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The influence of municipal sewage sludge (SL) as a soil amendment on the sorption and activity

of the herbicide triasulfuron (TRS, [2-(2-chloroethoxy)-N-[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl)amino]-

carbonyl]benzenesulfonamide]) was studied. Weed control was checked in a greenhouse on a wheat

(Triticum turgidum L. subsp. durum) crop. At the highest SL amount allowed by Italian regulation, TRS

sorption onto soil increased by 7 times and weed control was unaffected. A vegetative bloom and an

early heading phase were noted. To compare inorganic fertilization (N, P, and K) and SL amendment, a

greenhouse fertilization experiment was carried out. The SL-amended crop developed larger leaf

surfaces, higher biomass, and a forward heading compared to that fertilized with N, P, and K. The

SL hormone-like activity was evaluated by measuring auxin- and gibberellin-like activity of sewage

sludge.
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INTRODUCTION

The application of organic amendments to soils, for example,
sewage sludge (SL), is a current environmental and agricultural
practice to increase soil organic matter (OM) content (1, 2).
Sewage sludge, also referred to as biosolids, is the residue of
wastewater treatment processes, in which liquid and solid are
separated. The properties of sewage sludge depend on the waste-
water treatment process and sludge treatment. Biosolids are
composed of organic substances, macronutrients, a wide range
of micronutrients, nonessential trace metals, organic micropollu-
tants, andmicroorganisms (3). The safe disposal of sewage sludge
is a major environmental concern. Soil application could be the
most economical disposal method (4). However, it is essential to
ensure that these materials do not cause any danger to the
environment. The main limiting factors of SL applications to
soils are related to the presence of organic and inorganic pollu-
tants and microbial contaminants (5). European Union (EU)
legislation concerning sewage sludge reuse in agriculture was
introduced by Directive 86/278/EEC (6). This directive en-
courages the use of sewage sludge in agriculture and, at the same
time, regulates its use to prevent harmful effects on soil. Accord-
ing to the above principle, the use of sludge in agriculture,without
prior treatment, is not allowed. In Italy, the use of SL has been in
force since 1992 and is regulated by D. Lgs. N. 99/92 (7), which
puts Directive 86/278/EEC into action.

The application of organic amendments to soil can modify
pesticide behavior, depending on both the amendant and pesti-

cide properties.Generally, as a consequence of increased sorption
of pesticides, a decrease of leaching and degradation is ob-
served (8, 9). This effect can reduce pesticide pollution, but can
also lower pesticide efficacy (10). Moreover, organic amendants,
by increasing the amount of soluble organic matter, can favor the
desorption of scarcely polar pesticides (11, 12).

Triasulfuron (TRS, [2-(2-chloroethoxy)-N-[[(4-methoxy-6-
methyl-1,3,5-triazin-2-yl)amino]carbonyl]benzenesulfonamide])
(Figure 1) is a selective sulfonylurea herbicide used at very low
rates (15-25 g of active ingredient/ha) for weed control in
cereals (13). The highest level of TRS sorption is measured on
soils with low pH and high organic carbon content (14). The
addition of municipal waste compost to soil enhances the sorp-
tion of TRS. This effect, due to stable interactions between TRS
and the composted organic matter, reduces pesticide availability
to soil microorganisms, resulting in a longer degradation time (9).
This work was aimed at studying the influence of the amendment
of soil with municipal sewage sludge on TRS sorption. Because
the pesticide trapping in organic matter could reduce pesticide
efficacy, a greenhouse test was carried out to verify TRSherbicide
efficiency after soil amendment. Weed control was checked on a
wheat (Triticum turgidum) crop. On the basis of the results

Figure 1. Triasulfuron chemical structure.
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obtained by greenhouse experiments, further investigations on
fertilization and hormone-like activities of SL were carried out.

MATERIALS AND METHODS

Materials. Triasulfuron is the active ingredient of Logran. Triasulfur-
on (99.5%purity) and Logranwere supplied by SyngentaCropProtection
Spa, Milano, Italy. Indoleacetic (IAA) and gibberellic (GA) acids were
purchased from Sigma, St. Louis, MO.

