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Abstract
Soil cadmium (Cd) pollution resulting from anthropogenic activities has become a major concern for microbial and
biochemical functions that are critical for soil quality and ecosystem sustainability. Organic amendments can reduce Cd
toxicity to the microbial community and enzymatic activity in Cd-polluted soils and thus would increase the ecological dose
(ED) values. However, there has been less focus on the effect of organic amendments on microbial and biochemical
responses to Cd toxicity in non-calcareous soils using the concept ED. The aim of this study was to assess the impact of
compost application on microbial activity, microbial biomass, turnover rates of carbon and nitrogen, and enzymatic activities
as the key ecological functions in a non-calcareous soil spiked with different Cd concentrations (0–200 mg kg−1). Results
showed that soil amendment with compost decreased Cd availability by 48–76%, depending on the total soil Cd content. The
application of compost reduced the negative influence of Cd eco-toxicity on most soil microbial and biochemical functions
by 20–122%, depending on the Cd level and the assay itself. The ED values, derived from the sigmoidal dose-response and
kinetic models, were 1.10- to 2.24-fold higher in the compost-amended soils than the unamended control soils at all Cd
levels. In conclusion, the potential risks associated with high levels of Cd pollution can be alleviated for microbial and
biochemical indicators of soil quality/health with application of 2500 kg ha−1 compost as a cost-effective source of organic
matter to non-calcareous soils. The findings would have some useful implications for organic matter-limited non-calcareous
soils polluted with Cd.
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Introduction

Soil microbial communities are the main driving forces
responsible for the long-term sustainability of ecosystems
because they regulate the formation and decomposition of
soil organic matter (SOM) and plant residues, the cycling
and availability of essential nutrients, carbon (C) cycling
and sequestration, biodegradation of many harmful organic
pollutants as well as biotransformation of toxic metals in

the soil (Nannipieri et al. 2003; Soares and Rousk 2019;
Xu et al. 2019). Microbial communities are a potential
source of enzyme release and production in the soil
environment, which are the major catalysts of biogeo-
chemical reactions (Dick 1997; Nannipieri et al.
2012, 2002). These catalysts play an important role in
microbial life cycle and metabolism, and the critical bio-
geochemical processes that are essential for the main-
tenance of soil quality and ecosystem functioning
(Caldwell 2005; Dick 1997; Nannipieri et al. 2018, 2002).
As soil microorganisms and enzymes reflect environmental
conditions, they can be used as early indications of eco-
logical changes in soil quality/health due to perturbation
and pollution by toxic metals (Dick 1997; Karaca et al.
2010, 2002; Nannipieri et al. 2003).

A large number of microbial and biochemical properties
manifesting the activity, biomass and diversity as well as
enzyme production of soil microbial communities are used
as sensitive indicators for soil quality/health evaluation and
for ecological risk assessments in polluted environments
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(Karaca et al. 2010; Kızılkaya et al. 2004; Lorenz et al.
2006; Tejada 2009; Vig et al. 2003).

Soil pollution with cadmium (Cd) is an important
environmental concern due to its high mobility and toxicity
as well as different source contributions in the soil-plant
system (Hamid et al. 2019; Khan et al. 2017; Smolders and
Mertens 2013). Numerous studies have demonstrated a
negative influence of Cd on soil microbial and biochemical
properties, often with reduced microbial activity, microbial
biomass and enzyme activity in Cd-polluted environments
(Epelde et al. 2016; He et al. 2019; Karaca et al. 2002; Li
et al. 2020; Lorenz et al. 2006; Moreno et al. 2006, 2002;
Tan et al. 2017; Tejada 2009). Nevertheless, the response of
soil microbial community and biogeochemical processes to
Cd pollution primarily depends upon soil properties, which
play key roles in the bioavailability and toxicity potential of
Cd (Khan et al. 2017; Vig et al. 2003). Amongst others, soil
pH and SOM are important determinants of Cd mobility and
availability (Hamid et al. 2019; Khan et al. 2017; Smolders
and Mertens 2013) because of their impacts on Cd
adsorption, precipitation, or complexation, its speciation in
the soil solution and fractionation within the soil solid
phases (Mohamed et al. 2010; Vaca-Paulín et al. 2006).

Considering the critical role of SOM and organic
amendments on soil response to Cd pollution, several stu-
dies have paid considerable attention to the addition of soil
amendments to lower/alleviate Cd toxicity to the microbial
community (He et al. 2019; Li et al. 2020; Moreno et al.
2003, 2002; Pardo et al. 2014) and growing plants (Hamid
et al. 2019; Hanc et al. 2009; Li et al. 2020; Pardo et al.
2014). The availability and toxicity of Cd can decrease with
the addition of cost-effective organic amendments due to its
strong adsorption or complexation with organic ligands
(Hamid et al. 2019; Karaca 2004; Khan et al. 2017;
Mohamed et al. 2010; Tejada 2009). Application of organic
amendments to the soil has been used as immobilizing
agents practically suitable for Cd remediation at polluted
sites (Hamid et al. 2019; Khan et al. 2017; Li et al. 2020;
Mohamed et al. 2010; Pardo et al. 2014). While organic
amendments can reduce Cd toxicity to the microbial com-
munity in calcareous soils with high pH (Li et al. 2020;
Moreno et al. 2003; Tejada 2009), there has been less focus
on the effect of organic amendments on microbial responses
to Cd toxicity in non-calcareous soils under Iranian condi-
tions. The presence of high calcium carbonates and alkali-
nity in calcareous soils can lead to co-precipitation of Cd
ions with major hydroxides or calcium-carbonates that can
immobilize/stabilize Cd and reduce its concentration in the
soil solution (Moreno et al. 2001; Renella et al. 2004;
Smolders and Mertens 2013). Therefore, it is difficult to
separate these effects from the effect of SOM per se on Cd
mobility and toxicity in highly calcareous soils, because
they commonly occur concurrently. On the other hand, low

nutrient availability and biological activity are the major
challenges in Cd-polluted non-calcareous soils with low
SOM content (Dušek 1995; Moral et al. 2005).

