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Abstract Field and pot trials were established to assess
potential benefits and adverse effects of amending a sandy
loam soil, under grazed ryegrass-clover pasture, with
compost manufactured from wastewater biosolids, wood
waste and green waste. Compost was applied to the field
trial site annually for 4 years and the pot trials used soil
from the field trial site each year after compost application.
The pot trials demonstrated that yield of silver beet (Beta
vulgaris L.) increased with increasing compost application
rate and that plant metal uptake was (except for Zn)
unrelated or inversely related to soil metal concentrations.
In samples from the field trial, soil total C, N, P and Olsen
P increased markedly with increasing compost application
rate. Cation exchange capacity, exchangeable cations and
total-extractable and EDTA-extractable metals (Cd, Cr,
Cu, Ni, Pb and Zn) were also elevated, total Cu to the limit
allowable in biosolids-amended soil. Soil basal respiration,
microbial biomass C and anaerobically mineralisable N
were significantly increased in the amended plots.
Anaerobically mineralisable N was highly correlated
with respiration (r =0.98, n =24) and only weakly related
to microbial biomass C, probably indicating that a high
proportion of the N mineralised was from the compost
organic matter. Sulphatase and phosphatase activities
increased, but not significantly, and there were no
measurable effects on rhizobial numbers or on sensitive
microbial biosensors (Rhizotox C and lux-marked Escher-

ichia coli). Biosolids compost application enhanced soil
fertility, productivity and microbial biomass and activity,
with no apparent adverse effects attributable to heavy
metals.

Keywords Biosolids compost . Heavy metals . Enzyme
activities . Microbial biomass . Lux biosensors

Introduction

Modern farming practices, such as tillage, intensive
cropping and removal of crop residues, all contribute to
depletion of soil organic matter reserves in arable lands
across the world. Application of organic-matter-rich
materials, e.g. animal manures, sewage sludge and com-
post, to replenish organic matter, and improve soil
structure and fertility has become a common practice
(Guisquiani et al. 1995; Entry et al. 1997; Zebarth et al.
1999; Parham et al. 2002; Saviozzi et al. 2002). However,
there is little known about the efficacy of such amend-
ments to improve physical, chemical and biological
characteristics of poor quality or degraded soils under
grazed pasture. Speir et al. (2003a) investigated the
application of large quantities of raw sewage sludge to
poor quality pastureland developed on coastal dune sands
and found little effect on soil biochemical properties,
either adverse or beneficial. There was, however, a distinct
improvement in the P status of the site. In contrast, there
was considerable movement of heavy metals (primarily
Zn) through the soil profile and into groundwater and,
initially, Zn was found in high concentrations in pasture
herbage (Speir et al. 2003b).

Improvement of agricultural land by the addition of
sewage sludge (biosolids) or products, such as composted
biosolids, appears to offer a serendipitous solution to the
disposal of this waste product. However, concerns about
soil and water pollution by contaminants, especially by
heavy metals, have led to the development of rules or
guidelines controlling the use of these materials (e.g. CEC
1986; US EPA 1993; NZWWA 2003) and very cautious
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adoption of this practice in some countries. Immediate
benefits to soil nutrient status and biological activity of
sewage sludge application to land are easily demonstrated,
but longer-term benefits of this practice are not so clear.
Brookes and McGrath (1984) showed that the sludge-
applied heavy metals had substantially reduced microbial
biomass in a loamy-sand soil from plots at the Woburn
(UK) Experimental Farm that had received sewage sludge
or sludge-compost between 1942 and 1961, and no
amendments except inorganic fertilisers since. Subse-
quently, studies from other long-term trials in Europe have
demonstrated that heavy metals from sewage sludge
application, at concentrations close to or even below
recommended soil limits, can have adverse effects on soil
microbiological processes and microbial populations
(McGrath et al. 1995; Giller et al. 1998). In contrast,
however, Kelly et al. (1999) found only small negative
effects on most microbiological activities in a soil heavily
contaminated with heavy metals from a single application
of extremely contaminated sewage sludge 18 years
beforehand.

In this paper, we report soil chemical and microbiolog-
ical results of a field trial set up to investigate the effects of

amendment of a sandy soil under grazed ryegrass/white
clover pasture with co-composted biosolids and green-
waste. Our aim was to ensure that the benefits of adding
composted biosolids to a sandy soil (organic matter and
nutrients) were not nullified by adverse effects due to
heavy metals, as we found in the previous study using raw
sewage sludge (Speir et al. 2003b). The soil microbiolog-
ical properties assayed here include basal respiration and
microbial biomass, anaerobically mineralisable N, phos-
phatase and sulphatase activities, rhizobial numbers, and
activities of heavy-metal-sensitive microbial biosensors.
Plant growth and metal uptake results from greenhouse pot
trials run in conjunction with the field trial are also
reported.

