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Abstract
The PICT method (pollution-induced community tolerance) can be used to assess whether changes in soil microbial response 
are due to heavy metal toxicity or not. Microbial community tolerance baseline levels can, however, also change due to vari-
ations in soil physicochemical properties. Thirty soil samples (0–20 cm), with geochemical baseline concentrations (GBCs) 
of heavy metals and from five different parent materials (granite, limestone, schist, amphibolite, and serpentine), were used 
to estimate baseline levels of bacterial community tolerance to Cr, Ni, Pb, and Zn using the leucine incorporation method. 
General equations (n = 30) were determined by multiple linear regression using general soil properties and parent material 
as binary variables, explaining 38% of the variance in log  IC50 (concentration that inhibits 50% of bacterial growth) values 
for Zn, with 36% for Pb, 44% for Cr, and 68% for Ni. The use of individual equations for each parent material increased the 
explained variance for all heavy metals, but the presence of a low number of samples (n = 6) lead to low robustness. Gener-
ally, clay content and dissolved organic C (DOC) were the main variables explaining bacterial community tolerance for the 
tested heavy metals. Our results suggest that these equations may permit applying the PICT method with Zn and Pb when 
there are no reference soils, while more data are needed before using this concept for Ni and Cr.
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Introduction

Heavy metals occur naturally in soils, but they can also 
appear in the environment as a result of anthropogenic activ-
ities, such as mining or smelting, or through the application 
of sewage sludge, inorganic fertilizers, or livestock manure 
(Alloway 2012). The assessment of the impacts derived from 
heavy metal pollution in soils remains a challenge, since 
direct methods used for metal impact determinations are 
based on the extraction of different metal fractions, e.g., 

soluble, exchangeable, bioavailable, or total content (Pei-
jnenburg and Jager 2003; Rauret 1998; Senwo and Tazisong 
2004). Such methods do not necessarily take into account 
the damage exerted on the soil biota.

Microorganisms are important endpoints to determine the 
effects of heavy metal pollution because of their sensitivity 
and important functions in soil (Imfeld et al. 2011; Nannip-
ieri et al. 2003). It is well known that soil microbial com-
munities can be negatively affected by heavy metals (e.g., 
Anderson et al. 2009; Bååth 1989; Bérard et al. 2016; de 
Lima e Silva et al. 2012; Giller et al. 1998; Stefanowicz et al. 
2009, 2010; Vázquez-Blanco et al. 2020, 2021; Wang et al. 
2010; Zhou et al. 2009), and hence their essential role in 
maintaining soil functions can be altered. Therefore, the use 
of soil microbial communities as bioindicators constitutes a 
good alternative to chemical methods to assess if soil func-
tions are being affected by heavy metals (Puglisi et al. 2012).

To study the effect of heavy metals on soil microorgan-
isms, methods based on soil respiration, nutrient use effi-
ciency, microbial biomass, microbial activity, community 
composition, etc., are commonly used (Anderson et al. 2009; 
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Bérard et al. 2016; Boivin et al. 2006; Macdonald et al. 
2010; Niklińska et al. 2006; Salminen et al. 2001; Stefano-
wicz et al. 2010). However, these methods are only reliable 
under laboratory conditions or with a single soil with appro-
priate unpolluted control. In field studies, where soil prop-
erties may be highly different among different soil types, it 
will be difficult to distinguish if observed changes are due to 
metal toxicity or variation in soil properties (Niklińska et al. 
2005). For example, Stefanowicz et al. (2010) reported that 
in metal-polluted soils, microbial performance was mainly 
determined by soil physicochemical properties. Further-
more, some studies suggest that soil properties can affect the 
microbial response more than the metal content does (Kami-
tani et al. 2006). Joynt et al. (2006) showed that changes in 
microbial biomass from Cr, Pb, and petroleum polluted soils 
were related to the total amount of organic C and N in the 
soil, whereas Cr or Pb concentrations were not significant 
for predicting community changes.

A solution, to deal with the issue of the influence of soil 
properties, is to use methods directly related to heavy metal 
toxicity such as the pollution-induced community tolerance 
(PICT) method proposed by Blanck et al. (1988); a meth-
odology that can be used with different types of microbial 
communities (Bérard et al. 2016; Boivin et al. 2006; Ste-
fanowicz et al. 2009; Van Beelen et al. 2004). The concept 
of PICT consists of two phases: a selection phase, where the 
microbial communities are exposed to the toxicant in the 
field or in the laboratory, and a detection phase, in which tol-
erance measurements are obtained by a second exposure of 
the microorganisms to the toxicant in a short-term laboratory 
assay. In the PICT method, it is assumed that microorgan-
isms have different sensitivity to a pollutant and, when the 
pollutant is present in high enough concentrations, sensi-
tive species will be replaced by more tolerant ones. Thus, 
the total microbial community will increase its tolerance to 
the toxic pollutant, which could be detected by determining 
community tolerance to the pollutant in the short-term assay.

The PICT method can be used with different endpoints 
in the detection phase, such as different activities of the soil 
bacterial communities (Blanck 2002; Tlili et al. 2016). Since 
bacterial growth is very susceptible to toxicants, it is consid-
ered a sensitive stress indicator (Bååth 1992). The leucine 
incorporation technique (as a bacterial growth proxy) is a 
well-established, highly sensitive, and economical assay that 
allows a large number of samples to be processed (Bååth 
et al. 2001; Brandt et al. 2009; Imfeld et al. 2011). The leu-
cine incorporation technique has previously been applied 
satisfactorily in agricultural, industrial, and forest soils to 
perform PICT assays with heavy metals (Bååth et al. 2005; 
Díaz-Raviña and Bååth 1996; Santás-Miguel et al. 2020; Shi 
et al. 2002) or other pollutants (Brandt et al. 2009; Demol-
ing and Bååth 2008; Demoling et al. 2009; Liu et al. 2012; 
Schmitt et al. 2004, 2006).

