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Abstract 

Soil extracts are used to provide a measure of plant nutrient bioavailability, but their 

predictive capacity is variable. In a greenhouse experiment, soil was amended with sewage 

sludge from textile manufacturing wastewater. We investigated the correspondence between 

maize (Zea mays L.) shoot uptake and concentrations in soil extractions for plant essential 

micronutrients concentrated in the sludge: B, Cu, Mn, and Zn. Hot water extract was used for 

B, whereas diethylene triamine pentaacetic acid (DTPA) extract was used for Cu, Mn, and Zn. 

Separate pots with NH4NO3 amendment, but no sludge, allowed comparison of soil 

micronutrient extraction and plant uptake under conditions of elevated mineral N fertility 

similar to those with sludge amendment, but in the absence of sludge. Addition of sludge did 

not change soil extractable concentrations nor shoot concentrations of B and Zn. B was 
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abundant in the sludge but likely remained strongly bound as organic complexes, whereas the 

quantity of Zn was not high enough to register difference. Shoot Mn was increased by both 

sludge amendment and an NH4NO3 effect, likely from pH decrease associated with 

nitrification of the ammonium in the sludge and in the fertilizer. DTPA-extractable Mn 

increased in sludge-amended plots. DTPA-extractable Cu increased strongly following sludge 

amendment, but, in contrast to Mn, shoot Cu concentration was not changed. Thus, selectivity 

of roots to avoid Cu is not revealed by DTPA. The correspondence between extraction-based 

estimation of availability and the actual plant uptake varies among micronutrients due to 

effects of soil conditions and selectivity of roots. 

Keywords: DTPA, Hot-water extract, Boron, Copper, Manganese, Zinc  
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1. Introduction  

Sewage sludges generated from the treatment of waste streams in municipal and industrial 

installations are often applied to agricultural land for disposal or to supply N for crops uptake 

(Binder et al., 2002; Gilmour et al., 2003). For example, 30% of sludge is applied to 

agricultural land in Japan (Ito et al., 2000). In addition to N, sludges often contain 

micronutrients that could benefit crop growth (Abdou and El-Nennah, 1980; Perez-Murcia et 

al., 2006; Vazquez et al., 2003). However, metal loadings to soil from repeated sludge 

applications can cause reduced numbers of nitrogen fixing bacteria in soil (McGrath et al., 

1988; McGrath et al., 1995) and result in a shortage of arbuscular mycorrhizal fungi (del Val 

et al., 1999). In contrast, Kunito et al. (2001) found no impact of historic sludge applications 

on microbial biomass carbon or soil enzyme activities. The presence of metals in sludge is 

one of the main concerns linked to the regulation of sludge application (Davis, 1993; Goda et 

al., 1986). Concerns about pathogens have caused irradiation of sludge, but this process 

increases plant availability of Zn (Wen et al., 2002a) and Cu (Wen et al., 2002b). 

Textile-manufacture generates sewage sludge at the DuPont installation at Maitland, Ontario, 

Canada. The Maitland sludge is bulked with FeCl3 and has part of the water removed by 

application of physical pressure to form a moist cake. Release of mineral N from the 

Maitland sludge offers promise for use of this material in agricultural fields (McGonigle et al., 

2012). 

Evaluation of nutrient availability can be assessed by measuring the uptake of the nutrients to 

a test plant or by use of soil extractants. The chelating agent diethylene triamine pentaacetic 

acid (DTPA) has been widely used as soil extractant to estimate plant-available levels of Cu, 

Mn, and Zn (Barbarick and Workman, 1987; Jiang et al., 2008; Sharma et al., 2000). DTPA is 

a chelating agent that binds to the free-ions of these metals and reduces their activity in 

solution, thereby mimicking plant uptake and stimulating the replenishment of the metal ions 

in solution from the solid phase (Sims and Johnson, 1991). Although DTPA extraction has 

been shown to be effective to test for available B (Matsi et al., 2000), the hot-water method 

(Bell, 1997) is the established method for determination of extractable B in combination with 

inductively coupled plasma (ICP) or spectrophotometric determination (Sah and Brown, 

1997). DTPA-extractable soil concentrations of Cu, Mn, and Zn, as well as hot-water 

extractable B, are often significantly correlated with plant uptake of these elements (Sims and 

Johnson, 1991). However, soil conditions are expected to modify availability in soil of B, Cu, 

Mn, and Zn (Evans et al., 1995; Wu et al., 2001). 

