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Abstract

Ecotoxicity of three potentially toxic metals (PTM) (Cu, Zn and Cr) in a slightly acidic sandy soil was
tested using the soil respiration test (OECD-217) in order to determine ECso values for the carbon
transformation activity of microorganisms. Addition of an organic amendment of Populus leaves was also
crossed with metal spiking in order to investigate possible interaction with metal toxicity. Soil respiration
was measured at day 1 and day 28 after the soil spiking with the PTM to assess short-term effects on soil
microbial activity. Of the three metals tested, Cu showed the highest toxicity at the longest exposure
times (day 28) and Zn showed a strong inhibitory effect in the short-term (day 1), even though later
toxicity diminished significantly. Cr was the least toxic studied PTM. Organic amendment outweighs any
adverse effects of these metals, increasing soil respiration, even in the treatments with high doses of

metals.

Abbreviations: CEC, cation-exchange capacity; ECso, Median effective concentration; NOEC, no
observed effect concentrations; OECD, Organization for Economic Co-operation and Development; OM,
organic matter; PTM, potentially toxic metal; WHC, water holding capacity; SIR, substrate-induced

respiration
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1. Introduction

Diffuse contamination by potentially toxic metals (PTM) in soils is an increasing problem worldwide.
Historically, metal pollution has caused adverse effects on the environment and human health,
exemplified by disease outbreaks in Minamata due to Hg [1, 2] and in Itai-Itai due to Cd [3]. Currently,
sources of diffuse soil contamination by trace metals are increasing in number, associated with
inappropriate agricultural practices and repeated application of urban and industrial wastes. These sources
have created major problems (inhibition of soil microorganism activity, inhibition of soil microbial
growth and reproduction, inhibition of litter decomposition, reduced crop yields) in European soils [4].
PTM are well known to be toxic to most organisms when present in excessive concentrations [5],
including to soil microorganisms which play an important role in soil functions and associated ecosystem
services [6, 7]. Toxic effects of pollutants on soil organisms are difficult to estimate if only the total
content in soils is known [8]. Ecotoxicological methods are required to reveal the actual toxicity of soil
pollutants, associated with the actual bioavailable fraction which is modulated by interactions among
toxins and between toxins and soil components [9]. Ecotoxicological tests provide a link between
chemical monitoring and risk assessment of potential impacts on humans and biota [10], as well as
datasets for the derivation of maximum safe environmental concentrations. In this context, the
development of microbial populations under chemical stress conditions constitutes an important research
topic in ecotoxicology. For this reason, there is an obvious interest in determining the relation between
chemicals’ concentrations and the effects on populations [11].

Stabilization or inactivation of PTM in soil can be achieved by adding amendments (lime, apatite,
zeolites, organic materials or Mn and Fe oxides, etc.) that are able to absorb, complex or (co)precipitate
trace elements. The application of organic by-products has been also demonstrated to be useful for
contaminant immobilization [12], with some advantages over other methods such as low cost, its in-situ
applicability and its low environmental impact [13]. Organic amendments are considered especially
effective in Cr stabilization, while in the case of other trace elements (As, Cu, Zn, and Pb) they may have
both positive and negative effects [14].

Ecotoxicity tests are conducted by exposing organisms to a dose gradient of toxic compounds under
controlled experimental conditions [15]. An increasing amount of evidence demonstrates that soil
microorganisms are more sensitive to PTM (causing biotic stress) as compared to soil fauna or plants [5].
However, sensitivity ranges widely between species and this imply changes in the microbial diversity
promoted by ecotoxic effects. These changes in the microbial diversity imply changes in the structure of
microbial ecosystems [16, 17]. Despite setbacks, including limited long-term ecological relevance [5],
several methods based on microbial activity and measures of biomass enable the assessment of toxic
effects on soil microorganisms; namely, these methods are microbial biomass by fumigation-extraction
[18], microbial activity by the substrate induced respiration [19] and basal respiration [20], microbial
enzymatic activities such as nitrification [21], dehydrogenase activity [22], glucosidase activity [23],
phosphatase activity [24], catalase activity [25], arginine ammonification [26] and carbon transformation
test [27] using Biolog® system.

