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Abstract—A potential nitrification rate test (PNR) was used to identify metal toxicity in field-contaminated soils. The test was
applied to metal sali-spiked soils, to 27 uncontaminated soils, and to 15 soils that are contaminated by former metal smelting
activities. Four agricultural soils (pH 4.5-6.6) were spiked with various rates of CdCl, (0-200 mg Cd/kg dry wt) or ZnCl, (0~
3,000 mg Cd/kg dry wi) and were equilibrated more than nine months prier to testing. The soil Zn EC50s of the PNR were between
150 and 330 mg Zn/kg dry weight. No continuous decrease of the nitrification with increasing Cd application was observed. The
mitrification rate was reduced by between 50 and 80% at the highest Cd application in all soils. The PNRs of 27 uncontaminated
soils varied widely (0-21 mg N/kg/d), but most of this varisbility is explained by soil pH (R? = 0.77). The PNRs of the i5
contaminated soils were 0 to 44% of the values predicted for an uncontaminated soil at corresponding pH. Significant toxicity in
field-contaminated soils was identified if the PNR was outside the 95% prediction interval of the PNR for an uncontaminated soil
at corresponding pH and was found in seven soils. These soils contain 160 to 34,000 mg Zn/kg dry weight and 3 to 104 mg Cdf
kg dry weight and had a pH >5.7. No toxicity could be detected below pH 5.6, where even a zero PNR value is within the
95%prediction interval of uncontaminated soils. It is concluded that the nitrification is sensitive to metal stress but that its power
as & soil bioassay is low because of the high variability of the endpoint between sncontaminated soils. The ecological significance

of the assay is discussed. -
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INTRODUCTION

Nitrification is the conversion of ammoninm (NHj) to ni-
trite (NO7) and then to nitrate (NO5), Nitrification is performed
by a specific group of microorganisms, that is, Nitresomonas
spp. for the oxidation to NO5 and Nirrobacter spp. for the
oxidation of NQ7 to NOj. Nitrification is a4 process that is
affected by metals in soil [1-5], For example, zinc applications
as low as 100 mg Zn/kg have been shown to reduce the initial
nitrification rate to about 65% of that in the unamended soil
[5].

Because of its sensitivity to metal contamination and its
key role in nitrogen cycling, nitrification is a process that can
be used in hazard assessment of chemicals in soil. The term
“nitrification potential” is commonly used for nitrification in
soil at saturating substrate concentrations, that is, the nitrifi-
cation observed immediately after adding NH; as the substrate
£2,3,5,6]. The soil nitrate concentrations are subsequently mea-
sured after incubation periods that can vary from a few hours
to 50 d [1,6]. The accumulation of NQ;-N is also used as an
endpoint, although this intermediate is found only in tests per-
formed in suspensions [6] or in calcareous soils [2]. The In-
ternational Organization for Standardization (ISO, Geneva,
Switzerland) lists ISO 14238 [7] as a 28-d soil incubation test
where the nitrification rate is used as an endpoint after adding
100 mg NH#-N/kg soil as substrate.

The nitrification rate strongly varies with soil properties in
uncoataminated soils. Laboratory tests show that nitrification
rate is slow in acid soils [1,8]. The nitrification rate is also
reduced at elevated soil nitrate content {9] and at high seoil
moisture coatent [10]. This variability is excluded when testing
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laboratory-contaminated soils relative to uncontamninated con-
trol samples at standard environmental conditions. For the pur-
pose of screening soil quality, however, a need exists to know
the expected value of the nitrification rate for uncontaminated
soils. This can be achieved from a survey of this process in
uncontaminated samples. Screening soil quality in the field
could be a useful tool in risk assessment or in monitoring
remediation activities.

This paper addresses the use of the potential nitrification
rate (PNR) for screening toxicity in contaminated soils. The
PNR is measured in a wide series of uncontaminated and con-
taminated soils and tested at standard conditions in the labo-
ratory. The contaminated soils include soils that are spiked in
the laboratory with Cd and Zn salts and field-contaminated
soils (mixed metal pollution). The varability of the PNR in
uncontaminated soils is related to soil properties, and this re-
lationship is used to determine if the PNR of a contaminated
soil indicates toxicity.

