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Fig. 4. Percent arsenic remaining in Hoagland solution containing 1 mg L−1

As after growing P. vittata for 4 weeks (a) in different strengths of Hoagland
solution, (b) in different strengths of Hoagland solution containing CaCO3, and
(c) in 20% strength of Hoagland solution containing different plant nutrients.
Bars are standard error of means (n = 4).

38 days for the plant to remove the 1 mg L−1 As from the solu-
tion assuming constant plant arsenic removal. The final arsenic
concentration in the 10% HNS was 200 �g L−1 after 4 weeks of
growth.

In the experiment where 0.8 mM CaCO3 was added to 10
and 20% strength HNS containing 1 mg L−1 As, the opposite
trend in arsenic removal by P. vittata was observed (Fig. 4b).
P. vittata in the 20% HNS removed more arsenic than in the
10% HNS, which were 72 and 41%, respectively. Growing in
the 20% HNS, P. vittata removed significantly (P < 0.05) more
arsenic in the presence of CaCO3, whereas the opposite was true

growing in the 10% HNS (Fig. 4a and b). Apparently, at 20%
HNS, the addition of CaCO3 benefited plant arsenic removal.
Though the amount of Ca added to the 20% HNS with 0.8 mM
CaCO3 was much lower than that added with 2 mM Ca(NO3)2 in
the Ca/K experiment, the beneficial effects of Ca in both exper-
iments were similar. Solution pH decreased (up to 0.7 units)
while dissolved organic carbon decreased (up to 24 mg L−1)
with an increase in strength of HNS after 4 weeks (data not
shown).

3.3. Effects of nutrients on plant arsenic removal

The addition of different nutrients at concentrations of 20%
HNS significantly affected plant arsenic removal, with the
CaCO3 treatment being the most effective (75%) and the P treat-
ment the least effective (22%) (Fig. 4c). P. vittata growing in all
treatments was effective in reducing arsenic in the solution, with
arsenic reduction increasing with time.

Among all the treatments, P. vittata growing in the
CaCO3 treatment had the highest frond arsenic concen-
tration (213 mg kg−1) while the NH4 treatment the lowest
(47.3 mg kg−1) (Table 1). The CaCO3 treatment was the only
treatment that resulted in greater frond arsenic concentration
than the control. The trend for the root arsenic concentrations
was different, with the control having the highest (70.5 mg kg−1)
and again the NH4 treatment the lowest (17.3 mg kg−1). Simi-
lar to the frond arsenic concentrations, the translocation factor
(TF, arsenic concentration ratio of fronds to roots) in the CaCO3
treatment was the highest (5.01) and the NH4 treatment the low-
est (0.37). The NH4 treatment was the only treatment having TF
of less than one (Table 1).

The addition of different nutrients to HNS significantly
affected plant biomass (Fig. 5a). There was a significant
(P < 0.05) less plant biomass with the P, Ca and NH4 treatments
than the control whereas the CaCO3, NO3 and K treatments
had a significantly (P < 0.05) greater plant biomass than the
control.

The addition of different nutrients also impacted solution pH.
All treatments resulted in lower pH than the control, with the
NH4 and Ca treatments having the lowest pH and the P treat-
ment having the highest pH (Fig. 5b). The trend for DOC was

Table 1
Effects of different nutrients on arsenic concentrations (mg kg−1) and transfer
factor in P. vittata after growing for 28 days in 20% strength Hoagland nutrient
solution containing 1 mg L−1 As

Frond As Root As Transfer factora

Controlb 124 bcc 70.5a 1.76c
KCl 80.6bcd 27.8b 2.90bc
NaNO3 130b 35.8b 3.63ab
NH4Cl 47.3d 17.3b 0.37bc
NaH2PO4 65.4cd 24.7b 2.64bc
CaCO3 213a 42.5b 5.01a
CaCl2 49.2d 28.2b 1.74c

a Transfer factor = ratio of As concentrations in fronds to in roots.
b Control consists of 20% strength Hoagland solution with 1 mg L−1 As.
c Means with the same letters in a column are not significantly different at

α < 0.05 based on Duncan mean separation test.