All of the solvents were of HPLC grade (Carlo Erba Reagenti, Milano,
Italy) and were used without further purification.

A semidwarf durum wheat (T. turgidum L. subsp. durum, ’Claudio’
cultivar) was used in this study.

Two Italian soils, a sandy loam from Tula (Sardinia) and a sandy loam
from Sassari (Sardinia), were used. The samples were air-dried and sieved
to <2 mm. The particle size distribution was measured by Purdue
University Soil Testing Laboratory using the pipet method (15). The
organic carbon content was determined according to the modified
Walkley-Black (16) method. N was determined by using the Kjeldhal
method. P, K, Na, Ca, andMg were measured by atomic absorption after
nitric-perchloric digestion. Soil pHwas determined on slurrieswith a soil/
water ratio of 1:1. Selected physicochemical properties of the two soils,
Sassari (SA) and Tula (TU), are listed in Table 1.

Biosolids were collected from a municipal wastewater plant (Ploaghe,
Sardinia). The treatment process includes screening and grit removal.
Then, after nitrificationand denitrification processes for nitrogen removal,
the effluents are digested aerobically. Finally, the sludge undergoes
thickening by flotation, disinfection with chlorine, and dewatering in a
drying bed.

The SLamounts added toTUand SAsoils werewithin the Italian limits
for sludge agricultural use as regulated by D. Lgs. N. 99/92 (7), deriving
from EEC Directive 86/278. The SL soil amendment was applied to TU
and SA soils at two rates: 15.0 and 22.5 t ha-1. The first is the maximum
rate allowed under Italian regulation for soil with pHvalue<6, the second
one for soil with pH >7.5.

Selectedphysicochemical propertiesof thebiosolids are listed inTable 2.
The contents of heavy metals, fecal streptococcus, fecal coliform, and
salmonella were within the Italian regulatory limits.

Humic acids were obtained from SA (HA-SA), TU (HA-TU), and
sewage sludge (HA-SL) according to the procedure of Stevenson (17).
After precipitation, they were centrifuged, redissolved, precipitated three
times, dialyzed against distilled water until salt-free, and, finally, freeze-
dried.

Sorption on Soils and SL-Amended Soils. Sorption trials were
carried out using a batch equilibration technique at 25 ( 2 �C. TRS
sorption isothermsweremeasured onnatural and SL-amended soils sieved
through a 2 mm mesh screen. Soil-amended samples were obtained by
mixing thoroughly TU soil (5 g) and SA soil (5 g) with 25mg (equivalent to
15.0 t ha-1) and 46 mg (equivalent to 22.5 t ha-1) of air-dried sewage
sludge, respectively. Triplicate 5 g samples of both untreated and amended
soils were equilibrated in polyallomer centrifuge tubes with 10 mL of
aqueous herbicide solution (3-24 μM). The tubes were shaken (end over
end) for 24h.Generally, 95%of the sorption tookplacewithin the first 5 h.
After equilibration, the suspension was centrifuged at 19000g for 15 min,
and the supernatant was pipetted off and analyzed immediately. The TRS
amount adsorbed by soil was calculated from the difference between the

initial and final concentrations of TRS in solution. The effect of SA soil
solution pH on TRS sorption was examined by adding HCl to soil and
equilibrating overnight with the solution of herbicide. The amount
adsorbed was quantified with the same procedure described for natural
soils.

Sorption on Humic Acids. Herbicide sorption isotherms were mea-
sured on humic acid extracted from natural soil and sewage sludge.
Duplicate samples of soil or sewage sludge humic acid (50 mg) were
equilibrated in polyallomer centrifuge tubes with 10 mL of aqueous
herbicide solution. TRS concentrations before equilibration ranged from
3 to 24 μM. The tubes were shaken (end over end) for 24 h. After
centrifugation, the supernatant solution was removed and analyzed.

HPLC Analyses. The TRS concentration was determined by HPLC.
The systemwas assembled as follows: aWaters 510 pump equipped with a
Waters 2487UV-vis programmable detector operating at 224 nm; Breeze
chromatography software; a μBondapak C18 analytical column (10 μm,
4.6 � 300 mm) eluting with acetonitrile plus water (40 þ 60 by volume,
pH2.7) at a flow rate of 1mLmin-1. The retention time forTRSunder the
chromatographic conditions described previously was 10.5 min. The
quantitative determination of TRS was performed by using an external
standard. Calculations were based on the average peak areas of the
external standard. The detection limit for TRS was 0.05 mg L-1, as
calculated from the concentration of herbicide needed to obtain a detector
response approximately twice the background signal.