Some older studies are of limited use in terms of comparability because they did not employ standard

methods [7]. Despite the large body of research on metal toxicity to soil microorganisms and microbial



processes, the amount of available data is always insufficient and the interpretation too uncertain to
establish risk-based thresholds [28]. In this context, the Organisation for Economic Co-operation and
Development (OECD) defined a methodology to evaluate the effect of crop protection chemicals on the
C-transforming activity carried out by soil microorganisms (OECD-217) [6], that has not been tested by
PTM.

The main aim of this study was to validate the OECD-217 standardized protocol for testing PTM toxicity.
The short-term toxicity of Cu, Zn and Cr (with and without organic amendment) was assessed by the
OECD-217 standardized protocol, aiming to provide additional short-term ecotoxicological data on soil

microbial activity of three PTM which is useful for the derivation of thresholds for their content in soils.

2. Material and methods

The ecotoxic effects of Zn, Cr and Cu were assessed as effects on glucose-induced respiration rates
according to the OECD Guideline 217 [6], based on measurements of CO; evolution following the
addition of glucose. This was assessed in a natural soil relatively poor in organic matter. The activating
or inhibiting effect of the addition of a natural organic matter source (fresh plant leaves) on the toxicity

of these three metals was also taken into consideration.

2.1 Test soil

The soil corresponded to the fine fraction (<2 mm) of the A horizon (0--20 cm) of a Eutric arenosol
developed derived from weathering of granodiorite in the Prades mountains (Tarragona, NE Spain). The
topsoil layer (20 cm) was collected for the preparation of the tests. Soil was analysed by current standard
methods: particle size was determined by sedimentation (Robinson pipette), organic carbon content by
wet oxidation in acid dichromate, total nitrogen using the Kjeldahl method, microbial-C by the
fumigation-extraction method, cation-exchange capacity (CEC) after ammonium acetate cation
displacement, electrical conductivity in an extract, 1:5, w/v, and pH in a water suspension, 1:2.5, wiv. A
summary of the main analytical characteristics of soil is shown in Table 1. The soil had a sand fraction
of about 70%, ensuring a homogeneous spiking with metals and mixing of the organic matter source.
The high C/N ratio indicates a low degree of native organic matter transformation due to the presence of
Cistus laurifolius L. which has high leaf phenol content [29]. The soil was moderately acidic but pH
values and low electrical conductivity are unlikely to limit microbial activity. Due to the low CEC, high
bioavailability of metals might be expected in this soil. Overall, the soil properties were in agreement
with the requirements of the OECD-217 procedure, except by the organic carbon content (2.6 g kg™2),
which is lower than the recommended value (5 g kg™1).

After collection, soil was sieved to 2 mm and stored at 4°C. Before starting microbial tests soil was

moistened to 10% of water holding capacity (WHC) and kept in dark at 21°C for three days.

2.2 Treatments: PTM spiking and organic amendment
PTM were added to soil individually in a water solution prepared to provide 50% of the soil's maximum
WHC, applied as dissolved salts of ZnCl,, CuSOs - 5 H20, and CrCls - 6 H,0.

Following the protocol, preliminary assays were conducted in which each metal was incorporated at



seven logarithmically-increasing concentrations, between 0.001 and 1000 mg kg™ in the case of Zn, and
between 4.5 x 10~* and 450 mg kg™ for Cu and Cr. In the definitive test, the PTM were incorporated
within the range of concentrations where respiration inhibition was observed in the preliminary assays.
For the treatments with organic amendment PTM were spiked after adding fresh organic matter to soil at
a rate of 350 g kgL This rate is very high in order to ensure a clear effect of the amendment. Fresh
organic matter consisted of green Populus nigra L. leaves, washed with distilled water and dried at 40°C
until constant weight. Once dried, leaves were ground and sieved to <200 pm.

A summary of the treatments is provided in Table 2.

2.3 Soil incubation and CO; measurements

Three replicates were prepared per metal concentration and treatment (OM+, with addition of fresh
organic matter; OM--, without addition of fresh organic matter), each consisting of a 1.2 L plastic
container filled with 300 g of soil. All the replicates were incubated in the dark at 21°C for 28 days. To
prevent anoxic conditions, the containers were periodically aerated three times weekly. Soil moisture
was checked weekly gravimetrically and replaced as necessary with deionized water.

The CO; produced by glucose-induced respiratory activity was measured by utilizing NaOH traps [30] for
12 consecutive hours after glucose addition, according to the OECD-217 procedure. The amount of
glucose required to achieve a maximum respiratory response in this soil had been previously determined
using a series of concentrations of glucose (2000, 5000 and 8000 mg kg™?). At the beginning of the test
glucose was homogeneously mixed with the soil and respiration measurements were carried out at the
beginning of the incubation time (day 1) and the end (day 28). At the end of the test, electrical

conductivity and pH were measured.