However, the PICT method can present some difficul-
ties in detecting metal pollution. For example, Boivin et al. 
(2006) tried to discriminate the metal effect (Pb, Zn, Cu, and 
Cd) on bacterial communities in soils with different proper-
ties but did not find a relationship between metal concentra-
tions and tolerance to those metals despite large concen-
trations. Stefanowicz et al. (2009) found similar bacterial 
tolerance values in polluted forest humus when compared to 
control soils. Other authors found different tolerance values 
for the same level of Cu and Zn as a function of applied 
treatment (sludge cake, liquid sludge, metal salts), which 
suggest that soil type had a predominant influence on tol-
erance development (Macdonald et al. 2010). Wang et al. 
(2010) found tolerant microorganisms to Cd in unpolluted 
soils, indicating that tolerance development to Cd was due 
to another cause than Cd pollution. All this suggests that 
in non-polluted soils with different soil properties, bacte-
rial community tolerance to heavy metals may differ. These 
changes may be due to two different causes. First, heavy 
metal toxicity or bioavailability varies in soils with differ-
ent general properties despite the similar total concentration 
of metals. This will affect the results during the selection 
phase of PICT when bacteria are exposed to heavy metals. 
Secondly, differences in tolerance measurements may be 
due to possible artifacts during the detection phase of PICT. 
For example, Lekfeldt et al. (2014) obtained very different 
values of bacterial community tolerance to Cu in unpolluted 
soils with different amendments, suggesting artifacts during 
measurements (such as pH changes or different concentra-
tions of dissolved organic matter in the bacterial suspen-
sions). Bérard et al. (2016) studied the long-term impact of 
Pb on soil microorganisms and showed that soil organic C 
can interfere with the microbial response since the presence 
of organic C can reduce Pb bioavailability, overestimating 
tolerance measurements.

To find a non-polluted control soil with similar properties 
as the soil studied, to be used as a reference, is not always 
possible. Therefore, it would be desirable to obtain bacte-
rial community tolerance to heavy metal baseline levels as a 
function of soil properties. In a previous study, we found that 
in unpolluted soils with geochemical baseline concentrations 
(GBCs) of Cu, bacterial community tolerance to Cu base-
line levels could be predicted using soil properties such as 
dissolved organic C (DOC), soil pH, clay, or organic matter 
content (Campillo-Cora et al. 2021). In order to study soils 
polluted with other heavy metals, similar studies are needed. 
We hypothesized that baseline levels of bacterial community 
tolerance to other heavy metals (Cr, Ni, Pb, and Zn) can be 
also predicted using soil properties similar to those found 
previously for Cu, since these properties also affect Cr, Ni, 
Pb, and Zn in a similar way, although the magnitude of the 
effects may be different (Alloway 2012). We further hypoth-
esized that parent material also affects bacterial community 
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tolerance to heavy metal determinations. The aim of the pre-
sent study was to estimate the baseline levels of bacterial 
community tolerance to Cr, Ni, Pb, and Zn as a function 
of soil properties. The PICT methodology and the leucine 
incorporation technique were used to determine the bacte-
rial community tolerance to these heavy metals in soils with 
GBCs, developed over different soil parent materials and 
with a wide range of physicochemical properties.

Materials and methods

Soil samples

The soil samples were the same used previously by 
Campillo-Cora et al. (2021) to estimate the bacterial com-
munity tolerance to Cu baseline levels. In brief, 30 isolated 
forest soils in Galicia (NW Spain), with no human activ-
ity, were selected for sampling. These unpolluted soils were 
considered to have GBCs of the studied metals (Cr, Ni, Pb, 
and Zn). The soils were developed from five parent materi-
als: granite, limestone, schist, amphibolite, and serpentine, 
thus ensuring a wide range of general soil properties. From 
each parent material area (selected using geological maps), 
sampling locations were selected randomly (Figure S1; Sup-
plementary Information). At each location, 8–10 subsamples 
(0 to 20 cm depth) were taken using an Edelman probe and 
mixing them into one composite sample. If an organic layer 
was present, it was removed before soil sampling. For each 
parent material, six sites were sampled, that is thirty sites 
in total. The samples were air-dried, homogenized, sieved 
(2-mm mesh size), and stored until analyses.

Soil properties

Detailed descriptions of the chemical analyses are given in 
Campillo-Cora et al. (2021). Soil texture was determined by 
the international pipette method (Day 1965; Green 1981). 
The percentage of organic matter (%OM) was measured by 
calcination (550 °C, 3 h) (Hoogsteen et al. 2015). A ratio 
of 1:5 soil/water was used to extract DOC (Jones and Wil-
lett 2006) and was measured using an analyzer multi N/C 
2100 (Analytik Jena, Germany). Soil pH was measured 
in water  (pHw) and in 0.1 M KCl  (pHK) with a glass elec-
trode. Effective cation exchange capacity (eCEC) was cal-
culated as the sum of exchangeable base cations extracted 
with 0.2 M  NH4Cl and exchangeable aluminum extracted 
with 1  M KCl (Bertsch and Bloom 1996; Sumner and 
Miller 1996), all ions were measured by atomic absorption 
spectroscopy (AAS) using a Thermo Solaar Spectrometer 
(Thermo, USA). To extract (Fe, Al)-compounds associated 
with organic matter  (Feom,  Alom), Na-pyrophosphate was 
used (Bascomb 1968) and ammonium oxalate-oxalic acid 