Materials and methods

Compost, site, field trial, and sampling

The compost is made by mixing dewatered biosolids from
the Wellington, New Zealand, Wastewater Treatment
Plant, with a green-waste and sawdust bulking agent

Fig. 1 Description of the field
trial
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(1:1 wet weight). The composting process takes approxi-
mately 25 days, with daily mixing and forced aeration.
The finished product is screened (<15 mm) and matured
for 30 days to remove phytotoxic substances, such as NH3.
Average composition of the matured compost applied to
the plots over the 4 years of the trial was: organic C,
34.3%; total N, 2.49%; total P, 0.85%; total S, 0.61%; total
Cu, 275 mg kg−1; total Zn, 476 mg kg−1.

The trial site is located on a pasture on Foxton sandy
loam at Otaki (40°44′S, 175°08′E), approximately 75 km
north of Wellington. The site was on a flat area behind
stabilised coastal sand dunes and had been part of a
commercial dairy farm for many years. The trial comprises
three replicates of ten treatments, set out in three rows of
ten plots (Fig. 1). Each row contains one replicate of all
treatments and plots were allocated using a randomised-
block design (Fig. 1). The first application of compost was
in April 1999 and repeat applications were made in March
2000, January 2001 and March 2003—no compost was
applied in 2002.

The full range of treatments is presented in Fig. 1. The
“low pH” (5.0–5.5) treatments were conducted at normal
soil pH and the “high pH” treatments (6.0–6.5) received
lime (4 t ha−1) at the time of the first compost application
only. In 1999, pasture on the trial area was killed with
glyphosate herbicide, and subsequently, 0-, 2.2-, 10-, or
56-mm depths of well-mixed compost were applied to the
appropriate plots, corresponding to approximately 0, 8, 36
and 200 dry t ha−1, respectively. Lime was applied to the
high pH plots and the soils were cultivated by rotary hoe
to approximately 15 cm depth. Four weeks later, the trial
area was sown in ryegrass/white clover. This procedure
was repeated each year (apart from 2002) except that
treatments 4 and 9 (Fig. 1) now received only 5 mm
compost (18 dry t ha−1), and no lime was applied.

Immediately before herbicide treatment in 2001 and
2003, 50 cores (0–10 cm depth, 2 cm diameter) were taken
from replicates A and C of treatments 1, 3, 5, 6, 8 and 10
(Fig. 1). The sampling pattern was a regular grid pattern
across each plot. In the laboratory, the samples were sieved
(<2 mm), thoroughly mixed and stored at 4°C. All
biochemical analyses were carried out on field-moist soils
within 3 weeks of sampling. Chemical analyses were
carried out on an air-dried sub-sample.

Pot trial

For the pot trials, soil was taken from all 30 plots every
year (1999–2003) immediately after cultivation; in 2002,
when no new compost application was made, the soil was
taken without treatment with herbicide or cultivation. Soil
was sieved, then packed into a 4-l plastic pot—one pot per
plot, i.e. three pots per treatment. In 2002, because no
compost had been added to the soil and plant growth was
initially poor in control plot pots, all pots were fertilised
with 3 g per pot Nitrophoska Blue fertiliser (12% N, 5% P,
14% K, 1.2% Mg, 6% S and micronutrients). A single
plant of silver beet (Beta vulgaris L.) was grown in each

pot under natural lighting conditions and daily watering, in
a greenhouse. After 6 weeks, plants were harvested, dry-
matter yield recorded and plant material and soil were
analysed for total Cd, Cr, Cu, Ni, Pb and Zn by inductively
coupled plasma mass spectrometry (ICP-MS), after diges-
tion in concentrated HNO3.

Chemical and microbiological analyses of the field
trial samples

Soil pH, total C, total N, total P, Olsen P, cation exchange
capacity (CEC), base saturation and exchangeable bases
were determined according to Blakemore et al. (1987).
Moisture content was determined by overnight drying at
105°C. Analysis for total heavy metals (Cr, Cu, Ni, Pb and
Zn) was by X-ray fluorescence spectrometry (XRF) of
pressed discs prepared from finely ground soil. Total Cd
was analysed by graphite furnace atomic absorption
spectrophotometry, after digestion in concentrated HNO3

(Kovàcs et al. 2000). The method of McLaren et al. (1984)
was used to extract and analyse EDTA-soluble heavy
metals. All analytical results, except pH, are expressed on
the basis of oven-dry (105°C) weight of soil. In 1999 only,
approximately 6 months after establishment of the trial,
herbage was sampled on all 30 plots, and analysed for total
Cd content.

Soil basal respiratory activity was estimated, in
duplicate, by the alkali-trap method of Sparling and Zhu
(1993), using 25 g instead of 50 g soil. Microbial biomass
C was determined by the fumigation-extraction method of
Vance et al. (1987), after adjusting the soil to 60% water-
holding-capacity, and using the modifications suggested
by Sparling et al. (1990). Extractions were in triplicate for
both fumigated and unfumigated soils. Extracts were
analysed for total C using a TOC-5000 analyser
(Shimadzu Corporation, Tokyo 101, Japan). The extrac-
table C flush was converted to microbial biomass C using
a kec factor of 0.41 (Wu et al. 1990).

Phosphatase and sulphatase activities were measured as
reported by Speir et al. (1984), based on the methods of
Tabatabai and Bremner (1969, 1970), except that all
assays contained 0.5 g soil, and phosphatase incubations
were for 1 h only. Assays were in quadruplicate with one
non-substrate control.

