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Abstract

Geothermal activity in the Taupo Volcanic Zone (TVZ), New Zealand, has resulted in elevated (0.01-0.1 mg L") levels of arsenic (As)
in many of the region’s soils, lakes and rivers. Some aquatic plants in the TVZ are known to accumulate inordinate amounts of As. We
sampled 28 species of aquatic macrophytes and 11 terrestrial species from the TVZ along with ambient waters, sediments and soils. Selected
aquatic species were grown in controlled conditions to examine As-uptake, tolerance, translocation and depuration. The geometric mean As
concentration in 184 aquatic macrophytes was 125 mg kg~' dry weight, while the geometric mean As concentration of the 36 terrestrial samples
was <0.5 mgkg~! in the above-ground portions. Some aquatic species had >1000 mgkg~' As, the threshold for As hyperaccumulation. The
average As concentrations in the aquatic sediments and waters were 38 mg kg ' and 0.021 mg L~'. We found a strong and positive correlation
between Fe and As, along with a geometric mean Fe concentration of 3798 mg kg~'. Aquatic macrophytes accumulated less As under controlled
conditions compared to plants collected in situ. Arsenic was not translocated from the submerged to emergent portions of watercress. High-As
specimens rapidly released As when placed in water containing <0.01 mgL~! As. Our results are consistent with the hypothesis that As
accumulation by aquatic plants occurs via physicochemical adsorption to the plant’s surface, facilitated by co-deposition of other adsorptive
species such as hydrated Fe oxides. Accumulation appears independent of any specific As-uptake mechanism. The aquatic plants Rorippa
nasturtium-aquaticum (L.) and Mentha spp. are foraged as vegetables in the TVZ. In these species, we found respective As concentrations
of up to 138 and 88 mgkg~' on a fresh weight basis. Consumption aquatic plants taken from waters with geothermal inflows may present a
human health risk.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Mt. Tongariro, Mt. Ngauruhoe and Mt. Ruapehu. The area

has widespread hydrothermal activity, and an abundance

The Taupo Volcanic Zone (TVZ) covers an area of
600,000 ha in the central North Island of New Zealand.
It extends from the Bay of Plenty in the north, south-
west to Mount Ruapehu in a long narrow belt. The area
features four active volcanoes that include Mt. Tarawera,
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of hot springs, geysers and mud pools. The TVZ contains
over 32 natural lakes, including Lake Taupo, the largest
lake in New Zealand, and Lake Rotorua. New Zealand’s
longest river, the Waikato, flows out of Lake Taupo, through
several geothermal fields and northwestward to the Tas-
man Sea. Seven hydroelectric power dams have been built
along this river to exploit the 366 m fall to the sea (Liddle,
1982).
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Geothermal activity in the TVZ has resulted in elevated
arsenic (As) concentrations in some lakes and rivers (Aggett
and Aspell, 1978). The As loading in surface waters is exac-
erbated by the commercial exploitation of geothermal bores
for electricity (Axtmann, 1975). The condensate has elevated
As concentrations. Historically, As has also been introduced
into the aquatic environment from runoff of As-based pes-
ticides (Hill, 1975), aquatic pesticides used to control lake
weed (Tanner and Clayton, 1990) and leaching from timber
treatment sites that used copper-chromium-arsenic (CCA)
biocides.

The predominant form of As in the environment is arsenate
[As(V)] since arsenite [As(II)] is oxidised by atmospheric
oxygen (Pepper et al., 1987). For most of the year, over 90%
of the As in the Waikato River, which flows through the TVZ,
is present as As(V) (Aggett and Aspell, 1978), but in the sum-
mer months the levels of As(IIl) increase, probably because
of microbial reduction (Freeman, 1985).

Some aquatic macrophytes growing in the TVZ and
Waikato River contain high concentrations of As (Reay,
1972; Liddle, 1982). Robinson et al. (1995a) reported
>1000 mgkg~! (ppm) As (dry weight) in samples of Egeria
densa and Ceratophyllum demersum growing in the Waikato
River system.

A survey of watercress (Rorippa nasturtium-aquaticunt)
growing in the region revealed concentrations as high as
1766 mgkg ™! As (dry weight) in the shoots (Robinson et al.,
2003). On a fresh weight basis, the average leaf As concen-
tration was 29 mgkg~!. This is of concern to human health,
because foraged watercress is consumed as a vegetable. Plant
accumulation of As may also facilitate its entry into the food
chain.

The effects of sub-acute As poisoning include an increased
incidence of cancer, particularly of the bladder, liver and
lungs (Morales et al., 2000; Storelli and Marcotrigiano,
2001). Inorganic As is considerably more toxic than organic
As (FSANZ, 2002). There is currently some debate over
appropriate tolerable daily intakes (TDIs) for inorganic As,
as older numbers come up for review. Regulatory TDIs
now range from 0.3 to 2.1 pgkg™! of body weight per day
(USEPA, 1993; ATSDR, 2000; Baars et al., 2001). However,
progressively more conservative values are being adopted.