The aims of this study were two-fold: first, to determine the plant uptake of the four 

micronutrients most abundant in the Maitland industrial sludge, namely B, Cu, Mn, and Zn; 

second, to explore the relationships between that plant uptake and the levels in soil of these 

elements as determined by soil extraction. N fertilizer was a second treatment factor in 

addition to sludge amendment. The sludge adds micronutrients but is also expected to provide 

a significant amount of ammonium, which can undergo nitrification and modify soil pH 

locally (Brady and Weil, 2008). Thus, the parallel use of N fertilizer in separate pots was 

employed to assess the impact of mineral N addition on the availability of micronutrients 
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already present within the studied soil. 

2. Materials and Methods  

2.1 Collection and Analysis of Materials 

The sludge used was in the form of a partially dewatered cake from the sewage treatment 

plant of Du Pont Canada Inc. at Maitland, Ontario, Canada. Triplicate samples of 0.5 g sludge 

were heated in 5 ml 65% nitric acid in the following microwave sequence: 5 minutes at 250 

W, 1 minute at 0 W, 4 minutes at 250 W, and 7 minutes at 400 W. Leachate was filtered using 

Whatman No. 42 paper and brought to a final volume of 100 ml using ultrafiltration-purified 

water. Elemental composition of the sludge was determined by analysis of leachate using ICP 

optical atomic emission spectrometry (ICP-OES) at the Ministry of Northern Development of 

Mines, Sudbury, Ontario, Canada. 

Soil was collected from the top 15-cm of low-fertility plots at the Elora Research Station at 

43
 o

41’ N and 80
 o
14’ W in Ontario, Canada. The silt loam at the site had a pH of 7.5 and is 

classified as a Gleyed Melanic Brunisol in the Canadian system of soil classification and as 

an Aquic Hapludalf in the United States Department of Agriculture Soil Taxonomy (Tollenaar 

et al., 1994). The particle size distribution was 30% sand, 50% silt, and 20% clay (Ketcheson, 

1980). Soil was partially air-dried and passed through a 5-mm screen before use. 

2.2 Greenhouse Experiment 

Pre-soaked maize (Zea mays L.) seeds were grown for 24 days in pots in the greenhouse with 

soil amended with sludge at 100, 200, and 400 mg N kg
-1

 dry soil. To ensure all pots had 

adequate P and K, all soil was fertilized with 75 mg P kg
-1

 as Ca(H2PO4).2H2O and 50 mg K 

kg
-1

 as K2SO4. Pots were 16 cm and 14 cm diameter at the soil surface and base, respectively. 

Pots were filled to 10 cm depth with a bulk density of 1.1 g cm
-3

. Dry mass of soil was 1.95 

kg pot
-1

. As well as controls, NH4NO3 was added to separate pots at rates of 25, 50, and 75 

mg N kg
-1

 dry soil, to give seven treatments in all. There were four replicates of each 

treatment to give a total of 28 pots arranged in a randomized complete block design. Six 

seeds were sown per pot, with thinning to four seedlings per pot after one week. Pots were 

watered daily to gravimetrically maintain 0.23 g H2O g
-1

 dry soil. 

At harvest, all shoots were removed by cutting 5-mm above the soil surface. Two 33-mm 

diameter soil cores were then taken from each pot approximately mid-way between shoot 

bases, about half the distance from the center to the edge of the pot, and to the full pot depth. 

