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EFFECT OF LEAD ON SOIL RESPIRATION AND
DEHYDROGENASE ACTIVITY

P. DOELMAN and L. HAANSTRA
Research Institute for Nature Management, Kemperbergerweg 67, 6816 RM Arnhem,
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Sammary—The effect of added Pb on the respiration and dehydrogenase activity of two sandy soﬂs, a
clay soil and a peat soil, (all with different physnco-chemncal properues), was studied.

A concentration of 375 ug Pb-g~! inhibited the respiration of the sandy soil by ca. 15%, 1500 ug
Pb-g~! ca. 50%. In the clay soil 1500 ug Pb-g~! caused a 15% reduction in respiration. The iphibition
of respiration in the sandy soil was still ca. 309, 40 months after the addition of Pb. Respiration of the

peat soil was not affected by even 7500 ug Pb-g~*

reduced.

pollution in soil could be established.

INTRODUCTION

! industrialized countries, the contamination of soil
with a variety of heavy metals has become very com-
on. However, the effects of this pollution, which

may be of a lasting nature, are largely unknown.

ad dlsperswn in the environment is mainly
uscd by activities such as mining and smelting,
_éombustlon of coal, production of pesnmdes and ferti-
ﬁzers and the use of Pb compounds in gasoline.| In Pb
goilunon, the distance between discharge and ulti-
- mate destination is determined by local climate, geo-
D‘aphy and particle size. In this way, Pb concen-
fations along busy roads and around other sources
“Pollution have reached about 400 ug Pb- g" i
‘ Tf\e Netherlands (Rameau, 1968), 2000 ug Pb-g~! 'in
USA (Page and Ganje, 1970) and even 8000 ug
~!(Khan et al,, 1973), while the natural Pb con-
%tof soils has an average value of 15 ug Pb-g~!
aine, 1955, Fishbein, 1972). In agricultural
ch, some attention has been given to the conse-
uences of Pb accumulation in the soil but a reduc-

N in crop production has not been found (Zuber et

970; Smilde, 1976).
-Little attention has so far been paid to the effects of
.%9 ON the activity of the soil microflora. Some studies
¥e dealt with aspects of the N cycle such as
Sammonification and nitrification and of the C cycle
| Tpman and Burgess, 1914; Bhuiya and Cornfield,
4; Morissey et al., 1974; Tyler et al., 1974) and
soil respiration (Fuphara et al, 1973 Ruhling
tnd :Tyler 1973; Mikkelson, 1974; Ebregt and Bol-
n, 1977, Jensen, 1977). These studies have
Rcided conﬂlcung results as to the concentrations at
jLiich serious disturbance of these processes may be
Pected and the Iength of time that inhibitory effects
ld continue after serious pollution.
4_above mv&stlgauons were mostly made from

Dehydrogenase activity was affected by Pb in a similar way to soil respiration. In the sandy soil a
considerable reduction occurred, while in the clay and peat soils dehydrogenase activity was not

It was concluded, that a relationship exists between the inhibitory effects of Pb and the buffering
capacity of the soil as expressed by its cation-exchange capacity. Because of these different effects of the
same Pb concentration on the various soil types, no single value for the permitted concentration of lead

crop production. No research has been done from an
ecological point of view, for example in many places
nowadays soil microorganisms have to cope with a
continuous accumulation of Pb, which is proceeding
at an ever increasing rate. Vital soil functions such as
cycling of elements and its contribution to the flow of
energy, may be seriously affected which could impair
the functioning of the whole ecosystem.

Our aim was to find out to what degree soils can be
charged with Pb without seriously disturbing general
microbial processes, and to investigate the possibili-
ties of developing general criteria for this pollution
which can be used in practice. The effects of Pb on
soil respiration were therefore investigated. It has
been shown by Heal and McLean (1975) that about
90% of the primary production on land is consumed
by the decomposers in the soil. The influence of Pb on
the dehydrogenase activity was also studied, as it was
shown by Stevenson (1959) that a significant correla-
tion exists between the rate of respiration and the
dehydrogenase activity in soil.