Liddle (1982) investigated the uptake of As by C. demer-
sum. He found that plants grown in As solutions with
<0.1 mg L~! As (Il or V) reached a maximum concentra-
tion in 1 or 2 days, while plants in >0.5mgL~! As required
up to a week. Arsenic concentration in plants increased with
increasing concentration of As in the growing medium. At
a similar As concentration in the growing medium, plants
grown under laboratory conditions contained far less As
than plants collected under natural conditions in the Waikato
River.

Arsenic uptake by plants is associated with the phosphate
ion (HoPO47). Arsenic(V) is taken up as an HoPO4™ ana-
logue (Khattak et al., 1991; Meharg and Macnair, 1991;
Pickering et al., 2000). Aquatic plants have been shown to

accumulate trace elements by absorption followed by pas-
sive or active transport across membranes (Forstner and
Wittmann, 1981; Smies, 1983).

Ma et al. (2001) reported As concentrations in the Brake
fern, Pteris vittata, of up to 22,000 mgkg~! (2.2%) on a dry
weight basis. This is the first terrestrial species reported to
take-up As to concentrations greater than 1000 mgkg ™!, the
threshold for a plant to be considered a ‘hyperaccumulator’
(Brooks et al., 1977). Hyperaccumulator plants could be used
for the phytoremediation of As-contaminated sites (Ma et
al., 2001). This technology relies on plants that translocate
inordinate amounts of one or more metal(loid)s, including
As, into their above-ground biomass. Arsenic phytoremedi-
ation would involve the repeated cropping until the soil’s
As concentration has reached an acceptable level. After each
cropping, the plant biomass would be removed from the area
and may be burned to reduce its volume, whereupon it could
be stored in an appropriate area, such as a contained landfill
that does not pose a risk to the environment. The possibility
of using hyperaccumulator plants to extract As from aquatic
environments has also been suggested (Brooks and Robinson,
1998).

The aim of this study was to investigate the nature and
extent of As-uptake by aquatic and terrestrial plant species
that occur in a high-As environment. In particular, we sought
to measure As-uptake by aquatic species in both controlled
conditions and in the field with a view to determining the
potential implications for human health, phytoremediation
and the fate of As.

2. Materials and methods

Aquatic plants were sampled from 11 sites along the
Waikato River, and from four other waterways with geother-
mal inflows (Fig. 1). Whole specimens were taken and
washed in river water to remove sediment. Further washing
in distilled water was carried out upon returning to the labo-
ratory. Water and sediment samples were collected from all
sites and stored in sealed containers.

Leaves were collected from selected terrestrial plant
species growing near geothermal springs at five locations,
along with accompanying soil samples from four of the five
locations (Fig. 1).

2.1. Watercress and native ferns grown in soil

The greenhouse experiment was performed at HortRe-
search, Palmerston North, New Zealand (40.2°S, 175.4°E).
Five species of native ferns (Asplenium bulbiferum, Blech-
num discolor, Histiopteris incisa, Pneumatopteris pen-
ningera and Polystichum vestitum) as well as watercress (R.
nasturtium-aquaticum) were grown in 15 L buckets contain-
ing soils spiked with sodium arsenate (Analytical Reagent
[AR] grade) to give final concentrations of 0, 55 and
105 mgkg~!. There were five replicates for each treatment.
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Fig. 1. Sampling locations from the Waikato River and Taupo Volcanic Zone in the North Island of New Zealand. The samples collected from the numbered

locations are shown in Tables 1-3.

The soil used was Manawatu fine sandy loam (Dystric Flu-
ventic Eutropchrept) (Vogeler et al., 2001), with a pH of
4.4, total organic carbon 6.3% and an exchange capacity of
13.4cmol(+) kg~!. Soils were prepared by adding varying
amounts of a 1% As solution to 15 kg of soil. This was mixed
using a concrete mixer. Soils were fertilised with Nitrosol™
liquid fertiliser (N:P:K. of 8:3:6 Rural Research Limited,
P.O. BOX 12773 Penrose, Auckland, New Zealand) at a
rate recommended by the manufacturer. Planting occurred
at the end of October 2002, some 6 weeks after preparation
of the pots. This delay was to allow time for the added As
to reach an equilibrium with the soil. Plants were watered
according to evaporative demand. Pots were arranged in a
randomised block design within a greenhouse. Plant samples
were taken for analysis in mid-January, 2003, 10 weeks after
planting.