Mineral N was extracted with 2 M KCl (Bremner and
Keeney 1966) and NH4

+-N and NO3
−-N were determined

by autoanalyser (Blakemore et al. 1987). Anaerobically
mineralisable N was determined using the method of
Waring and Bremner (1964), as modified by Keeney
(1982), using the autoanalyser method for NH4

+-N
analysis.

Most-probable-numbers (MPN) of effective strains of
Rhizobium leguminosarum bv. trifolii were determined
using a plant infection technique first described by Vincent
(1970). Tenfold (10−1–10−10) soil dilution series were
prepared and test tubes planted with sterile Trifolium
repens (white clover), in N-free medium, were inoculated
with soil dilutions (4 replicates per dilution). Tubes were
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examined for nodulation 6 weeks after inoculation.
Nodulation was determined as a + or − for each tube
and the MPN of R. leguminosarum bv. trifolii per gram of
soil calculated using a computer assisted method devel-
oped by Briones and Reichardt (1999).

Rhizotox-C and Escherichia coli luminescence
bioassays

The Rhizotox-C biosensor consisted of a lyophilised
consortium of R. leguminosarum bv. trifolii TA1 luxAB
and E. coli SM10(λ pir) luxAB, genetically modified by
chromosomal insertion of the bioluminescence gene set
lux from the marine bacterium Vibrio harveyi (De Lorenzo
et al. 1990). The E. coli biosensor consisted of a
lyophilised pure culture of E. coli HB101 transformed
with plasmid pUCD607, which carries the lux genes.
Bioluminescence of both biosensors is regulated by
respiration and any chemical that causes metabolic stress
will cause a decline in light output.

The biosensors were resuscitated from freeze-dried vials
following the procedure of Paton et al. (1997) and 100 μl
cell suspension was added to 900 μl soil solution extracted
using the filter device Jumbosep. Luminescence was
measured in a LumiSkan TL (Labsystems) after a 15-min
exposure. The bioassays were carried out in triplicate and
the luminescence expressed as a percentage of the
luminescence measured in soil solutions extracted from
the control samples.

Statistical analyses

Data were analysed by analysis of variance using the SPSS
statistical software package and significant differences
were assessed by Duncan’s multiple range test. In

addition, Pearson correlation coefficients were determined
between selected data sets.

Results

Field trial plot chemistry

Soil chemical properties are shown in Table 1. In 2001, the
high pH treatments still had higher pH values than the low
pH treatments, but by 2003 this differential had dimin-
ished or disappeared and pH declined in all treatments
over time. Compost application resulted in marked,
proportional, and usually significant, increases in most
other soil chemical properties. These increases can be
directly attributed to the composition of the compost and
the amount added. Most properties declined in the
respective treatments between 2001 and 2003, even
though compost was applied after sampling in 2001.

Total and EDTA-extractable metals also reflected the
metal content of the compost and the amount of compost
added (Table 2). The concentrations of all metals, both
total and EDTA-extractable, were markedly and signifi-
cantly higher in the 56-mm compost treatments. By far the
greatest increases were for Cu and Zn, the metals present
at the highest concentrations in the compost (275 and
476 mg kg−1, respectively). The proportion of total Cd that
was EDTA-extractable varied from 30% to 80%, but there
was no strong relationship between extractability of this
element and its source (i.e. compost or other). For Cu,
extractability was between 20% and 30% and, again, this
was not strongly affected by metal source. Nickel
extractability was low, approximately 5% in all treatments.
In contrast, Pb and Zn were very much more EDTA-
extractable where concentrations were elevated by com-
post application; for Pb, up to 40% and for Zn, up to 50%
were extracted by EDTA in the continuous 56-mm
compost treatments.

Table 1 Some chemical proper-
ties of the soils

Treatment pH Total C
(%)

Total N
(%)

Total P
(%)

Olsen P
(%)

KCl-extractable CEC (cmol
(+) kg−1)

Compost
added

NH4
+-N

(mg kg−1)
NO3

−-N
(mg kg−1)

(mm) Year

Low pH 0 2001 6.2 4.3 0.38 0.10 19 2.2 24 17
2003 5.9 4.2 0.35 0.09 16 0.7 34 16

10 2001 6.4 5.3 0.48 0.16 57 3.2 38 20
2003 6.0 5.4 0.47 0.15 40 0.2 53 20

56 2001 6.8 11.2 1.04 0.34 195 5.9 36 38
2003 6.1 10.2 0.94 0.33 125 0.9 103 36

High pH 0 2001 6.6 4.3 0.38 0.11 19 2.4 31 17
2003 6.2 3.7 0.31 0.10 17 1.5 48 16

10 2001 7.0 5.7 0.50 0.13 36 3.4 26 18
2003 6.5 4.5 0.38 0.10 28 1.0 48 19

56 2001 6.9 12.9 1.15 0.35 210 4.4 42 38
2003 6.2 9.8 0.92 0.30 134 0.9 97 30

LSD 0.2 2.0 0.15 0.02 11 1.8 27 4
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In contrast to the total and extractable soil data for Cd,
pasture Cd concentrations in 1999 declined with increas-
ing compost application rate. Concentrations were highest
at 2 mm compost (>50 μg Cd kg−1 dry matter), falling to
<20 μg Cd kg−1 dry matter at 56 mm compost (Fig. 2).
There was also a highly significant negative correlation (r
=−0.81**, n =10) between pasture Cd and soil total C
concentrations at this time.