to obtain inorganic noncrystalline oxyhydroxides and metal-
humus complexes  (Feox,  Alox) (Blakemore 1978). Total free 
Fe  (Fet) was extracted with Na-dithionite-citrate (Holmgren 
1967), and total free Al  (Alt) was extracted with NaOH. All 
(Fe, Al)-extracts were measured by AAS using a Thermo 
Solaar Spectrometer. Inorganic amorphous Fe and Al  (Feia, 
 Alia) were calculated by the difference between (Fe, Al)ox 
and (Fe, Al)om. To determine Fe and Al bound to crystal-
line structures  (Fec,  Alc), the difference between (Fe, Al)t 
and (Fe, Al)ox was calculated. The total amount of metals 
(Cr, Cu, Ni, Pb, and Zn) was obtained by soil digestions 
with  HNO3, HF, and HCl (Reed and Martens 1996) in a 
MarsXpress microwave oven (CEM Corporation, USA) and 
measuring heavy metals by AAS using a Thermo Solaar 
Spectrometer. In addition, available P by the Bray-II method 
and total C and N were also measured using a Thermo Finni-
gan EA 1112 elemental analyzer (Thermo, USA). Bioavail-
able heavy metals in soils were determined through 0.02 M 
EDTA-Na2 extraction (Lakanen and Erviö 1971), except for 
limestone soils in which extractions were performed with 
0.005 M DTPA + 0.1 M TEA (Lindsay and Norwell 1978) 
due to the high pH of these soils.

The properties of all soils (30) can be found in 
Tables S1–S4 (Supplementary Information). In brief, soil 
samples presented a wide range of particle size distribu-
tion (19–71% sand, 13–67% silt, and 13–32% clay). Soil pH 
measured in water  (pHw) varied between 3.8 and 7.8. and pH 
measured in KCl between 2.7 and 7.4. A range from 2 up to 
32  cmolc·kg−1 was obtained for eCEC. A large variation was 
determined for DOC and OM contents: 0.14–1.46 g·kg−1 and 
7–29%, respectively. The general average abundance of Fe 
fractions followed the order:  Fec >  Feom >  Feia. For Al, the 
general average sequence was  Alom >  Alc >  Alia. It should be 
noted that both sequences could differ as a function of the 
parent material. Total Pb, Cu, and Zn presented low values: 
7–84, 4–106, and 36–203 mg·kg−1. For Cr and Ni, a higher 
variation was found (7–4886 and 5–2322 mg·kg−1, respec-
tively). The highest values of Cr and Ni were due to their 
presence in the parent materials amphibolite or serpentine.

PICT determination

To estimate the bacterial community tolerance to heavy met-
als (Cr, Ni, Pb, and Zn), 7.5 g of sieved soil were reactivated 
by rewetting until reaching 50–60% of water holding capac-
ity and then incubated at 22 °C for 30 days (Meisner et al. 
2013).

Bacterial community tolerance to Cr, Ni, Pb, and Zn 
was determined by the same procedure described for Cu 
in Campillo-Cora et al. (2021). To obtain bacterial sus-
pensions, each soil sample was subdivided into three cen-
trifuge tubes of 50 mL (2.5-g rewetted soil in each tube), 
and 30 mL of 20 mM MES buffer (pH 6) were added. A 
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multi-vortex was used to mix the suspensions for 3 min. 
After that, a low-speed centrifugation step was performed 
(1000 × g, 10 min) to generate a bacterial suspension in 
the supernatant removing most of the fungal biomass 
(Bååth 1994; Bååth et al. 2001; Rousk and Bååth 2011). 
Soil supernatants were filtered through glass wool and 
single aliquots of 1.5 mL were transferred into 10 micro-
centrifugation tubes. A volume of 0.15 mL of different 
metal concentrations of Cr, Ni, Pb, and Zn was added to 
these tubes, to finally obtain nine concentrations (from 
3.3 ×  10−4 to  10−8 M) of each metal. A blank was estab-
lished adding 0.15 mL of distilled water. Metal concentra-
tions were made from the following metal salts:  K2Cr2O7, 
Ni(NO3)2·6H2O, Pb(NO3)2, and Zn(NO3)2·6H2O. Then, the 
3H-leucine incorporation method was used to estimate the 
bacterial community growth (Bååth et al. 2001). A volume 
of 0.2 µL  [3H]Leu (37 MBq  mL−1 and 5.74 TBq  mmol−1 
Amersham) with non-labeled Leu (19.8 µL) was added to 
each tube, resulting in 300 nM Leu in the bacterial suspen-
sions. After that, bacterial suspensions were incubated for 
8 h at 22 °C. Bacterial growth was stopped with 75 µL of 
100% trichloroacetic acid. A washing procedure was per-
formed as described by Bååth et al. (2001), and radioactiv-
ity was measured by liquid scintillation counting using a 
Tri-Carb 2810TR (PerkinElmer, USA).

Data analysis

For each soil and heavy metal, a dose–response curve 
was obtained with the PICT methodology. The four low-
est added metal concentrations had no effect on bacte-
rial growth, i.e., no inhibition was observed. Hence, to 
obtain comparable dose–response curves, relative bacterial 
growth was calculated by dividing all data in a curve by 
the average of results from the four lowest added metal 
concentrations (including the blank) with no inhibition. 
From the dose–response curves, log  IC50 was calculated as 
a tolerance index, i.e., the concentration that inhibits 50% 
of bacterial growth using a logistic model:

Y is the measured level of Leu incorporation for each 
metal concentration, X is the decimal logarithm of metal 
concentration in the bacterial suspension, a is log  IC50, 
c the Leu incorporation without added metal, and b is 
a slope parameter indicating inhibition rate (Table S5; 
Supplementary Information) (Fernández-Calviño et al. 
2011). To facilitate the interpretation of the results,  IC50 
was expressed as log  IC50. Bacterial community tolerance 
will be greater when log  IC50 values are higher.

Y =
c

1 + eb(X−a)

Statistical analysis

For each studied metal, an ANOVA (Table S6; Supplemen-
tary Information) analysis followed by Duncan’s post hoc 
test was used to verify if soils from different parent materials 
showed significant differences regarding bacterial commu-
nity tolerance to the heavy metal. Before that, residual nor-
mality and variance homogeneity through Shapiro–Wilk’s 
and Levene’s tests, respectively, were verified (Table S7; 
Supplementary Information).