2.2. The uptake of As from spiked river water by aquatic
plants

The As-uptake and tolerance of watercress (R. nasturtium-
aquaticum), Myriophyllum propinquum and C. demersum
were determined in simulated aquatic conditions by grow-
ing free-floating plants in 2L jars filled (to 1.5L) with As-
spiked river water. Each jar was covered with clear plastic
containing two small holes: one for a bubbler tube and the
other to let the air escape. In addition, cuttings of water-
cress (R. nasturtium-aquaticum) were grown hydroponically
in 250 mL Erlenmeyer flasks to elucidate its capacity to toler-
ate, translocate and store As. Here, the plant was suspended
through a polystyrene bung, so that half of the stem and
nascent roots were suspended in solution, while the aerial
stems and leaves remained isolated from any As solution.
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For the growth experiment, we collected watercress plants
from waterways around the Manawatu Region, near the city
of Palmerston North, New Zealand. This area has no known
As contamination. Plants with a fresh weight of approxi-
mately 18 g were accurately weighed, and then one plant
was placed into each jar or Erlenmeyer flask. The jars and
flasks were filled with river water (Turitea Stream, Palmerston
North) and As added (as 1000 mg As L~! AR NayHAsOy) to
give approximate final solutions of 0.1, 0.3, 1 and 3mgL ™!
As. Jars and Erlenmeyer flasks containing no added As (con-
trols) were also prepared. Additional treatments of 10 and
30mgL~! were prepared for watercress in the Erlenmeyer
flasks. There were three replicates for each species at each
concentration. The experiment was set up in May, 2003 and
lasted for 6 weeks. After 3 weeks, the solutions in the Erlen-
meyer flasks were replaced. Aliquots of 4 mL of solution were
taken from each container at the start of the experiment and
then at 48 h intervals, to determine when the solutions had
reached a quasi-equilibrium concentration. We assumed this
point to have been reached when there was only a negligible
change in the solution As concentration, presumably caused
by plant-growth. All plants in all treatments had reached this
point after 6 weeks. The plants in jars were then removed,
washed thoroughly in distilled water and the fresh and dry
weights determined. The dried plant material was then anal-
ysed for As.

The aerial portions of watercress grown in flasks were
excised, washed in distilled water, the stems and leaves
separated and the fresh and dry weights determined. The
submerged portions were washed in distilled water, the
roots and stems separated and the fresh and dry weights
determined.

The volume of the ambient solution in the jars was
measured at the end of the experiment. On average, 110 mL
(7%) of solution had evaporated from each jar. Here, we
report the final solution concentrations. Evapotranspi-
ration from the Erlenmeyer flasks was not determined.
The reported concentrations therefore represent initial
values.

2.3. Arsenic depuration by aquatic plants

An experiment was set up to determine the retention of As
by aquatic plants when placed in an ambient solution contain-
ing negligible amounts of As. Live specimens of watercress
(R. nasturtium-aquaticum) and M. propinquum were col-
lected from Tokaanu hot springs at the Southern end of Lake
Taupo. The ambient water concentration was 0.18 mgL ™!
As. Upon returning to the laboratory, 18 g portions of fresh
material were placed in jars containing 1.5 L of Turitea River
water with an As concentration of less than 0.01 mgL~!.
There were five replicates of R. nasturtium-aquaticum and
three of M. propinquum. Water samples (5 mL aliquots) were
taken regularly for 25 days. At the end of the experiment,
the plants and waters were treated the same as those in the
As-uptake experiment described above. The initial As con-

centrations of the plants tested were calculated at the end
of the experiment by adding the amount of As remaining in
the plant to that contained in the ambient water and dividing
the sum by the final dry biomass of the plant. This calcu-
lation assumes that there was negligible growth during the
experiment. The calculated initial As concentrations were
compared to 18 other specimens of R. nasturtium-aquaticum
and 10 other specimens of M. propinquum that were collected
from the same site.

2.4. Sample preparation and As determination

Plant material and soils were placed in a drying cabinet at
80 °C until a constant weight was reached. Plant material was
ground using a mortar and pestle. Soil samples were sieved
to <1 mm size using a nylon sieve and stored in sealed plastic
bags.

Between 0.15 and 0.2g of ground plant material, or
0.5g of sieved soil or sediment sample, were accurately
weighed into 50 mL Erlenmeyer flasks. Ten mL of concen-
trated nitric acid (69%) were added to each flask and the
mixtures heated and evaporated on a heating block until a final
volume of about 3 mL was reached. The samples were then
diluted to 10 mL using distilled water and stored in polythene
containers.

All samples of plant material, soils and waters were
analysed for As using graphite-furnace, atomic-absorption
spectroscopy. Due to the high concentrations of As mea-
sured in some plant samples, plant standards were unavail-
able. Thus, for quality assurance, 15 dried and ground
aquatic plant samples from the TVZ were sent to a
commercial laboratory (Hill Laboratories, Hamilton, New
Zealand) for the determination of As and other ele-
ments by inductively coupled plasma mass spectroscopy
(ICPMS). The species analysed (with the site no. shown
in Fig. 1) were: Agrostis sp. (12), Ceratophyllum demer-
sum (4,4,6,7,8), E. densa (10), Elodea canadensis (12),
Juncus sp. (1), Lagarosiphon major (11), Mentha spicata
(12), M. propinquum (12,12), Polygonum salicifolium (12)
and R. nasturtium-aquaticum (12). Our results were in good
agreement (R” = 0.978) with those of the commercial labora-
tory.

