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AZAEREE: Soil nitnfication has been reported to be sensitive to heavy metals and may be a
suitable index of soil mucrobial activities to pollutants. In this study, nitrification
measurements and luminescence-based biosensor tests were carried out to assess the
pollution 1mpact of metal contaminated soils. Perfusion-based mitrification was the
most sensitive method to examine the toxic response of heavy metal. Soil
nitrification was nhibited by copper, zinc and nickel. Zinc had strongest influence
on nitnification. The incubation-based nitrification method had no significant
response to metal toxicity. The bioluminescence-based bacterial sensors respond to
acute toxicity, but showed no response to the metal contaminated soils. The aged
soils had little evidence of bioavailable metal in the solution phase. The toxicity of
metal pollution was associated with various environmental parameters that
functional microbial-based tests are valuable techniques in pollution studies.
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Abstract

Soil nitrification has been reported to be sensitive to heavy metals and may be a
suitable index of soil microbial activities to pollutants. In this study, nitrification
measurements and luminescence-based biosensor tests were carried out to assess the
pollution impact of metal contaminated soils. Perfusion-based nitrification was the
most sensitive method to examine the toxic response of heavy metal. Soil
nitrification was inhibited by copper, zinc and nickel. Zinc had strongest influence
on nitrification. The incubation-based nitrification method had no significant
response to metal toxicity. The bioluminescence-based bacterial sensors respond
to acute toxicity, but showed no response to the metal contaminated soils. The
aged soils had little evidence of bioavailable metal in the solution phase. The
toxicity of metal pollution was associated with various environmental parameters

that functional microbial-based tests are valuable techniques in pollution studies.

Introduction

Nitrification is one part of the nitrogen cycle that occurs throughout the soil. It
involves the oxidation of ammonium, via nitrite, to nitrate. With increasing
industrial development, various kinds of waste and toxic elements accumulate in

soils, nhibiting essential soil processes including microbial activity. The toxicity of



heavy metals to soil microbial activities depends upon their bioavailability in soils,
and this is related to the free metal forms more than to the total soil metal content.
Free ion activity is the central element responsible for the interactions of toxicity and
uptake between metals and orgamisms ( Hare and Tessier, 1996 ). Properties such as
pH, organic matter and soil texture, determine the metal activity, and the rate of
nitrification as well.
Because of its importance in soil and its sensitivity to environmental change, many
researchers have used nitrification as an indicator of soil pollution from heavy metals
(Bhuiya & Comnfield, 1974; Liang & Tabatabai,1977; Quraishi & Comfield, 1973).
Liang & Tabatabai (1977 ) identified 19 trace elements that inhibited nitrification in
soils and concluded that the accumulation of trace elements in soils will lead to a
reduction in the amount of plant available nitrogen. Many heavy metals are toxic to
microbial processes when present in excess ( Dusek, 1995) .
Recently, in addition to biochemically-based soil tests, bioluminescent bioassays
have been developed for detection of soil borne pollutants. The response of
luminescence represents the activity of the bacteria responding to an environmental
sample. These bioassays are rapid and simple, which leading to a variety of
environmental investigation ( McGrath et al., 1999 ; Ritchie et al., 2001 ) . In this
paper, biosensors were used to assess the acute toxicity of metals in a Scotish soils.
The results were also compared with earthworm assimilation data for the same soil.
The objectives of this paper are to discuss (1) to optimize a nitrification bioassay,
(2) to assess the effect of heavy metals on nitrification potential under influence of
different combination of Zn, Ni and Cu, (3) to use bioluminescence to test the
toxicity of these metals, (4 ) to assess the bioavailability of metals in these soils and

the factors influencing their effects.



Materials and methods
Soil samples
The soil used for this study was Insch association, Insch series from Inschfield farm,

Aberdeenshire ( Table 1)

Table 1. Insch-soil characteristics

Texture Sandy loam
Sand (%) 57.7

Silt (%) 30.79

Clay (%) 11.51
Organic matter (%) 3.75

pH 6.1
WHC (%) 69

( Tiensing et al., 2001 )

Each soil was amended with Zn, Ni and Cu at values related to sewage sludge metal
qualities (0, 50%, 100% and 200%). Metal additions were made individually and in
combination. There are 36 combination of soils within the range of copper (0, 67.5,
135, 270 mg/kg ), zinc( 0, 150, 300, 600mg/kg) and nickel( 0, 37.5, 75, 150 mg/kg).
Soil was spiked in May 2000. These soils were preserved at 4C, and were taken
out 2 days before the experiment was carried out.  Each soil was carried out with 3

or 5 replicates.

Nitrification tests
Modified perfusion method

The soil was mixed with acid washed sand in 2:1 ratio in a plastic bag before adding



the ammonium source.  An aliquot of 2.0g Sephedex gel, 0.4g Amberlite, and 20g
of sand: soil were added to glass leaching tubes( 3.0 cm internal diam.) from base to
top. Sephedex gel controlled the flow rate of the perfusing solution in order to
optimise nitrification.

The amberlite anion exchange resin was used to avoid excess ammonium ions
leaching out of the sample. These layers were separated by glass fibre paper.

A 100ml aliquot of perfusing solution, which contained 0.5mM (NHa) 2S04 was
added into the perfusion tubes, and allow to flow.  During perfusion, the solution
was added in 4 aliquots (30ml, 30ml, 20ml, and 20ml) to enable perfusion to be
maintained for a 9-hour period. A reagent, (0.01M NaClO3) was added to the
perfusing solution to block the reaction of nitrite to nitrate, and nitrification potential
was assessed by measuring NO2z- N (ug/h/g soil). The leachates were collected in
plastic bottles and stored at 4°C until analysis by flow injection analysis.
Incubation method

A 5g aliquot of soil and 50ml 2M KCI1 were added to a 250ml Erlenmeyer flask.

The flasks were stoppered and shaked on a orbital shaker for 1 hour.  The soil-KCl
suspension was filtered through a Whatman no. 42 filter paper. The filtrate was
stored at 4°C until analysis with Flow Injection Analysis. = The concentration was
determined as initial nitrate ( NO3- N pg/d/g soil ) .

A 5g sample of soil was placed in a Universal bottle with 1ml deionized water (50%
WHC of Insch-soil) and 0.1ml 25mg/ml (NH4)2SO4.  The bottles were incubated at
20°C inthe dark. Afier 3 weeks, the incubated soil was extracted with 50 ml 2M
KCL The soil-KCl solution was put on an orbital shaker and filtered through
Whatman 42 filter paper. The filtrate was then analyzed and recorded as final
nitrate. The initial concentration of nitrate was substrated from the final for each

soil to determine mitrification potential.



Biosensor tests

A 5g aliquot of each soil and Sml deionized water was added to a 50 ml centrifuge
tube, then centrifuged at 1840 G, at 4°C for 30 minutes. The supernatant was
removed from the tube and maintained at 4°C prior to analysis.

The biosensors ( Pseudomonas fluorescens pUCD 607 and Escherichia coli HB 101 )
were resuscitated from freeze-dried by mixing with 1M KCl in Universal bottle, and
incubating for 1 hour on an orbital shaker. A fter incubation, a 900pl aliquot of soil
solution and 100p1 biosensor suspension were added to a 2 ml cuvette, and then
mixed thoroughly by a vortex mixer. The bioluminescence was measured by using
a Jade luminometer. The bioluminescence effect of P. fluorescens was measured
after 1 hour of exposure to the biosensor, while E. coli was after thirty minutes of
exposure.

The test with P. fluorescens was carried out with 5 replicates of each soil, while the E.
coli was 3 replicates in this experiment. The bioluminescence effect was expressed

as percentage of luminescence compared to control ( non-contaminated ) soil.

Statistics
Biosensor tests and perfusion method were analyzed by 2-way ANOVA, and the
significant difference (p=0.05) between different treatments was compared at the
p=0.05 confidence limit. The nitrifying potential measured by the incubation
method was represented as a difference between average initial and final value, thus

it was statistically assessed by 2-way ANOVA without replication.

Results and discussion
Nitrification

In the perfusion method, different concentration of metals showed significant effects



on nitrification.  Additionally, there were also strong interactions between two
metals in each combination (p<0.001) . This confirmed the results of previous
studies demostrating that nitrification can be affected by heavy metal.
Combinations of metals present in soils may induce complicated responses through
physicochemical properties and microbial activities. When zinc, nickel and copper
were present individually there was a clear inhibitory tendency of nitrification.
The inhibition of nitrification increased with elevated concentration of zinc and
copper. Nickel also showed an inhibitory effect, but nitrification potential
increased as the concentration rose to 150 mg/kg. In contrast, although the
combination of heavy metal had significant effect on nitrification, the inhibition was
not clearly explained by concentration (Fig 1).
The perfusion assay was the only technique that yielded sensitive responses to the
soils studied. To place this in an ecological context it was compared with data for
soil invertebrate studies in the same soil samples using a standard earthworm
assimilation toxicity test[ Miah pers com]. The concentration of Cu, Ni and Zn
accumulated in earthworms was found significantly affected in combination of Ni &
Zn and Zn & Cu. Surprisingly, copper and nickel had significant effect within the
combination Ni & Zn and Zn & Cu respectively.  The concentration of copper
and nickel could be varied with other metals, but zinc varied only with zinc itself
(Table2) .
The most clear inhibitory tendency in perfusion-based nitrification occurred in the
combination of Ni & Zn except at 150 mg/kg of Ni. The decline is obscure in the
combination of Cu & Ni, which zinc was not involved in nitrification inhibition ( Fig
1) . Relating to the earthworm data, zinc is the most mobile metal chemically and

its behavior is probably independent of nickel and copper.



Table 2. Significance* occurred in each metal within 3 combinations.
Concentrations of  Concentrations of  Concentrations of

Zn mg g-1dried Ni mg g-1dried Cu mg g-1dried

earthworm earthworm earthworm
Ni & Zn Zn Ni Zn, Ni**
Zn & Cu Zn Zn** Cu, Zn
Cu & Ni — Cu, Ni Cu

* Significance was tested by ANOVA-2 factor with replication.
** Ni showed significance in the combination of Zn & Cu, and so did Cuin Ni &

Zn.

For the incubation method, there was no significant difference in nitrification
potential between different concentrations of metal in any combination. It might be
due to a reduction of bioavailability of metals or the recovery of microbial activities
in Insch-soil. The bioavailability of heavy metal could be influenced through
process of precipitation, ion exchange, complexation, or redox potential. ~Cation
exchange capacity and organic matter content could promote adsorption of toxic
metals and then reduce their bioavailability (Sauve, 1999) . Dissolved organic
matter (DOM ) enlarges the pool of organic ligands in high pH soils, which
significantly decrease the free rr;etal ion activity ( Sauve et al., 1998 ). Formation of
stable metal-organic complexes are also result in the reduction of metal
bioavailability (Romkens, et al., 1999 ) . In this experiment, these contaminated
Insch-soils have been incubated for 1 year. Some physichemical reactions might

occur during this period which influence the activities of free ions. In this
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experiment, the soils were incubated with nitrogen source ( ammonium sulphate ) and
water content maintained for 3 weeks. It offered nitrifiers a nutrient rich
environment, thus nitrification rate exceed the toxic effect from metals. It indicated
that nitrification activity may recover effectively after exposure to toxic doses.
Compared with perfusion method, incubation is not effective for long-term
contaminated soil which metal bioavailability was reduced. Perfusion is proved to
be a more sensitive method for measuring nitrification potential in this study.
Biosensor
No significant difference occurred for E. coli in each combination of heavy metals.
However, when nickel was the sole pollutant, there was a significant deleterious
influence on the bacteria, but the influence didn’t occur when zinc or copper was
present.
On the contrary, there were significant effects due to different concentrations of
heavy metals for P. fluorescens, especially in the combination of zinc & nickel or
the combination zinc & copper. No significant response occurred in copper when
it combining with nickel.
The toxicity examination of heavy metals is strongly related to the bioavailability of
metals in soil. The bioavailability of metals is thought to be due to the free ion
present in the soil. Bioluminescence-based biosensors have been shown to
respond to the available ions of metals (McGrath et al., 1999 ) and was effective
indicator of heavy metals ( Chaudri et al.,2000) . However, the percentages of
bioluminescence in P. fluorescens were above non-contaminated soil. It suggested

that the soils were not toxic to P. fluorescens in each combination of metals ( Table

3).



Table 3. Mean value of percentage bioluminescence compared to non-metal soil in
P, fluorescens.

Ni& Zn Zn & Cu Cu & Ni

Ni Zn Cu

Zn o0 375 75 150 Cu O 150 300 600 Ni 0 675 135 270
0  100% 115% 159% 99% 0 100% 313% 108% 124% 0 100% 110% 101% 92%
150 313% 255% 140% 121% 67.5 110% 102% 117% 128% 37.5 115% 110% 113% 114%
300 108% 129% 125% 125% 135 101% 108% — 139% 75 159% 99% 110% 111%
600 124% 132% 136% 122% 270 92% 116% 116% 164% 150 99% 120% 110% 140%

* No significant effect occurred between different concentrations of Cu in
combination of Cu and Ni.

* The unit of concentration of Zn, Ni and Cu is mg/kg.

Significant difference between metals also suggested that there might be some
nutrient source present which could enhance the bioluminescence of the bacteria.
Yeomans, et al (1999) studied nutrients flow in rhizosphere using /ux-marked P.
fluorescens. The result in bioluminescence is above that of control which
containing no carbon source. They concluded that carbon source results in
increase in bioluminescence that the percentage is higher than 100%. If the
increasing light output by P, fluorescens in this study is caused by organic carbon
source, 1t might be the reason for the reduction in toxicity of heavy metals in this
experiment. Organic matter has been reported as a metal-chelator in many studies,
it will decrease the bioavailability of heavy metals, thereby reduce their toxicity.

With organic matter 1n soil, the free 10n of metals in Insch-so1l might have been

12



complexed and immobilized by it during previous incubation.

Conclusion
The bioavailability of metals of Insch- soils was reduced within 1-year incubation.
One of the reasons might due to the organic carbon present in soils, which was
confirmed in the bioluminescence response in P. fluorescens. The free metal ions
could be chelated and immobilized by organic carbon and then decreased the
toxicity of metals dramatically. In this study, P. fluorescens and E. coli did not
give an acute toxic response to Cu, Zn and Ni in each combination.  The
bioluminescence-based bioassay thereby might not be suitable for detecting toxicity
in long-tern incubated soils.
The decrease in activity of heavy metals also occurred in nitrification
measuring-incubation method, which had no different toxic response from
contaminated soils. Soil nitrification was recovered from previous inhibitory
influence of metals under sufficient nutrients. Compared to incubation method,
perfusion is the most sensitive method to measure soil nitrification activity even
after a period of incubation that bioavailability of heavy metals might have reduced.
Nitrification potential was obviously inhibited by copper, zinc and nickel.  Zinc
had stronger influence on nitrification than nickel and copper, the result was found
in assimilation data of earthworms as well. However, the results showed that
toxicity response differed with various parameters such as species, organic content,
and even the soil pre-treatment. Bioindicator is effective to assess the toxicity ’

responses to pollution in this study.
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Fig 1. Nitrification potential measured using perfusion method and incubation method
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* The concentration of Ni, Zn, Cu are represented as mg/kg.
* Inhibition is obvious in perfusion comparing with incubation.
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Summary A new perfusion system for the rapid and simple measurement and characterization of
potential rates of soil nitrification is presented. The system involved pumping a buffered NH}
solution, containing chlorate to block oxidation of NO; to NOj (1e NO; sole product of
nitrification), through a soil column Perfusate was then passed through a cation exchange resin to
remove remaining NH (preventing further mtrification), and through a sephadex gel to control the
perfusion rate. Determinations of NO; eluting from the column enabled rates of nitrification to be
calculated. Soil samples were also perfused with C,H, (1%) 1n the perfusing solution, as a partition
of autotrophic and heterotrophic mitrification. In an agricultural soil adjusted to a range of pH
values (then maintained at constant pH over 25 years), potential rates of nitnfication (using
unbuflered perfusate) decreased with increasing soil acidity, while at each pH almost all nitnification
was blocked by C,H,. This suggested autotrophs dominate nitrification in agncultural soil, regard-
less of acidity. In an acid comferous soil, however, 90% of potential nitrification was unaffected by
C,H,, suggesting heterotrophic nitnfication is of particular significance 1n acid forest souls.

Introduction

Measurement of potential rates of nitrification in soils generally invol-
ves perfusion of soil with a NH; -containing solution and subsequent
determination of the oxidation products NO; and NOj . Nitrification
assays using a soil slurry system have also been used, but these may be
more likely to generate anaerobic conditions with the consequent loss,
through denitrification, of the nitrification products. Also, both per-
fusion and slurry systems may overestimate potential rates of nitrifica-
tion unless nitrification is stopped (e.g. by freezing or filtering) in the
perfusate and filtrate respectively. _

Recent use of specific inhibitors has enabled further characterization
of soil nitrification. Sodium chlorate has been used to block chemoautot-
rophic oxidation of NO; to NOj "°. The chlorate block technique also
has great potential in the measurement of net nitrification since only one
nitrification product is generated which facilitates a more simple deter-
mination of the overall nitrification rate. (Since oxidation of NH; is the
rate limiting step of autotrophic nitrification, the presence of ClO; does
not affect the reaction velocity.) Acetylene has been used to inhibit
autotrophic oxidation of NH; to NO; *°. Acetylene has also been

J
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Perfusing solution ﬁ}

Glass wool

Soil /,./.G K .

2’
Cation exchange M W
‘' resin e >>}‘§ ’
Sephadex gel CT""S { 1,8

\

\" Peristaltic pump

Fig. 1. Perfusion apparatus for measurements and characterization of potentials of so1l nitrification.

shown not to inhibit heterotrophic nitrification. This has been demon-
strated both for a heterotrophic bacterium® and for a fungus’. This
selective inhibition of nitrification appears to be effective in partitioning
autotrophic and heterotrophic nitrification in soil’.

The aim of this study was to develop, using the recent innovations
discussed above, a new and simple NH} perfusion system for the rapid
determination of potential rates of soil nitrification. The aim was to
incorporate into the system, therefore, the following features:- a) A
chlorate block to facilitate determination of the reaction rate, NO; being
assayed as the sole product of nitrification; b) Prevention of further
nitrification in perfusate eluting from soil by continuous removal of
NH; ; c) Partitioning of autotrophic and heterotrophic nitrification by
the replacement of ClO; in the perfusing solution with C,H,.
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Materials and methods

Samples of a freely-dramned brown forest earth (total organic carbon, 9%) were collected from
the North of Scotland College of Agriculture research station, Craibstone, near Aberdeen, Scotland
The site has been sub-divided to plots which have been maintained (using Alumtnium sulphate and
Calcium carbonate) at constant pH levels ranging from4 5 to 7.5 over a penod of 25 years Samples
were collected from the top 10cm of each of these plots A peaty gley soil (pH 4 4, total organic
carbon, 11%, hitter layer removed and top 10cm of soil taken) was sampled from under a stand of
20 y old Sitka spruce at Culloden, near Inverness, Scotland.

The perfusion system (Fig 1) consisted of glass leaching tubes (15cm long, 1 5cm 1nternal diam.)
slurry packed, from base to top, with sephadex gel (0.3 g, G75, used to slow the flow rate-th ugh
the column), cation exchange resin (0.5 g, Zeo-Karb 225, Na* form) and fresh 56

e >
< 2mm). The layers were separated by thin bands of glass wool. The perfusing Selution, t uffered

to pH 6.15_(2-§i‘ l_lfffhate buffer), contained an ammonium source (0.5 mM (NH,),SO,) and
chlorae (0.01 M NaClO,). Before NH; perfusion commenced, the column was first flushed with
buffer only.

The bases of the columns were connected via pensa Watson-Marlow 8-channel

pernstaltic pump. The pumping rate was maintained sqf Df the perfusing solution was
pumped through the column over 6 h. Determination of NO; _coententrations in the perfusate were
determuned colorimetrically with a technicon autoanayzer (model II).

Potential rates of nitrification_were also determined with acetylene (1%) dissolved in the
perfusing solution (unbuffered 0.3 m H,),80,) as a method of partitioning autotrophic (block-
ed by C,H,) and heterotrophic (unaffected by C,H,) activity. Chlorate was not included 1n these
systems. Nitrate in the perfusate was reduced (cadmium reduction) to nitrate prior to colorimetric
determination by autoanalyzer.

To test the effectiveness of C,H, in partitioning nitnfication, a number of columns were leached
with a selective biocide (1gL™") in place of chlorate or acetylene in the perfusing solution. The
biocides used were Streptomycin sulphate and Cycloheximide.

Nitrification rates, in umoles NO,-N (g dry wt. soil)~' h~', were calculated by taking a linear
regression through data points (NO; produced during each 2 h interval) of triplicate columns.

Results and discussion

Nitrification, assayed by the new perfusion system (Fig. 1), occurred
in all the soil samples tested (Fig. 2). Chlorate itself did not have any
effect on the rate of NH{ oxidation (data not shown). NH; was not
detectable in the perfusate, but eluted in high concentrations from
columns where the cation exchange resin was not included (Table 1).
Determination of potential nitrification by this method, therefore, was
not affected by continued oxidation of NH; after perfusion. This was
confirmed when NOj; concentrations in perfusate were found to remain
unchanged over several hours following perfusion, but increased mar-

kedly in the absence of the cation exchange resin. The Sephadex gel;.

included in the columns to adjust perfusion to rates compatible with
nitrification kinetics, was found, when tested independently of the col-
umns, to have no significant effect on the N-ion chemistry of soil extracts
passed through it (data not shown).

Sampling from plots of the same agricultural soil, maintained at
constant pH over 25y, nitrification potentials (determined using un-
buffered perfusate) were found to be highest at pH 6.5 and 7.0, decreas-

3
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Fig 2. Nitrification potentials* of an agricultural soil and a coniferous forest soil. Shaded areas of
histograms represent proportion of nitrification not blocked by C,H,.
*unbuffered perfusate

ing sharply with increasing soil acidity. Autotrophic nitrification has
traditionally been considered to be particularly acid-sensitive®. Nitrifica-
tion in the more acid plots may be attributable to either acid-adapted
autotrophs or perhaps to heterotrophs such as nitrifying fungi. There is
now evidence of in vitro fungal nitrification where substrate has been
both inorganic and organic**'?. Recent evidence, based on the use of
acetylene as a block of autotrophic nitrification (but not significantly
affecting heterotrophic nitrification), suggests that there is a greater
potential for heterotrophic nitrification than for autotrophic nitrification
in acid forest soils’. The soils selected to partition nitrification in this
study were the agricultural soil from the pH plots, used in the previous
experiment, and an acid coniferous soil sampled from under a Sitka

Table 1. NO,-N and NH,-N concentrations in total perfusate (50 ml) from an agncultural soil (pH
6 5), with and without cation exchange resin included in the perfusion column

N-ion concentrations (uM) 1n total perfusate

NO,-N NH,-N
Column + cation exchange resin 3089 + 29.6 00
Column — cation exchange resin 317.1 + 36.5 1427 + 136

Concentrations are means of perfusates from triplicate columns + standard error

4
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spruce plantation. In the agricultural soil, regardless of the pH at which
it had been maintained, potential nitrification rates were almost entirely
stopped when C,H, was introduced to the perfusing solution (Fig. 2).
The proportion of the potential rate of nitrification blocked by C,H, was
always greater than 90%, even for samples from the most acid (pH 4.5)
of the pH plots. In an acid (pH 4.4) coniferous soil, however, only about
20% of the potential nitrification was blocked by C,H, (Fig. 2). These
results suggest, therefore, that nitrification in agricultural soil is domi-
nantly an autotrophic process™ (i.e. blocked by C,H,) regardless of
acidity. Autotrophic nitrification under highly acid conditions is thought
to be facilitated by the attachment of the nitrifier cells to surfaces. Cells
of autotrophic nitrifiers attached to glass beads have been shown to
nitrify under acid conditions in which unattached cells did not survive’.
Autotrophic nitrification in the acid plots of the agricultural (arable)
soils, therefore, may well be mediated to some extent by surface-attach-
ment of the nitrifying cells. The results also suggest, however, that
nitrification is dominantly heterotrophic (i.e. unaffected by C,H,) in
coniferous forest soil of similar pH to the most acid samples of the
agricultural soil.

The above suggestions of the ecological significance of autotrophic
and heterotrophic nitrification were largely confirmed by replacing C,H,
in the perfusing solution with selective inhibitors of protein synthesis
(streptomycin to inhibit bacteria; cycloheximide to inhibit fungi). Al-
though effects were not as pronounced as with C,H, (probably because
of the slow action of the inhibitors), nitrification potentials in all samples
of the agricultural soil were reduced by streptomycin and largely unaffec-
ted by cycloheximide, while potential nitrification in the acid coniferous
soil was reduced by cycloheximide and largely unaffected by strep-
tomycin (Table 2).

In conclusion, the new perfusion system offers a simple and reliable

Table 2. Comparison of the effects (% mnhibition) of different inhibitors on nitrification potentials
(unbuflered perfusate) in an agricultural soil and in an acid coniferous forest soil

Soil Inhibition
Acetylene Streptomycin Cycloheximide

Agricultural soil pH 7 5 914 + 101 394 + 53 58+ 08
Agnicultural soil pH 70 935 £ 116 452 £ 65 62+ 09
Agncultural soill pH 6 § 95.0 + 90 360 + S0 391+ 06
Agnicultural sod pH 6 0 915+ 133 325 £+ 50 81 +13
Agricultural soil pH S S 91.7 + 124 344 + 49 90+ 13
Agncultural soil pH 50 93.7 + 145 217+ 36 72+ 15
Agricultural soil pH 4 5 90.0 + 87 346 £ 33 70 £ 0.8
Acid coniferous soil pH 4 4 263 £ 52 83+ 10 390+ 52

Percentages calculated from means of triplicate columns + standard error

5
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method for measuring potential rates of nitrification (NO; production
has been found linear with time for all soils tested) and may also be easily
modified to partition these rates into likely autotrophic and hetero-
trophic components. This type of partitioning approach should enable
characterization of nitrification in different soil environments, par-

ticularly more acid systems where growing evidence suggests a significant
heterotrophic component.
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INCUBATION STUDY ON EFFECT OF pH ON NITROGEN
MINERALISATION AND NITRIFICATION IN SOILS
TREATED WITH 1000 PPM LEAD AND ZINC, AS
OXIDES

M. R. H. BHuiya & A. H. CORNFIELD
Chemistry Department, Imperial College, London, SW12AY, Great Bruain
ABSTRACT

The effects were studied of adding 1000 ppm Pb and Zn, as oxides, to a sandy soil
before adjustment to three pH levels on nitrogen mineralisation and nitrification
durmg subsequent aerobic incubation for 6 weeks at 30°C. [At pH 60 neither element |
kad any significant effect on either process. At pH 7- 0 mtnﬁcatzon was decreased ,
slightly by Pb and Zn,fwhilst nitrogen mineralisation was decreased slightly only by
Zn. Pt pH 77 (soil COWZ‘X, CaC0,) both processes were “decreased shght[ v
by Pb and to a fair extent by Zn. ﬁesults are discussed in relation to Morgan- an(T
EDTA-extractable levels of Pb and Zn.

INTRODUCTION
e e e - — “‘\
ngh levels of metallic elements may occur in soils through the application of
mmmg, industrial, municipal and sewage wastes, fertilisers and metal-containing
pestlcldes and through airborne contamination by industrial smoke and fossil
fuel combustion products. Variation in soil pH will affect the mode and extent of
l‘eactnon of metallic compounds added to soils. The reactions will include adsorp-
tlon on charged surfaces, precipitation in cationic or anionic forms and complexing
wuh organic materials to form soluble or insoluble products. These, in turn, will
aﬂ'ect the extent of migration of metals through soils and their SOl’pthI’l by
oorganisms.,/” "
Swame (1955) reports that soils usually contain 2-200 ppm total Pb and 10-300
Ppm total Zn, although higher levels may occur due to the parent rock or in the
Yicinity of mines and smelting works. This paper reports on the effects of adding
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162 M. R. H. BHUIYA, A. H. CORNFIELD

1000 ppm Pb and Zn, as oxides, to a soil (containing only moderate concentrationg
of these elements) on mineral nitrogen changes during incubation after adjustmen,
.to three pH levels.

MATERIALS AND METHODS

The soil used was a ‘Bagshot’ sand (5-5% clay, 12:09 silt) from a cultivated area,
air-dried and ground to pass a 2 mm sieve. The soil had pH 6-0 (in water) and
contained 0-189; total nitrogen, 2:9 ppm ammonium-nitrogen, 2-1 ppm nitrate-
nitrogen, 2-2 %, organic carbon, 35 ppm total Pb and 74 ppm total Zn. Separate
bulk samples of soil were mixed with finely ground (less than 0-25 mm sieve) PbQ
and ZnO (AR grades) to add 1000 ppm of the metallic elements on the dry soil
basis. Each of these samples and a control sample (receiving no metallic oxide
addition) was divided into three lots. One of each lot received no further treatment.
Another of each lot was mixed with finely ground calcium carbonate (AR grade),
based on previous tests, to raise the pH to 7-0. The third sample of each lot received
sufficient extra calcium carbonate to give a 29, excess. The treated and control
soils at each level of calcium carbonate addition were placed in pots and held at
room temperature (18-22°C) for two weeks with addition of water to maintain the
moisture content between 409 and 50 %, saturation. The soils were then air-dried
and rubbed through a 2 mm sieve. For incubation 10 g samples in quadruplicate
were placed in 10 x 2-5cm glass tubes and water added to bring the moisture
content to 509, saturation. The barium peroxide method (Cornfield, 1961) was
used for aeration and absorption of carbon dioxide during incubation of the tubes,
which were closed with rubber bungs, for 6 weeks at 30°C. For analysis, 10 ml of
water was added to duplicate tubes of each treatment and the pH measured after
shaking. Then 10 ml of double-strength Morgan’s reagent (N-acetic acid—1-5N—
sodium acetate) was added and, after 2 min shaking, the contents were filtered. The
filtrates were analysed for ammonium- and nitrate-nitrogen by a microdiffusion
method (Bremner & Shaw, 1955) and for added metallic elements by atomic
absorption spectroscopy. Two further replicates of each treatment were shaken for
2 min with 20 ml of 0-IN EDTA-Na (pH 7-0), filtered, and the filtrates analysed
for the added metallic elements.

RESULTS

Table 1 shows (a) the extent of accumulation of mineral nitrogen (ammonium- plus
nitrate-nitrogen) after incubation, in ppm on a dry soil basis, obtained by sub-
tracting initial values from those after incubation and (b) Morgan- and EDTA-
extractable levels of Pb and Zn on the dry soil basis. pH values after incubation
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TABLE 1
EFFECT OF SOIL pH AND ADDITION OF 1000 PPM LEAD AND ZINC (AS OXIDES) ON MINERAL NITROGEN
ACCUMULATION* AND EXTRACTABLE LEAD AND ZINC AFTER SIX WEEKS OF INCUBATION (RESULTS ON
DRY SOIL BASIS)

Soil pH Treatment NH 4~N NO3-N min-N merals " metals
ppm ppm ppm pbpm ppm

o) 2-7 217 24-4 —t —t
.60 Pb 3-2 21-8 250 184 712
Zn 3-1 206 23-7 292 669
O 1-3 34-7 360 — -
7-0 Pb 3-1 30-8 339 221 731
Zn 3-1 30-1 33-2 392 744
(o] 52 41-3 465 —_ —_
7" Pb 3-8 378 41-6 312 699
Zn 3-8 276, 314 341 591
LSD P < 005 2-1 2-1 23 27 57

* Initial levels subtracted from those after incubation.

t Containing 2 % calcium carbonate.

t The control soils contained 1, 3 and 4 ppm Morgan-extractable lead, 18, 21 and 20 ppm EDTA-
extractable lead, 6, 6 and 5 ppm Morgan-extractable Zn and 19, 19 and 18 ppm EDTA-extractable
Zn at pH 60, 7-0 and 7-7, respectively.

are not presented since these did not differ by more than 0-2 units from their
respective controls. The presencé of ammonium-nitrogen in all soils after incubation
indicated that nitrification was not_being limited by ammonification. - -
J Imthecontrol soils (no added metallic oxides) both nitrogen mineralisation and |
nitrification increased with pH. At pH 6 neither Pb nor Zn had any significant
effect on nitrogen mineralisation and nitrification when compared with the control
soil of the same pH. At pH 7 nitrification was decreased slightly by both Pb and
n, whilst nitrogen mineralisationW@JAt pH 7-7 both
processes were decreased slightly by Pb and to a fair extent by Zn, Morgan-Pb
~Values increased with, whilst EDTA-Pb values-showed no significant differences
due *n, pH. Morgan- and EDTA-Zn values increased from pH 6 to pH 7 and
dec. .ed to pH 7-7.

DISCUSSION

The slightly increasing toxicity of Pb to nitrogen mineralisation and nitrification
Was roughly correlated with increasing Morgan-Pb, but not with EDTA-Pb. The
Increasing toxicity of Zn to both processes with increasing pH was poorly correlated
Wwith either extractable form of Zn. The possibility of zincate (Zn(OH),7) and
Zn(OH),~) and plumbate (Pb(OH),") species in solution even at the highest
PH (7-7) is remote since calculations (Stamm & Morgan, 1970; Lindsay, 1972)
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species likely to be present.{Norvell (1972) Tound that the extent of chelation of

{ Zn by several chemical chelating agents usually increased considerably with pH,
In the soil of pH 7-7, where the toxicity of added Zn to both processes was partic.
ularly high, it may be that a soluble neutral Zn chelate(s) was formed, by reaction
with soil organic matter, and diffusion of this to the sites of microorganic activity
would not be limited by charged particles in the soil. No information appears to b
available on the levels of complexed species of Pb in soils in relation to yﬁ.jSince

, Pb is'a more électronegative €lement than Zn and forms more stable chelates than
does Zn (Irving & Williams, 1948) it is likely that Pb forms less soluble complexes
Eg_ does Zn with soil organic matter. This could explain the relatively low toxicity

tof Pb compared with that of Zn at pH 7-7. R ~
“The generally similar extent 6f decreases, ‘where these occurred, in nitrogen
mineralisation and nitrification due to Pb and Zn additions indicates that neither
treatment had any differential effects on the heterotrophic organisms responsible
for nitrogen mineralisation and the autotrophs responsible for nitrification.