One core was selected at random from each pot and used to wash out roots on a 0.1-mm 

screen. The soil from the second core from each pot was sieved on a 2-mm screen, discarding 

roots, stones, and organic debris. This sieved soil was used for analysis of micronutrients, as 

described below. Although it is customary to evaluate soil for macronutrients at planting, soil 

for analysis of micronutrients was collected at harvest, rather than at setup, to ensure that the 

root environment of the plant was characterized following equilibration of amendments with 

soil during the 24-day growth period. 

Plant tissues taken at 24 days of growth were dried to constant mass at 70
o
C. Dried shoot and 
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root was digested for metal analysis in concentrated acids in a procedure modified from 

Thomas et al. (1967). Briefly, tissues were digested by heating 0.25 g oven-dried powder in 5 

ml concentrated H2SO4 at reflux for 60 minutes, followed by adding up to an approximate 

total of 0.5 ml H2O2 in two or three aliquots while heating for about another 30 minutes or 

until clear, followed by heating for an additiona1 20 minutes, cooling, and bringing up to a 

final volume of 25 ml using ultrafiltration-purified water. Root and shoot digests were 

analyzed for Zn, Cu, and Mn by atomic abortion spectrometry (AAS) using a Varian Spectra 

AA300. Shoot B was determined by dry-ashing 0.25 g samples of oven-dried powdered shoot 

overnight at 480°C in a muffle furnace, followed by taking the ashes up into 12.5-ml 0.4 M 

HCl and filtering through Whatman No.42 filter paper. The concentration of B in solution in 

the dry-ash digests was determined spectrophotometrically using an autoanalyser system 

employing the reaction of B with azomethine-H (Wolf, 1971). Insufficient root material 

prevented analysis of root concentration of B. 

To determine soil extractable concentrations of Cu, Mn, and Zn, samples of 10-g dry soil 

were shaken in a 2:1 ratio of extract to soil with an extract solution of 0.005 M DTPA in 0.01 

M CaCl2, adjusted to pH 7.3 with dilute HCl (Liang and Karamanos, 1993). Cu, Mn, and Zn 

concentrations in soil were determined for the DTPA extracts using AAS. Extractable soil B 

was estimated using the hot-water extract system (Gupta, 1967), substituting 0.01 M CaCl2 

for the water. Samples of 20 g dry soil were boiled in 40 ml of 0.01 M CaCl2 for 5 minutes, 

allowed to cool for 5 to 10 minutes, and passed through Whatman No.42 filter paper. The 

concentrations of B in solution for the soil extracts were determined using ICP-OES. The 

sludge was expected to contain abundant Fe from the precipitation process. However, Fe was 

not determined for the soil or plant tissues, because the soil has no history of Fe deficiency 

for maize. 

2.3 Numerical Analysis 

Maximum shoot biomass was determined as y when x = -b/2c for the quadratic regression y = 

a + bx +cx
2
 for x as N added. Treatment means were separated using the Tukey test for P = 

0.05 following randomized complete block analysis of variance (Zar, 2010). 

3. Results 

Sludge analyses as determined here are expressed on a dry biomass basis, with mean adjusted 

by standard deviation (s.d., n = 3) for triplicated samples. Values were 261 ± 19 g C kg
-1

 and 

40 ± 5 g N kg
-1

 giving 6.6 ± 1.2 for the C:N ratio.
 
Mineral N extractable from sludge in a 1:1 

ratio of
 
2.0 M KCl was 1.49 ± 0.04 g NH4-N kg

-1
 and 0.020 ± 0.003 g NO3-N kg

-1
. Moisture 

content was 1.32 g water g
-1

 dry mass, and sludge had 2.0 g K kg
-1

. In addition to C, H, O, N, 

K, and S, the sludge macronutrients at high concentration were in the form of P at 5.3 g kg
-1

, 

Ca at 3.5 g kg
-1

, and Mg at 1.5 g kg
-1

 while Fe was 8.2 ± 0.3 g kg
-1

. Plant-essential 

micronutrients other than Fe exceeding 100 mg kg
-1

 in the sludge were 498 ± 79 mg B kg
-1

, 

1004 ± 43 mg Cu kg
-1

, 838 ± 143 mg Mn kg
-1

, and 129 ± 16 mg Zn kg
-1

. A complete sludge 

analysis was given in McGonigle et al. (2012). 