2.5. Statistical treatment of data

MINITAB (Minitab Inc., Pennsylvania State University,
University Park, Pennsylvania) was used for ANOVA (at
the 5% level) and correlation analyses. Data that were
log-normally distributed were log-transformed for statistical
analyses. For log-normal data, we report geometric means
and standard deviation ranges rather than means and stan-
dard deviations. With log-normal data, the geometric mean
is a better measure of central tendency than the arithmetic
mean. Use of geometric means reduces distortions caused
by a few anomalous values and produces a value of better
centrality.
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3. Results

3.1. Arsenic accumulation in terrestrial and aquatic
plants from the TVZ and Waikato River

The average As concentrations in the waters, sediments
and soils, as well as aquatic and terrestrial plants collected
from the TVZ, are presented in Table 1. The geometric mean
As concentration in the water samples was over twice that
of the New Zealand Drinking Water Standard (0.01 mgL~1).
The pH of the water samples ranged between 5.9 and 6.4,
with a geometric mean of 6.3 (pH data are not shown in the
tables or figures).

There was a clear demarcation between terrestrial
plants, which accumulated negligible concentrations of As,
and aquatic species that had As concentrations manifold
higher than the ambient waters from where they were
taken.

A summary of As concentrations in 28 aquatic species
and 11 terrestrial species from the Waikato River and TVZ
is given in Tables 2 and 3, respectively. The data clearly
display the difference in As accumulation between aquatic
and terrestrial plants. All aquatic plants accumulated measur-
able As concentrations with nine species (30%) exceeding
1000mgkg™" on a dry weight (d.w.) basis, the threshold
for hyperaccumulation (Brooks et al., 1977). By contrast,
83% of the terrestrial plants (Table 3) were below detection
limits for As (<0.5mgkg™"). All the aquatic plants accu-
mulated As to concentrations greater than Smgkg~'. None
of the terrestrial plants had As concentrations surpassing
11mgkg!.

The bioaccumulation coefficient (B.C.) is defined here
as the plant/water concentration quotient. The B.C. indi-
cates the efficacy of plant As-accumulation. The geometric
means of the bioaccumulation coefficients for the aquatic
plants tested in this experiment are shown in Table 2.
The results presented here show only the plant/water
bioaccumulation coefficient. Some of the aquatic plants
tested were rooted to sediments that had an As concen-
tration that was many times the level of the water. An
ANOVA test revealed that there was no significant difference
(p=0.25) in the As concentrations of rooted and free-floating
plants.

Table 1

The geometric means and standard deviation ranges of the As concentrations
waters (mg L_‘), as well as soils, sediments, aquatic and terrestrial plants
(mgkg~! dry weight) from the Taupo Volcanic Zone

Sample type No. of samples Geomean [As] and S.D. range
Soils 4 50 (33-79)

Sediments 23 38 (16-93)

Terrestrial plants 36 <0.5 (30 samples)—11

Waters 23 0.021 (0.005-0.078)

Aquatic plants 184 125 (12-1222)

The sampling locations are shown in Fig. 1.

3.2. Arsenic accumulation in ferns and watercress from
As-spiked soil

The ferns and watercress grew well in all the treatments,
and there were no signs of As toxicity. None of the fern
species or the watercress had foliar As concentrations greater
than 0.5 mg kg_l, the detection limit for As, even at the
highest soil concentration of 105mgkg~!. There were no
significant differences in the soil As concentration before
and after the experiment, indicating that leaching losses were
minimal.

3.3. Arsenic tolerance and accumulation by aquatic
plants under controlled conditions

None of the free-floating plants in jars showed necrosis or
growth distortion in any of the treatments. All three species
increased in biomass (Fig. 2A). However, there was a sig-
nificant negative correlation (r=—0.87, p<0.01) between
biomass production by C. demersum and the ambient As con-
centration. There was also a significant decrease (p =0.02) in
the growth of M. propinquum, between 0.17 and 0.29 mg L~!
in the ambient solution. The growth of watercress (R.
nasturtium-aquaticum) was not significantly affected.