MATERIALS AND METHODS
Soil sampling and treatment

Two groups of soils were collected in this study: 27 un-
contaminated soils and 15 soils contaminated by former smelt-
er activities (feld-contaminated soils). The uncontaminated
soils were collected in Belgium in August 1997 (soils [-4) ar
in August 1998 (soils 5-27). The soils include a variety of
agricultural soils and forest soils (Table 1). Total Cd and Zn
concentrations in these soils (Table 1) were below the baseline
concentrations of Flemish soils, which are defined as 90th
perceniiles of >4350 soil samples collected in arable land, for-
est, and fallow and pasture, well away from point metal sources
[11}. Scils 12 and 14 have Zn concentrations above the base-
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Tabie 1. Selected characteristics of the uncontaminated soils
Agua regia soluble
metals {mg/kg)
pH CaCl, CECpH 7

Sample Land use (0.0 M) % C % Clay {cmaol/kgy Cd Zn
1 Pasture 4.4 2.8 1 7.8 0.36 32
2 Pasture 5.0 L5 7 g5 0.27 45
3 Arable land 6.6 1.1 10 6.5 0.10 28
4 Arable land 6.6 0.9 17 10.2 0.20 47
5 Pine forest 3.0 3.4 NMb 2.0 0.10 19
[ Arable land 7.0 1.6 NM 11.7 0.64 80
7 Arable land 6.6 1.0 NM 6.8 0.38 39
8 Lawn 7.0 1.5 NM 6.7 0.52 61
9 Arabie land 4.8 1.1 NM 3.9 0.41 47
10 Riverside 6.6 2.5 NM 8.8 0.91 152
11 Forest 0.9 2.8 NM 12.6 0.31 44
12 Riverside 7.0 3.2 NM 11.8 0.96 166
13 Arable land 7.1 1.4 NM 9.4 0.29 41
14 Grassland 6.4 1.5 NM 7.8 0.32 T
15 Pine forest a1 31 NM 8.6 0.13 30
16 Lawn 6.2 2.9 NM 8.4 0.61 99
17 Arable land 5.6 0.9 NM 24 0.39 43
18 Forest 32 1.8 NM 5.8 0.14 31
19 Forest 315 1.4 NM 6.1 0.12 60
20 Arable land 7.5 2.4 NM 7.6 0.41 67
21 l.awn 5.1 1.7 NM 5.0 0.24 38
22 Forest 35 1.2 NM 54 0.05 24
23 Forest 3.7 1.3 NM 4.2 0.07 32
24 Forest 3.9 2.4 NM 6.7 0.13 34
25 Grassland 4.7 1.5 NM 7.4 0.49 38
26 Grassland 4.8 29 NM 6.3 0.80 65
27 Arable land 3.9 1.0 NM 7.2 0.29 59

* CEC = cation exchange capacity.
*NM = not measured.

line concentrations. These soils were sampled on riversides
that typically have elevated metal concentrations [12]. 1t is
unknown if the elevated Zn is from anthropogenic or from
natural origin. The FNRs of both soils are among the highest
among the uncontaminated soils at corresponding pH, indi-
cating that Zn is' not causing an adverse effect (details not
shown). Soils I to 4 were used for dose—response analysis and

were spiked with Zn and Cd in the laboratory (see the follow-
ing discussion). The field-contaminated soils were coliected
in Belgium in September 1998 and include also a variety of
agricultural soils and forest soils (Table 2),

All soils were air dried and sieved (2 mm) and were stored
at least for one month prior to testing the PNR. The four soils
used for dose-response analysis were rewetted with deionized

Table 2. The potendal nitrification rate (PNR) in 15 contaminated soils, sorted by soil pH. The PNR is compared with the value expected for
an uncontaminated soil at corresponding pH (regression model Eqn. 1)

Aqua regia soluble metals
(mgfkg dry wt)

