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Abstract 
The aim was to study the effect of sewage sludge amendment on plant production and on the microbial 
biomass and community structure in Swedish agricultural soils. Topsoil samples (0-20 cm depth) from 
four sites where sewage sludge has been repeatedly applied in long-term field experiments situated in 
different parts of Sweden were analysed for total C, total N, pH and PLFAs (phospholipid fatty acids). 
Heavy metals were analysed in both soil and plant samples, and crop yields were recorded. 
At all four sites, sewage sludge has had a positive effect on crop yields and soil organic matter levels. 
Elevated concentrations of heavy metals in soils and plant materials due to sewage sludge amendment 
were almost exclusively found in the oldest experiment, started in 1956. The microbial community 
structure, studied with principal component analysis of individual PLFAs, was affected by soil pH, but 
differences in community structure were larger between sites than between the treatments.  
 
Introduction  
Soil organic matter is a key attribute of soil fertility. The pool of soil organic C can be increased, 
either by mineral fertilisers or by adding organic amendments such as sewage sludge. Sewage sludge 
has positive effects on agricultural soils through the supply of organic matter and essential plant 
nutrients, but sludge may also contain unwanted heavy metals, xenobiotic substances and pathogens. 
One obvious effect of long-term sewage sludge addition is a decrease in soil pH, caused by N 
mineralisation followed by nitrification, sulphate formation and presence of organic acids with the 
organic matter added. The objective of this study was to investigate the effect of sewage sludge on the 
microbial biomass and community structure. 
 
Material and Methods 
Sites 
We analysed soil samples from four sites where sewage sludge has been repeatedly applied in long-
term field experiments situated in different parts of Sweden; Ultuna (59°49’N, 17°39’E, started 1956), 
Lanna (58°21’N, 13°06’E, started 1997-98), Petersborg (55°32’N, 13°00’E, started 1981) and Igelösa 
(55°45’N, 13°18’E, started 1981). In these four experiments, at least one sewage sludge treatment is 
included in the experimental design. 
In the Ultuna experiment, all organic fertilisers, including sewage sludge, are applied every second 
year, corresponding to 4 ton C ha-1. The Lanna experiment has a similar design; with 8 ton dry matter 
ha-1 applied every second year. Lanna also has an additional treatment in which metal salts (Cd, Cu 
and Ni) are added together with sewage sludge. At Petersborg and Igelösa, two levels of sewage 
sludge (4 or 12 ton dry matter ha-1 every 4th year) are compared with three levels of NPK fertiliser (0 
N, ½ normal N and normal N).  
 
Soil sampling 
Topsoil samples (0-20 cm depth) from the four sites were taken in four replicate plots that had 
received sewage sludge. Ultuna was sampled in September 2009 and Lanna in September 2010, just 
before the biennial application of sludge. In addition, samples from these sites included N fertilized 
and unfertilized plots as reference treatments. Igelösa and Petersborg were sampled in June 2011, two 
years after sludge spreading. Samples at Igelösa were taken from all plots without mineral N 
fertilisation, while at Petersborg sampling also included the highest level of N fertilisation combined 
with the highest level of sewage sludge and the control without sewage sludge. 



 
Analyses  
Soil samples were analysed after digestion in 2M HNO3 with an inductively coupled plasma-mass 
spectrometer (ICP-MS, Perkin Elmer) for eight metals in topsoil and nine metals in crop samples.  
Phospholipid fatty acid analysis was made according to methods described by Börjesson et al. [1]. For 
principal component analysis, 25 PLFAs that were present at all sites were used and converted to 
percentage of total moles for evaluation of microbial community structure using the covariance matrix 
(JMP software ver. 6.0.3). 
 
Results 
Amending soil with sewage sludge increased yields, as well as soil organic matter and the microbial 
biomass at all four sites investigated. In addition, lower soil pH values in sludge treated soil, for 
example at Ultuna (pH 4.9 after 56 years), did not cause a lower microbial biomass. 
 