Several studies (Moreno et al. 2003, 2002; Tejada et al.
2008) have considered the effect of organic amendments on
various soil microbial and biochemical functions in metal-
polluted soils by determining the 50% ecological dose
(ED50) value, the concentration of a toxic metal at which
microbial and biochemical functions are inhibited by 50%
relative to the uninhibited (maximum) value in an unpolluted
soil (Babich et al. 1983; Speir et al. 1999). They demon-
strated higher ED50 values with the application of sewage
sludge in Cd- or nickel (Ni)-polluted soils (Moreno et al.
2003, 2002) and with addition of organic amendments in Ni-
polluted soils (Tejada et al. 2008) under controlled labora-
tory conditions. The ED50, first established by Babich et al.
(1983), is a suitable indicator of the sensitivity of a soil
function to metal toxicity under different soil and exposure
conditions (Hinojosa et al. 2008; Moreno et al. 2006;
Renella et al. 2003). Plausibly, the ED50 value is robust and
can also be used to identify the factors affecting the spe-
ciation and mobility of heavy metals in soils and controlling
their availability (Moreno et al. 2006, 2001; Tejada et al.
2008); the time of exposure to a particular metal (Moreno
et al. 2003, 2002; Tejada et al. 2008) as well as differences
in soil or environmental conditions such as texture, organic
matter content and pH (Doelman and Haanstra 1986; Moreno
et al. 2006, 2001; Tan et al. 2014; Wang et al. 2018) or even
soil use and management (Moreno et al. 2006). Although
too high for the continuing soil functioning (Moreno et al.
2002; Speir et al. 1999; Tejada et al. 2008), this toxicity cue
can be applied for assessing the ecological risk of toxic
metals and other chemicals to the quality and health of the
soil ecosystem (Epelde et al. 2016).

While the effect of organic amendments on Cd mobility
and toxicity is widely recognized, very few studies have
been conducted to examine the impact of organic amend-
ments, particularly compost, on Cd toxicity to the soil
microbial community and enzyme activity in non-
calcareous soils of Iran with a high risk of Cd pollution
using the concept ED. Such information is important for
identifying and adopting management practices which are
most effective in immobilizing Cd and hence contributing
to the mitigation of the toxic effect of Cd on the soil
microbial community. In this context, the main aim of the
study reported here was to investigate the effect of compost
application on Cd toxicity to the soil microbial community
and enzyme activity by calculating ED50 values. Our main
research question is to what extent compost addition to the
soil influences Cd availability and subsequently the basic
soil ecological functions, by determining the ED50 values.
Our key hypothesis was that application of compost would
lower Cd toxicity, which could be reflected by an increase
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in soil ecological functions and the ED50 values as an
integrated index of soil ecological sensitivity.

Materials and methods

Soil sampling and treatments

A non-calcareous (calcium carbonates <5%, pH ≈ 7) clay
soil sample from the surface layer (~20 cm depth) was
collected from a cropland field in DoAb-Samsami region
(mean annual rainfall of 875 mm and mean annual tem-
perature of 9.8 °C) without pollution exposure (Table 1).
The study soil was classified as Pachic Haploxerolls (The
United States Department of Agriculture Soil Taxonomy) or
Haplic Phaeozems (The Food and Agriculture Organiza-
tion). This soil was selected to minimize the possible impact
of carbonates (He et al. 2019; Moreno et al. 2006; Pardo
et al. 2014; Renella et al. 2004), which are common con-
stituents of many soils in arid and semi-arid areas, on Cd
availability and toxicity. Soil pH and SOM content are
generally the primary factors associated with Cd solubility
in the soil solution (Smolders and Mertens 2013). The soil
(20 kg) was air-dried and passed through a 2-mm mesh
sieve prior to analysis. The soil texture (the hydrometer
method), pH (in 1:2.5 soil–water), electrical conductivity (in
1:2.5 soil–water), CaCO3 (the titration method), organic
carbon (the Walkley and Black method), total nitrogen (the
Kjeldahl method), available phosphorus concentration (the
Olsen’s method), available potassium concentration
(extraction by 1M ammonium-acetate) and cation exchange

capacity (ammonium-acetate, pH 7.0) were determined.
DTPA-TEA (diethylene triamine penta acetic acid-
triethanol amine)-extractable Cd concentration at pH 7.3
(Lindsay and Norvell 1978) and total Cd pool were deter-
mined using atomic absorption spectrophotometry (AAS
Model GBC 932 Plus). Total soil Cd was determined using
digestion of soil (2 g) in 12.5 mL of concentrated (4 M)
HNO3 at 80 °C overnight (Sposito et al. 1982).

The compost was prepared from a mixture of agricultural
plant residues, grasses and cow manure; and left to rest and
decay for 60 days. At the end of the composting process, the
compost subsamples were air-dried and ground to 1 mm for
chemical analysis including electrical conductivity (EC),
pH, C, nitrogen (N), phosphorus (P), potassium (K) and Cd
contents as outlined for soil analysis (Table 1). In Iran,
compost production using organic municipal wastes or plant
residues has increased dramatically leading to the estab-
lishment of large-scale composting facilities/plants making
compost widely available to be used as a valuable soil
conditioner. We used a completely randomized design with
5 × 2 full-factorial treatment combinations in three repli-
cates with the following factors: (1) five Cd levels
(0–200 mg kg−1) and (2) two rates of compost application
(0 and 10 g kg−1 soil, equivalent to 1% w/w or about
2500 kg ha−1). Soil samples were spiked with Cd at five
concentrations of 0, 50, 100, 150 and 200 mg kg−1 to
represent soil Cd pollution in the vicinity of mining and
industrial areas in Iran (Chehregani et al. 2009; Rafiei et al.
2010). The selected Cd concentrations are much higher than
the maximum concentration of total Cd permitted in soils
(2.3 mg Cd kg−1) in the context of European Union legis-
lation (Smolders and Mertens 2013). We used this limit as a
reference because no such values have been established for
soil protection in Iran. The soils were artificially con-
taminated with cadmium sulfate (CdSO4·8/3H2O) on a dry
weight basis in plastic jars. The control soils (0 mg Cd kg−1)
were watered with distilled water and Cd-treated soils with
appropriate Cd solutions to achieve the above Cd con-
centrations. Soils were mixed completely using plastic
spoons for 3 min to ensure homogenization and for a uni-
form distribution of the added Cd ions in the soil matrix.
Distilled water was used to adjust a soil moisture content of
about 60–70% of the soil water holding capacity (WHC).
The soils were incubated at room temperature (about 20 ±
5 °C) for 30 days to achieve an equilibrium condition and
for Cd aging process (Renella et al. 2005). Metal aging is a
factor that affects metal availability and is needed for the
experiments with freshly spiked soils (Oorts et al. 2007).
After this period, the soils in 15 jars were amended with
compost (<1 mm) at a rate of 10 g kg−1 soil, and the other
15 jars were left unamended. The treated soils were then
homogenized thoroughly for a uniform distribution of the
added compost in the soil background. The amended and