PNR (mg N/kg d}

pH Call, CEC pH 7 Expected % af
Sample Land use 0ol M) HC % Clay (cmaol/kg) Cd Zn Observed (93% PI) expected
28 Bare 3.6 2.7 10 2.0 7 129 0.4 0.8 (7.3) 44b
20 Lawn (park) 4.2 2.8 10 1.8 10 93 0.7 2.0 (7.4) 33k
30 Roadside 4.3 5.9 13 1.9 11 545 -1.1 2.1 (7.4) <k
31 Pasture 5.1 7.1 27 21.4 20 229 0.5 4.8 (7.3) Qe
32 Pasture 5.5 5.9 38 239 21 164 1.6 6.8 (7.3) 23k
33 Natural grassland 5.6 2.5 [1 4.2 9 720 32 7.6 (1.4) 41k
34 Pasture 5.6 6.3 21 18.3 19 650 1.6 7.7 (7.4) 215
is MNatural grassland 5.7 1.7 13 3.1 8 603 2.4 8.0 (7.4) 30k
36 Arable kand 5.9 3.1 11 5.8 11 987 0.7 9.2 (7.4) 7e
37 Arable fand 3.9 2.4 11 6.1 7 473 -0.1 9.3 (7.4) -1
38 Lawn (residential) 5.9 3.8 NM? 6.1 20 326 -0.4 9.5 (7.4) —4¢
39 Pasture 6.1 6.8 30 24.6 10 160 1.5 10.3 (7.4) 14
40 Forest 6.2 3.1 10 31 104 34,100 1.2 10.8 (7.4) 11
41 Industrial site 6.2 29 10 0.7 32 3,630 0.8 10.8 (7.4} e
42 Pasture 7.0 5.0 25 16.2 5 352 2.0 17.2 (1.5) 11c

2 CEC = caticn exchange capacity.
® Not significantly different from uncontaminated soil at same pH.

¢ Value outside the 95% prediction interval (P} for uncontaminated sails.

U NM = not measured.
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Table 3. Effect of soil properties on the potential nitrification rate
(PNR, mg N/kg d) in 27 uncontaminated soils. Results of stepwise
multiple regression; all variables are significant at the 0.05 level

Partial Madel

Step Soil variable R R?
1 pH 0.77 0.77
2 % C 0.10 0.87
3 CEC (cmol /kg)* 0.02 0.89
PNR = —23.4 + 4.2 pH + 2.0%C
+ 0.6 CEC

¢ CEC = cation exchange capacity.

water containing appropriate amounts of Cd?* and Zn?* as their
chloride salts to obtain a range of soil metal concentrations
(control and six treatments). The metal salts were applied at
arate of 2, 20, and 200 mg Cd/kg, or 300, 600, and 3,000 mg
Zn/kg dry weight. The control soils were rewetted with de-
ionized water only and were further treated similarly as the
metal-spiked soils. In soil 4, we included three additional pH
treatments (the original pH and two lower pH values) using
35 and 60 mmol H*/kg based on H,50,. These three pH treat-
ments were applied to all seven metal treatments, The final
moisture contents of the soils were 219% (soil 1), 22% (soil
2}, 20% (soil 3), and 21% (soil 4). All soils were mixed after
spiking, and the samples were stored in darkness for 7 d at
25°C followed by a drying/rewetting cycle during 7 d (plant
growth chamber). The soils were subsequently stored at 4°C.
The toxicity tests were performed between 9 and 19 months
after spiking the soils.

Soil characteristics

The soil texture was determined with the pipette method
after soil sample pretreatment and sand removal [13]. Soil pH
was measured in CaCl, 0.01 M in a solid/liquid (S/L.) ratio of
1:2.5 after overnight equilibration. The cation exchange ca-
pacity (CEC) was measured using silver thiourea as the index
cation in a 0.1-M NH,QAc buffer at pH 7.0 {14]. Total carbon
was measured by dry combustion (solid sampler analyzer CA
100, Skalar, Breda, The Netherlands). The soil metal concen-
trations were measured after an aqua regia digest and either
flame atomic absorption spectroscopy (FAAS), graphite fur-
nace atomic absorption spectroscopy (GFAAS, deuterium
background correction and 17.4-mM H,PQ, as modifier), or
inductively coupled plasma/optical emission spectroscopy.
The water holding capacity was determined by submerging a
soil-filled (50-g) cylinder with a perforated base (covered with
a filter paper) in a water bath for 3 h at room temperature and
subsequently allowing the water to drain avernight on a tray
of sand. The water content was determined after drying at
105°C. All soil properties are expressed on an oven-dried
{105°C) weight basis (Tables 1 and 3). Soil solution was sep-
arated by cenirifugation (£,100 g, T h) and filtered {(.45 m).
The metal concentrations in soil solution and in soil digests
were measured with FAAS, The Cd concentrations below 0.1
mg/L. were measured using GFAAS. Soil properties of the
spiked soils were measured after the spiking and a 14-week
equilibration period.