Metals in soil 
Concentrations of metals in soil samples from Ultuna were generally much higher as compared to 
those at the other sites, not only in the sewage sludge treated but also in the N fertilised and 
unfertilised soils, representing the natural background level (Table 1). High concentrations of Cd, Ni, 
Pb and Zn, in the sewage sludge treated soil at Ultuna seem to be due to the high input during earlier 
years of the experiment. For example, concentrations of cadmium in sewage sludge amounted to 9.1 
mg Cd kg-1 in 1972, but then decreased rapidly to around 2 in the 1970's, and reached 0.65 mg Cd kg-1 
in 2009. No increase of heavy metals in soil could be observed since the 1970's, according to historical 
data (Table 1). An exception is Cu; concentrations in soil have increased steadily because Cu levels in 
sludge have remained high.  
At Lanna, metals in soils were generally low (data not shown), but Cu and Zn had increased in all 
sewage sludge-treated plots, while Cd and Ni only were significantly higher when these metals were 
added as soluble salts together with the sludge. For the other metals, including Pb, no significant 
differences were observed. 
 
Metals in plants 
Analysis of metals in samples of silage maize harvested in 2009 in the Ultuna experiment revealed 
high levels in plant material from the sewage sludge treated plots (Table 2). Cadmium levels in crops 
from both the unfertilised and the sewage sludge treated plots were considerably higher than in the 
corresponding treatments at the other sites (data not shown). Nickel and Zn contents in sewage sludge 
treated crops were also significantly higher compared to other treatments. In order to compare silage 
maize with previous metal uptake by crops in the same treatment, data from fodder rape, which was 
also harvested as green biomass were used (Table 2). With the exception for Cu and Zn, which had 
similar uptake, metal concentrations were considerably lower in 2009 compared to 1974.  
 
PLFAs 
The microbial community structures, studied with PCA (principal component analysis) of individual 
PLFAs, showed that differences between sites were more pronounced than differences between 
treatments with samples from the same sites clustered together (Fig. 1). Some PLFAs appear to be 
site-specific. However, some of the samples from Ultuna were extremely separated. Comparisons 
showed that PC (principal component) 1 was dominated by the presence of PLFA 16:0, which is 
ubiquitous in most organisms and thus of limited use for explaining differences. PC 2 had strong 
positive correlations with most of the mono-unsaturated PLFAs, while the eukaryotic biomarkers 
PLFAs 18:2+18:3 were negatively correlated together with some branched PLFAs (i16:0, i17:0, 
br18:0 and 10me17:0), while other branched PLFAs (i14:0, a15:0, and 10Me18) had a positive 
correlation. The PLFA cy19:0, regarded as an indicator for stressed production of mono-unsaturated 
PLFAs (Kaur et al. 2005), was also negatively correlated with PC 2.  
 



Table 1. Metals in soil samples from the Ultuna experiment, mg kg-1 d.w. soil (± standard deviation), with 
earlier analyses compared to samples taken 2009. Letters shared in horizontal lines indicate no significant 
difference (Tukey-Kramer HSD, αααα=0.05) 
  Sewage sludge   Calcium Unfertilised 
 1968* 1974*   2009 nitrate 2009 2009 
Cd     0.74     0.72 (0.04)      0.73 (0.02) a     0.24 (0.02) b     0.23 (0.01) b 
Co    11.6   11.6   (0.3)  n.m. n.m. n.m. 

Cu   69   84 (4)  196      (4.6) a   27.8   (1.95) b   26.7   (0.57) b 

Mn 413  420 (7) 478    (16) a  464      (6) a 457    (25) a 
Ni   40.8   34.5  (0.4)    27.2    (0.92) a   22.9   (0.77) b   22.7   (0.79) b 

Pb   38.5   40.4  (0.7)   41.0    (3.06) a   21.6   (0.70) b   21.3   (0.67) b 

Zn 272 268 (9)  271       (9.18) a   87.6   (4.22) b   85.9   (3.00) b 

* Data from Andersson & Nilsson (1975); extraction with 2M HNO3 at 100°C 
(same as for samples from 2009) 
n.m. not measured 
 
Table 2. Metals in maize silage from the Ultuna experiment 2009, mg kg-1 dry matter (mean values for n=4 
± standard deviation). Letters shared in horizontal lines indicate no significant difference between 
treatments (Tukey-Kramer HSD, αααα=0.05). In italics data from analysis of fodder rape, harvested as green 
mass at Ultuna 1974 (Data from Andersson and Nilsson 1975) 
 Cropped, Calcium Sewage sludge     
 unfertilised nitrate  in fodder rape 1974 
Cd   0.109 (0.017) a   0.059 (0.014) b   0.130 (0.026) a   0.303    (0.020) 
Co   0.032 (0.010) a   0.019 (0.009) a   0.017 (0.003) a   0.094   (0.006) 
Cr   0.371 (0.414) a   0.137 (0.083) a   0.146 (0.060) a   0.62    (0.18) 
Cu   3.56   (0.18) a   3.52   (0.69) a   4.11   (0.36) a   5.8   (0.2) 
Mo   0.263 (0.083) a   0.392 (0.013) a   0.210 (0.012) a  n.m. 
Ni   0.358 (0.094) b   0.237 (0.117) b   0.606 (0.155) a   4.43   (1.16) 
Pb   0.441 (0.153) a   0.366 (0.134) a   0.451 (0.314) a   1.95    (0.50) 
Se   0.157 (0.065) a   0.130 (0.040) a   0.139 (0.037) a n.m. 
Zn 13.2     (4.83) b   9.70   (0.78) b 91.0   (18.8) a 98.3  (19.4) 