Fig. 2B shows the final As concentrations in the plants
after 6 weeks of growth. In the control treatment, the As
concentrations of the control plants and that of the ambi-
ent water were below the detection limits of 0.5 mgkg™!
and 0.01 mgL~!, respectively. This indicates that there were
negligible amounts of As in the plants at the beginning of
the experiment. When As was added to the ambient solu-
tion, there were significant differences (p <0.01) between the
extent of accumulation for each species: C. demersum >> M.
propinguum > R. nasturtium-aquaticum. At the highest As
levels in the ambient solution, 3.9 mg L1, the plant As con-
centrations were similar to those sampled from the TVZ and
Waikato River. However, under these conditions, the bioaccu-
mulation coefficients (Fig. 2C) for all three species were 1-2
orders of magnitude lower than the plants collected in situ.

Fig. 3A shows the As accumulation in various portions of
watercress grown hydroponically in Erlenmeyer flasks. On
average, the submerged roots and stems had an As concen-
tration an order of magnitude higher than the aerial stems and
leaves. The growth of watercress (Fig. 3B) was unaffected at
and below 1.03mgL~!. This threshold is well above water
As concentrations found in the aquatic environment of the
TVZ or Waikato River. Plants grown above this concentration
showed signs of stress, in particular through the disintegra-
tion of the submerged portions. At the highest concentration
of 25.8 mg L™! the fresh weight decreased during the exper-
iment, indicating that the plant was dying.

3.4. Depuration of As by aquatic plants

When placed in wuncontaminated river water at
<0.01 mgL’1 As, As-rich watercress (R. nasturtium-
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Table 2

211

Arsenic accumulation in the submerged portions of aquatic species collected from the Taupo Volcanic Zone

Species Location No. of % dry Plant Geomean [As] Water Geomean [As] Geomean B.C.2
samples matter and S.D. range
+Hot water algae 12 3 3 3019(1058-8617) 0.32 9345
+Cold water algae 9,13 10 8.5 36.7 (7.3-184.9) 0.03 1452
Alisma plantago aquatica (L.) 9 2 10.2 40.3 (25.8-63.1) 0.02 1853
Callitriche stagnalis (Scop) 6,8,9 3 6.4 4215 (3402-5223) 0.09 49307
Callitriche petriei (R. Manson) 9,12 2 11.0 422 (343-520) 0.03 15190
+Ceratophyllum demersum (L.) 1, 3-6,8-12 16 6.9 284 (119-769) 0.03 10606
Convolvulus arvensis (L.) 13 1 109 17.0 0.03 580
Cyperus eragrostis (Lam.) 1,2 5 17.8 47.5 (21-105) 0.05 1049
Cyperus ustulatus(J. & K. Presl) 9 1 28.7 20.5 0.04 584.9
+Egeria densa (Planch.) 2,3,5,7-11 8 6.1 568 (189-1701) 0.02 24847
+Elodea canadensis (Michx.) 12 6 6.2 68 (2.5-1837) 0.01 4987
Glyceria maxima (Hartman) 3,6,8,9 5 17.6 13.9 (3.7-52.5) 0.04 352
Juncus spp. 1,2,6,8 14 24.5 9.8 (2.4-39.4) 0.08 116
+Lagarosiphon major (Ridley) 7,9-13 11 7.8 127 (7.7-2107) 0.02 8502
+Lemma minor (L.) 10, 12, 13 9 2.9 15 (0.6-360) 0.01 1793
Lotus corniculatus (L.) 7 2 10.7 637(344-1179) - -
Lycopus europaeus (L.) 2 2 159 102(91-114) 0.03 3343
Mentha piperata/var. citrata (Ehrh.) 8,10, 12 4 9.1 167 (14.8-1884) 0.04 4361
Mentha spicata (L.) 12 3 9.9 181 (88.7-370.4) 0.13 1361
Mpyosotis laxa (Lehm.) 10 1 4.7 64.2 0.01 4758
+Myriophyllum propinquum (A.Cunn) 12 10 4.7 2101 (873-5056) 0.08 27860
Nymphaea alba (L.) 6,8,9 6 8.0 16.5 (7.5-36.4) 0.03 483
Polygonum hydropiper (L.) 2,9,12 8 8.1 114 (19.3-672) 0.05 2423
Polygonum salicifolium (Brouss.) 9,10, 13 4 7.4 44 (10.0-197.8) 0.01 3126
Potamogeton orchreatus (Raoul.) 8 5 7.3 144.6 (26.5-808) 0.01 16188
Rorippa nasturtium-aquaticum (L.) 8, 10, 12 33 4.6 369 (58.7-2325) 0.04 9174
Rumex crispus (L.) 10 1 11.5 3.9 0.01 294
Rumex obtusipholius (L.) 9 1 24.1 97.3 0.04 2274
Typha orientalis (C. Presl) 12 3 9.5 174 (113-267) 0.09 2042
Veronica aquatica (L.) 8-10, 12 6 3.8 10.0 (3.4-29.0) 0.02 459

The numbers in the “Location” column refer to sites shown in Fig. 1. “% dry weight” indicates the percentage dry matter in the fresh weight plant. Plant
concentrations are in mgkg~' dry weight, water concentrations are in mg L™'. The “hot water” and “cold water” algae represent an assemblage of prokaryotic
and eukaryotic photosynthetic-organisms that included both single celled and filamentous species. Plus (+) denotes species that lack extensive root systems.