Potential nitrification rate

Soil samples (~200 g) were incubated in darkness at 25°C
for 7 d in closed 1.5-L containers prior to substrate addition.
The soils were amended with 100 mg NH,-N/kg dry weight
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Fig. 1. Soil nitrate concentration: after addition of 100 mg NH,-N/kg
dry weight in soil 4 a1 pH 6.6 and zat three Zn addition rates. ® =
control; O = 300 mg Zwkg dry weight; + = 600 mg Za/kg dry
weight; X = 300 mg Zn/kg dry weight,

fas (NH,),50,] through a stock solution containing 80 mg
(NH,),S0,/ml. Additional dejonized water was added to adjust
soil moisture content to 60% of water holding capacity. The
soil was subsequently mixed and incubated as 200-g aliquots
in 1.5-L closed containers at 25°C. Subsamples were taken at
0, 2, and 4 d after substrate addition (20 g, three replicates).
The soil nitrate was measured colorimetrically in a filtered soil
extract (1 M KCl, 1:5 solid:liquid ratio, 2 h end-over-end shak-
ing).

Statistics

The potential nitrification rate was calculated as the slope
of the regression of soil nitrate to time, The lowest-observed-
effect dose (LOED, the lowest added metal concentration sig-
nificantly affecting the process) in the spiked soils was deter-
mined using a r test (p << 0.03) on the PNR between treatment
and control. The standard error of the difference between PNR
values was calculated from the standard errors of each slape.
All PNR values above the LOED were always significantly
lower than the control. A logistic equation [15] was fitted to
the PNR-log{metal concentration) data (measuared metal con-
centrations, not the dose) using the Marquardt method (proc
NLIN, 8AS® 6,12, Cary, NC, USA). The EC50 (effect con-
centration causing a 50% reduction in the PNR) and its 95%
confidence interval were derived from the appropriate param-~
eter of the logistic equation and its standard error, respectively.
Significant toxic effects on PNR in the field-contaminated soils
are determined as explained in the Results and Discussion
sections.

RESULTS

The soil nitrate concentration increases in a linear fashion
after NHy addition in all soils, except at high metal application,
where nitrification is completely impaired (e.g., soil 4, Fig. 1).
The soil nitrate content at day 0 was larger in the control
samples of soils 1, 2, and 4 than in corresponding metal-spiked
soils (e.g., soil 4, Fig. 1). This variability is most likely the
result of metal toxicity on N-mineralization and nitrification
during the more than nine months of storage after metal spik-
ing. No such tread was, however, found for scil 3. Nitrification
rate was always measured from the increase in soil nitrate
during the 4-d test and not based on the final nitrate content
after 4 d. The highest differences in soil nitrate content at day



2472 Environ. Toxicol. Chem. 20, 2001

14 4
12 .
10 ]
o
- 8 4
2
= 5
o
E
x4 A
&
2
O 3
10 100 1000 10000

Total Zn in soll (mg kg™

Fig. 2. The potential nitrification rate (PNR) in the control and Zn-
spiked treatments of soil 4 at natural soil pH (A = pH 6.6) and at
two adjusted pH values (X = pH 6.3; @ = pH 5.9). The soil pH refers
to that of the nnspiked soil.

0 between contaminated soils and contrel soils amounted to
122 mg NOy-N/kg dry weight (soil 1, difference between con-
trol and highest Zn rate). Soil I {control} also contained the
highest nitrate concentrations {(~130 mg NO;-N/kg dry wt) of
all 27 uncontaminated soils. The nitrification rate was more
difficult to quantify in that soil, as seil nitrate concentration
increased only by about 20 mg NO37-N/kg dry weight during
the 4 d of incubation.