Table 1 Selected characteristics of the study non-calcareous clay soil
and compost

Variable Soil Compost

Sand (g kg−1) 100 –

Silt (g kg−1) 370 –

Clay (g kg−1) 530 –

CaCO3 (g kg
−1) 50 –

pH (1:2.5) 6.95 9.1

Electrical conductivity (dS m−1) (1:2.5) 0.31 7.5

Cation exchange capacity (cmolc kg
−1) 42.2 70.2

Organic carbon (C) (g kg−1) 10 92

Total nitrogen (N) (g kg−1) 1 15.4

C/N ratio 10 6

Available phosphorus (mg kg−1) 121 1430

Available potassium (mg kg−1) 350 1150

Total Cd (mg kg−1) 1.50 ND

DTPA-extractable Cd (mg kg−1) 0.12 ND

DTPA diethylene triamine penta acetic acid, ND not detectable

Compost application increases the ecological dose values in a non-calcareous agricultural soil. . . 19



unamended Cd-polluted soils were pre-incubated at
60–70% WHC and in the dark at constant room temperature
for 10 days to lessen the effects of soil preparation and
disturbance, and to reactivate the soil microbial populations
and communities. Ultimately, the jars were incubated for
10 weeks at 25 ± 1 °C and 65 ± 3% WHC.

Soil microbial and enzyme analysis

Soil C and N mineralization, as an index of C and N
turnover, and microbial activity, were monitored during the
incubation period (70 days). For the soil C mineralization
(i.e., CO2 production), a vial containing 10 ml of 1M NaOH
as alkali was placed inside the jars for CO2 absorption. The
amount of CO2 evolved from the soil was determined by
back-titrating the alkali with 0.5 N HCl after precipitating
the carbonates with 10% BaCl2 solution (Alef and Nanni-
pieri 1995). The C mineralization was expressed as the
cumulative (total) CO2 production or total C mineralized
(TCM) over 70 days and reported as mg C kg−1 soil. The
soil net N mineralization was determined according to the
method described by Raiesi (2012) at weekly intervals for
70 days as the net increases in ammonium-N plus nitrate-N.
Soil subsamples were extracted for 30 min with 50 mL of
1M KCl before (t= 0) and at 7-day intervals, and the
inorganic N (NH4 and NO3) concentrations were deter-
mined in the soil extracts colorimetrically at 410 (NO3) or
660 (NH4) nm (Alef and Nannipieri 1995). As with C
mineralization, the net N mineralization was expressed as
the total concentration of net N mineralized or total N
mineralized (TNM) throughout the incubation. Microbial
ammonification and nitrification are the major sources of
plant-available N in the soils (Azeez and Van Averbeke
2010; Li et al. 2018; Raiesi et al. 2018). The potential net
ammonification rate (PAR) was then calculated as the
cumulative net ammonification (the difference in
ammonium-N before and after the incubation) divided by
70-days of the incubation period. Likewise, the potential net
nitrification rate (PNR) was estimated as the difference in
nitrate-N before and after the incubation and the increase in
nitrate-N during the course (70 days) of incubation. Results
for C and N turnover were calculated on a 105 °C oven-dry
weight basis.

At the end of the soil incubation, microbial basal
respiration (BR) as the overall microbial activity, substrate
(glucose)-induced respiration (SIR), microbial biomass N
(MBN) content and enzyme activities were determined.
The BR was quantified and considered as the amount of
CO2 produced over 15 days and expressed as mg C kg−1

soil day−1 as outlined above for the C mineralization
experiment. Substrate-induced respiration (SIR) was
measured by adding 2 ml of 1% (w/w) glucose solution to
a soil subsample (1 g) and the evolved CO2 over 5–6 h was

determined (Lin and Brookes 1999) as described above.
The SIR value was used as an indirect estimate of soil
microbial biomass and the potentially active microbial
community (Blagodatskaya and Kuzyakov 2013). The
fumigation-incubation method was used to measure soil
MBN pool (Joergensen 1995). Subsamples were fumi-
gated with chloroform for 24 h in a desiccator lined up
with vacuum pump. Fumigated and non-fumigated control
samples were incubated (65 ± 3% WHC, 25 ± 1 °C) for
10 days and the quantity of inorganic N (NH4 and NO3)
was determined as described above. The difference
between the inorganic N accumulation in fumigated and
non-fumigated samples was considered as MBN using a
factor of 0.57 (Joergensen 1995). Soil MBN was expres-
sed as mg kg−1 soil.

The microbial enzyme activities were assayed based on
the colorimetric determination of the product released by
the enzyme, when soil subsamples were incubated with an
adequate substrate under standard conditions, following the
methods described in Alef and Nannipieri (1995). Urease
activity (URE) was assayed using 200 mM urea as the
substrate under standard conditions (24 h at 37 °C). Alka-
line (ALP) and acid (ACP) phosphatase activities were
determined using 15 mM p-nitrophenyl phosphate dis-
odium (PNP) as the substrate in a modified universal buffer
(MUB) at pH 11 and 6; respectively, incubated for 1 h at
37 °C. Absolute enzyme activities were expressed as
micrograms of product produced per gram of oven-dry
weight (105 °C) per specified time. Soil pH, EC and
DTPA-extractable Cd concentration were also determined
at the end of the incubation period. The DTPA-extractable
Cd fraction in the soil solution was considered as a measure
of the potentially available Cd to the soil microorganisms
(Moreno et al. 2006; Tejada 2009).