Greenhouse Experiments. Four plastic potswere each filledwith 5 kg
of sieved SA soil (<2 mm). The air-dried sewage sludge was added to the
soil in two pots, at a rate of 22.5 t ha-1 (46 g in each container; this amount
is the maximum rate allowed by Italian regulation), and the mixture was
homogenized. One pot containing amended soil (SA þ SL) and one
containing unamended soil (SA) were spiked with the calculated amount
of TRS (0.1mg kg-1), giving the samples SAþ SLþTRS and SAþ TRS,
respectively. Of the remaining two pots, the one containing unamended
soil was considered as a control soil and the other containing amended soil
was considered as an amended control soil.

Five seeds of wheat were sown in each pot, at 2 cm depth, and kept in a
greenhouse, with day-night temperatures of 18-10 �C, a 12 h photo-
period, and 75% relative humidity. Distilled water was added daily to the
pots to raise the moisture content to 70% of the soil water-holding
capacity. All of the samples were prepared in triplicate.

One hundred and twenty days after planting, the aerial portion of plants
was removed from each pot and the surface area of the flag leaf (FLA) was
determined with an electronic leaf area meter. Then, plant material was
washed with distilled water, oven-dried at 60 �C for 48 h, and analyzed for
drymatter (DM) and forN content according to theKjeldahlmethod (18).

To compare the SL fertilizer ability to that of chemical fertilizers (N, P,
andK), a further greenhouse experiment was carried out. Five plastic pots
were each filledwith 7.7 kg of sieved SA soil (<2mm): SLwas added to the
first pot at a rate of 22.5 t ha-1 (71 g); the second pot was treatedwithN as

Table 1. Selected Physical and Chemical Properties of SA and TU Soils

property SA TU

OM (%) 4.87 4.52

clay (%) 16.63 13.84

sand (%) 72.71 76.18

silt (%) 10.61 9.97

pH 8.50 5.50

N (%0) 1.62 1.30

P (mg kg-1) 5.49 2.38

Ca (mg kg-1) 1730 620

Mg (mg kg-1) 66 144

Na (mg kg-1) 50 52

K (mg kg-1) 90 90

Table 2. Selected Properties of SL

property value permitted value

Zn (mg kg-1) 33 2500

Hg (mg kg-1) <0.1 10

Pb (mg kg-1) 31 750

Cu (mg kg-1) 143 1000

Ni (mg kg-1) 14 300

Cr (mg kg-1) 1.41

OC (%) 43.2

P (total, %) 5.31

N (total, %) 6.11

K (total, %) 0.32

salt content (mequiv/100 g) 22

pH 7.30

humidity (% at 105 �C) 43

ashes (% at 650 �C) 15.2

fecal streptococcus (CFUa/g, %) <2000

fecal coliform (CFU/g, %) <4000

salmonella (CFU/g, %) <400

aColony-forming units.
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urea (9.3 mg); the third pot was treated with P as calcium phosphate
monobasic monohydrate (15.3 mg); the fourth pot was treated with K as
potassium chloride (0.43mg); and the fifth potwas treatedwithNþPþK
(9.3 mg þ 15.3 mg þ 0.43 mg, respectively). The N, P, and K fertilizing
elements were added to SA soil in amounts comparable to those in SL
amount added to test soil and were mixed homogenously with soil. The
samples were prepared in triplicate. Five seeds of wheat were sown in each
pot and kept in a greenhouse, and the same procedure used in the presence
of TRS was followed. Analogously, after 120 days, the aerial part of three
plants was removed from each pot, and the surface area of the flag leaf,
DM, and N content were determined.