? Bioaccumulation coefficient, defined here as the plant/water concentration quotient.

aquaticum) and M. propinquum released 62(£25)%
and 21(£5)% of their total As into the ambient water.
The calculated geometric means and standard devi-
ation ranges of the initial concentrations were 2364
(1964-2485)mgkg=! As for R. nasturtium-aquaticum
and 1976 (1353-2886)mgkg~! As for M. propinquum.

The measured concentrations from other specimens from
the same site were 1390 (666-2904)mgkg~! As for R.
nasturtium-aquaticum and 2102 (874-5056) mg kg~! As for
M. propinquum. The final ambient solution As concentra-
tions for R. nasturtium-aquaticum and M. propinquum were
0.42 (0.25-0.69) and 0.24 (0.16-0.37) mg L', During this

Table 3

Arsenic concentrations (mgkg ™' dry weight) in the leaves of terrestrial species collected from the Taupo Volcanic Zone

Name Location No. of Samples Minimum (no. of samples below detection limit) Maximum
Asplenium polyodon (G. Forst.) 14 1 <0.5
Blechnum capense (L.) 12,13 5 <0.5 (3) 1.2
Cyathodes juniperina (JR. & G. Forst.) 12 1 <0.5
Dicranopteris linearis (Burm.) 11 1 <0.5
Histiopteris incsia (Thunb.) 11, 13-15 6 <0.5(5) 1.4
Kunzea ericoides (A.Rich.) 11-14 5 <0.5
Leptospermum scoparium (JR. & G. Forst.) 12-15 6 <0.5(5) 11
Lycopodium cernuum (L.) 11 1 <0.5
Paesia scaberula (A.Rich.) 13,15 3 <0.5(2) 0.6
Pittosporum tenuifolium (Gaertn.) 12 1 <0.5
Pteridium esculentum (Forst. F.) 12,15 4 <0.5

The numbers in the “Location” column refer to sites shown in Fig. 1. The soil concentrations for sites 11, 12, 14 and 15 were 80.2, 33.2, 36.4 and 67.9,

respectively. No soil was sampled from site 13.
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concentration quotient) of submerged aquatic plants under controlled con-
ditions. The bars represent the standard error of the mean.

time, the plants showed no signs of necrosis and had visible
growth. The change in biomass was not recorded.

Watercress did not reach equilibrium even after 25 days,
although over half of the final concentration in the ambient
solution was reached after 5 days. There was no consistent
trend for M. propinquum. However, like watercress, over
half of the final concentration in the ambient solution was
achieved after 5 days.

3.5. Accumulation of other elements by aquatic plants

The results of the multi-element analysis are given in
Table 4. In addition to As, the plants also had elevated levels
of other chalcophile elements, notably Fe, Sb, Hg, Tl and
Se. The Fe concentrations in the aquatic plants were signifi-
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Fig.3. (A and B) The As accumulation and growth (average % daily increase
over 42 days) of watercress grown hydroponically. Bars represent the stan-
dard error of the mean.

Table 4

The geometric means, standard deviation ranges and maximum values of
elemental concentrations (mg kg~! dry weight) in 15 selected aquatic plants
from the Taupo Volcanic Zone, New Zealand

Geometric mean Standard deviation range ~ Maximum value

Al 526 278-996 1960
As 413 91-1870 3190
B 46 23-90 147
Ba 60 32-113 189
Be 0.07 0.03-0.16 0.50
Ca 7700 4700-12400 16100
Cd 0.12 0.05-0.25 0.36
Co 1.6 0.6-4.0 8.5
Cr 3.6 1.3-10 18

Cs 16 7.6-34 55

Cu 6.0 3.4-11 15

F 7.7 5.9-10 12

Fe 3798 1157-12467 34900
Hg 0.29 0.06-1.3 2.8

K 27600 15200-50000 56100
La 0.48 0.25-0.92 1.8

Li 18 9.6-33 56
Mg 3300 1800-5900 6500
Mn 950 332-2717 4850
Mo 0.71 0.37-1.4 33
Na 7500 4600-12100 24200
Ni 1.6 1.0-2.6 3.8

Pb 0.67 0.36-1.3 1.6
Rb 92 31-267 312
Sb 2.4 0.2-23 121
Se 0.36 0.12-1.0 1.5
Sr 81 48-136 181

Tl 0.69 0.26-1.9 10

8) 0.11 0.05-0.23 0.46
\Y 10.7 2.2-52 132
Zn 117 55-247 568
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cantly and positively correlated with all the chalcophilic ele-
ments, including As (r=0.68, p<0.01). The concentrations
in Table 4 are the means of 10 aquatic species. Therefore, the
results do not show any species-specific patterns that may
have been present.