Mathematical models for the ED50 determination

We used the sigmoidal dose-response logistic model
(Haanstra et al. 1985) and the kinetic model (Speir et al.
1999) to assess the inhibition of the tested soil properties by
Cd. The first model (Model 1) describes a logistic curve,
which represents the relationship between the measured
parameter and the natural logarithm of soil Cd concentra-
tion. The mathematical equation for the sigmoidal dose-
response model is:

y ¼ a

1þ eb x�cð Þð Þ ; ð1Þ

where y is the response variable (the test soil property), x is
the natural logarithm of the total Cd added to the soil, a is
the uninhibited value of y, b is a slope factor showing
the inhibition rate, and c is the natural logarithm of ED50.
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The ED50 values were finally calculated using the following
expression:

ED50 ¼ exp cð Þ:
The algebraic expression of the kinetic model (Model 2)

was:

y ¼ a

1þ bxð Þ : ð2Þ

This model describes the full inhibition of the measured
parameter (y) by the concentration of (Cd) inhibitor (x). The
constants a and b are positive. The constant a represents the
uninhibited value of the measured parameter, and the con-
stant b depends on the curve slope. The ED50 values for
Model 2 were calculated using the following expression:

ED50 ¼ 1
b
:

Statistical analysis

A two-way analysis of variance (ANOVA) procedure was
conducted to examine the influence of Cd levels, compost
application and their interaction as sources of variation on
the measured soil biological variables. First, the residuals
were tested for equal variance and normal distribution
before statistical analysis to meet the assumptions under-
lying parametric statistical tests. Differences among mean
values were separated based on the least significant differ-
ence (LSD) test, and were considered to be statistically
significant at 5% level of significance (P < 0.05). All

statistical analyses were performed using the statistical soft-
ware Minitab (Minitab 18.1). The sigmoidal dose-response
and kinetic functions (Models 1 and 2) were fitted to soil data
for the calculation of the parameters in the models separately
for each compost treatment using SigmaPlot for Windows
version 12.0, which uses the robust Marquardt–Levenberg
algorithm to minimize the sum of squares of the residuals.
Goodness of fit of the model was estimated from both the
coefficient of determination (R2) and the standard error of the
estimate (SEE) of the non-linear regression determined at
P < 0.05. As an ED50 value is too extreme for environmental
risk assessment, lower doses of ED10 and ED5 (the con-
centration of Cd causing 10 or 5 % inhibition), which would
be more meaningful (Haanstra et al. 1985; Moreno et al.
2003; Speir et al. 1999; Tejada et al. 2008), were also cal-
culated using the algebraic expressions presented in Moreno
et al. (2002). The EDx values (mg Cd kg−1 soil) were cal-
culated using the total Cd concentrations initially added to
the soil because the two mathematical models were poorly
fitted using the DTPA-extractable Cd concentration (x=%
inhibition expressed as the added Cd concentration).

Results and discussion

Compost effect on Cd availability

Results showed that the available soil Cd concentration
extracted with DTPA increased proportionally with
increasing level of spiked Cd, but the increases were much
lower in compost-amended soils (Table 2, Fig. 1A). This is

Table 2 ANOVA results (P values and adjusted R-squared statistic) for the influence of cadmium (Cd) and compost applications on soil microbial
properties

Variable Cd (df= 4) Compost (df= 1) Cd × Compost (df= 4) Adjusted R2 (%)

DTPA-extractable Cd *** *** *** 99

Electrical conductivity *** *** ** 89

pH *** ns *** 87

Total carbon mineralization *** *** ** 98

Basal respiration *** *** *** 98

Substrate-induced respiration *** *** ** 99

Potential net ammonification rate *** *** ns 99

Potential net nitrification rate *** *** *** 99

Total nitrogen mineralization *** *** *** 99

Microbial biomass nitrogen *** *** *** 95

Acid phosphatase activity *** *** ns 96

Alkaline phosphatase activity *** ns *** 98

Urease activity *** *** *** 99

**P ≤ 0.01

***P ≤ 0.001

DTPA diethylene triamine penta acetic acid, Cd cadmium, ns not significant
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reflected in the slope from the linear regression for each
compost treatment, which was much lower for the treated
(0.049) than untreated (0.158) soils (Fig. 1A). Compost
application lowered the available Cd concentrations by
48–76% at all Cd levels as compared with the corre-
sponding unamended soils, indicating a remarkable reduc-
tion in Cd mobility and availability in the presence of
compost. This is further confirmed by the percentages of
DTPA-extractable Cd calculated with respect to the total
concentration of added Cd, which were also lower
(67–76%) in the compost-amended than the unamended
soils (Fig. 1B). Our result agrees with previous observations
(Karaca 2004; Li et al. 2020; Pukalchik et al. 2017; Raiesi
and Sadeghi 2019; Tejada 2009), where the addition of
various organic amendments including compost success-
fully decreased Cd availability and toxicity in the soil.
Several short-term laboratory experiments indicated that the
solubility and availability of soil Cd declined with the
addition of organic resources such as sewage sludge
(Moreno et al. 2003), compost (Hanc et al. 2009; Karaca
2004; Pardo et al. 2014; Vaca-Paulín et al. 2006), organic

wastes (Tejada 2009), humic substances (Pukalchik et al.
2017) and even uncomposted plant residues (Raiesi and
Sadeghi 2019; Safari Sinegani and Jafari Monsef 2016).

Decreased Cd availability in soils treated with organic
amendments is mainly attributed to the chemical processes
of Cd adsorption, ion exchange, and the formation of inso-
luble organo-Cd complexes, or to changes in soil properties
following utilization of organic resources (Hamid et al.
2019; Hanc et al. 2009; He et al. 2019; Khan et al. 2017).
Adding organic matter in the form of compost should lead to
higher specific surface area, cation exchange capacity and
organic carbon pool, providing more binding sites for Cd
and other metals and consequently less mobile Cd in avail-
able forms (Hamid et al. 2019; Hanc et al. 2009; Shuman
et al. 2002). Soil amendment with organic matter may
increase the negatively charged functional groups (includ-
ing phenolic hydroxyl, carboxyl and carbonyl groups) with
the potential to enhance Cd retention and consequently
would result in decreased Cd solubility and mobility suc-
cessfully (Karaca 2004; Khan et al. 2017; Tejada 2009).