Hormone-like Activity Determinations. The auxin- and gibberellin-
like activity of the sewage sludge was assessed by checking the growth
reduction of watercress (Lepidium sativumL.) roots and the increase in the
length of chicory sweet Trieste (Cichorium intybus L.) epicotyls (19). The
sewage sludge (1 g) was equilibrated overnight in a round-bottom flask
with bidistilled water (1 L) at room temperature. After centrifugation, the
SL supernatant was removed, the organic carbon content was determined
(∼10 mg L-1), and the SL supernatant was stored in a refrigerator until
use.

Watercress and chicory seeds were surface-sterilized by immersion in
8% hydrogen peroxide for 15 min. After five rinsings with sterile distilled
water, 10 seeds were placed on sterile filter paper in a Petri dish. For the
watercress, the filter paper was wetted with 1.2 mL of distilled water
(control) or 1.2 mL of 20, 10, 1, or 0.1 mg L-1 of IAA for the calibration
curve or 1.2 mL of 10, 10-2, 10-4, or 10-6 diluted SL supernatant. The
experimental design for the chicory was the same as for the watercress
except that the calibration curvewas a progression of 100, 10, 1, and 0.1mg
L-1 of GA. The seeds were germinated in the dark at 25 �C in a
germination room. After 48 h for watercress and 36 h for chicory, the
seedlings were removed and root or epicotyl lengths measured. The results
were recorded as concentration of IAA or GA of equivalent activity to
diluted SL supernatant.

Data Analysis. Sorption data were fit to the logarithmic form of the
Freundlich equation, logCs = logKfþ 1/n logCe, whereCs (in μmol kg-1

units) is the amount of herbicide adsorbed by soil or humic acid,
respectively,Ce (in μMunits) is the equilibrium concentration in solution,
and log Kf and 1/n are empirical constants representing the intercept and
the slope of the isotherm, respectively.

Analysis of variance (ANOVA) was performed using SAS computer
software. Means predicted by the F test to be significantly different from
one another were distinguished by the Student-Newman-Keuls test.
Simple correlations and their significance were calculated according to the
method of Steel et al. (20).

RESULTS AND DISCUSSION

Sorption Studies. The sorption isotherms of TRS on natural
(TU and SA) soils and SL-amended soils are shown in Figure 2.
The empirical Freundlich equation fits well the behavior (r g
0.9828). The calculated constants Kf and 1/n and the correlation
coefficients (r) for the linear fit are given inTable 3. In all cases the

isotherms are linear with a slope value (1/n) of∼1, resembling the
C-type curve described byGiles et al. (21). This shape suggests the
partition of solute between solution and sorbent. The Kf values
indicate that the TU soil sorption is greater than on SA soil. The
two soils show similar chemical and physical features, except soil
solution pH values, 5.5 and 8.5 for TU and SA soil, respectively.
Most likely, the lower sorption measured on SA soil is due to the
higher pH value of the SA soil solution. In a sorption trial carried
out onSA soil with pHmodified from8.5 to 5.7 by the addition of
hydrochloric acid, a strong increase of pesticide sorption was
observed (Table 3). This finding agrees with the general trend
observed for sulfonylureas (14, 22).

The addition of SL to soil, although not significantly affecting
the extent of pesticide sorption on TU soil, increases that on SA
soil by about 7 times (Table 3). Because the SA soil was amended
with higher sludge amounts than TU soil, it had a greater soil
organic content and a lower pH soil solution (Table 3). Both of
these effects may be responsible of the sorption increase observed
on SA amended soil.

It is well-known that humic substances are among the most
active soil components in pesticide retention. Therefore, TRS
sorption on the humic acids, extracted from TU and SA soils and
fromSL, was tested. The pesticide showedmuchmore affinity for
TU and SA soil humic acids than for the humic component of
sewage sludge (Table 4). Generally, the humic components of
organic amendments exhibit lower degrees of polycondensation,
polymerization, and humification than native soil humic sub-
stances (23). Most likely, the scarce sorption ability of SL low
weight humic fraction may be responsible for the low Kf value
observed on HA-SL. This suggests that the increase of TRS
sorption on amended SA soil is not due to an increase of soil
humic matter content but rather to a decrease, although little, of
soil pH value.