Soil microbiological properties

Basal soil respiration increased with increasing compost
application rate, especially in 2001 (Fig. 3A). However,
only at the high dose of 56 mm compost per year were
respiratory rates significantly greater than those of the

control soil. In 2003, respiration was lower in all
treatments, but especially at this highest application rate.
Similarly, microbial biomass C increased with compost
application rate, and again, only significantly at 56 mm
compost (Fig. 3B). In contrast to respiration, however,
microbial biomass C was always greater in 2003.

Neither sulphatase nor phosphatase activities changed
significantly from control values in this study (Fig. 3C, D).
For phosphatase, this could be a reflection of a high
variability between activities measured in the duplicate
plots of each treatment, probably a result of small assay
sample size (0.5 g) and the coarse nature of the compost.

Anaerobically mineralisable N followed a very similar
pattern to that of basal respiration (Fig. 3E), with an
extremely significant correlation between these properties
(r =0.98***). This property is unrelated to immediately
available (KCl-extractable) N (r =0.12) and is signifi-
cantly, although poorly, correlated with microbial biomass
C (r =0.50*).

All of the above biochemical properties were signifi-
cantly inter-correlated, showing a common relationship
with total C, as is found in most soil studies. They also
correlated positively and usually highly significantly with
total and EDTA-extractable metals (data not shown).
There were no differences in MPNs of rhizobia across the
treatments in 2001 (Fig. 3F). In 2003, all numbers were
higher, but only significantly so in one treatment.

Microbial biosensors

No significant decline of luminescence of Rhizotox C and
E. coli lux biosensor occurred in response to compost
application, or to the presence of additional heavy metals
on the treated plots (data not shown). Considerable
increases of luminescence did occur, especially in the
high rate of compost treatment. This has been noted

Table 2 Total and EDTA-ex-
tractable soil metals

a From NZWWA (2003)

Treatment Cd (mg kg−1) Cu (mg kg−1) Ni (mg kg−1) Pb (mg kg−1) Zn (mg kg−1)

Compost added Total EDTA Total EDTA Total EDTA Total EDTA Total EDTA

(mm) Year

Low pH 0 2001 0.22 0.10 13 3.3 12 0.78 14 0.66 48 2.6
2003 0.17 0.10 16 2.8 12 0.67 13 0.45 45 2.0

10 2001 0.21 0.12 25 7.0 13 0.71 15 3.3 63 14
2003 0.23 0.18 30 7.1 12 0.60 17 2.7 60 11

56 2001 0.37 0.23 99 22 18 0.90 47 18 184 90
2003 0.31 0.23 98 24 18 0.88 48 16 164 81

High pH 0 2001 0.16 0.11 12 3.4 13 0.69 10 0.56 44 2.1
2003 0.15 0.07 17 3.6 12 0.57 14 0.58 43 2.2

10 2001 0.17 0.12 25 7.8 13 0.71 21 3.6 64 13
2003 0.25 0.07 25 7.2 12 0.51 18 2.6 56 7.6

56 2001 0.63 0.25 101 21 19 0.80 49 19 184 84
2003 0.28 0.19 100 24 17 0.78 49 16 167 81

LSD 0.26 0.02 10 2.7 1 0.19 3 1.54 16 9.3
NZ limita 1 100 60 300 300

Fig. 2 Effect of compost application rate on pasture herbage Cd
concentration (1999). Data for each treatment (1–10; see Fig. 1) are
means across three plots

353



previously and is considered to be a response to nutrients
and/or soluble organic compounds in the soil solution.

Pot trial plant yields and heavy metal concentrations

Yield of silver beet tended to increase with increasing
compost application rate, with increases in some years, but
not all, being significant (Fig. 4A). The 2002 yields were
often high compared to the other years, presumably as a
result of the fertiliser applied in that year only, and for the
highest compost rate treatments (5 and 10), yields in 2000
were also very high.

Although both total and EDTA-extractable Cd generally
increased with increasing compost application rate, the
concentration of this element in silver beet tended to
decline (Fig. 4B). Both plant yield (r =−0.23**) and total
soil Cd (r =−0.39**) were significantly and negatively
correlated with plant Cd. Taking yield into account, the
total amount of Cd taken up from the pots by the silver
beet plants still followed the same trend downwards with
increasing rate of compost (data not shown), although
plants grown in treatments 5 and 10 (56 mm
compost year−1) usually removed more Cd from the soil
that did those in treatments 4 and 9 (56 mm in 1999 and
5 mm subsequently), which took up the least Cd of all
treatments. As found with pasture Cd, silver beet Cd
concentration was negatively correlated with soil total C in
1999, the only year that total C was measured in the pot
trial soils, and a high proportion of the total variance of

plant Cd concentrations could be explained by an equation
with terms for total C and soil pH,

log plant Cd½ � ¼ 3:17� 0:154pH� 1:52logC

r2 ¼ 0:75
� �

Plant Cu concentrations were relatively low and
unrelated to yield or soil Cu (Fig. 4C). Plant Pb
concentrations were low, although in 1999, they appeared
to be anomalously high in relation to soil concentrations in
the control and low compost application rate treatments.
This probably spurious data set negates any analysis of
trends (Fig. 4D) for this element. In contrast to the other
elements, plant Zn responded positively to increasing
compost application (Fig. 4E) and was significantly
positively correlated with plant yield and soil Zn (r
=0.46***, r =0.59***, respectively). Data for Cr and Ni
are not presented because plant concentrations of these
metals were very low (usually <1 mg kg−1) and often
below detection limits.