4. Discussion

4.1. Contrasting As-uptake between aquatic and
terrestrial vegetation

All the aquatic plants in the TVZ and Waikato River
had As concentrations 100-50,000 times that of the ambi-
ent water. Most specimens of M. propinquum were over the
1000 mg kg~ threshold. There have been no previous reports
of As hyperaccumulation by this species.

Previous studies of aquatic plants from the TVZ (Liddle,
1982; Robinson et al., 1995a, 2003; Brooks and Robinson,
1998) focused on four species: C. demersum, E. densa,
Lagarosiphon major and R. nasturtium-aquaticum. These
previous studies reported average As concentrations in C.
demersum, E. densa, L. major and R. nasturtium, of 400,
500, 300 and 400 mgkg ™', respectively. Although sampled
at different locations, our results were in good agreement.

Meanwhile, As was not taken up to any extent by terrestrial
vegetation. Outridge and Noller (1991) reported a difference
in trace-element accumulation between aquatic and terres-
trial species. In terrestrial systems, solubilisation of As in the
rhizosphere is necessary to allow root uptake. An efficient As
transport and storage system would be needed for leaf accu-
mulation to occur. Neither of these need be the case when
the plant grows in an aqueous medium. Here the metalloid is
already present in a bioavailable form and can be absorbed
or adsorbed by the leaves.

When comparing the results of our experiment with those
of Ma et al. (2001), who showed P. vittata could hyperac-
cumulate As from a soil containing less As than the highest
treatment in this trial, it is clear that our ferns have no spe-
cialised As-uptake mechanism.

4.2. Mechanisms of As-uptake by aquatic plants

For the aquatic plants used in our experiments, As was
accumulated to a greater extent in situ than under controlled
conditions. This is similar to the findings of Liddle (1982) for
C. demersum. These differences may be due to the chemical
composition of the water, plus interactions with sediments.
In the Waikato River, contamination of plant material with
sediment would, on a dry weight basis, reduce the measured
As concentration, as the mean As concentration is an order
of magnitude lower in the sediment than in C. demersum
(Table 1).

An alternative hypothesis is that suspended oxides of Fe
may bind to the surface of aquatic plants and adsorb As and
other dissolved elements. In this case, As accumulation would

thus occur via physicochemical adsorption rather than bio-
logical uptake. The Fe concentrations in the aquatic plants in
this study were well in excess of those required for metabolic
processes. Salisbury and Ross (1992) report average Fe con-
centrations in maize and cherry leaves at 120 and 58 mgkg~!,
respectively. Our geometric mean was 3798 mgkg™' and
the maximum value was 34,900 mgkg ™' (Table 4), namely
3.5%.

The significant and positive correlation between As and
Fe concentrations is also consistent with As being incorpo-
rated into Fe oxides attached to the surface of the plant. This
phenomenon was observed by Blute et al. (2004) on the roots
of Typha latifolia (cattail) growing in contaminated wetland
sediments. Chen et al. (2005) demonstrated that iron plaques
on the surface of rice roots not only bound As, but also pro-
moted its uptake by the root.

Further supporting evidence that As is surface-bound
comes from the observation that As was rapidly desorbed in
the depuration experiment. If As were internalised into cellu-
lar structures, then it would be expected that natural depura-
tion would be limited. Finally, the hypothesis is supported by
the observation that the total dry weight As concentrations
were highest in plants with the highest surface areas (and
therefore highest surface area-to-weight ratios), notably M.
propinquum.

When watercress was grown in soil or hydroponically,
the lack of As accumulation in the aerial portions at solu-
tion concentrations similar to those found in the Waikato
River and TVZ indicated that this species has no efficient As-
translocation mechanisms. At higher solution concentrations,
some As accumulation in the stems and leaves occurred; how-
ever, the growth was negatively affected and the plant showed
signs of necrosis. Again, this evidence is consistent with the
hypothesis that there is no specific uptake or tolerance mech-
anism for As accumulation in watercress.

4.3. Arsenic in the food chain and potential human
exposure

Plant As accumulation may facilitate the entry of this
toxic element into the food chain and provide an exposure
pathway to humans. The effect on humans of consuming
As-rich watercress is unclear. Some local people report no
ill effects, despite having consumed watercress from As-rich
areas for many years. Any As toxicity from consuming water-
cress will depend on the amount and frequency eaten, how
the watercress is prepared, what it is consumed with and
the chemical form of As in the plant. In this respect, the
finding that most As is likely to be adsorbed to the plant
surfaces would imply that most of the As in watercress is
likely to be the more toxic inorganic form. Transformation
to plant organoarsenicals generally presupposes biochemical
mediation.