The nitrification rate was reduced through the addition of
nitrate in preliminary experiments. The addition of 80 mg
NQO3;-N/kg dry weight (as KINO, in solution) to soil 4 reduced
the PNR by 38%. In soil 2, PNR was reduced by 34% after
addition of 78 mg NOj-N/kg dry weight,

Preliminary experiments showed that the sensitivity of the
test decreases if the nitrification test is measured in a 0- to 10-
d interval. This may be related to the limitations in NH} sub-
strate. Analyses of the summed NH;-N and NO3-N contents
in soil showed significant detectable ammonification starting
from 6 d after NH} addition. In the 4-d test, less than 56% of
the added NHf-N was transformed into nitrate-N. Wilson [5]
monitored nitrification in three soils for seven weeks after
adding 100 mg N/kg as NH,Cl. The soil nitrate content was
significantly lower at 100 mg Zn/kg during weeks 2 and 3

E. Smolders et al.

after substrate addition, but this effect was not cbserved at the
end of the incubation, when most of the substrate was depleted
in all treatments.

Nitrification rate is sensitive to metal stress, but the vari-
ahbility in PNR between control soils may exceed the effects
of metal stress. Figure 2 shows the effect of added Zn an PNR
for soil 4 at three soil pH values (pH 6.6-3.9). The PNR of
the soil at highest pH was significantly reduced by 8§1% at the
lowest Zn rate (300 mg/kg dry wt). The PNR of the unspiked
soil that was acidified to pH 5.9 was also reduced by 74%,
significantly lower than the unspiked soil at pH 6.6, clearly
illustrating the well-known effect of soil pH on nitrification
{1,8]. The metal application, however, also reduced soil pH,
and this was most pronounced in the Zn treatments of soil 3,
where pH was reduced from 6.6 (control) to 5.3 at the highest
Zn rate. The decrease of the PNR can partly, but not com-
pletely, be related to the decrease in the soil pH on metal
addition. Seil pH in soil 4 (not acidified) was reduced from
pH 6.6 to 6.4 at the lowest Zn rate (300 mg/kg), at which the
PNR was 81% lower than in the control. The PNR in the
control soil acidified to pH 6.3 was 56% lower than at pH 6.6
(Fig. 2).

Significant effects of Zn on PNR were found at the lowest
{soils 2-4) or second-lowest (soil 1) Zn rate at which PNR
was over 50% lower than in control treatments (Table 4). There
was a dose-response relationship between PNR and soil Zn
concentrations in all four soils (details not shown). The esti-
mated EC50 values are between 150 and 350 mg Zn/kg dry
weight, or, on a pore-water basis, between about 2 and 200
mg Zn/L. No indicatien existed that Zn was more toxic in the
most acid s0il 1 than in soils with pH 6.6 (soils 3 and 4). The
Zn median effective concentration {(EC50) values, expressed
on a pore-water basis, were highest in the most acid soils
because total Zn EC50 values were similar across soils and
pore-water Zn markedly increases with reducing soil pH.

The response of the PNR to Cd was maore variabie between
soils and rates than in the case of Zn. The highest Cd dase of
200 mg Cd/kg dry weight reduced the PNR by between 50
and 80% compared to that in control samples (not significant
for soil 1). A 10 to 20% reduction was observed in the PNR
at 20 mg Cd/kg dry weight (significant only in soil 3) and an
insignificant stirmulation in soil 1. At 2 mg Cd/kg dry weight,
a significant but small reduction was cbserved in PNR for soil
3, whereas no effects were found in the three other soils. The
logistic dose-response curves could not be fit to most of the
Cd treatments {Tabie 4).

Table 4. The potential nitrification rate (PNR) in Zn- and Cd-spiked soils: the lowest-observed-effect dose (LOED) of Za and the Zn concentration
at which the PNR is 509 lower than in the control seil®

EC50 (95% CI)

LOED (% inhibition)

PNR of contral (mg/kg dry wi)

Total metal in seil
{mp/kg dry wt, measured concn.)

Soil solution concn. {mg/L)

(£ 95% CI)
Soil (mg N/kg d)b Zn Cd Zn Cd Zn Cd
1 5.6 (3.5) 600 (91} >200 351 (224-563) NDe 184 (110-311) ND
2 6.4 (0.7) 300 (58) 200 (68) 291 (291-292) ND 99 {98-59) ND
3 3.8 (0.4) 300 (79) 2 (14) 307 (247-383) 304 (9-1,000) 20 (19-.20) ND
4 11.2 (0.9) 300 (81) 200 (7N 147 {81-337) 105 (12-946) ND (1.9 at 81% inhibition) ND

* Lowest-cbserved-effect dose is the lowest metal dose at which the PNR was significantly (p << 0.05) different from the control soil. Metal rates
werz 300, 600, and 3,000 mg Zn/kg dry weight and 2, 20, and 200 mg Cd/kg dry weight.

v CI = confidence interval.
¢ NI = not determined.
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Fig. 3. The potential nitrification rate (PNR) in 27 uncontaminated
soils as a function of soil pH. Arow indicates the soil pH below
which the PNR test cannot be used since even a zero PNR is within
the 95% prediction interval of uncentaminated soils.