Discussion

Nutrient and metal chemistry and plant availability

Application of biosolids compost to this site has been
shown by Yeates et al. (2002) to increase soil total porosity
and field capacity, especially at the highest application

Fig. 3 Effect of compost appli-
cation rate on field trial soil
microbiological properties: A
basal respiration; B microbial
biomass C; C sulphatase activ-
ity; D phosphatase activity; E
anaerobically mineralisable N; F
most probable numbers of Rhi-
zobium leguminosarum bv. tri-
folii. Columns headed by the
same letter are not significantly
different (P <0.05; n.s. no sig-
nificant differences)
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rate, although total-available and readily available water,
wilting point and aggregate stabilities were not signifi-
cantly affected. In our study, the markedly higher total C,
total N, total and Olsen P, CEC and exchangeable cations,
1 year (2001) and 2 years (2003) after the previous
application of compost, are indicative of a potential long-
term enhancement of nutrient storage and supply resulting
from amendment of this soil. This is borne out by the
substantially enhanced plant growth, especially at the
highest compost application rates, in the pot trial. The
decline of most soil chemical properties between 2001 and
2003, even including the control plots, is perhaps more
attributable to a cultivation effect (deeper mixing) than to
organic matter mineralisation over this 2-year period. The
extremely high Olsen P concentrations in the highest
compost application rate treatments (optimum Olsen P for
dairy pasture soils is 20–30 mg kg−1; Roberts and Morton
1999), suggests that continued application to pasture soils
at this rate would be environmentally unacceptable.

Apart from Cu in the plots receiving 56 mm year−1

compost, none of the heavy metals have approached soil
limit concentrations (1 mg Cd kg−1; 100 mg Cu kg−1;
60 mg Ni kg−1; 300 mg Pb kg−1; 300 mg Zn kg−1;
NZWWA 2003) as a result of compost application. This is
because, apart from Cu and Zn, Wellington biosolids

contains relatively low concentrations of heavy metals.
However, in spite of the high total Cu concentrations and
the considerable amount of EDTA-extractable Cu in the
high application rate treatments, there was no significant
elevation of Cu in the silver beet grown in the pot
experiments. Indeed, in the later years when soil Cu
concentrations were highest, there was a tendency,
although not significant, for plant Cu to decline in these
treatments. The pot trial results showed increased plant
yield with increasing compost application rate and, except
for Zn, little relationship or even negative relationships
between soil and plant metal concentrations. This strongly
suggests that the compost metals, apart from Zn, are not
plant available and that, in general, EDTA extractability is
not an appropriate index of metal availability in compost-
amended soil. Similar metal uptake results have been
found by Dixon et al. (1995) for plants grown on
biosolids-compost-amended soils and, although a pH
effect was partially responsible, they also attributed their
results to the strong metal binding capacity of the
biosolids. Canarutto et al. (1991) demonstrated that
metal availability diminishes during maturation of com-
post, because the heavy metals are complexed by humic
substances and reach the soil in less mobile forms. This is
supported by Paré et al. (1999), who showed that co-

Fig. 4 Yield and metal concentrations of silver beet (Beta vulgaris)
over the five pot trials conducted using soil from the field trial plots.
A Dry matter yield; B Cd concentration; C Cu concentration; D Pb

concentration; E Zn concentration. Data for each treatment (1–10;
see Fig. 1) are means across three plots
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composting of biosolids and municipal solid wastes
substantially reduced the extractability and exchangeabil-
ity of Cr, Cu, Pb and Zn, although not of Ni. Our 1999
data, demonstrating a strong negative relationship between
plant Cd and soil total C in both the field and pot trials,
and a high predictability of plant Cd from a function of
soil C and pH in the pot trial, strongly supports these
previous results. In the field trial, pasture Cd concentra-
tions were comparable with those found in “normal”
pasture (Roberts et al. 1994).

In contrast to the other metals, considerable amounts of
Zn were taken up by silver beet, especially in 2002, when
no compost was added to the plots. This suggests that
compost Zn availability may increase with time since
compost application, perhaps due to mineralisation of
some of the Zn-sorptive organic components.