2.4 Effective concentrations estimation

A concentration-response curve was constructed using the response values expressed as percent of the
response in controls (soils without addition of PTM). The concentration—response curves were adjusted
to a regression model (logistic or Gompertz models), chosen according to best fit with the available data.
These were then used for the estimation of effective concentrations for each metal and incubation time
(days 1 and 28). The non-linear estimation module of Statistica 6.0 software (StatSoft ®) was used for

this purpose.

3. Results

3.1 Preliminary assays

As expected, the addition of fresh organic matter (OM+) increased glucose-induced soil respiration.
Treatments without organic matter addition (OM--) presented a maximum respiration rate slightly lower
than 9 mg C-CO; kg™ per hour at day 1 (Cu OM-- day 1), whereas the maximum for OM+ soil was
>130 mg C-CO,-kg™* per hour for the same day (Cu OM+ day 1) (Fig. 1).

In OM-- treatments microbial glucose-induced soil respiration was effected by added Zn, Cu and Cr in
the range of studied concentrations, the responses following a lognormal distribution.

According to the protocol, when results from tests are evaluated and the difference in respiration rates



between the treatment and control is equal to or less than 25% at any sampling time after day 28, the
tested product can be evaluated as having no long-term influence on carbon transformation in soils.
Little negative effect was observed on soil respiration at low levels of pollution in the different
preliminary assays for all the studied metals. In addition, stimulating effects at low concentrations of Zn
were observed. However, this effect was not observed in OM+ treatments.

In the range of studied concentrations inhibitory effects were observed at days 1 and 28 in the OM-- soil
polluted with Cu or Zn. Regarding the OM+ treatments toxicity was not observed even though
respiration was lower at high doses. In the case of the soil polluted with Cr (OM+ and OM--), no
significant toxicity was detected in the range of the studied doses, and in the OM-- soil practically all Cr
doses had soil respiration higher than the control, statistically significant at day 28 measurements.

In light of the above, preliminary assays showed the existence of relevant toxic effects only in the
absence of organic matter amendment. Particularly, inhibition was detected in the case of Zn OM-- (day
1), Cu OM-- (day 1) and Cu OM-- (day 28). In the preliminary assays carried out with soil polluted with
Zn, an inhibitory effect was observed at day 28 when the reference soil had not been amended with
organic matter. However, the large variability obtained after 28 days of incubation suggested the need to
undertake definitive assays to confirm these results. In these cases the definitive assays were carried out
using the same range of concentrations from which toxicity was detected in the preliminary assays. The
assays corresponding to treatments polluted with Cr (Cr OM+, Cr OM--), soil polluted with Cu or Zn
and amended with organic matter (Cu OM+, Zn OM+) did not show toxicity and therefore the definitive

assays were not carried out.

3.2 Definitive assays

According to the results obtained in the preliminary assays, the ranges of doses used in the definitive
series are indicated in Table 3. Note that the doses range of toxicity used in the preliminary assays was
different for Cu and Zn.

Definitive assays showed that soil respiration decreased as metal dose increased in all assays. The Zn
series showed a pronounced toxicity at days 1 and 28 (Fig. 2), whereas the effect at day 28 was more

pronounced. The same pattern was found for Cu series (Fig. 2).

3.3 Effective concentrations

Regression models were applied to calculate effective concentrations. The models with the best fits were
the Gompertz model for Zn treatments, and the logistic model for Cu treatments. The significance was
high for the two models (p < 0.001). The median effective concentration (ECso) values obtained with the
regression models presented different exposure time patterns for Cu and Zn (Table 4), specifically that
Zn toxicity was lower with increased exposure time (lower ECs at day 28) whereas Cu toxicity had the

opposite trend (higher ECs at day 28).