In order to obtain equations to estimate the baseline bac-
terial community tolerance to the different heavy metals (Cr, 
Ni, Pb, and Zn), multiple regression analysis was performed 
using log  IC50 values as dependent variables and soil prop-
erties as independent variables. Further, binary variables 
related to each parent material were also used. These varia-
bles will take a value of 1 or 0 depending on parent material. 
For example, in a binary variable for granite soils, only gran-
ite soil samples will have a value of 1, and the rest of the soil 
samples a value of 0. The backward elimination method was 
used to perform the analysis. After that, a series of determin-
ing factors were verified: linearity, error independency, resi-
dues homoscedasticity, residuals normality, autocorrelation, 
collinearity, and presence of outliers. Corrected coefficient 
of determination (R2) was used to estimate the equations fit 
of goodness. All statistical tests were conducted using SPSS 
Statistics 25 software (IBM, USA).

Results

Bacterial community tolerance to Cr, Ni, Pb, and Zn 
in soils with geochemical baseline concentrations 
(GBCs) of heavy metals

Dose–response curves (inhibition curves) obtained for Cr, 
Ni, Pb, and Zn in the 30 studied soils are presented in Figs 
S2–S21 (Supplementary Information). The sigmoid shape 
obtained for most curves indicates that bacterial growth 
reached minimum values when added metal concentrations 
were highest, and as metal concentrations decreased, relative 
bacterial growth tended to 1. All dose–response curves were 
well fitted to the logistic model (R2 ≥ 0.99 for Cr, R2 ≥ 0.91 
for Ni, R2 ≥ 0.98 for Pb, and R2 ≥ 0.97 for Zn), providing 
good estimations of log  IC50 values (Table 1).

Chromium

A wide range of bacterial community tolerance to 
Cr, expressed as log  IC50, was found: − 6.17 ± 0.05 
to − 3.67 ± 0.05 (Table 1). The ANOVA analysis detected 
significant differences in log  IC50 values between parent 
materials (p < 0.05). Duncan’s post hoc test after ANOVA 
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showed the order of decreasing tolerance: limestone ≥ gran-
ite ≥ serpentine = amphibolite ≥ schist (Fig. 1a).

In order to estimate bacterial community tolerance to Cr 
in soils with GBCs as a function of soil properties, a gen-
eral equation for all studied soils (n = 30) was calculated 
(Table 2). This equation explained 44% of the variance 
(R2 = 0.44; p < 0.001) by including the clay fraction (positive 
relationship with log  IC50) and two binary variables: one for 
soils with limestone parent material and another for granite 
soils. The presence of a binary variable associated with a 
single parent material indicates that some soil properties or 
a combination of properties, not included in the equation, 
were influencing bacterial community tolerance to Cr. In 
addition to the low variance explained (44%), the general 

equation for Cr overestimated low and underestimated high 
log  IC50 values (Fig. 2a).

In order to improve the estimation of bacterial commu-
nity tolerance to Cr (log  IC50 values) in soils with GBCs 
of heavy metals, five individual equations were calculated, 
one for each parent material (Table S8; Supplementary 
Information). The individual equations included variables 
such as clay fraction (positive relationship, like in the gen-
eral equation), DOC (negative), soil pH (negative), and 
total Ni (positive). Any general similarity among the dif-
ferent equations was not found, i.e., different combinations 
of soil properties affecting log  IC50 results were involved 
in soils with different parent materials. The individual 
equations generally increased the R2 values (0.51–0.85) 

Table 1  Bacterial community tolerance to different heavy metals expressed as log  IC50 for geochemical baseline concentrations in soils with dif-
ferent parent materials

R2 represents the coefficient of determination from fitting dose–response curves (Figs. S2–S21; Supplementary Information) to the logistic 
model. Error denotes SE

Parent material Soil Cr  
R2

Ni  
R2

Pb  
R2

Zn  
R2

Log  IC50 ± error Log  IC50 ± error Log  IC50 ± error Log  IC50 ± error

Granite (n = 6) 1  − 5.13 ± 0.09 0.996  − 3.86 ± 0.09 0.988  − 4.61 ± 0.04 0.996  − 4.18 ± 0.09 0.994
2  − 5.53 ± 0.05 0.995  − 4.25 ± 0.05 0.991  − 4.46 ± 0.07 0.987  − 3.70 ± 0.10 0.994
3  − 4.82 ± 0.09 0.995  − 4.48 ± 0.05 0.992  − 4.41 ± 0.08 0.984  − 3.54 ± 0.12 0.984
4  − 4.34 ± 0.06 0.996  − 5.04 ± 0.09 0.996  − 4.69 ± 0.06 0.993  − 4.04 ± 0.07 0.988
5  − 4.40 ± 0.08 0.994  − 5.39 ± 0.07 0.993  − 4.56 ± 0.11 0.984  − 3.67 ± 0.19 0.972
6  − 4.84 ± 0.06 0.998  − 5.03 ± 0.11 0.990  − 5.21 ± 0.10 0.988  − 4.26 ± 0.08 0.991

Limestone (n = 6) 7  − 4.52 ± 0.07 0.997  − 3.74 ± 0.12 0.987  − 5.24 ± 0.07 0.992  − 3.99 ± 0.07 0.989
8  − 4.41 ± 0.08 0.991  − 3.44 ± 0.21 0.979  − 4.95 ± 0.07 0.993  − 3.82 ± 0.07 0.987
9  − 4.34 ± 0.09 0.991  − 3.56 ± 0.31 0.962  − 4.69 ± 0.05 0.995  − 3.76 ± 0.06 0.987
10  − 4.55 ± 0.09 0.992  − 3.09 ± 0.12 0.973  − 4.61 ± 0.07 0.992  − 3.62 ± 0.06 0.981
11  − 4.25 ± 0.09 0.992  − 3.62 ± 0.09 0.983  − 5.23 ± 0.05 0.998  − 4.02 ± 0.08 0.983
12  − 4.35 ± 0.04 0.999  − 4.33 ± 0.08 0.991  − 4.48 ± 0.11 0.975  − 4.06 ± 0.06 0.988