Impacts on soil microbiological properties

Increased soil basal respiration with increasing compost
application rate is probably a response to the higher
nutrient status and almost certainly higher amounts of
readily mineralisable organic matter. The decline in 2003
probably reflects the 2-year interval between compost
applications, during which more mineralisation would
have occurred, as opposed to only 1 year in 2001.
Microbial biomass C was always higher in 2003 than in
2001, which may also be due to there being a 2-year
interval since a compost application. This would allow the
microbial biomass more opportunity to recover and grow
after the soil disturbance of cultivation. In 2001, qCO2

values were always between 1.5 and 3 μg respired CO2–
C h−1 mg−1 microbial C, with those in the high compost
rate plots being >2.5. This could suggest that the microbial
populations were under stress in 2001 due to the heavy
metals in the compost (Brookes and McGrath 1984).
However, this was not observed in 2003, with qCO2

values all approximately 1 μg CO2–C h−1 mg−1 microbial
C, suggesting that the elevated qCO2 values were more
likely due to a less mature ecosystem and/or the presence
of more respirable substrates in 2001 (Sparling 1997). The
anaerobic N data also support the presence of larger
amounts of mineralisable organic matter in the compost-
treated plots. Normally, this property relates very strongly
to microbial biomass suggesting that the soil microflora is
the major source of the N released during anaerobic
incubation (Hart et al. 1986; Myrold 1987; Stockdale and
Rees 1994; Sparling 1997). Here, the almost perfect linear
relationship between anaerobic N and basal respiration (r
=0.98***) suggests that a high proportion of this N is
being mineralised from non-biomass sources—the same
sources being utilised as substrates by the actively
respiring micro-organisms.

In short-term incubations, soil microbiological activity,
including enzyme activity, is usually enhanced by
application of biosolids and compost (Bonmati et al.
1985; Speir and Ross 2002; Caravaca and Roldán 2003),
although Madejón et al. (2001) found that enzyme

activities declined to control values after 4 months.
Similarly, field trials conducted over a number of years
also showed increased enzyme activities after soil
amendment with compost (Guisquiani et al. 1994, 1995;
Crecchio et al. 2001). In our study, sulphatase and
phosphatase activities did increase, but not significantly,
nor to the extent that we might have expected. Enzyme
activities in the control plot were relatively high,
especially for a sandy soil, probably due to the high
organic matter contents under New Zealand pastures.
Perhaps all the sorption sites for extracellular enzymes are
fully saturated in this soil and any increased enzyme
activity after amendment with compost is due to active
enzymes within microbial cells.

Although rhizobial numbers were largely unaffected by
compost application to this soil, they were about 1–2
orders of magnitude higher in 2003 than in 2001, probably
due to the extra year since cultivation, allowing greater
clover establishment and increased rhizobial infection.

Conclusions

Except for Cu in the highest compost application
treatments, heavy metal concentrations did not approach
soil limit concentrations during this trial. Given that these
soil limits are expected to be protective of the environment
and the food chain (NZWWA 2003), no adverse effects
were expected to occur, although some studies on
biosolids-amended soils that have shown adverse effects
at metal concentrations as low or lower than those in our
study (e.g. Dahlin et al. 1997; Giller et al. 1998). However,
we found only positive or neutral effects of soil
amendment with heavy-metal-containing biosolids com-
post. Soil microbiological properties correlated strongly
and positively with heavy metal concentration, because
metal concentration was a function of compost application
rate. However, plant metal concentrations, apart from that
of Zn, were unrelated to, or negatively correlated with, soil
metal concentrations. Plant Zn concentrations were
elevated, but not enough to affect grazing animals, and
Zn is no longer regarded as a human health concern in
foodstuffs in New Zealand.

The clover symbiont, R. leguminosarum bv. trifolii, is
among the most sensitive organisms to heavy metals
(Chaudri et al. 1993; Giller et al. 1998) and the lux
biosensors have also proved sensitive (McGrath et al.
1999; Chaudri et al. 2000). We found no adverse effects on
rhizobial numbers, nor on either of the biosensors
examined.

In the longer term, it will be important to re-examine
this site after more of the compost organic matter has
mineralised and the nutrients have been lost or utilised.
The elevated Zn in plants grown in the 2002 pot trial give
some cause for concern that metals (Zn, at least) may
become more bioavailable with time.

356



Acknowledgements We thank the landowner, Ted Sims, for
allowing the use of his property for this investigation and Glenn
Cant for maintaining the trial and assisting with sampling. We
acknowledge the technical assistance of Louise Duncan and Brian
Daly, Landcare Research, and of Lynne Clucas, Lincoln University,
and thank Spectrachem Analytical for XRF analyses of heavy
metals. The pasture Cd analyses were carried out by Colin Gray,
Lincoln University, and the pot trial was conducted by Elena
Izaguirre, Living Earth Limited. This work was funded by the
Foundation for Research, Science, and Technology.