The results obtained here for Pb and Zn differ from those obtained for Cu.
(Quraishi & Cornfield, 1973), where it was found that the toxic effects of 1000 ppm
added-Cu-fas-sulphate)on both nitrogen mineralisation and nitrification decreased
with increasing pH.

have shown that at this i[-j%i[\goncentrations are neghgible compared with other
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Abstract

A luminescence based biosensor (Rhizotox-C) was used as an indicator of heavy metal pollution of soils The response of the
biosensor to mcreasing toncentrations of total soil Zn, soil solution Zn, soil solution free Zn®*, total soil Cu and total soil
solution Cu from soils of a long-term sewage sludge field expenment was investigated The bioluminescence response of the
Rhiuzotox-C biosensor dechned as total soil Zn, soil solution Zn and free soil solution Zn?* concentrations increased The EC,
values for the biosensor for total soil Zn, soluble soil solution Zn and free soil solution Zn>* were 164 + 43 mg kg™' soil, 4 +
07 and 2+ 03 mg I™', respectively. The ECg, values were 403 + 57 mg kg~ soil, 16 +3 and 6 + 1 0 mg 1™, respectively The
largest soil solution concentration of Cu was about 620 pg 1~', but this had no sigmificant effect on luminescence This
corresponded to a total Cu concentration n bulk soil of about 349 mg kg~' © 2000 Elsevier Science Ltd All nights reserved

1. Introduction

Studies looking at the effects of heavy metals on
indigenous populations of soil microorganisms or on
microbially-mediated soil processes often report short-
term acute effects rather than long-term chronic effects
These short-term acute effects can probably be attribu-
ted to the use of unreahstically high concentrations of
pollutants 1n laboratory tests over relatively short
periods of time In the environment, heavy metal pol-
lution can build up over many years through the appli-
cation of metal-contaminated sewage sludges and
pesticides to agricultural soils, and through anthropo-
genic activities such as mining and smelting Because
of this, chromc effects are hikely to predominate 1n the
environment However, chronic effects can take many
years or even decades to develop (Chaudn et al,

* Corresponding author Tel + 44-1582-763133 x 2792 fax +44-
1582-760981

E-mail address amar chaudri@ bbsrc ac uk (AM Chaudn)

1992,1993, McGrath et al, 1995, Giller et al. 1998),
even 1n highly polluted soils, making early detection of
problematic soils difficult On the other hand, acute
effects on susceptible microbial populations may be
immediate and too short-lived to be noticeable
Current methods of assessing toxicity to soil micro-
organisms from contaminated soils involve either col-
lective determinations as in the quantification of the
soll microbial biomass (Brookes et al , 1986, Chande:
and Brookes, 1993) or enumeration of individual
species using various culturing techniques (Chaudn et
al, 1993, Situla et al, 1999) However, these tech-
niques are slow and labour intensive Hence, there is 4
need for the development of a soil-based microbial
bioassay, which 1s sensitive enough to rapidly identify
potentially contaminated soils For this bioassay to be
effective, 1t must have the ability to rapidly yield info1-
mation, yet act as a surrogate for chronic changes in
soil health, thus giving early warning of potentially
toxic soils In this study we used a luminescence based
biosensor (Rhizotox-C), with the lux cassette for lumi-
nescence incorporated into 1t, as a possible idicator of

0038-0717/00/8 - see front matter ¢ 2000 Eisevier Science Lid All nghts reserved

PIl S0038-0717(99)00166-2
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Table 1
Mean soil pH, organic carbon and total metal concentrations

A M Chaudre et al | Soil Brology & Biochemustry 32 (2000) 383-388

Treatments® Soil pH Soil % C Total metal conc (mg kg™')
3 Zn Cu Ni Cd

Control no sludge 65 099 44 9 7 018
Non-melal enfiched control sludge 63 114 53 11 7 028
Zn} 63 116 141 16 9 022
Zn 2 62 122 278 15 8 024
Zn3 60 127 291 21 9 080
Znd 59 134 44] 22 9 087
Cul 61 122 75 150 8 024
Cu?2 63 110 57 160 7 018
Cul 60 142 69 254 9 027
Cud 57 136 73 349 9 025
ZnCul 62 123 94 58 9 024
ZnCu?2 58 136 189 86 9 052
ZnCul 57 141 230 159 9 054
Zo Cu 4 57 140 328 223 9 060

“ Al treatment values are means of (wo replicate plots, except for the no sludge conltrol treatment where n = 4

heavy metal pollution of so1l Briefly, prokaryotic bio-
luminescence 1s the emmssion of light as a result of the
oxidation of aldehyde (RCHO) and reduced flavin
mononucleotides (FMNH,) by molecular oxygen to
the corresponding fatty acid (RCOOH), flavin mono-
nucleotide (FMN) and water The reaction 1s catalysed
by the enzyme luciferase and 1s intrinsically hnked to
cell metabolism (Hastings et al, 1985) The souls used
in this study were from a long-term field experiment to
which sludges contaminated with Zn, Cu or Zn plus
Cu were added

2. Materials and methods

2 | Experimental design and treatments

The soils were from a field experiment established in
1982 at ADAS Gleadthorpe 1n Nottinghamshire, UK,
to examine the long-term effects of the application of
sewage sludge on soil fertiity and productivity The
soil 1s 2 loamy sand of the Newport assocration (Typic
Quartzipsaments), with 6% clay and 2% organic mat-
ter Pressed sludge cake, from 4 single source, was
enriched with either Zn, or Cu. or Zn plus Cu salts
and applied to the field experiment to attain a range of
soil metal concentrations (Table 1) Control plots
received either no sludge or non-metal-enriched sludge
of the same type as the contaminated sludges In 1986,
metal concentrations 1n certain plots were found to be
lower than the desired target concentrations Hence,
further additions of naturally-enriched Zn and Cu
sludge cakes were made to selected plots to achieve the
desited so1l metal concentrations

The experimental design was a randomused block,

12

with two replicate plots of each treatment, except for
the no-sludge control treatment, which had four repl-
cate plots All treatments received P and K at rec-
ommended rates, when necessary, based on soil
analysis, whereas N, at recommended rates, was only
added when non-legume crops were grown (MAFF,
1994) Soil pH was maintained from 5 7-6 5 by adding
lime or elemental sulphur

2 2 Chenucal analysis

Soils were collected from selected treatments (25 cm
depth) 1n November 1996 and sieved moist to <3 mm,
thoroughly mixed and separated into 1 kg (oven dry
basis) portions to give triplicate samples for each plot
Each portion was placed 1n a pot with a Rhizon soil
moisture sampler (Rhizosphere Research Products,
Wageningen, The Netherlands) inserted diagonally
across from top to bottom The soils were then gradu-
ally brought up to 75% water holding capacity (WHC)
over 2 weeks and maintained at this moisture content
for a further 2 weeks before extracting 100 ml of soil
solution This procedure 1s described 1n detaill by
Knight et al (1998) Two ahquots of this sample were
used for determining total concentrations of Zn, Cu
and N1 by Inductively Coupled Plasma Atomic Emis-
sion Spectrometry (ICP-AES, Accuris) and Graphite
Furnace Atomic Absorption Spectrometry (GF-AAS,
Perkin Elmer) for Cd Soil solution pH and dissolved
organic carbon (DOC) were determined on other ali-
quots For ‘total’ soil metal concentrations, the soils
were first digested with aqua regia (HCI HNO; 4 | v/
v) following the method of McGrath and Cunliffc
(1985), before determining by ICP-AES and GF-AAS
for Cd
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Table 2
Mean soil pore waler pH, dissolved orgamic carbon (DOC) and metal concentrations
Treatments® pH DOC (mg 17') Metal concentrations (mg 1~')

N Zn Free Zn?* Cd Free Cd** Cu Ni
No sludge costrol 653 22 14 006 0053 00001 000003 0013 0003
Non-metal enriched control sludge 629 1457 008 0029 0 0002 0 00009 0010 0005
Zn | 603 2475 138 0657 0 0009 0 00067 0025 0 020
Zn 2 572 2906 547 2627 00018 000110 0030 0025
Zn3 5 66 2935 10 91 5087 00093 000575 0045 0055
Zo 4 542 28 60 1971 9199 00144 0 00868 0045 0075
Cul 595 2570 040 0208 00013 0 00090 0250 0 040
Cu?2 622 2290 026 0108 0 0006 0 00065 0240 0015
Cu 3 604 2581 043 0184 00015 000095 0340 0045
Cud 554 2799 102 0399 00023 000147 0620 0065
ZnCul 621 3124 068 0380 00012 0 00086 0120 0020
ZnCu2 531 2843 571 2398 0 0085 0 00459 0175 0070
ZnCul 528 2990 10 85 41755 00026 000146 0360 0115
ZnCu4 543 36 63 18 69 6277 0 0042 000228 0 600 0155

¢ All treatment values are means of two rephcate plots, except for the no sludge control treatment where n =4

Concentrations of Tree Zn?** and Cd** n soil sol-
ution were determined using the method of Holm et
al (1995) In this method, metal concentrations are
determined before and after equibbrium 1s reached
with a calcium-saturated cation exchange resin The
proportion of total metal in soil solution present as
free metal can be calculated by companson with a
reference experiment However, soil solution free Ccu?*
concentrations could not be determined using this
method, because soil solution Cu concentrations were
found to be very small even in the most contaminated
soil Only the total Cu 1n soil and soil solution Cu con-
centrations are reported

23 Rhizotox-C lununescence bhioassay

The Rhizotox-C biosensor consisted of a lyophilised
consortium of Rhizobwm leguminosarum biovar trifoln
TA! luxAB and Escherichia coli SMI0(A pir) luxAB
The biosensor was resuscitated from freeze dried vials
following the procedure of Paton et al (1997) and 50
ul of the cell suspension added to 450 ui of the test sol-
ution 1n a cuvette The luminescence produced was
measured 1n a Bio-Orbit 1253 luminometer, after an
exposure time of 37 min The bioassay was done 1n tri-
plicate and the luminescence expressed as 4 percentage
of the luminescence measured mn soil solutions from
control treatments, which received non-metal enniched
sludge

24 Stansucal analyses

Stepwise multiple hinear regression analysis (SMLR)
was carried out using Genstat 5 (1987) for Windows

13

(3rd ed ), in order to predict the response of the bio-
sensor to the mixture of heavy metals 1n soil solution
All metal concentrations were logo transformed to
normalise the data. Results of the regression analysis
are expressed as the proportion of varance accounted
for (le adjusted R%) Non-linear regression analysis
was done, after log;o transformation of the soil sol-
ution Zn and free Zn?* data, using the Gomperiz
model with four parameters (Genstat 5, 1987) The ex-
ponential model was used for total soil Zn, as the
lower asymptote parameter required by the Gompertz
model was not satisfied Curves were fitted to the bio-
luminescence data, with the Zn data as the indepen-
dent vanable (1e x values)

3. Results and discussion

31 Chenucal analysts

Chemical properties of the soils from plots of the
field experiment are shown 1n Tables 1 and 2 Control
plots, which received non-metal enriched sludge, had
shghtly elevated metal concentrations compared to
soils which had received no sludge, because the sludge
contained some metals at low concentrations Theie
were no Ni or Cd sludges, and the other sludges
applied contained httle N1 or Cd Therefore, their con-
centrations 1n sotls were relatively low, with total soil
Ni ranging from 7-9 mg kg™' and Cd ranging from
018-087 mg kg™' This gave very low soil solution
concentrations of Ni, Cd and free Cd?* 1n all treat-
ments (Table 2) Soil solution pH and dissolved o1-
ganic carbon (DOC) ranged from 528 to 653 and
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Table 3

SMLR analysss of lummescence from he biosensor agawnst soil pore water chemical properties

Biosensor Stepwise multiple hinear regression vanance ratio”

Soil pore water

pH DOC* free Zn®* Cu free Cd*" Ni % Variance® accounted for
Rhizotox-C " 07 8" 071 20 003 9

* Varance ratto > 50 indicates a significant effect, P < 0001 (%)
¢ DOC = Dissolved organic carbon n soil pore water
o, variance accounted for by free soil pore water Zn

from 15 to 37 mg ', respectively The DOC concen-
trations were of the same order of magnitude, reflect-
ing the fact that most of the labile sludge organic
matter has decomposed since the last sludge addition

3 2 Effect of heavy metals on holuminescence

Stepwise multiple linear regression (SMLR) analysis
showed that soil solution pH and free Zn?* were the
main predictors of the bioluminescence response from
Rhizotox-C (Table 3) The apparent dominant effect of
soil solution pH on the dechne in luminescence of the
biosensor can be explained by the fact that both pH
and metal concentration were auto-correlated in the
SMLR analysis In tests, the luminescence response
from the biosensor was stable across the pH range 4 5
to 70 Therefore, the decrease 1n bioluminescence wus
due to increased free Zn?* concentration in soil sol-
ution, accounting for 79% of the vanance dand not a
simple pH effect The SMLR analysis also confirmed

b)
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that the vanation n soil solution DOC, Cu, Ni and
free Cd>~ had no significant effect on the luminescence
from the Rhizotox-C biosensor (Table 3)

Using non-linear regression analysis, 70% of the
vartance 1n bioluminescence of the Rhizotox-C biosen-
sor was explamned by total soil Zn, 84% by soil sol-
ution Zn and 86% by soil solution free Zn** (Fig 1)
Copper had httle effect on luminescence, decreasing 1t
by only 6% compared to control, even at the largest
so1l Cu concentration, which gave a soil solution con-
centration of 620 pg 1" (Fig 1) Soil solutions fiom
plots which recerved Zn plus Cu contaminated sludges
caused 4 sumlar decline in bioluminescence to that
from plots receiving only Zn-contamunated sludges.
with comparable concentrations, but with small Cu
concentrations (Fig 1) This suggests that Zn, and not
Cu, caused the dechne 1n bioluminescence of the bio-
sensor

In our study. it 1s hikely that the concentrations of
free 1onic Cu were very small, since at the largest soil
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fig t Effect of (a) total soil Za (b) soil solution Zn and (¢) sosl solution free Zn?" or % of control biolununescence trom the Rhtzotox-C bio
sensor Treatments O No siudge control, ) Non-metal enriched (control) sludge 3 Zn contaminated sludge, & Zn plus Cu contaminated

sludges, W Cu conlaminated sludge
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Table 4
Calculated critical Zn values for reduction 1n bioluminescence of the
Rhizotox-C biosensors

Biosensor  Soil pore water (mg 1~')  Total in bulk soil (mg kg™")
Zn* Free* Zn?" Zn®

Rhizotox-C

EC,y 4007 2(03) 164 (43)

ECs° 16 (3) 6 (1) 403 (57)

¥ Calculated using a Gompertz model

® Caiculated using an exponential model

¢ EC;s effective concentration causing 25% reduction
9 Standard errors of the EC values

¢ EC, effecve concentration causing 50% reduction

Cu addition (349 mg kg™'), <0 18% was 1n soil sol-
ution The free Cu?* concentration n soil solution
wads likely to have decreased further, due to processes
which remove Cu, such as chelate formation by bind-
ing to soluble organic compounds d4nd microbial
adsorption and sorption It 1s known that metals are
generally less toxic when complexed with organic com-
pounds than in the free 1omc form (Babich and
Stotzky, 1980) In Table 4, using nonlinear regression
models. we have calculated total soil Zn, and soil sol-
ution Zn and free Zn?>* EC,s and ECsy, concentrations
that gave a4 25 and 50% reduction 1n luminescence, re-
spectively These values are 1in the same concentration
ranges as those in a previous study using two different
biosensors (lux-marked Escherichia coli and Pseudomo-
nas fluorescens), but the same soils (Chaudn et al,
1999)

The relationships between total soil Zn. soil solution
Zn and soil solution free Zn®>* and luminescence were
all well correlated, giving high R? values (Fig 1) It
would seem that in a single soil type, any could be a
reasonable predictor of toxicity However, comparisons
between different soil types may be more difficult, as
Kmght et al (1998) showed that there can be a poor
relationship between total and soil solution free 1onic
concentrations in studies with different soil types
Also the free 10n is thought to be the toxic species
(Sunda et al, 1978, Zevenhuizen et al. 1979). and
when comparnng different soil types. 1t may be 4 more
rehable chemical measure Since soil solution s the
medium 1n contact with soil microorgamsms, 1t 1s 1m-
portant that the free tomc concentration of the metal
be used for comparative purposes between different
soil types Our study demonstrates the potential for
using lumnescence-based biosensors in a4 laboratory
bioassay for rapidly identifying contaminated sites In
future. these techniques may be extremely useful tools
in ecotoxological work and in monitoring for contami-
nation of soils
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“The effect of a laboratory addiuon of 10, 100 and 500 mg Cd kg;}l, son ON ammonification and nitrification was
‘studied using soil samples of two unpolluted grassland soils. Calcareous and non-calcareous soil were selected for
fthis purpose. Various parameters of mitrifying activity were investigated simultaneously: activity during long-term
laboratory incubations in the presence and absence of a substrate, mineralization potentials, and potential activity
of both ammonium and nitrite oxidizers during short-term incubations in soil slurries. Cadmium was added as

aqueous CdCl,.

_concentrations 0
;the calcareous soil. The addition o

/ Additions of both 100 and 500 mg Cd kg;; soil d0ses significantly lowered the ability of both soils to nitrify 100
pg added NH -N gd_r; sont a5 @ substrate, which was reflected in a decreased rate of nitrate formation (maximum
inhibition reached 60% in_the calcareous_soil and 45%_in the non-calcareous soil). |Furthermore, these two

|

Cd caused an abnormal accumulation of nitrite immediately after incorPoration,xpamcularly n
F1omg CHE;; soi Intensified N-mineralization in both soils, probably as a

‘consequence of a higher concentration of readily metabolized substrate originating from killed bacteria or fungi.

An excess of mitrate was then formed as a final step. IThe harmful effect of cadmium was more pronounced
! calcareous soil, probably due to the higher sensitivity of nitrite-oxidizers in these soil samples.

"

Introduction

Cadmium is widely known to be a very hazardous
pollutant, toxic to various ecosystems (Nriagu, 1980)
‘and one of the most mobile metallic elements in soils
(McBride, 1989). The incorporation of Cd into soil
‘is followed by various reactions with the soil con-
,Sutents, including adsorption on charged surfaces
and precipitation or complexing with organic materials
(Sinchez-Martin and Sanchez-Camazano, 1993). All
s¢ Interactions are highly dependent on soil proper-
Ues and the fate of Cd after introduction into the soil is
Rl yel clear (Kurek et al., 1982).
" Heavy metals may have toxic effects on microbial
:3uvity imytially after their incorpotation into soil if
S¢ elements are in soluble, and therefore available
form (McBride, 1989). The toxic effect of Cd in soils
' believed to be assoctated with forms of Cd soluble
501l solutions (McBnde et al., 1981). Depending on
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soil parameters, a greater or lesser amount of cadmium
is absorbed by the soil. However, this Cd can be, to
some extent, subsequently solubilized, e.g. by local
variations in soil pH or organic matter content and
as a result of microbial activity, e.g. ammonification
and subsequent nitrification of ammonium can locally
change pH and thus solubilize some amount of Cd
(Chanmugathas and Bollag, 1988).

The negative effects of heavy metals like Cd on the
activity of soil microflora (decomposition of organ-
ic matter, mineralization, nitrification) have already
been observed many times as reviewed in Baath
(1989). Nitnification in particular deserves investiga-
tion because it plays a very important role in soil N-
cycling and seems to be sensitive to various types of
chemical compounds incorporated into the soil envi-
ronment: both organic compounds (Karmarkar and
Tabatabai, 1991; Ray, 1983, Rice and Pancholy, 1973,
1974) and heavy metals (Baath, 1989; Mahszewska
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et al, 1985) In order to reliably assess the possible
impact of a pollutant, ammonification and nitrification
should be studied simultaneously because ammoni-
fication could influence nitrifying activity providing,
more or less ammonium as a substrate.]Both processes
" appear o be affected by heavy metals in a similar way

an increase of the activity at low concentratons of
metallic elements and an inhibition at higher concen-
trations (e.g. Chang and Broadbent, 1982). Generally,
mitrification 1s assumed to be more sensitive to heavy
metal toxicity than ammonification (Baath, 1989), but
some exceptions were observed: e.g. harmful effect
of Cu on ammonification observed 1in calcareous soil
(Liang and Tabatabai, 1977).

The process of munfication in soils is not only
of theoretical interest but has considerable practical
importance. Any stimulation of nitrifying activity is
undesirable because of possible losses of nitrogen from
the soil (Laanbroek and Gerards, 1991). Furthermore,
a disturbance in the equilibrium of the two phases of
nutrification could lead to an accumulation of its toxic
intemgg_i_a_t_q,_nimte, in the soil (Liang and Tabatabai,
jQ'@An accumulation of nitrite was observed pre-
dominantly 1n alkaline, calcareous soils, probably due
to the higher sensitivity of Nitrobacter populatons
to various stress environmental factors: e.g. organic
acids: (Karmarkar and Tabatabai, 1991); heavy metals:
(Liang and Tabatabai, 1978); NH; formed from ammo-
nium 1ons: (Flowers and O’Callaghan, 1 .

My experiments were designed to estimate the
activity of nitrifying populations immediately after the
incorporation of various amounts of Cd using short-
term (8 hours) and long-term (33 days) laboratory incu-
bations. The sensitivity and suitability of both experi-
mental approaches were compared. A secondary objec-
tive was to compare the sensitivity of ammonification
and nitrification to the effect of Cd. Non-calcareous and
calcareous grassland soils with comparable pH values
were selected for that purpose.

Materials and methods
Site description and soil handling

Both the studied soils were natural grasslands located
in the Brno-city region in two areas sufficiently protect-
ed against possible sources of pollution, including traf-
fic. Concentrations of heavy metals, polychlorinated
biphenyls (PCBs), polyaromatic hydrocarbons (PAHs)
and polychlornated dibenzo-p-dioxins (PCDDs) and
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dibenzofurans (PCDFs) were found to be lowel
background level of these pollutants in the Brno 1t
(Holoubek et al., 1994; data, of project TOCO
The concentration of Cd was determincd as 0.1"
Kegry son 10 Kravi Hora and 0.36 mg kggy oo, in

dovka (September 1993) The soils differed 1in C.
content and organic matter content The value «
and soil texture were quite similar in both the
(selected soil parameters are shown 1n Table 1).

Six 0-10 cm composite samples (each consi
of four subsamples) were taken per site n early ¢
ber 1993 for determining of field concentration
norganic nitrogen. Samples were transported
laboratory in cooled boxes at 4°C, immediately i
(< 2 mm) and analysed for nitrite, nitratc and ami
um content (within one hour after sampling) All
soil properties were analysed i April 1992 using
mixed samples (each consisting of ten random
subsamples). These samples were transported t
laboratory tn polyethylene bags, thoroughly hon
nized, sieved (< 2 mm) and then air dricd.

For all microbiological experiments, s1x con
ite (0~10 cm) soil samples (each consisting of
subsamples) were taken with a spade in carly Oc
1993. The soil was air dried 1n the laboratory (2
then ground and sieved through a 2 mm sieve ¢
ters of soil with roots were carefully removed.
prepared samples were stored in the laboratory
used for expeniments (within two months). Pri
any experiment, the so1l moisture was adjusted to
of WHC and the samples were preincubated (25
days).

Experimental treatments

To study the effect of Cd on ammonification and
fication 1n long-term incubations (33 days), two
ants of these incubations were prepared simultan
ly: (1) with (NH4),SO, substrate in concentrat
100 ug NH{-N gz ., and (2) without any add
of (NH;);S04. Distilled water solutions of CdCi
(NH,4);S0; (if added) were added dropwisc to t!
surface in the amount (approx. 1.5mL per 10 gof
cubated so1l) that was necessary to reach the red
moisture level (50% WHC) and final concentrat
Cd 10, 100, 500 mg kg ..

For tncubations 1n soil slurries, CdCly was
to 50 mL of incubation medium 1n the amount «
sponding to the concentrations 10, 100, 500 1
kg;',; sont that were subsequently added
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Sod PHS e PHGq Cly N NHP-NG NOT-N®  NO7-N° Caequinalen®  Soil texture™4(%)

(%) (%) (mgkgy) (mgkgr!) (ugkey,)) % Sand Sit  Clay
Klajdovka (KL) 743 690 539 0441 816 45 1162 43 2763 4885 2352
Kravi Hora (KH) 759 703 267 0267 370 12 223 0= 3508 4625 1867

®Method Nigw - Page etal (1982), Corp. CaCO; equivalents - Blakemore et al (1987), pH - glass electrode, sol texture - pipette

analysis - Kilmer and Alexander (1949)

bApnl 1992

¢October 1993.

9Sand. 50 - 2000 pm; silt- 2 - SO pm, clay” <2 um

Tt.. -ontrol samples were treated in the same way
i each type of expenment with the exception of Cd
reatment. Additionally, one series of samples treated
wih an adequate amount of KCl in water solution was
pepared for each type of experiment to control the
effect of C1™ ions.

Chemical analyses

‘Soil pH was measured by glass electrode in water and
01N KCl using 1 : 2 soil : water suspension. Nitrate-
. and ammonium- nitrogen in extracts (1 N K;SOy; soil
:solution = 1 : 5; 60 min. in end-over-end shaker)
twere determined using the nitrate and ammonium ion-
iselective activity electrode (Myers and Paul, 1968).
-These analyses were calibrated using the steam dis-
“tillation method (Bremner, 1965). Nitrite concentra-
tion in soil extracts was determined photometrically as
desc- " <d in Schmidt and Belser (1982).
¢ results are expressed on the basis of the oven-
dry (105°C/8 hours) weight of the soil (d.w.).

Mineralization potentials

Sixreplicate samples per treatment (each of 20 g sieved
soll) were placed in 300 mL serum bottles and incubat-
edfor 29 days at 28°C (Laanbroek and Gerards, 1991).
soil moisture of preincubated samples was adjust-

¢d to 30% of WHC (slightly above field moisture at
€ ume of sampling) and corrected to this level daily
With distilled water. The bottles were covered by caps
Made from filter paper to allow gas exchange. The dif-
¢fence 1n the ammonium and nitrate content between
beginning and the end of the incubation period was
fined as mineralization potentials corresponding to
the Quantity of easily degradable organic-N compounds

broek and Gerards, 1991).
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Potential activity of ammonum oxidizers in buffered
soil slurries (short-term incubations)

Preliminary trials were designed to determine the sodi-
um chlorate concentrauon sufficient for inhibition of
nitrite oxidation in accordance with Berg and Rosswall
(1985). A dose of 10 mM sodium chlorate and 2 mM
(NH4),S04 were chosen to reach a maximum rate of
potential ammonium oxidation.

Six replicate soil samples (10 g, preincubated) were
placed in 50 mL of phosphate buffer (pH = 7.5) with
chlorate and substrate. The bottles were then shak-
en in a water bath (25°C) The amount of accumu-
lated nitrite was determined in hourly samples taken
for 6-8 hours. Each of the samples was immediate-
ly centrifuged (4,000g. 4°C; 30 mun.) and the super-
natant was directly analysed for nitrite content. Poten-
tial activity was expressed as the rate of nitrite accu-
mulation (simple linear regression).

In order to invesugate the accumulation of nitrite
immediately after the addition of substrate when both
phases of nitrification could operate, an experimental
variant without chlorate was prepared. This experi-
ment was designed as described above using buffered
soil slurry with 2 mM (NH4),SO4; but nitrite oxidizers
were not blocked by chlorate. The rate of nitrite accu-
mulation was calculated using simple hinear regres-
sion.

Potential activity of nitrite oxidizers in buffered soil
slurries (short-term incubations)

The potential activity of nitrite oxidizers was deter-
mined according to Belser and Mays (1982). Six repli-
cate samples (10 g, preincubated) were placed in 50
mL of incubation media: 50 mL phosphate buffer
(pH = 7.5) with 0 002% (w:v) nutrapyrin (inhubition
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of chemolithotrophic ammonium oxidation) and 0.1
mM sodium nitrite.

The suspensions were incubated at 25° C in arotato-
ty shaker with water bath for 8 hours Samples of 2mL
were taken hourly, immediately centrifuged (4,000g,
4°C, 30 min.) and analysed for nitrite content in the
supernatant. The rate of nitrite consumption was cal-
culated using simple linear regression.

Actvity of mutrifying bactena in long-term laboratory
incubations

The soil samples (20 g, preincubated) were placed in
300 mL serum bottles. Sufficient samples were pre-
pared to give a replication of six for each sampling
time during incubation (22°C; 33 days). In the first
vanant of the incubations, no ammonium sulphate was
added and the soil moisture was adjusted to the opti-
mal level of 50% of WHC. In addition to this variant,
the activity of nitrifiers was also estimated using 100
pg NHY-N gz/ ., as a substrate. A water solution of
(NH,4),SO4 was spread (with CdCl; in treated vari-
ants) dropwise as described above. The bottles were
covered with caps made from filter paper to allow gas
exchange. Soil moisture was controlled every other
day and adjusted using distilled water.

Six subsamples were taken regularly in three, two
or one-day intervals (depending on the treatment) and
immediately extracted by 1 N solution of K350, (1 :
5; 22°C; one hour in end-over-end shaker). After fil-
tration, the concentration of nitrite, nitrate and ammo-
nium nitrogen were immediately determined in the fil-
trate. Soil pH was determined simultaneously.

The accumnulation of nitrate was studied by plotting
NO;7 -N production against the time of incubation. The
maximum rate of nitrification and the lag in nitrate
production were determined as described in Donaldson
and Henderson (1990).

Statistical analyses

The percentage of nitrification inhibition by elements
was calculated from [(A - B)}J/A.100, where: B = nitrate
produced in the treated sample; A = nitrate production
in the control sample.

The means of environmental parameters were com-
pared by analysis of variance (after tests for normality
and tests for homogeneity of variance). The Newman-
Keuls multiple-range test was used for a detailed anal-
ysts of differences between the means of experimental
variants (Zar, 1974). An o = 0.05 was chosen for deter-
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Table 2 Mineralization potential¥

Mineralization potentialZ
(mg NO7 -N + NHF -N kg~!)
Kravi Hora Klajdovka

Cd
(mghg~h)

0 6214 (407ha 6918 (512)a

10 738 (54h)b 7512 (480)b
100 6125 (712)a 6714 (618)a
500 6614 (572)a 6821 (52Da

YThe numbers are means of six replicates In
parentheses S D All concentrations are related
to dry soil matter

ZNumbers 1n single column followed by the
same letter are not sigmificantly different at p
=005

muning significant differences between experiment
variants.

The consumption and production of nitrite durir
short-term 1ncubations in soil slurries were evaluate
by simple hinear regression. When observed, the syt
motd character of mitrate production during long-terr
incubations was estimated using non-linear regre:
sion.

Results and discussion

A significantly higher concentration of nitrite w:
found in the Klajydovka (KL) site (116.2 ng NO; -
2y o) than in the Kravi Hora (KH) site (22.3 r

NO; -N ggr;, so) at the time of sampling (Table !
Calcareous soils with higher pH have already be:
reported to have higher field concentrations of NO; -
(Momll and Dawson, 1967). Reporting on 116 sc
samples, these authors further observed positive si.
nificant correlations between the nitrifying capabil:
of the soil and the pH value and Ca content. Simil.
ly, I observed a higher activity of nitrification in sc
samples from the calcareous KL site than from the K
site.

Nearly the same values of mineralization pote
tial (estimated at moisture level slightly higher th.
field values: 30% of WHC) that were found in contr
samples from both sites (Table 2), reflected a siml
quantty of easily degradable organic N n both so
(Laanbroek and Gerards, 1991). No adverse effects
any added concentratons of Cd on the value of mi
erahzation potenuial was found in either of the sc
(Table 2). Mineralization potential as a relatively co



\ parameter generally seemed to be less sensitive to
.ronmental factors than nitrification; the function
1 small group of bactena (Andersch and Anderson,
).

The N-mineralization of soil samples treated with
mg Cd kg;; <« appeared to be even enhanced (by
proximately 8 6% n the KL soil and 18.8% 1n the
i soil) in comparison with control samples (Table

Similarly, the rate of nitrate production during long-
m 1n- “ation was enhanced in the soil treated with
ymge . sg;; sor- (Table 3). This effect seemed to be
-esponse of a higher concentration of readily metabo-
sed substrate originated from killed bacteria or fungi

the variant treated with 10 mg Cd kg;,; sou- 1n both
wls (KH and KL), there was an apparent excess of
{rate at the end of the incubation of soil treated with
us dose of Cd (Table 4), which corresponded to the
icher ammonification activity in such treated sam-
les. The enhancement of the mitrate production rate
y the low dose of Cd was less pronounced in incuba-
on with ammonium-N added as a substrate (Tables 3,
) in comparison with the variant treated only with 10
ng Cd kgd’n', sot- The possible stimulation of ammoni-
ication by the low dose of Cd in these samples could
wt influence the nitrifcation rate significantly due to
he presence of an excessive amount of substrate (100
1g NHf-N g;; son)- It should be emphasized that I
udied mineralization potential as a parameter of soil
st * +o nearly the field moisture level, while all my

utrific....on tests were made. usj i ples with
in optimal moisture contgfit (50%, WHC). Therefore,
the absolute percentage of the observ timulation of

these processes should be compared very carefully.
The stimulation of mineralization and nitrification

process by low amounts of various pollutants has

already been observed (Andersch and Anderson, 1991;

Baath, 1989). However, these data must be e interpreted

very carefully. lCadtmum can have an 1mpact lmmed;-j

ﬁﬂy after its incorporation into soil as a biologicail

i

uve element with a toxic effect on sensitive bacte-.

na and u%m of Sensitive organisms are
anch source of available nutrients including nitrogen
and can be readily metabolized, and consequently an
¢xcess of ammonium-N 1s formed. Nitrifying popula-
Uions are probably resistant to such low amounts of Cd
aded to the soil and therefore produce a higher level of
fitrate that cannot be removed by normal mechanisms
”‘faChmg, denitnification, plant uptake) in laboratory
nditions. It seems likely that the stimulation of min-
¢ralization potential 1n my samples treated with 10 mg

47

Cd kgd“,y' «on Feflected the toxic effect of the low dose
of Cd on some sensitive organtsms and the subsequent
higher production of ammonium-N

*AThe rate of nitrification studied’ ddﬁno the 33- dav
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incubation period without substrate addition (optimal
moisture level - 50% of WHC) was swmﬁcamly inhib-
ited by 100 and 500 mg Cd k_dn son 1N both sorls
Table 3)%0 doses of Cd increased the initial
accumulation of NO; -N in calcareous site KL (Table
3; Figs. la—¢) The same changes. but quantitauvely
more apparent, were observed during the long-term
incubation with 100 yg NH} -N ¢! as a substrate

the dose of 500 mg Cd kgg!  decreased the rate
of nitrate production by nearly 45% in soil KH and
by 60% in soil KL comparing with control samples
(Table 3). The simultaneous application of NH]-N
and Cd caused a significant accumulation of nitrite 1n
the beginning of nutrifying activity 1n both soils (Figs.
1d-f). As expected. the accumulation of NO; -N dur-
ing the incubation was higher in the calcareous KL site-
500 mg Cd kgd‘r; son Increased accumulation of nitrite
by approximately 60% comparing with control (Table
3). Final concentrations of accumulated N are reported
in Table 4. Lower amounts of NO; -N 1n the soil sam-
ples treated with 0, 100 and 500 mg Cd kgg! ., were
associated with a higher ammonium content at the end
of the incubation (Table 4), which suggested lower-
ing of nitrifying capability in the soils due to the toxic
effect of Cd. The concentration of nitrite-nitrogen was
increased until the end of the incubation in soil KL
that was treated sxmultaneously with NH+—N and 100
or 500 mg Cd kgdn son (Table 4: Fags. le—f)

The intial flush of NOJ -N production that was
observed in long-term incubations (Figs. 1a, d) can be
regarded as normal and is believed to be mainly caused
by a surplus of ammonium nitrogen (so1l without sub-
strate addition) or by NHJ -N added as a substrate.
Although the soil samples were preincubated prior to
incubation, an initial increase in ammonification activ-
ity could be expected 1n both soils as a consequence of
sieving and rewetung of air dried soil. However, the
increased accumulation of mitnte in so1l samples treat-
ed with higher doses of Cd appeared to be associated
with a prolongation of lag time 1n the nitrate produc-
tion, especially in the calcareous KL. site (Figs. 1b. c,
e, f). The accumulation of mitrite 1n the early part of
long-term incubations caused a temporal decrease in
pH value by 0 6-0 95 units, depending on the amount
of Cd applied.

I
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Table 3 Long-term laboratory incubations¥

Kravi Hora Klajdovka
Substrate Cd Nimte Nitrate production Nitnte Nitrate producton
(g NH-Ng~!) (mgkg~!)  Max. conc. Rate” % Inhubition Max. conc. Rate® % Intubiue
(ogNg~!) (mgNkg~!'d~!) (sumulation) (mgNg=!) (mgNkg~'d~!) (sumulaue
dunng ncubation dunng incubation
[V 0 886 2.99(016)a 0 1952 2.62(0.16)a 0
10 743 3.43(0.14) b +147 174.6 3.04(0.15)b +160
100 92.4 2750.17) ¢ -125 263.1 2.11(0.18) ¢ ~195
500 102.6 2.23(0.18)d -25.4 385.4 1.64(0.i1)d ~374
100 0 702.6 6.27(0.57) e 0 44726 718(0.52)e 0
10 678.5 6.34(0.40) ¢ +1.1 3768.5 684(0.48) e -4.7
100 834.2 5.88(0.37)e 66 5159.6 6.24 (0.63) f -131
500 1223.2 345017 b -449 72893 2.88(019)b -599

Y All incubations were repeated six times. In parentheses. S.D. All concentrations are related to dry soil matter
ZNumbers in the column followed by the same letter are not significantly different (p = 0.05).

Table 4. Accumulaton of mitrogen at the end of laboratory incubations?

Kravi Hora Klajdovka
Substrate Cd Nitnteb Nitrate? Ammonium® NimteP Nitrate® Ammonum®
(ugNHF-Ng=') (mgkg~™!) (gNg~!) (mgNkg™)) (mgNkg™))  (@gNg-!) (mgNkg™!) (mgNkg™!

0 0 0 59.6 0.8 0 688 1.2

10 0 66.1 32 0 753 1.4

100 0 55.4 6.5 0 57.7 13.8

500 0 50.1 129 0 527 21.0

100 0 0 103.1 0.6 0 106.4 0

10 0 101.6 1.2 0 105.3 25

100 0 102.6 10.2 102.6 97.2 7.4

500 0 75.12 218 213.0 85.1 195

*All incubations were repeated six times. All concentrations are related to dry soil matter.

YInitial concentrations (at the ume 0) was the same for all Cd vanants.

Nitrate formation invariably lagged behind nitrite
formation (Bhargava and Datar, 1989) and many fac-
tors have been reported to regulate the lag-time of
nitrate formation (Donaldson and Henderson, 1990).
There is a danger of toxic effects of NH; formed in
alkaline soil (pH > 7.5) (Broadbent et al., 1957). Par-
ticularly Nitrobacter populations has been reported to
be sensitive to ammonium in alkaline and especially
calcareous soils (Flowers and O'Callaghan, 1983; Wet-
selaar et al., 1972). Therefore, the negative influence
of ammonium could have contributed to the toxic
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effect of Cd in my samples treated with (NH,),S:
particularly in the case the of calcareous KL soil.

The potential activity of ammonium oxidizers *
not significantly influenced by the addition of 10
Cd kg;; son (measured in buffered soil slurries, in
presence of chlorate, Table 5). The dose of 100
Cd kg;;y' soi Significantly inhibited the rate of ammc
um ox1dation only in soil KL and the dose of 500
Cd kg, , significantly reduced the rate of ammc
um oxidation by approximately 16% as cornparec
control samples in both soils (Table 5).
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Cdkg;! , and with the addition of 100 ug NH; -N g7}, : () Control; (e) 100 mg Cd kg, . (0500 mg Cd kgl .

When applied in the soil slurry without chlorate
(Le. both phases of nitnfication could operate), the
higher Cd concentrations significantly increased the
rate of nitrite accumulation, which strongly suggested
the inhibiton of nitrite oxidation (Table 5). Compared
w0 the control samples, the rate of nitrite accumulation
Increased by approximately 22.5% in soil KH and by
3pproximately 34.6% in soil KL in the samples treat-
ed with 500 mg Cd kgg ., (Table 5, non-chlorate
Vanants).

Assuming no adverse effect of 10 mM chlorate
9" ammonium-oxidizing populations, the comparison

23

of the accumulation of nitrite between chlorate and
non-chlorate variants in soil slurries supplemented by
NH; -N as a substrate (Table 5) allowed us to estimate
approximately the influence of chemicals on popula-
tions of NOy -N - oxidizers. In the case of control
samples (no Cd treatment), the samples without chlo-
rate accumulated a significantly lower amount of nitrite
than vanants with chlorate: by 62.3% in soil KH and by
40.4% 1n soil KL (Table 5). These data suggested that
nitrite oxidation lagged after ammonium oxidation in
both soils However, the calcareous KL soil appeared
to be less efficient in oxidizing of accumulated nitrite
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Table 5 Potenual acuvity (PA) of ammonium o lze"s -incubauons in soul slumes? - A . \'
1, BEPUTAY Va7 £ & Y g‘f_i . (okdaceu s S
Kravi Hora (/‘{{' Klajdovka /\L
Cd 10 mM Chlorate Without chlorate 10 mM Chlorate Without chlorate
(mgkg™!) Nitnte production Nitnte production Nutnte production Nitnite production
(ngNO7-Ng~='h~!) (ngNO;-Ng~'h~!) (ngNO; -Ng='h~!) (ngNO;-Ng~'h~!)
F— ¢
0 13335(1127) a S019(285)a % |5  15216(1208) a 9076 (99.6)a S\ ¢ 7:,
10 13686 (104 9) a 5142337 a 20 ‘u-"o 14847 (102 1) a 961.7 (72.4) a bu &
100 13128 (954)a 5478 (44 5)a ¢/ ,,,_/ 13613(982)b 12216 (94.1) b J"l‘ 1
500 11149 b 46@28)c 'L 12162854 6 (94.
(731 6146(428)c ] 854)b 1221.6 (94.1) b f‘y\?