At harvest, control pots had 5.9 leaves plant
-1

, whereas all other pots had in the range 6.8-7.0 
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leaves per plant
-1

. Shoot growth in the greenhouse experiment responded when N was added 

either as NH4NO3 (Fig. 1a) or as sludge (Fig. 1b). Based on a quadratic regression, maximum 

shoot biomass was obtained when NH4NO3 was added at 95 mg N kg
-1

 and with sludge when 

added at 270 mg N kg
-1

. 

 

Figure 1. Shoot dry mass at 28 days for maize raised in soil in pots with rates of N 

amendment in the form of (a) NH4NO3 at 25, 50, and 75 mg N kg
-1

 dry soil, or as (b) sludge 

at 100, 200, and 400 mg N kg
-1

 dry soil. (Fitted curves are: for NH4NO3, y = 0.88 + 0.019 x – 0.0001 x
2
 

with r
2
 = 0.88; and for sludge, y = 0.90 + 0.0054 x – 0.00001 x

2
 with r

2
 = 0.84) 

  

Figure 2. Effect of fertilizer and sludge amendments, at rates indicated in mg N kg
-1

 dry soil, 

as compared to the control treatment with no amendment, on maize shoot concentrations at 

28 days of (a) Mn, (b) Cu, (c) Zn, and (d) B. (Means with different letters are significantly different at 

P=0.05; n=4) 

Shoot concentrations of Cu and Zn did not increase with any of the treatments, whereas shoot 
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Mn concentrations increased in response to both sludge and fertilizer applications (Fig. 2). 

Shoot B concentration decreased in association with the greater growth in pots with the 

higher levels of fertilizer as well as sludge applications (Fig. 2). Shoot content of B, Cu, Mn, 

and Zn increased with NH4NO3 and sludge amendments (Fig. 3). Root concentrations of Cu, 

Mn, and Zn did not respond to treatments. Overall mean (n=28) root concentrations of Mn, 

Cu and Zn were 253 ± 15 mg kg
-1

, 206 ± 59 mg kg
-1

, and 163 ± 110 mg kg
-1 

respectively. 

 

Figure 3. Effect of fertilizer and sludge applications, at rates indicated in mg N kg
-1

 dry soil, 

as compared to the control treatment on maize shoot content at 28 days of (a) Mn, (b) Cu, (c) 

Zn, and (d) B. (Means with different letters are significantly different at P=0.05; n=4) 

Extractable soil B and Zn were not changed by the sludge treatment, contrasting with the 

extractable soil Cu in response to the sludge amendments (Fig. 4), even though shoot Cu 

concentrations were not changed (Fig. 2). Increases in shoot Mn concentration (Fig. 2) were 

associated with an increase in extractable soil Mn as induced by sludge addition (Fig. 4). 

Increases in both extractable soil Cu and extractable soil Mn over that of the control were 

positively related to increments of sludge application (Fig. 5). A logarithmic trend accounted 

for Mn (Fig.5a) concentration, while a linear relationship was seen for Cu (Fig. 5b). 
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Figure 4. Effect of fertilizer and sludge amendments, at rates indicated in mg N kg
-1

 dry soil, 

as compared to the control treatment with no amendment, on soil concentrations determined 

by DTPA extraction at 28 days for (a) Mn, (b) Cu, (c) Zn, and for hot-water extraction at 28 

days for (d) B. (Means with different letters are significantly different at P=0.05; n=4) 

 
Figure 5. Increase in DTPA-extracted soil levels over the control at 28 days in relation to the 

rate of element applied in sludge for (a) Mn and (b) Cu. (Fitted lines are as follows: for Mn, y = 0.04 