Increased soil pH and organic matter content following
the application of organic amendments are two of the most
important soil factors that control Cd availability and toxicity
in soil (Hamid et al. 2019; Khan et al. 2017; Smolders and
Mertens 2013). In this study, compost addition had no effect
on soil pH (Table 2); therefore, an increase in organic matter
pool is the only factor regulating the effect of compost on the
availability and mobility of Cd in the soil solution. In other
words, the large reductions in Cd solubility observed in the
amended soils, compared with unamended soils, could be
related mostly to the formation of humic substances and
humified complexes. Humic substances formed during the
decomposition of organic amendments are known to
decrease the availability of Cd by the formation of highly
stable inner-sphere organo-Cd complexes (Pukalchik et al.
2017; Tejada 2009). These reactive substances have the
ability to bind metal ions through their high content of
oxygen-containing functional groups, including carboxyl
and phenolic hydroxyl (Mohamed et al. 2010; Stevenson
1994). The observed decline in Cd solubility in the compost-
treated soils may also be due to the high concentrations of
phosphate (1430mg kg−1) in the compost used in this
experiment (Table 1). Phosphate-rich compounds applied to
metal-contaminated soils can effectively limit Cd availability
due to the formation of low-solubility Cd phosphate minerals
(Brown et al. 2004; Karaca et al. 2002).

Compost effect on microbial and biochemical
functions

The ANOVA results indicated the soil microbial properties
and processes (except PAR and ACP) were significantly
influenced by the interactions between Cd and compost

Fig. 1 The absolute (A) and relative (B) concentrations of DTPA-
extractable Cd in spiked soils unamended or amended with compost.
Values are mean and bars represent the standard error (SE) of the mean
(n= 3). Different letters indicate significant differences (P < 0.05)
among mean values by LSD test. Linear regression equation in the
form of y= bx+ a, line of best fit and coefficient of determination
(R2) are provided
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treatments (Table 2). The measured microbial endpoints
indicate that Cd addition and stress inhibited the microbial
and biochemical functions (processes) in this non-
calcareous soil either amended or unamended with com-
post, while the effect of compost addition was always
beneficial at all Cd levels (Table 2, Figs 2–4), with excep-
tion of the MBN content in unpolluted soils (Fig. 3D) and
the ALP activity at moderate levels of Cd (50–100 mg Cd
kg−1) addition (Fig. 4B). However, the extent to which soil
properties and functions are inhibited by Cd addition or
stimulated by compost application depends on the Cd level

and on the soil attributes and functions involved. These
findings show that Cd had a detrimental influence on the
microbial and biochemical indicators of soil health/quality,
and that a proportion of the soil microflora was probably
inactivated or killed, especially in the soils unamended with
compost. Similarly, earlier studies (Moreno et al. 2006;
Raiesi et al. 2018; Renella et al. 2005; Tejada 2009) also
reported reduced microbial properties and activities for
microbial enzymes that are fundamental to the cycling of N
and P by high concentrations of Cd in the soil under
laboratory conditions. Furthermore, consistent with pre-
vious observations (Moreno et al. 2006, 2003; Tejada et al.
2006), there was a strong dose-dependent decline in the
measured soil microbial properties and processes (Supple-
mentary Fig. S1).

Our data demonstrated that the negative effects of Cd
toxicity were often lower in the compost-amended than the
corresponding unamended soils, confirming that the
observed reduction of DTPA-extractable Cd contents in
compost-treated soils was reflected in the increased micro-
bial metabolic processes and microbial growth. This shows
that the decreased Cd toxicity in compost-treated soils was
accompanied by increased microbial activity, microbial
biomass, turnover rates of C and N as well as enzyme
activity. In other words, the finding suggests that the
potential risks associated with high levels of Cd can be
reduced for a range of different soil microbial and bio-
chemical properties with compost application. As explained
previously, a possible hypothesis is that with addition of
compost to improve soil organic carbon content, Cd can be
immobilized and become less mobile, biologically available
and less toxic to the soil microbial community. The
improved organic matter content following addition of
organic materials has a high capacity to immobilize and
reduce the solubility of Cd (Li et al. 2020; Tejada 2009).
Our finding was in accordance with previous observations
(Li et al. 2020; Moreno et al. 2002; Raiesi et al. 2018;
Raiesi and Sadeghi 2019; Renella et al. 2005; Tejada 2009;
Tejada et al. 2011), where the use of organic amendments in
the soils polluted with Cd improved the soil microbial
properties and processes compared with non-treated soils
mostly under controlled laboratory conditions. Likewise,
addition of cotton gin compost, municipal solid waste,
sewage sludge and poultry manure to Ni-polluted (Moreno
et al. 2003; Tejada et al. 2008) and Cr-polluted (Tejada et al.
2011) soils increased soil enzymatic activities and microbial
properties and reduced the inhibition of soil properties. In a
multi-polluted mine soil, application of organic amend-
ments, especially compost, increased soil enzyme activities
and improved soil health due to the decreased soil eco-
toxicity (Pardo et al. 2014). Increases in microbial activity,
microbial biomass and microbial enzyme activities in
response to compost addition may themselves actively

Fig. 2 The total carbon mineralization, TCM (A), basal respiration, BR
(B) and substrate-induced respiration, SIR (C) in Cd-spiked soils
unamended or amended with compost. Values are mean and bars
represent the standard error (SE) of the mean (n= 3). Different letters
indicate significant differences (P < 0.05) among mean values by
LSD test
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influence SOM content and thus Cd availability and toxi-
city. Apparently, compost amendment increased the
microbial population resistant to Cd or decreased its
availability.

It should be noted that the increase in potential nitrification
does not necessarily mean that the application of compost to
Cd-polluted soils would stimulate the chemoautotrophic
process of nitrification. Alternatively, the addition of compost
(with high N content and low C/N ratio, Table 1) may sti-
mulate either the heterotrophic process of ammonification,
which can provide ammonium as the essential substrate for
the nitrification process, or the heterotrophic nitrification,
which generally has a low yield of product and proceeds only
slowly (Li et al. 2018; Zhang et al. 2019). The heterotrophic
nitrification activity is performed by a wide range of soil
microorganisms such as heterotrophic bacteria, fungi and
actinobacteria (Li et al. 2018; Zhang et al. 2019). Certainly,
the compost input released ammonium that supported che-
moautotrophic nitrification activity.