Greenhouse Experiments. Greenhouse experiments were car-
ried out to check if TRS sorption on SL-amended soil could
modify TRS bioactivity. Weed control was checked on a durum
wheat crop. The SA soil was chosen as a test soil because of its
higherTRS sorption capacity compared to natural soil, due to the
amendment. The herbicide controlled the weeds both in natural
soil and in SL-amended soil. Only in one pot containing the
unamended soil (Figure 3, SA þ TRS) was a weed belonging to
the Geraniaceae family (Geranium rotundifolium) observed. This
weed is not present in the Logran label among those controlled by
its active ingredient. The SL soil amendment has a visible effect on
the vegetative growth of the wheat plants (Figure 4). In fact, the
flag leaf area and the dry matter and N contents per plant were

Figure 2. Triasulfuron sorption isotherms on natural (SA and TU) and
amended (SA þ SL and TUþ SL) soils and on pH-modified SA (SA pH
5.7) soil.

Table 3. Freundlich Parameters for TRS Sorption on Soils (SD in
Parentheses)

system pH Kf 1/n r

TU 5.5 0.816 ((0.06) 0.97 ((0.04) 0.9972

SA 8.5 0.014 ((0.05) 0.92 ((0.05) 0.9927

SAa 5.7 0.537 ((0.08) 0.95 ((0.01) 0.9915

TU þ SL 6.1 0.812 ((0.09) 1.08 ((0.05) 0.9828

SA þ SL 8.1 0.094 ((0.06) 1.10 ((0.05) 0.9908

a SA soil with modified pH value.

Table 4. Freundlich Parameters for TRS Sorption on Humic Acids (SD in
Parentheses)

system pH Kf 1/n r

HA-TU 4.1 533.21 ((1.11) 1.15 ((0.10) 0.9892

HA-SA 4.1 610.24 ((0.22) 0.84 ((0.03) 0.9970

HA-SL 4.3 48.36 ((0.98) 1.46 ((0.04) 0.9929
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significantly higher in the SL soil treatment (Table 5). Generally,
the positive effect of the sludge amendment on plant growth is
attributed to the increase in nutrient availability (2). Therefore, a
greenhouse fertilization experiment was carried out to compare
the effect of inorganic fertilization (N, P, andK) in comparison to
SL amendment. The N, P, and K fertilizing elements were added
to SA soil in amounts comparable to those contained in SL added
to test soils. The inorganic fertilizers were supplied to soil both
separately and together (see Materials and Methods).

Also in this case, the sewage sludge amendment was more
effective in increasing the biomass and leaf surfaces than N, P,
and K fertilizers, together and/or separately (Table 6). The SL-
treated wheat plants showed, again, an anticipation of heading
time of ∼20 days. On the other hand, the plant’s growth in
unamended soil did not show any anticipation of heading time.
This unexpected finding is not attributable to SL fertilization, but
could be the result of SL hormonal activity. Therefore, trials were
carried out to test SL hormone-like activity.

Hormone-like Activity of SL. Because hormones, particularly
auxin and gibberellin hormones, have a specific role in seed
germination (24), we checked whether the SL water extract could
influence seed metabolism in the same way. The trials carried out
on 2100 seeds imbibed with aqueous SL extracts suggested that
IAA- andGA-like activities took place. In fact, in the presence of
SL water extract, the root system showed a reduction in length

Figure 3. Herbicide control. Pot sequence from left to right: SA soil, SA þ herbicide, SA þ sewage sludge, and SA þ sewage sludge þ herbicide.

Figure 4. Wheat vegetative bloom. Pot sequence from left to right: SA soil, SAþ herbicide, SAþ sewage sludge, and SAþ sewage sludgeþ herbicide.

Table 5. Flag Leaf Area (FLA), Dry Matter (DM), and N Content in the
Different Treatmentsa

system FLA (cm2) DM (g plant-1) N (mg plant -1) N (% DM)

SA 9.83b 1.15b 7.23b 0.62a

SA þ TRS 10.63b 1.68b 11.40b 0.68a

SA þ SL 15.80a 3.29a 21.87a 0.66a

SA þ SL þ TRS 16.07a 3.36a 22.07a 0.66a

aMean values sharing the same letter do not differ significantly from one another
(SNK test at P < 0.05).
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compared to the control, as affected by IAA. In contrast, the SL
water extract induced longer epicotyls compared to the controls
involving GA-like activity. In particular, 1 g of SL was compar-
able to 0.4 μg of IAA and to 0.8 μg of GA.

