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Abstract

Watercress(Lepidium sativum) is consumed as a vegetable, especially by the indigenous community in New
Zealand. An investigation was carried out on the accumulation of arsenic by watercress, following earlier reports of
inordinate arsenic concentrations in some aquatic macrophytes collected from the Waikato River, North Island, New
Zealand. The Waikato River and some other aquatic systems in Taupo Volcanic Zone, New Zealand have elevated
arsenic concentrations due to geothermal activity. Watercress, river water and sediment samples were collected from
27 sites along the Waikato river and analysed for arsenic. Greenhouse trials with watercress grown in beakers
containing added arsenic were conducted to confirm the ability of this species to accumulate arsenic. At a number of
sites, the concentration of arsenic in both the water and the watercress samples exceeded the World Health
Organisation(WHO) limit for drinking water (0.01 mg I'*) and foodstuffs(2 mg kg~! on a fresh weight bagis
The average leaf and stem arsenic concentrations were, respectively, 29.0 and 15.9'mg kg on a fresh weight basis.
Plants grown in solutions of> 0.4 mg I'* arsenic concentration had fresh weight arsenic concentrations above the
WHO limit. Despite these higher concentrations, arsenic levels in plants grown under greenhouse conditions were
approximately fivefold lower than in plants growing in the Waikato River, possibly because under natural conditions,
the watercress is rooted in sediment containing on average approximately 35Thg kg  arsenic. It is recommended
that watercress from the Waikato River, or other areas with elevated water arsenic concentrations, should not be
consumed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Waikato River contain high concentrations of
arsenic(Reay, 1972; Liddle, 1982 Robinson et
It is widely known that some aquatic macro- al. (1995 reported> 1000 mg kg * (ppm) arsenic
phytes growing in the Taupo Volcanic Zone and (dry weighd in samples ofEgeria densa and
Ceratophyllum demersum growing in the Waikato
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Liddle (1982 conducted experiments involving
the uptake of arsenic b§eratophyllum demersum.
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River is present as A¥) (Aggett and Aspell,
1978), but in the summer months the levels of

He found that plants grown in arsenic solutions As(lIl) increase, probably because of bacterial

with <0.1 mg I'* arsenic(lll or V) reached
equilibrium in 1 or 2 days, while plants i>0 5

action(Freeman, 1986 In this experiment, AQ/)
was used because it approximates the majority of

mg |I~* of this element, needed up to a week to arsenic in the river.

reach equilibrium. Arsenic concentration in plants

The aim of this experiment was to determine if

increased with increasing concentration of arsenic L. sativum accumulated arsenic, and if so what

in the growing medium. At a similar arsenic
concentration in the growing medium, plants

was the maximum level of arsenic in the surround-
ing water before arsenic levels ih. sativum

grown under laboratory conditions contained far exceeded 2 mg kgt , the WHO limit for arsenic
less arsenic than plants collected under naturalin foodstuffs.

conditions in the Waikato River. A plant grown in

0.5 mg I* of arsenic reached an equilibrium
concentration of 67 mg kgt arsenidry weigh?.

It was noted that the majority of the arsenic in the
plant was stored in the leaves.

Arsenic uptake by plants is associated with the

2. Materials and methods
2.1. Sample collection from the Waikato River

L. sativum samples were taken at several sites

phosphate uptake mechanism, where presumably(Fig. 1) along the Waikato River in late May,
arsenate is taken up as a phosphate analogue000. As a control, samples were taken from the

(Khattak et al., 1991; Meharg and Macnair, 1991,
Pickering et al., 2000 To date, there is only one
report(Ma et al., 2001 of a terrestrial plantPreris
vittata, that hyperaccumulates arseffigp to 2.2%
on a dry matter basis It was suggested that this
fern could be used for the phytoremediation of

Tiritea stream near Massey University, an area
with no known arsenic contamination. Water and
sediment samples were also collected from the
Waikato River and control sites at the same time
as the L. sativum. Plant material was washed

thoroughly in the river and placed in plastic bags

arsenic-contaminated sites. The possibility of using until return to the laboratory where further washing
hyperaccumulator plants to extract arsenic from in distilled water was carried out.

aguatic environments was discussed by Brooks

and Robinsor(1998.
In the course of our work on the uptake of

arsenic by aquatic plants and other organisms in

the Waikato River systerfRobinson et al., 1995

2.2. Greenhouse experiments

The control watercress samples from Tiritea
stream, which accumulated an insignificant amount

we observed an inordinate accumulation of arsenic of arsenic, were used in the greenhouse experi-

in watercress(Lepidium sativum). Four samples

ments. Excess water was removed from the fresh

taken from the river at a site near a geothermal material, and approximately 12-g portions of plant

power station(Ohaaki near Broadlangdisveraged
412 mg kg * (dry weighd. This prompted further

weighed out and rinsed in distilled water. They
were then floated in 1-1 beakers containing 0.8 |

studies on this plant as it is used as a food sourceof arsenic solution. Each beaker contained an
and its metal concentration could have serious aerator to ensure adequate oxygen. The experi-

implications for public health, as this amount is
well in excess of 2 mg kg* fresh weight, the
WHO limit for arsenic in foodstuff4Brandsetter
et al., 200).