+ 0.45 ln x with r
2
 = 0.35; for Cu, y = 0.03 + 0.41 x with r

2
 = 0.92 was significant (P<0.001). The 

corresponding linear regression for (a) with ln (x-axis) was (P=0.043) significant) 

4. Discussion 

The Maitland sludge cake had concentrations of P, Fe, Ca, Mg, and Zn, that were one-fifth to 

one-tenth of the size of the means, and a Cu concentration close to the mean, for 250 sludges 

(Sommer, 1977). However, the Mn concentration of 835 mg kg
-1

 for the Maitland sludge was 

over twice as high as the mean of 380 mg kg
-1

, and the B concentration of 486 mg kg
-1

 for the 

Maitland sludge was six times the mean of 77 mg kg
-1

, for the same 250 sludges (Sommer, 
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1977). Concentrations for Cu and Zn for the Maitland sludge fell within the ranges of values 

reported elsewhere (Barbarick and Workman, 1987). 

The growth response to additions of N increased in a convex manner to a maximum, in 

keeping with established response patterns (Cerrato and Blackmer, 1990; Tisdale et al., 1985). 

According to the regression analysis, experimental addition of the highest rate of 75 mg N 

kg
-1

 in the form of NH4NO3 took growth close to maximum biomass, which would have 

needed 95 mg N kg
-1

 as NH4NO3 to be reached. Maximum growth was seen in response to N 

in sludge at 270 mg N kg
-1

, close to three times the rate of application of inorganic fertilizer 

for maximum growth. These responses validate the selection of rates of amendment for 

NH4NO3 and sludge insofar as a greater application rate of sludge than fertilizer was needed 

to achieve comparable growth. 

Micronutrient concentrations in whole maize plants of the age studied are given as sufficient 

in the range 1-13 mg kg
-1

 for B and 8-15 mg kg
-1

 for Cu (Jones et al., 1990). Thus, 

concentrations of B and Cu in all maize plants in the greenhouse experiment were in the 

range normally seen for healthy maize. However, concentrations of Mn in the plants studied 

here fell below the sufficiency range, given as 40-150 mg kg
-1

 (Jones et al., 1990), except at 

the two highest levels of application of NH4NO3 and sludge. Lack of sufficiency in control 

plants for Mn but sufficiency in control plants for B and Cu is consistent with the positive 

response to the amendments seen for shoot Mn concentration but absent for shoot 

concentrations of B and Cu. Shoot concentrations of Zn were close to the low end of the 

corresponding sufficiency range, given as 30-60 mg kg
-1

 (Jones et al., 1990), and no response 

of Zn concentration was seen in response to the amendments. 

Increased shoot Mn, which was seen in all pots relative to the controls, was probably caused 

by localized reduction in soil pH by nitrification. All treated pots had increased levels of 

ammonium, either through amendment with inorganic fertilizer or with sludge, and that 

ammonium underwent conversion to nitrate during the period of plant growth (McGonigle et 

al., 2012). Nitrification leads to acidification (Brady and Weil, 2008), and acidity promotes 

reduction of manganese dioxide to divalent manganese cations, which are more soluble than 

tetravalent manganese cations (Marschner, 1995). Although wholesale reduction of pH in the 

pots is unlikely, localized pockets within the soil volume likely had reduced pH, increasing 

manganese solubility markedly (Bromfield et al., 1983). Lettuce (Lactuca sativa L.) shoot 

concentration of Mn was also found to increase in response to sludge addition to greenhouse 

pots (Hue et al., 1988). However, in contrast to the present study, no change in shoot Mn was 

found in response to addition of urea to the soil sown to lettuce (Hue et al., 1988). The 

interpretation made was that increased Mn was from decomposition of sludge combined with 

pH reduction from organic acids in the sludge (Hue et al., 1988). In contrast, decreased 

soybean (Glycine max (L.) Merr.) shoot concentration of Mn was found after sludge 

amendment, and was attributed to a tissue dilution effect linked to growth stimulation (Reddy 

and Dunn, 1983). The curvilinear response of increase in extracted soil Mn to mass of Mn 

added in sludge (Fig. 5a) supports the interpretation that a change in conditions, rather than 

the quantity added, caused the increased availability; we see in contrast the situation for Cu 

(Fig. 5b), where the corresponding linear response shows that extraction availability was 
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proportional to the quantity added. 

