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accbunt.%or the différence. |
ArSenate enrichméﬁt‘of cultures also caused a Shift in speciation .
withincthe cell. Geﬁera]]y, increased As(v) céusedAthe inorganic/

organic ratio to shift (Table 2,3) from approximately 50/50 in

 Skeletonema costatum or 75/25 in Valonia to approximately 30/70 in S.

" eostatum and 50/50 in Valonia. Phosphate additions also cause a shift

in arsenic speciation. S. costatwm grown with phosphate enrichment

(Tabje 5) had an inorganic/organic arsenic ratio of 65/35, which did not

change with As(V) additions up to 15 ug-]'].

' Cultures enriched with As(III) follow patterns of incorporation,
and~speciation changes similar to that observed for As(V) enrichments,
but cells grown in DMA show no increase in arsenic content or speciation
changes (Table 2). It is difficult to determine whether the uptake of
arsenic in As(III) enriched cultures is due'fo ﬁptake of As(III) or
As(V), formed by oxidation of the former. It is more likely that arsenic

js taken up as As(V) since the most']ogicé1 uptake pathway is via the

- phosphate active transport system.

Arsenate is a chemical analogue of phosphate, and studies have

shown that As(V) and phosphate compete for uptake by algal cells (Blum,

'1966, this study). The As-P test tube'experiment demonstrated that, at

As(V) concentrations up to 25 ug']'], competition occurred between
arsenic and phosphate for cellular uptake (Téble 11). This is also
borne out‘by the resu]ﬁs of the two independent radiotracer uptake
studies (Tables 4, 13, Figures‘1, 17). Arsenate upfake by Skeletomema
costatum was cut by {5% when 3 ﬁﬂfphosphate was added to the system. it

is also clearly demonstrated by the very low total arsenic concentrations

~in SC-11-77 (Table 5), which were grown under phosphate enrichment. The

d
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-competitive inhibition of As(V) uptake by phosphate demonstrated above
was not seen by Andreae (in ﬁress), however, as mentioned above; he was
hampered by high phosphate 1evels'in the system with which he worked.

Arsenéte has been shown to inhibit phytoplankton production, both
in the long-term by lowering the population densit}'of a batch hﬁ]ture,
and in the short-term by depressing the 14¢ uptake and photosynthesis
of Skeletonema costatum. This is the first report demonstrating arsenic
toxfcity at near ambient levels; other investigators have found arsenic
effects at much higher levels (Schroeder and Balassa, 1966; Conwéy, 1978; -
Irgolic et al., 1977; Bottino et al., in press). Their studies, however,
| were performed under conditions of phosphate enrichment. The enrichment
therefore reduced the uptake of arsenic and its corresponding toxiéity,
as has béen demonstrated in the present study, over both the long-term
and the short-term (Table 4, Figures 12, 15).

Hollibaugh et al. (in press) have recently demonstrated inhibition
dqe to As(V) and As(III) in conjunction with the arsenic experiments at -
CEPEX during 1977. Both As(III), and As(V) under conditions of low
phosphate .(=.5 uM) concentrations, inhibited the growth of Thalassiosira
aestevalis, a marine diatom, af concentrations greater than 22.5 ug']f].
Arsenate was not toxic at concentrations up to 75 ug'l”] when added to
cultures enriched with phosphate (2.7 uM). The arsenic concentrations
required for an inhibitory response are higher than those Aetermined
here, likely due to the higher concentration of phosphatevfound'in
Saanich In]et and pOSSlb]y to the different a]ga] species used.

Arsenate additions of as little as 5 pg°1 -1 s1gn1f1cant1y 1nh1b1ted
the photosynthesis and ]4C-uptake of Skeletonema costatum both in log

and stationary growth phases. This is equivalent to 3-5 times the ’
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ambient As(V) level, and is the lowest concentration studied. It is
possible that even lower As(V) concentrations. could cause decreased cell
activity undér conditions of phosphaté Timitation. . Cells in stationary
growth phase are less affected by arsenic additions (Figures 12, 13),
probably due to lowered metabolic activity, and subsequently decreased
As(V) uptake. Low As(V) additions also affect the long-term growth
of S. costatwn. Although an increase in growth occurred ini;ia]]y in
culture 2-77-As at an As(V) addition of 6 ug']'], the population crashed
early, never establishing a stationary phase. Peridinium trochotdium
was not as affected by the As(V) additions as was S. costatum. P.
£rochoidium grows more slowly, and therefore itﬁ initial phosphate
uptake (and As(V) uptake) may be much slower than that for S. costatum.