For the purposes of this work, the most conservative inter-
national figure of 0.3 wg kg~ of body weight per day will be
applied (DEFRA, 2002). Further, due to the likelihood that As
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in watercress is mostly present in a surface-adsorbed form, an
assumption will be made that all of the As in the watercress is
inorganic. Use of a conservative approach is standard for the
initial risk-assessment of ingested dietary contaminants. The
TDI may be taken as a threshold level below which adverse
effects are unlikely.

Therefore, a 70-kg person should consume no more than
0.15mg of As per week. Assuming the person consumes
watercress from Lake Ohakure, which contains an average
of 9mgkg~! As, and that this is the only source of As in the
person’s diet, then they would need to consume just 16 g of
fresh watercress per week to exceed the TDI. It is probable,
therefore, that routine ingestion of watercress would cause a
person’s total inorganic As dose to move beyond the thresh-
old where adverse effects are unlikely, and into an area where
they become more probable.

The potential As-contribution from watercress is also
high in relation to background levels of As in the New
Zealand diet. On the basis of New Zealand total diet sur-
vey data for 1997/1998 (Vannoort et al., 2000), making a
standard assumption that 10% of As in food is inorganic, the
weekly ingestion of 7 g of watercress containing 9 mgkg ™!
As would be sufficient to double dietary intakes of inorganic
As.

Values of up to 138 mgkg~! As on a fresh weight basis
have been found in this study, indicating that, in some cases,
the TDI for As may be exceeded many-fold if the plant is con-
sumed. However, it would require an epidemiological study
to indicate any cancer risk associated with the consumption
of As-rich aquatic plants. This is because it would be difficult
to separate cancer caused by As from other cancer-causing
activities such as smoking and excessive drinking.

The presence of other toxic heavy metals such as Sb, Hg
and Tl may exacerbate As toxicity.

Humans may also be exposed to As indirectly. Much of
the Waikato River is surrounded by farmland, and stock occa-
sionally have access to aquatic weeds. Fishing is popular
in the region. However, a previous study (Robinson et al.,
1995b) showed that As levels in fish were unlikely to pose a
risk to human health.

In a lake or river system, the amount of plant-bound As at
any one time may be a significant portion of the total amount
of Asin the river. If, for example, low river flows or pesticides
kill the plants, then there may be a large pulse of As released
into the water.

4.4. Aquatic macrophytes for the bioindication or
phytoremediation of As contaminated water

The bioaccumulation coefficients for the aquatic plants
in this study are higher than any previously reported for
terrestrial species. They may therefore be useful for the phy-
toremediation of As from contaminated drinking water. The
possibility of using plants to remove As has been discussed
by Brooks and Robinson (1998). More generally, the use of
aquatic plants to remove pollutants from contaminated water

has been described by Wolverton (1975) and Wolverton and
McDonald (1975a,b).

Alternatively, aquatic plants may be used to bioindicate
the level of water-contamination. The high-As bioaccumula-
tion coefficients would make As detection far simpler than
direct measurement of the water. Robinson et al. (1995a)
measured As concentrations in C. demersum and the ambi-
ent water from 25 locations along the Waikato River. There
was a highly significant (r=0.60, p <0.01) and positive cor-
relation between the plant As concentration and that of the
ambient water. This indicates that the As concentration of the
plants could be used to predict the As concentration of the
river water. Moreover, the plants (average 412 mg Askg™")
contained around 10 times the As concentration of the sed-
iments (average 46 mg Askg~!) that, in turn, had over 1000
times the As concentration of the ambient water (average
0.042mg AsL™1).

Other factors, such as the pH, water temperature and nutri-
ent availability will doubtless affect As accumulation. Further
work needs to be carried out on these effects to determine
how well these bioindicators would perform under various
scenarios.

5. Conclusions

We found a clear distinction in As concentrations between
aquatic and terrestrial plants. Arsenic accumulation is
widespread among aquatic plants, and we found concen-
trations of 1001000 mgkg ™! in several previously untested
species. Arsenic accumulation in other aquatic species will
undoubtedly be found as further surveying is conducted.

Arsenic accumulation by aquatic macrophytes may make
them valuable tools for the bioindication and phytoremedia-
tion of As in fresh waters. Additionally the ecological impacts
of As accumulation are likely to be profound. Clearly, no
aquatic plants should be consumed from waterways with
geothermal inflows, or with other sources of As contami-
nation, either by humans or livestock.

Our experiments provide indirect evidence that As is
adsorbed onto the surface of the plant via physicochemical
reactions, probably as co-precipitation with Fe. This hypoth-
esis could be confirmed by microanalyses of the tissues to
determine whether As is present inside the cells or simply
bound to the outer cell walls. In this latter case, it could
be argued that the plants are not true hyperaccumulators,
as they may lack specialised As-uptake and storage mech-
anisms. Nevertheless, this does not change their potential
usefulness as bioindicators, or make them any less toxic if
consumed.
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