Humic substances can affect plant growth, and the effect
depends on the origin, concentration, and molecular weight of
humic fraction. In particular, the lowmolecular weight fraction is
regarded as very active not only in the absorption of nutrients but
also in hormone-like activity (25-28).Most probably, in our case
the low SL degree of humification is responsible for the positive
effects on plant growth.

In conclusion, the SA soil amendment influences TRS reten-
tion by preventing the groundwater contamination risk. More-
over, the adsorbed herbicide retains unchanged its bioactivity.
The SL amendment of soil affects positively wheat growth and
anticipates heading phase. In Mediterranean conditions the ear-
lier heading phasemay play amajor role in improving cropwheat
performance by preventing the negative effect of terminal
drought during the grain-filling phase.

LITERATURE CITED

(1) Fytili, D.; Zabaniotou, A. Utilization of sewage sludge in EU
application of old and new methods. A review. Renewable Sustain-
able Energy Rev. 2008, 12, 116–140.

(2) Singh, R. P.; Agrawa, I. M. Potential benefits and risks of land
application of sewage sludge. Waste Manag. 2008, 28, 347–358.

(3) Lakimenko, O.; Ottabong, E.; Sadovnikova, L.; Persson, J.; Nilsson,
I.; Orlov, D.; Ammosova, Y. Dynamic transformation of sewage
sludge and farmyard manure components. 1. Content of humic
substances and mineralisation of organic carbon and nitrogen in
incubated soil. Agr. Ecosyst. Environ. 1996, 58, 121-126.

(4) Metcalf, E. Wastewater Engineering: Treatment, Disposal, And
Reuse, 4th ed.; McGraw-Hill Publishing: New York, 2003.

(5) Van-Camp, L.; Bujarrabal, B.; Gentile, A.-R.; Jones, R. J. A.;
Montanarella, L.; Olazabal, C.; Selvaradjou, S.-K. Reports of the
TechnicalWorkingGroups Established under the Thematic Strategy
for Soil Protection. EUR 21319 EN/3; Office for Official Publications
of the European Communities: Luxembourg, 2004; pp 872.

(6) European Commission Directive 86/278/EEC of July 4, 1986 con-
cerning the protection of the environment, and in particular of the
soil, when sewage sludge is used in agriculture.

(7) GazzettaUfficiale della Repubblica Italiana of Feb 15, 1992, n. 38, S.
O. n. 28.

(8) Fernandes, M. C.; Cox, L.; Hermosin, M. C.; Cornejo, J. Organic
amendments affecting sorption, leaching and dissipation of fungi-
cides in soils. Pest Manag. Sci. 2006, 62, 1207–1215.

(9) Said-Pullicino, D.; Gigliotti, G.; Vella, J. A. Environmental fate of
triasulfuron in soils amended with municipal waste compost.
J. Environ. Qual. 2004, 33, 1743–1751.

(10) Barriuso, E.;Houot, S.; Serra-Wittling, C. Influence of compost addition
to soil on the behaviour of herbicides. Pestic. Sci. 1997, 49, 65–75.

(11) Graber, E. R.; Dror, I.; Bercovich, F. C.; Rosner, M. Enhanced
transport of pesticides in a field trial with treated sewage sludge.
Chemosphere 2001, 44, 805–811.

(12) Blasioli, S.; Braschi, I.; Pinna, M. V.; Pusino, A.; Gessa, C. E. Effect
of undesalted dissolved organic matter from composts on persis-
tence, adsorption and mobility of cyhalofop herbicide in soils.
J. Agric. Food Chem. 2008, 56, 4102–4111.

(13) Amrein, J.; Gerber, H. R. CGA 131036: a new herbicide for broad-
leaved weed control in cereals. Proc. Br. Crop Prot. Conf.-Weeds
1985, 1, 55–62.

(14) Pusino, A.; Fiori, M. G.; Braschi, I.; Gessa, C. Adsorption and
desorption of triasulfuron by soil. J. Agric. Food Chem. 2003, 51,
5350–5354.