MATERIAL AND METHODS

Respiration experiments were done on a number of
different soil types common in The Netherlands. All
but one were agricultural soils. “Eng” and “Es™ were
sandy soils, “Nude” was a clay soil and “Trio™ was a
peat soil fortified with carbonate and fertilizers. The
sandy soil “Eng” and ‘Es” and the clay soil “Nude”
are arable soils from the region around Wageningen
(The Netherlands). Some physico-chemical properties
of these soils are given in Table 1, which also gives the
“number” of microorganisms.

The soils were sampled to a depth of 10cm. For
each sample 15 sub-samples were taken. The soils
were sieved (<2 mm) and mixed thoroughly with dif-
ferent quantities of PbCl,, being one of the main Pb
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Table 1. Some physico-chemical properties of the various soil types
: Number of
pH Organic CEC Mineral fraction (%)} microorganisms
(H;O)  matter (%) (m-equiv/100g) Qlay Silt Sand (10%-g~! dry soil)
Sandy soil “Eng” 5. 28 5 2 8t 7 2
Sandy soil “Es” 54 6.7 10 28 66 6 38
Clay soil “Nude” 7.5 32 30 99 0 1 105
Peat soil “Trio™ 5.7 46 80 6 22 72 480

CEC = cation-exchange capacity.

salts in gasoline exhaust (Brunner, 1966). After mix-
ing, the soils were re-moistened to about field capa-
city, which is 10, 12, 20 and 70%, respectively. Four or
five grams of the soils were put in a Gilson respir-
ometer vessel and the O, consumption was measured
at 25°C (Umbreit et al, 1964). Measurements were
made between 24 and 42 h after the start of the ex-
periment because of the irreguiar results during the
first hours due to handling of the samples. The exper-
iments were performed in triplicate and repeated once
or twice. The standard error of the mean value of a
set of respirometer experiments never exceeded 5% (o)
(Table 2, Fig. 1). In this study a difference (d) of 15%
was assumed to be important. It was also assumed
that the significant level («) could be 5% and the
power (8) should be 80%, so 3 replicates were enough
to make a detected difference (8} of 15% significant
{Cochran and Cox, 1968).

The total number of microorganisms in the various
fresh soils was determined by the most probable
number method (Pochon and Tardieux, 1962) on
enriched soil extract medium, which contained yeast
extract, 1 g per litre of soil extract, pH 6.6-6.8. Stock
solutions of soil extract were prepared by adding 1 kg
clay soil to 11 demineralized water, followed by
autociaving for 1 h at 120°C. Filtering and autoclav-
ing was done twice.

To investigate long-term effects of lead, the respi-
ration of “Eng” soil samples was measured, to which
0, 375, 750 and 1500 ug Pb-g~! (as PbCl,), respecti-
vely, was added. The samples were then taken back to
the field. After 1, 2, 3, 5 and 40 months subsamples
were taken and the O, consumption measured using
a Gilson respirometer.

The level of dehydrogenase activity was measured
using a method described by Naumann (1970). The
enzyme activity was expressed as optical density unijts
at 465 nm, using a Beckmann spectrophotometer.

RESULTS AND DISCUSSION
Influence of lead on soil respiration

Respiration was seriously inhibited in both sand
soils, at the highest concentration of PbCl, (7500 ug
Pb:g™ ') (Fig. 1). At intermediate concentrations the
respiration was also affected. In the clay soil, respir.
ation was also retarded at high concentration of
PbCl,, but at intermediate concentrations the effects
were only small and hardly significant. In peat soil,
however, no effects on soil respiration could be
observed, even at the highest concentration of Pb(l,.

A significant correlation exists between the inhibi-
tion of respiration by Pb and the cation-exchange
capacity (CEC) of these soils (Tables 1-2). Thus, in
peat soils, which have a high CEC, no inhibition took
place. The results indicate that “adsorbed™ Pb has no
inhibitory effect on soil respiration and that the inhi-
bition may be caused by more “soluble™ forms of Pb,
which may be hard to define since after addition
PbCl, is immediately bound (adsorbed and chelated)
or converted to compounds such as Pb phosphate, Pb
carbonate or Pb oxide (Ter Haar, 1971).