In this experiment, ALP activity behaved differently
in response to compost addition, being significantly higher
in compost-amended soils than unamended control soils in
treatments without Cd addition (Fig. 4B). In contrast, the
soils amended with compost showed significantly lower

ALP activity than the unamended soils in treatments with
the moderate levels of Cd (50–100 mg Cd kg−1). We can
give no explicit explanation for the decline of ALP activity
in the compost-treated soils, and further research is needed
to determine the reason for this observation. It is likely that
the decreased ALP activity as a consequence of compost
addition could occur directly through the possible co-
location of ALP molecules (or enzyme substrates) and Cd
ions on the surfaces of organic compounds and humic
substances produced during compost decomposition,
resulting in inhibition of the catalytic activity. Furthermore,
the possibility that the adsorbed Cd inhibits the activity of
extracellular ALP stabilized by humic substances cannot be
excluded. Nonetheless, the validity of this hypothesis
should be independently verified.

Pearson coefficients indicated significant correlations
among pairs of soil attributes (Table 3). The concentrations
of both total Cd and DTPA-extractable Cd had a significant
negative correlation with all the measured soil properties,
suggesting that soil microbial functions would decrease
with increasing concentrations of total or available Cd. For
most soil properties, correlation coefficients were greater
with total Cd contents than DTPA-extractable Cd con-
centrations (Table 4). This suggests that total Cd

Fig. 3 The potential net ammonification rate, PAR (A), potential net
nitrification rate, PNR (B), total nitrogen mineralization, TNM (C) and
microbial biomass nitrogen, MBN (D) in Cd-spiked soils unamended

or amended with compost. Values are mean and bars represent the
standard error (SE) of the mean (n= 3). Different letters indicate
significant differences (P < 0.05) among mean values by LSD test
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concentration does provide adequate evidence concerning
its availability and toxicity in the soil, and consequently its
potential impact on the soil microbial community and
enzymatic activity. Although the available Cd fraction
correlates well with the toxicity parameters and determines
Cd impact on the microorganisms (Lindsay and Norvell
1978; Moreno et al. 2006; Tejada 2009; Vig et al. 2003),
this study shows that total Cd concentration equally repre-
sents Cd toxicity, and therefore would be co-equally
representative of soil Cd toxic effects on the soil micro-
organisms in freshly Cd-spiked soils.

The addition of labile C forms and nutrients in compost
could also be an important driver for the increased microbial
activity and biomass as a microbial substrate, and enzyme
activity as an enzyme substrate over the incubation period.
The compost used in this study was rich in organic matter
and an important source of nutrients for the soil micro-
organism and it did not contain any potentially harmful
metals such as Cd (Table 1). Soil amendment with compost
and other organic resources increases the availability of
substrate C, which stimulates microbial growth and biomass
or the stimulation of microbial activity and hydrolase
activities through additions of labile nutrients (Li et al.
2020; Pardo et al. 2014; Renella et al. 2005; Tejada 2009).
This could counterbalance any inhibitory effect of the toxic
metals (Tejada 2009). Incorporation of organic amend-
ments, such as compost and plant residues, into these soils
repeatedly promotes microbiological and enzyme activity
for maintenance of soil quality (Bastida et al. 2009; Raiesi
and Sadeghi 2019; Ros et al. 2003; Vafa et al. 2016).
Compost can also indirectly affect soil enzymatic activities
by changing the microbial community which is responsible
for the production of enzymes (Epelde et al. 2016; Tejada
et al. 2009). This is supported by the strong correlations
between enzyme activities and microbial biomass or
microbial activity (Table 3). Considering Cd-compost
interactions and microorganisms-compost interactions, the
findings showed the potential significance of environmental
and nutritional co-benefits of compost application for the
microbial community and quality of Cd-polluted soils.
Compost as an organic substrate itself may have a selective
effect, or it may modify the responses to Cd through
changes in the physiological state and activity or growth of
the soil microorganisms (Tejada 2009). However, as the
inhibition of soil microbial and biochemical properties in
the freshly Cd-spiked soils is higher than in soils where Cd
is in equilibrium conditions for a much longer period (Vig
et al. 2003), field experiments using long-term Cd-con-
taminated soils and compost applications are required to
confirm these findings. Mostly, the bioavailability of Cd
decreases with the duration of its contact with solid phases
in the short-term due to the changes in its chemical forms
and aging process (Renella et al. 2004; Vig et al. 2003),
however, its toxicity in the soil is persistent and its bioa-
vailability does not decline in the long-term (Smolders and
Mertens 2013).

Compost effect on the ED values as an index of soil
ecological sensitivity

Two simple mathematical models described previously
were used to establish a relationship between soil ecolo-
gical functions and total Cd concentrations, and to esti-
mate ecological dose (ED) values for the inhibition of

Fig. 4 The activity of acid phosphatase, ACP (A), alkaline phospha-
tase, ALP (B) and urease, URE (C) in Cd-spiked soils unamended or
amended with compost. Values are mean and bars represent the
standard error (SE) of the mean (n= 3). Different letters indicate
significant differences (P < 0.05) among mean values by LSD test
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Table 3 Pearson’s correlation coefficients (r) for relationships among the measured soil properties (n= 30)

Variable Added-Cd DTPA-Cd EC pH TCM BR SIR PAR PNR TNM MBN ACP ALP

DTPA-Cd 0.70

EC 0.06 −0.46

pH 0.45 0.42 −0.12

TCM −0.72 −0.84 0.53 −0.48

BR −0.78 −0.81 0.42 −0.49 0.98

SIR −0.93 −0.83 0.24 −0.48 0.87 0.90

PAR −0.93 −0.80 0.25 −0.54 0.90 0.91 0.98

PNR −0.83 −0.84 0.41 −0.33 0.92 0.93 0.95 0.93

TNM −0.89 −0.84 0.35 −0.43 0.93 0.93 0.98 0.98 0.99

MBN −0.84 −0.80 0.26 −0.56 0.89 0.93 0.91 0.92 0.86 0.90

ACP −0.95 −0.75 0.13 −0.47 0.84 0.87 0.94 0.95 0.87 0.92 0.91

ALP −0.95 −0.64 0.02 −0.52 0.75 0.77 0.90 0.92 0.79 0.87 0.81 0.93

URE −0.90 −0.85 0.30 −0.57 0.90 0.90 0.96 0.97 0.91 0.95 0.91 0.95 0.90

Boldface correlation coefficient values (≥0.57) are significant at P < 0.001

DTPA diethylene triamine penta acetic acid, Cd cadmium

EC electrical conductivity, TCM total carbon mineralization, BR basal respiration, SIR substrate-induced respiration, PAR potential ammonification
rate, PNR potential nitrification rate, TNM total nitrogen mineralization, MBN microbial biomass nitrogen, ACP acid phosphatase, ALP alkaline
phosphatase, URE urease