References

Blakemore LC, Searle PL, Daly BK (1987) Methods for the
chemical analysis of soils. NZ Soil Bureau Scientific Report 80,
Lower Hutt, NZ

Bonmati M, Pujola M, Sana J, Soliva M, Felipo MT, Garau M,
Ceccanti B, Nannipieri P (1985) Chemical properties, popula-
tions of nitrite oxidizers, urease and phosphatase activities in
sewage sludge-amended soil. Plant Soil 84:79–91

Bremner JM, Keeney DR (1966) Determination and isotope-ratio
analysis of different forms of nitrogen in soils. 3. Exchangeable
ammonium, nitrate and nitrite by extraction-distillation meth-
ods. Soil Sci Soc Am Proc 30:572–582

Briones AM, Reichardt W (1999) Estimating microbial populations
counts by ‘most probable number’ using Microsoft Excel. J
Microbiol Methods 35:157–161

Brookes PC, McGrath SP (1984) Effects of metal toxicity on the
size of the soil microbial biomass. J Soil Sci 35:341–346

Canarutto S, Petruzelli G, Lubrano L, Vigna Guidi G (1991) How
composting affects heavy metal content. Biocycle 32:48–50

Caravaca F, Roldán A (2003) Effect of Eisenia foetida earthworms
on mineralisation kinetics, microbial biomass, enzyme activ-
ities, respiration and labile C fractions of three soils treated with
a composted organic residue. Biol Fertil Soils 38:45–51

CEC (Commission of the European Communities) (1986) Council
directive (86/278/EEC) on the protection of the environment,
and in particular of the soil, when sewage sludge is used in
agriculture. Official J Eur Commun 181:6–12

Chaudri AM, McGrath SP, Giller KE, Rietz E, Sauerbeck DR (1993)
Enumeration of indigenous Rhizobium leguminosarum biovar
trifolii in soils previously treated with metal-contaminated
sewage sludge. Soil Biol Biochem 25:301–309

Chaudri AM, Lawlor K, Preston S, Paton GI, Killham K, McGrath
SP (2000) Response of a Rhizobium-based luminescence
biosensor to Zn and Cu in soil solutions from sewage sludge
treated soils. Soil Biol Biochem 32:383–388

Crecchio C, Curci M, Mininni R, Ricciuti P, Ruggiero P (2001)
Short-term effects of municipal solid waste compost amend-
ments on soil carbon and nitrogen content, some enzyme
activities and genetic diversity. Biol Fertil Soils 34:311–318

Dahlin S, Witter E, Mårtensson A, Turner A, Bååth E (1997)
Where’s the limit? Changes in the microbiological properties of
agricultural soils at low levels of metal contamination. Soil Biol
Biochem 29:1405–1415

De Lorenzo V, Herrero M, Jakubzik U, Timmis KN (1990) Mini-
Tn5 derivatives for insertion mutagenesis promoter probing,
and chromosomal insertion of cloned DNA in gram-negative
eubacteria. J Bacteriol 172:6568–6572

Dixon FM, Preer JR, Abdi AN (1995) Metal levels in garden
vegetables raised on biosolids amended soil. Compost Sci Util
3:55–63

Entry JA, Wood BH, Edwards JH, Wood CW (1997) Influence of
organic by-products and nitrogen source on chemical and
microbiological status of an agricultural soil. Biol Fertil Soils
24:196–204

Giller KE, Witter E, McGrath SP (1998) Toxicity of heavy metals to
microorganisms and microbial processes in agricultural soils: a
review. Soil Biol Biochem 30:1389–1414

Guisquiani PL, Gigliotti G, Businelli D (1994) Long-term effects of
heavy metals from composted municipal waste on some
enzyme activities in a cultivated soil. Biol Fertil Soils
17:257–262

Guisquiani PL, Pagliai M, Gigliotti G, Businelli D, Benetti A (1995)
Urban waste compost: effects on physical, chemical, and
biochemical soil properties. J Environ Qual 24:175–182

Hart PBS, Sparling GP, Kings JA (1986) Relationship between
mineralisable nitrogen and microbial biomass in a range of
plant litters, peats, and soils of moderate to low pH. NZ J Agric
Res 29:681–686

Keeney DR (1982) Nitrogen-availability indexes. In: Page AL,
Miller RH, Keeney DR (eds) Methods of soil analysis. Part 2.
Chemical and microbiological properties. Agron Monograph 9.
ASA and SSSA, Madison, Wis., pp 711–733

Kelly JJ, Häggblom M, Tate RL III (1999) Effects of the land
application of sewage sludge on soil heavy metal concentra-
tions and soil microbial communities. Soil Biol Biochem
31:1467–1470

Kovàcs B, Prokisch J, Györi Z, Kovàcs AB, Palencsàr J (2000)
Studies on soil sample preparation for inductively coupled
plasma atomic emission spectrometry analysis. Commun Soil
Sci Plant Anal 31:1949–1963

Madejón E, Burgos P, López R, Cabrera F (2001) Soil enzymatic
response to addition of heavy metals with organic residues. Biol
Fertil Soils 34:144–150

McGrath SP, Chaudri AM, Giller KE (1995) Long-term effects of
metals in sewage sludge on soils, microorganisms and plants. J
Ind Microbiol 14:94–104

McGrath SP, Knight B, Killham K Preston S, Paton GI (1999)
Assessment of the toxicity of metals in soils amended with
sewage sludge using a chemical speciation technique and a lux-
based biosensor. Environ Toxicol Chem 18:659–663

McLaren RG, Swift RS, Quin BF (1984) EDTA-extractable copper,
zinc and manganese in soils of the Canterbury Plains. NZ J
Agric Res 27:207–217

Myrold DD (1987) Relationship between microbial biomass nitro-
gen and a nitrogen availability index. Soil Sci Soc Am J
51:1047–1049