ZAll numbers are means from three replications In parentheses’ S D

All concentrations are related to dry soil matter.
2 mM (NH4);SO4 was used as a substrate.

Numbers 1n single column followed by the same letter are not significantly different (p = 0 05)

than soil KH, which could have led to the accumu-
lation of a relatively high amount of NO; -N in this
soil, even in the several hours following the incorpora-
tion of substrate (Table 5, control variant). The lower
ability of soil KL to oxidize produced nitrite could
indicate that (1) nitrite oxidizers in soil KL were more
affected by previous laboratory procedures: sieving,
air drying, incubation in soil slurries, (2) ammonium
oxidizers 1n so1l KL, were less affected by the system
of measurement and the stimulation of their activity in
the presence of 2 mM (NH4),SO4 as a substrate could
exceed the capability of the nitrite oxidizers in this soil,
(3) although the soil slurmes were buffered, the toxic
influence of NHj on nitrite oxidizers of the calcareous
KL soil could not be completely excluded.

Furthermore, Ja comparison of chlorate and non-
f]

chlorate ¢ samples revealed a greater toxic influence o

Cd on nitrite oxidation in 5011 KL than in 1 soil KHY For
the dose of 500 mg Cd kgdry s> the nitrite oxidizers
in soil KL, consumed only_4.3% of produced nitrite
(Table S, comparison of chlorate and non-chlorate
variant) that was produced in soil slurries with chlo-
rate while the nitnite populations in soil KH consumed
_44.9% of nitnite that was produced by ammonium oxi-

“dizers (Table 5). omparing the consumption of nitrite )
within single soil, a higher sensitivity of nitrite oxi-

dation to Cd added to soil KL was obvious; {Table 5 -
orate-vsTTion chlorate slurries).

The disturbance of nitrite oxidation in the early
time after the incorporation of Cd was also apparent
from a direct measurement in soil slurnies (Table 6).
Comparing with control samples the nitrite-oxidizing
activity in samples treated with 500 mg Cd kg;;, soil
decreased by 18 6% in soil KH and by 30.5% 1n soil

T
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Table 6. Potential activity (PA) of mtnite oxidizers - ncubanons r;
soil slurries®

Cd Kravi Hora Klajdovka
(mgkg~!) Nitnte consumption Nitnte consumption
(ngNO7 -Ng~'h~l) (agNO;-Ng~'h~})
0 521.8(334)a 743.8 (52.1) a
10 492.6 (27.5) ab 7704 (384)a |
100 4813 (249)b 6663 (420)b
500 4247 (25.1) ¢ 517.0(31.2)c
{
ZAll numbers are means from three replications In parentheses*
SD.
All concentrations are related to dry soil matter.
2mM (NH4),SO4 was used as a substrate,

Numbers in single column followed by the same letter are no
significantly different (p = 0.05) H

KL. Again, the nitrite oxidizing populations in the cal
careous KL soil appeared to be more sensitive to stress
factor than nitrite oxidizers in soil KH, which coule
explain the enormous accumulation of nitrite that was
observed during long-term incubations of these soil
samples (Fig. 1a-f).

It should be emphasized that Cd was incorporated
simultaneously with 2 mM (NH4);SO4 as a substrate
in all measurements in soil slurries (Table 6). The con-
centration of 4 mM NH} -N used as a substrate in soil
slurries was a higher dose than the dose of 100 pg
NH}-N gdry sonn that was applied in long-term incuba
tions (Table 3). Consequently, the harmful effect of
NHj evolved from ammonium ion on the activity of
nitrite - oxidizers could be worse in the experiments in

soil slurries, particularly 1n the case of calcareous soil
KL.



[ can summanze that the nitrite oxidizers were more
aitive to the toxic effect of incorporated Cd, partic-
1y mn the calcareous KL, soil. Karkamarkar and
atabai (1991) observed an accumulation of nitrite
~alcareous soil *(pH = 7.6; Ciorg = 12 8 kg™1)
r the incorporation of formic, acetic and fumaric
3s. Similarly, Liang and Tabatabai (1978) found an
umulation of nitrite in calcareous soil (pH =7. 8;
~0; equivalent = 5.1) treated with some heavy met-

The higher sensitivity of Nitrobacter populations
jollutants in calcareous soils may be responsible for

accumulation of toxic concentrations of nitrite and
isequently for the disturbance of the whole nitnfica-

1 process. Accumulated nitrite can be toxic for both
monium- and nitrite- oxidation process. Further-
re,t € can be partially fixed by organic matter
| thus removed from the nitrification sequence for a
itively long time (Boon and Laudelout, 1962; Nel-
\ and Bremner, 1969; Woldendorp and Laanbroek,
39).

No change in the activity was found in the sam-
s treated with KCl in the amount corresponding to
1centrations of Cl~ added with CdCl,. The maxi-
un concentration of this ion added to the soils in this
dy was approximately 0.019% (dry weight basis).
is amount is unlikely to affect nitrification in my
seriments. The same conclusion was also made in
: experiments of Sindhu and Cornfield (1967) and
ing and Tabatabai (1978). The addition of CdCl; to
: buffered soil slurries did not change the pH val-
. The maximum change of pH in the soil prepared
- long-term incubation caused by the incorporation
CdCl, with NH -N was 0.17 units. This effect is
lieved not to affect the nitrificaton process signifi-
ntly.

The simultaneous application of various experi-
:ntal approaches appeared to be very suitable for
reliable assessment of the toxic influence of Cd in
y study. The disturbance of the whole nitrification
ocess as it was observed in long-term incubations
soil samples treated with high amount of Cd was
parently a consequence of the toxic effect on both
amonium-and nitrite- oxidizers. The long-term incu-
tion without ammonium substrate reflected more N-
ineralization than the nitrification process. The addi-
n of ammonium sulphate as a substrate intensified
€ mitrification and provided information concerning
¢ ability of nitrifying populations to nitrify higher
nounts of ammonium. Moreover, the disturbance of
€ whoie process could be more pronounced when a

‘eater part of the populations 1s metabolically active
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at the ume of 1ncorporation of the pollutant. However,
the possible toxic effect of NH; that can be formed
from ammonium substrate 1n alkaline soils should be
taken 1nto account 1n the assessment of toxicity of a
tested pollutant and any observed effect should be dis-
cussed with respect to pH value and other soil proper-
ties. Short-term incubations in soil slurnes appeared to
be very suitable for a detailed study of the behaviour
of nitnfying populations immedsately after the incor-
poration of Cd.

The estimation of mineralization potential had the
advantage that ammonification and nitrification could
be studied simultaneously. However, the broad spec-
trum of mucro-organisms nvolved in the process of
ammonification makes this process relatively insensi-
tive to toxic chemicals (van Dijk, 1987; Vonk, 1991).
Apart from this drawback, mineralization can be rec-
ommended as a test criterion for the testing of toxic
chemucals, if studied simultaneously with the nitrifica-
tion process. Nitrifiers are very sensitive population, so
they are useful for tests on the toxic influence of various
compounds (Vonk, 1991). Nitrifying bacteria are also
regarded as the most sensitive micro-organisms within
the biological wastewater treatment process (Nowak
and Svardal, 1993).

The soils used in thus study were unpolluted, nat-
ural grasslands. The ammonification and nitrification
in these soils can be expected to be more sensitive

to heav Eg_t_gli_qxgn in polluted soils (Rother it__a}.,_
1 e laboratory addition of higher amounts of

‘metal as a single pulse does not correspond to the slow
continuous pollution of soil in reality, which could
affect the microbial community more severely (Doel-
tis therefore very difficult to make a
reliable prognosis for field conditions from my labora-
tory results,/Furthermore, there is a problem with the
different types of soils, since the behaviour of heavy
metals or other pollutants will change in different soil
matnices./The actual effective concentration of metal
is unknown (Baath, 1992) due to the great variability
of results, which makes the interpretation of the results
and a comparison of the different soils even more dif-
ficult,. .
__YComparing the two soils used in this study, a dif-
ferent speciation of Cd after incorporation should be
expected mainly because of the different Ca content,
structure of humus and slightly different pH values
(McBnde and Blasiak, 1979; O’Connor et al., 1984; |
Sénchez-Martin_and Sdnchez-Camazano, 1993). fT he
time for short-term incubations in soil slurries (up
to eight hours) could be regarded as much short-
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er than required for the adsorption equilibnium to
be reached (Sdnchez-Martin and S4nchez-Camazano,
1993). Expenments with soil slurnes then probably
tested the effect of soluble forms of Cd on sensiuve
populations immediately after incorporation. Similar-
ly, the effects observed during long-term incubation
were probably caused by _soluble forms of Cd.}In the
field, cadmium can be moblized by local changes in;
pH value, for example as a result of microbial activ- ‘
ity (Garcia Miragaya and Page, 1978) or by the local,
forming of some organic ligands that can form soluble’
complexes with Cd thereby diminishing 1its retention:
by the soil (Sanchez-Martin and Sénchez-Camazano,}
1993).jif a relatively high amount of Cd 1s mobilized in
local microsites of the real so1l environment, the nitri-
fication process could be affected 1n the way similar to

Jd
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LETTERS TO NATURE

&

FIG. 4 Reconstruction of Yunnanozoon lividum, showing tnpartite body
plan proboscis (prob ), coliar and trunk Also shown gill tubes, gil pores
pharynx, spiral intestne. rectum, anus, gonads, mouth and segmented fin

with the well-developed dorsal fin, 1t might have been an active
benthic swimmer. It would have taken water with food particles
into the mouth. and the food particles would have been separated
from the water in the phanny. and transported directly to the gut
The filtered water passed through the supposed inner gill slits in
the pharynx, which may not be preserved in fossils, and into the
branchial tubes for oxigen exchange. before being removed
through the gill pores.

Chen et al assigned Yunnanozoon to the chordates on the basis
of five features a notochord. segmented musculature. an
expanded pharynx. branchial arches, and gonads. They gave five
reasons for supporting the presence of a notochord 1n
Yunnanozoon. but none ot them is vahd. (1) They claimed that
the alleged ‘notochord’ 1s positioned dorsal to the pharynx™. but
it actually passes through the pharynx antenorly as they described
(ref 21. p. 721), which should not be the case in a chordate. (2)
They stated that the ‘notochord’ “i1s often straight, indicating
stiffness . However. most of the ‘notochord’ was curved. as
shown m our Figs la, b h.1 and 3d and their Figs la and 2e.
and 1ts anterior can even be angularly bent (Fig. 1b) or folded
backwards (Figs 1c and 2¢) (3) There seems to be no evidence for
the ‘notochord’ to resist longttudinal compression more than
other elements above and below 1t. (4) Without a clear shape ot
its anterior end being ever defined 1n ail specimens, there 1s no
reason for claiming that it “tapers at both ends”. (5) Therr
‘notochord’ can be interpreted as the gut, as discussed before.
In addition, they described 1n the Fig 2 legend that, posterior to
the pharynx, “‘the wide. dark bands crossing the notochord
their nature 1s unknown™ However, they can be easily interpreted
as the spiral contents or spiral valves in the anterior gut. as shown
in our Figs 1h, 2¢ and 3d. e. f, g Accordingly, their alleged
‘notochord’ actually represents the upper pharynx and the gut
following the pharvnx. Furthermore, their claim that their "noto-
chord’ is *‘the rod™” obviously 1tself conflicts with their description
that the “notochord is just as flattened as other soft tissues™.
because, according to the decay experiment™, the notochord ot
cephalochordates is the most resistant of the soft parts to decay
Therefore, if a notochord had been present in Yunnanozoon, it
would have been presened as a rod-like, dark structure with
conspicuous relief (rather than a pale spiral or faeces-like struc-
ture), and the trunk could have not been twisted as 1t was
specimen NWU93-1407 A (Fig. Lu).

A comparison of the dorsal segmented unit in Yunnanozoon to
the myomeres in cephalochordates may also be invald. because
(1) it 1s not chevron-shaped as in living cephalochordates. or
sigmordal, as in the Middle Cambnan Pkaia™"; (2) 1t 15 com-
pletely dorsally positioned. and never embraces visceral organs, as
those 1n cephalochordates do; and (3) it is blade-like in shape
suggesting sclerotization or at least half-sclerotization, and may
not be recognized as musculature, especially from the detached
appearance (Fig 1f, h)

It should be stressed that although the pharynx, the branchial
tubes (‘arches’) and the gonads could be present in chordates, the
first two are crucial features i hemichordates, and the last can be
present in various phyla including the Hemichordata' = All of
these facts lead to a conclusion that all of the five features, plus the
important tripartite body plan, strongly support the affimties of
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Yunnanozoon with the enteropneust hemichordates rather |
the chordates
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Predicting animal cadmium
concentrations in lakes

Landis Hare & Andre Tessier

INRS-Eau, Université du Quebec, Sainte-Foy, Québec G1V 4C7 Car.

Huwax activities have greatly increased the flux of many pet@uic
tially toxic metals to aquatic ecosystems'. The developnient and
implementation of effective remedial measures depend on Gl
ability to predict the fate and effects of metals in these systeiti
Models based on sound physical-chemical and biological 71—
ciples. such as the free-ion activity model’, have shown gna
potential as predictive tools. This model has been effective }
explaining the central role of the free-ion concentration.
activity) as a regulator of interactions (uptake, toxicity) betwt

"_mefals and aquatic organisms®>. It postulates thgt__t_l_lg,@k‘i—’.'iﬁ_
effects of metals are best predicted by the activity of the free m¢’

on, rather than by total metal concentration. Because this m?
was developed in the laboratory under unnatural experimt’
conditions, it must be validated in field situations before bt
generally used in nature®, We report here that Cd concentral!
in an indigenous aquatic insect larva, Chaoborus punctipennts
best described by the free-ion activity model, provided !
competition for biological uptake sites between hydrogen !
and free cadmium ions, as well as cadmium complexatio?
natural organic matter, are explicitly taken into account. '
results suggest that the free-1on model would provide an effe
theoretical framework for the use of animals as indicator
metal contamination 1n nature.

Water samples and larvae of C punctipenms (Say). & ™
spread nocturnal predator of lake plankton®, were collected -
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s lakes 1 the provinces ot
ontano and Quebec. Canada

TABLE 1 Concentrations of dissolved constituents and Cd in Chaoborus

piz 1 and Table 1) If Cd com-

iation with dissolved  humice Lake Region
ghstances s 1gnored, chemxca! Adeline R -Noranda
cclalion. COMPULEr - programs Bird Muskoka
edicr that > 947 of the Bousquet R -Noranda
Jqueous Cd 1n the study lakes Bigwind Muskoka
would be present as the free Cd Caron R -Noranda
on (complexation by norganic Chub Muskoka
ngands such as C1” and SO~ s Clearwater  Sudbury
anall 1n these lakes). These esu- Crooked Sudbury
mates of free Cd 1on concentra- Crowley g”"{‘b‘"y ;
uons ([CA*J*) were not strongly gugresnoy R :Ng::: GZ
wclated to Cd concentrations Hova R ‘Nomanda
¢ puncupeniis lanae ([Cdle, . Hélene R -Noranda
Fg 20 =013 P>01) The Joannés R -Noranda
most staiking aspect of the weak Marion R -Noranda
relationship berween [Cd*"]* and Plastic Muskoka
{Cd)enacs 15 the position of the Ril Muskoka
three most acidic lakes (pH St Joseph  Quebec
<:  illed symbols i Fig 2a). Sunken Muskoka
m which Cd concentrations n ;alntare guggec
Livae are l*ow despite relatively v‘atggray R%Ngir;ynda
high [Cd]*. Wavy Sudbury

Considering the tenets of the

[Cd)enaco {Cd) {Zn] [Ca) [Mg] [Co,.,‘l pH

g™ (M) (M) (M) M) (mgl i 0)
288 029 g 197 94 557 726
024 019 a4 107 35 5.70 637
627 237 117 106 50 146 6.38
0.94 038 - 94 40 6.50 604
889 314 228 245 100 133 711
194 032 104 47 24 742 550
399 490 346 137 57 340 479
1.43 712 372 77 44 252 458

133 218 152 69 38 129 5.86
1.11 031 10 233 107 550 724
176 032 16 89 71 106 655
1.88 067 45 52 39 120 618
024 015 8 500 232 601 718
2.60 113 42 188 80 926 7.27
480 143 57 49 300 906 710
134 0.54 123 52 21 3.74 594
0.32 020 89 113 35 568 602
0.65 0.15 46 97 19 2.94 663
072 0.25 71 52 21 626 612
0.35 0.40 138 47 24 402 5.65
7.77 183 168 97 46 617 581
5.72 1.19 69 89 52 631 6.58
2.47 223 223 52 30 307 462

free-ion model we constdered
that 12 the more acidic lakes
mdrogen 10ns would effectnely
compete with cadmum ions at
biological uptake sites It has
been shown in the laboratory
that, for a given free metal 10n
concentration. hvdrogen 1ons
reduce both the toxcity of Cd to
fish” and the uptake of Cu. Pb and
Znby algae® and bacteria’. A simple representation of Cd-proton
competition for a biological uptake site (=X) 1s

Cd*~ =X = =XCd = =XCd/[Cd7)=X] )

=XH==X+H" K, =[=X]{H |/l=XHI 2)
where charges on the sites are omutted for simplicity and Kand K|
re emuilibrium constants The total concentration of uptake sites
5y by.

Xiy = [=XH -~ '=X] + (=XCd] i3)
which. if combined with the expressions for the equilibrium
@nstanis 1 equations (1) and (2) and assuming that only a
small {-acuon of the sites 15 occupied by Cd. gives
KK, Xl |
H =K,
f we assume that Cd accumulated by C puncuipennus 1s propor-
bonal to (=XCd', that is Cdlo = k[=XCd], combining this

[=XCd! = Cd*) )

80'W
200 km—

o 75"

ONTARIO QUEBEC

i

!

i

i

]

1t  ORouynNoranda
!

"

Québec

85w T8°W 70'W
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Mean concentrations of cadmium in larvae of Chaoborus punctipeniis. [Cale-a00 @nd dissolved in water
from the 23 study lakes Also indicated are total dissolved concentrations of the trace metal Zn, the major ions
Ca and Mg, and organic carbon, {C,s). @s well as pH Chaoborus punctipennis larvae were coflected dunng the
daytime from littoral lake sediments. Lve final instar {arvae were held in lake water to defecate their gut
contents, then pooled into 3-5 replicate samples (most lakes) of 10-20 indivicuals each and treated for Cd
analysis” Water was collected in dialysis samplers®, placed near the coflection site for iarvae, for the
measurement of pH, inorganic and organic carbon, major tons (Ca, Mg, Na. K. C S0,), and trace metals (Cd
Cu, Ni, Pb, Zn), values for each lake are generally the mean of 15 measurements that s, five samples at 1-cm
intervals above the sediment—water interface from each of three dialysis samplers Cadmium in water and
anmimal samples was measured by flameless atomic-absorption spectrophotometry

relation with equation (4) gives

. Cd
{Cdlcran = F H =K
where F(= kKK, {X];) 1s a constant specific to C puncupenms. As
expected, prediction of Cd m larvae 1s substantially improved
when H™ competition with Cd** for biological uptake sites is taken
into account (Fig 2b, 7" =0 66, P < 0 001). The values of X, and
F, as defined 1n equation (5), were determined by least-squares
opuimization.

Although our predictive capacity 1s now much greater, 34% of
the vanability between Cd concentrations in the animals and 1n
their environment remains unexplained Some of this variability
could be due to the influence of dissolved organic matter on Cd
speciation, an interaction that has been very difficult to quantify
and thus has tended to be ignored We used the Windermere
humic aqueous model (WHAM'") to address this problem. Con-
centrations of fulvic and humic actds required as input data to the
WHAM 1.0 computer code were estimated from our measure-

5

AG. 1 Locations (C) of 23 eastern Canadian fakes in which measurements
were made of cadmium in water and In larvae of the dipteran insect
Chaoborus punctipennis Lakes were chosen to encompass a wide range
of chemical conditions (Table 1). Study lakes in the mining areas of Sudbury
and Rouyn-Noranda are subject to relatively high atmosphenc metal
deposition from nearby smelters, whereas those in the Muskoka and
Quebec City areas are far from miung actvities Insect larvae of the
same developmental stage (~ 10 months old) were sampled from all
lakes at the same time of year (spnngtime 1987-94) to minimize possible
differences in the age and Cd-exposure history of larvae from the vanous
lakes The resuits of an intensive temporal study on [Cd} in C. punctipennis
from one of our study fakes®® suggest that [Cdlcnage ts fatrly stable dunng the
6 months before our spring sampling time
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ments of dissohed organic carbon (fC,.]). by assuming that
humic substances contuin 50¢% carbon ' the ratio of humic 10
fulvic acids 1s 1 9%, and all dissolved organic carbon s present as
humic substances (such as humic and fulvic acids) The W HAM
model predicts that Cd complexation 18 dominated by humic
substances 1n our study lakes and that the free Cd 1on ({Cd™"))
represents from 17 10 88¢ of the total dissohed Cd present
Support for the fiee-ion model comes from the fact that
uneplamed vanabiin in {Cd)e,,.. among lakes 1s reduced by
more than halt when Cd complenation by dissolved organic matter
1s taken 1o account that 1s using [Cd™™] (= 0 86. P < 0 001
Fig 2¢) rather than [Cd—]" ¢~ =066 P < 0001. Fig 2b)

In the WHAM moadel calculanons we assumed that all dis-
solved organic carbon was present as humic substances However
m some lakes humic substances represent from 60 to SU¢c of
C..'™" I we assume a value of 60 humic <ubstances the
percentage of the explained variance of the regression shown n
Fig 2¢ 1< not altered and the values of the constants F and K|,
change only shehtly Note that the relationship between [Cd*")

6 ——— e e e
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FIG 2 Relationships betveen cadmium concentrations in wats- and in
larvae of the insect Chaoborus punctipennis ([Cd)ue) collectec irom 23
eastern Canadian lakes closed symbols, pH < 50, open syvmbols,
pH > 50 Values for [Cdleee: are means =sd (ugg * dry waight) a,
Insect Cd versus computed free Cd ion concentrations if Cd comolexation
with humic substances is not taken into account ([Cd? ]*) b. insect Cd
versus [Cd?"}*, normalized for hypothesized competition between nydrogen
and free Cd 1ons for biological uptake sites (see equations (1-5)} ¢ Asinb
except that complexation by dissolved organic substances was considered
in the calculation of the free Cd 1on (ICd?"]) The chemical speciation model
WHAM 1 0, used to account for compltexation with humic substa~ces, has
been vahidated using measurer ients from a range of different enviconments
and nvestigators®, the database (equiibrium constants, difiuse layer
parameters, molecular masses of fulvic and humic acids) was no< changed
for our calculations of [Cd*"] The values (+se) of the slope '= F In
equation {5)) and the y intercept of the regression i~ ¢ are
20500 =1800ugg* and 004+ 13pngg?, respectively +.hereas
K.=19»10 “moll ° Our esumate of K, 15 close to tne vaiue
(4 10 *moll !) reported for fish gill binding sites in a labora:ory study
of H -Cd? competiion’
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and [Cd)cywe 18 1Ot stansucallh significant (- =003 p s 04
regression not shown) unless Cd—proton compeution 15 taj e,
into account Mention should also be made that the data poing fc:
the lake with‘the highest [Cd)c,,. (Crowley Lake Table 1 hy,
stiong influence on the percentage of explainedanabiliy. th gz,
with this data point removed the r~ values for the regressions i
Fig 2b and ¢ change from 0 66 10 0 79 (Fig 2b) and 0 86 1 08y
(Fig. 2¢) There 1s. however no justification for ignoring the
point corresponding to this low dissolved organic carbon lake
influence of calcium 10ns as potential compeutors with H- and
Cd* for uptake sites on C puncirpenns'® w as marginal (\plaineg
variability increased by only 26¢ with the nclusion of calayy
terms n equation (3). modified equation not shown) A simily,
type of correcuon for passible competition between Cd"".H- ang
Zn~ for Cd-uptake sites also provided only o small increase
predictive power (4%) at the cost of increased compleity (twg
addiuonal adjusiable parameters in equation (3)})

The predicuve power of the relationship between <uluyog
\anables (such as [Cd™ . [H"]) and [Cd]¢ .. could probably be
improved further if the concentrations of fuhvic and humic acidg
could be measured directly rather than assuming they make up
certain fixed proportions of all of the organic carbon present. and
the source of Cd for C puncupenius could be determined
Knowledge of the Cd source could help to determine whether
the hypothesized compenition between H™ and Cd™ occurs for
uptake sites on the predator or for sites on organisms at lower
levels 1n the food chan leading to C puncupenus 1f Cd uptale
from food 1s important. then differences in prey tvpes among lakes
could influence [Cdeyun

Our data suggest that cadmium concentrations in un aquatk
insect are modulated by both Cd complexauon with organk
matter as well as by compeution between free cadmium and
hvdrogen ions for biological uptake wtes These results support
the laboraton-based free-1on model as an effective tool mn pre-
dicing metal concentrations in aquatic Orgdnisms in nature A
practical consequence of our study is the demonstration that
larvae of C puncnpenms could be used us a sentinel for biolo-
gically relevant cadmium concentrations 1n lake water such o
[Cd™] Use of this species and other congeners as bi monitors
would be helped by the fact that the genus has a global disinibutios
and 1s often common 1n lakes corering a wide range of pH orgenk
matter and metal concentrauons (as in our study) The determ-
nistic nature of the free-ion model suggests that 1t should ke
effective 1n predicting the concentrattons of trace metals both
freshwater and marine organisms =
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EFFECTS OF TRACE ELEMENTS ON NITROGEN
MINERALISATION IN SOILS

C N LiaNG & M. A. TABATABAIL

Department of Agronomy, lowa State Unmversity, Ames, lowa 50011, USA

ABSTRACT

Studies to evaluate the effects on nitrogen mineralisation of 19 trace elements showed
jthat_@inhibﬁ mineral nitrogen production in soils.) Results showed that the
“relative effectiveness of the trace elements in inhibition of nitrogen mineralisation
-depends on the soil. When the trace elements were compared by using 5 ymole|g of
soil, Ag(I) and Hg(II) were the most effective [with Ag(I) > Hg(II)] and Co(ll),
AsUIID), Se(1V), As(V'), and W(VT) the least effective in inhibition of nitrogen mineral-
‘isation. Other trace elements that inhibited nitrogen mineralisation in soils were:
“Cu(Il), Cd(II), Pb(II), Mn(II), Fe(Il), Zn(II), Ni(Il), Sn(II),Cr(III), Fe(IIl ),AI(III)
TB(III), V(IV) and Mo(VI); their degrees of effectiveness varied in the four soils
Studied. Ag(I), Hg(Il), Cd(II), Ni(Il), Cr(Ill), Fe(Ill), AI(III), BUIII), and Se(IV)
inhibited nitrification, causing accumulation of ammonium-N in some of the soils used.

INTRODUCTION

[race element content of soils may be substantially increased by the application of
Sewage sludge and industrial and mining wastes. Many such materials contain large
Quantities of various trace elements that could be retained and thus accumulated in
soils (Berrow & Webber, 1972; Dean & Smith, 1973; Lindsay, 1973). A_l_s_o,]soil ™
‘pollution by heavy metals is one of the major environmental problems associated '
With industries involved in processing such metalsIn a review of the literature on
the fate and effects of trace elements in sewage sludge applied to agricultural lands,
Page (1974) concluded that surface horizons of sludge-amended soils are enriched
in trace elements. The extent of this enrichment depends upon the amount of sludge
applied and the trace element composition of sewage sludge. Page also concluded
'%that applications of any sludge equal to 400 tonnes/ha, if mixed uniformly through
the surface 15 cm, will add more Cd, Cu, Hg, and Zn to this zone than is normally
present in natural soils.
141

Etpiron. Pollur. (12) (1977)—© Applied Science Publishers Ltd, England, 1977
Inted in Great Britain
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Research dealing with the chemustry of trace elements in soils and the toxicity of
the various elements to biological systems, including accumulation in plants, js
extensive (Kubota & Allaway, 1972; Lagerwerff, 1972; Chaney, 1973; Page, 1974),
but lhittle.is_known about the relative effects of trace elements on the blochemxcal

b processes in soils. Addition of trace elements to soils may affect microbial pro-
"liferation and enzymatic activities, possibly leading to a decrease in the rates of the
biochemical processes in the soil environment. In the few studies reporting on the
effects of selected. trace elements on nitrogen mineralisation in, or carbon dioxide
evolution from, soils (Turk, 1939; Javillier, 1941; Quraishi & Cornfield, 1971;
Bhuiya & Cornfield, 1972), the trace elements were added to soils on a ppm basis,
rather than on an equimolar basis, which makes the comparison of their effective-
ness in inhibition of nitrogen mineralisation difficult | The effect of any trace element

| onbiochemical reactions in soils may vary with soil pH, organic matter content, and
\_texture..'We studied the effects of 19 trace eléments commonly found in sludge
samples on nitrogen mineralisation in soils. In this study, the amounts of ammo-
nium-N, nitrate-N, and nitrite-N produced were determined in four soils incubated
with either a trace element solution (5 umole of trace element/g of soil) or water.

MATERIALS AND METHODS

The soils used were surface soils (0-15cm) selected to obtain a range in pH
(5-8-7-8), organic matter content (2-58-5-45% organic C), and texture (23-457, .
clay, 39-54 9% silt, and 1-389, sand). Before use, each soil was air-dried and
crushed to pass a 2-mm screen. In the analyses reported in Table 1, pH was
determined with a glass electrode (soil/water ratio, 1:2-5), organic C by the method
of Mebius (1960), total N by a semimicro-Kjeldahi procedure (Bremner, 1965),
ammonium-N and nitrate-N by a steam distillation method (Bremner & Keeney,
1966), and particle-size distribution by the pipette analysis described by Kilmer &
Alexander (1949).

The analyses for organic C and total N were performed on subsamples that had
been ground to pass a 100-mesh sieve. The other analyses were performed on the
coarser, <2 mm, soil samples. All soil analyses reported are on an oven-dry basis,
moisture being determined from loss in weight after drying at 105°C for 24 h.

TABLE 1
PROPERTIES OF SOILS USED

: Organic C Total N Inorgamic N, ppm Clay Silt

Soil rH % % NH 4N NO3-N % %
Webster 58 258 0210 3 5 23 39
Judson 66 295 0-245 3 1 45 54
Harps 78 374 0 305 2 1 30 44
Okoboji 74 545 0463 4 2 34 50
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_ The trace elements used were Fisher certified reagent-grade chemicals. Of these,
-Ag(l), Cudl), Cd(II), Zn(IT), Fe(I1), Co(I1), and V(IV) were added as the sulphate;
Hg(ID), Sn(II), Mn(11), Ni(1I), Fe(Ill), Cr(1lI), and AI(III) as the chloride; Pb(II)
as the acetate; and As(III), B(III), Se(1V), As(V), Mo(VI), and W(VI) as NaAsO,,
Na,B.,0,, H,S¢0;, Na,HAsO,, H,Mo00,, and Na,WO,, respectively.

_ The effects of trace elements on nitrogen mineralisation in soils were studied by
comparing the amounts of nitrogen mineralised (under aerobic conditions) by trace
elem- *‘-amended soils and by unamended soils. In this work, a 10-g sample of soil
inan oz (250 ml) French square bottle was treated with 3 ml of a solution con-
taining 50 umole of trace element (or, in the control, 3 ml of water), added drop-
wise to moisten the whole soil (ca. 60 % of WHC). The bottle was stoppered and
ncubated at 30°C. The stopper was removed and the bottle aerated every three
lays. After 20 days, the ammonium-, nitrate-, and nitrite-N produced were
xtracted with 50 ml of 2M KCIl. Ammonium-N and (nitrate + nitrite)-N were
letermined by a steam distillation method (Bremner & Keeney, 1966), and nitrite-N
iy the diazotisation and coupling reaction method described by Barnes & Folkard
1951). Percentage inhibition of nitrogen mineralisation by each trace element was
alculated from (A-B/A)100, where A is the amount of N mineralised in unamended
Jil and B is the amount of N mineralised in trace element-amended soil. All results
:ported are averages of duplicate determinations.

RESULTS AND DISCUSSION

ible 2 shows the amounts of NH,-N and NO;-N produced in unamended and
ice element treated soils. The results are those obtained after 20 days of incubation
inus ** ~se present initially. Nitrite was not detected in any of the soils studied.
1e ar.. unts of mineral N produced in unamended soils ranged from 46 ppm in
1rps soil to 71 ppm in Okoboji soil. With the exception of Judson soil, virtually
the mineral N produced in the untreated soils studied was nitrified. Judson soil
idently did not have enough nitrifying microorganisms, which resulted in
:umulation of NH ,-N; 40 %, of the mineral N produced in this soil during 20 days
incubation remained in the NH,-N form (this soil was stored under air-dry
aditions for several weeks longer than the other soils).
The effects of the trace elements on nitrogen mineralisation varied considerably,
wever, Ag(I) and Hg(Il) were the most effective [with Ag(I) = Hg(II)] and Co(II),
J1I), Se(1V), As(V), and W(VI) the least effective inhibitors of nitrogen mineral-
ion in the four soils studied (Table 3). Other trace elements that inhibited
‘ogen mineralisation were Cu(Il), Cd(Il), Pb(II), Mn(II), Fe(II), Zn(II), Ni(II),
II), Cr(111), Fe(I1I), Al(111), B(I1I), V(IV), and Mo(VI); their degrees of effective-
s varied among the four soils. It seems that the chemical and physical properties
he soils used, and perhaps the nature of N in these soils, have a marked effect
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TABLE 2
EFFECTS OF TRACE ELEMENTS ON THE AMOUNT OF NITROGEN MINERALISED BY FOUR SOILS DURING 4
20-DAY INCUBATION

Trace element Webster Judson Harps Okoboy

Element Ouxidation NH N NO3-N NH4N NO3-N NH4-N NO;3;-N NH4-N NO;-N
state Nutrogen nmuneralised, ug of Ng of soul
None 2 57 27 32 2 44 3 68
Ag I 6 10 29 6 5 14 11 23
Hg II 11 5 33 3 26 4 44 4
Cu 1 46 23 36 1 42 2 11
Cd 16 33 29 14 11 17 5 53
Pb 0 49 24 24 2 31 1 63
Mn 1 51 20 30 1 33 1 57
Fe 1 53 28 21 1 36 1 59
Zn 1 50 21 31 1 38 1 60
Ni 3 46 25 30 2 36 1 60
Sn 1 53 27 26 2 35 1 62
Co 1 51 25 33 | 42 2 65
Cr 111 19 28 28 22 0 40 1 53
Fe 19 34 28 21 1 35 1 56
Al 7 47 25 24 1 36 1 58
B 3 48 31 24 1 42 1 60
As 0 58 23 33 1 43 2 68
\Y v 1 53 16 35 1 40 60
Se 35 23 47 10 2 40 1 64
As \" 1 56 21 34 1 43 2 64
Mo VI 1 52 5 41 1 35 2 31
w 1 53 7 50 i 41 1 64
LSD (P < 0-05) 20 11 0-8 36 08 1-2 1-0 12
(P <001) 2-8 1-5 1-0 49 1-0 1-6 1-4 1-7

!: _on inhibition of nitrogen mineralisation by trace elements. However, the average
percentage inhibition by the mono- and di-valent ions of the four soils studied in
decreasing order were Ag(I)> Hg(II) > Cu(II) > Cd(II) > Pb(II) > Mn(I) >
Fe(Il) > Zn(II) = Ni(II) > Sn(II) > Co(II), and by the tri-valent ions were
Cr(IIl) > Fe(IIl) > AI(III) > B(III) > As(III). Results obtained with Judson
soil (Table 2) suggest that Mo(VI) and W(VI) enhanced nitrification, as is evident
from the amounts of NH,-N and NO;-N produced in Mo- and W-treated samples
compared with those obtained for the controls.

The results showed that Ag(l), Hg(II), and Cd(II) inhibited nitrification in the
four soils studied, causing accumulation of NH,-N (Table 2). It is interesting to
note that while Ni(II), Cr(I1I), Fe(I1I), AI(III), B(III), and Se(IV) inhibited nitrifica-
tion in the most acid (Weller) soil, only B(III) and Se(IV) inhibited nitrification in
the Judson soil. No such inhibition by these elements was observed in the two
calcareous soils (Harps and Okoboji).
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TABLE 3
PERCENTAGE INHIBITION OF NITROGEN MINERALISATION IN SOILS BY TRACE ELEMENTS
Trace element Percentage whibition of nitrzii;n Snunerahsanon in soil specified
Element Oxidation state ~ Webster Judson o Inhe bition Ckobon Average
Ag 1 73 41 59 52 563
_Hg 11 73 39 35 32 448
Cu 20 0 7 82 273
cd 17 27 39 18 253
Pb 17 19 28 10 185
Mn 12 15 26 18 178
Fe 8 17 20 15 150
Zn 14 12 15 14 13-8
Ni 17 7 17 14 13-8
Sn 8 10 20 1t 123
Co 12 2 7 6 68
Cr 111 20 15 13 24 180
Fe 10 17 22 20 17-3
Al 8 17 20 17 155
B 14 7 7 14 105
As 2 5 4 i 30
\Y v 8 14 11 14 118
Se 2 3 9 8 5-5
As A" 3 7 4 7 53
Mo VI 10 22 22 54 270
w 8 3 9 8 7-0

Quraishi & Cornfield (1971) studied the effects of 100 and 1000 ppm Cu(II) as
CuO or CuHPO, on nitrogen mineralisation in a calcareous soil treated with
200 ppm N as dried blood and showed that Cu(II) caused 30 9 and 100 %} increases,
respe " ely, in the amount of nitrogen mineralised during 21 days at 30°C. Our
resuli. .ndicated (Table 3) that the addition of 5 umole Cu(II)/g of soil (300 ppm
on a soil basis) as CuSO, inhibited nitrogen mineralisation in amounts ranging
from 09 in the acid Judson soil to 829 in the calcareous Okoboji soil. None of the
19 trace elements studied stimulated nitrogen mineralisation in any of the four soils
used.