Author's personal copy

A.O. Fayiga et al. / Environmental and Experimental Botany 62 (2008) 231–237 235

Fig. 5. Effects of plant nutrients on plant dry biomass (a), solution pH (b), and
dissolved organic carbon (c) after growing P. vittata for 4 weeks in 20% strength
Hoagland nutrient solution. Bars are standard error of means (n = 4).

different, with the CaCO3 having the highest and nitrate the
lowest (Fig. 5c).

Since the NO3 and NH4 concentrations in this study were
kept the same at 2.8 mM, it is possible to compare their
effects on plant arsenic removal (Table 1). Clearly the NO3
treatment (130 mg As kg−1 frond) was much more effective in
plant arsenic removal than the NH4 treatment (47.3 mg As kg−1

frond). The solution pH in the NO3 treatment was higher than
that in the NH4

+ treatment (Fig. 5b).
Compared to the control (20% HNS containing 1 mg L−1

As), the addition of 1.2 mM K as KCl, 0.8 mM Ca as CaCl2, or
2.8 mM NH4 as NH4Cl all reduced plant arsenic uptake, i.e. 35,
60, and 62%, respectively (Table 1). Compared to the CaCO3
treatment, the CaCl2 treatment was much less effective in plant
arsenic removal, with the frond arsenic concentrations being
reduced from 213 to 49.2 mg kg−1 (Table 1). Based on the V-
MINTEQ, adding 0.8 mM CaCO3 to 20% HNS did not result in
saturation of CaCO3, i.e. the concentrations of Ca in both cases
were similar.

4. Discussion

Calcium and K are both essential plant nutrients and may
enhance arsenic uptake by P. vittata (Lombi et al., 2002). The
increase in the frond arsenic concentrations with increase in
Ca concentration at 10 mg L−1 As may be due to the nutritional
effect of Ca. Calcium is known to promote root and leaf develop-
ment (Follet et al., 1981). At 50 mg L−1 As, there was a decrease
in frond arsenic concentrations with an increase in Ca concen-
tration possibly due to the oversaturation of Ca in the solution,
which probably led to precipitation of Ca on the roots. This is
possible since Ca, an immobile element, was accumulated in
the roots (Fig. 2). Accumulation of Ca was also observed in the
root zone of rice grown in rhizoboxes and this was attributed to
excess supply by mass flow (Hylander et al., 1999).

Potassium accumulated in the fronds of P. vittata (Fig. 3)
suggesting that it was translocated in the plant more than Ca
and could be associated with arsenic uptake as a counter cation.
A recent study investigating arsenic distribution in the fern
reported that arsenic and K in the upper epidermis were pos-
itively correlated (R = 0.87) (Lombi et al., 2002). However, no
significant correlation was observed between arsenic and K or
Ca concentrations in this study.

In this study, Ca concentrations in the fronds increased with
increasing Ca concentration, so was the K content of the fronds
with increasing K in solution. Nowak et al. (2002) reported that
leaf K content of Nephrolepis exaltata increased with increasing
nutrient concentration while leaf Ca concentrations decreased
with increasing nutrient concentration. A negative correlation
between Ca and K uptake in the roots of P. vittata suggests an
antagonistic relationship between the two in P. vittata.

Compared to the Ca/K experiment (10 and 50 mg L−1 As), a
much lower solution arsenic concentration was used (1 mg L−1

As) in the HNS/CaCO3 and nutrient study. The lower arsenic
concentration is within the reported range of arsenic concen-
trations in contaminated groundwater (Smedley et al., 2002;
Kim et al., 2001). This should have eliminated the potential
precipitation of arsenic with other cations in the solution.

