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1- Bliss Independence Model
2- Bliss Additivity Model

3- No interaction

4- Additive

5- Bliss synergism
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Table 1- Effects of experimental treatments on soil biochemical and microbiological properties

Joss S gl P o,bol
5 T) Treatment Joliso
Property 2L5(C) cd Pb CdxPb P valpe for
interaction term
ol B grels c b c a
: 0.01°+0.001  2.82°+0.03 0.03°+0.01 3.06% +0.01 P <0.001
Cdava (Mg kg'?)
e JE o 1.08°+0.01 1.61°+0.02 42115402 45.2320.08 P <0.001
Pbava (Mg kg'?)
st sSee 239C) 039 12.32+0.01 9.9°+0.27 8.4° £0.13 5.7¢40.17 P <0.05
MBN (mg N kg™
ol ogeelSisel 2.04%+0.03 1.22°40.06 1.440+0,05 1.06%+0.02 P <0.001
AA (mg NH,-N kg? h?)
e sluSlosel 8.82240.04 5.93°40.02 6.07°40.01 5.83%40.02 P <0.001
CAM (mg NH,-N kg1)
e il 35.81%4054  23.07°40.30  24.24"+031  21.42°+0.03 P <0.001
CNI (mg NO3z-N kg™
glecli cep 27.83+40.11  23.28%0.25 25.75°+0.49 19.579£0.17 P <0.05
NR (mg NOs-N kg week?)
o 4,240,004 3.4°40.017 4.0°+0.026 3.5°40.093 P <0.05
BR (mg C kg day™?)
stz 5] 535 i 39.9%40.05 33.3%40.2 31.0°40.6 29.1940.6 P <0.001
SIR (mg C kg* day?®)
i R 0 31.27°40.05 ~ 32.87°+053  32.12*+037  36.31%+0.35 P <0.01
qCO; (ug CO; mg™* MBC day™)
o - 2.63%0.02 2.475+0,01 2.37%+0.05 2.36%+0.02 P <0.05
URE (umol NH4.-N gt h?t)
g St 3.30.02 2.4°40,08 3.2:40.1 2.7°+0.04 P <0.01
ARY (umol PNP gt h?)
kS L pulyiagind 146403 9.8%0.2 14.2240.1 10.5°+0.1 P <0.01
ALP (umol PNP g* h?)
Migpen> 0.207%0.0003  0.167°40.005  0.181°+0.0001  0.148°+0.001 P <0.01
DEH (umol TPF gt h?)
Shiulis> Gmsssl 0.199%0.002  0.163°+0.001  0.161°+0.001  0.142°+0.001 P <0.001

FDA (umol Fluorescein gt h't)

i 2oyd O o (3 TUKEY (9051 olsl o > ixe M| 18 calite gy () (slapSile Jlow yo )
In each row the means sharing similar letters do not have significant differences by Tukey test at P < 0.05.
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Figure 1- The patterns of cumulative carbon (C) and nitrogen (N) mineralization in soils treated with Cd (10 mg kg), Pb
(150 mg kg*) pollution, their combination (Cd+Pb) and control (C) (n=3)
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Table 2- The nature of the interactions of Cd and Pb pollution for soil chemical and microbiological properties on the basis of
the Bliss independence model (see the text for more explanations)

oo
S5 Treatment
Property cd Pb (CdxPb)o (CdxPb)s Closo uwsrv‘;-'
Interaction
e ~191.7 14 2083 4545 2.8 SYR*
ol B Gy
- -05 -37.9 ~40.7 -57.0 0.3 SYR*
%Bﬁu +0.20 +0.05 +0.18 +0.24 0.09 ANT"
w““qcfé cers -0.05 -0.03 -0.16 -0.08 0.05 ANT*
2
e gu}fu - +0.16 +0.15 +0.30 +0.29 0.08 SYR*
°>9?:A~E5C:d)§ +0.22 +0.04 +0.27 +0.25 0.07 SYR®
Jyul\;éﬁ)w +0.19 +0.32 +0.53 +0.45 0.06 SYR*
= u'A%/:K%M +0.40 +0.29 +0.48 +0.58 0.04 ANT*
e Sy +0.33 +0.31 +0.34 +0.54 +0.01 ANT*
“’”’”é‘N’T“"‘” +0.36 +0.32 +0.40 +0.56 0.004 ANT*
. ﬁ&wgm +0.35 +0.31 +0.39 +0.55 0.01 ANT*
S +0.16 +0.07 +0.29 +0.22 0.03 SYR*
}‘D)LSJF;EJ ) +0.06 +0.05 +0.11 +0.10 0.03 SYR*
juwwAﬁi = +0.27 +0.02 +0.16 +0.29 0.05 ANT*
b i‘f‘if;“ ek +0.33 -0.03 +0.28 +0.35 0.03 ANT*
JUBs)I*;-E’H@‘*é +0.19 +0.11 +0.29 +0.28 0.02 SYR*
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Cd: Cd-polluted soil, Pb: Pb-polluted soil, (CdxPb)o: the observed effect of Cd and Pb, (CdxPb)e: the predicted effect of Cd and Pb, Clgsy, confidence
interval at 95%; SYN synergistic, ANT antagonistic. ", * non-significant and significant at 5 %, respectively.
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Figure 2- The effect of Cd (10 mg kg), Pb (150 mg kg™?) pollution and their combination (Cd+Pb) on microbial biomass