. Previous studies on the toxicity of arsenate and arsenite on nitrification in soils
tariched with nitrifying organisms and perfused with NH,Cl showed that
25 x 10~ 3m of arsenate is less effective than the same amount of arsenite
gQuastel & Scholefield, 1951). Results obtained in the present work (Table 3)
!_ndicated that both As(1II) and As(V) have very similar effects on nitrogen mineral-
sation, presumably because arsenite is oxidised to arsenate within the first few days
of incubation.

* The toxicity of Ag(I), Hg(Il), Cu(II), and Cd(III) could be due to reaction of
these ions with sulphydryl groups of the enzyme systems of the microorganisms
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involved in nitrogen mineralisation of soils/.iBecause no nitrite-N could be de-
. in any of the soils after 20 days of incubation, it seems that none of the

elements studied inhibited Nitrobacter (the organism responsible for convers.
NO,” to NO,7), _under the conditions of this experiment.

The small amounts of chloride and sulphate ions associated with the
elements are unlikely to have stimulated or depressed nitrogen mineralisation 1-
experiments. Sindhu & Cornfield (1967) studied the effects of chlorides an.
phates of Na, K, Ca, and Mg, added to soils in amounts ranging from 0-1 1.
(NaCl-equivalent), on nitrogen mineralisation in soils during three wee
incubation at 30°C. They found that mineral N production was not affected
soils were treated with up to 1% of the different salts. The amounts of these 2~
added to the soils in the present study ranged from 0-018 % for chloride to 0 ¢
for sulphate.

Our results indicate that accumulation of trace elements, such as the ons
tested, in soils could lead to a reduction in the amount of plant-available mt:
derived from soil organic-matter.

ACKNOWLEDGEMENTS

Journal Paper J-8357 of the Iowa Agriculture and Home Economics Exper::
Station, Ames, Iowa. Project 2112. The authors wish to express their than:
Dr Theodore B. Bailey, Department of Statistics, for his assistance in statist:
treating these data.

REFERENCES

BArNES, H. & FoLkArD, A. R. (1951). The determination of nitrite. Analyst, Lond., 76, 595-

BERRgojwioT(\)d. C. & WeBBER, J. (1972). Trace elements in sewage sludges J. Sci. Fd Agri:

BHulva, M. R. H. & Cor~FIELD, A. H. (1972). Effects of addition of 1000 ppm Cu, Ni, Pt
Zn on carbon dioxide release during incubation of soil alone and after treatment with s:
Environ. Pollut., 3, 173-17. *

BREMNER, J. M. (1965). Total nitrogen In Merhods of soil analysis, ed. by C A. Black, P
Agronomy, 9, 1149-78,

BREMNER, J. M. & KEENEY, D. R.(1966). Determination and i1sotope-ratio analysis of different fc
of nitrogen in soils, 3. Exchangeable ammonium, nitrate, and nitrite by extraction-distiliz
methods. Proc. Soil Sci. Soc. Am., 30, 577-82.

CHaney, F. C. (1973). Crop and food chain effects of toxic elements in sludges and effluen::
Recycling municipal sludges and effiuents on land, 129-41 Washington, D.C., National Assc
tion of State Universities and Land Grant Colleges.

Dean, R. B. & SmiTH, J. E. (1973). The properties of sludges In Recycling mumcipal sludge:
effluents on land, 39-47. Washington, D.C., National Association of State Universities
Land Grant Colleges.

JaviLuier, M. (1941). Influence de quelques ‘oligo-elements’ sur des phenoménes micro:
interessant 'agronomie: Combustion de la maliére organique, nitrification, fixation de 1z
atmospherique. C. r. hebd. Seanc Acad Agric. Fr., 27, 486-9.

36



EFFECTS OF TRACE ELEMENTS ON NITROGEN MINERALISATION 147

wier, V. J. & ALEXANDER, L T. (1949) Methods of making mechanical analyses of souls
Sotl Sci., 68, 15-24.

KusoTa. J. & ALLaway, W. H. (1972) Geographic distribution of trace element problems In
Micronutrients in agriculture, ed by J. J. Mortvedt, P. M Giordano and W L. Lindsay,
525-54. Madison, Wisconsin, Soil Science Society of America.

LAGERWERFF, J. V. (1972). Lead, mercury, and cadmium as environmental contammants In
Micronutrients in agriculture, ed. by J. J Mortvedt, P M. Giordano and W. L Lindsay,
593, Madison, Wisconsin, Sotl Science Society of America.

Lmpsay, W. L. (1973) Inorganic reactions of sewage wastes with soils. In Recycling municipal
sludges and effluents on land, 91-96. Washington, D.C., National Association of State Univer-
sities and Land Grant Colleges.

Mesius, L. J. (1960). A rapid method for the determination of organic carbon in soils Analviica
chim. Acta, 22, 120-4.

AGE, A. L. (1974). Fate and effects of trace elements in sewage sludge when applied 10 agiicultural
land: A literature review. Cincinnati, Ohio, Environmental Protection Agency.

Quastet, J. H. & ScroLerieLp, P. G. (1951). Biochemistry of nitrification in soil. Bacteriol. Rer ,
15, 1-53.

QuraisHl, M. S. & CornrieLp, A. H. (1971). Effects of addition of varying levels of copper, as
oxide or phosphate, on nitrogen mineralization and nitnification during incubation of a
slightly calcareous soil recewving dried blood. PI. Soil, 35. 51-5.

'SINDHU, M. A. & CorNFIELD, A. H. (1967). Comparative effects of varying levels of chlorides and
sulfates of sodium, potassium, calcium, and magnesium on ammonification and nitrification
during incubation of soil. P/l. Soil, 27, 468-72.

Turk, L. M. (1939). Effect of certain mnerals on some microbiological activities in muck soils.
Soil Sci., 47, 425-45.

37



SETA pRESS]

O 1999 SETAC
Printed i the USA
0730 726899 $9 00 + ()

13

ASSESSMENT OF THE TOXICITY OF METALS IN SOILS AMENDED WITH SEWAGE
SLUDGE USING A CHEMICAL SPECIATION TECHNIQUE AND A
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Abstract—Currently, regulations regarding the maximum permetted concentrations of metals in sotls are based on measurements
of the total concentraion However, a range of chemical and biological techniques are being developed to predict the bioavailable
component of these pollutants A [ux-based biosensor was tested in soil solutions extracted from two field experiments at Braun-
schweig, Germany, that had the same metal inputs, but differed in pH The bioluminescence response was found to decline as the
free Zn?* increased, and both soils fitted the same relauonship with soil solution metal concentrations The EC25 and EC50 derived
from this curve were 1 9 and 6 1 mg/L, respecuvely In contrast, the response to total Zn concentrations n the bulk soil showed
distinct curves for each soil, further highlighting the appropriateness of free Zn** as a toxicity indicator Other metals were present
in the soil, but were unhkely to be toxic, because the observed concentrations were less than their individual toxic threshold values
in solution Bioluminescence-based biosensors were concluded to possibly offer an inexpensive and rapid technique to evaluate
the bioavailability of metals 1n so1l systems The response of these biosensors can be related to soil solution speciation measurements,
and this gives a common basis for expression of toxic thresholds in different soils

Keywords—Pollutien Zinc Copper Cadmism

INTRODUCTION

The disposal of sewage sludge 1s a growing problem world-
wide However, the recycling of waste sludges to agricultural
land 1s a cost-effective disposal route and can also be a valuable
source of organic matter and morganic nutrients such as phos-
phate and trace elements The metal concentrations tn sewage
sludges 1n the United Kingdom have been declining for several
years [ 1], but the concentrations in most sludges are still great-
er than those of any uncontaminated agricultural soils to which
they arc applied Some metals are potentially toxic to organ-
isms 1if their concentraions exceed thresholds for toxicity
Many studies have shown that the buildup of potentally toxic
metals 1n agricultural soils can lead to negative effects such
as reduced microbial biomass (2], the loss or decline 1n num-
bers of specific beneficial microorgamisms [3.4], and the re-
duction 1n enzyme activity and substrate utihization ability nor-
mally associated with a healthy, active soil microbial popu-
latton [5-7] Because of the potenuial negative effects of some
metals 1n scwage sludge, the Commission of the European
Communities (CEC) 1ssued a direcuve detailing limats for the
application rates of sewage sludge and the total concentrations
of several metals permitted 1n agncultural soils amended with
sludges (8] Like many other guidelines, these are based on
the total metal concentrations in so1l measured on a dry weight
basts In recent years, the scientific vahdity for using total
metal concentrations as a basis for metal limits 1n soils has
been questioned Much of the metal present in soil s in 1n-
soluble chemical forms, rendering 1t nonavailable to biological
processes The biologically reactive pool 1s not a constant

4 To whom correspondence may be addressed
(steve megrath@bbsre ac uk)

Nickel

059

38

fraction of the total metal concentration in the so1l Therefore,
because of differences in the amounts that are potentally re-
active 1n different soils, soils with the same total metal con-
centration can give very different toxicity [9]

Techniques utilized to compare the bioavailability of metals
1n soils have rehied on arbitrary extractants such as 1 M
NH,NO, {10] or biolog:cal indicator species such as rye grass
{11] These approaches are useful in companing specific cases,
but no one technique has found complete scientific acceptance
The direct chemical analysis of a soil solution to measure total
soluble metal concentrations and also the proportion of the
total soluble metal present as the free 10n species 1s the only
method that offers an absolute measurement of metal solubility
in the medium that bathes soil organisms and plant roots The
toxic action of metals 1s thought to be due to the free 1onic
species present in the solution phase [12-18] In vitro toxicity
studies have shown that 1t 1s the free Zn?* and Cd?* ions that
exert the toxic effect on the symbiotic nitrogen-fixing bacte-
rium Rhizobium leguminosarum [19] Bioluminescence-based
biosensors have been shown to respond to the available frac-
uons of pollutants 1n freshwater systems [20-23], 1n artificial
matrices {24], and in complex environmental systems [25]

The Microtox® assay 1s the most widely used of these bto-
sensors and it utilizes the manne bacterium Vibrio fischer
This test combines low cost with high reproducibiity Al-
though this organism has been shown to be sensitive to a wide
range of organic and inorganic pollutants in freshwater, soil,
and sediment samples, 1t performs across a restricted pH range,
and requires the addition of a sahine buffer {26] However,
altering the pH and adding salts to the so1l solutions will have
significant effects on the speciation of the pollutants present
The nsertion of lux genes (responsible for broluminescence)
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fable | Mcan soil organie carbon pH and total metal concentrations?
Organic Total metal concentration (mg/kg)
carbon
Trcatment (ha/year) (%) pH Zn Cd Cu Nt
Old arable site souls
No sludge amendment (180 kg N) 09%A T1A 56 1A 04A t19A 87A
100 m* unamended sludge | IB 68AB 1022B 06A 209B 11 5B
100 m' amended sludge tiB 69A 162 7C 08B 42 9C 16 1C
300 m* unamended sludge 1 5C 6 6B 216 3D 11C 36 9C 15 6C
300 m' amended sludge I 5C 6 1C 358 9E 27D 937D 320D
Ex-woodland site soils
No studge amendment (180 kg N) 1 5A 6 0A 43 0A 03A 9 8A 8 6A
100 m* unamended sludge I 6A 59A 87 8B 06A 16 5A 8 3A
100 m* amended sludge 17B 6 0A 162 5C i4B 371B 16 1B
300 m® unamended sludge 20C 55B 184 7C 09AC 323B 123C
300 m* amended sludge 23D 53C 294 6D 28D 91 6C 290D

S P McGrath ot at

+ Vatues within columns followed by the same uppercase letter are not significantly different at p <
005 according to the least significant difference test in ANOVA

imnto soil bacteria has enabled the development of rapid bio-
sensors that combine the benefits attributed to Microtox with
ecological relevance to soils [21,23,25]

In this study, soils from two long-term field tnals at Braun-
schweig, Germany, that had been amended with sewage sludge
were sampled and a cation exchange resin system was used
to calculate the free 1on concentrations of Zn** and Cd** n
soil solutton The total metal concentrations in the bulk soil
were also determined. This assessment of chemical availability
was then compared with a bioluminesence-based screening
assay. By combining a chemical and biological approach to
interpreting soil ecotoxicological responses, our understanding
of the chemical species hikely to induce toxic effects was en-
hanced

MATERIALS AND METHODS
Soils used

Moist so1l was collected in 1996 from four replicate plots
of five treatments on each of the two sewage sludge experiment
sites (Table 1) These received the same treatments of either
metal-amended or unamended sewage sludges annually from
1980 to 1990, no applications had been made since 1990 [27]
One part of the expertmental field has been used for arable
production for most of this century (termed old arable here),
and the other was cleared from forest in approximately 1950
(ex-woodland) Sampling sites were 1n a 2-m square 1n the
center of each plot to avoid edge effects Thirty samples were
taken to 20-cm depth with a screw auger, then bulked for each
plot The soils were sieved to <2 mm and 1 0 kg (dry weight
equivalent) was put into 12 5-cm plastic pots The soils were
brought to 50% of their water holding capacity and equilibrated
for 4 weeks

Soil pH was determined using a mixture of 125 sail to
detonized water (28] Total metal concentrations [29] were
determined by inductively coupled plasma-atomic emission
spectrometry (ICP-AES, ARL Accuris, Accuris, Dubhin, Ire-
land), cxcept for Cd, which was measured by graphite furnace
atomic absorption spectrometry (GF-AAS, Perkin Elmer ZL
410, Perkin Elmer, Norwalk, CT, USA)

Extraction and analysis of sou solution

Rhizon soil moisture samplers (SMSs) of the type designed
for metals rescarch were obtained from Rhizosphere Rescarch
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Products (Wageningen, Holland) These samplers consist of a
length of porous plastic capped with nylon at one end and
attached to a 5-cm length of polyethylene tubing at the other
end A nylon strengthening rod is present inside the porous
tube and the polyethylene tube 1s joined to a female Luer lock

All the samplers were washed by forcing 60 ml of 5% HNQ,
through the probe, followed by 60 mi of deronized water and
then dnied at 30°C before use One sampler was placed into
each of three replicate pots A glass rod was used to make a
small primary hole 1n the soil diagonally from the lip of the
pot to the base The sampler was first wetted using a slurry
of the so1l from the pot (I 5 soil to water) before being gently
pushed into the soil. The soil was then made up to 50% water
holding capacity (WHC) by adding deionized water to the
saucer of the pot Two weeks before extraction, the soils were
made up to 75% WHC Acid-washed disposable syringes were
used to extract so1l solutton directly from the soil through the
SMS

Two aliquots of so1l solution were acidified with either 5%
HCl or 0 3% HNO, and used to determine total Zn and Cd
concentrations by ICP-AES and GF-AAS, respectively Other
ahiquots of soil solution were used for determining dissolved
organic carbon (DOC) and pH and for the speciation analysis
A cauon-exchange restn method was used to determine the
concentrations of free Zn?* and Cd?* 1ons in soil solution The
method 1s based on the measurement of the metal concentration
before and after equilibrium is reached with a Ca-saturated
cation-exchange resin By companison with a reference ex-
penment, the proportion of the total metal in the environmental
sample present as free metal 1ons can be calculated This meth-
od has been described 1n detail elsewhere [30]

Pseudomonas fluorescens lux-based biosensor

The contents of an ampoule of freeze-dried P fluorescens
10586s pUCD607 with the lux insertion on a plasmud [31]
were resuscitated in 10 ml of Luria Bertani media (contaming
[g/L] tryptone, 10, NaCl, 5, yeast extract, 5, and glucose, 1)
for 90 min The cell suspension was centrifuged at 7,550 g,
washed twice, resuspended in 0 I M KCI, and transferred to
a sterile 25-ml sample bottle Triplicate 900-pl aliquots of each
so1l solution sample were transferred to luminometer cuvettes
{Chimicon, Petworth, West Sussex, United Kingdom) and equil-
ibrated 10 23°C A 100-pl aliquot of the washed cell suspension
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Table 2 Mean soi1l solutton concenteations (mg/L) of metal dissolved organic carbon (DOC) and solution pH*
Metal concentrations®

Trcatment (ha/year) * pH DOC Zn Free Zn* Cd Free Cd** Cu Ni

Old arable soil
No sludge amendment (180 kg N/ha) 69A 21 5A 0024A 0019A 0 0002A 00001A 0018A <0 005A
100 m* unamended sludge 6 8A 23 5A 0084B 0031A 0 0004B 0 0002B 0039B 0 008B
100 m* amended sludge 6 5B 253A 0167C 0093B 00012C 0 0009B 0070C 0023C
300 m* unamended sludge 54C 333B 0 859D 0 830C 00018C 00011C 0079C 0 054D
300 m' amended sludge 52C 321B 4 081E 3 990D 00162D 00123D 0 200D 0 460E

Ex-woodland soil
No sludge amendment (180 kg N/ha) SIA 20 6A 0 168A 0 105A 0 00I19A 00015A 0011A 0 006A
100 m* unamended sludge S 0A 26 6A 0987B 0 835B 00037B 00016A 0033B 0050B
100 m* amended sludge 50A 23 4A 2 086B 1 940B 00128C 0 0093B 0055B 0 184BC
300 m' unamended sludge 4 6B 452B 7437C 6 780C 00211D 00162B 0 108C 03i13C
300 m* amended sludge 44C 49 0B 25 114D 22 700D 0 1135E 0 0896C 0 368D 2 347D

* Values within columns followed by the same uppercase letter are not significantly different at p < 0 05 according to the least significant

difference test in ANOVA

* All metal concentrations were normalized by log 10 transformation for statistical analysts, but arithmetic means are presented

was added sequentially to each sample as described by Paton
etal {21] Bioluminescence of the samples was measured after
a 45-min exposure to the test samples 1in a Bio-Orbit 1253
luminometer (Scientific Laboratory Supplies, Nottingham,
United Kingdom) The measurements of bioluminescence for
individual samples were normalized by expressing measured
bioluminescence as a pércentage of the bioluminescence of
the control (no sludge) plots of each experiment

Staustical analyses

For each of the chemical analyses, means and significant
differences between treatments were calculated using least sig-
nificant difference from analysis of variance Mean biolumi-
nescence results from the individual plots were expressed as
percentages of the average light output of the replicates from
the non-sludge-treated plots on each experiment Linear or
Gompertz functions were fitted and EC25s, EC50s, and their
standard errors were calculated using Genstat 5 Release 3 22
(Numerical Algorithms Group, Downers Grove, IL, USA) The
data were normalized before analysis by log transformation,
but back transformed for presentation

RESULTS AND DISCUSSION

The metal concentrations in the two soils studied are a direct
result of the incorporation of sewage sludge, which contained
sceveral potentially toxic metals (Table 1) Incorporation of
sludge also led to significant increases 1n the total metal and
organic carbon concentrations in the topsotl of the experi-
mental plots In both experiments the total concentrations of
Cd, Cu, and Zn 1n the plots that received the largest dose of
mctal-amended sewage sludge were more than six umes the
concentrations 1n the control plots

Considerable 1ncreases occurred 1n the concentrations of
metals, especially Zn, in soil solutions from the sludge-treated
plots (Table 2) The control plots of the old arable so1l had a
total Zn concentration 1n sotl solution of only 0024 mg/L
compared to more than 4 0 mg/L 1n the plots that received the
largest amendments of sewage sludge The ex-woodland soil,
which has a lower pH, had an even greater difference 1n Zn
concentration n sotl solution between the plots, rising from
/n at O 168 mg/L to more than 25 mg/L. This increasc in total
metal concentrauon i sotl solution was accompanted by an
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increase in the free Zn2* 1on concentrauon measured 1n so-
lution (Table 2)

The response of the bioluminescence-based biosensor P
fluorescens has been shown to be stable across the pH range
of the soil solutions used 1n this study [21] This was confirmed
by altering the pH of aliquots of the control sample (to a range
of values between 4 5 and 7 0) and measuring broluminescence
response (data not shown) :

The mean bioluminescence measurement for each field plot
was plotted against the total Zn concentration in the so1l (Fig
1) A 50% reduction 1n bioluminescence was never achieved
in the old arable soils In contrast, the ex-woodland soils, which
have a lower soil pH, showed a 50% reduction 1n biolumi-
nescence at Zn concentrations of approximately 175 mg/kg,
and a >80% reduction 1n bioluminescence at soil concentra-
tions of Zn greater than 200 mg/kg (Fig 1)

120
100 PSYe)
80 H
60

40

% of control bioluminescence

20 1

Y T T T 1
0 100 200 300 400
Total Zn in soill (mg/kg)

big | Mean bioluminescence of the Pseudomonas  fluorescens
105865 pUCD607 biosensor i relation to the total concentration of
/n 1 soils (@ ex-woodland sonls 7) old arable soils)
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Fig 2 Mean bioluminescence of the Pseudomonas fluorescens
10586s pUCD607 biosensor 1n relation to the concentration of free
omic Zn2* m soil solutions from (@) ex-woodland soils and (O) old
arable soils

The effect of the increased total metal concentrauons at
these expenimental sites on R. leguminosarum biovar trifolu
was assessed by Chaudn et al. [3] In their study the authors
concluded that the decline 1n rhizobial numbers 1n the most
contaminated plots, and 1n several other long-term sewage
sludge and metal amendment expeniments, was due to the 1n-
crease 1 Zn concentration 1n the soil The authors also found
a slight increase in the toxicity of the metal amendments 1n
the ex-woodland soils of lower pH

The relationship between bioluminescence and free Zn**
measurements 1n the so1l solution (Fig 2) explamned more than
72% of the vanance 1n the data set The analysis also showed
that the curves fitted to the data from either the ex-woodland
or old arable soils were not sigmficantly different (p = 0 001),
so a single curve 1s shown The calculated EC25 and EC50
values and their standard errors for Zn?>* were 1 9 (0 6) and
61 (=1 2) mg/L, respectively Algal growth rates 1n aquatic
systems also have been shown to depend on free Zn’* and
Cu?* acuvities 1n solution [14] The fact that the relaionship
between free 1on activity and toxicity has been demonstrated
to date predominantly in either laboratory media or 1n aquatic
systems [12-18] presumably relates to the difficulty in quan-
ufying metal speciation in soil systems [30] Examples of tox-
1city to bactenia in relation to changes in metal speciation 1n
sotls, as shown 1n Figure 2, do not exist 1n the hiterature

The effect of soil pH on the availability of metals 1s well
documented Sanders [32) and Adams ct al [33] found that
the total concentrations of Zn, Cu, and Ni 1n soil solution
increased and the proportion of soluble Zn, Cu, and Ni present
as frec 10ns also incrcased n soils with lower pH values

Other metals were present in the soil solutions tested (Tabice
2) Because all the metals were derived from the same sourccs,
they were all intercorrelated (r > 0 99). making muluple or
stepwise regression analysis impossible However, a previous
solution toxicity study using the same construct showed that
the EC50s for Zn and Cu were 009 mg/L and the ECS0s tor
Cd and N1 were 0 17 and 0 28 mg/L. respectively [21] Toxiaty
in purc metal solutions 1s known to be greater than toxicaty in
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soil solutions, but this shows that Zn and Cu are the most toxic
of these metals However, the Cu?* concentrations in the so1l
solutions were hkely to have becen much lower than the total
soluble Cu values shown in Table 2, because much of the Cu
would have been complexed with DOC at these pHs [33]
Similarly, about 20% of the N1 was also hikely to be complexed
1n soil solution [33] and the free Cd2* concentrations (Table
2) were never as great as the toxic concentration 1n pure so-
lution (0 17 mg/L) Therefore, the toxic response in these ex-
periments was likely due to Zn?*

This difference 1n the effect of metals 1n the two soils raises
the question of how legislation defines contamination of soil
with metals The CEC guidelines {8] adopted throughout Eu-
rope use the total metal concentration 1n the soil as an indi-
cation of the extent of poliution 1n soil that 1s acceptable for
agncultural use The results in this study show that a total
measurement of metal 1n so1l does not reflect the bioavailability
of the metal The same total metal concentration in two soils
can result 1n very different free metal 10n concentrations 1n
soil solution (Figs 1 and 2) The response of the biosensor
demonstrated that it 1s the free 1onic form in solution that
induces an acute ecotoxicity response in sotl microorganisms

Even so, a crucial gap exists in current understanding of
metal toxicity to soil microbes The two sets of soils used 1n
this study both show a decrease in the number of indigenous
R leguminosarum biovar trifolii present with increasing metal
concentrations 1mposed by the treatments [3] The /lux-based
biosensor measures acute toxicity 1n response to the free ionic
species of metal pollutants 1n soils But a reduction n the
population size of R leguminosarum biovar trifolu also oc-
curred 1n the soi1l with the higher pH (old arable so1l) However,
n the latter case the acute toxicity assay gave only a small
response to the increase 1n soil metal concentration The chron-
1c exposure of the so1l microbial population to increased metal
concentrations seems to cause a dechine in the number of 1n-
digenous R leguminosarum biovar trifolu at concentrations
of bioavailable Zn that do not give an acute toxic response
Assessment 1s needed of the chronic exposure of sotl microbsal
populations to small concentrations of metals, but 1t should be
realized that toxic effects are subtle and take place n nature
over long ume perods, possibly on the order of years [34]
Although acute tests may give an indication of the hkely tox-
icity of metals in different soils, we need to realize that chronic
exposure may give effects that cannot be predicted from short-
term assays This 1s presumably because of the long time n-
volved and the many other ecological forces that act in soils
under field conditions [35]}
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INCUBATION STUDY OF NITROGEN MINERALISATION
AND NITRIFICATION IN RELATION TO SOIL pH AND
LEVEL OF COPPER(1I) ADDITION

M. S. I. QurarsHi & A. H. CORNFIELD

Chemistry Department, Impeiial College, London, SW12AZ, Great Birain

ABSTRACT

The effects of adding 100 and 1000 ppm Cu, as sulphate, to a sandy loam previously
adjusted to three pH levels on nitrogen mineralisation and nitrification during aerobic
incubation for three weeks at 30°C were studied. 100 ppm Cu had no effect on
nitrogen mineralisation at pH 5-1 and 5-9, but decreased it slightly at pH 7-3. 1000 _
ppm Cu stopped nitrogen mineralisation at pH 5-1, but was less toxic with increasing
PH. At pH 51 and 5-9 nitrification was not affected by 100 ppm Cu, but was stopped
b 1000 ppm Cu. At pH 7-3 the accumulation of mineralised nitrogen entirely as
niirate with both added Cu levels suggested that neither level affected nitrification.
Results are discussed in relation to exchangeable and complexed forms of Cu present
in the soils.

INTRODUCTION

The copper content of soils may be increased by the application of mining, industrial
ard sewage wastes or by the use of copper-containing pesticides. Variable results
have been reported in incubation studies on the effects of addition of copper
compounds to soils on nitrogen mineralisation and nitrification. Gyulakhmedov
(1960) found that addition of 0-5 ppm Cu(II) to calcareous chestnut soils enhanced
both processes, but that higher levels were toxic. Turk (1939) found that 40 ppm
Cu(II) had no effect on, or inhibited both processes in, acid or limed muck soils.
Quraishi & Cornfield (1971) found that 100 and 1000 ppm copper (as CuO or
CuHPO,) added to a slightly calcareous sandy loam receiving dried blood stimu-
lated both processes, and even 10,000 ppm Cu was not toxic. Variations among
seils in their responses to copper additions are probably due to differences in
properties such as pH, organic matter content and texture. The present paper reports
159
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on the effects of adding two levels of copper, as sulphate, on nitrogen minctalisation
and nitrification during incubation of a soil previously adjusted to three pll levels.

MATERIALS AND METHODS

The soil used was an alluvial sandy loam (16 % clay, 24 % silt) from a cultivated
area, which after air-drying and sieving (2 mm) had a pH (in water) of 5-1 and
contained 0-16 97 total nitrogen and 2-0% organic carbon. The soil contained 33
ppm total copper, determined by boiling with 6 N-hydrochloric acid followed by
analysis of the extract by atomic absorption spectroscopy (Premi & Cornficld,
1968). On the basis of previous lime requirement determinations, 500 g portions of
soil were mixed with 0-39 and 0-7 9% finely-ground calcium carbonate. These soils,
as well as 500 g of original soil, were wetted to 50 % saturation in glass pots and
held at room temperature for two weeks, water being added, when nccessary, 10
maintain moisture content between 40 % and 50 % saturation. After air-drying a nd
rubbing through a 2 mm sieve the soils had pH values of 5.1, 5.9 and 7.3 and no
free carbonate could be detected in any of them. 150 g samples of soil of cach pil
were mixed with finely-ground copper sulphate pentahydrate to supply 100 and
1000 ppm added copper on the dry soil basis. For incubation 10 g samples of sotls
from each of the three treatments (0, 100 and 1000 ppm Cu) were weighed mto
10 x 2-5 cm tubes and water was added to bring the moisture content to 30°,
saturation. This moisture content was known to be optimum for both nitrogen
mineralisation and nitrification in this soil. Sufficient replicates of each treatment
at each pH were prepared to allow for determination, in duplicate, of pH and
analysis for mineral nitrogen and extractable forms of Cu initially and after
incubation. The barium peroxide method (Cornfield, 1961) was used for acration
and absorption of carbon dioxide during incubation of the tubes, which wcre closed
with rubber bungs, for three weeks at 30°C. For analysis, 10 ml of water was addud
to each tube and the pH measured after shaking. Then 10 ml of N-sodium acctitte
was added, and after 2 min shaking the tubes were centrifuged. Suitable aliquots
of the supernatant liquid were analysed for ammonium- and nitrate-nitrogen by @
microdiffusion method (Bremner & Shaw, 1955), for nitrite-nitrogen by a diizotsits
tion and coupling method (Barnes & Folkard, 1951), and for Cu by atomic absofp-
tion spectroscopy. Other replicates were shaken with 20 ml of 0-05 M EDT \ (pt!
4-0) and analysed for Cu after filtration.

RESULTS AND DISCUSSION

Table 1 shows the extent of accumulation of mineral-nitrogen (ammontunt- and
nitrate-nitrogen) after incubation. in ppm on dry soil basis, obtained by subtractig
initial values from those after incubation. Nitrite could not be detected mitlly
or after incubation in any of the samples. The table also shows the levels of CU
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extracted by the sodium acetate and EDTA reagents. Incubation and the copper
sulphate treatments tended to decrease pH, but not by more than 0-3 units.

)7 the control soils (no Cu treatment) the increasing mitrogen mineralisation and
niti:Acation with pH followed the normal trend. -

Addition of 100 ppm Cu had no significant effect on either pfocess 1n any soil
except. at pH 7-3, where nitrogen mineralisation was decreased slightly. 1000 ppm

i C1 Spped nitrification at pH 5-1 ‘and 59 and apparently decreased 1t to a moderate

TABLE |

EFFECT OF SOIL pH AND LEVEL OF COPPER ADDITION ON MINERAL NITROGEN
ACCUMULATION* AND EXTRACTABLE COPPER AFTER THREE WEEKS OF INCUBATION
(Results on dry so1l basis)

Mineral witrogen 0-5N sodium 005M EDTA
Sotl pH Cu addedt NH;—N NO3;—N min—N acerzge extr, extr
u Cu
pom ppm ppm ppm ppm ppm
0 1t 0 3-1 14-1 <013 32
51 100 93 19 11-2 08 131
1000 00 00 0-0 600 907
-0 72 158 230 <01 26
59 100 7-4 190 264 <01 130
1000 57 00 57 2-5 718
0 37 416 453 z01 28
73 100 00 385 385¢ <01 130
_1000 00 276 276 v 36 749
L.S.S P < 0-05 31 33 4-1 2-1 23

* inutial levels subtracted from those after incubation
T as copper sulphate
% lower limit of detection.

i\exuuz at pH 7-3. However, since mineralised nitrogen accumulated entirely as
nitrate at pH 7-3 with both added levels of Cu, whilst some ammonium-nitrogen
accumulated in the control soil, this suggests that not only was nitrification limited
3. nitrogen mineralisation, but that both Cu treatments stimulated nitrification.
This is confirmed by a previous study (Quraishi & Cornfield, 1971) with this soil,
pretreated with sufficient calcium carbonate to make it slightly calcareous and given
dried blood before incubation, to ensure that nitrification was not limited by nitro-
gen mineralisation, where 100 and 1000 ppm Cu stimulated nitrification.

The toxic effect of 1000 ppm Cu on nitrogen mineralisation decreased with
increasing pH, but was still apparent even at pH 7-3. The absence of any accumula-
tion of nitrite indicates that where Cu decreased nitrification its effect was no
greater on the organism (Nirrobacter) responsible for the second stage than that
(.Vitrosomonas) responsible for the first stage of the two-stage chemoautotrophic
mitrifying process.

Decreased nitrogen mineralisation and nitrification could not have been due to
the sulphate residue of even the 1000 ppm Cu treatment, since it had been shown
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for this so1l (Sindhu & Cornfield, 1967) that addition of sulphate. as calcium su|.
phate. at five times the level used in this study had no effect on either process. It s
also known for this soil (Ekpete, 1963) that even the maximum reduction (0-3 units)
in pH due to the sulphate residue of the added Cu salt could not have significantly
affected either process. Thus, any changes in nitrogen mineralisation and nitrifica-
tion due to the addition of copper sulphate can be ascribed to the effect of the
added Cu.

0-5 N-sodium acetate extracts exchangeable, including water-soluble, Cu. whilst
EDTA extracts these forms as well as complexed forms of Cu. Cu levels obtained
by each extractant before incubation were very similar to those obtained after

. Incubation, indicating little change from one form to another due to incubation.
Except for the soil of pH 5:1 receiving 1000 ppm Cu, only a very small proportlon‘

lo\ft_ge/added Cu was found in exchangeable form in any of the soilsf Onthe other
hand, most of the Cu, including that originally present in the soil, was recovered by
EDTA extraction. Where 1000 ppm Cu was added there was a critical pH between
5-1 and 5-9 where a considerable decrease in exchangeable Cu and a moderate
decrease in complexed Cu occurred. Between pH 59 and 7-3 there were negligible
differences in both extractable forms of Cu at any level of added Cu.

An EDTA extractant similar to that used here was shown by Pizer er al. (1966)
to be a suitable indicator for the availability of Cu to cereals. In plateau sands Cu
deficiency was apparent when EDTA-extractable soil Cu was less than 2 ppm. No
information is available on the toxic effects of high Cu levels in soils of varying
pH on nitrogen biodynamics in relation to extractable forms of Cu. In the present
study the complete inhibition of nitrogen mineralisation by 1000 ppm Cu at pH
5-1 is probably due to the relatively high level of eichangeable Cu. ‘At the two higher
PH Tevels there were no consistent relatlonshxps between the extent of toxicity of
1000 ppm Cu and the Cu levels extracted by either reagent. Both processes were
stopped or greatly decreased at pH 5-9, whilst nitrogen mineralisation was decreased
to a lesser extent at pH 7-1 than at pH 5-9, yet each extractable form of Cu was
very similar at both pH levels.

The high proportion of added Cu present in complexed form suggests that, where
nitrogen mineralisation and nitrification were inhibited, this was probably due to
the ability of Cu to compete with other essential mineral elements for the cation-
complexing sites of the enzymes involved in both processes. The results obtained in
this study suggest that}the toxicity of high levels of Cu to nitrogen mineralisation |

L_nd mtnﬁcanon in acid soils may be eliminated or decreased by raising soil pH. J
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“Capsule”: 4 lux-marked bacterial bioassay shows a toxicological response to metals introduced into a model
soil solution

Abstract

The relationship between toxicological response and both total concentrations and free 10n activities of Pb, Cu and Zn in an
artificial soil solution has been investigated using fux-marked Escherichia colt HB101 (pUCD607) as a bioassay SO3~ (as K,SO4)
was added as an inorganic complexing agent up to 0 01 M representing the range of 1onic strengths found 1n soil solutions and
giving a wide range of free metal 1on activities ECsg values expressed 1 terms of concentration, varied significantly with K>S0,
molarity for all metals However, when ECs, values were expressed in terms of free 1on activity they were not sigmificantly different
for Pb and Zn, supporting the free 1on activity model Conversely, ECs values expressed as free Cu activity did vary sigmficantly
with K,SO, molarity, possibly due to a greater degree of adsorption of Cu onto nactive sites on the cell surfaces than for Zn and
Pb Linear regression analysis of bioluminescence on free 10n activity revealed significant correlations for each metal above the
toxicity threshold In conclusion, lux-marked E coli 1s suitable for investigating the toxicity of metal 1ons and complexes in non
saline systems although cell surface adsorption effects could be important for some metals, e g Cu © 2001 Elsevier Science Ltd All

rights reserved

Keywords Heavy metal, Free 1on activity model, Bioluminescence, Soil sotution, fux

1. Introduction

It 1s known that contamination of the natural envir-
onment with toxic metals, ¢ g Pb, Cu and Zn, can result
In toxicities to plant, microbial and animal life. The
extent to which a toxic metal 1s available for uptake, 1.€
its broavailablity, 15 affected by the physico-chemical
form of the metal in the environment from which 1t 18
taken up. For soils, organisms such as plants pre-
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dominantly take up metals from the soil solution Aqu-
eous complexation plays a wvital role 1in determining
the bioavailability of toxic metals present in solution
as 1t determines the size and charge of metal-hgand
complexes, and hence can exert a control on the move-
ment of metals across the outer membrane of organisms
(Simkiss and Taylor, 1995). Therefore, a knowledge of
the chemical speciation of a toxic metal 1n a soil solution
could be used as a predictor of bioavailability to a par-
ticular organism wa uptake from the soil solution.