Although a strong refationship exists between mhl-
bition of respiration of CEC, the nature of this refa-
tionship is still rather complex. It can be caiculated,
that when the “adsorption sites™ of the soils are com-
pletely saturated with Pb, “Eng”, “Es”, “Nude™ and
“Trio™ soils will bind 5000, 10,000, 30,000 " and

t

respiration rate (Z)

peat-sod "Tria”

clay~soul "Nude *

sandy.sol"Eng”

sandy-sol "Es”

L
4200 0300 7500

PBCly concentration (pg Poeg™t)

Fig. 1. The influence of various amounts of Pb on the respiration rate of “Eng™, “Es”, “Nude™ and
“Trio™ soil, expressed as percentage of untreated soil.
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Table 2. The effect of the addition of various concentrations of Pb {added as

PbCl;) on the soil-respiration rate, measured over 18 h after stabilization of the

respiration rate. The standard error of the mean value of a set of experiments never
exceeded 5%

PbCl, Sandy soil Sandy soil Clay soil Peat soil

ug Po-g™! “Eng"” “Es” “Nude™ “Trio™
- A o A o A o A o
0 1.7 100 6.5 100 11.5 100 1.1 100
375 1.42 83 5.5 84 11.7 101 1.1 100
750 1.11 65 5.8 89 10.7 93 1.2 109
1500 0.94 55 5.5 85 10.0 87 1.1 100
3000 0.56 33 1.0 16 74 65 125 113
4500 0.36 21 ND ND ND ND ND ND
6000 ND ND 0.25 4 5.1 44 1.2 110
7500 0.32 19 0.25 4 50 44 12 108

* A = respiration rate, ul O,-g~! dry soil-h~! at 25°C.

** — respiration rate as percentage of untreated soil.

ND = not determined.

80000 ug Pb-g~!, respectively. From Harmsen’s
(1977) experiments done on two clay soils with a CEC
of 200 and 150 m-equiv/100 g, respectively, it may be
concluded that the general term CEC could be used
for. both metal ions, such as Ca**, and for heavy
metal jons, such as Pb2*. In the first three soils, inhi-
bition of respiration was already higher than 50%
when about one third of this calculated amount was
added. Also, a comparison of both sandy soils shows
that at 1500 ug Pb-g~! the inhibition of the “Es” soil
was only about 15% but of the “Eng” soil about 50%.
At.7500 ug Pb-g~', however, the opposite occurred
and inhibition of the “Es™ soil was higher, with a
CEC twice as high. Apparently, other factors such as
concentration of anions, pH, properties of chelation
sites, etc. determine the availability of Pb to the
mictoorganisms.

As with microorganisms, the availability of Pb to
other biological systems, such as plant roots, is sub-
ject to confusion. Various methods have been sug-
gested to characterize the available Pb fraction, e.g.
extraction with 0.1 ¥ NH,NO; (Keaton, 1937), with
2% acetic acid (Rameau, 1968), with 2.5% acetic acid
11,45 min. (Alloway and Davies, 1971) or with CaCl,
and BaCl, (Harmsen, 1977). However, it was shown
by John (1972) that the avallabllny of Pb should be
tefated to the plant species, because of the different
Uptake power of their root systems. He, therefore,
suggested using 1N HNO, for lettuce and 0.01N
HNO, for wheat. It should be noted that the use of
hese extraction techniques is recommended irrespec-
tive of soil types. It is, therefore, not surprising that
conflicting results were often obtained. Therefore
More recent investigations have been aimed at deter-
mining the concentrations of free Pb ions in soil. Ex-
tremely low values were usually found. The pK values
of Pb2* range from 128 for PbCO, to 44.6 for
Pby(PO,),;, PbO and P{OH), having intermediate
values (Santillan and Jurinate, 1975). These values
Suggest that phosphates are indeed an important sink
for Pb, which is in accordance with the results already
mentioned. The pK values are influenced by the pH
of the soil, e.g. at low values the solubility of heavy
metal compounds increases. The presence of C1~ ions
aiso contributes to their solubility (Hahne and

Kroontje, 1973). However, the concentration of free
Pb ions is considerably decreased by clay minerals
such as montmorillonite, illite and kaolinite. The
adsorption of Pb to these minerals is 2-3 times as
strong as that of other divalent cations such as Ca
and Cd (Bittell and Miller, 1974). The organic matter
fraction of the soil also has a strong binding capacity
for Pb ions which is influenced by the pH 8,7, 6, S, 4
and 3, respectively, 112, 105, 85, 65, 41 and 24 m-equiv
Pb were bound per 100 g of humic acids (Hildebrand
and Blum, 1974). These binding mechanisms explain
why hardly any free Pb ions can be detected in soil.
Therefore, it may be concluded that the chemical
nature of the Pb fraction available to plants and
microorganisms is obscure and cannot be satisfactor-
ily established with any of the techniques that have
been used so far.