The predominant form of arsenic in the environ-
ment is A€V) since Aglll) is oxidised by atmos-
pheric oxygen(Pepper et al., 1997 For most of

ments were conducted in greenhouse facilities at
Massey University, Palmerston North, New Zea-
land (latitude 40.2 S, longitude 1754E). Tem-
peratures ranged from 13 to 28.

The arsenic solutions were prepared by taking a
measured amount of 1000 mg?! of sodium
arsenate solution and making the volume up to 0.8

the year, over 90% of the arsenic in the Waikato | with distilled water. Plants were grown in solu-



B. Robinson et al. / The Science of the Total Environment 301 (2003) 67-73 69

Mercer
[ ] .
Waikato Heads™y f
Huntly 7
Ngauruwahia
Hamilton
Cambridge

Karapiro

Arapuni

Waipapa

Atiamuri
Maraetai . )

Ohakure

o Broadlands
Ohaaki

Walrake1 ATatiatia

Whakamaru

Z

Huka Falls

10 20 30

Fig. 1. Sampling sites along the Waikato River, North Island, New Zealand.

tions containing various level§<0.01-0.8 mg  The control consisted of a beaker containing 0.8 |
I=1) of arsenic. There were three replicates each of 0.8 mg I'* of arsenic but no plant. Aliquots of
of six treatments and the experiment lasted 8 days.4 ml of solution were taken from each beaker
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initially at the start of the experiment and then at Table 1 ‘ _

48-h intervals, to determine when the plants had Arsenic concentrations for watefsng 1=1), sediments(mg
o . kg~—1) and plant sampleéng kg~*) taken from along the Wai-

re_acheq an equilibrium concentration. We assumed | _, River, North Island, New Zealand

this point to have been reached when there was

only a negligible change in solution concentration Average Standard Range
caused by plant growth. error
Water (n=27) 0.041  0.006 0.001-0.1532
2.3. Sample preparation and As determination Sedimentn=5) 40.5 5.3 14.0-85.0
Leaves(n=27)

Leaves and stems were separated, weighed and-resh weight 28.97 6.06 0.1-103.0
placed in a drying cabinet at 8C until a constant  Dry weight 499.6 90.2 12.0-1766.0
weight was reached. Approximately 0.2 g of stems(n=27)
ground material from each sample was accurately Fresh weight 15.9 3.78 1.9-76.0
weighed into 50-ml Erlenmeyer flasks. Concen- Dry weight 280.6 54.7 43.0-1226.0

trated nitric acid(10 ml) was added to each flask
and the mixtures heated on a heating block until a
final volume of approximately 3 ml was reached.
The samples were then diluted to 10 ml using
distilled water and stored in polythene containers. 3-1. Arsenic in watercress, water and sediments
Sediment samples were dried at 8@ and  from the Waikato River
sieved to <1-mm size using a nylon sieve.
Approximately 0.2-g quantities of sediment were  Table 1 summarises the arsenic concentrations
accurately weighed into 50-ml Erlenmeyer flasks. in L. sativum, sediments and waters from the
Concentrated nitric acid10 ml ) was then added Waikato River sampling sites. Nearly all samples
and the mixtures boiled until a final volume of 3 taken were above the WHO limit for arsenic in
ml was reached. A further 10 ml of concentrated foodstuffs (2 mg kg * fresh weight and the
hydrochloric acid was then added and the mixtures leaves, on average, were 14 times this value.
again evaporated to 3 ml. After filtration, the Arsenic concentrations in the leaves were nearly
solutions were diluted to 10 ml with distilled water. twice that of the stems, consistent with the distri-
All samples of plant material, sediment and bution of metal in most plant§éBrooks, 1998.
waters were analysed for arsenic using hydride- Although the arsenic concentrations in tle
generation atomic absorption spectroscopy. Sodium sativum samples are highly variable, this is the
borohydride was used as a reducing agent in ausual pattern for water plants in the Waikato River.
direct introduction method similar to that described For example, Liddlg(1982) reported arsenic val-
in Godden and Thomerso(l980. The limit of ues ranging from 265 to 1121 mg k§  for
detection was approximately 4 ng for loadings of Ceratophyllum demersum growing in nearby Lake
up to 5 ml of sample(i.e. 0.8 ug I~ [pph] for Ohakure. Fig. 2 shows the significant positive
waters and 4ug kg ! for sediments and plant correlation(r=0.77,P <0.001) between the arsen-
materia). Repeated measurements indicated thatic concentrations in the watercress and that from
the reproducibility was approximately 10% at con- the ambient water. It is clear from Fig. 2 that even
centrations of arsenic close to the limit of detec- if the ambient water concentration is less than the
tion. Reproducibility improved at higher arsenic WHO limit for drinking water (0.01 mg ') the
concentrations. Reagent blanks were below detec-arsenic concentration in watercress may be above
tion limits, i.e. <0.8 g 171 in the solution. The  the WHO limit for foodstuffs(2 mg kg™2).
fresh weight arsenic concentration was calculated All but four of the water samples taken had
using the percentage water that the plants con- arsenic concentrations in excess of the WHO limit
tained (an average of 92.7% with a standard for arsenic in drinking watet0.01 mg I*). This
deviation of 0.4%. concentration may be greater in the summer