NZWWA (New Zealand Water and Wastes Association) (2003)
Guidelines for the safe application of biosolids to land in New
Zealand. NZWWA, Wellington, p 177

Paré T, Dinel H, Schnitzer M (1999) Extractability of trace metals
during co-composting of biosolids and municipal solid wastes.
Biol Fertil Soils 29:31–37

Parham JA, Deng SP, Raun WR, Johnson GV (2002) Long-term
cattle manure application in soil. I. Effect on soil phosphorus
levels, microbial biomass C, and dehydrogenase and phospha-
tase activities. Biol Fertil Soils 35:328–337

Paton GI, Rattray EAS, Campbell CD, Cresser MS, Glover LA,
Meeussen JCL, Killham K (1997) Use of genetically modified
microbial biosensors for soil ecotoxicity testing. In: Pankhurst
C, Doube B, Gupta V (eds) Biological indicators of soil health
and sustainable productivity. CAB International, Wallingford,
pp 397–418

Roberts AHC, Morton JD (1999) Fertiliser use on New Zealand
dairy farms. New Zealand Fertiliser Manufacturers’ Associa-
tion, Auckland, pp 10–13

Roberts AHC, Longhurst RD, Brown MW (1994) Cadmium status
of soils, plants and grazing animals in New Zealand. NZ J
Agric Res 37:119–129

Saviozzi A, Bufalino P, Levi-Minzi R, Riffaldi R (2002)
Biochemical activities in a degraded soil restored by two
amendments: a laboratory study. Biol Fertil Soils 35:96–101

Sparling GP (1997) Soil microbial biomass, activity and nutrient
cycling as indicators of soil health. In: Pankhurst CE, Doube
BM, Gupta VVSR (eds) Biological indicators of soil health.
CAB International, Wallingford, pp 97–119

Sparling GP, Zhu C (1993) Evaluation and calibration of methods to
measure microbial biomass C and N in soils from Western
Australia. Soil Biol Biochem 25:1793–1801

357



Sparling GP, Feltham CW, Reynolds J, West AW, Singleton PL
(1990) Estimates of soil microbial C by a fumigation-extraction
method: use on soils of high organic matter content, and a
reassessment of the kEC-factor. Soil Biol Biochem 22:301–307

Speir TW, Ross DJ (2002) Hydrolytic enzyme activities to assess
soil degradation and recovery. In: Burns RG, Dick RP (eds)
Enzymes in the environment: activity, ecology and applications.
Dekker, New York, pp 407–431

Speir TW, Ross DJ, Orchard VA (1984) Spatial variability of
biochemical properties in a taxonomically uniform soil under
grazed pasture. Soil Biol Biochem 16:153–160

Speir TW, van Schaik AP, Lloyd-Jones AR, Kettles HA (2003a)
Temporal response of soil biochemical properties in a pastoral
soil after cultivation following high application rates of
undigested sewage sludge. Biol Fertil Soils 38:377–385

Speir TW, van Schaik AP, Percival HJ, Close ME, Pang L (2003b)
Heavy metals in soil, plants and groundwater following high-
rate sewage sludge application to land. Water Air Soil Pollut
150:319–358

Stockdale EA, Rees RM (1994) Relationships between biomass
nitrogen and nitrogen extracted by other nitrogen availability
methods. Soil Biol Biochem 26:1213–1220

Tabatabai MA, Bremner JM (1969) Use of p-nitrophenyl phosphate
for assay of soil phosphatase activity. Soil Biol Biochem
1:301–307

Tabatabai MA, Bremner JM (1970) Arylsulphatase activity of soils.
Soil Sci Soc Am Proc 34:225–229

US EPA (United States Environment Protection Agency) (1993)
Part 503—standards for the use and disposal of sewage sludge.
Fed Regist 58:9387–9404

Vance ED, Brookes PC, Jenkinson DS (1987) An extraction method
for measuring soil microbial biomass C. Soil Biol Biochem
19:703–707

Vincent JM (1970) A manual for the practical study of root-nodule
bacteria. IBP handbook no. 15. Blackwell, Oxford, pp 49–72

Waring SA, Bremner JM (1964) Ammonium production in soil
under waterlogged conditions as an index of nitrogen
availability. Nature 201:951–952

Wu J, Joergensen RG, Pommerening B, Chaussod R, Brookes PC
(1990) Measurement of soil microbial biomass C by fumiga-
tion-extraction—an automated procedure. Soil Biol Biochem
22:1167–1169

Yeates GW, Ross CW, Dando JL, Speir TW (2002) Some effects of
incorporation of compost including sewage biosolids into a
dairy pasture on Foxton sandy loam. NZ Soil News 50:5–8

Zebarth BJ, Neilsen GH, Hogue E, Neilsen D (1999) Influence of
organic waste amendments on selected soil physical and
chemical properties. Can J Soil Sci 79:501–504

358


	Sec1
	Sec2
	Sec3
	Fig1
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Tab1
	Sec10
	Sec11
	Tab2
	Fig2
	Sec12
	Sec13
	Sec14
	Fig3
	Fig4
	Sec15
	Sec16
	Bib1
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51