The free 1on activity model (FIAM, Morel, 1983)
states that there 1s a correlation between the toxicity of a
metal to an organism and the thermodynamic actiity of
the free (solvated) metal 1on 1n solution. Although there
are exceptions to the model (Campbell, 1995), several
studies have broadly confirmed this correlation (see
Campbell, 1995, for a review) and it 1s considered a
good indicator of bioavailability as a first approximation

0269-7491/01/$ - see front matter © 2001 Elsevier Science Ltd All nghts reserved
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(Parker et al , 1995) However, many of these studies are
time consuming, typically requiring an exposure period
of a few days A number of bioluminescence-based whole
cell microbial bioassays have been developed for the
detection of pollutants (e g Paton et al, 1995, 1997,
Tothill and Turner, 1996), of which the most well
known 1s Microtox™ (Bulich et al, 1981) The advan-
tage of these bioassays over uptake or mortahty-based
toxiaity studies 1s that toxicity assessment 1s direct, rapid
(15-30 min) and simple. This permits a large number of
observations to be made within a reasonable time-
scale As a consequence, large data sets may be gener-
ated, facilitating meaningful statistical analysis While
Microtox™ 1s a robust and rapid test for contaminated
water, 1t is based upon the response of a marine bacter-
wm (Photobacterum phosphoreum, now known as
Vibrio fischeri) requiring pH and salinity of the sample
to be adjusted to that required by V' fischer:. For pol-
lutants in terrestrial and freshwater systems, the poten-
tial ramifications of these adjustments in pH and
salinity are changes 1in metal 10n speciation and hence
toxicity. This has led to the ecological relevance of
Microtox™ to pollutants 1n terrestrial and freshwater
systems to be questioned

A new generation of lux-marked bioassays have
been constructed, in which the lux genes from V' fischeri
have been cloned into ubiquitous soill and water
bacteria (Rattray et al, 1990) The /ux genes are used
to report upon the metabolic activity of the organism
Therefore, measurement of light (bioluminescence)
can be used to detect changes in cellular metabolic
activity The response of the /ux-marked organisms to
pollutants has been compared to Microtox™ and other
microbial activity measurements, e€g respiration
(Brown et al, 1996, Paton et al, 1997), with greater
sensitivity to metals being reported with the new lux
bioassays

1.1. Aqueous complexation

For a given solution, the total concentration of a dis-
solved metal, [Zny], 1s the sum of the concentrations of
solvated free ([Zn2*]) and complexed (e.g. [ZnSO3))
forms of Zn

[ZnT] = [Zn**] + [ZnOH*] + [Zn(OH)3] + [ZnSOY)
+[ZnCI*] + [ZnHCO3), etc.

where square brackets denote concentration The
distribution of the metal between free and complexed
aqueous forms depends on several factors, including
Eh, pH and ligand concentration An increase in the
concentration of a complexing ligand with a high affi-
mity for metals, e g. SO3~, will reduce the concentration
of the free metal 10n through greater complexation
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The thermodynamic activities of chemical species,
denoted by parentheses (rather than square brackets),
can be calculated from species concentration using
activity coefficients, e.g (Zn?*) =y, [Zn2*], where
Yza2+ 18 the activity coefficient In fresh waters, activity
coefficients can be calculated using the Davies equation
(Lindsay, 1979) for an 1on or complex of a given charge
at a given 1onic strength (/) Here, the activity of an 1on
or complex 1s more relevant than concentration as it
provides a measure of 1ts effective chemical concentra-
tion The thermodynamic activity of a free metal 10n
1s considered the best indicator of its availability for
uptake by organisms (Campbell, 1995)

Ion-selective electrodes can measure the activity of the
free metal 10on directly However, their detection limts
are often too high and their selectivity 1s often too poor
for the concentrations used 1n a typical toxicity test
(Moto and Dos Santos, 1995) The activities of free 1ons
and complexes can be calculated from a knowledge of
the total concentrations of all metals and hgands in
solution. This calculation mnvolves many simultaneous
equations being solved and 1s usually performed using a
geochemical equilibrium speciation computer program
such as that used in this study, GEOCHEM-PC v.20
(Parker et al, 1995)

This study examines the relationships beiween the
toxicological response of lux-marked Escherichia coli
and both total concentrations and free 1on activityies (as
calculated by GEOCHEM-PC) of the toxic metals Pb,
Cu and Zn 1n an artificial soil solution over a range of
SO3~ concentrations Sulphate was added as K,SO, to
simulate the range of 1onic strengths commonly found
in soil solutions

2. Materials and methods
2 1. Test orgamism

The test organism used was E. colr HBIOI
(pUCD607) which had been genetically modified to
contain the plasmid pUCD607 (Rattray et al.,, 1990)
which encodes the /ux CDABE genes from V. fischer:
under the control of the tetracycline resistance promoter
(Shaw and Kado, 1986). E. coli was selected because it 1s
metabolically active over a wide range of environmental
conditions. The /ux-marked bioassay was routinely
grown 1n L-broth [1% (w/v) tryptone, 0 5% (w/v) yeast
extract, 0 5% (w/v) NaCl, 0 1% (w/v) glucose] contain-
ing kanamycin (50 mg 1=!) to maintain the plasmid For
the purpose of this study, the bioassay was prepared
and stored as freeze-dried cells. Batch-grown cultures
were harvested in late exponential phase, and lyophi-
lised using standard procedures (Rudge, 1990) When
required, freeze-dried cells were resuscitated for 2 h 1n
10 ml L-broth at 25°C The cell suspension was then
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centrifuged (4°C, 3 min, 10860g) to form a cell pellet,
the supernatant discarded and the cells washed by
resuspension 1n 10 ml 0 1 M KNO; The washing pro-
cedure was repeated, and the cells finally resuspended in
10 ml of 01 M KNO; giving a cell concentration of
approximately 108 cfu ml=!.

2 2 Solution composition

Known concentrations of Zn, Pb and Cu were added
to an artificial soil solution prepared at four different
strengths of K,SO,4 up to 001 M The composition of
the artificial soil solution (Table 1) used in the experi-
ments was simplified from the recipe given by Quist
(1995) by omutting trace nutrients which are not
required for acute assays Analytical grade reagents and
double deionised water (DDIW) were used through-
out the experiment For each metal at each 1onic strength,
the test solution was made up fresh from stock solutions
(x100 fold) stored at 4°C, with the exception of
NH,NO; which was made up as a fresh stock solution
(x 100 fold) daily.

Standard metal stock solutions (approximately S mM for
Pb, 15 mM for Zn and Cu) were prepared from nitrate
salts Test solutions of the artificial soil solution containing
known metal concentration (range 15-120 pM for Zn,
1-10 uM for Pb, and 3-25 pM for Cu) were prepared
fresh each day K,SO, (prepared as a 0 5 M stock solution)
was added to give 0, 0.003, 0 006 and 001 M K,SO,.
Bioassays using lux-marked E. coli were performed over
a range of metal concentrations at each 1onic strength
The pH of each test solution was recorded prior to
conducting the bioassay using a standard pH meter.

2 3 Lux-based microbial bioassay

The assay procedure tnvolves the comparison of bac-
terial hght output in the presence of increasing con-
centrations of individual toxic metals to the hight output
of the corresponding control solution (artificial soil
solution) at the same K,SO, concentration Thus, bio-
luminescence is expressed as a percentage of a matrix-

Table 1
Composition of artificial soil solution after Quist (1995)

Compound mg per Concentrations 1n resulting
litre solution (uM)

Cations Anions
CaCl; 2H,0 3676 250 Ca?* 500 CI-
KNO, 1515 150 K* 150 NO3*®
Na,S0,4 8522 120 Na* 60 SO3~°
NH,4NO; 26 41 330 NHS 330 NO;®
MgSO, 7H,0 2465 100 Mg?+ 100 SO3~*

® Total NO; =480 uM
b Total SO4=160 puM
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matched control Triplicate 900-ul test solution samples
were pipetted into luminometer cuvettes and 100 ul of
cell suspension added, with mixing, to each cuvette
(Paton et al, 1995) Bioluminescence was recorded at
22°C after 15 min contact time using a portable lumin-
ometer (Jade Luminometer, Labtech International) The
response of the organism in the absence of any sample
solution was tested over the pH range 4-7 using DDIW
adjusted with dilute NaOH or HNO; In addition, the
response of the organism to the addition of K,SO4 (up
to 0 1 M) was determined 1n the absence of any metals.
Four replicate vials of test orgamism (each with triph-
cate bioluminescence determinations) were used for
each treatment.

24 Geochemical modelling

For each metal concentration at each molanty of
K,SO., the concentrations of the free 1on and complexes
were calculated at the pH of the test solutions using
GEOCHEM-PC v 20 (Parker et al., 1995) after con-
sulting current NIST (1998) values for the stabihity
constants of aqueous Pb, Zn and Cu sulphate, nitrate
and chloride complexes All stability constants were
identical except those for PbSO$ and PbCly which
were updated to NIST values, 1€ PbSO,, log K=2 69
and PbCly, log K=22 (GEOCHEM PC values=
260 and 18, respectively) GEOCHEM-PC ncludes a
stability constant for Pb(SO,4)3~ but not for the di-
sulphate complexes of Zn or Cu. No values for the
disulphate complexes are listed in the NIST (1998)
compilation so the GEOCHEM-PC value for
Pb(S0.,)3~ was left unchanged. Activities of free Zn, Pb
and Cu were calculated by GEOCHEM-PC using the
Davies equation (Lindsay, 1979) The mput data were
corrected for the addition of KNO; 1n the cell suspen-
sion, although the increase in NO3 concentration from
addition of small amounts of NO3 from the metal salts
was found to be neghgible Redox equilibrium between
N species was not considered because of the short time-
scale of the experiments. Correction of stability con-
stants for the small difference 1n temperature between
the measurement of bioluminescence (22°C) and stan-
dard temperature (25°C) were negligible In all compu-
tations, precipitation of solids was allowed but did not
occur for any metals at any of the molarities of K,SO,.

2 5. Stausucal analysis

The standard method for expressing toxicity utilises
ECsp values which correspond to the concentration or
free 10n activity that gives a 50% reduction in light
output compared to a matrix-matched control sample
For calculation of the ECsy values, bioluminescence
(expressed as percentage of a control in the absence of
toxic metals at the relevant molanty of K,;S0,) was
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plotted against log metal concentration or log free
ton activity The concentration or activity correspond-
ing to 50% bioluminescence (1e the ECso value) was
determined using the linear regression equation for each
of the four replicate vials These values were used to
obtain mean and standard deviation values for each
metal at each 1onic strength One-way analysis of var-
1ance (ANOVA) was used to determine 1f biolumines-
cence response varied with pH or K,SO, 1n the absence
of metals and whether addition of K,SO, affected mean
ECso values for each metal Replicate vials were also
used to obtain a mean and standard deviation for each
toxicity measurement Linear regression analysis of
bioluminescence on free 1on activity was performed for
each metal by pooling the data from all molarnities of
K,SO,4 above the toxicity threshold

3. Results

Ionic strength increased with increasing molarity of
K,SO, added and mor changes in / were caused by

Table 2

increases in metal concentration (Tables 2-4) All three
metals complexed strongly with SO~ which gave nise to
a large vanation 1n free metal 10n activity, from >90%
to 50% of the total metal concentration (Tables 2-4)
Other significant complexes (accounting for greater than
0 5% of the total concentration) were chloride (for Pb
only) and nitrate, but these did not exceed 10% of the
total concentration The adjustment of 1omc strength
and addition of metals caused only shght vaniations
n pH, from 53 to 56 forZn, 54 to 57 for Pband 525
to 56 for Cu The formation of hydroxide complexes
was not significant for any of the metals at these pH
values

The bioluminescence response of the bacteria did not
vary signficantly (P>0 05) over the pH range (5 25—
5.6) of the experiment and therefore bioluminescence
values were not corrected for changes in pH Similarly,
the addition of K,SO,4 by itself in the absence of any
metals did not significantly (P> 0.05) affect biolumines-
cence (Fig 1) For each metal, as the concentration of
K,SO, increased, ECso values for E coli expressed as
total concentration also increased. For all metals, the

ECsp values for Zn at four different 10n1c strengths expressed in terms of both total metal concentration and free 10n activity (standard deviation 1n
parentheses)®

K,SO4 I range ECsp expressed as ECs, expressed as % metal as the % of metal as complexes®©
added (M) (mmot I-1)® total concentration free 1on activity free 10n®
M) (x 109

ZnSO) ZnNOy
0 13 18-13 38 512d(53) 29329 968 12 16
0003 2157-2171 618d,e(49) 27132 832 152 12
0006 29 84-29 96 748 e (12) 281(47) 759 227 11
001 40 73-40 83 950 f (10) 304(11) 699 289 09
LSD (P=005) 1337 ns

2 The distribution of Zn between the free 10n and complexed forms 1s expressed as per cent of total aqueous concentration. Values followed by the
same letter 1n the same column are not significantly different (P> 0.05) according to Fisher's LSD test ns, not sigruficantly different

b Computed by GEOCHEM-PC

¢ Only complexes accounting for >0 5% of the total aqueous concentration are included

Table 3
ECs values for Pb at four different 10onic strengths expressed 1n terms of both total metal concentration and free 1on activity (standard deviation in
parentheses)®

K,SO, I'range ECsp expressed as  ECsg expressed as % metal as the % of metal as complexes® ©
added (M) (mmol I=')® total concentration free 1on activity free 10n®

(1M} (x 109

PbSO] Pb(SO,)3~ PLNO; Pb(NO;)? PbCl*

0 1313-1315 290d (016) 142 (018) 868 25 - 79 13 11
0003 2018-2019 507e(039) 185(0 16) 629 295 06 49 12 07
0006 2847-2848 584¢(035) 171 (081) 527 405 14 34 12 06
001 3932-3932 623e(011) 169 (039) 451 478 27 25 12 05
LSD (P=005) 0201 ns

* The distnbution of Pb between the free 10n and complexed forms 1s expressed as per cent of total aqueous concentration Values followed by the
same letter 1n the same columrn are not significantly different (P> 0 05) according to Fisher’s LSD test ns, not significantly different

b Computed by GEOCHEM-PC

¢ Only complexes accounting for >0 5% of the total aqueous concentration are included
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Table 4
ECsp values for Cu at four different tonic strengths expressed in terms of both total metal concentration and free 1on activity (standard deviation 1n
parentheses)”
K,SO4 [ range ECs, expressed as ECsq expressed as % metal as % of metal as complexes®®
added (M) (mmol 1-')? total concentration free 10n activity the free 1on®

M) (x10%)

CuSO§ CuNOy

0 1179-11 83 6614d(13) 516d (0 51) 961 15 21
0003 20 19-20 21 724de (20) 348e(073) 793 187 15
0006 28 48-28 49 928¢(20) 307 e (059) 709 273 12
001 39 32-39 34 211 0Q1 D) 7191042 644 342 11
LSD (P=005) 253 0904

a The distribution of Cu between the free 10n and complexed forms is expressed as per cent of total aqueous concentration Values followed by the
same letter 1n the same column are not significantly different (P >0 05) according to Fisher’s LSD test ns, not significantly different

b Computed by GEOCHEM-PC

< Only complexes accounting for >0 5% of the total aqueous concentration are included
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Fig 1 Variation 1n biolumnescent response of /ux-marked Escher-
ichia colt with addition of K,SO, 1n the absence of metals Error bars
are £1SD

ECso values were significantly different (P <0 05)
between the lowest and highest K,SO, molanties. ECsp
values increased from 51.2 to 95 0 uM for Zn; from 2 90
to 623 uM for Pb and from 6 61 to 21.1 uM for Cu
(Tables 2-4) However, when toxicity was expressed as
free ion activity, ECsp values did not vary significantly
(P>0.05) for Zn and Pb, giving average ECso values of
28.7 uM (S.D =14) and 1.67 pM (S.D =0.18), respec-
tively (Tables 2 and 3). In contrast, for Cu, ECsq values
expressed as free ion activities imtially decreased but
then increased significantly with K,SO,4 (Table 4).

The variation mn bioluminescence response with
K,SO, molanty for total concentrations 1s clearly
shown 1n Figs 2a, 3a and 4a Metal concentrations and
activities are expressed as logarithms as bioluminescence
follows a typical dose-response relationship, 1¢ loga-
nthmic Generally, the graphs show the expected trend
of toxicity decreasing with increasing K>SO, However,
for Cu at concentrations greater than approximately
10-52 M, only the lighest 1onic strength (0 01 M K504
added) appeared to cause a reduction n toxicity It s
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clear from the plots of bioluminescence against free 1on
activity (Figs 2b, 3b and 4b) that, in general, the impact
of increasing K,SO, 1s reduced to such an extent that
the data can be considered to fit a single line for each
toxic metal.

For Zn (Fig 2b), the shape of the graph of biolumi-
nescence upon free Zn activity indicates a plateau region
(up to 1073') below the toxicity response threshold
Above the toxiaity threshold, as (Zn2*) increases, bio-
logical response (as measured by a change n biolumi-
nescence) is logarithmically proportional to free 1on
activity (r2=0.96, P<107'9), and follows the FIAM as
described by Campbell (1995). This clearly demon-
strates that toxicity to the test organism expressed as
free 10n activity 1s independent of K,SO, added.

For Pb (Fig 3b) the plateau region beneath the tox-
icity threshold 1s not so clearly defined due to stimu-
lation 1n bioluminescence at low (Pb?*) for some
replicates, giving rise to large standard deviations Var-
1ations in the carbon content of the resuscitated test
orgamism may have affected toxicity response, despite
careful washing. The C content of the supernatant dur-
ing the washing process changes from > 100 to 4-8 mM
during the washing process After resuspension in
KNO; and dilution, C concentration in the test solution
will be <40 yM This C 1s predominantly composed of
the sugar, glucose, which does not dissociate into acid
and base components under the test conditions and
therefore has negligible complexation reactions with
cations However, glucose can act as a stimulant to the
test organism, causing variability in bioluminescence
response, giving rise to these large standard deviations
(Ritchie, unpublished data). The threshold toxicity 1s
approximatety 106! (Pb2*) and 1s followed by a hinear
dechine 1n bioluminescence (r=0.83, P<10~'%). This 1s
a lower correlation coefficient than for Zn but still
demonstrates that toxicity to a test organism, expressed
as free 10n activity, 1s independent of K>SO, added
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Fig 2 Bioluminescent response (% of matnix-matched control) for
the artificial sol solution at four different molanties of K;SO,4 against
(a) log total Zn molarity and (b) log free Zn?* actvity Error bars are
+1SD The dashed line represents the threshold toxicity for log
Zn?*)

For Cu, however, adding K,SO, does affect the rela-
tionship between bioluminescence and log,o free ion
activity (Fig. 4b, Table 4) as the data have a greater
spread than those for (Pb2*) or (Zn2*). The plateau
region of the graph (Fig 4b) extends up to 10737
(Cu?*) Above the toxicity threshold there 1s a sig-
nificant (P <10~%) relationship (r>=0.78) with toxicity
and (Cu?*).

4. Discussion

For Pb and Zn, expression of ECsp values 1n terms of
free 10n activity gives values independent of the anion,
SO3~ This 1s in agreement with previous work on Al,
which demonstrated the non rhizotoxicity of Al sul-
phate complexes (Kinraide, 1997) and supports the
conclusions of other workers (Rainbow, 1995, Hare and
Tessier, 1996) that toxicity 1s proportional to free ion
activity This work confirms the suitability of (Zn%*)
as a toxicological indicator identified by other workers
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Fig. 3 Bioluminescent response (% of matnx-matched control) for
the artificial soil solution at four different molanities of K,SO, agamnst
(a) log total Pb molanty and (b) log free Pb2* acuvity Error bars are
+1S D The dashed hne represents the threshold toxicity for log
(Pb2)

(McGrath et al., 1999; Chaudri et al., 1999, 2000). The
ECs value determined here for toxicity of (Zn?*) to E
coli, 1s very close to that obtained by Chaudn et al.
(1999) of 382 uM (&£3.1), also for the toxicty of
(Zn2*) (determined using a cation exchange resin tech-
nique) to E. coli. The current study also suggests that
(Pb2*) mught also be a good indicator of Pb toxicity,
although further experiments using higands other than
SOZ;~ would be necessary before a conclusion could be
reached

For Cu, 1t 1s clear there is at least one other factor
affecting toxicity besides (Cu?*) Residual C may affect
toxicity interpretation as demonstrated by some of the
relatively large standard deviations but close investiga-
tion of the data suggests that this 1s not the primary
cause of the inconsistent response At any single metal
concentration, pH changes by <02 over the range of
added K,SO, making 1t unlkely that inconsistent
response 1s due to competition between H* and Cu?*
for binding sites at cell wall surfaces (Campbell and
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Fig 4 Bioluminescent response (% of matrix-matched control) for
the artificial soil solution at four different molanties of K,SO, against
(a) log total Cu molanty and (b) log free Cu?* actvity Error bars are
+1S D The dashed line represents the threshold toxicity for log (Cu?*)

Stokes, 1985). The ECso value for (Cu?*) mually
decreases but then increases as percentage of CuSO$
increases (Table 4), demonstrating that CuSOY does
not contribute to toxicity. Nor 1s 1t possible that
CuNOj; contributes to toxicity as the large difference in
ECs, values between 0.006 and 0.01 M K,S04 15
accompanted by only a very minor change in the per-
centage of CuNO; (Table 4). In summary, Cu specia-
tion alone cannot explain bioluminescence response
Chemical charactenistics of the individual metal 10ns
can govern the biological response of the test organism
The classification of metal 10ns has been attempted by
several authors (Nieboer and Richardson, 1980, Stumm
and Morgan, 1996) where the placement of metals into
groups may be based on a number of factors involving
1on characteristics, hgand preferences and extent of
polarisation (Gadd, 1992) For example, Pb%*, Zn%*
and Cu?* are all classified as borderline in the hard and
soft acid scheme (Stumm and Morgan, 1996) Given
that the category divisions correspond in some cases
to a relative scale of change, 1t 1s not surpnsing that
organism response to metal 1on species in the same
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category class varies, and the absolute factor(s) that
control toxicity remain(s) unclear Other workers
(McGrath et al, 1999, Chaudn et al, 1999, 2000) in-
vestigating natural soil solutions have also found results
of Cu toxicity difficult to explain, although these work-
ers primarily suggest that Cu 1s not in the free state in
these solutions

The test organism may also respond differently to the
individual metal 1ons tested 1n this study The cell sur-
face represents the primary site for organism-metal 1on
interaction and, in general, phosphoryl groups asso-
ciated with cell wall components represent sites for
metal binding (Ford and Ryan, 1995) In Campbell’s
critique of FIAM (Campbell, 1995), a biological res-
ponse 1s considered to occur when the metal species
binds to either a physiologically active or a transporta-
tion site on the cell wall However, Ledin et al (1997)
concluded that the cell surface of a Gram-negative bac-
tertum (such as E colt) consists of a number of different
metal binding sites, which exhibit varying affinity and
capacity for metal 1ons, depending upon the surround-
g solution composition Not all these sites will be
active and 1t 1s possible that binding to nactive sites on
E coli occurs to a greater extent for Cu than for Pb or
Zn. Such adsorption would be particularly important at
low I because at high I, competition for sites from other
cations present in the solution may be greater (e g. K*)
This could result in the effect seen 1n Fig 4a and Table 4
where there are hittle differences in toxicity response
between the 0, 0 003 and 0006 M K,SO,4 (lower 10nic
strengths) but a marked reduction n toxicity for the
001 M K,SO, (luighest 1) Thus, adsorption of Cu to
nactive sites on the cell surfaces of E colr at low 1onic
strengths 1s a plausible explanation for the biolumines-
cence response to Cu

5. Conclusions

The rapid response and sensitivity to toxic metals of
lux-marked E. coli makes 1t an attractive test organism
for the investigation of the relationship between aqu-
eous complexation and metal toxicity For Pb and Zn,
expression of ECsy values in terms of free 1on activity
gives values independent of the anion, SO3~ in agree-
ment with the FIAM However, Cu does not clearly
follow the FIAM, possibly due to adsorption onto cell
surfaces at low 1onic strengths
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Abstract

The effect of plant growth on copper solubility and speciation was studied in a 10-week pot experiment. A copper-tolerant grass
variety (Agrostis capillaris L. var. Parys Mountain) was grown in pots that contained either clean (copper-total approx. 30 mg kg™')
or copper contammated soil (copper-total approx 170 mg kg~!) at two pH levels (4.7 and 5.5). Also, similar pots without vegeta-
tion were included in the study. Due to the addition of NH,NO; fertilizer and subsequent nitrification of ammonia to nitrate, seil-
pH decreased from 4 7 to 3.5 and from 5.5 to 4, respectively. In the planted pots, soil pH recovered faster after depletion of NHy .
Thus resulted in a decrease 1n the calcium solution concentrations and an increase in the dissolved organic carbon (DOC) con-
centrations 1n the planted pots. However, this was only observed in the clean soil, in the contaminated soil no difference in DOC
levels between bare and planted pots was observed. Copper solubility in the contaminated soil was lower n the presence of plants,
in the clean soil no differences were observed between the bare and planted pots. In the planted pots, copper activities in solution 1n
both clean and contaminated soils were two orders of magnitude lower than in the bare pots. Copper activities in the non-planted
contammated soil reached potentially toxic levels ([Cu]+10~5 to 10-5 M) in contrast to the lower levels in the planted pots
({Cu] % 107 to 10~'° M) Data and model results show tha{ plant growth improves pk, DOC and calcium in solution to such an
exten total dissolved copper concentration and the free metal activity in soils can be reduced. This stresses the

( potential beneficial role of plants for the immobilization and detoxification of metals in contammated soils. ) 1999 Elsevier Science

Ltd All rightstesérved =~ ~
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1. Introduction

As a result of increased input from industry, traffic
and agriculture, the average trace metal content in soils
in ndustrialized countries has increased considerably
(Salomons and Stigliani, 1995). This has become a
major point of concern during the last few decades since
trace metal levels have reached potentially toxic levels in
urban and agricultural soils in the vicinity of mining
and metallurgical industries (Helios-Rybicka, 1996).
Metal leaching, toxicity and uptake by organisms
depends on soil chemical and physical properties as well
as physiological properties of organisms present in,. or
growing on, the soil (Hopkin et al., 1993). However, nsk

* Corresponding author Tel + 31.317474782, fax. +31-317-424812.
E-matl address p f a m.romkens@ab dlo nl (P F A.M. Rémkens)

assessment is still entirely based on the total soil metal
content. Recent ecotoxicological studies revealed, how-
ever, that metal speciation in the solution phase, is one
of the key factors that regulates metal uptake by plants
as well as toxicity for soil and aquatic organisms {Mar-
inussen, 1997; Renner, 1997). Metal (bio)availability
and uptake appear to be related closely to the free metal
activity in solution instead of the total soil metal content
in the solid phase (Hare and Tessier, 1996; Moffett and
Brand, 1996). Consequently, ¢hanges in soil chemical
conditions that control the concentration and free metal
activity [e.g. pH, organic matter content and dissolved
organic matter (DOC)] induce changes in the avail-
ability and uptake without apparent changes 1n the total
metal content (Spurgeon and Hopkin, 1996).

Sotl parameters that affect metal solubility and spe-
ciation 1n the soil solution include pH, organic matter,
DOC and clay content. With an increase 1n soll pH,
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organic matter and clay content, the solution con-
centration of most cationic trace metals decreases due to
adsorption (McBride, 1994). An increase n DOC and
PH usually reduces the ion activity in solution due to
complexation. Especially metals like copper and lead
are known to form very stable metal-organic complexes
(Stevenson, 1994). The presence of plants also influences
the chemical conditions-in the soil. Root growth causes
an increase of the soil organic matter content which sti-
mulates bacterial growth and contnbutes to the cation
exchange capacity (CEC) of the soil as well (Schulin
et al., 1995). Furthermore, root exudates can promote
(phytosiderophores) or reduce trace metal uptake
(Schulin et al., 1995; Alexander, 1977; Maywald and
Weigel, 1997) Nutnient uptake (e.g. NO3y or Ca2*) by
plants also affects rizosphere pH which causes changes
in the solubility and speciation of trace metals in soils
(Alexander, 1977).

The impact of metallophytes on soil chemical condi-
tions (i.e. DOC, pH) and the ability to accumulate cer-
tain trace metals, therefore, renders a potential tool for
remediation of contamnated soils (Ebbs et al., 1997;
Robinson et al., 1997). Although it may take too long to
effecuvely clean the soil by ‘extracting’ the metals from
the soil by plants (Felix, 1997), the presence of plants
‘improves’ soil conditions to such an extent that the
acute metal toxicity for various soil organisms can be
reduced (e g. by increasing the amount of soil organic
matter or DOC in solution).

In order to understand the various ways by which
plant growth affects soil chemical conditions and the
functioning of various soil orgamisms in contaminated
soils, it is necessary to simultaneously measure both
chemical and biological parameters. In the experiment
presented here, we will describe and evaluate changes in
soil chemical conditions, trace metal solubility and spe-
ciation that are saduced by plant growth. In a separate
paper the mpact of plant growth and copper con-
tamination on the dynamics of vanous important soil
organisms (bacteria, protozoa, nematodes) 1n the same
expeniment is described (Boon et al., 1998).

Table 1

2. Materials and methods
2.1 Sous used in the experiment

The expeniments were performed with soil matenal
from an expenmental site at the Wageningen Agn-
cultural University, the Netherlands. On the site, a 3-
year crop rotation is performed which includes pota-
toes, maize and sugar beet In 1982 the field was treated
with CuSO,-5H,0 to obtain a range 1n the total copper
content of the soil. The field expenmental set-up 1s
based on a randomused block design with four copper
treatments. 0, 250, 500 and 750 kg Cu ha~! were added
to plots of 6x 11 m. Within each copper treatment, four
pH levels were established by addition of hme or ele-
mental S, which resulted 1n a pH (pH~KCl) range from
4.1 to 6.1. Each treatment has been repeated eight-fold
which resulted i 128 plots. The soil used in ths study 1s
a loamy sand with strong human influence (fimc
Anthrosol; FAO, 1990). General soil charactenistics are
shown in Table 1. Analytical data of the soil, field site
characteristics and management practices have been
descnbed in detail elsewhere (Korthals et al., 1996).

In April 1995, soil samples were taken from four ran-
domly chosen replicate plots for each treatment and
stored at 4°C until 22 May 1995. Polyethylene pots
(11x9x%9.5 cm) were filled with field-moist soil and see-
ded with a copper-tolerant grass vanety, Agrostis capil-
laris L. var. Parys Mountain (Barenbrug Research
Wolfheze, the Netherlands). All pots were initially fer-
tilized with NH4NO; (0.15 g pot~!), MgSO, (0.36 g
pot~!), K,0 (0.15 g pot—!) and P,O5 (0.11 g pot~).

After preparation, all pots were placed at random 1n a
greenhouse at ambient temperature (15+2°C). De-
mineralised water was added via a dish under the pot at
regular intervals. In this study a non-contamunated soil
(copper-total of +30 mg kg~') and a contaminated soil
(copper-total of £170 mg kg™') are used, at two pH
levels (4.7 and 5.5). Of each pH—copper combination, 12
pots were prepared. At t=0 (23 May) and after 3, 5 and
10 weeks (termination of the experiment), three replicates

General soil charactenstics of the sols used mn the plant growth expermment (0-20 cm)

Target pH? Cu added 1n 1982 kg pH® Cu-total (so1l) CECnpa-a’ pH 7 SOM* (%) Texture (%)
(kg CuSO, ha™") (mmol kg™') (cmol kg™')
> 50pm 2-50pm <2um
47 0 48+02 047020 56 32403 86 12 2
4.7 750 46+0.3 2424039 na 3504 85 13 2
61 0 54+03 048+031 na 3601 84 13 3
61 750 56+04 294033 na 38+01 84 13 3

* pH values are adjusted to the target values every 6 years by S application (pH 4 7 plots) or CaCO; application (pH 6 1 plots)

> Measured in the centnfuged soil extracts
¢ CEC, cation exchange capacity
4 SOM, soil organic matter
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from each pH-copper combination were randomly
chosen and sampled destructively

2.2 Solid phase analysis

The total coppercontent of the four treatments was
determuned by a hot acid extraction using concentrated
HNO; and HCIO, (Rémkens and Dolfing, 1998) The
soil organic matter content was determuned mn air-dned
soil (<2 mm) by loss on igmtion at 800°C during 6 h
after drying at 105°C for 12 h The muneral N-content.of
the soil (NH4+—N, NO3——N) at r=0 and after 3, 5 and
10 weeks was measured 1n filtered (045 pm) 1 M KCli
soul extracts (80 g of soil: 200 ml 1M KCl) using a
Technicon segmented flow analyser TRAACS 800
spectrophotometer

2 3. Soil solution analysts

After destructive samphng of the selected pots, soil
solution samples were obtained by centrifugation of
200 pg field-moist soil (Del Castilho et al , 1993). Solu-
tion samples were filtered through a 0.45 pym HTTP
filter (Milipore) by vacuum filtration after centnfuga-
tion. The calcium and copper concentration in the fil-
trate was determined on a Perkin Elmer ICP 2000. Total.
(TC) and norganic carbon content (IC) in solution were
determined on a Slumadzu TC500 total carbon analy-
ser. The DOC content was calculated as the difference
between total and norganic carbon (TC—IC). Solution
pH was measured in the final, filtered solution using a
Beckmann pH electrode.

2.4. Calculation of Ci2™ actwity in the soul solution
samples

Copper activities in solution were estimated using a
recently developed and calibrated thermodynamic equi-
librium model that calculates the free metal activity
based on the solution composition (R6mkens, 1998). In
the model, both pH-dependent deprotonation of humic
substances and competition with calcium are taken into
account as is shown in Eqgs. (1) to (4)

H,HUM <= HHUM™ + H* logKy )
HHUM™ <= HUM?~ + H* logKn» )
HHUM™ + Me?* <= MeHHUMT" logKe1 3)
HUM?™ + Me?* <> MeHUM® logKme2 @)

where HUM =organic compound; and Me?* =metal
1on (Cu?*, Ca?*)

Apart from the mteraction with DOC, complexation
with norganic ligands (e.g NO3 and OH™ 1s also taken
into account. Egs. (1) to (4) were implemented 1n the
chemucal equiibnum model CHARON (de Rooy and
Kroot, 1991) for the calculation of the copper activity in
the soil solution samples

3. Results and discussion
3.1. Nutrogen dynamucs and soil pH

As a result of NH4NO; application, strong acidifica-
tion occurred during the first 5 weeks of the experiment
due to the microbially stimulated aerobic conversion of
NHJ4 to NOg3 (nitrification)

NHj +20; < NOj + H;0 + 2H* +energy 5)

Soil acidification stopped after the conversion of
NH; to NOj (Table 2). Nitrification in the bare soils
was faster mn the high pH soils compared to the low pH
soils; almost all ammonium was converted to NO3 after
5 weeks, whereas significant amounts of NH4 remained
present 1n the low pH soils after 5 weeks. Plant growth
also affected the NHZ conversion (and thus soil pH); in
the low pH pots with plants, NHf depletion was faster
compared to the non-planted pots (Table 2). This effect
became significant after plant germination (between 2
and 4 weeks). Aside from direct uptake of NH{ by
plants, plant uptake of NO3 promoted the conversion
of NHy to NO3. In the high pH soils, this effect was
neghgible (data not shown here). The presence of cop-
per did not affect the NHF /NO3 distribution 1n either
the low pH or high pH soils. No differences were
observed in the NO3j concentrations between weeks 0
and 5. Unfortunately, no NO3 data are available from
the last sampling date in the planted pots; enhanced
mitrate uptake by the plants could potentially affect soil .
pH as well as a result of OH™ excretion dunng uptake
of soil nitrate. The combination of OH™ release and
Ca?* uptake (see below) largely accounted for the
observed increase 1n soil pH that occurred in the planted
pots between weeks 5 and 10 (Table 2). This contrasted
sharply to the soil pH in the bare pots, which showed a
minor increase only after acidification. Dunng the
course of the expenment, both bare and planted pots
remained well aerated, which prevented soil reduction
processes from occuring.

3.2. Effect of plant growth and soul pH on calcium and
DOC solution concentrations

As a result of the observed acidification, a release of
calcium was observed in all pots, including the planted
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Table 2
Effect of plant growth on soil NH,/NO,, pH, calcium n solution and dissolved organic carbon (DOC) (average of low and high copper soil)
Time (weeks) n NH, (mg kg™') NO; (mg kg™ ') pH Ca (mM) DOC (mM C)
Bare Pots
pHy=47 0 6 11745 1252 47+02 99+24 48+07
) 3 5 76+15 182+33 38+073 203+83 62+27
5 6 60+34 244+ 159 34402 115+73 80+69
10 6 8+9 225424 37101 16924 124%26
pHy;=61 0 6 117+2 12842 53+02 13417 41+03
3 5 2+11 26977 42402 196=x94 43+10
5 6 85 205+81 38+0.2 195110 59+16
10 6 0x0 242445 45+01 285%65 10927
Planted pots
pHy=4.7 0 6 117+5 125+£2 47+02 99124 48+07
3 5 T6+11 15718 40+02 164+68 53+24
5 6 18+7 108 +20 35401 130+80 10118
10 12 - - 47+£03 42+23 139+50
pHy=61 0 6 117+2 128+2 53+02 13417 41+03
3 5 25 227+26 40+03 219+103 5716
5 6 53 214+97 42404 286+195 104£55
10 12 - - 61+04 46+06 11831

pots (Table 2). Calcium-proton exchange was insuffi-
cient to buffer the release of protons, which resulted in a
strong net acidification of the soil. Until week 5 only
minor differences in soil pH were observed between bare
and planted pots. After week 5, plant growth became
significant and resulted in significant differences in soil
pH, calcium solution concentration and DOC between
planted and bare pots. As a result of calcium uptake by
plants, the calcium solution concentration decreased
from 28.5 mM (bare pots, pH 6.1) to 4.6 mM (planted
pots, pH 6.1). The observed increase in soil pH 1n the
planted pots is probably related to the change in the
calcium concentration. This initiates a further deso-
rption of calcium from the solid phase and promotes
H™ sorption which resulted in a higher soil pH in the
planted pots.