Table 4 Adjusted R-squared (R2) and the standard error of the estimate (SEE) values obtained from the nonlinear regression analysis of model 1
(M1, sigmoidal dose–response function) and model 2 (M2, kinetic function) which best describe the inhibition of soil microbial properties by
cadmium (Cd), and the ecological dose (ED) values (mg Cd kg−1 soil) derived from these models for unamended and compost-amended soils

Soil variable Model Unamended soil Compost-amended soil

ED50 ED10 ED5 R2 SEE ED50 ED10 ED5 R2 SEE

Total carbon
mineralization (TCM)

M1 90 11 5 0.936 63.3 151 8 3 0.919 84.5

M2 90 10 5 0.941 61.1 148 16 8 0.908 90.1

Basal respiration (BR) M1 94 19 11 0.923 2.80 125 23 14 0.887 4.51

M2 87 10 5 0.909 3.10 125 14 7 0.879 4.67

Substrate-induced
respiration (SIR)

M1 70 21 14 0.956 2.10 97 25 16 0.943 2.47

M2 51 6 3 0.906 3.00 82 9 4 0.908 3.13

Potential net ammonification
rate (PAR)

M1 139 14 7 0.988 0.13 155 14 6 0.985 0.16

M2 139 15 7 0.989 0.13 154 17 8 0.985 0.16

Potential net nitrification
rate (PNR)

M1 175 37 23 0.984 0.15 185 23 12 0.910 0.50

M2 186 21 10 0.955 0.25 186 21 10 0.916 0.48

Total nitrogen
mineralization (TNM)

M1 160 25 14 0.995 11.8 172 18 9 0.959 42.5

M2 163 18 9 0.989 17.9 172 19 9 0.962 40.9

Microbial biomass
nitrogen (MBN)

M1 46 11 7 0.966 2.40 103 45 34 0.888 5.07

M2 34 4 2 0.951 2.92 93 10 5 0.710 8.15

Acid phosphatase
activity (ACP)

M1 87 27 19 0.983 0.93 95 30 21 0.923 2.28

M2 71 8 4 0.911 2.14 82 9 4 0.849 3.18

Alkaline phosphatase
activity (ALP)

M1 91 46 36 0.948 54.7 52 18 13 0.991 26.5

M2 60 7 3 0.774 114 33 4 2 0.941 66.4

Urease activity (URE) M1 65 24 17 0.993 4.30 94 13 7 0.980 5.71

M2 45 5 2 0.912 15.0 91 10 5 0.979 5.91

The ED5, ED10 and ED50: ecological doses at which a 5, 10, or 50% inhibition of a microbial attribute or process, respectively, occurs. The
ED values are expressed as added Cd (mg Cd kg−1 soil) and are predicted from Models 1 and 2
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each function. The determination coefficient values (R2)
from the nonlinear regression analysis for the measured
soil properties are listed in Table 4. A selection of the
dose-response and kinetic curves is also presented in
Supplementary Fig. S1 and S2 (Supplementary materi-
als), demonstrating dose-dependent effects of Cd addition
on the soil microbial conditions. With few exceptions,
both models demonstrated a good fitness of the data with
the R2 values ranging from 0.710 to 0.991 (Table 4). The
R2 values were low for the ALP activity in unamended
soils with the kinetic model (0.774); and the BR
(0.879–0.887) and MBN (0.710–0.888) values in
compost-amended soils with both mathematical models.
In addition, Model 1 had higher R2 values for soil prop-
erties associated with microbial respiration, C turnover
and enzyme activities, suggesting a higher degree of fit-
ting. However, for soil parameters related to N dynamics,
Model 2 showed a better performance.

Table 4 shows the results for ecological dose (EDx)
values (ED50, ED10 and ED5) of Cd for the inhibition of
different soil characteristics calculated from the best fit
models. The EDx values of soil properties predicted by both
models were much smaller than those reported in other
studies in different soils and incubation times (Doelman and
Haanstra 1986; Moreno et al. 2003, 2001). However, our
ED50 values obtained for ALP (60–90 mg kg−1) in the
control soil fall within the range (4.5–699 mg kg−1) pre-
viously reported (Renella et al. 2003; Tan et al. 2014).
Likewise, the ED50 values recorded for ACP (71–95mg kg−1)
were well within the range (14–2936 mg kg−1) reported by
(Renella et al. 2003) in different soils at various incubation
times. Furthermore, most of the EDx values obtained for Cd
in the control soils (Table 4) were much greater than the
maximum level of total soil Cd permissible in soils (2.3 mg
Cd kg−1 soil) set by the legislation of the European Union
for the protection of soil microorganisms (Smolders and
Mertens 2013), with a few exceptions where only the ED5

values of MBN and URE with the kinetic model (2 mg Cd
kg−1) in the control soils were below 3 mg Cd kg−1 soil
(Table 4).

The EDx values derived from both models were highly
variable depending on the different soil properties, the
mathematical model used and the compost treatment
(Table 4). The EDx values depend on the specific soil
property or process concerned, probably due to the fact that
soil microbial and biochemical functions are frequently
highly context-dependent.

The EDx values calculated from the two models were
almost similar for TCM and PAR in the unamended soils and
for PAR, PNR and URE in the compost-amended soils (Table
4). The magnitude of the change in the EDx values and the
response of a specific soil bio-indicator to Cd pollution
depend largely, among other factors, on climate, soil type,

pollution history and exposure time as well as the quality and
quantity of the organic amendment used for soil remediation
(Hinojosa et al. 2008; Moreno et al. 2006, 2003, 2001; Speir
et al. 1995; Tejada et al. 2008).