The PNR was measured in the 27 uncontaminated soils to
evaluate its variability, The PNR ranged from values not sig-
nificantly different from 0 to 21 mg N/kg/d. This large range
of the PNR hampers detection of toxic effects in field-collected
soils. A relationship between soil properties and the PNR of
uncontaminated soil is a possible way to identify a predicted
reference value of the PNR. Stepwise multiple regression of
the PNR to soil pH, carbon content, and CEC showed that pH
is the dominant factor controlling the PNR and that marginal
but significant effects of the carbon content and CEC exist
(Table 3). Below pH 3.5, no significant nitrification was de-
tected within 4 d. The PNR increase about 3.5-fold between
pH 5.0 and 7.0 A quadratic regression curve was fitted to the
PNR-pH data yielding

PNR = 9.1 — 59 pH + 1.01 pH2 (R? = 0.81) (1)

This curve and its 95% prediction interval are given in Figure
3. A PNR value below the lower prediction interval is defined
here as a value indicating toxicity. Figure 3 shows that no
toxicity can be detected below pH 5.6 because even a zero
PNR value is within the 95% prediction interval. The reference
PNR values can also be predicted using the multiple regression
mode] based on C, pH, and CEC (Table 3). The prediction
intervals of this model are smaller than those of the pH-based
model. This model was not used for identifying toxicity in the
field-contaminated soils because the C contents of these soils
exceed the range on which the multiple regression model was
fitted.

All PNRs are small in the 15 contaminated soils (Table 2).
All these soils contain Zn or Cd at concentrations well above
background. Soil 40 contains excessively high Zn concentra-
tions, and it is likely that this soil has been contaminated by
smelter ashes. The PNR values, expressed as a percentage of
the PNR of an uncontaminated soil at corresponding pH, are
0 to 44%, indicating that the PNR is affected in all soils. In
one soil (soil 30), a significant decrease was observed in soil
nitrate from 15 to 10 mg NO;-N/kg, in 4 d after NH7 addition.
Significant toxicity, defined as given previously, was detected
in 7 out of the 10 soils with a soil pH =5.6 and where toxicity
can be identified. The three other soils in which toxicity can
be detected but in which the PNR was not significantly dif-
ferent from that in uncomtaminated soils have a soil pH close
to 5.60, that is, the threshold pH below which no toxicity can
be identified,
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The PNRs in the 15 field-contaminated soils are not sig-
nificantly related to total Cd or Zn concentrations, soil solution
Zn concentration (all concentrations tested after logarithmie
transformation), or to soil pH, percentage C, or CEC. A sig-
nificant negative relationship was found between the PNR and
the logarithm of the soil solution Cd concentration (8?2 = 0.33,
p < 0.05). The PNR value, expressed as a percentage of the
PNR. of an uncontaminated secil at corresponding pH, were
unrelated to any of these parameters.

Toxicity in the field-contaminated soils is most likely due
to elevated Zn and not Cd based on the following analysis. In
the metal-spiked soils, the PNR was similarly reduced by 50
to 80% at the highest dose of 200 mg Cd/kg dry weight (1.8
mmol Cd/kg dry wt) or the lowest dose of Zn 300 mg Zn/kg
dry weight (4.6 mmol/kg dry wt). This indicates that the ad-
verse effects of Cd and Zn to nitrification rate are not extremely
different on a weight or molar basis. The average Zn:Cd total
concentration ratic in the smelter affected soils is 80 (minimum
9, wt basis). The total Cd concentrations in environmental
samples with Zn concentrations around the Zn EC50 values
{150 and 350 mpg Zo/kg dry wt) range between 2 and 4 mg
Cd/kg dry weight (assuming a Zn:Cd weight ratio of 80). In
that concentration range, CCd has little effect on PNR in the
spiked soils. Similar conclusions can be drawn on the basis
of soil solution Cd and Zn concentrations in the metal-spiked
and field-contaminated soils {details not shown).