n.m. not measured 
 
 

Discussion 
In the Ultuna experiment, most of the metal enrichment in sewage sludge treated soil originated from 
applications made before 1974. Since then, applications of sludge to soil only affected Cu, because Cu 
dissolved from water pipes of the Uppsala drinking water system have resulted in high copper 
concentrations in sewage sludge. Over the last 20 years, emissions of heavy metals in Europe have 
declined and for most metals, deposition in 2005 was only around 20 % of those in 1980 [2].  
The fact that sewage sludge plots had the highest microbial biomass contrasts to earlier reports from 
the 1980's and 90’s about negative effects of sewage sludge fertilisation on microbial biomass and 
activity in the Ultuna experiment [3], where negative effects were attributed to metal toxicity. 
The microbial community analysis showed that there was a larger difference between soil types than 
between treatments (Fig. 1). Among samples from the Ultuna experiment, there was a large variation 
between treatments. This is due to low pH values in the sewage sludge plots, but to some extent also to 
differences in bulk density as the Ultuna experiment is manually managed; all tillage is done by hand 
whereby soil compaction through machinery is avoided. Large differences in bulk density have 
developed between treatments due to different soil C contents. At Ultuna, a decrease of mono-
unsaturated PLFAs was reversely proportional to an increase in branched PLFAs, indicating a shift 
from Gram-negative towards Gram-positive bacteria. High ratios of cy17:0 and cy19:0, indicating 
stress among Gram-negative bacteria, was most obvious in the sewage sludge treatment at Ultuna. 
Gram-positive bacteria are also assumed to consume older organic material, which fits with our 
observation of a decline in soil organic carbon during the last 15 years in the sewage sludge plots at 
Ultuna [1]. 

 
 



    
Fig. 1. Principal components of 25 PLFAs in all four experiments (N=60). Data points are mean values for each 
treatment with s. e. for n=4 
 
 
Conclusion and perspectives 
• At the four investigated sites, long-term sewage sludge application increased soil fertility, with 

regard to soil organic matter (total C and N), microbial biomass and crop yields. 
• Long-term sewage sludge application lead to a decrease in soil pH values.  
• Only concentrations of Cu increased significantly in soils upon sewage sludge application.  
• Applying sewage sludge with low metal contents (Swedish standard), caused no increase in metal 

concentrations in crops. Uptake of metals in plants was low, and was mainly observed at one site 
where metals were added as salts; and at the oldest site, where uptake of metals in plants could be 
attributed to high concentrations of metals in sludge applied between 1956 and 1974.  

• Amounts of metals added to soil with sewage sludge were found not to be toxic for microbes at any 
site. Earlier observations of a lower microbial biomass at the Ultuna site were not detectable 
anymore.  

 
References 
[1] Börjesson G, Menichetti L, Kirchmann H, Kätterer T, 2012. Soil microbial community structure 
affected by 53 years of nitrogen fertilisation and different organic amendments. Biol Fertil Soils 48, 
245–257 
[2] Pacyna JM, Pacyna EG, Aas W, 2009. Changes of emissions and atmospheric deposition of 
mercury, lead, and cadmium. Atmos Environ 43:117–12 
[3] Witter E, Mårtensson AM, Garcia FV, 1993. Size of the soil microbial biomass in a long-term field 
experiment as affected by different N-fertilizers and organic manures. Soil Biol Biochem 25, 659-669 
 
Acknowledgements 
The work was conducted with support from SLF (The Swedish Farmers' Foundation for Agricultural 
Research) under contract H1033139, and from the 'Agricultural landscape' section within the program 
for Environmental Monitoring and Assessment at the Swedish University of Agricultural Sciences. 

P
C

 2
 (

3.
9%

) 