The importance of the phosphate concentration in reducing As(V)

toxicity is demonstrated in the As-P test tube experiment. The results

.of the experiment also indicate that As(V) additions at levels as low

as 5 ug']'] can inhibit growth rate when concentrations of phosphate are
very low. When phosphate concentrations are greater than 0.3 uM the
growth rate is apparently not affected by small additions of As(V).

Arsenate additions, however, did cause an increase in Kg, from 0.02 uM

to 0.08 yM at 5 ug-17' As(V) and 0.62 WM at 25 ug-177 As(V) (Table 12).

The increase in Ks,and'constancy qf Mmax for low levels of As(V) addition
indicate that As(V) competitively inhibits pHosphate uptake (Lehninger,

1970). Competitive inhibition is reduced by high concentratiqn; of the

“ inhibited substrate, phosphate. High levels of As(V) addition, however,

depressed yp,x and increased Kg, indicating that non-competitive inhibi-
tion may also be occurring (Fisher et al., 1976). |

. The environmental significance of small additions of As(V) are
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-clearly demonstrated by this. experiment. If enough phosphate is present
to reduce the As(V) toxicity, the-population - will still be-hamﬁered by
the increased requirement for phosphate (as shown by the increased Kg
values above). Since half-saturation constants are thought to be a
measure of the relative ability of a species to compete for nutrients
(Dugdaie,71967; Perry, 1976), increased phosphate requirement caused by
As(V) could reduce a species ability tq compefe with a more resistant
species. The effect of As(V) on multj-species populations could lead
to success and dominance of}resistantlspecies which normally would not
be as successful. These interrelationships, and the effect of As(V)
on community structure, especially during phosphate limitation, need_to
be further studied before the impact of As(V)~additions'to the nearshore
envirdnment‘can be estimated.

Arsenite is also foxic.to phytoplankton. As discussed previously,
it is difficult to determine whether the toxicity is due to As(III) or
As(Vv) formed by oxidation. A1l forms of arsenic, however; are not
toxic. to marine algae. Concentrations of DMA up to 25 ug-]’] appear to
have little 6r no effect on phytoplankton productivity.

The non-toxicity of the DMA ion is probably due to its larger size,
its relative stability, and most importantly, its chemical dissimilarity
to phoéphate. When As(V) is taken up by-an algal cell in excess, it has
several adverse effects. It inhibits the phosphate active transport
system by not releasing from the transport molecule (Rothstein, 1963)
and it inactivates the glucose metabolism system (Scarborough, 1975) and
oxidative phosphorylation (DaCosta, 1972).° Arsenite,Valthough.not'so
close an analogue of phosphate, may react in a similar fashion. DMA,

on the other hand, is not actively taken up, and seems to participate in
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~no reactions that affect cell productivity.

The large changes in arsénic“Speciation caused by marine aigae also
appear t0'bé a product of the As(V) effect on productivity. Marine algae,
along with fungi'(Challenger, 1945), bacteria (McBride et al., 1971;
Johnson, 1972), corals (Pi]son,.1974), and some freshwater algae (Blasco
et al., 1971, 1972) have the ability to reduce As(V) to As(III) and then
methylate it, forming -OMA and other methylated arsenicals. This reduction
and subsequent methylation is a means by which As(V) that enters the cell
and inhibits its functions can be altered so that its toxicity is reduced.

Changes in arsenic speciation Were observed in all cultures studied,
and indicatelthat the above mechanism does exist in marine phytoplankton.
‘ This may also be the mechanism by which the bfown algae collect so much
organic arsenic. Since their phosphorus content is higher than either
the red or gréen algae, it is possible that they also indiscriminately
incorporate larger ahounts of As(V). This As(V) may then be reduced to
an organic form and stored in the tissue. The inorganié arsenic contenf
of brown algae (2.2 ng-mg'l)'is quite similar to that of red (0.7 ng-hg“‘)
and green (1.5 ng-mg-1). This concentration of 1-2 ng-mg'1 may represent
the highest level of inorganic arsenic that can be accomodated by
macro-algae, and therefore any excess above this amount, as in brown
algae; 'is stored in the methylated form. The lower concentrations of
organic‘a}senic in red and green a]gée may be due to less As(V) uptake,
or to increased removal of organicécompounds from their tissues.