carbon (MBC) and catalase (CAT) (n=3)
Different lowercase letters represent significant differences between control (C) and treatments by Tukey’s test at 0=0.05.
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Introduction: Heavy metal contamination of soils is an important environmental concern, which has a long-term
hazardous effect on soil biochemical and microbiological properties, including microbial and enzyme activity, microbial
community structure, and the contents of organic compounds. Among heavy metals, cadmium (Cd) and lead (Pb) are
two highly toxic, non-biodegradable anthropogenic pollutants that often coexist at contaminated sites. Numerous earlier
studies have demonstrated a detrimental influence of Cd and Pb, both individually and jointly, on microbial and
biochemical properties through the reduction of microbial activity, microbial biomass and enzyme activity in polluted
soils. Metal co-contamination has a greater negative effect on soil microbial community and enzyme activity compared
with individual metals. Although the individual effects of Cd and Pb on soil biological functions are generally well-
known, their combined effects on microbial growth, population and functions are less well-known. The main aim of this
study was to investigate the interactive effects of Cd and Pb on biochemical and microbiological properties in a
contaminated soil. It was hypothesized that the combined Cd and Pb would increase the mobility and availability of Cd
and Pb, which subsequently would result in further reductions in soil biochemical and microbiological properties.

Materials and Methods: The study was conducted under controlled laboratory conditions. A factorial experiment
with two levels of Cd (0 and 10 mg kg) and two levels of Pb (0 and 150 mg kg™) was conducted using a completely
randomized design with three replications. The soil was artificially spiked with cadmium chloride and lead chloride
solutions to attain the above concentrations. To reactivate the microbial population and for the aging effect, soil
moisture was set at 70% of field capacity, and the soil samples were pre-incubated at room temperature for 20 days.
Ultimately, the polluted soils were incubated under standard conditions (70% of field capacity and 25+1 °C) for 120
days. At the end of the soil incubation, the concentration of DTPA-TEA (diethylene triamine penta acetic acid-
triethanol amine)-extractable Cd and Pb, biochemical and microbiological properties including nitrification rate (NR),
cumulative N mineralization (CNM), cumulative C mineralization (CCM), microbial biomass C (MBC), microbial
biomass N (MBN), arginine ammonification (AA), basal respiration (BR), substrate (glucose)-induced respiration
(SIR), metabolic quotient (qCO2) and the activities of soil urease (URE), alkaline phosphatase (ALP), arylsulphatase
(ARY), dehydrogenase (DEH), catalase (CAT) and fluorescein diacetate hydrolysis (FDA) were determined. In this
experiment, the Bliss independence model was used to determine the type and nature of the interaction between C.

Results and Discussion: Results showed that the DTPA-extractable metal (Cd and Pb) concentrations were
significantly higher under the combined metals compared with the single-metals. In co-contaminated soils, a metal may
contribute to the release of other metals to soil solution and consequently would enhance the availability of the released
metals. Compared with individual metals, the qCO2 was greater in Cd+Pb contaminated soils. Microbial properties
(MBC, MBN, AA, NR, CNM, CCM, BR, SIR) and enzyme activity (URE, ARY, ALP, DEH, CAT and FDA)
significantly decreased in the presence of Cd or Pb when compared with the control. Generally, the negative effects of
Cd and Pb co-pollution on biochemical and microbiological properties were higher than those of Cd or Pb alone. The
results of Bliss independence model indicated a synergistic effect of Cd and Pb on microbial and biochemical
functionalities in metal-co-contaminated soils.

Conclusion: Heavy metal can effectively decrease the soil biochemical and microbiological properties. This study
provided strong revealing that combined Cd and Pb can increase the mobility and availability of the companion metal
and this may provoke their toxicity effects on microbial community and enzyme activity in co-contaminated soils. The
co-existence of Cd and Pb reduced soil biochemical and microbiological properties more than their individual presence.
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Therefore, considering the chemical interactions between heavy metals may improve the accuracy of the ecological risk
assessment of toxic metals at multi-metal contaminated sites. However, further information on responses of microbial
indicators to the joint effect of heavy metals under long-term and realistic field conditions is required.
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