(15) Day, P. R. Particle fractionation and particle-size analysis. In
Methods of Soil Analysis: Part 1; Black, C. A., Ed.; American Society
of Agronomy: Madison, WI,1965; pp 545-566.

(16) Jackson, M. L. Organic matter determination for soils. In Soil
Chemical Analysis; Prentice-Hall: Englewood Cliffs, NJ, 1958; pp
219-222.

(17) Stevenson, F. J. Organicmatter reactions involving herbicides in soil.
J. Environ. Qual. 1972, 1, 333–339.

(18) Bremner, J. M.; Mulvaney, C. S. Nitrogen-total. In Methods of Soil
Analysis: Part 2; SSSA Special Publication 9; Page, A. L., Miller, R. H.,
Keeney, D. R., Eds.; American Society of Agronomy: Madison, WI;
1982; pp 595-624.

(19) Audus, L. J. Plant growth substances. In Chemistry and Physiology;
Leonard Hill: London, U.K., 1972; Vol. 1.

(20) Steel, R. G.D.; Torrie, J. H.; Dickey, D. A.Principles and Procedures
of Statistics: A Biometrical Approach; McGraw-Hill: New York,
1997.

(21) Giles, C. H.; MacEwan, T. H.; Nakhwa, S. N.; Smith, D. Studies in
adsorption: Part XI. A system of classification of solution adsorp-
tion isotherms, and its use in diagnosis of adsorption mechanisms
and in measurement of specific surface areas of solids. J. Chem. Soc.
1960, 111, 3973–3993.

(22) Hay, J. V. Chemistry of sulfonylurea herbicides.Pestic. Sci. 1990, 29,
247–261.

(23) Senesi, N.; Plaza, C.; Brunetti, G.; Polo, A. A comparative survey of
recent results on humic-like fractions in organic amendments and
effects on native soil humic substances. Soil Biol. Biochem. 2007, 39,
1244–1262.

(24) Taiz, L.; Zeiger, E. Growth and development. In Plant Physiology;
Benjamin, Cummings Publishing: Redwood City, CA, 1991; pp
399-450.

(25) Retta, F. S.; Sidari, M.; Nardi, S.; Cacco, G. Effect of the low
molecular size (LMS) humic fraction on differentiation processes in
leaf explants. In Humic Substances in the Global Environment and
Implications on Human Health; Senesi, N., Miano, T., Eds.; Elsevier:
New York, 1994; pp 349-354.

(26) Cacco, G.; Attin�a, E.; Gelsomino, A.; Sidari, M. Effect of nitrate
and humic substances of different size on kinetic parameters of
nitrate uptake in wheat seedlings. J. Plant Nutr. Soil Sci. 2000, 163,
313–320.

(27) Nardi, S.; Panuccio, M. R.; Abenavoli, M. R.; Muscolo, A. Auxin-
like effect of humic substances extracted from faeces of Allolobo-
phora caliginosa and A. Rosea. Soil Biol. Biochem. 1994, 26, 1341–
1346.

(28) Nardi, S.; Pizzeghello, D.; Muscolo, A.; Vianello, A. Physiological
effects of humic substances on higher plants. Soil Biol. Biochem.
2002, 34, 1527–1536.

Received for review July 30, 2009. Revised manuscript receivedOctober

14, 2009. AcceptedOctober 20, 2009. Financial support was provided by

the Italian Ministry of University and Scientific and Technological

Research (COFIN 60%).

Table 6. Effect of SL and NPK Fertilization on Wheat Flag Leaf Area (FLA),
Dry Matter (DM), and N Content in the Different Systemsa

system FLA (cm2) DM (g plant-1) N (mg plant-1) N (% DM)

SA þ SL 17.97a 3.87a 26.60a 0.68a

SA þ NPK 12.09b 1.53b 10.30b 0.68a

SA þ N 10.35c 1.37bc 8.40b 0.61a

SA þ P 8.90d 1.17c 8.00b 0.68a

SA þ K 8.17d 1.13c 7.87b 0.70a

aMean values sharing the same letter do not differ significantly from one another
(SNK test at P < 0.05).