Several investigators have determined that the organic arsenic
compounds in algae contain both 1ipid and water soluble fractions (Lunde,
1973; irgo]iC»ei al., 1977; Edmonds et al., ]977). There is still some

" question as to the exact nature of these arsenic compounds. Edmonds
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et al. (1977) have identified arsenobetaine from marine lobster, and
Irgolic et al. (1977) suégest that the compound is an-arseno-]ibid,

. and perhaps an arsenocholine. - Whatever the configuration, the compounds
appear to be stable, largely non-reactive, and relative]y'non-toxic
(Edmonds and Francesconi, 1977; Lunde, 1977; Penrose et al., 1977;
Woolson, 1974). = ‘ , |

Thé reduction of As(V) and the subsequent production of As(III) and
DMA occurs in natural populations, not just in cultures, as evidenced by
their appearance in the marine environment. Under the oxidized conditions
found in surface marine waters, neither As(III) nor DMA is che@ica]]y
produced, and must be a product of the biota. Since both of these
arsenic species can occur in large concentrat{ons in highly productive
areas, it-is possible fo estimate the contribution made by the phyto-
“plankton. Sihce arsenic reduct%bn takes place only when the phytoplankton
population is in the log phase of growth, the spring b]oom in coastal
~ and shelf waters off Georgia should contribute a large majority of the
reduced arsenic species, with a smaller contribution from the.smallek
fall bloom. Estimates of the -phytoplankton contribution of As(III)
to continental shelf waters of the South Atlantic using two separate
approaéhes are presented below: - '

1. According to results of culture SC-1-78, during log phase of
growth, 2.2 x 10-3 pg-As(V)-ce]]'] is reduced per day. Algal blooms off
Georgia run an average of 75 days, with cei] populations increasing from
0.5 x 106 to 1.5 x-100 cells-1-1 (W.M. Dunstan, pers. comm.). Therefore,
the cel] number increase is 1 x 106 cells-1-1. 2.2 x 103 x 1 x 106 =
2.2 ng'1'1~day'1 X 75 days =.165<ng-1'l during the course of the spring

bloom, = 165 ug-m’3.
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The Gedhgia Bight = 1.8 x 10]2 3 (Cape Fear to Cape Kennedy),
therefore.3.0 X 1014»ug are reduced in the Georgia Bight. The total
arsenic concentration of the Bight = 2 x 1015 ug (Waslenchuk, 1977), SO,
15% of the~iota1 arsenic is reduced in the spring bloom. | '
'_The smaller fall bloom (cell fncrease approximately 0.5 x 106
cells-l']) is of shorter duration, approximately 30 days, so 3% of the
total arsenic-can be reduced during this bloom, making a total df 18%.
2. Cultures SC¥I-78, $C-2-78 had '%C uptake in four hours = 1.44%
" (.0144) (101 mg C0p-171) (12) (1.05)
of total '""C, SO =--cemcmmc e dcddeceee =
E 4 | (4 hr) (44)
104 mg C-1-V-hr~1 x 10 hr day = 1.04 mg €171 = 1.0.g C-m~3-day”".
According to Ryther (1969), primary product1v1ty = 300 g.C-m-2. yr‘1
=10 g C- m‘3 yr'], assuming average depth of 30 m in the .Georgia B1ght
and that product1v1ty is the same through the entire depth. 10 g
Com-3-yr-1 = 27 mg C-m‘3-day'1, = 2.7% of culture productivity. Cultufes
reduced an average of 80 ng']']-day'], so (.027)(80) = 2.16 ng-]‘]-day’]
X 75 days = 162 r‘ng‘-'I"I = 162 ng'm"3, = 15% of the tqtal arsenic reduced.
The shorter fall bloom would add an additional 6%, making a total
of 21% of the total'arsenic reduced.  This method assumes that the
primary productivity is constant from day to day, which is clearly not
'the case, this apbroach therefore only serves as an estimate.
“The fact that both of the calculations arrived at similar values
is merely coincidental, however, 15-20% is probably a reasonable
estimate for the amount of arsenic reduced, and indeed, is very close
~ to the 6oncentration of As(III) and DMA found in-the spring in Georgia
coastal waters (Was]ehchuk, 1977, in press).

+'Using equations 1. and .2 calculated above for As(I1I) oxidation, the
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As(1I1) produced during the spring bloom should degrade slowly, becoming
undetectable in apbroximately 120 days, and ﬁhe As(IIl) produce& from
the fall bloom should become undetectable in approximately 90 days. -
Although the data are not complete, As(III) is often detected year-roﬁnd.
It is possible that some uptake and reduction of As(V) occurs at all
times in phytoplankton populations, not just during logarithmic growth,

which would lessen the "apparent" oxidation rate of As(III). -Arsenite

~in.SC-1-78 (Figure 2b) remained nearly constant while cells were in the

stationary growth phase; similar results were seen in CEE-C. The
apparent constancy of As{III) tends to support this theory. If this is
the case, the large pulse of As(III) in the early spring and the smaller
oné in’the fall would appear to be oxidized mdre slowly than predicted;
therefore'productive marine systems would always contain some detectab]e
As(111). |

Further work is necessary before the biogeochemistry of arsenic

is fully understood. The results of this study indicate that As(V) is

“actively taken up by marine algae, reduced, and methylated. Some of

this arsenic is incorporated into the algal tissue, and some is ingested
by other trophic levels feeding on the algae, although organic arsenic
compounds are probably readily excreted (Penrose et al., 1977). A large
portion of the reduced and methylated species are released to the water
column, where they are slowly oxidized back to As(V). There.is also
loss of arsenic from the euphotic zone due to sinking of cells, gnd
feeding by higher trophic levels. The rate of this biological ;yc1e~is

determined by the primary productivity of the phytoplankton population,

" and the ambient phosphate concentration.