4. Discussion
When metal toxicity data for soil microbial processes and populations cited in the literature is

summarized, an enormous Vvariability becomes apparent [5, 14, 30]. When representing acute and



chronic effects, we can classify the curves obtained into different typologies of typical toxicology
functions [11]. Therefore, we can identify curves of type I or “rank without effects series of inhibition”,
type II or “stimulation followed by inhibition”, type IIT or “stimulation” and type IV or “no change”.
Baath [31] published ranges of no observed effect concentrations (NOEC) for Cd, Cu, Zn and Pb; in
forest soils with a low organic matter content, the NOEC for Cu is distributed in a range from 2 to 1600
ug g%; for the case of Zn, the NOEC were between 32 and 1000 pg g~*. Saviozzi et al. [32] and Renella
et al. [33] established a rank order of metal toxicity depending on the metal's inhibition power on soil
respiration; in this ranking, Cu is above Zn, therefore being the most toxic for the CO, production. Many
authors who in these tests have applied organic amendments or used soils with high organic matter
contents have not detected toxic effects even at high metal concentrations [12, 34]. However, there exist
totally contradictory results, with significant inhibitions of heterotrophic respiration due to the presence
of one of the studied metals, despite the addition of organic matter [35].

There are only two groups of factors that can contribute to this variability among the results reported in
different previous studies: (1) factors which modify the toxicity of the metals and, (2) differences in the
sensitivity of soil microorganisms or in microbial processes [7]. It is extremely difficult to sort out these
factors when metal toxicity is studied in soils due to difficulties in assessing (or measuring) the
bioavailability of the metals [36, 37], and also due to the complexity of soil microbial communities [5].
In fact, bioavailability can only be estimated since it only can be measured by the growth of the
organism of interest and by the absorption or the toxicity of the metal [38]. However, over the last ten
years there has been considerable progress in defining bioavailability and in taking account of
differences in bioavailability and sensitivity of soil organisms in EU risk assessment research [39]. In
any case, the metals used in the present work were incorporated into the soil in a soluble form that is
considered to have high bioavailability, independent of subsequent chemical reactions or changes in the
soil.

For the present work, in the case of chromium, no evidence of inhibition was observed. The beginnings
of a hormetic effect were detected at lower doses, and no inhibition was found at higher doses. This
might be due to the fact that chromium was added in the trivalent form, which is less toxic than the
hexavalent form [40]. Moreover, the trivalent cations bind strongly to clay particles [41], reducing the
bioavailability of chromium. However, the experimental soil had a low proportion of clay and low
organic matter contents, and consequently a reduced CEC. For this reason it is expected that metal
adsorption by these components would be minimal. As for the possibility of the preliminary test
concentrations having been excessively low, several authors [35, 42] have found inhibitory effects for Cr
at lower concentrations than the preliminary ones in this work. The stimulating effect observed for Cr
might be attributable to the fact that this element is essential for many organisms, whereas it is in
relatively high concentrations in RNA. Moreover, the cations of PTM can induce the liberation of
nutrients adsorbed on the soil, causing indirect positive effects [11] in closed experimental systems.
Regarding the changes of toxicity with exposure time, in the case of the soil polluted with Zn, toxicity
was lower after 28 days. This effect, reflected in a relative increase in respiration at the same dose rank,
may be attributable to physiological changes or adaptations to metal pollution leading to a recovery or

selective effect on the community [43].



The addition of fresh organic matter led to significant increases in substrate-induced respiration (SIR)
(Fig. 1). Other studies have shown that microbial biomass increases with the addition of fresh leaves,
given the availability of easily-degradable substrate [44--46]. This increase in microbial biomass is
associated with an increase in soil respiration [47]. The addition of organic matter masked any effect of
the rank of doses studied. This masking of the toxicity may therefore be due to an increase in the
microbial biomass produced by the organic matter addition [37], to the adsorption and immobilization of
metals on the added organic matter [48], or a combination of these factors. It has been reported that a
broad variety of organic components increase the adsorption of Zn [49], and that the mineralization of the
organic matter favours the precipitation of inorganic metallic compounds [50]. On the other hand, it is
known that Cu associates easily with humified or stable organic matter [51, 52] to which it can be
strongly adsorbed [53, 54]. It is for this reason that the addition of organic amendments is a common
practice for the immobilization of PTM, improving the quality of the soil and facilitating revegetation of
polluted soils [50, 53]. In this manner, the obtained results contribute to the validation of this practice.
When measuring toxicity at day 1 in the OM+ treatments, taking into account a short period for
interaction of the metal, the main cause of the observed lower toxic effect is probably the availability of
labile substrate which favoured the growth of the bacterial biomass and increased its mineralisation
activity, concealing any decrease in microbial populations. In this way, the inhibitory effect of the metal
would be offset by the activating effect of the organic matter. This decrease of the toxic effect is
observed in day 1 as well as day 28 measures, even though after 28 days the amount of emitted CO;
diminishes significantly.