Schist (n = 6) 13  − 5.46 ± 0.12 0.990  − 5.35 ± 0.07 0.991  − 3.99 ± 0.01 0.999  − 3.48 ± 0.03 0.997
14  − 5.59 ± 0.09 0.996  − 5.23 ± 0.24 0.969  − 4.64 ± 0.05 0.995  − 4.40 ± 0.08 0.994
15  − 6.17 ± 0.05 0.993  − 5.03 ± 0.05 0.995  − 4.68 ± 0.06 0.995  − 4.31 ± 0.07 0.993
16  − 5.07 ± 0.10 0.994  − 4.55 ± 0.05 0.993  − 3.69 ± 0.03 0.992  − 4.32 ± 0.09 0.987
17  − 5.88 ± 0.04 0.997  − 4.85 ± 0.04 0.996  − 4.33 ± 0.08 0.986  − 3.94 ± 0.04 0.994
18  − 5.48 ± 0.07 0.995  − 5.77 ± 0.14 0.980  − 4.31 ± 0.03 0.996  − 3.96 ± 0.05 0.992

Amphibolite (n = 6) 19  − 5.39 ± 0.09 0.991  − 6.44 ± 0.06 0.996  − 4.33 ± 0.08 0.982  − 4.17 ± 0.05 0.994
20  − 6.00 ± 0.04 0.997  − 4.69 ± 0.06 0.996  − 4.19 ± 0.09 0.980  − 3.95 ± 0.08 0.972
21  − 4.31 ± 0.11 0.986  − 4.38 ± 0.14 0.983  − 4.73 ± 0.13 0.987  − 3.52 ± 0.08 0.985
22  − 5.07 ± 0.06 0.997  − 5.35 ± 0.09 0.992  − 4.72 ± 0.10 0.987  − 4.38 ± 0.09 0.985
23  − 5.04 ± 0.12 0.989  − 5.53 ± 0.24 0.961  − 4.64 ± 0.07 0.993  − 4.34 ± 0.06 0.993
24  − 5.48 ± 0.06 0.996  − 5.79 ± 0.08 0.995  − 4.60 ± 0.03 0.998  − 4.32 ± 0.03 0.999

Serpentine (n = 6) 25  − 5.57 ± 0.06 0.998  − 4.63 ± 0.03 0.999  − 4.45 ± 0.04 0.996  − 3.80 ± 0.06 0.992
26  − 5.69 ± 0.07 0.996  − 4.53 ± 0.05 0.995  − 4.17 ± 0.02 0.998  − 3.35 ± 0.08 0.982
27  − 5.52 ± 0.09 0.994  − 3.89 ± 0.03 0.997  − 4.18 ± 0.04 0.993  − 3.85 ± 0.05 0.991
28  − 6.03 ± 0.08 0.997  − 4.93 ± 0.03 0.998  − 4.27 ± 0.02 0.999  − 3.33 ± 0.03 0.997
29  − 4.81 ± 0.06 0.997  − 3.67 ± 0.05 0.993  − 4.53 ± 0.08 0.991  − 3.82 ± 0.02 0.999
30  − 3.67 ± 0.05 0.996  − 2.79 ± 0.43 0.905  − 4.50 ± 0.09 0.991  − 3.12 ± 0.08 0.982
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compared to the general Eq. (0.44); but for limestone par-
ent material an individual equation was not possible to 
achieve, probably due to the low variation in log  IC50 val-
ues (0.30 units between maximum and minimum).

The relationship between measured and estimated log 
 IC50 values using both the general equation and the individ-
ual equations were compared (Fig. 2). It should be noted that 
for the limestone soils, we used the mean value of the six 
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Fig. 1  Mean and standard deviation of tolerance values of the bacte-
rial communities (log  IC50) to Cr (a), Ni (b), Pb (c), and Zn (d) in 
soils developed from granite (n = 6), limestone (n = 6), schist (n = 6), 

amphibolite (n = 6), and serpentine (n = 6). a, b, and c indicate homo-
geneous subsets obtained from Duncan’s test

Table 2  General equations for the estimation of bacterial community tolerance to different metal baseline levels (log  IC50 values, n = 30) 
obtained by multiple regression analysis

Clay, clay fraction; DOC, dissolved organic carbon; Al, free Al; NiCr, sum of Ni and Cr total content; pH, soil pH measured in water; 
BV(L, G, SE, S, A), binary variables for limestone (L), granite (G), serpentine (SE), schist (S), and amphibolite (A). Values in brackets below param-
eter values are p-values for each variable included in the models. R2 represents corrected coefficient of determination. Error denotes SE

R2 F Sig. (p-value)

Chromium Log  IC50 =  − (6.552 ± 0.465) + (0.053 ± 0.020)Clay + (1.141 ± 0.238)BVL + (0.754 ± 0.245)BVG 0.44 8.66  < 0.001
                     (p< 0.001)            (p=0.013)                   (p< 0.001)                  (p=0.005)

Nickel Log  IC50 =  − (6.112 ± 0.491) + (0.049 ± 0.023)Clay + (0.925 ± 0.413)DOC – (0.048 ± 0.020)Al 
                     (p< 0.001)            (p=0.040)                   p=(0.035)                     (p=0.024)                    0.68 12.97  < 0.001

+ (0.861 ± 0.201)BVSE + (1.162 ± 0.275)BVL  + (0.753 ± 0.286)BVSE

    (p<0.001)                    (p=0.015)
Lead Log  IC50 =  − (5.018 ± 0.148) + (0.490 ± 0.204)DOC + (0.094 ± 0.028)NiCr + (0.451 ± 0.013)BVS  0.36 4.95 0.005

                      (p< 0.001)          (p=0.024)                     (p=0.002)                    (p=0.002)
+ (0.253 ± 0.135)BVA

    (p=0.073)
Zinc Log  IC50 =  − (2.932 ± 0.586) + (0.023 ± 0.012)Clay – (0.344 ± 0.138)pH + (1.165 ± 0.405)BVL 0.38 5.24 0.004

                     (p< 0.001)           (p=0.075)                    (p=0.020)                 (p=0.008)                    
(p< 0.001)
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samples (− 4.40) as a constant number for tolerance. Indi-
vidual equations predicted log  IC50 values better, over- and 
underestimations were lower (but with the same tendency) 
than with the general equation and all log  IC50 values esti-
mated using individual equations were within 10% of the 
measured log  IC50 values.