In the Cu-0 soils, DOC levels were higher in the
planted pots than in the bare pots in weeks 5 and 10
(data not shown). However, DOC levels in the Cu-750
soils were similar in both bare and planted pots. The
DOC release, therefore, was not related to plant pro-
duction only, since plant growth was not significantly
different between low and high copper soils. In all soils,
an increase in DOC was observed in week 10 that cor-
relates with the increase in soil pH and 1s most likely
due to pH-dependent desorption of DOC (Jardine et al.,
1989). The final DOC solution concentration, therefore,
will be controlled by a combination of soll chemical
conditions, with DOC levels being reduced at high cal-
cium levels [as a result of flocculation of calcium-
humates, and formation of ternary complexes at the soil
surface (Rémkens et al, 1996), and low pH values
(adsorption)].
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3.3. Effect of plant growth on copper solubility and
speciation in solution

The total copper concentration in solution increased
with time (Fig. 1) in both the Cu-0 and Cu-750 soils.
The strongest increase was observed 1n the Cu-750 soil
at pH 4.7. Especially in the bare pots, copper levels
reached excessively high levels, around 125 pyM In the
Cu-750 soils differences between the planted and the
bare soils were significant: copper solution concentra-
tions 1n the planted Cu-750 soil were sigmificantly lower
than in the bare soi. In the Cu-0 soil, no significant
differences in the total dissolved copper concentrations
were observed between the planted and the bare pots. In
the high copper soils, a close correlation exists between
total copper concentrations and soil pH (data not
shown here); this relation was not observed 1n the low
copper soil. This difference could be a result of the che-
mical form of copper in both systems In the low copper
soil, no additional copper was added. In the lugh copper
soil, more than 90% of the total copper content was
added as CuSQy. The copper thus added has been sor-
bed onto the soil; a large part remained exchangeable
and will desorb at low pH values: the slope of the
pH—logCu concentration 1s close to 0 5 which indicates
that two protons are needed to replace one copper on the
soil surface. In the low copper soil, however, a large part
of the total copper content consists of non-exchangeable
copper. This copper is incorporated in the structure of
soil minerals and orgamc matter and 1s released only
slowly upon acidification and the relation between soil
pH and copper solution concentration, therefore, 1s not
as clear as was the case in the high copper soil
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Fig 1 Effect of pH, copper-total and plant growth on dissolved copper concentration (closed symbols planted pots; open symbols bare pots)

Ecotoxicological research revealed that copper uptake
and toxicity are closely related to the speciation 1n
solution and especially the ‘free’ metal ions are con-
sidered important species that can be taken up by
organisms and plants (Hare and Tesster, 1996; Moffett
and Brand, 1996). Therefore, the dynamucs of the cop-
per activity were estimated for both the planted and
bare soils. In Fig. 2 the results are shown for all soils.

1 r pHs7/Cu-0

pCu (M)
& 0 oo \l{ﬁ L]

pH6.1/Cu-0

pCu (M)

time (weeks)

Until week 5, no significant differences were observed
between the planted and bare pots. However, copper
activities decreased sharply in all planted pots after
week S. In the bare soils, however, copper activities
remained relatively constant after 5 weeks.

Soil chemical factors that contributed to the decrease
1n the copper activity are: (1) a higher soil pH in the plan-
ted pots (Table 2), (2) lower Ca?™* solution concentrations

-
-

pH4 7/Cu-750

pH6 1/Cu-750

time (weeks)

Fig 2 Effect of pii, plant growth and total copper content on copper actvity n solution (closed symbols planted pots, open symbols bare pots)
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as a result of plant uptake; and (3) higher DOC levels 1n
the planted pots (1n the Cu-0 soils)

The higher soil pH 1n the planted pots caused an
increase itn copper sorption due to the increased net
negative surface charge on organic matter and soil
oxides at high pH levels (McBride, 1994). Furthermore,
the decrease in the calcium solution concentration 1n
the planted pots also enhances copper adsorption onto
the sohd phase, thereby reducing the total dissolved
concentration

Previous research also showed that calcium sup-
presses the solubility of DOC at calcium concentrations
ranging from 5 to 10 mM (Rémkens and Dolfing, 1998).
In the experiment performed here, calcium solution
concentrations ranged from 4.2 to 28.6 mM and a
decrease n the calcium solution concentration, there-
fore, also enhances the solubility of DOC. The elevated
DOC levels in the planted pots (clean soils) directly
reduces copper activity levels due to complexation of
copper with DOC:

Cu?* + HHUM <= CuHyyHUM + nH* (6)

Copper forms stable complexes with DOC 1n solution
and higher DOC levels will, therefore, reduce the free
jonic Cu?™ activity. At pH levels higher than 5, usually
more than 99% of the total dissolved copper con-
centration is bound to DOC (Romkens, 1998; Tem-
minghoff, 1998). In the planted pots, all three
parameters (1.e. a higher pH, higher DOC concentra-
tion, and lower calcium concentrations) favor a higher
degree of complexation. In both planted and bare pots,
copper activity strongly depends on soil pH with copper
activity increasing at low pH (Fig. 3). From this it can
be concluded that the presence of plants does not
change the response of Cu?* as a function of pH: both
the bare and planted pots in either the low or high copper
soil respond similarly to a change in soil pH. The main
reason for the lower copper activities in the planted
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Fig. 3 Effect of pH on copper activity 1n solution (squares Cu-0 soil,
tnangle Cu-750 soil, closed symbols: planted pots, open symbols bare
plots)

pots, therefore, 1s that the presence of plants changed
other soil parameters that affect copper complexation in
solution (1 e. DOC, calcium).

4. Conclusions

The presence of a copper-tolerant crop sigmficantly
altered soil chemical conditions.n the plant growth
experiment described here. In -the planted pots, the
conversion of ammomia to nitrate was faster than 1n the
non-planted pots,- which resulted in 2 more pronounced
recovery of the soil pH. Plant uptake of calcium and
increased adsorption onto the solid phase also resulted
in a higher soil pH and, 1n the clean souils, also in higher
DOC levels The differences between the planted and
bare soils became significant after plant germunation
(£2—4 weeks). Especially in.the copper contaminated
soil, the dissolved copper concentration in the. planted.
pots was significantly lower than in the bare pots due to
the. higher soil pH and lower calcium solution com
eentration. This illustrates the potential beneficial effect
of plant growth for copper leaching from contaminated
soils. It should be kept in mind, though, that the results
obtained here are valid only for copper-contaminated
non-calcareous sandy soils. Well-buffered (calcareous)
clay soils, for example, are much less sensitive to acid
mputs which reduces the beneficial effect of plants on
soil pH. However, a large part of the soils in the Neth-
erlands with intensive animal husbandry (i.e. with long-
term manure application and elevated copper levels) are
sandy soils like the ones included in this study. In those
soils, copper is added in a highly labile form and 1t can
be expected that the behavior of copper in those soils 1s
quite close to that observed in the experiments described
here.

€u2' activiies 1n solutton were also sigificantly
(»<0.001) lower in the planted pots in both copper-
contaminated and non-contaminated soils. Without
plant cover, potentially toxic Cu?* levels were observed
n the contaminated soil at low pH; plant growth, how-
ever, reduced these to acceptable levels. The results
presented here also suggest that the impact of plant
growth on copper chemistry is an indirect one: by-
changing several important ‘macro-chemcal’ para-.
meters, such as calcium, pH and DOC, both copper
activity and solubility are reduced. In order to under-
stand the impact of plant growth and trace metal spe-
ciation it is, therefore, necessary to take into account
macro-chemucal parameters, such as pH, DOC, and
calcium, as well.

The results from the ‘chemo-dynamics’ presented here
support the observations on the dynamics of the micro-
organisms in the same experiment (Boon et al , 1998). In
the planted pots, bacterial growth was more rapid than
in bare pots. Also, the total number of protozoa and
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bacterivorous nematodes were higher in the planted
pots compared to the bare pots. These effects are most
likely a result of the mgher DOC levels (ligher food
supply) and the strongly reduced free copper activity in
solution 1 the planted pots. Although the use of metal-
tolerant plants may not be suitable for a rapid reme-
diation, i e. metal extraction, of the soil, the results pre-
sented here suggest that plant growth can be used
effectively to stimulate the biological activity mn con-
taminated soils as well as to reduce the actual toxicity of
metals. With time, this could lead to a more favorable
soil-biological ‘climate’, thereby enhancing the potential
for re-growth of other, less tolerant species as well as
immobilization of the contaminants by newly incorpo-
rated soil organic matter.
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Abstract
s ‘/\\

The influence of soil properties on mitrification potential was studied using a ple 4 h }nmhaqu test applied £0-56 field-
collected soils contaminated mainly with Pb or Cu The soils were analyzed @and dissolved metal and the &oil sohation’
was speciated for free Pb?* or Cu®* ions. The rates of nitrite production (NH] oxidation to NO3) after the addition of a
1.0 mM NH; substrate and 2.0 mM NaClO; varied between 25 and 4200 pmol NOj kg™' of soil d™". The rates of mitrate
production (NH{ oxidation to NO; minus NO3 oxidation to NO3) for the same experimental conditions without chlorate
varied between 2 and 2420 pmol NO; kg™ of soil d™' The results show that the mitrification potential relationships with soil
properties varied between sites. Soil pH and organic matter are the most influential parameters, but solution free metal activity
and total metal content are also significant. It is not clear if soil pH and organic matter directly affect the mitrification potential
or if they indirectly modify the chemical properties affecting metal speciation However, given the high sensitivity of this
microbial process towards many environmental soil parameters, the mitnification potential does not appear to be a straight-
forward specific bioindicator for the evaluation of soil metal contamination © 1999 Elsevier Science B.V. All rights reserved.

Keywords. Nitnfication, Pb, Cu, Free metal, Speciation, pH, Soil organic matter

1. Introduction nitrite (NO3') and then to nitrate (NO3') (Eq. (1)). Itis
a critical part of the nitrogen cycle and contributes to

1.1. Nitrification the availability of soil N to plants and other soil
organisms (Paul and Clark, 1989). Because of the

Nitrification is the soil microbial process responsi- high specificity of the implicated bacteria (mainly
ble for the transformation of ammonium (NH}) into Nitrosomonas spp. for the first step (R,) and Nitro-

bacter spp. for the second step (R,)), nitnification 1s

< q thor P ddress D ¢ Natural reputed to be a sensitive indicator of soil pollution
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(R2) might be more sensitive than ammonium oxida-
tion (R;), which could potentially lead to accumula-
tion of toxic nitrites 1n aquatic systems (Smuth et al,
1997a) or soils (Wilke, 1989, Smuth et al., 1997b;
Dusek, 1995).

NH; 2 NO; B Noy 1)

Soil nitrification potential i1s dependent on many
factors. availability and chemical form of N-sources,
CO, status, organic carbon availability, redox poten-
tial conditions, pH, moisture, soil texture, and tillage
practices (Staley et al., 1990; Paul and Clark, 1989).
Nitrification will also be affected by the presence of
any inhibitory toxic compounds, hence sensitive to
cation exchange capacity and orgamc matter content
which tend to promote adsorption of toxic materials
and reduce their bioavailabulity.

The standard means of quantifying nitnfication 1s
through measurements of the oxidation products of
NH; (mamly NO; and NO3) 1n a perfuston system.
Chlorate can also be added to the NH{ substrate to
prevent autotrophic oxidation of NO; to NO3 and
incidentally prevent potential gaseous-N losses due to
denitrification of nitrates (Belser and Mays, 1980;
Berg and Rosswall, 1985; Killham, 1987). In the
presence of chlorate, nitrite becomes the sole trans-
formation product of NH7 oxidation and hence the
first step of the nitrification process (R;) can be
quantified by a simple colonmetric measurement of
NO; formation. The companison of the rates of NO;
produced with and without chlorate allows the deter-
mination of the rates of NO; oxidation (i.e., in the
absence of chlorate the measured concentration of
NO; corresponds to Rj—Rz; Rz (NO; oxidation to
NO7) can be obtained by difference).

1.2. Chemical speciation of soil metal

The major portion of total so1l Pb or total soil Cu is
insoluble, precipitated or adsorbed on the solid phase.
Only about 1% to <0.01% of the total soil Pb or Cu is
dissolved in the soil solution (Sauvé et al., 1997a, b)
and from 40% to 99% of the dissolved Pb is com-
plexed to dissolved organic matter (Sauvé et al.,
1998¢). Usually more than 98% of dissolved Cu is
complexed (Lebourg et al., 1998; Sauvé et al , 1997a).
Thus, only a very small fraction of the soil total metal
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burden 1s present as the free metal species in the soil
solution Heavy metal bioavailability is linked to the
free-metal activity in both aquatic systems (Allen and
Hansen, 1996, Campbell, 1995) and in soils (Sauvé et
al., 1996, 1998a). Because of the influence of chemical
speciation and soil chemical properties, we have
chosen to use an nventory of field-collected soils to
which no metal salts were added and which were not
exposed to soil amendments in the laboratory (lime,
clay, organic amendment, etc.).

Few field-collected soil studies are available for the
evaluation of metal toxicity to indigenous soil micro-
bial processes. Oftentimes, metal toxicity studies are
made using soils spiked with a single metal salt. This
is often done because 1t 1s very difficult to isolate the
relative influence of various soil parameters and multi-
ple organic and metal toxicants commonly found in
contaminated sites. Nevertheless, the initial toxicity of
metal salts added to soils 1s usually much higher than
metals resident 1n soils for long periods of time. In
field-collected soils, the metal speciation reflects a
relative steady-state with respect to chemical adsorp-
tion and precipitation onto the so1l’s solid phase. Since
the kinetics of certain organic-matter mediated reac-
tions are reputed to be very slow (Hering and Morel,
1990), tests made with soils newly spiked with metal
salts are not representative of the trace metal specia-
tion in natural systems.

1.3. Objectives

The objectives of this study were to measure
the mtrification potential of field-collected soils con-
taminated with Pb or Cu and evaluate the relative
importance of soil parameters such as pH, organic
matter, total metal content and soil solution free metal
speciation to a sensitive microbial process like nitri-
fication.

2. Material and methods
2.1. Soil samples

We have purposefully chosen to use only soils in
which the main contamination was either Pb or Cu to

simplify the interpretation of interactions of metal
speciation and soil chemical properties. Other con-
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taminants with potential impact were below recog-
nized soil quality criteria (CCME Subcommuttee on
Environmental Quality Criteria for Contaminated
Sites, 1991). The soils originated from various sites
where the contamination occurred at least 10 years
ago. Such mono-metal contaminated sites are difficult
to find and although we would have preferred to use a
larger dataset, we had no other suitable sites available
On each site, various soil samples were taken to assess
the variability ansing from differences in soil proper-
ties and contamination levels.

Orchard soils were collected from the Comnell
Umiversity apple orchard (Ithaca, NY, USA) as well
as from the Macdonald Campus of McGill University
apple orchard (Ste-Anne-de-Bellevue, QC, Canada).
Both sites had accumulated Pb from long-term use of
Pb arsenate until about 1970. A former car-battery
recycling/Pb smelting site was also sampled from the
Longue-Pointe garrison (Montréal, QC, Canada). A
Danish site contaminated by Cu wood treatment spills
was also sampled (Hygum, Denmark). A group of
uncontaminated acidic forest soils was also included:
one soil from Ste-Anne-de-Bellevue (QC, Canada),
four from Sutton (QC, Canada) and another from
Ithaca (NY, USA). Some of the soil samples were
collected in the spring of 1996; they were sieved moist
to <6 mm and stored in plastic bags at room tempera-
ture (samples 1-6, 16-22 and 28-43 in Table 1). The
other soils had been collected two years before, air-
dried, sieved to <2 mm and stored in plastic bags. The
total soil metal analyses were determined using hot
digestion in concentrated HNOj; and analysis by flame
atomic absorption spectrometry (AAS). Dissolved
metal was determined using 1:2 s0il:0.01 M KNO;
extractions for Pb (Sauvé et al.,, 1997a) and 1:2
50il:0.01 M CaCl, extractions for Cu (Sauvé et al.,
1997b), and both were analyzed with graphite furnace
AAS. The chemical speciation of Pb?* was carried out
using-differential pulse anodic stripping voltammetry
(see Sauvé et al., 1998b for analytical details). Soil
solution free Cu®* was speciated using an ion-selec-
tive electrode method (see Sauvé et al., 1995 for
analytical details). The free metal activity 1n solution
is reported as pPb®* or pCu?*, which by analogy to pH
is the negative log(M) ion activity. Hence pPb>* of 8 is
equivalent to 1078 M of free Pb’* ions. Important
chemical properties of the contaminated soils are
given in Tables 1 and 2, further sampling and soil
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chemustry details as well as complete soil data can be
found 1n (Sauvé et al., 1997a, b).

2.2 Nutrification tests

The NH; oxidation (mitnfication) potential was
measured by adapting a perfusion method (Killham,
1987). We added ~5 ml deionized H,O (corrected to
account for the soil moisture content) to 5g (dry
weight equivalent) of moist soil in a 250 ml erlen-
meyer flask. After a rehumidification period of 16 h,
5 ml of a substrate solution contaning 2.0 mM NH
as (NH,4),SO4 and 4.0 mM NaClO; was added. After
correcting for dilution, the final concentration of
NaClO; used in the substrate was 2 mM. This level
was chosen because a preliminary experiment aimed
at optimizing chlorate rates for discrimination of NH}
and NO; oxidation showed that excessively high
chlorate concentrations (20 mM or above) were inhi-
biting not only the oxidation of NO3 to NOJ (reaction
step R, in Eq. (1)) but also the oxidation of NHJ to
NO; (reaction step R; in Eq. (1)).

The final soil:solution ratio was 1:2 (w:w). The
samples were then incubated for 4 h at 24+1°C on
a rotating shaker (120 rpm) which maintained aerobic
conditions. The soil suspensions were then centr-
fuged at 15000 ¢ for 10 min and filtered through
0.22 um cellulosic membranes. The concentration
of nitrite was determined immediately with a sulfa-
nilamide colorimetric procedure, measuring the absor-
bance at A=520nm (Rider and Mallon, 1946).
Incubation of the | mM NHj substrate solution with-
out soil produced no nitrite above the detection limit of
~0.5 pM NOj; . This assay was repeated in triplicate
for each soil. The NO3 oxidation step was determined
using an identical procedure without chlorate in the
substrate solution. One soil sample (no. 22) was run as
control with each batch of eight samples and consis-
tently showed 10-15% variability (with chlorate=
297+34uMkg~'d™' and without chlorate=164+
24uMkg~'d™).

2.3. Statistics

Statistical analyses and graphics were done using
the SYSTAT software (Wilkinson, 1992). The level of
statistical significance was reported using: NS when
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Table |
The $ol chemical properties for the Pb dataset
No Sample Group Total Rb Dissolved pPb**  pH oM Nitnte accumulation Nitnite accurnulation
(mg kg") Pb (ug ) (%C)  (with NaClOs) (without NaClO,)
(pmol kg~'d™") (umolkg™' d™")
I Mac 01 Orchard 72 35 84 520 252 13115 29+10
2 Mac 02 Orchard 93 18 88 560 303 242+9 53%10
"3 Mac 03 Orchard 56 26 88 506 243 169+8 3744
4 Mac 04  Orchard 118 42 89 568 362 724114 17316
5 Mac 05 Orchard 123 17 90 642 584 20254487 959497
6 Mac 06  Orchard 98 26 90 614 345 595+131 169+13
7 Cor 01 Orchard 441 521 72 454 291 2542 13%1
8 Cor 02 Orchard 529 360 74 496 414 43+14 2949
9 Cor 03 Orchard 86 07 92 565 215 208429 13429
10 Cor 04 Orchard 400 184 85 578 265 140421 183+32
11 Cor 05 Orchard 325 120 100 712 240 104+10 100+8
12 Cor 06 Orchard 475 215 87 615 399 115£22 157424
13 Cor 15 Orchard 15 41 97 638 144 446+30 274428
14 Cor 16 Orchard 30 150 103 665 112 304127 274144
15 Cor 17 Orchard 31 37 94 595 165 662169 459472
16 Cor 31 Orchard 273 140 85 536 273 26419 14415
17 Cor 32 Orchard 284 67 91 735 286 1906188 12354145
18 Cor 33 Orchard 194 92 99 721 151 1478+256 1156+434
19 Cor 34 Orchard 358 75 82 527 278 18549 5610
20 Cor 35 Orchard 419 757 68 455 215 35+6 2412
21 Cor 36 Orchard 710 124 1 68 433 383 70x1 53+7
22 Ber 03 Forest 20 10 86 511 546 296433 156129
23 Mar 01 Forest 27 89 75 380 183 30+7 2549
24 Sut 01 Forest 11 34 81 408 363 26+4 2241
25 Sut 02 Forest 10 20 80 407 316 2613 2310
26 Sut 03 Forest 11 69 78 349 430 2543 2143
27 Sut 04 Forest 12 127 78 367 406 3248 2042
28 L-P 02 Industrial 1422 57 93 768 194 290+18 259423
29 L-P 07 Industrial 6698 56 90 772 204 305449 271424
30 L-P 08 Industrial 6680 340 78 774 144 241439 187+£25
31 L-P 09 Industnal 978 49 82 760 287 867+6 540+58
32 L-P 10 Industnial 3369 216 7.8 745 269 735449 587429
33 L-P 11 Industrial 1117 29 82 757 238 983420 498495
34 L-P 12 Industrial 621 11 86 759 240 50627 581+154
35 L-P13 Industnal 673 22 87 750 319 4201+535 17074425
36 L-P15 Industnal 523 147 94 759 172 698+584 3144146
37 L-P18 Industrial 804 19 96 784 255 303119 202146
38 L-P 20 Industnal 905 107 89 7171 291 600+44 360+29
39 L-P 32 Industrial 72 10 94 776 058 140+65 106+26
40 L-P 41 Industnal 1567 68 90 762 219 214427 188428
41 L-P 42 Industnial 520 16 89 767 127 114124 9348
42 L-P 45 Industnal 14861 568 717 752 157 19664 168+14
43 L-P 46 Industnal 637 10 83 766 176 1010+£695 7971147

Total Pb (HNO; digestions), dissolved Pb (0 01 M KNO; extracts), pPb** (free Pb>* activity), sotl organic matter (Nelson and Sommers,
1982) and mitnite accumulation 1n 4 h incubation of NH} with and without ClO,

not significant (p>0.1), * when p<0.1, ** for p<0.01, the moust soils were air-drnied and after six months of
and *** when p<0 001. The effects of soi! drying on dry storage the nitrification potential was re-measured.
the measured nitnfication potential was tested. Nine of The nitrification rates were not significantly different
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Table 2
The so1l chemical properties for the Cu dataset

33

No. Sample Group Total Cu Dissolved - pCu’* pH oM Nitnte accumulation  Nitnte accumulation
(mgkg™)) Cugl™) (%C)  (with NaClOs) (without NaClO,)
(umol kg~'d™") (umol kg~ d™!)
1 Hygum 1 Denmark 26 11 882 626 219 1005+137 182482
2 Hygum4 Denmark 35 20 85l 623 214 872484 2341134
3 Hygum$5 Denmark 46 19 8 64 621 215 7481163 393+279
4 Hygum 6  Denmark 135 43 838 639 218 1105+16 67+1
5 Hygum7 Denmark 191 54 770 604 232 7234556 157442
6 Hygum8  Denmark 375 99 823 701 265 275+133 118+8
7 Hygum9  Denmark 331 86 770 651 254 271%140 11743
8 Hygum 10 Denmark 332 88 706 600 260 1011%8 107+13
9  Hygum 15 Denmark 346 75 837 693 273 1592480 233427
10 Hygum 16 Denmark 470 136 691 591 294 616+54 128+4
11 Hygum 17 Denmark 577 162 823 711 284 16148 89+18
12 Hygum 18 Denmark 1136 285 675 642 293 11310 11044
13 Hygum 19 Denmark 2277 545 622 661 338 138427 99431

Total Cu (HNO; digestions), dissolved Cu (0 01 M CaCl, extracts), pCu2+ (free Cu®* activity) and so1l organic matter (Nelson and Sommers,
1982) and mitnte accumulation 1n 4 h incubation of NH} with and without ClO;

before and after drying for eight out of the nine
samples tested (pairwise t-tests, p<0.05).

3. Results and discussion
3.1. Site variability

The measured nitrification potentials for NH} oxi-
dation varied between 25 and 4200 pmol NO; pro-
duced kg™ dry soil d™! in the presence of 2mM
NaClO; in the substrate and between 13 and
1800 pmol NO; produced kg™' dry soil d! in the
absence of NaClO; (Tables 1 and 2). The chemical
properties of the soils varied between pH values of
3.49-7.84, soil organic matter from 0.58%to 5.84% C,
total soil Pb from 10 to 14900 mg Pbkg™! dry soil
(Table 1) and total Cu from 14 to 3100 mg Cukg™!
dry soil (Table 2). The statistical analyses were per-
formed on logjo-transformed values of nitrification
rates to allow normalization of the data distribution.

The rates of the two nitrification steps (R, and R3)
were correlated and as shown in Figs. 1-4, in most
cases the rates for NO; oxidation followed a trend
similar to that of NHf oxidation, but at a lower
absolute level. The effect of the various soil properties
on nitrification varied among the sites, making gen-
eralizations difficult. To elucidate the relationships,
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each measured soil property was graphed and com-
pared individually to nitrification (Figs. 1-4) The
data are presented for the Mac and Cor orchard
samples, for the L-P site and for the Danish site
(DK). The For group represents mostly acidic forest
soils and is not as interesting; the nitrification rates are
very low, and most correlations had low or no sig-
nificance (data not presented). The orchard samples
and the L-P samples have markedly different soil
properties (L-P soils have the highest pH (calcareous)
and clay content, lower soil organic matter and highest
levels of total Pb contamination). The relationship of
dissolved Pb or Cu to mitnification was not shown
because of a general lack of statistical significance of
total dissolved metal in explaining nitrification rates in
different soils.

3.2. Total soil metal

The relationship between mitrification rates and
total soil metal is depicted in Fig. 1. Although the
Cor vs. total Pb and DK vs. total Cu relations suggest
that increasing total metal decreases nitrification rates,
the relationship was not significant in the case of L-P
vs. total Pb. Conversely, for the Mac soils, which have
a low level of total soil Pb contamination (note the
different unit scales displayed 1n Fig. 1), increasing
so1l Pb induced an increase in the mitrification rates
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Fig 1. The mtnfication rates as a function of total soil Pb for Mac, Cor, L-P and DK soils The For soils (A) are also included for companson,
but were not computed 1n the regressions The regression lines represents the staustically sigmificant regressions with the 90% confidence
mtervals
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(although this was possibly due in part to concomitant
pH and OM variations) Similar stimulation of mucro-
bial assays under low contamination levels have been
reported before (Dusek, 1995; Diaz-Ravifia et al.,
1994) and can be attributed to the death of sensitive
microbes which feed the less sensitive populations,
hence the nutrient-induced stimulation. It is clear that
the total metal content of the so1l was not sufficient to
explain the variations in mtrification rates This could
be due to a combination of direct and indirect effects.
Nutrification could be infiuenced by total metal, but the
bioavailability of total so1l metals are affected by soil
properties determining speciation Thus soil proper-
ties may affect mtnfication directly or indirectly
through effects on metal speciation

3 3. Free metal actwvity

The trends 1n mtnification rates relative to free metal
activity and total soil metal were somewhat similar.
The relation of L-P soils vs. free Pb?* or total metal
generated a cluster of points (Figs. 1 and 2), whereas
the orchard soils (Mac and Cor vs. free Pb>*) and the
DK vs. free Cu?* relations seemed to show a trend of
decreasing mitrification with higher free metal activ-
ities (Fig. 2). But, as was the case for total metal, the
vanability explained by free metal activity was low
and the slope differed among the sites and soils
groups

In contrast to total so1l Pb, free Pb** integrates the
effects of chemical speciation. In this case, we could
not attribute the observed variability in the nitrifica-
tion-pPb*™ relationship to indirect effects of other soil
properties upon speciation. This suggests that the
nitrification potential is directly influenced by soil
properties like pH and organic matter (Paul and Clark,
1989; Curtin et al., 1998) independently of the effects
of those properties on metal speciation.

3.4. Soil organic matter

In the case of soil organic matter, for the Mac and
L-P groups the regressions were relatively tight and
show a positive impact of higher soil organic matter
levels upon mitrification (Fig. 3). The positive nflu-
ence of organic matter may have been due to con-
comitant increase 1n available organic carbon, to the
existence of organic microsites with more favorable

chemucal properties, or to changes in the metal specia-
tion or fractionation (although the latter should have
been evident 1n the total metal vs. free metal activity
comparison ) Conversely, the Cor and DK sites
showed more vanable, inverse relationships between
soil organic matter and nitrification The apparent
negative impact of soil OM may be due to a correlation
with total soil metal levels, since earlier studies have
shown that so1l metal contamination may reduce OM
decomposition, promoting OM accumulation and
higher soil OM content (Wuertz and Mergeay,
1997; Sauvé et al, 1997b). Incidentally, the quality
of the soil organic matter and not only its total amount
1s important and as such some of the site differences
may have been due to differences 1n the properties of
the soil organic matter.

3.5. Soul pH

It is important to note that the soil groups in Fig. 4
do not cover the same pH range, the orchard soils are
all below pH 7.4, whereas in L-P the pHs are all above
7.4 and 1n the DK site, the soil pH values are between
5.9 and 7.1.

The nitrification process s nhibited at pH below 6
for sites Mac and Cor, which is in accordance with
many data reported previously (Liang and Tabatabai,
1977, Killham, 1987, Rother et al., 1982; Curtin et al.,
1998). But within the high pH group (L-P), pH has a
negatuve effect on nitnification. This would suggest
that the opttmum pH for nitnification is between 6.5
and 7.5. Although 1t 1s not clear why mitnfication is
inhibited at higher pH, 1t may be due to NHJ toxicity
(Malhi and McGill, 1982) or from 1increased buffering
of free Pb** activity 1n solution due to higher con-
centrations of dissolved Pb (resulting from higher
levels of dissolved organic matter and hydroxy and
carbonate ion-pairs (Bruemmer et al., 1986; Sauvé et
al., 1998b, c)). DK is the only site without a significant
ifluence of pH on mitrification. The small pH effects
observed 1n L-P and DK are probably due to the rather
narrow pH range at the two sites.

3.6. Multiple regressions
Multiple stepwise linear regressions show that in

using the orchard soils (Mac and Cor) the log;o of
nitnification potential (NHJ oxidation) yields a sig-
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nificant empirical regression (R2:0.671*** n=21)
dependent on pH***, total Pb** and soil OM*. A
similar regression for L-P (R?*=0.492** n=16)
depends only on soil OM***. Using the complete
Pb dataset yields a different regression dependent
on pH*** soill OM** and pPb”™* (R?=0.597***
n=43). The resulting relationship for the DK site is
dependent simply on total soil Cu (R*=0.451%*
n=13).

Similarly, for the second mitrification step (NO3
oxidation), multiple stepwise linear regressions for the
orchard soils yield a regression dependent on total
Pb*** and soil OM* (R*=0.475** n=19). For L-P, it
1s also dependent on soil OM** (R*=0.396** n=16)
For the complete Pb dataset, the regression
(R*=0.385*** n=43) depends on pH***, soil OM*
and total Pb*. In the DK site, the resulting best-fit
regression is dependent on dissolved Cu or total Cu
(R*=0.430** or 0.404** n=13).

It is obvious that such empirical regressions,
although statistically significant, have limited useful-
ness, since the predictive parameters are different for
Pb and Cu and vary from site to site. The regressions
mostly serve to demonstrate the complexity of nitri-
fication and the strong influence of soil pH and soil
OM, which are difficult to dissociate from the effects
of toxic metal levels. The strong influence of pH and
soil OM is illustrated in Fig. 5. Thus, identifying the
actual toxic effects of metals is rendered much more
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difficult by the nitrification* pH* OM relationship
which already explains 43% of the vanability in the
NH{ oxidation and 20% for the NO; oxidation. Using
only the Pb dataset the same relationship explains 59%
of NH} oxidation and 40% of NO; oxidation. With
the Cu dataset, the most significant relationship 1s with
total Cu (Fig. 1). This shows that for the Pb dataset,
metal levels are not the most significant parameters
influencing nitrification and for the DK site, total Cu
explains only 40-45% of the measured nitrification
rates. It 1s clear that a large part of the variability is
simply a function of soil pH and soil OM. The
dependence of mitnfication on pH and soil organic
matter is a well-known phenomenon (e.g., Curtin et
al., 1998); these results further suggest that the rela-
tionships vary among sites and that the impact of metal
contamination up to 15000 mg Pb kg™! and 3000 mg
Cu kg™ is still subordinate to the influence of other
soil properties. Of course, these are field-collected,
long-term contaminated soils where a certain micro-
bial adaptation to the high metal levels has presumably
occurred. Ideally, a test of metal toxicity on nitrifica-
tion would have to be conducted on soils with the same
pH and same level of organic matter and only metal as
a varying parameter. Unfortunately, this would only be
feasible with metal-spiked soils with the resulting less
realistic chemical speciation. It would also fail to
address the critical influence those soil parameters
have on metal toxicity to soil microbial processes.
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4. Conclusions

The measured nitnfication potentials cannot be
explained using a single soil parameter (total soil
metal, dissolved metal and free metal activity, soil
pH or soil organic matter) The results show that
mitrificauon 1s sensitive mostly to soll pH and soil
OM but also to metal levels It 1s not clear if so1l pH
and organic matter affect the nitrification potential
directly or 1f they act indirectly by affecung the
chemical speciation of the metals. Elucidating this
would require further study using more soils of diverse
ongins and covering an even wider range of soil
properties. However, given the high sensitivity of this
microbial process towards environmental parameters,
measuning nitrification potential 1s not a simple,
straight-forward bioindicator test for the impact of
soil metal contamination.
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The widespread occurrence of soif Pb contamination
requires a good understandin

Pb solubility {Pb solubility will often be controlled by
phosphates, which are used to reduce environmental risks

tgfjb—contammateg soits_{The solubility equilibria of two

different synthetic lead phosphate minerals were
determined electrochemically across a wide range of pH
and Pb and phosphate concentrations The resulting
chemical equilibrium data could not be explatned by standard
solubility equations, although a simple empinical regression
explained the data very well The same lead phosphate
mineral was then added to two different soils which

were equilibrated across apH range 4—8 Differential pulse
anodic stripping voltammetry was used to determine the
ASV-labile Pb in the extracted soll solutions, and the free
Pb2* 1on activity was calculated {The free Pb2+ activity
in the soil solutions followed the expected pH relationshi
highest solubility at low pH and gradual decrease with
increasing pH_ in contrast, total dissolved Pb was high at
ow pH, decreased until pH of ~6, and then increased
again at higher pH._This behavior 1s attributed to the strong
Pb-complexing capacity of the soil organic matter which
1s solubilized at peutral pH and above,

Introduction

Lead contamination is widespread in industrialized countries,
mosturban soils having total Pb levels above the geochemical
“background levels” of 10—20 mg of Pb kg~! (1) Even in
contaminated soils, most of the Pb is insoluble, precipitated
bound to the soil solids I Since only the metal dissolved
in the soil solution is potentially available to plants and so1l
organisms in the short term, the low solubility of Pb-bearing
minerals such as carbonates, phosphates, and sulfides may
control Pb bioavailability depending upon soil conditions
and the initial form of the Pb contamination /The least
soluble Pb minerals Tn aérobic soils are the lead phosphates
Consequently, in many situations, the soil solution

{

| ofPb(__

Phosphate amendments have been used to reduce the
solubility and bijoavailability of Pb in contaminated souls (3,
4) In this respect, land application of sewage sludge and
manure establish a high soil phosphate availability, which
can be expected to reduce Pb solubility

* Corresponding author e-mail address sfs2@cornell edu
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g of the factors controlling _

3

concen-
tration of phosphate may control the solubility and availability }
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The potential effect of increased soil phosphate levels
upon the solubility of Pb in contaminated soils can be
predicted using theoretical solubility equilibrium data
Unfortunately, experimental data for the solubihty of lead
phosphates are scarce, and these few studies were made
under specific and narrow experimental conditions  Specif-
ically, the existing solubility products for orthophosphates,
pyromorphites, and other phosphate phases were denved
under conditions of very low pH and very high phosphate
and Pbactwity (5,6) Thus, the esumated solubility products
may not apply satisfactorily over the wider range of pH,
phosphate activity, and Pb?* activity relevant to soils

Various solubility diagrams have been presented to explain
the solubility of Pb and the interactions with vanous other
mineral phases (5, 7) Itshould be noted that such diagrams,
while a reasonable representation of pure synthetic systems,
may be less applicable to sois In soils, the presence of
additional cations and anions, a heterogeneous adsorptive
mineral phase, and an1ll-defined organic matter component
Iimit theoretical solubility diagrams to no more than a
representation of potential trends Reactive surfaces often
control metal solubility in soils with low to moderate
contamination, only with severe loadings does mineral
precipitation control solubility (8, 9) In addition, dissolved
organic matter can enhance metal solubility, organic matter
in the solid phase contributes to metal adsorption and
modifies reactive mineral surfaces

The objectives of this study were to (1) determne the
solubility of two synthetic lead phosphate precipitates over
a wide range of pH and Pb and phosphate levels and (2)
investigate the solubility equiibnum of the same lead
phosphate mineral phase mixed with soil, thus exploring the
pH-dependent solubility of Pb in the presence of excess
phosphate in soils

Materials and Methods

Analytical Determinations. Previous solubility studies of
lead phosphates were restricted by the detection limit of
flame atomic absorption spectrometry (5, 6) In this study,
the activity of free Pb?* 10ons is determined electrochemically,
using a Pb ion-selective electrode for the synthetic systems
and differential pulse anodic stripping voltammetry (DPASV)
for the soil solution speciation of Pb