There were no significant differences in the arsenic accumu-
lation by P. vittata from the three strengths of HNS tested, i.e.
10, 20 and 30%. However, comparing the effect of various nutri-
ents, the addition of CaCO3 to the nutrient solution significantly
increased plant biomass and arsenic uptake compared to the
other nutrients (Table 1). It is possible that the chloride anion was
responsible for the difference in the effect of CaCO3 and CaCl2
on plant arsenic uptake since all treatments were adjusted to the
same pH before plant transfer. The growth depression observed
in the chloride-treated ferns (Ca, K and NH4 treatments) might
have been due to the inhibition of nitrate uptake by high chlo-
ride concentrations in the solution (Marschner, 1995). The fact
that all three Cl-treatments had the lowest plant arsenic removal
may suggest that Cl was detrimental to the growth of P. vittata.
This adverse effect, however, is not associated with the increased
ionic strength since both the NO3 and NH4 treatments had the
highest ionic strength among the seven treatments. The differ-
ence between the two treatments was one had NO3 and the other
had Cl as counter anion.
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Previous research has shown that chloride is not beneficial
to most plants. The effects of sodium chloride have been
studied on plant growth of Vicia faba in three developmental
stages (Nafees, 1995). Significant reduction was observed in
growth even in low concentrations. Sodium chloride salin-
ity in the range of 0–90 mM inhibited growth of sorghum
seedlings (Amthor, 1983). Sodium chloride did not affect
the plant height of the halophyte Suaeda salsa at 50 mM
while it inhibited its growth at 500 mM (Liu et al., 2004).
The effect of chloride depends on plant species and chloride
concentration.

The greatest reduction in solution arsenic occurred with the
CaCO3 treatment. This is good for the phytofiltration of arsenic-
contaminated water in areas where limestone is present in the
rock strata. Addition of CaCO3 to a soil will increase plant
arsenic uptake both due to the effect of Ca and alkalinity. This
is because addition of Ca to a soil raises soil pH and the arsenic
availability in a soil increases with increasing soil pH. This is
consistent with Tu and Ma (2002) who reported that among dif-
ferent arsenate forms with comparable solubility (K, Na, and
Ca), Ca was more effective in increasing frond arsenic concen-
trations of P. vittata. P. vittata in the 20% HNS removed more
arsenic in the presence of CaCO3 than the 10% HNS because of
lower P concentration in the solution.

This study further reveals the competition between arsenate
and phosphate anions for plant uptake as the P treatment had the
lowest arsenic removal (Fig. 4c). Increasing removal of arsenic
with decreasing HNS strength may be due to decreasing phos-
phate concentration in the solution. Several other studies have
shown that phosphate inhibits arsenate uptake because they are
both taken up by the same uptake system (Tu and Ma, 2003;
Wang et al., 2002). Since plants need P to grow, the optimal
amount should provide proper nutrition yet not inhibit arsenic
uptake by the fern.

Nitrogen nutrition is responsible for cation/anion uptake
ratio, which greatly affects rhizosphere pH in the external
solution (Marschner and Romheld, 1983) because ammonium
assimilation enhances proton excretion and decarboxylation of
organic acids while nitrate assimilation is correlated with pro-
duction of hydroxides or hydrogen consumption. The result of
our experiment with the two different N sources also confirms
this report. P. vittata fed with the nitrate increased solution pH
while those with ammonium there was a decrease in solution
pH. This is because ammonium-fed plants are characterized by
a high cation–anion uptake ratio while nitrate-fed plants have a
high anion–cation uptake ratio (Marschner, 1995). This might
explain why more arsenate anion uptake occurred with nitrate
than with ammonium-fed fern. In a soil, it has also been reported
that fertilization of plants grown on arsenic-contaminated soils
with nitrate as the nitrogen source potentially increases rhizo-
sphere pH and probably enhances arsenic accumulation in plant
tissues (Fitz and Wenzel, 2002).

The data from the nutrient experiment comparing different
nutrients also showed that Ca and K had similar effect on plant
arsenic uptake and fern growth. This is consistent with Ca and K
having similar effect on arsenic uptake in the Ca/K experiment
that compared only Ca and K.

5. Conclusion

Addition of Ca up to 4 mM and K up to 3 mM increased
plant arsenic removal from 20% HNS containing 10 mg L−1 As.
Lowering HNS strength from 30 to 10% increased plant arsenic
removal from HNS containing 1 mg L−1 As. The addition of
CaCO3 to 20% HNS increased plant arsenic removal while the
addition to 10% HNS lowered plant arsenic removal. Among the
six nutrients tested, CaCO3 and NO3 were the most effective in
increasing plant arsenic removal whereas treatments containing
Cl and NH4 were the least effective.
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