Nickel

The range for log  IC50 values (bacterial community toler-
ance) was between − 6.44 ± 0.09 and − 2.79 ± 0.43 for Ni, 
the largest range among the studied metals (Table 1). The 
ANOVA analysis showed significant differences in bacterial 
community tolerance to Ni between different parent material 
groups (p < 0.05), while Duncan’s post hoc test showed the 
following order of decreasing tolerance: limestone > serpen-
tine ≥ granite ≥ amphibolite = schist (Fig. 1b).

The general Ni log  IC50 equation was calculated as a 
function of clay fraction (positive relationship), DOC (posi-
tive), free Al (negative), and two binary variables related 
to limestone and serpentine (Table 2; R2 = 0.68; p < 0.001). 
Despite the high variance explained (68%), the general equa-
tion overestimated low and underestimated high log  IC50 
values, and many values presented a higher error than 10% 
(Fig. 3a).

Individual equations for log  IC50 estimations, one for each 
parent material, increased R2 values for all parent materials 
(0.70–0.997) compared to the general Eq. (0.68) (Table S9; 
Supplementary Information). Variables included in indi-
vidual equations were soil pH (negative relationship), DOC 
(positive), OM (negative), clay content (positive), free Fe 
(negative), or total Ni (positive). The equations for differ-
ent parent materials presented in most cases common vari-
ables, such as clay (four equations) or DOC, pH, and OM 

Fig. 2  Measured tolerance values of bacterial communities (log  IC50) 
for Cr versus estimated tolerance values determined from a the gen-
eral equation and b individual equations for each soil parent type. The 

continuous line represents a 1:1 relationship, whereas stippled lines 
represent 10% deviation from the 1:1 line

Fig. 3  Measured tolerance values of bacterial communities (log  IC50) 
for Ni versus estimated tolerance values determined from a the gen-
eral equation and b individual equations for each soil parent type. The 

continuous line represents a 1:1 relationship, whereas stippled lines 
represent 10% deviation from the 1:1 line
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(three equations each). When comparing the results obtained 
with the general (Fig. 3a) and individual equations (Fig. 3b), 
individual equations were better adjusted to a 1:1 line (meas-
ured vs. estimated), i.e., a more accurate estimate than the 
general equation. In addition, no over- nor underestimations 
were present, and all values presented errors lower than 10% 
(Fig. 3b).

Lead

Bacterial community tolerance to Pb, expressed as log  IC50, 
showed a smaller range than for Ni and Cr: − 5.24 ± 0.07 
to − 3.69 ± 0.03 (Table 1). The ANOVA analysis and Dun-
can’s post hoc test showed significant differences (p < 0.05) 
between parent materials, following the order: schist ≥ ser-
pentine ≥ amphibolite ≥ granite ≥ limestone (Fig. 1c).

The log  IC50 values could be estimated (R2 = 0.36; 
p < 0.05) from DOC (positive relationship), NiCr (sum 
of total Ni and Cr amounts in g·kg−1) (positive), and two 
binary variables associated with schist and amphibolite soils 
 (BVS,  BVA) (Table 2). Despite the relatively low variance 
explained (36%), the general equation for Pb presented all 
values with errors lower than 10%. However, the equation 
overestimated low and underestimated high log  IC50 values.

Individual equations with higher R2 values than the 
general equation (R2 = 0.36) were obtained for granite 
(R2 = 0.62) and schist soils (R2 = 0.73), but it was not possi-
ble to estimate any equation for limestone, amphibolite, and 
serpentine soils (Table S10; Supplementary Information). 
The variables included in the two estimated equations were 
DOC (positive relationship) for granite, and clay fraction 
(positive), and soil pH (negative) for schist. Any general 
similarity among the two estimated equations was not found. 
Amphibolite and serpentine soils showed little variation in 
log  IC50 values (0.5 and 0.4, respectively), but in the case 

of limestone soils, log  IC50 values had a higher variation 
(0.8). Even without 3 individual equations, and thus using 
the mean log  IC50 value for these metals, it appeared that 
individual equations were better predictors for log  IC50 val-
ues than the general equation (Fig. 4). Estimated log  IC50 
values from individual equations (Fig. 4b) fitted better to 
the line 1:1, i.e., presented lower overestimations at low and 
underestimations at high log  IC50 values than the general 
equation (Fig. 4a).

Zinc

The smallest variation in log  IC50 values was observed for 
Zn: − 4.40 ± 0.08 to − 3.12 ± 0.08 (Table 1). The ANOVA 
analysis showed significant differences between parent mate-
rials (p < 0.05) with the following order of tolerance accord-
ing to Duncan’s post hoc test: serpentine ≥ limestone = gran-
ite ≥ amphibolite = schist (Fig. 1d).

A general equation was obtained to estimate bacterial 
community tolerance to Zn as log  IC50 values (Table 2) 
using clay content (positive relationship), soil pH (negative), 
and two binary variables associated with limestone  (BVL) 
and serpentine soils  (BVSE) (R2 = 0.38). In addition to the 
low variance explained (38%), the general equation for Zn 
overestimate low and underestimate high log  IC50 values 
(Fig. 2a), and some estimates had errors higher than 10%.