Lead 1on-selective electrodes have been shown to give a
Nernstian response to the activity of free Pb?* 1ons down to
~10~1°M (10) and ~10~" # M in Pb activity-buffered solutions
(11) Ths sensitivity is sufficient to measure the solubihty
of lead phosphate minerals over a wide range of conditions
The Pb ion-selective electrode is subject to interference from
other metals (Cu, Fe,and Hg) (11) This preventsits use with
soil solution extracts, particularly because many contain
significant quantities of dissolved Fe in solution

Soil solution extracts were therefore analyzed for Pb using
ASV, yielding the concentration of labile Pb (12, 13} Using
the analysis for total dissolved Pb by graphite furnace atomic
absorption spectrometry (GFAAS) and subtracting the ASV-
labile Pb, we obtain the concentration of nonlabile Pb 1n the
soil solution

{nonlabile Pb) = (dissolved Pb by GFAAS) —
(ASV-labile Pb) (1)

The ASV-labile Pb pool includes inorganic complexes and
excludes organic complexes which are not sufficiently labile
to be detected by the ASV Hg electrode (13) If we assume
that most organically complexed Pb 1s i electrochemically
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TABLE 1. The Stability Constants for Calculations of Free
Pb?* lon Activity in Soil Solution (22, 25)

equation log K
Pb2* + H;0 = PbOH* + H* -17
PbZ* 4+ 2H;0 == Pb(OH),° + 2H* . -1712
Pb?* + 3H,0 ~— Pb(OH);~ + 3H* —-2806
Pb?* + HCO3™ — PbHCO:* 345
Pb?* + CO42~ — PbCO;° 627
Pb?+ + 2C032~ = Pb(CO;),2~ 949
PbZ* + NO;~ ~— PbNO;* 117
Pb2+ + CI~ ~ PbCl*+ 158
Pb?* + SO~ — PbS0O,° 262

nonlabile form, the activity of Pb?* 1ons can then be calcu-
lated using known formation constants to partition the
measured ASV-labile inorganic Pb into the various potential
inorganic ion pairs or complexes and free 1onic Pb?* (eq 2
and Table 1)

free Pb?* = (tabile Pb by ASV) — [PbOH* + Pb(OH),° +
Pb(OH)," + PbHCO;™ + PbCO,’ + Pb(CO,),*” +
PbNO,* + PbCI* + PbSO,°] (2)

This calculated free Pb%* activity could overestimate
activity because 1t would not account for weak organic higands
that might form ASV-labile complexes with Pb A simular
speciation calculation was performed to calculate the activity
of H,PO,~ from the concentration of dissolved inorganic
phosphate determined by the molybdate blue reaction, the
dissociation reaction data given in ref 7 and the appropriate
solution chemical properties

Synthetic Lead Phosphate Preparation. Two different
solids were prepared according to methods obtained from
the hterature (5} We have chosen solids which were simple
to prepare and which contained only Pb and PO, without
other 1ons, so as to simplify the companson between the
aqueous and the soil systems Secondary Pb orthophosphate
(PbHPO,) was made by slowly adding 500 mL of 01 M
Na,HPO, to 500 mL of 01 M Pb(NOs); at 80 °C and
maintaining at low heat on a hot plate for 3 h The slurry
was stirred for 24 h and stored in the original solution This
precipitate consisted of crystalline platelets identified as
PbHPO, by matching the X-ray diffraction pattern to that of
known minerals at the X-ray diffraction facility in the Geology
Department of Cornell University The procedure to prepare
tertiary Pb orthophosphate {Pb3(POy).] was similar, using
lead acetate instead of Pb(NO3), The resulting precipitate
was rninsed with distilled-deionized water (dH,0) three times
after cooling and stored in dH;O This less crystalline solid
was identified as SPbs(POJ)s using X-ray diffraction

Equilibration and Analysis. Both matenals were equili-
brated in the laboratory at 23 + 1 °C for 20 and 100 days after
adding 20 mL of suspension (~0 3 g of solids) to 30 mL
centrifuge tubes and adding aliquots of NaOH (0—0 3 mL of
5 M solution), HNO; (0-0 05 mL of 10% solution), Pb(NO3).
(0—0 2 mL of 0 01 M solution), and Na;HPO, (0—0 5 mL of
0001 M solution) in various combinations to obtain arange
of phosphate, Pb, and pH To approach equilibrium from
over and under saturation, half of the treatment combinations
had the onginal solution replaced with dHO before adding
the reagent aliquots Finally, the ionic strength of the
solutions was adjusted with NaNO; to 01 M (which is
necessary to use the ion-selective electrode) The free Pb?*
activity was measured 1n the equilibrated supernatants after
centnfugation (10 min at 15000g) using a Pb 10n-selective
electrode (Orion 948200), a double-junction reference elec-
trode (Orion 900200), and an Orion 701A pH meter The pH
was measured using a Fisher 805MP meter and a combination
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TABLE 2. The Stability Constants Were Taken from ref 25,
and References Therein (26— 29)?

equation log K
H* + IDA ~ HIDA- 934
2H* + IDA ~ H,IDA 1194
H* + H2IDA ~— H;IDA* 1374
Na* + IDA = NalDA~ 036
Pb2*+ + IDA — PbIDA 750
Pb?* + 21DA — PbIDA, 169
Pb2* + H* + IDA = PbHIDA* 102
PbZ* 4+ NO;~ = PbNO3* 117

* The IDA constants were compiled and interpolated to 0 02 M tonic
strength, and for the other constants the values at 0 1 M ionic strength
were used

TABLE 3. Basic Soil Properties before Addition of lead
Phosphate

soil total  dissolved labile
land oM Pb Pb Pb

soil use  pHee, (%C) (mghkg) (ugl™) (V)

Macdonald forest 511 546 195 10 43
Cornell orchard 619 477 151 71 151

glass electrode (Orion 91-55) The phosphate 1n solution
was determined using the molybdate blue colorimetric
method Electrolytic conductivity was measured using a YSI
model 31 meter to estimate the 10nic strength (IS)

Ion-Selective Electrode Calibration. The ion-selective
electrode determination of free Pb?* activity was made using
a modification of a method used for copper in soil solutions
(14) The procedure consists of calibrating the ion-selective
electrode using metal buffer solutions of known activity which
then allows direct measurement of the electrode potential
and, therefore, the metal activity 1n the samples The inner
reference electrode was filled with standard calomel electrode
solution (Onon solution 900002) and the outer compartment
filled with 10% KNO; (Orion 90-00-03) To reduce the dnft
due to redox reactions on the surface of the electrode, 1t was
calibrated every five samples and polished with 3 um
aluminum oxide polishing strips (Onon 301044) The
standard curve relating electrode potential measurements
to activity was made using Pb activity buffers containing
10-3 M iminodiacetic acid and 10~ M Pb(NO3); n 01 M
KNO; The Pb?* actwvity in the buffers was pH dependent
and calculated using MINEQL* (15), and the constants were
giveninTable 2 The Pb?* actwvity 1n the buffers vanied from
pPb%* = 406 at pH 4 to pPb?* = 1185 at pH 10 By
comparison to the Cu electrode, the Pb electrode gave a
similarly linear response, which however, tended to drift
between each pohshing and calibration while maintaining
asimilar response slope Frequent renewal of the electrode
surface by polishing and recalibration improved the accuracy
of the method (for analytical details on Pb fon-selective
electrodes, see refs 10 and 11)

Soil and Precipitates. For this experiment, we used two
soils, an uncontaminated calcareous forest soil and an
orchard soil contaminated with Pb from sewage sludge and
Pb arsenate pesticides We have chosen soils with similar
organic matter levels because we wanted to study the impact
of a moderate level of soil Pb contamination upon the
solubulity of the added Pb while keeping the effect of organic
matter level constant The forest soil is an Inceptisol from
the Morgan Arboretum on the Macdonald Campus of McGill
University (Ste-Anne-de-Bellevue, QC), the orchard soil 1s
an Alfisol from the Cornell University Orchard (Ithaca, NY)
Basic soil properties can be found in Table 3
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FIGURE 1 The solubility of the two synthetic lead phosphates for 20 and 100 day equilibrations, A represents PbHPO, and B represents
BPbs(POJs. The plotted surface is a distance-weighted least-square smoothing (15).

Ten grams of soil and 20 mL of 0 01 M KNO; were added
to 30 mL centrifuge tubes The soil was extracted using KNOs
because neutral salt extractions are often used to evaluate
so1l metal bioavailability (9, 14), and although some PbNO;*
is formed, this is accounted for by eq 2 and 1n most cases,
it is neghgible Fifteen tubes were used for each soil, with
up to 3 mL of 0 1 M KOH or HNO; added to generate a pH
range 4-8 The tubes were shaken and equilibrated for 2
days before a 0 5 mL spike of the PbHPO; slurry was added
toeachtube This spike isequivalent to an increase of ~530
mg of Pb kg™! of dry soil, enough to consider the soil markedly
contaminated (pristine soils generally contain between 10
and 20 mg of Pb kg™")

The spiked soils were then shaken every other day for a
month (10 m at 200 rpm on a reciprocal shaker) The bottles
were kept loosely covered (to prevent dust deposition) but
not closed, so as to allow for gas exchange and keep the
solutions aerobic and in equilibrium with atmospheric CO;
Then, the tubes were centrifuged at 15000 to separate the
supernatants The pH and electrolytic conductivity were
determined in the supernatants before filtration The
solutions were then passed through 022 um cellulosic
membranes, and analyzed for labile Pb by ASV and for
phosphate by colonmetry The extracts were made 1 mM
in Na,EDTA (ultrapure grade) to preserve the samples before
total dissolved Pb was determined by GFAAS with a Varian
Zeeman SpectrAA instrument

Results

Synthetic Lead Phosphate. The solubility data for both lead
phosphate mineral phases were not statistically different
The solubility after equilibration for 20 and 100 days were
not different either, suggesting that there is no significant
solubility change occurring between 20 and 100 days The
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results are combined and illustrated in Figure 1 The data
are only presented graphically but the complete dataset can
be obtained from the authors The solubility relationship
involving pPb?*, pH, and pH,PO,~ was highly significant
However, 1t did not seem to match that of any of the known
Pb-PO, mineral phases, including pyromorphite, which 1s
considered the least soluble lead phosphate mineral under
these conditions The PbHPO, system could not be readily
distinguished from BPbg(PQO4)s on the basis of solubility The
free Pb?* activity in the solution was lower in this pure system
than would be expected from mineral equilibria in a soil
where solubility is controlled by PbHPO, (7)

Calculations of the ion activity product (IAP) for the
PbHPO, mineral phase theoretically controlling Pb solubility
(¢*Ky based on the reaction PbHPO, + H* = Pb?+ + H,PO,~,
using the Davies equation for activity coefficients) shows a
significant pH-dependent effect (Figure 2a) The scatter in
the estimates of solubility could be attributed to the presence
of more than one mineral phase or perhaps a single phase
of variable crystalhnity The resulting IAP using the whole
data set was —7 53 + 1 89 While quite variable, this IAP is
clearly lower than the log <* Ko value of —4 25 found by Nriagu
(5 Much of this discrepancy can probably be attributed to
the pH trend of the IAP and the possible presence of multiple
phases of different mineralogy and crystallinity (16, 17) The
data show that the solution concentrations were all below
the levels required for saturation with respect to of PbO,
Pb(OH)., or PbCOs Nriagu (5) determined log <* Ky at very
acidic pH values (2—4) which Figure 2a indicates are likely
to produce less negative estimates of IAP which may not
reliably be extrapolated to more typical soil conditions Nriagu
(5) also discussed the possible transformation of PbHPO,
into Pb3(POy). or other lead phosphates as the solution
conditions vary
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FIGURE 3. The free Pb2* activity (O) (hy ASV), the OM-bound Pb in solution (), and the total dissoived Pb (*) (by GFAAS) in the soil solutions
equilibrated with a 530 mg of Pb kg~" spike of PbHPO,. The data are presented as a function of pH and the units are —log(M). The data
for the forest soil are in panel A, and the data for the orchard soil are in panel B. The lines are quadratic smoothing.

The effect of pH could also be partly explained by
incongruent surface processes such as competitive adsorp-
tion of Pb?* and other cations on the surface exchange sites
of the precipitated minerals, since some phosphate minerals
have substantial adsorption capacity for metals (18) If the
free Pb?* concentration is partly controlled by adsorption of
Pb?* 10ns onto the surfaces of the minerals, then we might
expect a relationship between the observed IAP and pPb?*
Indeed, as Figure 2b illustrates, more of the scatter in the IAP
of PbHPO, 1s explained by the solution pPb?* instead of pH

The chemical equilibrium data descnibed by Figure 1 are
most accurately modeled using an empirical linear regression

pPb** = 1.47pH — 0 98p(H,PO,”) +4 13
R =03836,n=149 (3

where each variable and the whole regression are significant
(p <0001) The addition of a class factor in the regression
to distinguish the two mineral phases shows no significant
differences (P > 0 8) between the solubility relationships of
PbHPO, and BPbe(PO4)s.

The best-fit relationship described by eq3 has acoefficient
of about 15 for pH and 1 for pH,PO,~ Although this
regression is highly significant and describes the Pb, pH, and
pH;PO,~ relationships of Figure 1 by a very simple model,
this is an empirical oversimplification of imited use, derived
from a simple synthetic solid/solution system in the absence
of any organic higands or soil Nevertheless, the solubility
results suggest that under realistic pH and Pb and phosphate
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solubility conditions of soils, solubility functions more
complex than eq 3 are unlikely to be justified statistically or
conceptually If a simple batch equilibration cannot be
explained with straightforward solubility equilibrium rela-
tionships, it would be quite surprising if those equilibnnum
equations were successful in explaining the behavior of Pb
1n contaminated soils

Soil and Precipitates. The Pbdissolved in the soil solution
(measured by GFAAS) includes uncomplexed metal, inorganic
1on paws, and organic complexes The labile Pb pool
measured by ASV reflects only the metal in solution that 1s
available for reduction at the electrode surface (mainly free
metal and labile complexes). By partitioning the labile Pb
pool into those ion pairs calculated to be most prevalent in
the solution (namely PbOH*, Pb(OH).%, Pb(OH)s*, PbHCO;™,
PbCOs°, Pb(COy)22~, PbNOs+, PbCl-, and PbSO4?), an estimate
of free Pb** was obtained by difference (eq 2 and Figure 3)
At neutral pHs and higher, organic matter solubility increases
and may cause the “ASV-labile” Pb to include some labile
organic complexes Any ASV-labile organically bound Pb
would have been included in the inorganic fraction by default,
causing an overestimate of the free Pb?* activity Ifthe short-
term bioavailability of Pb 1s controlled solely by the free metal
ions in solution (calculated from the ASV-labile Pb pool),
then this study shows that at pH above 6, the presence in soil
of more than 500 mg of Pb kg™! as lead phosphate generates
a free Pb?* ion activity in the soil solution below 10~9 in the
pristine calcareous soil and below 108 in the contaminated
orchard soil The Pb?* activities measured in the orchard
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so1l are higher and more vanable than those [or the pristine
forest soil This may be the result of differences in the soil
properties as well as the higher imtial Pb content of the
orchard soil, which was contaminated by lead arsenate and
sewage sludge

In contrast to the estimated free Pb, the dissolved Pb
includes nonlabile dissolved organic complexes and 1s up to
5 orders of magnitude higher than free Pb in these soils (Figure
3) Both souls had a stmilar relation of dissolved Pb to pH
The dissolved Pb diminished from 124-228 g of Pb L™ at
pH 4 3—4 5 1n both soils down to 3—12 g of Pb L~! between
pH55and6 5 Further pHincrease raised the total dissolved
Pb, up to 420 ug of Pb L~" 1n the orchard soil at pH 7 8 and
3101n the forestsoilat pH 7 5 (Figure 3) These are very high
solubilities relative to various groundwater quality standards
{e g, 10—15ugof PbL~! (19)], and imply thatlead phosphates
are not sufficiently insoluble to prevent groundwater con-
tamination 1in moderately contaminated souls at low and high
pH (5> pH > 7) Figure 3ashows thatn the forest soil, most
of the Pb dissolved in the soil solution 1s bound to dissolved
organic matter In the orchard soil, nonlabile Pb constitutes
most of the dissolved Pb at pH 6 and above, only under more
acidic conditions does the labile Pb become predominant
over the nonlabile forms of Pb At higher pH, the dissolved
Pb in nonlabile complexes increases significantly in both
soils (Figure 3), and 1t appears that dissolved organics
solubilize Pb from the phosphate munerals, effectively
mobuilizing the metal Other researchers have noted greater
solubility of Pb and other metals 1n contaminated soils as
the pH 1s raised above 6 (20-22)

The bioavailability of Pb complexed with dissolved organic
matter is not well-known It may be tightly bound and
unavailable for release to the soil solution Furthermore,
the increased solubihty of Pb at pH above 6 5 raises concerns
for metal mobility, irrespective of the actual bioavailability
ofthe Pbin the solution We used KOH (as opposed to lime)
to increase the pH in this expenment, which may have
generated higher dissolved organic matter concentrations
than an equivalent addition of CaCO3; Nevertheless, liming
contaminated soils to pH 7 or higher increases the dissolved
organic matter (20, 21) and correspondingly generate a
significant increase in the dissolved Pb 1n the soil solution
Even if this Pb pool 1s potentially unavailable for biological
uptake, it is still in a mobile form and prone to leaching (23)
We hypothesize that at the higher soil pH, the strong
complexation of Pb by dissolved organic matter dissolves a
fraction of the lead phosphate, despite the low solubility of
this mineral Thus, soil remedtation by phosphate addition
to reduce the solubility of Pb is not likely to be completely
successful in immobilizing this metal, although 1t may limit
its toxicity

In a different experiment, Ma et al (24) added rock
phosphate to various Pb-contaminated soils and found
that, after up to 8 weeks of incubation, the phosphate did
not significantly reduce the extractability of Pb by EDTA-
NH(OAc (24). The EDTA extractionis considered an estimate
of the soil metal pool associated with organic matter,
therefore, also suggesting that phosphate amendments have
littte impact on the retention of Pb by the organic components
of contaminated soils

Synthetic Mineral vs Soil Solubility. The solubility of
both synthetic lead phosphate phases was described very
wellusingeq3 Inthe soil equilibration experiment, the soil
pH and solution pH,PO,~ were used to attempt to predict
Pb?* actwvity using eq 3, assuming that these lead phosphate
phases controlled the solubility The predicted activities are
compared to the actual measurements in Figure 4 Although
the regression for the whole dataset (full line) shows a close
fit to the 1 1 line (dotted line), the actual data points show
wide variations between predicted and measured values Even
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FIGURE 4. The free Pb2* activity predicted using eq 3 as a function
of the measured values The O represent the forest soil, the A
represent the orchard soil, the full line represents the linear
regression for the dataset, and the dotted line is the 1:1 perfect fit.
The units are —log(M).

though both soils had similar properties (except total Pb
content), free Pb?* activity 1s overestimated in most cases for
the forest sail (circles in Figure 3) and drastically underes-
timated 1n four cases 1n the orchard soil (tnangles in Figure
4) The most hikely explanation is that the difference 1n total
metal content between the two soils 1s large enough to modify
the free metal activity This suggests that solubility in soils
1s not controlled by chemical equilibrium with a pure solid
phase (which would be independent of the total content)
but by surface retention processes which vary with the level
of saturation of adsorption sites (8, 9}

Conclusions

The solubility of two synthetic Pb-PO, phases was measured
using a Pb ion-selective electrode 1n a batch equihibration
under a wide range of conditions The resulting chemical
equilibria are impossible to explain using a simple mineral
solubility equation Furthermore, fthe highly significant
. empirical solubility relationship derived from the data for
\ pure lead phosphate systems is not applicable to soil systems,
probably because surface reactions and soil organic matter
play an important role in determining the solubility of Pb
t low pH, adsorption by soil reduces the solution concen-
tration of Pb below what 1s observed 1n pure systems At
higher pH, dissolved organic matter increases the dissolved
Pbinthesoil solution Although this may be partly an artefact
due to the use of KOH to increase the pH, we can expect a
qualitatively similar trend using ime in the field

Although phosphate amendments and hme are beneficial
inreducing the solubility, mobulity, and bioavailability of Pb,
the optimum pH to reduce solubility 1s between 5 5and 6 5
Higher pH increases organic matter solubility, which may
induce dissolution of lead phosphate by organic complex-
ation reactions
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Soil Solution Speciation of Lead(II): Effects of Organic Matter and pH

Sébastien Sauvé,* Murray McBnde, and Wilhlam Hendershot

ABSTRACT

The effects of adjusting the levels of soil organic matter in 2 Pb-
contaminated soil on the solubility and free Pb** speciation were
studied within the pH range 3 to 8. A contaminated orchard soil
contmming 284 mg Pb hg™' was treated with leaf compost to increase
soil organic matter and with H,0, to decrease it, yielding six soil
organic matter levels between 25.6 and 83.7 g C kg™". The equilibrated
solutions were then analyzed for total dissolyed Pb by graphite furnace
atomic absorption spectrometry and for labile Pb by differential pulse
anodic strpping voltammetry (DPASYV). The labile Pb values were
used to calculate the free Pb** activity based on the assumption that
organo-Pb complexes are not DPASYV-labile. The data showed that
30 to 50% of dissolved Pb s p as soluble OM pl at low
pH and up to 80 to 99% at near-neutral pH. The solubility of Pb
shows a linear decrease from pH 3 to 6.5 and is independent of soil
organic matter in that pH range. From pH 6.5 to 8, higher pH promotes
the formation and dissolution of organo-Pb complexes, which increase
Pb solubility. In thes pH range, higher organic matter content results
in higher concentrations of dissolved and labile Pb.

\:Y‘(L A LA vEve

MOST OF THE Pb present in contaminated soils 1s
insoluble and bound to the solid phase, therefore
not extractable by water or dilute salt solutions. Unless
the so1l pH 1s quite acidic, only the presence of chelating
agents can generate significant quantities of Pb 1n the
soil solution

It 1s well known that free Pb** activity increases as
pH decreases, with most Pb minerals being less soluble
at ligher pH (Lindsay, 1979, p. 449). Although this
relationship 1s indisputable 1n pure systems without or-
ganic matter, very few studies have evaluated Pb specia-
tion or measured free Pb?* 1n soil solution extracts (San-
tillan-Medrano and Jurinak, 1975; Jopony and Young,
1994, Kalbas: et al , 1995; Sauvé et al., 1998). Solution
metal speciation can be accomplished using electro-
chenustry (Mota and Correla dos Santos, 1995) or
through a variety of other techmques, such as resins,
ligand exchange, spectroscopy, or size separations (Apte
and Batley, 1995). Each techmque has advantages and
disadvantages In the case of Pb, DPASV 1s one of the
most sensitive and simplest techmques (Sauvé et al,
1998). The presence of colloidal organic matter mght
nterfere with the DPASV measurements; conversely,
some of the Pb weakly bound to dissolved organic acids
might dissociate at the Hg drop, causing an mcrease
in the measured DPASV-labile Pb and overestimating
norganic Pb 1n solution. Nevertheless, we believe that
these analytical problems are manageable and that
DPASV is one of the best available techmques for the
chemucal speciation of Pb?* at the low solubiliies typical
n souls

S Sauvé and M McBride, Soil, Crop, and Atmosphenic Sciences, 908
Bradfield Hall, Cornell Univ, Ithaca, NY 14853, and W Hendershot,
Dep of Natural Resources Science, McGill Univ, Macdonald Cam-
pus, Ste-Anne-de-Bellevue, QC, H9X 3V9 Canada Received 19 May
1997 *Corresponding author (sfs2@corneli edu)

Published 1n Soil St Soc Am J 62 618621 (1998)

_YThe presence of soil organic matter complicates solu-

1n the solid phase acts as an exchanger and chelator,
thereby decreasing free metal activity with increasing
pH, some organic matter also dissolves in the soil solu-
tion The dissolved orgamc matter (DOM) 1increases
with higher pH and sigmificantly enlarges the pool of
organic ligands in the soil solution The release of dis-
solved organic ligands into solution could decrease the
free Pb?* activity in the soil solution even as organo-Pb

) bility models Although the soil organic matter present
i

4

complexes ncrease the concentration of dissolved Pb.

In real sol systems, organic matter complexation will
. also be interacting with dissolution-precipitation and
¢ chemisorption—-desorption reactions.. = -— --
" IThe objective of this study was to measure the solubil-
{ 1ty and speciation of Pb 1n 001 M KNO; soil extracts

in response to pH vanations and the addition and re-
! moval of soil organic matter. It was expected that this
would clearly elucidate the role of sohid and dissolved
organic matter 1n Pb solubility and speciation

MATERIALS AND METHODS

We used a soil collected from the Cornell University or-
chard (Ithaca, NY), which had received lead arsenate pesticide
applications prior to 1970 The sample was collected in the
spring of 1996, sieved moist to 6 mm, and stored moist n
sealed plastic bags The soil 1s a silty clay loam, Hudson series,
classified as a fine, 1illitic, mesic Glossaquic Hapludalf The
natural soil pH (CaCl,) was 5 90 and it contained 284 mg Pb
kg™' A leaf compost, collected from a rural location near
Ithaca, air dried, and ground in a Waring blender, was used
as an organic matter amendment The pH (CaCl,) of the leaf
compost was 733 and 1t contamned 379 g C kg™' and 18 mg
Pb kg™!

For each soil and organic matter treatment, 25 g (dry soil
equivalent) of moist soil (30 5 g moist) was added to 250-mL
polyethylene bottles with 50 mL of a 001 M KNO; solution
and the organic matter treatment Soil organic matter was
increased through the additions of 5 and 15% (w/w) of leaf
compost (1 25 and 3 75 g dry) The organic matter reductions
were made by adding 1, 4, and 10 mL of 30% H,O, The
bottles were then shaken on a reciprocal shaker for 20 min
every 12 h After 48 h, ahquots of HNO; and KOH were
added to generate a pH range between 3 and 8

The OM-enriched and -depleted soil suspensions were then
shaken every other day for 10 min at 200 rpm on a reciprocal
shaker When not shaking, the bottles were left covered but
not closed, allowing gas exchange After 40 d, the samples
were centnfuged at 15000 X g to separate the supernatants
The pH and the electrolytic conductivity were determined
in the supernatant before filtration The solutions were then
passed through 0 22-pm cellulosic membranes, and analyzed
for labile_Pb_ by DPASV The extracts were made 1 mM
Na,;EDTA (ultrapure grade) to preserve the samples before

~dissolved Pb was determined by graphite furnace atomic ab-
sorption spectrometry with a Varian Zeeman SpectrAA 1n-
strument (Varian Associates, Sunnyvale, CA) The organic C

Abbreviations: DOM, dissolved organic matter, DPASV, differential
pulse anodic stripping voltammetry
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Table 1. The stability constants (log K) for calculations of free

SAUVE ET AL SOIL SOLUTION SPECIATION OF LEAD

Pb?* 10n activity in soil solution (L
and Martell, 1989, p. 643).

don et al., 1995; Smith

Equation log K
Ph** + H;O = PbOH* + H* -1.71
Pb** + 2H,0 = Pb(OH)} + 2H* -17.12
Pb** + 3H,0 = Pb(OH); + 3H* —-28.06
Pb** + HCO; = PbHCO} 345
Pb** + CO}~ = PbCO3 6.27
Pb** + 2CO%~ = Pb(CO,)i~ 9.49
Pb + CI” = PbCI* 158
Pb** + SO}~ == PbSO} 2.62
Pb** + NO; = PbNOj3 117

content of the treated soils was measured using Walkley-Black
utrations (Nelson and Sommers, 1982) and DOM was esti-
mated by colonmetry by calibrating the absorbance of the
extracts at A = 254 nm with soil extracts of known DOM
(Moore, 1985)

The DPASV analysis yields an estimate of the concentra-
tion of labile Pb in the soil solution (Florence, 1986). Assuming
that the DPASV-labile pool represents inorganic species and
excludes organic complexes, the activity of Pb** 10ns can be
calculated using known association constants by partitioning
the DPASV-labile norganic Pb into various potential 1on pairs
and free 1onic Pb** (Table 1) Carbonate equilibrium 1s calcu-
lated assuming equilibrium with atmospheric CO; The free
Pb?* activity calculated in this way is probably an overestimate,
especially at near-neutral pH and above, because it does not
account for weak labile organo-Pb complexes

RESULTS AND DISCUSSION
Soil Organic Matter

The soil organic matter treatments resulted in an n-
crease 1n soil organic matter tg 427 and 83.7 g Ckg™!
after the addition of 5 and 15% (w/w) leaf compost
The control contained 29 7 g C kg™!, and the three H;O,
treatments (1, 4, and 10 mL) resulted i 281, 26 6, and
25.6 g C kg™, respectively. The highest H,O, treatment
resulted 1n a marginally lower soil organic matter con-
tent with highly vanable and divergent solution proper-
ties. This treatment was therefore not included with the
interpretation of the data set. The unusual behavior of
the high-H,0, treatment may be due to transformations
of mineral components and especially the particle sur-
faces of the soil (Shuman, 1983). However, the levels
of H,O, utilized here are below what is usually used to
remove soil organic matter (Lavkulich and Wiens, 1970,
Omueti, 1980)

The DOM varied between 7 5 and 88.3 mg C L' and
follows a sumple relationship with the soil organic matter
content and pH (Fig. 1). The DOM increased with
higher soil organic matter and also with pH above =7.
The highest soil OM treatment also showed an increase
in solubiity at lower pH (quadratic function with a
mimmum at pH = 6 5) Overall, the DOM is related to
total soil organic matter and pH by the function

DOM = —3083pH + 2 54pH? + 14 89SOM + 68 20
R? = 0965*** n = 54 1]

where DOM 1s 1n milhgrams C per hter and SOM 1s
soil organic matter 1in grams C per kilogram
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Fig. 1. Dissolved organic matter (DOM) as a function of pH and
soil orgamic matter. The graph surface is the result of a distance-
h i (Wilkinson, 1992,

ghted least-square g tech

p. 750).

Free Lead(II) Activity

The calculated activity of free Pb’* jons n the soil
solutions, after equilibration, varied between 1075 M at
pH 3 and 107° M at pH 7 to 8 (Fig. 2). Figure 2 also
shows that DOM had little or no effect on Pb?* actinity
below pH 6 In contrast, at higher pH 1t appeared to
cause a sigmficant increase in activity. The surface of
Fig 2 can be represented by a nonhnear regression (Eq
{2]) showing that the free Pb?* activity can be predicted

IN4

® & N o0 o

40

Fig. 2. Free Pb** activity (pPb?*) as a function of pH and dissolved
organic matter (DOM). The graph surface is the result of a distance-
weighted least-square smoothing technique (Wilkinson, 1992,
p. 750).
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using quadratic terms for pH (P < 0001) and a hnear
term for dissolved organic C (P < 001)

pPb?* = 2 44pH — 0139pH? — 0058DOM — 079
R? = 0900%** n = 54 2]

where pPb?* represents the negative log activity of free
Pb2™ Although the increase 1n the esumated free Pb*~
activity at hugher pH 1s probably an artefact due to the
sensiuvity of DPASV to increasing concentrations of
labile organo-Pb pairs in soil solution, this 1s neverthe-
less a significant rise in labile Pb, suggesting a concomu-
tant increased mobility and reactivity of Pb 1n soil solu-
tions at higher pH

Dissolved Lead

The pH-dependent solubility of Pb vanies from 3 6
pg Pb L' at neutral pH to 10400 pug Pb L' under
strongly acidic conditions For comparison, most drink-
ing water remediation criteria are around 10 pg L-!
(Subcommuttee on Environmental Quahty Cnitena for
Contaminated Sites, 1991) As with pPb?*, the relation-
ship of the logarithm of the dissolved Pb to pH 1s nearly
linear until pH = 6, but flattens at lgher pH (Fig 3)
The resulting nonlinear regression 1s simlar to Eq [2],
with a significant quadratic pH effect (P < 0001) and
a linear OM component (P < 0.01)

Dissolved Pb =
218 pH — 0 14pH? — 0024DOM— 105
R?=0967*** n = 54 [3]

where dissolved Pb 1s in umts of —log M.

In this case, the near-constant or increasing Pb solu-
bility at high pH can be attnbuted to the increasing
proportion of Pb hydroxy and carbonato species and

Olssolved Po -log (M)

Fig 3. Dissolved Pb as a function of pH and dissolved organic matter
(DOM) The graph surface is the result of a distance-weighted
least-squarc smoothing technique (Wilkinson, 1992, p. 750).

espectally Pb-OM complexes 1n solution Although the
data presented graphically appear to show a small solu-
bihity 1ncrease at high pH on the loganthmic scale, the
absolute solubility increase 1s quite significant This
trend 1s attnbuted to increasing dissolved organic C,
which causes an increase 1n the concentration of soluble
Pb (Fig 3) At pH 8, quadratic regressions for each
separate treatment show that the solubility increases
with soil organic matter content (data not shown). This
suggests that sol orgamc matter has the potential to
increase the solubihity of Pb 1n neutral-pH soils through
the formation of organo-Pb complexes. Although Pb
complexed with DOM has unknown bioavailability, 1t
1s certainly mobile and prone to leaching (Miller and
Friedland, 1994)

Free Lead(II) vs. Total Dissolved Lead

The relative importance of free Pb?* relative to dis-
solved Pb can be determined by companng the organi-
cally complexed (calculated from DPASV-labile Pb) to
total dissolved Pb This reveals that 30 to 50% of dis-
solved Pb 1s present in DOM complexes at low pH, and
typically up to 80 to 99% at near-neutral pH (Fig. 4).
No trends or effects from the several treatment levels
of OM are apparent, although the high variability in the
measurements may have obscured such effects. These
results demonstrate the importance of crgano-Pb com-
plexes, which compnise >90% of dissolved Pb in most
of the soil solutions above pH 6, and as much as 50%
n strongly acidic solutions This means that in most
agronomuc situations, the bulk of the Pb n solution 1s
likely to be present as orgamc complexes. This also
invalidates some speciation schemes which have as-
sumed that Pb 1s mostly associated with large particles
(>0 45 wm) and that soil solutions subjected to centnfu-
gation and mucron filtration only contain inorganic 10n-
parr species (Jopony and Young, 1994).