Total Zn concentrations in the field-contaminated soils
where toxicity was found were 160 to 34,100 mg Zn/kg dry
weight, and most samples contained more Zn than the EC50s
of the Zn-spiked soils (150-350 mg/kg dry wt). Inhibition of
the PNR in metal-spiked soils is, however, likely to be higher
than in soils where metals have equilibrated for a much longer
period. This may be related to the limited reaction time of
metals in the freshly spiked soils or to the potential adverse
effects of the salts in these soils that have not been leached
prior to testing. It has been demonstrated that the EC30 of Zn
(total metal in soil) for reproduction of Folsomia candida is
twofold higher in a soil that has been leached after ZnCl,
spiking than in a soil that was not leached after spiking [16].
Metal concentrations in pore water may be a better basis to
compare toxicity between spiked soils and field-contaminated
s50ils [17]. The Zn concentrations in the pore water of the field-
contaminated soils, where toxicity was identified, range be-
tween 1.4 and 24 mg Zn/L. These concentrations should be
compared with pore-water concentrations of metal-spiked soils
at similar pH values as the field-contaminated soils (pH 5.9-
6.2 and one soil at pH 7.0). Pore-water Zn in the control soils
3 and 4 were 0.16 to 0.21 mg/L (pH 6.6) and increased at the
first Zn rate to 29 mg/L (soil 3, pH 6.0) or 1.9 mg/L (soil 4,
pil 6.4), at which about 80% inhibition of the PNR in both
soils was observed. This analysis indicates that the pore-water
Zn concentrations of the field-contaminated soils are in the
range where toxic effects in metai-spiked soils were identified.

DISCUSSION

Even under contrelled laboratory conditions, the PNR
proved to be a parameter too variable to effectively identify
toxic effects in field-contaminated soils, As an example, the
predicted PNR (+95% prediction interval) at pH 6.2 is 10.3
* 7.4 mg N/kg/d. The lower boundary of the prediction in-
terval is 28% of the expected value (toxicity can be identified
only if more than 72% inhibition occurs).

The Cd- and Zn-spiked soils (soils 1-4) have been subjected
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to 30 different bioassays {microbiological tests, invertebrate
tests, and phytotoxicity tests). The PNR was the most sensitive
bioassay; however, the PNR was also the most variable end-
point between control soils (J. Bierkens et al., unpublished
results). An overall positive correlation was observed between
variability of the endpoint among control soils and the metal
sensitivity of the test (J. Bierkens et al., unpublished results).

The lack of a consistent response in uncontaminated soils
strongly reduces the power of the PNR as a bicassay for screen-
ing metal-contaminated soils. This power could be increased
if uncontaminated samples are found with properties as close
as possible to that of the test samples. Correspondence in soil
pH is a minimal prerequisite. The use of a pH buffer to test
all soils at identical pH will likely increase the sensitivity of
the assay but decreases its ecological relevance since metal
availability is strongly pH dependent.

An increase of the power of the PNR assay by including
better or more control samples effectively means that adverse
effects of metals could then be identified at lower levels of
metal contamination. However, the ecological significance of
this statistical approach then becomes also more questionable.
Without elaborating on the potential ecological effects of re-
duced nitrification in soil, it should already be recalled that
the effect of metals on the PNR is small compared with the
effect of soil properties (mainly pH) on the PNR in otherwise
uncontaminated soils (Fig. 3 and Sauvé et al. [6]). Moreover,
an adverse effect on the potential nitrification rate measured
under laboratory conditions does not infer a similar adverse
effect on the nitrification in the field. The potential nitrification
rate, as tested here, reflects the nitrification rate at saturating
substrate concentrations (V). This situation rarely occurs in
most aerobic soils since it is known that NH;-N usually rep-
resents a minor fraction of the total mineral N in soils (NHj}
+ NOj); that is, the nitrification potential usually exceeds the
ammonification rate in soil. No field data are available indi-
cating that field niirification rates are impaired because of met-
als. The PNR adsay should therefore be considered as a test
that indicates the existence of a stress factor in soil. However,
no basis exists by which to predict ecological effects of a
reduced PNR in soil. Validation of this assay with field nitri-
fication rate is at least required before the PNR assay data can
be adopted for the derivation of soil quality guidelines.
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