Individual equations for each parent material (Table S11; 
Supplementary Information) showed higher R2 values than 
the general equation in the case of limestone (R2 = 0.99), 
amphibolite (R2 = 0.90) and serpentine soils (R2 = 0.80). 
These equations included variables such as organic matter 
content (negative relationship), soil pH (negative), DOC 
(positive), and free Fe (negative). In three of the fitted equa-
tions DOC is present, while pH is present in two of them. It 
was not possible to obtain individual equations for granite 

Fig. 4  Measured tolerance values of bacterial communities (log  IC50) 
for Pb versus estimated tolerance values determined from a the gen-
eral equation and b individual equations for each soil parent type. The 

continuous line represents a 1:1 relationship, whereas stippled lines 
represent 10% deviation from the 1:1 line
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and schist soils despite the wide range of log  IC50 values 
(0.72 and 0.92, respectively). Using the mean log  IC50 values 
for granite and schist, the predictions provided by individ-
ual equations (Fig. 5b) were similar to the general equation 
(Fig. 5a).

Discussion

In soils with GBCs of heavy metals, i.e., not polluted, the 
same, low, bacterial community tolerance to heavy metals 
is expected. However, the present work showed that dif-
ferences may be present in bacterial community tolerance 
to Cr, Ni, Pb, and Zn in soils with different soil properties 
despite GBCs, as was previously shown for Cu (Campillo-
Cora et al. 2021). Community tolerance to Zn and Pb had 
a similar variation between soils as earlier found for Cu, 
while Cr and Ni had a much higher variation. This differ-
ence may theoretically be attributed to high natural levels of 
Cr and Ni in amphibolite or serpentine soils (Chrysochoou 
et al. 2016; Massoura et al. 2006; Oze et al. 2004; Vithanage 
et al. 2014). However, amphibolite and serpentine soils did 
not show especially high community tolerance to Cr or Ni 
compared to the other soils. Instead, higher tolerance was 
found for limestone soils, soils with lower total (Campillo-
Cora et al. 2021), and much lower available (Table S4; Sup-
plementary Information) Cr and Ni concentrations. These 
results indicated that bacterial community tolerance to these 
metals did not mainly depend on the metal content, but that 
other soil properties influenced the measurements. In the 
cases of Pb and Zn, all soils had low total and available 
(Table S4; Supplementary Information) concentrations and 
differences in log  IC50 values had to be due to variations in 
other soil properties.

Effect of soil properties on estimated bacterial 
community tolerance to Cr, Ni, Pb, and Zn

The effect of the general soil properties on bacterial commu-
nity tolerance measurements can be divided into two groups: 
(1) soil properties affecting bacterial community tolerance 
development during the selection phase (total Ni, total NiCr, 
soil pH, organic matter, free Al, and free Fe contents) and 
(2) soil properties affecting bacterial community tolerance 
measurement during the detection phase (clay and DOC).

For all metals and parent soils, clay content was posi-
tively related to log  IC50 values, suggesting that the effect 
was similar for all heavy metals tested (Table 2). To exem-
plify with Cr, this positive relationship is not possible during 
the selection phase. Clay minerals have a great affinity for 
Cr (Loyaux-Lawniczak et al. 2001), and therefore, higher 
amounts of clay should decrease Cr toxicity in soil, lead-
ing to lower log  IC50 values. However, during the detection 
phase of PICT, the presence of high amounts of clay may 
lead to a detection bias. When bacteria are extracted from 
soil, the finer clay fractions may also be extracted. Metals 
and clay minerals will bind, leading to less bioavailability 
for bacteria. This will cause an underestimation of the Cr 
toxicity to bacterial communities in the detection phase, 
and therefore to overestimations of bacterial community 
tolerance. This type of artifact was previously suggested for 
bacterial community tolerance to Cu (Campillo-Cora et al. 
2021; Fernández-Calviño et al. 2011). A bias in the detection 
phase of PICT is probably also the case for the other metals 
(Table 2) because of the high affinity of clay for heavy met-
als, e.g., Ni (Zhang et al. 2015) and Zn (Shaheen et al. 2013).

A positive relationship was determined between DOC and 
Ni, Pb and Zn log  IC50 values (Table 2). Due to the high 
affinity of DOC for heavy metals, e.g., for Ni (Lockwood 
et al. 2015) and Pb (Bérard et al. 2016; Boivin et al. 2006; 

Fig. 5  Measured tolerance values of bacterial communities (log  IC50) 
for Zn versus estimated tolerance values determined from a the gen-
eral equation and b individual equations for each soil parent type. The 

continuous line represents a 1:1 relationship, whereas stippled lines 
represent 10% deviation from the 1:1 line
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Yamada and Katoh 2020), positive relations are not possi-
ble during the selection phase, similar to the case with the 
clay fraction. However, similar to clay, DOC will also be 
extracted into the bacterial solution in the detection phase, 
reducing considerably metal bioavailability and toxicity. As 
a result, PICT values may be overestimated, as previously 
found for Cu (Campillo-Cora et al. 2021; Lekfeldt et al. 
2014). However, for Cr, DOC was negatively related to log 
 IC50, suggesting that DOC increase Cr toxicity for bacteria 
during the detection phase. This may be due to the presence 
of Cr in anionic form  (Cr2O7

2−), while the other tested met-
als were present in cationic form  (M2+). However, further 
analyses are needed to clarify the effect of DOC on Cr toxic-
ity during the detection phase.

A positive relationship was found between the sum of 
total amounts of Ni and Cr and Pb (log  IC50). Positive rela-
tionships were also found between Cr log  IC50 and total Ni 
and between Ni log  IC50 and total Ni. These relations may be 
explained by bacterial interactions with Cr and/or Ni during 
the selection phase of PICT. When Cr and Ni are present 
in soils in high concentrations, as in the case of serpentine 
soils, they may become toxic to soil bacteria, increasing bac-
terial community tolerance to Cr and Ni but also to other 
heavy metals. Cr and Ni toxicity may also increase bacterial 
community tolerance to other metals due to the co-tolerance 
phenomenon (Blanck 2002; Boivin et al. 2002). Previously, 
Díaz-Raviña et al. (1994) found co-tolerance between met-
als. Their results did, however, not show that Pb developed 
co-tolerance to Ni, Cd, Zn, or Cu. Rusk et al. (2004), on the 
other hand, determined that prior exposure of soil microor-
ganisms to Zn resulted in greater tolerance to Pb and vice 
versa.