. Al1 of the above,. coupled with the geochemical sources and sinks,
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must be taken into account when an attempt to model arsenic speciation

in-productive systems is made. Although the preliminary studies have
been completed, further experiments into the uptake of arsenic by various
phytoplankton species, interrelationships between algal and microbial
populations, and the incorporation and release rates of afsenic need to
be conducted before the role of algae in arsenié biogeochemistry can be

fully understood.



SUMMARY AND CONCLUSIONS

The arsenic concentration and speciation in marine afgae varies
greatly, especially in marine macro-algae. Variation in total arsenic
ranged from 0.4 to 23 ng'mg‘] in macro-a]Qae,.and from 5 to 23 ng-mg‘l
in phytoplankton cultures grown in unen;iched media. The wide range
observed is probably not due to geographic variations in arsenic concen-
tration, but rather to differences in the algae themselves.

The concentration of arsenic in macro-algae varies directly with

" the concentration of phosphate. This is likely due to competitive

uptake between phosphate and arsenic as demonstrated in this study and
others. - |

Although the Phaeophyceae contain significantly more arsenic than
either the Chlorophyceae or the Rhodophyceae, the concentfation of
inorganic arsenic within the three classes is relatively constant. This
concentration may indicate the maximum permissible levels of inorganic
arsenic for marine algae, with the excess being reduced and methy]ated.v
The larger concentrations of organic arsenic observed fn the Phaeophyceae
is probably due to greater uptake, or to less successful excretion of the
organic forms. .

The arsenic speciation in phytoplankton and Valonia macrophysa
changes when cultures are enriched with As{V). The addition generally
causes an increase in the proportion of organic arsenic and an-increase

in total arsenic concentrations.

Similar speciation and concentration changes occur when As(III) is
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added; however, additions of OMA cause no significant changes.

Mar{ﬁe algae produce’arsenic speéiation changes within the surround-
- fng media as a result of uptake followed by reduction, methylation, and
release. Arsenic occurring initially as DMA, however, is not affected.

The speciation changes‘are'like1y‘in response to the demonstrated
toxicity of As(V) at near ambient levels under phosphate-1limited
conditions. The reduction and methylation of As(V) to DMA produces a
stable, non-reactive compound, and redﬁces.its toxicity, since DMA is
not toxic at the concentrations studied.

Arsenate and phoshhate cdmpete for uptake by algal cells. Arsenate
also competitivé]y-inhibits cell growth at low phosphate concentrations.
At higher'phosphéte concentrations (above 0.3 uM for 5 ug As(V)-1-1),
no inhibition occurs. Concentrations of As(V) of as much as 25 ug'l-l_
cause some inhibition, even at;phosphate concentrations exceeding 30 uM3
suggesting that non-competitive inhibition may also occur.

The reduction of As(V) toxicity by phosphate is an example of the
" type of problems that are encountered but often overlooked in bioassay
or toxicity studies. Studies bf this kind cannot be routinely run Qnder

high nutrient conditions without first determining if effects occur at

ambient nutrient levels,

The dptake rate of 74ps (as As(V)) calculated for cultures of
Skeletonema costatum is similar to the rate 6f As(V) reduction in batch
cultures of S. costatun. In’addition, the rate of As(V) reduction in
large volume (CEPEX) enclosures was also similar.

Using the rates—Calculated for As(V) uptake and reduction and
'As(III) oxidation, we can begin to predict arsenic speciation. The

above functions, coupled with knowledge of the phosphate concentration,
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primary produetivity, loss rates of arsenic from the euphotic zone, and

arsenic geochemistry should enable us to model the arsenic speciation
in productive systems. Further work,‘hpwever, is tequired before arsenic
b1ogeochem1stry can be fully understood Necessdry studies include:

1. The determination of factors respons1b1e for wide variations
in arsen1c concentration and speciation in algae,

2. The measurement of uptake and reduction rates for other algal
spec1es,

3. The determination of the 1nterre1at1onsh1ps between the algal
and microbial populations, .

4. The monitoring of competition and succession of multi-species
populations subjected to arsenic stress,

5.. The characterization of the organic arseno-1ipid compounds
produced by algae, and,

6. A seasonal study of -arsenic speciation in a productive area.
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