Taken together with no change in shoot concentration of B, the absence of a change in 

extractable soil B in response to the sludge amendments indicated that the sludge content of 

B was not available to plants and/or was in a stable form. Boron has been shown to form 

strong complexes with organic matter in soil (Yermiyahu, 1995), in particular via boron-diol 

complexes (Goldberg, 1997). Binding of B to sludge has been quantified in terms of 

absorption capacity (Fujita et al., 2005). 

Although the increase in soil-extractable Cu was linear in response to sludge addition (Fig. 

5b), none of this Cu was recovered in the plants. Even with the highest rate of sludge 

amendment, the level of soil Cu was still within the range of values recorded for many soils 

in Eastern Canada (Whitby et al., 1978). The lack of correspondence between extractable Cu 

and concentrations of this element in shoots is in keeping with the wide range of recoveries 

for soil Cu found for various chelating agents (Flores-Valez et al., 1996). Increased 

DTPA-extractable Cu but no response of shoot Cu to sludge addition, as found here for maize 

and for lettuce (Hue et al., 1988). In contrast, soybean shoot Cu concentration and 

DTPA-extractable Cu both increased following sludge amendment elsewhere (Reddy and 

Dunn, 1983). Soil levels of DTPA-extractable Cu were higher in the soybean study (Reddy 

and Dunn, 1983), reaching 11 mg kg
-1

, compared to only 5 mg kg
-1

 in the present study. It is 

not certain if the highest soil Cu levels, or the use of soybean rather that maize as test plant, 

caused increased shoot uptake of Cu in the previous work (Reddy and Dunn, 1983). 

Estimating bioavailability of Cu in soils has been approached using a bioassay consisting of a 

soil block inserted below Brassica napus L. otherwise raised under standardized hydroponic 

conditions (Chaignon and Hinsinger, 2003). 

Responses of soil and shoot Zn to sludge amendments varied among previous studies. No 

changes in shoot Zn concentration or DTPA-extractable Zn as found in current study for 

maize was in contrast with corresponding increases for both of these properties in the study 

of lettuce response to sludge amendment (Hue et al., 1988), as well as in a field study for 

maize (Bidwell and Dowdy, 1987). An increase in DTPA-extractable Zn was seen following 

sludge addition to soybean, but no change accounted for shoot Zn (Reddy and Dunn, 1983). 

5. Conclusion  

Soil extractions to assess availability for B and Zn were consistent with plant-availability, 

with no increase in the extracted concentration and no increased shoot concentration for these 

elements.  Significant quantities of B were added in the sludge, but stability of organic 

complexes precluded any change in extraction and uptake. For Zn, the quantity added was too 

low to register a response. Caution should be taken in the interpretation of DTPA-extractable 

Cu and DTPA-extractable Mn as measures of bioavailability. Increased Mn uptake appeared 

to be dictated by soil conditions rather than by the quantity of Mn added. In contrast, 

increased DTPA-extractable Cu was pronounced following sludge amendments, but plant 

uptake of Cu did not change, suggesting elevated Cu uptake is prevented by maize root 

physiology, even at elevated rhizosphere concentrations. Stability of root Cu concentration 

among treatments indicates that Cu uptake to roots was prevented, rather than uptake to roots 
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having occurred without transfer to shoots. Overall, these results illustrate that significant 

quantities of micronutrients in a readily mineralized sludge material can, but do not 

necessarily, cause increases in available levels of those micronutrients as determined by soil 

extraction or crop uptake, with modifying influences from soil conditions and root selectivity. 
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Glossary 

AAS: atomic absorption spectroscopy 
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DTPA: diethylene triamine pentaacetic acid 

ICP: inductively coupled plasma 

OES: optical emission spectroscopy 

 

 

 