3. Results and discussion
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Fig. 2. The arsenic concentratiemg kg~* fresh weightin the shoots of.. sativum vs. water arsenic concentratiémg 1=*) in
samples collected along the Waikato river. Lines A and B represent WHO limits for arsenic in drinking water and foodstuff.

months when the river flow is lower. The arsenic tration ratio increasing exponentially from 3:1 to
concentration in the sedimen(3able 1) was on 10:1 as the arsenic concentration in the surround-
average 988 times higher than the ambient watering water increased from 0.05 to 0.8 mgtl . This

concentration. type of increase is usually associated with active

exclusion: at low concentrations the plant is able
3.2. Arsenic accumulation by watercress in green- to exclude the element, and this barrier breaking
house experiments down at higher concentrations. Active exclusion is

not, however, consistent with the theory that arsen-

At the completion of the greenhouse trials, the iC accumulation occurs via the phosphate uptake

arsenic concentrations in all the plants had reachedpathway. If phosphate is taken up preferentially
equilibrium, indicated by negligible decrease in over arsenate, then the higher plamater concen-

the arsenic concentrations of the surrounding solu- tration ratio at high solution arsenic concentrations

tions. The arsenic levels in the shodisaves+ may be explained by an increase in arsenic com-
stemg of the plants at the end of the greenhouse petition for the phosphate uptake sites in the root-
trials ranged from 0.0Zcontrol) to 106 mg kg* zone.

dry weight and 0.0018-7.79 mg k¢ fresh weight At equilibrium, the arsenic concentrations were
(Fig. 3). The arsenic concentrations in the plants approximately fivefold less than in plants taken
were strongly positively correlatet-=0.96, P< from the Waikato River, even though both were in
0.001 with the arsenic concentrations of the sur- arsenic solutions of similar concentrations. This is
rounding water. There was a slight increase in the similar to the findings of Liddle(1982) for Cera-
arsenic concentration in the control beaker, this tophyllum demersum. A possible reason for the
probably being due to evaporation. difference is that the watercress in this experiment
All the plants in the arsenic solutions accumu- was free floating, whereas in the river it is rooted
lated this element, the plafwater arsenic concen- to the sediment layer. Sediments from the Waikato
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Fig. 3. Arsenic concentratiofimg kg * fresh weight in the shoots of.. sativum vs. the arsenic concentratidmg I=%) in the
ambient solution when the plant concentration had reached equilibrium.

River were found to contain on average of 40.5 4. Conclusions

mg kg! arsenic(Table 1. If this is a major

source of arsenic to the plant, then it would be  \Watercress should not be taken from zones

expected that the plants growing in a high arsenic where there may be elevated arsenic concentrations

sediment would have a higher arsenic concentra-in aquatic systems. This is particularly relevant in

tion. Further work could be conducted to explore geothermal areas where As-rich geothermal fluids

this possibility. Despite the lower arsenic concen- increase the arsenic burden on aquatic systems.

trations in the watercress of this experiment, plants The development of geothermal power stations

grown in arsenic solutions of 0.4 mg!  or greater, and geothermal heating systems that discharge

were above 2 mg kg on a fresh weight basis geothermal fluids into waterways may render pre-

(the WHO limit for arsenic in foodstufjs viously safe locations unsuitable for watercress
The ability of L. sativum to take up large  collection.

amounts of arsenic from substrates containing

relatively low concentration of this element indi- Acknowledgments
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