Free Al showed a negative relationship with estimated 
Ni log  IC50 values, i.e., the higher the free Al content, the 
lower the bacterial community tolerance to Ni. This may be 
explained by the positive relation between Al oxy-hydroxide 
content and its Ni adsorption capacity (Zhang et al. 2015). 
If Ni is present in soils with high free Al concentrations, 
Ni becomes less bioavailable than in soils with low free Al 
content, leading to less toxicity on bacteria and therefore less 
bacterial community tolerance to Ni. In some of the indi-
vidual equations, a negative relationship was found between 
Ni log  IC50 values and organic matter (OM) and/or free Fe 
contents. The interpretation for these relationships may be 
the same as for free Al, i.e., an effect during the selection 
phase since OM and Fe oxy-hydroxides both have a high 
capacity for heavy metal adsorption (Bradl 2004).

A negative relationship was observed between soil pH 
and Zn log  IC50 in the general equation. This relationship 
may be attributed to a pH effect on metals during the selec-
tion phase of PICT. There is a close relationship between 
soil pH and Zn bioavailability (Campillo-Cora et al. 2020; 
Sauvé et al. 2000), in that the higher the soil pH, the lower 

is the Zn bioavailability and toxicity. Therefore, bacterial 
community tolerance will be lower than expected from total 
Zn concentrations at high pH. However, Zn concentrations 
in the studied soils are quite low (Campillo-Cora et al. 2021) 
and bacterial community tolerance to Zn should thus be low 
independently of soil pH. Nevertheless, soil pH also has an 
important effect on the availability of other metals, such as 
Ni (Campillo-Cora et al. 2020), and therefore co-tolerance 
mechanisms may be present as were discussed previously 
for Pb (see above).

Applicability and limitations

In a previous work (Campillo-Cora et al. 2021), we sug-
gested a methodology, based on baseline predictions of Cu 
tolerance of the bacterial community using soil properties, 
to decide if Cu pollution has a toxic effect on the bacterial 
community. The procedure was as follows: (1) determination 
of the bacterial community tolerance to Cu in a soil; (2) esti-
mation of the bacterial community tolerance to Cu baseline 
using the general soil properties; and (3) calculation of the 
difference between estimated baseline and measured log  IC50 
in the polluted area. The resulting difference is PICT.

Results from the present work indicated that the proposed 
methodology may also be applied to other heavy metals. 
Preferentially the community tolerance should have low 
variation between soils with GBCs or a large part of the 
variation explained by few soil properties. This was the case 
with Cu earlier studied, with a variation of 1.6 units and 80% 
of the variation explained by soil properties (Campillo-Cora 
et al. 2021). However, even if the variation in log  IC50 values 
was similar for Zn and Pb (1.3 and 1.6 units, respectively) 
compared to Cu, the lower variation explained (36–38%) 
made the baseline estimate for Zn and Pb less precise. This 
was even more evident for Cr with a variation of 2.5 units 
but only 44% of that variation was explained. The highest 
variation in community tolerance explained by the soil prop-
erties (68%) was obtained for Ni, but due to also having the 
highest variation in tolerance values, a similar high abso-
lute variation in tolerance values as for Cr was found. Thus, 
although none of the metals studied showed as good results 
for baseline estimated tolerance as earlier found for Cu, the 
methodology should be applicable also for Zn and Pb, but 
improvements are necessary in the case of Ni and Cr.

High variation and low explanation due to soil proper-
ties could be due to two different problems. The actual 
measurements could differ between metals, resulting in 
less precise  IC50 determinations. However, there was no 
obvious difference in determination precision with high R2 
values for the dose–response curves for all metals. Thus, it 
appears that compared to Cu, there are other soil properties 
that are important for the determination of baseline toler-
ance values, especially for Ni and Cr; properties that need 
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to be identified before the proposed methodology based on 
baseline predictions can be applied for these metals. One 
such property could be clay composition since clays are 
a wide group of minerals with highly variable properties 
(Brady and Weil 2002). Other not studied parameters such 
as the presence of carbonates or phosphates may also be 
relevant.

Another problem was that all general equations over-
estimated low and underestimated high log  IC50 values. 
However, independent equations for different parent mate-
rials may improve the variance explained and reduce log 
 IC50 values over- and underestimations. However, the 
low number of soils (n = 6) used for the log  IC50 base-
line estimation for each parent material so far leads to low 
robustness.

The regression models obtained in the present work 
are limited to the leucine incorporation method during the 
PICT detection phase. Although sensitive and easy to use, 
the method is not applicable to all laboratories due to the 
need for authorization to work with radioactive isotopes. 
Therefore, further research, based on the same methodol-
ogy proposed in the present work but using other endpoints 
during the detection phase, is also needed. Previously, enzy-
matic activities (Aliasgharzad et al. 2011), methods based 
on respiration (Bérard et al. 2016; Wakelin et al. 2014) or 
on community-level physiological profiling (CLPP) (Schmitt 
et al. 2004) were for example used to determine PICT to 
contaminants in soils.

Despite the limitations discussed above, the general meth-
odology proposed by Campillo-Cora et al. (2021) for Cu and 
extended to Cr, Ni, Pb, and Zn in the current work, open new 
possibilities to improve the detection of toxic effects caused 
by heavy metals in soils from polluted areas. However, 
before routine application of the proposed methodology for 
the estimation of baseline levels of bacterial community tol-
erance to heavy metal, the study of individual equations for 
different parent materials using more soil samples is needed 
to achieve more robust equations, especially for Ni and Cr. 
These samples must include a higher variability of soil prop-
erties and more parent materials. In addition, the obtained 
equations must be validated with a new independent set of 
samples.
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