Depending on the assay, soil amendment with compost
increased the calculated ED values, except for a few para-
meters (Table 4). Based on the ED50 values derived from
Model 1, the added Cd was 1.10–2.24 times more toxic to
microbial functions in unamended soils than in soils
amended with compost (Fig. 5). This finding shows that Cd
toxicity thresholds (total concentrations) increased with the
addition of compost. In other words, the finding provides
strong evidence that Cd is less toxic in compost-amended
than unamended soils. Apparently, most of the Cd ions
were adsorbed on compost surfaces or removed from the
soil solution as organically-complexed Cd, and rendered
non-toxic or unavailable to the soil micro-organisms.

The decreased DTPA-extractable Cd contents of
compost-treated soils (Fig. 1) were accompanied by
increased ED values for microbial activity, biomass,
turnover rates of C and N as well as enzyme activity
(Table 4). This suggests that the risks associated with high
level of Cd can be reduced for a range of different soil

Fig. 5 The sequences of ED50 sensitivity of different soil attributes
(excluding ALP) to Cd ecotoxicity in unamended (A) and compost-
amended (B) soils. Higher DE50 values indicate that the soil microbial
attributes are less sensitive to Cd toxicity, since 50% inhibition of an
ecological soil characteristic occurs at a higher Cd level (PNR
potential nitrification rate, TNM total nitrogen mineralization, PAR
potential ammonification rate, TCM total carbon mineralization, BR
basal respiration, MBN microbial biomass nitrogen, SIR substrate-
induced respiration, ACP acid phosphatase, URE urease)
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microbial and biochemical properties. The results of this
study corroborate earlier findings (Moreno et al.
2003, 2002); where application of sewage sludge as an
organic amendment increased the ED values for the inhi-
bition of different soil properties and processes (respira-
tion, biomass and enzymatic activities) in Cd-polluted
soils with high pH (8.6) under laboratory conditions.
(Tejada et al. 2008) have also reported a consistent
increase in the ED50 values for the activities of different
enzymes (urease, alkaline phosphatase and arylsulfatase)
with addition of crushed cotton gin compost and poultry
manure to a Typic Xerofluvent soil experimentally pol-
luted with nickel. Also, (Moreno et al. 2003) observed that
the ED values for the activities of urease, phosphatase,
β-glucosidase and protease-BAA increased after the addi-
tion of sewage sludge to a semi-arid soil contaminated
with Ni in the laboratory. (Pardo et al. 2014) calculated the
50% ecological concentration (EC50) values (concentration
at which a 50% of lethal or toxic effect can be observed)
and observed that compost addition increased the EC50

values in a multi-contaminated mine soil. The ED values
are useful as an integrated parameter for assessing metal
eco-toxicity since they are very sensitive to metal pollu-
tion, time of exposure to metal and differences in soil
characteristics (Hinojosa et al. 2008; Moreno et al. 2006
2001; Speir et al. 1995; Tejada et al. 2008). These values
can be particularly used to establish which microbiological
and biochemical properties of soil are most sensitive to
heavy metal contamination (Moreno et al. 2001; Speir
et al. 1995). The ED10 and ED5 values were used to
establish a threshold boundary of Cd (Moreno et al.
2003, 2002) and Ni (Moreno et al. 2003) levels in order to
avoid irreversible effects on soil functionality in experi-
mentally polluted soils. Critical risk limits can also be
established using the ED50 value of a specific microbial
property for a specific soil type (Epelde et al. 2016).

Based on the estimated ED50 values, the sensitivity of
the measured soil properties to Cd pollution depended
on the soil attribute considered and compost treatment
(Table 4, Fig. 5). We found that microbial biomass (MBN
and SIR) and URE activity were more sensitive than
microbial activity (TCM, BR and TNM) and ACP activity
to soil pollution by Cd, regardless of whether the compost
was used or not (Fig. 5). Indeed, the lower the DE50 value,
the more sensitive the soil attributes. Thus, the size of
microbial biomass may be considered as one of the soil
properties most sensitive for evaluating Cd effects on
microbial functions. Interestingly, Cd was 1.26 and 1.19
times more toxic to PAR than PNR in unamended and
compost-amended soils, respectively (Fig. 5), confirming
that ammonification activity was more sensitive Cd pol-
lution than nitrification activity. In unamended soils, the
greatest inhibition and hence the lowest ED50 values were

observed in the following order for MBN, URE, SIR, ACP
and TCM (Fig. 5A), which is indicative of greater sensi-
tivity of these biological properties to the adverse effects
of Cd in the absence of compost. However, the lowest
observed ED50 values were in the following order for
URE, ACP, SIR, MBN and BR, excluding ALP in
compost-amended soils (Fig. 5B). Similarly, the sensitivity
of the soil microbial properties to Cd and Ni pollution
varied with addition of other organic amendments (Mor-
eno et al. 2003, 2002; Tejada et al. 2008).

Conclusions

We studied the effect of compost as a cost-effective organic
amendment on the microbial community activity, biomass
and functions in a non-calcareous soil polluted with Cd.
The findings showed the significance of SOM as the most
important factor in determining the availability and eco-
toxicity of Cd following addition of compost to Cd-
polluted soils with a neutral pH. Consistent with our
hypothesis, compost amendment demonstrated a great
potential to decrease Cd toxicity to the soil ecological
functions and biological quality through increases in the
ED values. The findings show Cd toxicity generally causes
lower inhibition of microbial and biochemical properties in
the presence of compost as an organic amendment. This
has environmental implications and co-benefits for organic
matter-limited soils polluted with Cd. The increased ED
values with compost application can be used to perform
and establish the remediation guidelines and strategies of
Cd-contaminated soils and, thus, to maintain soil health
and quality. Remediation of Cd-contaminated soils can be
achieved by adding compost at 2500 kg ha−1, which in
addition to the soil remediation can also alleviate Cd
toxicity and provide the labile C substrates and nutrients for
microbial assimilation. However, field experiments using
long-term Cd-polluted soils and compost application are
required to confirm these short-term experimental results
obtained under laboratory conditions.
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