The decrease of SIR observed in OM+ at day 28 followed the same pattern than the decrease observed
for day 28 measures Cu OM-- treatment. Stenstrom et al. [55] demonstrated that SIR measured in soils
where glucose was added at different pre-incubation times showed a transition of K-strategists towards
r-strategists. R-strategist species were responsible of 63% of SIR after four days of incubation, but later
this trend reversed and the contribution of r-strategist microorganisms was reduced (at 46 days of
incubation the r-strategy group was responsible for only 16% of the SIR). The results are in agreement
with the observations of Ritz et al. [56], who detected that after the addition of an easily decomposable
substrate to soil the SIR increased significantly for only 25 days.

No inhibitory effects were observed in OM+ treatment SIR measurements (days 1 and 28). The fact that
relative differences (to the control) between the measures in OM+ treatments at days 1 and 28 were not
observed can be due to the fact that organic matter, as a source of mineralisable carbon (independent of
its recalcitrance), had not run out completely. Only in the case of the soil polluted with Cu and amended
with organic matter a slight decrease of the relative respiration was observed at day 28. Therefore, in
agreement with the results of the OM-- soils, Cu proved to be the most toxic metal. Moreover, some
authors [57] have demonstrated that in presence of soluble organic matter, Cu is the more available of
the studied metals.

In light of the results, the protocol OECD-217 is a valid methodology for the detection of adverse effects
of the three metals studied on substrate-induced soil respiration. Cr, Zn, and Cu toxicities, evaluated by
the OECD-217 soil respiration test, were low in the slightly acidic sandy test soil chosen for its potential

high bioavailability of toxic metals. The ECs values obtained in the present work are comparable to



those presented by other authors who have worked with soils of similar characteristics [48, 56]. The
magnitude of the inhibitory effects that have been observed for the three metals studied (Cu > Zn > Cr)
is also coherent with the consulted references, Cu being the most toxic metal after 28 days of exposure
[31, 32]. However, the microbial responses produced in the short-term assays were unpredictable and
bore little resemblance to the long-term effects observed in the field in other studies [7].
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Figure 1. Changes of relative SIR (Substrate-induced Respiration) on the preliminary assay on the soil

polluted with increasing concentrations of Zn, Cu and Cr, with (OM+) and without (OM--) organic

amendment. Measures relative to day 1 are represented in blue, and to day 28 in red. Bars show standard

error. Dose is presented in logarithmic scale.
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Figure 2. Changes of relative SIR on definitive assay for the soil polluted with increasing concentrations

of Zn and Cu. Bars show standard error. Dose is presented in logarithmic scale.



Tables

Table 1. Main soil properties.

Parameter Unit Value
Coarse sand (2000--200 um) % 60.7
Fine sand (200--20 um) % 7.4
Silt (20--2 pm) % 22.2
Clay (<2 um) % 9.7
CaCOs3 % 0
Organic carbon % 0.26
Microbial carbon mg kg 108.2
C microbial / C organic % 4.16
N Kjeldahl g kg? 0.11
C/N - 23.6
CEC cmol kg? 7.3
Electrical conductivity (1:5, w/v) | dS m? 0.26
pH-water (1:2.5, w/v) - 6.3

Table 2. Abbreviations and description of treatments.

Acronym Treatment
Zn OM-- Addition of ZnCl,
Zn OM+ Addition of ZnCl;and Populus leaves
Cu OM-- Addition of CuSO; - 5 H,0O
Cu OM+ Addition of CuSQO, - 5 H,0 and Populus leaves
Cr OM-- Addition of CrCl; - 6 H,0
Cr OM+ Addition of CrCls - 6 H,O and Populus leaves

Table 3. Range of concentrations used in the definitive series for the Zn OM-- and Cu OM-- treatments.

Zn OM-- Cu OM--
(mg kg™) (mg kg™)
0 0
1 100
3 147
10 215
32 316
100 464
316 681
1000 1000

See abbreviations meaning in Table 2.




Table 4. ECs values and 95% confidence interval (in brackets) for incubations (day 1) and (day 28).

Metal | ECso (mg kg1) | ECso(mg kg™)
Day 1 Day 28
Zn | 529 (257, 1089) | 1285 (552, 2993)

Cu

958 (301, 3051) | 517 (115, 2325)
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