Kloke (1974), suggested that an accumulation of
2000 ug Pb-g~! in soil can be considered as a con-
centration below which no damage is to be expected.
According to our study, such a generalization is not
justified. In Pb-sensitive (sandy) soils, 375 ug Pb-g~!
causes a significant decrease in respiration. For the
peat soil “Trio”, 1500 ug Pb-g~! did not affect the
respiration at all, but in the sandy soil “Eng” there
was an inhibition of about 50%/. Furthermore, Kloke
(1974) suggested that Zn in soil is four times as toxic
as Pb, and Cd is assumed to be 40 times as toxic.
According to Kloke, total Pb + 4 times total Zn + 40
times total Cd should not be higher than 2000 ug M
(heavy metals)-g~!. As there may be synergistic
effects between these cations, as shown by Gray and
Ventilla (1973) for some aquatic microorganisms, it is
our opinion that the suggestion of Kloke, as to
general values for pollution by heavy metals, should
be viewed with suspicion.

Influence of lead on dehydrogenase activity

Dehydrogenase inhibition was similar in both the
sandy soils (Table 3). In the peat and clay soils, how-
ever, there was no inhibition. The results obtained
with clay soil in which the respiration rate was ser-
iously retarded at concentrations at which no inhibi-
tion of the dehydrogenase was found, strongly suggest
that respiration rate is more sensitive in characteriz-




},.

I N

t\h

3

Y

ARMBALY VILE A

T PPUWIRE WO B A e e

478

Table 3. The influence of Pb (added as PbCl,) on the dehydrogenase activity in various soil types :
(values are optical density units at 465 nm)

P. DOELMAN and L. HAANSTRA

-

Sandy soil

Sandy soil Sandy soil Clay soil Peat soil
PbCl, “Eng” “Eng" “Es™ “Nude™ “Trio™

ug Pbg! (air-dried) {fresh) (air-dried) (air-dried) (air-dried)
0 0.07 0.31 0.18 045 0.11
375 0.07 0.31 0.14 0.32 ND
750 0.06 0.25 0.5 0.30 ND
1500 0.04 0.20 0.04 0.32 0.09
3000 0.03 0.t1 0.08 0.41 0.10
6000 0.01 0.06 0.01 0.32 ND
7500 0.01 0.07 0.01 040 0.11

ND = not determined.

ing inhibitory effects of heavy metals on the soil mic-
roflora.
Length of inhibition

After more than 3yr, respiration in Pb-amended
soils was still considerably retarded (Table 4). It
should be noted that this result contradicts that of
Mikkelson (1974), who found that Pb only retarded
the respiration of a sandy soil for the first 10-14 days.
However, when the present experiments with sandy
soil was repeated under controlled conditions in the

laboratory, respiration was still retarded after 200
days.

CONCLUSIONS

Contamination of the soil by 375 ug Pb-g~ 1, which
is locally very common in industrialized countries,
may decrease the rate of respiration of the microflora.
This is especially true of soils having a low cation-
exchange capacity, such as sandy soils. In these soils,
the influence of Pb can still be detected more than
3 yr after its addition.

It was concluded that the total number of microor-
ganisms, the level of respiration or the dehydrogenase
activity of a soil can only be considered as a measure
of the toxic effects of Pb on soils when compared with
an unpolluted sample of the same soil. When deter-
mining the effect of Pb experimentally, soil respiration
is a more sensitive measure than dehydrogenase acti-
vity.

When some physico-chemical properties of the soil
are known, such as cation-exchange capacity, organic
matter content and pH, cautious predictions can be
made on the potential inhibitory effects Pb may have,

Table 4. The influence of Pb (added as PbCl;) on the respiration rate of samples of
1. 2, 3, 5 and 40 months after the addition of PbCl; in March

the sandy soil “Eng”,

It must be emphasized that contamination of soilg
with Pb is mainly an irreversible and, therefore, a
cumulative process, as hardly any leaching of the
component occurs (Rolfe et al., 1975). This means that
for areas in which soils are continuously exposed to
contamination, calcuiations can be made of the time
needed to saturate the soil with Pb.
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