Santillan-Medrano and Jurinak (1975) reported Pb**
activities 1n so1l solutions that were orders of magnitude
higher than our results — but they loaded the soils with
metal salts up to 100000 mg Pb kg™! dry soil (10% w/
w). The discrepancy 1s therefore not surprising. Kalbasi
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Fig. 4. The fraction of Pb in solution that 1s complexed with dissolved
organic matter as a function of pH. The numbers 1 to 5 represent
the soil orgamc matter levels (26.6, 28.1, 29,7, 42.7, and 83.7 g C
kg™, respectively)
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et al (1995), on the other hand, reported Pb** activiies
ranging from 10772 to 107°¥ 1n 14 souls with pH of 7.7
to 86 These activities are up to one log unit higher
than our results, but their soils generally had a lugher
level of Pb contamuination, from 152 to 2043 mg Pb kg™,
compared with our soil containing 283 mg Pb kg~

CONCLUSIONS

The DOM showed a simple relationship to soil pH
and soil organic matter content The solubility of Pb in
soil solutions was pH dependent, increasing as the pH
was adjusted from 6 to 3 We observed no unequivocal
effects of manipulating organic matter content 1n the
acidic pH range. At near-neutral pH, the activity of
Pb?* showed no clear relationship to pH and a small
but significant increase resulting from changing organic
matter content. The eshmated Pb** activities at pH >
6 show a linear mcrease with DOM, which may be an
indication that labile Pb—organic matter complexes are
creating a positive error in the estimate of free Pb?* In
the near-neutral pH range, higher soil organic matter
content increases DOM, thereby promoting the forma-
tion of organo-Pb complexes and increasing Pb solu-
bility

The speciation results demonstrate that most of the
Pb 1n soul solutions 1s present as organo—Pb complexes.
The results further reveal that increasing soil pH above
6.5 may actually i1ncrease the solubuility of Pb, raising
concerns for metal mobihty. The increased lability of Pb
at hugher pH 1n a contaminated soil suggests a potential
increase in broavailability, although research 1s needed
to evaluate the toxicity and possible bioaccumulation
of Pb-organo complexes relative to free Pb?*.
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The suitability of two different techmques (centrifugation and Rhizon sampler) for obtaining the interstiual
pore water of soil (soil solution), integral to the ecotoxicity assessment of metal contaminated soil, were
investigated by combining chemical analyses and a luminescence-based microbial biosensor Two different
techniques, centrifugation and Rhizon sampler, were used to extract the soit solution from Insch (a loamy
sand) and Boyndie (a sandy loam) soils, which had been amended with different concentrations of Zn and Cd
The concentrations of dissolved organic carbon (DOC), major anions (F~, CI7, NO3™, $0,27) and major
cations (K*, Mg?*, Ca®*) in the so1l solutions varied depending on the extraction technique used Overall, the
concentrations of Zn and Cd were significantly higher 1n the soil solution extracted using the centrifugation
techmque compared with that extracted using the Rhizon sampler techmque Furthermore, the differences
observed between the two extraction techmques depended on the type of soil from which the solution was
being extracted The luminescence-based biosensor Escherichia colt HB101 pUCD607 was shown to respond to
the free metal concentrations mn the soil solutions and showed that different toxicities were associated with each
soil, depending on the technique used to extract the soil solution This study highlights the need to characterise

the type of extraction technique used to obtain the soil solution for ecotoxicity testing n order that a

representative ecotoxicity assessment can be carried out

Introduction

The assessment of soil quality 1s not posstble based solely on
chemical crteria It 15 now widely accepted that a nsk
assessment for soils should be based on the total content of
pollutants and their mobile and bioavailable fractions.'? It 1
therefore essential that chemical and ecotoxicological analyses
are mtegrated in order that a more meaningful assessment of
soil quahity can be obtained

The extraction of the interstitial pore water of soil (soil
solution) 1s an important step in an ecotoxicity assessment of
soil. Soil solution chemustry 1s important for understanding the
behaviour and fate of environmental pollutants, the avaitability
of nutrients to plants and many other fundamental soil
chemical processes The soil solution may be defined as the
aqueous liquid phase of the soil and 1ts solutes Under natural
conditions, the soil solution comgosmon varies as a function of
time and position 1 the soil° Furthermore, the chemucal
composition of the soil solution also depends on the soil type,
pH, 1onic strength, 1on complexation by hgands and ion
competition ¢ Several methods have been used to obtain soil
solutions exther 1n the field or in the laboratory > The methods
commonly used to obtain soil solutions are based upon the
principles of pressure, vacuum, displacement, and centrifuga-
tion, and are summarised 1n Table | However, there 1s a body
of evidence showing that the chemical composition of soil
solutions 1s influenced by the extraction technique used, 230
although how this may impact on an ecotoxicity assessment of
soil has not yet been mvestigated

Assessing the bioavailable fraction of the pollutant in an
ecotoxicity test requires the application of rapid, low cost,
novel techniques The bioavailable fraction of metals 1n soils

tPresented at the Whistler 2000 Speciation Symposium, Whstler
Resort, BC, Canada, June 25-July 1, 2000
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has been attributed to the free ionic species m the soil
solution >3 Luminescence-based microbial biosensors have
been shown to respond to the bioavailable fraction of metal
pollutants m sonl solutions,>!3*¢ and are therefore useful tools
1n a soi1l ecotoxicity assessment In a luminescence-based assay,
bacterial luminescence is negatively correlated with an increase
in the toxicity of a pollutant since bactenial luminescence 1s
linked to electron transport®” and therefore provides a measure
of the metabolic activity of the cell

The amms of this study were to evaluate two widely used so1l
solution extraction techniques (centrifugation and Rhizon
sampler) on the ecotoxicity assessment of two soils amended
with Zn and Cd at different concentrations

Materials and methods
Soils

Two soils were used for this study, Boyndte, a loamy sand of
the Boyndie series (Fragiorthod/Iron Polozol) and Insch, a
sandy loam of the Insch series (Dystrochrept/Dystric Cambi-
sol) These soils were sieved moist (<3 mm), homogemsed and
then stored at 3-5°C prior to use The charactenstics of these
soils are summarised in Table 2 Soil pH was determined using
a1l 2 soil to soil water ratio

Metal amendment of soils

Triplicate samples of each soil were amended with
Zn(NOs), 6H,0 (Sigma, Dorset, UK) and Cd(NO,;),-4H,0
(Aldnch, Dorset, UK) to obtain total metal concentrations of
75, 150 and 300 mgkg™' dry weight for Zn and 15, 3 and
6mgkg™' dry weight soil for Cd These concentrations
represented 50%, 100% and 200% of the maximum metal
concentiations currently permitted under the UK sewage
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Table I Summary of the techmiques commonly used for extracting soil solutions

Method Summary Reference
Column displacement/miscible Requires a large sample volume 7.8
displacement Slow sample turn-around
Not suitable for soils with a sandy and loamy sand texture
Special skill 1s required n packing the column
Vacuum displacement Modification of the column displacement method 9,10
Involves the use of a vacuum cxtractor to obtain soil solution
Lower time requirement and faster sample turn-around
Immiscible displacement Displacing solution 1s an organic solvent 11-13
Alters the chemical charactenstics and speciation of compounds 1n
the soil solution
Displacing solutions arc highly toxic to soil flora and fauna
Unsuitable for ecotoxicity testing
Centnrifugation Requires a sample holding device that enables the solution to be S, 14-20
1solated from the soil
Rchable and rapid techmque
Low cost
Easy to use and requires no special skall
Non-destructive method
Can be applied n conjuction with the displacement method
Suction technique Suction cup— 6, 21-25
Requires a cup made from a porous matenal (commonly ceramic,
aludum or Teflon)
Non-destructive method
Preconditioning of the surface of the suction cup 1s required to
avoid strong sorption effects
High cost of some 1tems (e g , Teflon cups)
Porous plastic tube—
Inert nature and small pore size (<0 2 pum) of plastic tubing ensures 26-29

no sorption problems or microbial and colloidal contamination

Non-destructive method

Low cost

sludge gudelines.® Control soils were those which were not
amended with metals The soils were raised to 50% of their
water holding capacity (WHC) with distilled water, placed in
plastic pots, and left to equilibrate for 30 days.

Soil solution extraction techniques

All glassware and plastic was washed i 1% HNOj; and nnsed
twice 1n distilled water prior to use All soils were raised to 80%
WHC with distlled water before the soil solution was
extracted The following techmiques were used for the
extractions

Centrifugation. A modification of the centnfugation techni-
que of Adams er al 7 was used to collect the soil solution The
extraction unit consisted of a sample container cup, a solution
collection cup, a filter, and a plastic bag to collect the solution
A plastic bag (12 cm x 8 cm) was put inside the container cup
A soil sub-sample (150+0.1 g) was placed onto Whatman
No 42 filter paper in the sample container cup, which was
connected to the collection cup The soil solution was extracted

Table 2 Soil characteristics

Boyndie Insch
Series Boyndie Insch
Texture Loamy sand Sandy loam
Sand (%) 791 5717
Silt (%) 143 3079
Clay (%) 653 1151
Organic matter (%) 357 375
pH 55 61
WHC? (%) 44 69

“WHC. water holding capacity
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by centrifuging for 1 h at 4 °C and 1818g 1n an MSE Coolspin 2
centrifuge. The soil solution was collected into a plastic bag,
transferred to a clean glass bottle and stored at 4 °C prior to
analysis

Rhizon sampler. Rhizon soil mosture samplers were
obtained from Rhizosphere Research Products (Wageningen,
The Netherlands) These samplers consisted of a 10 cm length
of an 1nert porous polymer tube, capped at one end with nylon,
and attached to a 10 cm length of a poly(vinyl chloride) (PVC)
tube at the other end A 15 cm stainless-steel strengthening wire
15 present inside the porous polymer tube and the PVC tube 1s
jomned to a female Luer lock The Rhizon samplers were
washed by forcing 50 mi of 1% HNO; through the probe
followed by 50 ml of distilled water, and then drying before use
A soil sub-sample (225 g dry weight) from each pot was placed
mto a plastic contamner and a small glass rod used to make a
small primary hole n the soil prior to the Rhizon samplers
being gently inserted The soil solution was extracted over a
24h peniod by applying a suction pressure using a synnge
connected to the Luer lock The soil solution collected 1n the
syrninge was transferred to a glass bottle and stored at 4 °C prior
to analysis

Chemical analysis and metal speciation

The pH values of the soil solutions were measured immediately
using a standard pH electrode (Hanna HI 8424, Norlab
Instrument Ltd, Aberdeen, UK) The DOC was measured
using an automated Labtoc UV digestion analyser (Pollution
and Process Momtoring, Kent, UK) The concentrations of
F~, CI7, NO;~, SO~ were determined by 1on chromato-
graphy (Dionex Series 45001, Dionex UK Ltd, Surrey, UK)
The separation column used was an lonpac A54 ASC ion
exchange column with a pre-guard column and the mobule
phase was 1 7 mmol NaCO;™' mmol NaHCO; Sub-samples of



the soil solution were acidified with 1% HNO; and used to
determine the total concentrations of various metals Total
concentrations of Mg, Ca and Zn were determined by flame
atomic absorption spectrometry (FAAS, Alpha Models 4,
Baird Atomic Ltd, UK), K by flame atomic emission spectro-
metry (FAES, Alpha Models 4) and Cd by graphite furnace
atomic absorption spectrometry (GFAAS, Perkin-Elmer 3300,
Perkin-Elmer, Buckinghamshire, UK) The last of these
mnvolved the addition of 0 2 mg PO,>~ as a matrix modifier

The concentrations of Zn** and Cd?* were determuned
using the method described by Holm et al>® The method
involved measuring the total concentration of metal before and
after equiibrium with a calcium-saturated cation exchange
resm  Ground and sieved Amberhte IR120 plus (100~
200 mesh) cation exchange resin (Sigma) was used and
converted from the Na-form to the Ca-form by the sequential
addition of 1000mt of 1 M Ca(Ac),, 001 M Ca(Ac),, and
001 M Ca(NO;); An aliquot (100 mg) of Amberiite IR120
was weighed into a 50 ml polypropylene centrifuge tube and
10 ml of so1l solution added The centnfuge tube was placed on
an orbital shaker for 24h at 25°C Sub-samples of the
supernatant were then acidified with 0 3% HNO; and the
concentration of Zn and Cd remaining in the soil solution
determined A reference solution was prepared with the same
final concentrations of Ca, Zn and Cd as the soil solutions and
treated in the same way as the soil solutions The proportions
of Zn?* and Cd** were calculated by companson with the
reference solution as described by Holm er al >°

Soil ecatoxicity assessment

The toxicity of the metals was determined using the
luminescence-based microbial biosensor Escherichia coli
HB10l pUCD607 E coli HB101 was marked with the Jux
CDABE genes, 1solated from Vibrio fischeri, using the multi-
copy plasmud pUCD607.*° Cultures of E colt HBIOI
pUCDG607 were freeze-dried using standard protocols®! and
stored at —20°C Freeze-dried cultures were resuscitated by
resuspending the cells in 10 ml of 0 1 M KCl and incubating at
25°C for 1 h with shaking Aliquots (900 uL) of each soil
solution were transferred to luminometer cuvettes (Chaicon,
Petworth, West Sussex, UK) and a 100 puL aliquot of the
resuscitated cells added and mixed into each sample at 15s
intervals The luminescence of the samples was measured after
a 15 min exposure time using a | s measurement on a Bio-Orbt
1253 luminometer (Labtech International, Uckfield, UK) All
the assays were carried out in triplicate The luminescence of
the samples was expressed as a percentage of the luminescence
of the control samples

Statistical analyses

Two-way analyses of variance (ANOVA) were carrted out on
the data using the statistical package Mimtab for Windows,

Table 3 Soil solution pH and concentrations of DOC, K, Mg, and Ca

release 121 (State College, PA, USA) Significant differences
between treatments were elucidated using least significance
difference (LSD) values The relationship between the free and
the total metal concentrations 1n the soil solutions was
determuned using hnear regresston analyses on log-transformed
values The response of the biosensor to the total and free metal
concentrations in the soil solutions was determined using non-
linear regression analyses Sigmoid functions were fitted to the
brosensor data and EC,; (effective concentration causing a 25%
decrease in luminescence) and ECsy (effective concentration
causing a 50% decrease 1n luminescence) values calculated All
regression analyses were performed using SigmaPlot for
Windows version 5 (Jandel Corporation, CA, USA)

Results and discussion

Chemical analyses

The soil solution extracted from the Boyndie soil using the
centrifugation techmque had a hugher pH than the soil solution
extracted using the Rhizon sampler technique (Table 3) The
opposite was true for the Insch soil, the pH of the soil solutions
extracted using the centnfugation techmque being lower than
those extracted using the Rhizon sampler techmque (Table 3)
The higher the metal addition applied the lower the pH of the
so1l solution compared with control soils, irrespective of the
extraction technique employed (Table 3} The concentration of
DOC was significantly (p<005) higher 1in soil solutions
extracted using the centnfugation technique over those
extracted using the Rhizon sampler technique, for both
Boyndie and Insch soils (Table 3) Overall, there was a
significant (p <0 05) increase in the concentrations of K, Mg
and Ca with an increase in the level of metal added (Table 3)
This is not surpnising as the Zn and Cd 10ns 1 solution would
have exchanged with 10ns such as K, Mg and Ca, which were
absorbed onto the surfaces of soil particles. The concentrations
of K, Mg and Ca were significantly (p <0 05) higher in soil
solutions extracted using the centnfugation technique com-
pared with those extracted using the Rhizon sampler technique
The concentration of F~ in the soil solutions was, overall,
not significantly different between the two extraction techni-
ques (Table4) Overall, the concentration of ClI” was
significantly higher 1n soil solutions extracted using the
centnfugation techmque compared with those extracted
using the Rhizon sampler technique, for both Boyndie and
Insch soils (Table 4) Overall there was a significant (p<0.05)
increase 1n the concentration of NO;~ in the solutions
extracted from sotls which were amended with high levels of
metals using the centrifugation technique compared with those
extracted using the Rhizon sampler techmque (Table4)
However, the concentrations of NO;3 ™ 1n the solution extracted
from soifs amended with no metals were significantly (p <0 05)
higher using the Rhizon sampler technique compared with
those extracted using the centrifugation technique (Table 4)

Boyndie soil solution conc /mg L™' Insch soil solution conc/mg L™}

Extraction techmque % of metal conc hmt pH DOC K Mg Ca pH DOC K Mg Ca
Centrifugation 0 649 28 60 067 560 2618 512 1815 704 795 7884
50 5.81 1735 1646 2969 8323 485 1285 1777 1640 14599
100 5N 1515 238 4318 186 81 458 13.50 2864 2326 20203
200 550 2665 3661 4243 21314 443 1753 4139 3670 31435
Rhizon sampler 0 626 3010 125 714 1990 574 953 1096 434 38 50
50 530 10 65 2168 3495 11290 548 675 2487 1733 142 61
100 544 1050 2820 4253 17570 480 863 3212 2292 19382
200 448 1760 408! 4352 23729 487 935 4443 3605 29599
LSD? ND® 238 199 674 1038  ND* 250 162 093 1224

“LSD, least significant difference (p=005) *ND, not determined
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Table 4 Soil solution anion concentration

Boyndie soil solution conc /mg L™

Insch soil solution conc /mg L'

Extraction technique % of metal conc mit  F~ (o NO;~™ S0, F- clr- NO;™ SO~
Centnfugation 0 011 4746 163 90 586 <DL 1541 18201 615
50 029 41 51 648 08 359 <DL” 18 61 690 15 201
100 029 40 88 1082 97 094 <DL? 14 61 909 54 162
200 115 41 58 1863 32 216 036 18 83 131913 164
Rhizon sampler (1] 017 44 80 636 90 766 <DL? 1220 73733 6353
50 039 3594 670 04 334 <DL? 1623 760 25 221
100 034 3378 1011 07 133 <DL” 1198 903 89 071
200 082 3912 1292 62 565 037 14 48 1064 50 731
LSD* 017 326 2520 065 ND* 136 9413 060
“DL, detection hmit °LSD, least significant difference (p=005) °ND, not determined
Table 5 Soil solution concentration of total Zn, Cd, Zn** and Cd**
Boyndie soil solution conc./mg L™ Insch soil solution conc /mg L™'
Extraction techmque % of metal conc hmit ~ Zn Zn?* Cd cd*+* Zn Zn?* Cd cd*+
Centnfugation 0 <DL? <DL? <DL? <DL? <DL? <DL* <DL” <DL?
50 1319 8 61 00475 00291 382 078 00073 0 0062
100 26 16 21.21 01150 00682 928 468 00199 00163
200 74 00 66 42 0 6400 04333 45 47 36 37 02370 0 1493
Rhizon sampler 0 <DL? <DL? <DL? <DL? <DL? <DL? <DL” <DL*
50 304 101 00182 00114 182 051 0 0084 00026
100 1798 836 00805 00463 314 088 00177 00091
200 66 38 48 05 04477 03520 1122 435 00379 00167
5L.SD 547 716 00697 00651 816 967 00331 00179

“DL, detection imit °LSD, least significant difference (p=0 05)

The concentrations of SO~ 1n the soil solutions extracted
using the Rhizon sampler technique were generally significantly
(p <0 05) higher than those extracted using the centrifugation
technique (Table 4) The significant increase 1n the concentra-
tion of mitrate in soil solutions with an increase 1n the level of
metal added reflected the fact that the metals were added as
nitrate salts (Table 4)

Metals and their speciation

The concentrations of Zn and Zn?* in soil solutions extracted
from Boyndie soils using the centrifugation techmque were
significantly (p <0 05) higher than those extracted using the
Rhuzon sampler technique (Table 5) The concentrations of Zn
and Zn?* in soil solutions extracted from Insch soils using the
centrnifugation technique, compared with those extracted using
the Rhizon sampler technique, were only significantly (p <0 05)
higher 1n soil amended with 300 mg kg™! Zn (200% of the metal
concentration hmut) (Table 5) The concentrations of Cd and
Cd** in Insch and Boyndie soil solutions extracted using the
centrifugation technique were only significantly higher
(p<005) than those extracted using the Rhizon sampler
technique 1n soils amended with 6 mg kg™' Cd (200% of the
metal concentration limit) (Table 5)

There was a hinear increase in the concentration of Zn?>* 1n
the soil solution with an increase 1n total Zn 1n the soi solution,
irrespective of the extraction technique employed (Fig 1a) A
similar relationship between the Zn>* and total Zn 1n the soil
solutions was observed by Chaudn et al ** The concentration
of Cd** 1n the soil solution also ncreased linearly with an
increase i the total Cd 1n the soil solution, 1rrespective of the
extraction technique used (Fig 1b)

Soil ecotoxicity assessment

The toxicity of aqueous solutions of Zn and Cd to the E coli
HBI101 pUCDG607 biosensor are of the same order of
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magnitude (data not shown) The concentrations of Cd n
the sotl solutions were two orders of magnitude lower than the
concentrattons of Zn in the soil solutions, therefore the
response of the biosensor could be attributed solely to the
presence of Zn 1n the soil solutions (Table 5) Since the
biosensor was responding to the concentration of Zn 1n the soil
solutions, 1rrespective of the extraction technique used, 1t was
possible to combine the toxicity data obtamned using both
extraction techniques for each soil Single relationships
showing the decrease in the luminescence of the biosensor
with an increase 1n the concentrations of total Zn and Zn2* 1n
the soil solutions were therefore obtained for Boyndie and
Insch soils (Figs 2 and 3, respectively) The toxicities of the soil
solutions extracted using the centnifugation techmque were
generally greater due to the higher concentrations of Zn present
(Figs 2 and 3) The latter was particularly apparent for Insch
so1l, in which the luminescence of the biosensor did not even
drop to half 1ts control level (Fig 3)

The non-linear regression analyses showed that the con-
centrations of Zn?* and total Zn in Boyndie soil solution
accounted for 81 and 85% of the vanance 1n the luminescence
response of the biosensor, respectively (Fig 2a and 2b) The
concentrations of Zn2* and total Zn n Insch soil solution
accounted for 96 and 97% of the vanance in the luminescence
response of the biosensor, respectively (Fig 3a and 3b) The
EC,s and ECsp values for Zn and Zn2* were of the same order
of magnitude as those quoted by Chaudn er al ** (Table 6)

Evaluation of extraction techniques

An 1deal soil solution extraction technique would enable the
solution phase to be extracted from the solid phase in sufficient
quantities for the desired chemical and biological assessment
There are a number of extraction techniques avatlable and their
advantages and disadvantages have been summarised
(Table 1) In this study, 1t was shown that the composition
of the so1l solution extracted using the centrifugation technique
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was significantly different from that denived by the Rhizon
sampler technique In assessing a suitable extraction technique
the following key attributes were constdered important (a) the
technique should enable the extraction of a representative soil
solution, (b) sample preparation should be rapid, reproducible
and simple to admunister, (c) the technique should be rehable
and inexpensive, and (d) there should be minimal adsorption of
material onto the surfaces of the equipment

The centrifugation technique resulted in a soil solution witha
higher concentration of Zn and Cd than the Rhizon sampler
techmque These differences are certainly due to the mechanism
involved in extracting the soil solution In the centrifugation
technique a vanable matric potential, which 1s a function of the
force of centrifugation, 1s imposed on the sample to extract the
solution from a broad range of pore sizes However, in the
Rhizon sampler technique, a constant matric potential lower
than that of centrifugation is used to extract the soil solution
So1l water is removed from the pores and the physical structure
of the sample remains intact, hence the desorption/sorption
characteristics of the matrix are controlled.

One of the advantages of the Rhizon sampler technique, 1n
comparison to centrifugation, 1s that 1t can be successfully
applied 1n the field Furthermore, the Rhizon sampler
technique has been described as mimicking the physical
aspects of plant uptake, with the porous plastic rod nserted
into the soil acting like a root The Rhizon sampler technique
1s particularly applicable where a large number of samples
need to be extracted simultaneously since the labour and
equipment requirements would be less than for the centri-
fugation technique On this basis, the Rhizon sampler
technique 1s a more versatile extraction technique and
more suitable for determining the bioavailable fraction of
metals 1n soils
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Table 6 Critical Zn valucs resulting 1n a decreasc in luminescence of the
E coli HB101 pUCD607 biosensor

Zn?*/mgL™! Total Zn/mg L")
So1l solution ECys ECso ECys ECso
Boyndie NA? 1152 NAY 1862
Insch 387 541 61! 662

“NA, not available

Conclusion

There 1s an urgent requirement to assess the efficiency of
techniques used to extract interstitial pore waters from soils,
both for nutrient and toxicity assessment In this study it was
shown that soil solutions extracted using centrifugation had
different chemical and ecotoxicological characterstics to soil
solutions extracted using a Rhizon sampler Furthermore, the
trends observed between the two extraction methods differed
between soils It 1s therefore crucial that the method used to
extract the soil solution is carefully considered prior to
estimating the level of pollution 1n soil The apphcation of
ecotoxicity tests to soil solutions can only be adequately
mterpreted after a comprehensive understanding of the benefits
and lmitations of the extraction techmques commonly used to
obtain them has been achieved

References

U Wahle and W Kordel, Chemosphere, 1997, 35, 223

R Debus and K Hund, Chemosphere, 1997, 35, 239

D L Sparks, Soid Sct Soc Am J, 1984, 48, 514

G Sposito, The chemustry of souls, Open Umiversity, New York,
1989

J C Vedy and S Brucket, in Constituents and properties of souls,
Academic Press Inc, New York, 1982, pp 184-213

J Grossmann and P Udluft, J Sod Sct., 1991, 42, 83

F Adams, C Burmester, N V Hueand F L Long, Soid Sct. Soc
Am. J, 1980, 44, 733

J W Wendt, Commun Sod Sci. Plant Anal , 1992, 23, 764

J Woit and J G Graveel, Soi Sei Soc Am. J, 1986, 50, 602
G G S Holmgren, R L June and R C Geschwender, Soil Sct.
Soc. Am. J, 1977, 41, 1207

A Mubarak and R A Olsen, Sod Sci. Soc. Am. J , 1976, 40, 329
B R Whelan and N J Barrow, J Environ. Qual., 1980, 9, 315
D G Kmniburgh and D L Miles, Environ Sci. Technol , 1983,
17, 362

~N w SN -

(=1 -N- ]

11
12
13

96 J Environ Monut , 2001, 3, 91-96

14
15

16
17

23
24
25
26
27

28
29

30
3l

32
33

35

36

37

38
39

40

41

89

G P. Gillman, Div Soils Rep No 16, CSIRO, Austraha, 1976
D H Thibault and M 1 Sheppard, Commun Soid Sci Plant
Anal , 1982, 23, 1638

J A Kittrick, Soil Sct Soc Am J, 1983, 47, 1045

D C Edmecases, D M Whecler and O E Clinton, Aust J Soi
Res , 1985, 23, 151

E A Elkhatib,O L Ennctt, V C Baligar and R J Wnght, Soi/
Sct Soc Am J, 1986, 50, 297

E A Elkhaub,) L Hernand T E Staley, Soil Sct Soc Am J,
1987, 5, 578

D L Rossand R J Bartlett, J Environ. Qual , 1990, 19, 108
G Wagner, Soil Sci, 1962, 94, 379

E A Hansenand A R Hams, Soi Sar Soc Am Proc , 1975, 39,
528

C N Smuth and R F Carsel, Sot Sct Soc Am J, 1986, 50,
263

W H Hendershot and F Courchesne, J Soil Scr, 1991, 42, 577
C L Creasey and S J Dretss, Sod Sci., 1988, 145, 93

R D Mornson, Soil Sct, 1982, 134, 206

J Yanal,, S Araki and K Kyuma, Soi Sct. Plant Nutr , 1993, 39,
737

D L Jones and A C Edwards, Plant Soil, 1993, 150, 157

B P Kmight, A M Chaudn, S P McGrath and K E Guller,
Environ Pollut , 1998, 99, 293

R A. Dahlgren, Soil Sci Plant Anal, 1993, 24, 1783

S P McGrath, B Knight, K Killham, S Preston and G 1 Paton,
Environ Toxicol Chem , 1999, 18, 659

B P Kmght and S P McGrath, Environ. Toxicol Chem , 1995,
14, 2033

R Petersen, Environ Sci Technol , 1982, 16, 443

W G Sunda, D W Engel and R M Thuotte, Environ Sct.
Technol , 1978, 12, 409

A M Chaudn, B P Kmght, V L Barbosa-Jefferson, S Preston,
G I Paton, K Killham, N Coad, F Nicholson, B J Chambers
and S P McGrath, Environ Sci. Technol , 1999, 22, 1880

G I Paton, E A S Rattray, C D Campbell, M S Cresser,
L A Glover,J.C J Meeussen and K Killham, in Biowndicators of
Soil Health, Use of g lly modified microbul b s for soil
ecotoxicity testing, ed C S Pankhurst, B Doube and V Gupta,
CAB Int , Wallingford, Oxfordshire, 1997

J W. Hastings, C J Potnkus, S C Gupta, M Kurfurst and
J C Makemson, Adv Microb Physiol , 1985, 26, 235
MAFF/DoE, Review of the rules for sewage sludge application to
agricultural land. Soul fertility aspects of potentially toxic elements,
Report of an independent scientific commttee, MAFF Publica-
tions, London, 1993

P E Holme, T H Chnstensen, J C Tjell and S P McGrath,
J Environ Qual, 1995, 24, 183

E A S Rattray,J I Prosser, K Killham and L A Glover, Appl.
Environ. Microbiol., 1990, 56, 3368

S Sousa, C Duffy, H Weitz, L A Glover, E Bar, R Henkler and
K. Killham, Environ. Toxicol. Chem., 1998, 17, 1039.




FEMS Microbiology Letters 176 (1999) 79-83

'y

EEMS

MICROBIOLOGY
LETTERS

Assessment of lux-marked Pseudomonas fluorescens for reporting
on organic carbon compounds

Catrin V. Yeomans ¢ *, Fiona Porteous ¢, Eric Paterson b Andrew A Meharg ¢,
Kenneth Killham ?

* Department of Plant and Soil Science University of Aberdeen Aberdeen AB24 3UU UK
Y Macauday Land Use Research Instiute Craigiebuckhler  Aberdeen ABIS SQH UK
< Instuute of Terrestrial Ecology Monks Wood Abbots Ripton fluntngdon PEI7 2LS UK

Receved 22 January 1999, receved n revised form 8 April 1999 accepted 29 April 1999

Abstract

Carbon-flow from plant roots to the rhizosphere provides a major source of nutrients for the soil microbial population
However, quantification of carbon-flow 1s problematic due to 1ts complex composition This study investigated the potential of
lux-marked Pseudomonas fluoi escens to discriminate between forms of carbon present mn the rhizosphere by measuring the light
response to a range of carbon compounds Results indicate that bioluminescence of short-term carbon-starved P fluorescens 1s
dependent upon the source and concentration of carbon This system. therefore, has the potenuial to both quanufy and quahfy
organic acids present 1n rhizodeposits  © 1999 Federation of European Microbiological Societies Published by Elsevier

Science BV All rnights reserved

Kevwords  Bioluminescence, C-flow  Pseudomonas fluorescens Rhizosphere  Starvation

1. Introduction

The flow of organic compounds from living roots
to the rhizosphere supports microbial communities
that are typically more actine, more abundant and
have a distinct species composttion, than those in
non-rhizosphere soil {I] The wide range of com-
pounds released from roots 1s termed rhizodeposition
and includes exudates, secretions, sloughed cells and
gases 2] C-flow 1s of fundamental importance to
microbial activity, ecosystem functioning and agri-
cultural productivity Accurate measures of flow of

* Corresponding author Tel +44 (1224) 273725,
Fax +44 (1224) 272703, E-mail ¢ veomans@abdn ac uk

root dertved C through the microbial biomass are,
therefore. essential to our understanding of these
processes 3]

The quantity and quality of rhizodeposition are
affected by below ground conditions such as root
impedance [4], nutrient status [5] and the presence
of rhizosphere microbial populations [6] Microbial
populations transform rhizodeposits, complicating
interpretation of the origin of organic compounds
Simple measurements of total soil respiration cannot,
therefore. distinguish CO» due to microbial mineral-
1sation of organic compounds from CO, due to root
respiration

A numbet of approaches have been used to quan-
ufy rhizodeposition such as isotopic labelling tech-

0378-1097/99/520 00 © 1999 Federation of European Microbiological Socicties Published by Elsevicr Suence B VAl nights reserved
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mques nvolving 'C and YC [78] which lead to
approximations of total organmic C mputs from roots
[9]. and bacterial N,O production as an indication of
bacterial metabolism [10]

Reporter gene technology offers the potental to
assess C-flow through microbes Lur-marked bacte-
na have been used to study root colonisation (1]
and to report on the survival and metabolic acuvity
of bacteria 1n soil [12}] Reporter bacteria which are
selected to express their signal 1n direct proportion to
their metabolic activity would be of great value n
quantifying C flux through a microbial component
associated with roots After validation, using tech-
niques such as CO, labelling. such reporters could
provide a basis for parutioning respiratory CO, flua
of plant fixed C into the contributions made by root
respiration and munerahsation of rhizodeposits by
rhizosphere microorganisms

The aim of this study was to investigate the re-
sponse of a lux-marked, ubiquitous. rhizosphere bac-
terium (Pseudomonas fluorescens 10586 pUCD607)
to the principal components of rhuzodeposition {13},
and to whole root matenal collected from wheat
plants The potential use of such reporter systems
to determine the quality and quantity of organic car-
bon 1n samples was assessed

2. Materials and methods
2 1 Bacterial strain and growth conditions

P fluorescens 10586 pUCD607 (luxCDABE from
Vibrio fischeri, kan®, amp®) [14] was grown mn LB
broth at 25°C, 200 rpm LB agar plates contamned
1% (wlv) bacteriological agar Kanamycin was added
(50 pg mi™!) to the growth medium and agar plates

22 Starvation conditions

Late exponential phase cells of P fluorescens
10586 pUCD607 were harvested by centrifugation
(5 min, 10000Xg), the supernatant decanted and
cells resuspended 1n an equal volume of C-free M9
mimimal medium (Difco) containing 50 pg ml™! ka-
namycin This process was repeated and the final cell
suspension shaken (200 rpm) in C-free M9 contain-
mg 50 pg mi~! kanamycin for 4 h at 25°C The
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activity of the cells duning short-term C starvation
was momtored at 30 min intervals by removing sam-
ples for luminometry tcadings and removing samples
every 60 mun for dilution plate counts of colony
forming units

23 Curbon substrates

All solutions were prepared in C-free M9 mmmal
medium using acid washed glassware Solutions of
glucose, glutamic acid and succimic acid were pre-
pared at concentrations ranging from 0 1-50 mM
C An extract of root material was also prepared
from wheat root systems {15] that had been dried
at 70°C, ground and stored at 4°C until required
for use A suspension of root matenial was made in
C-free M9 medium (50 g I™1), and filtered through
02 um filters

24 Chemical analysis of soluble wheat root carbon

The chemical composition of soluble wheat root C
solution was analysed using anthrone to determine
total reducing sugars [16], reverse phase HPLC for
free amino acids (phenyl thiohydanton derivatisa-
tion and spectrophotometric detection) and free or-
ganic acids (refractive index detection) Total organic
carbon was measured using a Labtoc analyser (Pol-

“ution and Process Monitoring, Sevenoaks, UK)

25 Bioassay protocol

One ml aliquots of cells starved for 2 h were added
to 9 ml of C solution n a stenle acid washed Uni-
versal bottle The cells and C solution were thor-
oughly mixed and incubated at room temperature
for 30 min After 30 mun, light output from 1 ml
samples was recorded Samples were also removed
for serial dilution plate counts of colony forming
units  All assays were carried out i triplicate.

26 Lunminomety

Light output was measured using an automated
BioOrbit 1251 lurminometer (Labtech International,
Uckfield, UK) with a Multiuse software package
Light output from | ml samples was integrated
over a 10 s peniod and results recorded as the means
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of triplicate samples Luminescence was expressed as
relative hight umits (RLU), 1 relative light umit being
equivalent to 1 mV 10 57!

27 Curve fitting

Dose-response curves for percentage increase mn
bioluminescence at different concentrations of C sub-
strate were fitted for each C substrate to the means
of three replicates using a Michaehs—Menten rectan-
gular hyperbola equation ¥V and Ky were calcu-
lated for each response by non-linear regression
(r=AVK+x) [17]

3. Results
31 Starvation in M9
The bioluminescence of P fluorescens 10586

pUCD607 decreased rapidly over a 4 h penod
when starved in C-free M9 medium Bioluminescence

fell fiom dan tnitial valuc of approximately 95000
RLU to less than 100 RLU mn 3 h (Fig 1) Cell
number did not change over this time, mdicating
that the reduction in hght output was due to a de-
crease 1 metabolic activity tather than cell death
Cells starved for 2 h were used in broassays

32 Chemucal analysis of soluble root materal

Reducmg sugars compuised 93 5% of the soluble
wheat root C, by mass balance The remaining 6 5%
consisted of low molecular mass orgamc acids

33 Response of P fluorescens 10586 pUCD607 to
different carbon souices

Cetl number did not ncrease over the 30 mn -
cubation period (data not shown), mdicating that an
increase in bioluminescence was due to increased lev-
els of metabohic activity per cell in the microbal
suspenston Results are expressed as a percentage
mncrease 1n bioluminescence above that of a control
bioassay contaming no added C source. All C sour-
ces tested resulted in an uicrease mn bioluminescence
of P fluorescens 10586 pUCDG607 after 30 mimn incu-
bation at room temperature The results show typical
Michaelis—-Menten kinetics, apart from those for glu-
tamic acid which at low C concentrations exhibits a
sigmoidal response Each C source gave a character-
1stic response, Vyax and K, value (Table 1) The
response curve for hight output from P fluorescens
10586 pUCD607 to the soluble wheat root C was
similar, over the same concentration range, to that
observed for glucose (Figs 2-5)

4. Discussion

The lux-marked P fluorescens 10586 pUCD607

Table 1

Light output of P fluotescens 10586 pUCD607 1n the presence of different carbon sources

Carbon source Vi (RLU) Ky (mM)
Glucose 2913 + 147 15741195
Glutamic acid 2682 £ 3770 34%022
Succinic acd Tit4 026007
Soluble wheat root 2462+ 277 1104+388

Results are expressed ds means of triphicates £ the standard error of the medan
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Fig 2 Bioluminescence response of log phasc P fluorescens
10386 pUCD607 starved in carbon-free M9 mumimal medwum for
2 h 10 a 30 mun exposure to varymg concentrations of glucose at
room temperature Results are expressed as means of triplicates
(®) and the hine shows the Michaehs—-Menten equaton fitted to
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provided a characteristic bioluminescence response
to a sugar, an amino acid and an organic acid, dem-
onstrating the potential of this system to differentiate
between different forms of C Soluble wheat root C
used in this experiment was considered to accurately
refiect components of rhizodeposition [2}, indicating
that the system 1s applicable to actual samples of
rhizodeposits. The hight response to root C approxi-
mated that for giucose, which gave similar responses
to those for sucrose and fructose (data not shown),
suggesting that the composition of the soluble root C
was predominantly reducing sugars This was veri-
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Fig 3 Biolummescence response of log phase P fluorescens
10586 pUCD607 starved in carbon-free M9 minimal medium for
2 h 10 4 30 mun exposure to varymg concentrations of succinic
dud dat room temperature Results are expressed as means of
triplicates (@) and the hine shows the Michaelis—-Menten cquation
fitted to these results
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Fig 4 Bioluminescence response of log phase P fluorescens
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2 h 1o ¢ 30 min exposure to varying concentrations of glutamic
acid at room temperature Results are expressed 4s means of
triphcates (®) and the line shows the Michaelis-Menten equation
fitted to these results

fied by chemical analysis of the root material, indi-
cating the potential of this system to both quanufy
and qualify rhizodeposiion By comparing the bio-
luminescence response of P fluorescens 10586
pUCD607 obtained from rhizodeposits to calbra-
tion curves of a wide range of C compounds, the C
composition of rhizodeposits could be elucidated
These preliminary results show that the fux rhizo-
bacterial reporter system developed offers potential
for investigation of rhizosphere C-flow, although fur-
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Fig 5 Bioluminescence response of log phase P fuorescems
10586 pUCD607 starved in carbon-free M9 minimal medium for
2 h to 4 30 min exposure to varying concentrations of soluble
wheat root carbon at room temperature Results are expressed as
medans of triphicates (@) and the hne shows the Michaelis—Menten
equation fitted to these 1esults The result 15 compared to the M-
chachis-Menten equation fitted to results obtamed for glucose
(dotted hine)
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ther 1n vitro studies are required to examine the ef-
fect of a wider range of C compounds and nuxed C
sources on bioluminescence In addition, the icla-
tionship between microbial assimilation of C com-
pounds. respiration and light output should be ex-
amined

This novel techmique to monitor C-flow through
microbes can be exploited in several ways to lead to
a greater understanding of C flux within the rhizo-
sphere Changes in both the quantity and quality of
rhizosphere C-flow aflect microbial activity in soil
[18] and although the effects of light intensity and
CQ, level on root exudation [19,20] have been nves-
tigated, qualitative changes in the concentration of
sugars, amino acids and organic acids have not been
measured Root exudates can be collected from
plants grown under controlled conditions 1in micro-
cosms [21], enabling the P fluorescens 10586
pUCD607 bioassay to determine the carbon compo-
sition of rhizodeposits harvested from plants grown
under different environmental conditions The ap-
proach described also has the potential to quantfy
the impact of individual bactenal species on rhizo-
sphere C-flow

Rhizobactena could, theoretically, be tagged with
a variety of genes allowing an even more powerful
means of studying rhizosphere C fluxes with different
reporters under the control of different promoters,
although the genetic burden placed upon cells may,
in practice, lmit this approach The use of different
reporters i conjunction with luciferase systems
could produce rhizobacteria that express different.
quantifiable, phenotypes in the presence of different
forms and concentrations of C which would lead to
much greater resolution of C-flow through the rhizo-
sphere
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